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Dear Friends and Colleagues of CCSDS Subpanel IE: 

.JPL 

During this past year, CCSDS Subpanel lE, RF and Modulation, has been in a transition phase. 
Previously, we have been busy identifying and agreeing upon that common set of earth station and 
spacecraft characteristics which we wish to maintain during the next several years. Many of these 
capabilities are already provided by several space agencies. Recommendations describing most of 
these characteristics have been adopted by the CCSDS and are found the CCSDS Blue Book for 
RF and Modulation (CCSDS 401.0-B-1). 

More recently, SubpanellE began to investigate new technological approaches which will be needed 
to solve future communications problems. Unlike our previous work, most of the systems now 
being considered by Subpanel lE are not presently used by space agencies, but are under active 
consideration by several agencies. 

Traditionally, Subpanel lE has used a multi-step procedure to explore new proposals. For those 
readers unfamiliar with the process, a brief explanation may prove helpful. New technological 
capabilities are frequently identified by Subpanel lE in the course of its work. If there is sufficient 
interest, a call is issued for technical position papers to be considered at the next meeting. 
Generally, one or more agencies having a concern about the subject will respond with technical 
papers analyzing the problem and formulating a position acceptable to that agency. 

At a subsequent meeting, each paper is presented and discussed with the objective of developing 
an accord as to the problem's solution. If such a consensus can be obtained, an action item is 
assigned for the drafting of a Recommendation reflecting the agreed solution. Such 
Recommendations are reviewed first by Subpanel lE and then by the several agencies in accordance 
with established CCSDS procedures. 

The most recent Subpanel lE meeting was held at the Ames Research Center in Mountain View, 
California beginning on 11 April 1989. The call for papers issued at the prior meeting resulted in 
a large number of excellent submissions. So great was the response and depth of the papers that 
Subpanel IE determined to create these Proceedings as a way of preserving the work. This 
document stands as part of a historical record of Subpanel lE's accomplishments. 

From the size of this volume, it is obvious that its preparation was a substantial undertaking. 
Collecting, organizing and editing the contents required an exceptional effort. Our sincere 
appreciation is extended to Mr. Tien Nguyen of the Jet Propulsion Laboratory for his dedicated 
work in producing this volume. Through his efforts it is possible to create an enduring record of 
Subpanel lE's technical investigations. My especial thanks to all of you who contributed papers to 
the meeting. Each of you can be justifiably proud of your work in our Subpanel. 

Best regards, 

~~~ Warren L. Marti 
Chairman, CCSD 
Subpanel lE, RF and 
Modulation 



PREFACE 

The Consultative Committee for Space Data Systems (CCSDS) is an 
organization officially established by nine space agencies and 
eight observer agencies. The nine agencies which make up the 
core of the CCSDS, are: Centre National D'Etudes Spatiales 
( CNES) /France, Deutsche Forschungs-u. Versuchsanstal t fuer Luft 
und Raumfahrt e.V (DLR)/West Germany, European Space Agency 
(ESA)/Europe, Indian Space Research Organization (ISRO)/India, 
Insti tutode Pesquisas Espaciais ( INPE) /Brazil, National 
Aeronautics and Space Administration (NASA)/USA, National Space 
Development Agency of Japan (NASDA) Japan, British National Space 
centre (BNSC)/United Kingdom, Canadian Space Agency. The eight 
observer agencies (which will concur with the technical 
recommendations made by the core member agencies) are: Chinese 
Academy of Space Technology (CAST) /People's Republic of China, 
Department of Communications, Communications Research Centre 
(DOC-CRC)/Canada, CTA/Brazil, Institute of Space and 
Astronautical Science (ISAS)jJapan, National Oceanic and 
Atmospheric Administration (NOAA)/USA, NRCC/CCSS/Canada, 
Communication Research Laboratory (CRL)/Japan, Swedish Space 
Agency (SSC)/Sweden. 

one of the concerns of the CCSDS is the standardization of the 
physical transport layer. A study group, Subpanel 1E, Radio 
Frequency (RF) and Modulation Subpanel, was formed to deal with 
issues related to the physical transport layer. The primary 
objective of this Subpanel is to promote sufficient compatibility 
in transport system to allow cross support among member agencies. 

Subpanel 1E convenes periodically to disc~ss Radio Frequency (RF) 
and modulation issues that are common to all member space 
agencies. This year, the Subpanel 1E meeting took place between 
April 10-20, 1989 at Mountain View, California. There were more 
than twenty position papers presented at this meeting by the 
investigators of member space agencies. The purpose of these 
position papers is twofold: ( 1) to stimulate technical 
discussions on the proposed subjects, and ( 2) to promote the 
uniform solutions to the problems. These uniform solutions will 
ensure compatibility among the CCSDS space agencies' RF and 
modulation systems. 

This document begins with the Introduction Session, Session 1, 
where the opening remarks and introduction of Subpanel 1E were 
delivered by the Subpanel chairman, Mr. W. L. Martin, NASA/ JPL. 

Six technical sessions were formed, each manned by experts from 
member space agencies. The six sessions were: Advanced 
Modulation Techniques, Data Relay Satellites (DRS), Radio Metric, 
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Spurious Emissions and Undesired Signals, Simultaneous Range and 
Data Operations, and Telecommunications Link Design control 
Table. All sessions, (except the DRS session) were chaired by 
Mr. W. L. Martin. Mr. W. Kriedte, ESA/ESTEC chaired the DRS 
session. 

Session 2, Advanced Modulation Techniques, dealt with the 
selection of particular modulation techniques for future 
TT&C systems. Seven position papers were submitted in this 
session. These position papers discussed the PN code sequences 
for direct sequence spread spectrum systems, QPSK, OQPSK, and 
GMSK modulation techniques. This session also included a 
particular method to resolve the phase-ambiguity for OQPSK 
modulation systems. 

Four position papers were submitted to the DRS session (Session 
3). This session addressed the power flux density problems 
associated with the European DRS and the selection of optimum 
modulation techniques for use with data relay satellites. A 
report on the European DRS was also presented in this session. 

The selection of optimal charged particle calibration techniques 
for ranging data was discussed in the Radio Metric session 
(Session 4). 

The Spurious Emissions & Undesired Signals session (Session 5), 
examined the protection criteria for deep space missions. This 
session also dealt with other issues concerning spurious emission 
caused by unbalanced modulators. A total of five position papers 
were submitted in this session. 

The increase in scientific space missions has produced loading 
demands on the receiving station ( s) . These demands can be 
reduced by employing simultaneous command, range and telemetry 
operation. However , this operation creates interference problems 
for both the command and telemetry data channel. The 
Simultaneous Range and Data Operation session (Session 6), was 
devoted to resolving these interference problems. Three position 
papers presented in this session examined the command and 
telemetry bit error rate degradation, and the selection of 
optimum modulation indices. 

In November 1984, experts of Subpanel lE identified a need to 
exchange telecommunications link information between member space 
agencies. Several proposals for standardized link calculation 
methods have been reviewed by Subpanel lE members. A revision of 
these proposals was presented in the Telecommunication Link 
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Design Control Table session (Session 7). Type and form of 
presentation for the computation of the communication link were 
discussed in this session. 

Special thanks for the programmatic support and encouragement 
during the preparation of this document go to Mr. W. L. Martin, 
the CCSDS Subpanel lE Chairman. 

Finally, I want to express my deepest gratitude to P. South for 
her assistance in preparing the proceedings. 
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Tien Manh Nguyen 
Pasadena, California 
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SESSION 1 

INTRODUCTION 



OPENING REMARKS & INTRODUCTION OF SUBPANEL lE 

The Consultative Committee for Space Data Systems (CCSDS) comprises nine member space 
agencies and was formed to investigate issues and to adopt Recommendations for space data system 
standards. Eight observer space agencies may also concur with the technical Recommendations 
made by the CCSDS. While the primary effort of the CCSDS is in the standardization of data 
structures, one study group, Radio Frequency and Modulation, Subpanel lE, is concerned with 
standardizing the physical transport layer. The objective of this Subpanel is to promote sufficient 
compatibility in transport systems to permit one agency's spacecraft to be supported by another 
agency's communications network. 

Subpanel lE achieves its objectives by studying problems pertaining to: ( 1) earth-to-space and 
space-to-earth RF links, (2) earth station and spacecraft data systems, and (3) radio metric systems. 
Uniform solutions to problems are sought to ensure compatibility among the several CCSDS space 
agencies' RF and Modulation systems. When adopted by Subpanel lE and the CCSDS, these 
uniform solutions are disseminated through Recommendations published in the CCSDS RF and 
Modulation Blue Book (CCSDS 401.0-B-1). Presently, Subpanel1E has several Recommendations 
at Blue Book, Red Book, and White Book stages. 

Concepts are introduced by position papers. When some agreement has been reached within 
Subpanel lE, these ideas are embodied in White Book Recommendations. These White 
Recommendations are reviewed by experts of Subpanel lE. After the Subpanel is satisfied with a 
Recommendation, it is sent to other persons in our respective agencies (who do not attend CCSDS 
meetings) for comments. At this stage, Recommendations are labeled Red Book, Issue-1. 
Following informal review, several Recommendations are generally bound together in a single Red 
Book and submitted for formal agency review pursuant to a request from the CCSDS Secretariat. 
If successful in the formal review, the Recommendations are submitted to the CCSDS Plenary for 
approval as Blue Book Recommendations. 

At the most recent Subpanel lE meeting, held 11-20 April 1989 at the Ames Research Center in 
Mountainview, California, a major effort began to study advanced modulation techniques. This 
thrust is expected to gain momentum in future years. Eight position papers exploring this topic 
were submitted to Subpanel 1E. These position papers examined the PN code sequences for use 
with the direct sequence spread spectrum, and the applications of QPSK, OQPSK, and GMSK 
modulation techniques. 

Two years ago Subpanel 1E was asked by Panel 1 to organize a Data Relay Satellite (DRS) 
subgroup. This plan had to be abandoned when one agency objected to CCSDS Subpanel 1E's 
inquiry into Data Relay Satellite (DRS) systems. This year Subpanel IE attempted once more to 
organize a subgroup to explore modulation techniques and system optimization of Data Relay 
Satellites. Mr. W. Kriedte, ESA/ESTEC agreed to chair the DRS Subgroup Session. There were 
four position papers submitted to this session for discussion. These papers dealt with power flux 
density problems, and modulation and coding techniques for use with the DRS. 

Beside the Advanced Modulation Techniques and DRS Sessions, four more sessions were organized 
at the Ames meeting. They were: Radio Metric, Spurious Emissions and Undesired Signals, 
Simultaneous Range and Data Operations, and Telecommunications Link Design Control Table 
sessions. These sessions considered issues concerning the standardization of ( 1) the charged 
particle calibration techniques, (2) the balanced modulators, (3) the techniques to protect the deep 
space band, ( 4) the selection of modulation indices for simultaneous range and data operations, and 
(5) the link calculation methods respectively. 
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Of the topics included in our six sessions, I am particularly pleased with the Advanced Modulation 
Techniques Session because it illustrates two extremely important trends. First, there is a clearly 
discernable tendency to integrate new technology into our RF and Modulation systems. Second, 
we are making definite progress toward standardizing our networks which will facilitate cross
support of each other's space missions. 

I personally believe that the biggest challenge facing the experts of Subpanel lE for the 1990s is to 
agree upon standards for our space data networks using the new technology now being discussed 
in Subpanel lE. Ultimately, Subpanel lE should expand its work in the areas of (1) advanced 
modulation techniques, (2) digital techniques for carrier tracking and data recovery, (3) radio metric 
systems, ( 4) precision navigation systems, (5) systems utilizing new frequency bands, (6) transponder 
characteristics for both new and old frequency bands, and (7) Data Relay Satellite systems. 
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W. L. Martin, 
Chairman, Subpanel lE, 
RF & Modulation 



SESSION 2 

ADVANCED MODULATION TECHNIQUES . 



CHARACTERISTICS OF VARIOUS 
PN CODE FAMILIES FOR TYPICAL 

SPREAD SPECTRUM APPLICATIONS 

Manfred W. Otter 

European Space Operation Centre 
Directorate of Operations 

Engineering Department 

ABSTRACT 

This paper investigates the performance of various Pseudo 
Noise (PN) code families. The performance investigation is 
emphasized on the correlation properties of three different code 
families such as Maximal length, Kasami and Gold sequences . The 
result of this investigation is recommended to the Consultative 
Committee for Space Data Systems (CCSDS) for consideration in 
future standards on the selection of proper PN code sequences for 
Code Division Multiple Access systems. 
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1. INTRODUCTION 

Spread spectrum techniques are becoming more and more popular not 
only in military but also civil communication systems. Standard 
satellite TTC systems are rather vulnerable to interference and 
the increasing number of satellites and corresponding services 
may soon lead to situations where TTC systems can not reliably be 
operated anymore. Spread spectrum systems can to some extent 
solve interference problems and add additional margin to TTC sys
tems. 

The selection of proper Pseudo Noise (PN) code sequences will 
play an important role in the design of future Telemetry, Track
ing and Command (TTC) systems based on spread spectrum systems. 
Performance of various PN code families is important with respect 
to acquisition and tracking of the coded transmission signals, 
minimum interference ~aused to other systems, maximum resistance 
with respect to received interference, number of available codes, 
etc. 

General performance reports on PN codes can be found 
publications. Relevant investigations on code subsets 
plication and acquisition and tracking behavior 
presented in previous CCSDS position papers e.g. [1]. 

in numerous 
for TTC ap
have been 

Within this document the performance investigation of PN codes 
refers to correlation properties of various code families and the 
number of available codes for a given length. Three different 
code families will be investigated i.e. maximal length, Kasami 
and Gold sequences. 

Two different types of correlation have to be distinguished. 

Auto-Correlation: This is the correlation between a sequence 
( xt) and a time shifted version (replica 
Xt+r> of itself. Auto-correlation is impor
tant for code acquisition and tracking 
characteristics. 

T 

AC(r) = J xt•xt+r·dt 
0 r: time shift 

Cross-Correlation: This is the correlation between two different 
code sequences xt and Yt+r· Cross-correlation 
is important for interference impacts and and 
false acquisition probability. 

T 

cc(r) = J Xt"Yt+r·dt 
0 

For Code Division Multiple Access (COMA) systems one of the key 
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For Code Division Multiple Access (COMA) systems one of the key 
characteristics is cross-correlation and the investigation will 
focus on this property. If correlation is done only over a por
tion of the sequence the term "partial correlation" is often 
used. Partial correlation properties are important when the ac
quisition process makes use of a portion of the code only. Par
tial correlation properties will not be discussed in this paper. 

It should also be noted that a lower bound for the cross
correlation of any pair of binary sequences has been defined by 
Welch and is given by: 

This bound allows a good comparison of code correlation 
properties with theoretically achievable values. 

2. PERFORMANCE CHARACTERISTICS OF THE CODE FAMILIES 

2.1 Maximal Length Codes 

The code sequences have a length of N = 2m - 1, with m being an 
integer number. The auto correlation of maximal length sequences 
is always -1 except for the case when the code positions match 
exactly where it takes on the value N. The cross-correlation 
value, its occurrence and its limit for large m are as follows: 

cross-correlation occurrence l i mit 

odd m: - 1 2m- 1 - 1 50 X 
_

2
cm+1)/2 - 1 2m-2 - 2(m-3)/2 25 X 

2 cm+1)/2 - 1 2 m-2 + 2cm-3)/2 25 X 

even m: -1 2m - 2 m-2 - 1 75 X 

except _2 cm+2)/2 - 1 2m-3 . 2 cm·4)/2 1 2. 5 X 

m mod 4 = 0 2 cm+2)!2 . , 2m-3 + 2(m·4)/2 , 2. 5 X 

even m: . 1 2m. 1 . 2(m·2)/2 . 1 50 X 

m mod 4 0 2 cm+2)/2 . 1 ( 2m· 1 . 2(m·2)/2)/3 , 6. 7 X 

2 m+2 . 1 2 m;2 0 
_

2
m+2 . 1 (2m . 2m;2)/3 33.3 X 
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The modulo-2 sum of any two sequences results in another sequence 
within the set of M possible ones. This is a key feature of maxi
mal length sequences. The number of ones in a sequence of length 
N is (N+1) /2. 

Table 1: Characteristics of maximal length sequences 

r----r-------r------r------------------------------------------------T------1 
I m I N I M I CC (occurrence) 1 AC 1 

~--- -+ ------- + -- - --- + --------------------------------- --------------- + ------~ 
4 1 15 1 2 I -1 <5>, 3 <4>, ·5 <4>, 7 <2> 1 - 1 1 
5 1 31 1 6 1 -1 <15>, 7 <10>, ·9 <6> 1 - 1 1 
6 1 63 1 6 I -1 <47>, 15 <10>, ·17 <6> 1 - 1 1 
7 1 121 1 18 1 -1 <63>, 15 <36>, ·17 <28> 1 - 1 1 
8 1 255 1 16 1 -1 <119>, 15 <16>, -11 <8o>, 31 <40> 1 - 1 1 
9 1 511 1 48 1 -1 <255>, 31 <136>, ·33 <120> 1 - 1 1 

10 1 1o23 1 6o 1 -1 <767>, 63 <136>, -65 <120> 1 -1 1 
11 1 2047 1 176 1 -1 <1023>, 63 <528>, ·65 <496> 1 -1 1 
12 1 4095 1 144 1 -1 <2015>, 63 <64> , ·65 <1344>, 121 <672> 1 -1 1 
1 3 1 8191 1 63o 1 - 1 <4095>, 121 <2080>, ·129 <20 1 6> 1 - 1 1 

14 1 16383 1 756 1 -1 <12287>, 255 <2080>, ·255 <2016> 1 -1 l 
----~-------~------~------------------------------------------------~------J 

2.2 Kasami Codes: 

The code sequences have a length of N = 2m - 1, where m can be an 
even only integer number. The auto and cross-correlation values 
can take on the following three values: 

-1 
-2m/2 - 1 

2m/2 - 1 

The parameter 9 a = 2m/ 2 + 1 satisfies the Welch lower bound 
which means tha~ ~he Kasami codes are optimal. J~e number of 
Kasami codes M of a given length N is limited to 2m codes. 

Table 2: Kasami code characteristics: 

r----T-------T-------T------------------r------------------1 
I m I N I M I CC I AC I 

~----+-------+ ------- +------------------ + -------- - ---------~ 
1 4 1 15 1 4 1 ·1, ·5, 3 I · 1, · 5, 3 I 
1 6 1 63 1 8 1 - 1 , • 9, 7 1 • 1 , • 9, 1 I 
18 1 255 1 16 1 -1.-11.15 1 -1,-17,15 1 
1 10 I 1o23 I 32 I -1. ·33 , 31 I - 1, ·33, 31 I 

1 12 1 4095 1 64 1 -1, · 65, 63 ·1 -1. ·65, 63 I 
1 14 1 16383 1 128 1 -1. -129, 121 1 -1. ·129, 121 1 
1----~-------~-------~------------------~------------------J 
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2.3 Gold Codes: 

The code sequences have a length of N = 2m - 1, where n can be 
any integer number. The auto and cross-correlation values can 
take on the following 3 values except when m mod 4 = o. The num
ber in parentheses is the probability of occurrence for large m. 

odd m: 

even m: 
except 
m mod 4 = 0 

-1 _2 (m+1) /2 

2 (m+1)/2 

-1 
_ 2 (m+2)/2 

2 (m+2)/2 

(50%) 
- 1 (25%) 
- 1 ( 25%) 

(75%) 
- 1 (12.5%) 
- 1 (12.5%) 

The number of Gold codes M of a given length N is N + 2. This 
number is much higher than with the other codes. They are con
sequently well suited for systems which require a large number of 
codes. 

Table 3: Gold code characteristics: 

r----T-------T-------T------------------T------------------1 
I m I N I M I cc I AC I 
~---- +------- + ------- + ------------------+------------------~ 

4 I 1 5 I 1 7 I • 1. . 9 • 7 I • 1 • • 9 • ( 7 I 
5 I 31 I 33 I • 1 • • 9. 7 I • 1 • • 9 • 7 I 
6 I 63 I 65 I • 1 • • 1 7. 1 5 I . , . • 1 7. 1 5 I 
7 I 1 2 7 I 129 I • 1 • • , 7. , 5 I . , . • , 7. 1 5 I 
8 I 255 I 2 57 I • 1 • • 3 3. 3, I . , . • 3 3. 3, I 
9 I 51 1 I 513 I • 1 • • 3 3. 3, I . , . • 3 3 • 31 I 

1 0 I 1 0 2 3 I , 0 2 5 I • 1 • . 6 5 • 63 I • 1 • • 6 5. 63 I 
11 I 2047 I 2049 I • 1 • • 6 5 • 63 I • 1 • • 6 5 • 63 I 
1 2 I 4095 I 4097 I • 1 • • 1 2 9. 127 I . 1 • • 1 2 9 • 1 2 7 I 
13 I 8191 I 8193 I • 1 • • 1 2 9. 127 I . 1 • • 1 2 9. 1 2 7 I 
14 I 16383 I 16385 I • 1 I • 2 57. 255 I • 1 • · 257, 255 I 

----•-------•-------•------------------•------------------J 

2.4 Cross-correlation comparison between various code families 

In order to summarize the cross-correlation characteristics a 
table with the highest correlation values for all code families 
investigated is listed below. For a detailed comparison the prob
ability distribution of the various values would also have to be 
taken into account. Unfortunately only distribution values for 
maximal length and Gold codes could be found. It is believed that 
the distribution for Kasami codes is no worse than for maximal 
length codes so that the good performance characteristics of this 
code family will not be effected by the unknown probability dis
tribution. 
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Table 4: Maximum cross-correlation values: 

r----T-------T------------------T-----------------T-----------------1 
I m I N I Max. length I Kasami I Gold 1 

·---- + ------- + ------------------+-----------------+-----------------~ 
I 4 I 15 I 7 I ·s 1 - 9 

I 5 1 3 1 1 - 9 1 1 -9 

I 6 I 63 I -17 I -9 1 -17 

1 7 1 127 1 -17 1 1 -17 

I 8 I 255 I 31 I -17 1 ·33 

I 9 I 511 I -33 I 1 -33 

I 10 I 1 o23 I ·65 I -33 1 -65 

1 11 1 2047 1 -65 1 1 -65 

I 12 1 4095 I 127 I -6s 1 -129 

1 13 1 8191 1 -129 1 1 -129 

1 14 1 16383 I - 255 I ·129 1 -257 

L----~-------~------------------~-----------------~-----------------

3. CONCLUSIONS 

Maximal length codes provide a rather limited number of sequences 
but have the big advantage of minimum auto-correlation (-1) out
side the matching position. Their cross-correlation for odd m is 
optimal whereas it is slightly better than Gold codes and worse 
than Kasami codes for even m. For communication systems with a 
limited number of users and a free choice of m, maximal length 
codes should be selected. 

Kasami codes can be considered a subclass of Gold codes but exist 
only for even m, where they provide much better performance over 
Gold codes and maximal length codes. The number of available 
codes is in general slightly more limited than with maximal 
length codes. Their auto-correlation values are identical to the 
cross-correlation values. Kasami codes should be used where a 
limited number of codes is sufficient and where an even number 
for m is desirable or possible. 

Gold codes have optimal cross-correlation properties for odd m 
but the worst ones for even m. Their auto-correlation values are 
the same as for cross-correlation. The number of available codes 
is by far the highest of the three families. Gold codes should be 
selected when a high number of codes are required·. 
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CHARACTERISTICS OF THE QPSK-MODULATION SCHEMES 

Werner Schwarz 

Deutsche Forschungsanstalt fur Luft-und Raumfahrt e.V. 
Hauptabteilung Raumflugmissionen 

8031 Oberpfaffenhofen 
FRG 

ABSTRACT 

The suppressed carrier modulation has been recommended by 
the Consultative Committee for Space Data Systems ( CCSDS) for 
high rate telemetry applications in the Space to Earth link. The 
suppressed carrier modulation scheme ranges from a simple BPSK 
(Binary Phase Shift Keying) to a complex GMSK (Gaussian filtered 
Minimum Shift Keying) . It is the intention of this paper to 
provide a tutorial comparison of the characteristics of several 
modulation schemes such as QPSK, OQPSK, MSK and GMSK. Particular 
attention is focused upon the following cases: ( 1) bandwidth
limited systems, and (2) power-limited systems. 
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1. Introduction 

For high rate telemetry applications in the Space to Earth link the CCSOS rec
ommendations foresee suppressed carrier modulation schemes . Besides BPSK 
QPSK modulation is a candidate for such a telemetry system. The purpose of this 
paper is to identify and compare the performance of quadrature carrier modulated 
signals as bandwidth- and power-effinient modulation techniques. The specific 
modulation techniques compared are standard QPSK , offset-QPSK , and MSK . 

2. Definition 

2.1 QPSK 

In standard QPSK modulation, input bit pairs modulate the carrier . The phase 
states representing each of the possible dibit values must be judiciously chosen 
so that a phase error of goo can cause an error in no more than one bit. Following 
such a scheme, a phase vector of 0° signals a "00" bit pair: of goo. a"01 " pair: of 
180°, a" 11" pair: and of 270°, a "1 0" pair. 

The QPSK signal can be interpreted as two BPSK modulated carriers which are in 
quadrature. The odd bits in the original data stream modulate the carrier (!-chan
nel) and the even bits modulate the quadrature carrier (Q-channel). 

2.2 Offset QPSK 

In offset QPSK, the bit stream which enters the 0 channel ist delayed by half a 
symbol period relative to the bit stream in the I channel. 

2.3 MSK 

MSK can be viewed as either a special case of continuous phase frequency shift 
keying (CPFSK) . or a special case of offset QPSK with sinusoidal symbol weight
ing. 
In the case of special offset QPSK the two modulating bit streams are offset by half 
a symbol and the pulses are multiplied by half-sine waves with a length equal to 
the symbol period . 
When viewed as CPFSK, the frequencies of the two transmitted FSK frequencies 
are We + rr/2T being transmitted for a "0" symbol and We- rr/2T beeing transmitted 
for a "1" symbol. The tone spacing in MSK is one-half that employed in conven
tional orthogonal FSK modulation , giving rise to the name "minimum" shift keying . 
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Two specific alternatives to MSK are Gaussian filtered minimum shift keying 
(GMSK) and sinusoidal frequency shift keying (SFSK) . Both modulation schemes 
use special puis manipulations to get furlher improvement in the spectrum . 

GMSK represents a minimum shift keying signal with Gaussian shaped baseband 
pulses I 11 . 
The pulses of SFSK are described by the expression /2/ 

p(t) = cos[_.!!!__- -1 sin 2n _t J 
2T 4 T 

Fig . 1 shows this puiS?in the interval 0 $; t $; T 

. .. 

.. ... 

. 
·+---~----~---r----~~~ -

. II . n . ~· .II . II '· .. 
Fig. 1 SFSK pulse 

Fig . 2 shows typical waveforms for MSK , offset QPSK and standard QPSK /3/ . 

3. Characteristics of the Modulation Schemes 

One characteristic which is inherent to all three modulation types is their constant 
envelope . This feature is desirable in situations where the earlh-station and satel
lite transmitters must be operated nonlinearly . 

In QPSK and offset QPSK this characteristic is due to the square-wave signalling , 
so that the signal changes its phase instantaneously . 

In MSK the two carrier in quadrature have a half-sinewave shape. When the half
sine waves are staggered so that the peak value of one coincides with the others ' s 
zero crossing, the composite signal has a constant envelope . 

A quadraphase PSK-modulator can have any one of four phase states in goo 
increments . Phase transitions of goo , 180° and 270° are allowed in standard QPSK. 
During a 180° phase shift the phase vector does pass through zero amplitude , just 
as in BPSK modulation . 
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Fig . 2 Typical waveforms for MSK, offset QPSK and standard QPSK. 

Offset quadraphase modulation has the additional restriction that phase transi
tions can only occur in 90° increments. This form of modulation avoids the zero 
amplitude problem of standard QPSK. 

The phase transitions shown for MSK (Fig . 2) are referenced to carrier phase , and 
accumulate linearly overT seconds. 

In the MSK and offset QPSK waveforms the mentioned phase transitions occur 
every T seconds , but the standard QPSK waveform has transit ions only every 2 T 
seconds. 

The difference in time alignment in the bit streams is responsible for the different 
behavier of the two modulations (QPSK , offset QPSK) when they undergo band
limiting and hardlimiting operations. In a satellite communication system, the 
modulated signal is bandlimited by a bandpass fi lter so as to conform to out-of
band spectral emission standards . The bandlimited QPSK will no longer have 
constant envelope and in fact , the occasional phase shifts of n rad in the carrier 
will make the envelope go to zero 141 . At the satellite repeater, this signal will 
undergo hardlimiting which , while restoring the constant envelope to the signal . 
will at the same time restore essentially all the frequency sidelobes back to their 
original level prior to filtering . These undisered sidebands negate the band limiting 
of the QPSK signal carried out at the transmitter and introduce out-of-band radi
ation on the satellite downlink that may interfere with other communicat ion sys-
tems . 18 



In offset QPSK . the binary components cannot change states simultaneously . One 
component has transit ions in the middle of the other symbol and hence only one 
component can switch at a time . F > eliminates the poss ibility of 180° phase 
changes and phase changes are limited to 0° , ± 90° every T seconds . When a off
set QPSK signal undergoes bandlimiting , the resulting intersymbol interference 
(smearing of adjacent pulses on one another) causes the envelope to droop 
slightly in the region of rr/2 rad phase transitions . Since phase shifts of 180° have 
been avoided , the envelope does not go to zero as it does in the band limited 
QPSK case . When the bandlimited offset QPSK goes through a hard limiter, the 
slight envelope droop is removed by the limiting process . However limiting affects 
only the envelope and the phase is preserved . Consequently , the absence of rapid 
phase shifts (and hence high frequency content ) in the region of a rr /2 phase 
change means that limiting will not regenerate the high frequency components 
originally removed by the bandlimiting filter . Thus , out-of-band interference is 
avoided. 

The spectrum of the standard QPSK and offset QPSK system has the well-known 
[( sin x)/xJ shape, having large sidelobes which only decay in inverse proportion 
to the square of the frequency from band centre. These cause severe adjacent
channel interference even when the channel spacing is fairly large. 

The sidelobes of MSK decay twice as rapidly as those of square-wave QPSK and 
so allow closer channel packing. The problem with MSK lies in the increased width 
of the main spectral lobe . Although this offers some advantages when the channel 
capacity is relatively large, it is unsuitable for use with closely packed channels 
due to the severe spectral overlap . Fig . 3 shows the two power spectral densities 
I 1 I. 

Performance curves in 131 show a crossover point . such that for channel bandwidth 
exceeding approximately 1.1 R, where R is the binary data rate , the performance 
of MSK is superior to that of offset QPSK. Conversely , for 8 < 1.1 R , offset QPSK 
has an advantage over MSK. Consequently offset QPSK is most advantageous in 
bandwidth limited systems , while MSK is superior in power-limited systems with 
adequate bandwidth for the wider main spectral lobe of MSK. 

As indicated in section 2.3 GMSK and SFSK enable further spectral sidelobe 
reductions without sacrificing the constant envelope property or the excellent 
communications efficiency of MSK . Fig. 4 presents GMSK spectra calculations 
performed in 151. 
The use of a baseband Gaussian filter with 8 0 • T < 0.5 eliminates the MSK side
lobes and further improves the in-band power performance of this modulation 
scheme . 8 0 is the Gaussian filter -3 dB bandwidth . The spectrum sidelobes can be 
suppressed without any post-modulation filtering thus maintaining the constant 
envelope characteristic of the signal. 
The spectra of SFSK and MSK are compared in Fig. 5, where fc represents the 
unmodulated carrier. The SFSK spectrum falls substantially below that of MSK for 
J(f- fc)Tj > 2. 

A feature of MSK which is often useful is that it can be noncoherently detected by 
a discriminator /6/ , whereas QPSK systems require either a fully coherent or dif
ferentially coherent detection system . This noncoherent detection property of MSK 
permits inexpensive demodulation when the received signal-to-noise ratio is ade-
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quate, yet allows for coherent detection with efficiency identical to coherent QPSK 
in limited signal-to-noise ratio situations . 

Due to the standard QPSK inherent 4-fold phase ambiguity the recovered carrier 
may be a multiple of 90° out of phase with reference to the transmitted carrier. This 
results in a modification of the received data stream. A phase error of 90° causes 
for example the I channel at reception to output the inverse of the input into the 
Q channel at the transmitting side . Thus phase ambiguity resolution in standard 
QPSK systems is of some complicated nature. 

In offset QPSK systems the modulator/demodulator has a serial input/ output. The 
bits are transmitted in the order in which they occur in the input stream. Thus the 
only consequence of the phase ambiguity are sign changes . Phase ambiguity 
resolution in offset QPSK systems is therefore much simpler. 

Another advantage of offset QPSK in comparison to standard QPSK is its 
improved detection performance 171 . As mentioned earlier a QPSK signal may be 
considered as two BPSK channels that are in phase quadrature. If perfect carrier 
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synchronization exists (¢ = 0) then the two binary signals may be detected 
orthogonally . 

When 4> =F 0, however, there is not only a correlation loss of cos ¢ , as in the binary 
case , but orthogonal ity between the two binary channels of a QPSK signal is lost . 
The mutual interference (crosscoupling) between the two binary components is 
proportional to ±sin <P . Because of the additional performance degradation , that 
is related to the crosscoupling interference, QPSK losses from imperfect carrier 
synchronization exceed those of BPSK. Whereas the bit alignment for the two 
channels is coincident for standard QPSK signalling , the alignments are staggered 
in the offset form of QPSK. The staggered or offset alignment allows the integral 
of the cross-coupling interference to vanish over any decoded bit interval during 
which the other channel experiences a bit transition. For a transition propability 
of one half, the detection performance for offset QPSK is thus equal to the average 
of the performances for BPSK and standard QPSK. Analytical expressions in /6/ 
indicate that for a given loss specification, the use of the offset bit alignment for 
QPSK signalling allows almost a 3-dB relaxation in the requirement on the SNR 
of the phase reference . 
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ABSTRACT 

The performance of quadrature carrier modulation techniques 
in a typical satellite non-linear channel is evaluated and 
compared by means of a computer simulation program. It is shown 
that Minimum Shift Keying (MSK) and Gaussian filtered Minimum 
Shift Keying (GMSK) are robust with respect to the channel non
linearities. In addition, it is also shown that the systems 
utilized these two modulation techniques outperform the 
conventional Quadrature Phase Shift Keying (QPSK) and Offset-QPSK 
systems. Furthermore, GMSK, with mild baseband filtering, shows 
superior spectrum compactness with minimum bit error rate (BER) 
degradation as compared to MSK. 
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1 Introduction 

The poor performance of QPSK and OQPSK in a non-linear 
band-limited satellite channel is well known [7]. In order to 
limit the band occupation, the PSK modulated signal should 
be filtered at the transmitter level. 

Because of the design complexity, the shaping filter can not 
be inserted after the HP A at the RF carrier frequency. IF or 
baseband filtering introduces envelope fluctuations on the PSK 
signal at the HPA input. 

Driving the non-linear High Power Amplifier (HPA) close to 
saturation for power efficiency reasons , yields two main effects 
on the pre-filtered non-constant envelope PSK signal: 

• Spectral restoration (spectral spreading) 

• Bit Error Rate performance degradation caused by distor
tion and I-Q cross-talk 

The combined use of a raised-cosine shaping filter in the 
modem, together with the HPA backing-off generally lead to a 
limitation of the above mentioned effects. 

However , the resulting system performance is not very sat
isfactory from both the band and the power efficiency point of 
vtew. 

The use of unfiltered Continuous Phase Modulation signals 
( CPM ) [1], [2] characterized by no phase discontinuities, makes 
possible to drive the HPA at saturation with optimum power 
efficiency, minimum degradation in the achieved BER and in
duced spectral restoration. In fact the phase discontinuities are 
the main reason for the poor PSK bandwidth efficiency. 

A comparison between QPSK, OQPSK and GMSK has been 
performed in [3] showing the superior BER performance of MSK 
achieved in a typical non-linear and band-limited satellite chan
nel. It has also be shown that a simple low-pass filter in the I-Q 
demodulator arms is superior to a matched filter for such non
linear channel. 
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In the following paper the comparison has been extended 
to the Gaussian filtered Minimum Shift Keying signal ( GMSK) 
[4]. The latter- signal can be obtained using an MSK serial 
modulator with gaussian baseband pulse shaping. Modifying 
the baseband gaussian filter bandwidth it is possible to reduce 
the spectrum sidelobes amplitude at the expense of increase of 
the inter-symbol interference level. 

Until now the GMSK signal has been analyzed for very 
narrow-band application such as mobile [4]. For the case of 
satellite telemetry data transmission, the out-of band power re
quirements are much less stringent and "mild" baseband fil
tering can be therefore be used. The baseband shaping also 
drastically reduces the IF filter requirements in the modulator. 

2 System Overview 

A time domain computer based simulation approach has been 
selected because, due to the system non-linearity, the theoretical 
analysis was considered not feasible. 

The developed simulation software is based on the TOPSIM 
package [5] and extended with "ad hoc " builded subroutines. 

The block diagram of the simulat.ed system is described in 
Fig. l. 

The output of the selected modulator enters a switchable IF 
filter and the HPA. The filter is a 14 poles Chebyshev with 
typical amplitude and group delay response shown in Fig.3. 
The simulated HPA is composed by a Travelling Wave Tube 
Amplifier (TWTA ) with amplitude and AM / PM characteristic 
described in Fig.-! and .5 respectively. 

The demodulator does not include matched filters in the I
Q arms because in :3) it has been shown that they are non
optimal fo r t he non-linear channel type. All the simulations 
have been carried-out using this simplified demodulator scheme. 
The low pass filter is two-poles Butterworth type with optimized 
bandwidth. Carrier and dock n ·coYPl'!' are assumed perfect. 
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The quadrature channel clock is delayed by one symbol in case 
of OQPSK , MSK and GMSK. 

The BER evaluation has been performed resorting to the well 
known semi-analytic technique [6], and adapted to the different 
modulation schemes studied. 

3 Numerical Results 

The analysis has been performed in three successive steps: 

• Linear channel with infinite bandwidth (ideal case) 

• Non-linear channel with infinite bandwidth 

• Non-linear channel with finite bandwidth 

3.1 Linear Channel with Infinite Band 

In order to validate the simulation program, a preliminary in
vestigation has been carried-out with a non-bandlimited lin
ear channel. The simulated spectra of the different signals are 
shown in Fig.6 and Fig. I. All simulations are in good agreement 
wit h theoretical results. 

I-Q eye diagrams at t he demodulator output , corresponding 
to the different signals , are drawn in Fig.8 and Fig.9. BER 
simulat ion results obt ained with the non-optimal demodulator 
described in section 2 are presented in Fig.lO . These results are 
very similar to those . presented in [3]. 

We can observe the smaller degradation ( 0.3-0.4 dB ) expe
rienced by MSK and GMSK compared to QPSK-OQPSK ( 1.1 
dB ) in an ideal channel using the simplified demodulator . 

3.2 Non-linear Channel with Infinite Band 

The TvVTA described in section 2 has been inserted at. t his 
step and the spect ra and BER simulat ions repeated . Result s 
of these simulation are plotted in F i ~.11. Due to the const an t 
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envelope characteristic of the HPA input signal, all modulation 
schemes practically show the same performance obtained for 
a linear channel. As expected there is no difference between 
QPSK and OQPSK, while MSK is about 0.1 dB better than 
GMSK (BTb = 0.5). 

3.3 Non-linear Channel with Finite Band 

The more realistic situation includes a pre-filter before final am
plification either for out-of-band power limitation or for spurious 
and harmonics rejection. . 

The 14 poles Chebyshev filter characteristic has been de
scribed in Section 2. Two possible bandwidths have been con
sidered corresponding to Bi1n = 1.5 and BifTb = 1. No equal
ization has been introduced in order to simulate a worst case 
situation. 

Eye diagrams are plotted in Fig.12 and Fig.13. The sim
ulated power spectral densities at the HPA input and output 
( Fig.14, 1.5 , 16 and 17) clearly show the above mentioned spec
tral restoration effect which particularly affect non-continuous 
phase modulation like QPSK, and with some minor extent OQPSK. 

Simulated BER for the different modulation schemes are pre
sented in Fig.18 . MSK and GMSK are still well performing 
(0.2 and 0.4 dB degradation respectively ), while OQPSK is los
ing 1.1 dB and QPSK 1.2 dB , with respect to the theory at 
Eb/ N0 = 10 dB (back-off=O dB). 

Narrowing the IF filter (BifT4 = 2) we can slightly reduce 
the bandwidth occupation for QPSK and OQPSK (Fig.19), but 
not for MSK and GMSK (Fig.20). BER simulations plot for 
this case (Fig. 21 ) clearly show that MSK and GMSK are 
penalized by narrow-band filtering (0 .. 5-0.6 dB of degradat ion 
respectively ), while QPSK and OQPSK demonstrate filtering 
robus t ness ( 1. 1-1.3 dB degradation ). However , CPM signal are 
still bet ter than PSK. 

Finally Fig. 22 presents BER simulation result for GMSK 
in a hand-limi ted ( B ; 1 T~ = 1 .. )) non-l inear (' hannel for different 
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baseband filter bandwidth. Limiting the baseband filter band to 
B~,T = 0.4 , the degradation with respect to the theory is limited 
to 0.6 dB . In case of more stringent band occupancy require
ments B&T can be further reduced to 0.3 with a BER degrada
tion of 1.0 dB. Corresponding simulated spectra are plotted in 
Fig 23. 

Observing the simulation results we can conclude that GMSK 
with B&T = 0.4 demonstrate a BER degradation of 0.6 dB at 
BER = 10-6 with a two sided bandwidth occupation B;1Tb = 3 
(sidelobes level :::; 70 dB). This results is achieved without any 
IF or RF filtering. Whenever filter is required for spurious and 
harmonics rejection prior final amplification, simulations show 
t hat with a sharp 14 poles Chebyshev (B;1T& = 1.5), the spectral 
compactness is not affected and the BER is additional degraded 
by only 0.1 dB . 
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4 Conclusions 

By means of a computer simulation it has been shown the very 
good performance of GMSK with respect to QPSK and OQPSK 
in a typical band-limited non-linear satellite channel. 

Using GMSK the spectral shaping can be obtained with a 
baseband filter with practical no need for IF and RF filtering. 
BER performance are very 3imilar to MSK (0.1 dB loss with 
B&T = 0.4) and far better than OQPSK and QPSK u3ing a very 
simple demodulator de3ign. 

This means that it possible to built a multi-rate demodulator 
with minimum implementation effort. 

Further work is required in order to perform baseband pulse 
shaping optimization and to analyze the performance the de
modulator including carrier and clock synchronization recovery. 
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A BER Simulation using a Solid State 
Amplifier 

In order to have a more complete picture of the different mod
ulation schemes performance in a non-linear channel some sim
ulation has been repeated using a Solid State Amplifier (SSA ). 

The simulated characteristic is presented in the following 
t able: 

---=·-
Pin (dBm) P =t ( dBm) Phase ( deg. ) 

- -20 33.37 0.0. 
-19 34.27 0.0 
-18 35.17 0.0 
-17 36.07 0.0 
-16 36.97 0.0 
-15 37.87 0.0 
-14 38.77 0.0 
-13 39.67 0.0 
-12 40.57 0.0 
-11 41.47 0.0 
-10 42 .37 -0.8 
-9 -!3 .31 -2.6 
-8 I -!4 .10 -0.8 
- I -!4 .13 0.6 

I 
·I 

-6 -!5.30 3.1 
-.5 -!5. 78 I 9.4 I 

:I 
-4 46.08 19.4 

II 
-3 -!6.29 30.2 I 

I ') 46..12 33.5 I 

'I -.. 
I 

il -1 -!6.44 33.2 ! 
'I ' 
I 0 -!6..14 32.7 
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Simulated BER plotted in Fig. 24 show that with this type of 
non-linearity MSK and GMSK advantage with respect to QPSK 
and OQPSK is increased ( 0.9-1.0 dB for B;1Tb = 1.5 ), while 
QPSK and OQPSK performance remains practically unchanged 
compared to the TWTA case. 
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ABSTRACT 

the purpose of this paper is to provide a tutorial 
comparison of the characteristics of several modulation schemes 
such as Quadrature Phase Shift Keying (QPSK) and Offset-QPSK, 
Minimum Shift Keying (MSK) and Gaussian Filtered MSK (GMSK). 
Particular attention is focused on the GMSK. Possible modem 
implementation schemes for the GMSK are briefly described. The 
main results are summarized in Table 1. 

57 



1 Introduction 

The ever increasing demand for digital charinel bandwidths of space 
to earth spacecraft links represents a potentially serious problem of 
spectral congestion. The limited on-board transmit power requires 
the use of high efficiency class C power amplifiers. In order to limit 
the bandwidth occupation, conventional PSK modulation schemes 
are filtered before the final amplification stage, but the non-linear 
amplifier behaviour will regenerate the suppressed sidelobes. For 
space applications, constant envelope Continuous Phase Modulation 
(CPM) schemes [1],[10],[17], represent an attractive power and spec
tral efficient alternative to PSK. 

This paper will focus the attention on a particular CPM scheme, 
the so called Gaussian filtered Minimum Shift Keying ( G MSK), orig
inally proposed in [2] for mobile communication. The interest in 
GMSK results from very attractive spectral characteristics combined 
with a simple modem design. 

2 Signal Description and Power Spec
tra 

GMSK represent a Minimum Shift Keying signal [1],[10] with Gaus
sian shaped baseband pulses; following the notation introduced in 
[1], the modulated GMSK signal can be expressed as: 

fiE 
s(t) = y T cos(2n- f0 t + <P(t, a) + <Po) (1) 

where the information carrying phase is: 

¢( t, a) = n- J~oo . f. o:ig( -r - iT)d-r 
t=-oc 

(2) 

g( t) (3 ) 

(4} 

hg ( t) is the impulse response of the Gaussian filter with frequency 
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response: 

(5) 

and Oi is the sequence of binary data symbols {±1}, B, is the 
Gaussian filter -3dB bandwidth, E is the symbol energy, T is the 
symbol time, fo is the carrier frequency and r/Jo is the carrier initial 
phase. 

GMSK spectra calculation performed in [2] are presented in Fig
ure 1; the use of a baseband gaussian filter with B,T < 0.5 eliminates 
the MSK sidelobes and further improves the in-band power perfor
mance of this modulation scheme (see Figure 2). The spectrum 
sidelobes can be suppressed without any ·post-modulation filtering 
thus mantaining the constant envelope characteristic of the signal. 
Note that for B,T ...... oo we obtain the MSK spectrum. 

A comparison between the non-filtered MSK, QPSK and OQPSK 
spectra is shown in Figure 3; despite a wider main lobe than for 
QPSK and OQPSK, GMSK presents a superior performance as spec
trum compactness [17]. From Figure 1 the advantage of the Gaus
sian baseband pulse shaping which increases the spectral fall-off rate, 
becomes evident. In [8] it has been shown that the maximum band
width efficiency of MSK is 2 bits / s/ Hz, the same as for QPSK and 
OQPSK. 

3 Modulator Implementation 

The use of a simple frequency modulator with the NRZ input data 
filtered by the baseband Gaussian filter is practically not feasible 
because of the difficulty to keep the modulation sensitivity precisely 
related to the bit rate in order to avoid accumulation of phase errors 
[2], [3]. Phase Locked Loop (PLL ) based GMSK modulators are 
described in [2] and [10]. The basic block diagram of such PLL 
modulator is shown in Figure 4. In [3] it has heen shown how it 
is possible to approximate the PLL transfer function to a Gaussian 
response by means of Laguerre polynomials. 

The 1-Q MSK modulator of Figure 5 can be easily adapted for 
GMSK by introducing Gaussian <; haping filters in the modulator 
arms and an hard limiter at the output. Howhever this approach is 
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in someway not optimal. 
Digital ROM based modulator are described in [10], [22], [25] and 

[26] and represent alternatives to an analog PLL implementation. 

4 Demodulator Implementation 
Simple coherent or non coherent demodulator can be used to demod
ulate the GMSK signal. Differential encoding of the transmitted data 
allows to use differential detection of the receive signal {Figure 6); the 
penalty of this demodulator simplification is a performance degrada
tion of 3dB compared to the coherent case. A single error correction 
circuit with no redundancy bits [18] shows an improvement of 1dB 
against the differential decoder without correction. Another method 
to improve the differential decoder BER performance is described 
in [5]. It is based on a new 2-bit differential detection technique: a 
decision feedback circuit controls the phase references of the delayed 
signals in order to reduce the inter-symbol interference produced by 
the channel filters. 

The basic block diagram of an orthogonal coherent GMSK de
modulator [2], is presented in Figure 7 ; the superior performance 
of a simple low-pass filter (2 poles Butterworth) compared to sig
nal matched filters for non-linear channels has been shown in [22] 
and [27]. The optimal filter bandwidth is dependent on the chan
nel bandwidth. The demodulator is very similar to the one used for 
MSK but the BER performance is degraded due to the inter-symbol 
interference caused by the Gaussian premodulation filter. This ef
fect can be seen in Figures 8 and 9: a reduction of the Gaussian 
filter bandwidth produces an increase of the inter-symbol effect on 
the demodulated GMSK signal. 

It is well known that the BER performance of coherent MSK is 
the same as for QPSK and OQPSK; the measured BER versus Eo/ No 
for different premodulation filter bandwidths (from [2]), is shown in 
Figure 10. The degradation can be limited to a few tenth of dB using 
a mild baseband filtering (e.g. B0T = 0.5 ). In the GMSK modem 
described in r22], 0.5dB of degradation against the MSK case has 
been measured for BoT = 0.4. A technique to reduce the effect of 
the GMSK inter-symbol interference effect in coherent data detec
tion is introduced in [4]. The basic idea is to use differential data 
encoding and a different sample tim.ing in the demodulator in order 
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to reduce the filter inter-symbol effects. The improvement which can 
. be obtained by a this technique is in the order of 0.4dB for B&T > 0.3. 

5 Synchronization Considerations 
The synchronization for CPM signals, based on the De Buda general
ized synchronizer has been analyzed in [6] . The GMSK synchronizer 
block diagram is presented in Figure 11. Figure 12 shows the GMSK 
spectrum at the synchronizer input . After squaring the discrete com
ponents of the spectrum are restored at frequencies 2 fo + ~, 2 fo- ~ 
(see Figure 13) , and tracked by two PLUs. By combining the two 
recovered carrier it is possible to obtain the carrier phase and clock 
information. Recently, it has been shown [24] that such synchro
nizer scheme is nearly optimum for various CPM signals. Despite 
this good theoretical performance the De Buda type synchronizer 
has some disadvantages [16] : 

• The equivalent bandwidths of both carrier and clock loops are 
the same. 

• For signals affected by large Doppler uncertainties, the acquisi
tion of the two distinct tones can become difficult. Care must 
be taken to assure that both PLL's do not lock on the same 
tone. 

• Particular da ta sequences can cause the suppression of one of 
the two tones producing synchronization errors and loss of lock 
effects. 

The block diagram of a modified MSK synchronizer [16] is de
picted in Figure 14. In this synchronizer the carrier and clock loops 
are independent so that the loop bandwidth can be different. The 
carrier sweep shall be performed only on one VCO, this eliminates 
the above mentioned drawback of the De Buda synchronizer. The 
risk of synchronization loss for particular data sequences cannot be 
completely eliminated without requirements on data transition and 
symmetry. 

Finally, an I-Q version [16] of the above synchronizer is present ed 
in Figure 15. It should be pointed out that the hardware required for 
this synchronizer is no t very different from a QP SK carrier loop and 
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bit synchronizer. Another kind of carrier recovery by remodulation 
described in [21] is shown in Figure 16. 

In [7] it has been shown that the effect of non perfect phase and 
timing recovery in a noisy channel is considerably less critical for 
MSK than OQPSK. 

6 Effects of Band-and Amplitude-Limiting 
MSK is well suited to be used with non-linear class C amplifier be
cause of its constant envelope. This property makes the signal very 
resistant to amplitude and band limitation. Experimental [12] and 
simulation [20] results for a MSK modem with band and amplitude
limited channel show no additional BER degradation for BT > 0. 7. 
In [20] and [27] it has been shown that the BER degradation for 
MSK and OQPSK schemes in non linear amplitude and bandwidth 
limited channels !Ue practically the same, with a slight advantage 
for MSK. 

The amount of regeneration of filtered spectrum tails, is shown 
in [12] and [10]. The level of restored tails for MSK and GMSK case 
is considerably less than for the QPSK case. 

The effect of a narrow-band filter at the demodulator input on the 
BER performance for the MSK and OQPSK has been investigated 
in [19]; again MSK performs considerably better than OQPSK. 

7 Conclusions 
GMSK with smooth filtering, say BbT = 0.5 , is an attractive power 
and bandwidth efficient modulation scheme for space communication 
applications. The constant envelope property and the small band 
occupation of the unfiltered signal make this modulation type very 
suitable for space applications using high efficiency class-C non-linear 
amplifiers. Due to the GMSK spectrum compactness there is no need 
for a narrow-band filtering before the non-linear am plifi er as it is the 
case for PSK modulators , so that the amplifier non-linearity does not 
affect the constant envelope signal. The required modem hardware is 
comparable with that of classical QPSK and OQPSK modems. MSK 
performance in band limit e9. non-linear channel is superior compared 
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to the QPSK and OQPSK. A comparison between QPSK, OQPSK, 
MSK and GMSK is summarized in Table 1. 
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QPSK OQPSK MSK GMSK(*) I 

%in-band power BT=l.5 94.0 94.0 99.5 99.9 
% envelope variation 100 30 0 0 
for a band-limited signal 
BER degradation referred 0 0 0 0.1 
to ideal QPSK in a linear 
channel (dB) 
BER degradation referred 1.1 1.0 0.3 0.4 
to ideal QPSK in a non 
linear channel (dB) 
Regenerated sidelobe level -15 -25 -30 -35 
after band pass limiter (dB ) 

' 
RF filtering required before yes yes yes no 
final amplification I 
BER sensitivity to medium medium low low I 
synchronization errrors I 
hardware complexity 100 110 120 120 

(*) GMSK with B&T = 0.5 

Table 1: Comparaison between QPSK ,OQPSK,MSK and GMSK 
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PHASE-AMBIGUITY RESOLUTION FOR QPSK MODULATION SYSTEMS 
PART I: A REVIEW 

Tien Manh Nguyen 

National Aeronautics and Space Administration 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 

ABSTRACT 

Part I of this paper reviews the current phase-ambiguity 
resolution techniques for Quaternary Phase-Shift-Keyed (QPSK) 
coherent modulation systems. Here, those known and published 
methods of resolving phase ambiguity for QPSK with and without 
Forward-Error-Correcting (FEC) are discussed. The purpose of this 
part is twofold: (1) to provide the background necessary for a 
complete understanding of the second part where a new technique 
will be discussed; and (2) to recommend an appropriate technique 
to the Consultative Committee for Space Data Systems (CCSDS) for 
consideration in future standards on phase-ambiguity resolution 
for QPSK coherent modulation systems. 

77 



I. INTRODUCTION 

The inherent problem associated with coherent Quaternary 
Phase-Shift-Keyed (QPSK) systems is that of phase-ambiguity at 
the receiver. This is due to the inability of the carrier 
recovery circuit to distinguish the reference phase from the 
other phase (or phases) of the received carrier. For QPSK · 
systems, there are eight possibilities of errors caused by the 
recovered carrier being at the wrong phase and also caused by 
phase rotation direction ambiguity (the two channels are 
reversed) in the transmission medium. 

For uncoded systems, the phase-ambiguity problem can be 
resolved by using the differential encoding-decoding technique. 
However, this technique causes the decoded output to contain 
highly correlated errors (errors almost always occurring in 
pairs, double-error phenomenon). An alternate method of 
resolving the phase-ambiguity problem in the coherent QPSK 
systems is to make use of the sync markers already existing in 
the framed data transmission. For coded systems, the resolution 
of phase-ambiguity becomes more involved. For example, with the 
conventional differential coding method implemented inside an FEC 
encoder and decoder pair, a burst or double-error can occur. On 
the other hand, the use of the sync markers can result in the 
reduction of transmission efficiency. 

The primary objective of this paper is to review in a partly 
tutorial manner, the currently available phase-ambiguity 
resolution techniques that are suitable for use with coherent 
OQPSK systems. The techniques discussed in this paper are 
applicable to both coded and uncoded systems. The secondary 
objective is to provide proper guidance to the CCSDS regarding 
this subject. 

In summary, Part I is intended to provide the necessary 
background material for Part II of this paper. Part II will 
emphasize new phase-ambiguity resolution techniques for the 
coherent QPSK systems. 

II. COHERENT QPSK MODULATION SYSTEM 

Before going into details of the current available phase
ambiguity resolution techniques, it is essential to describe the 
basic structure of a coherent QPSK modulation system. Depicted 
in Figure 1 is a simplified diagram of a coherent QPSK 
communications link. The modulator accepts the Non-Return-to
Zero (NRZ) input data (DT), a clock input (cT), and an RF carrier 
of frequency fc· The NRZ input data stream entering the 
modulator is converted by a serial-to-parallel converter into two 
separate NRZ data streams IT (In phase, I-branch) and QT 
(Quadrature phase, Q-branch), with a symbol rate equal to half 
that of the input data bit rate. Both IT and DT data streams are 
inputted separately to the multipliers. The second input to the 
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multiplier in the I- branch is the carrier signal (cos(2~fct)), 
and the second input to the Q-branch multiplier is the carrier 
signal shifted by go0 (i.e. sin(2~fct)). The outputs of both I 
and Q multipliers are BPSK signals. The multiplier outputs are 
then summed to obtain the QPSK signal. At the receiver, the 
demodulator performs the inverse operation of the modulator and 
generates the output data stream DR ~ DT· For a coherent QPSK 
system, a coherent carrier must be recovered from the received 
signal and a coherent clock must . be reconstructed from the 
demodulated data waveform. 

FIGURE 1. BASIC QPSK SYSTEM REPRESENTATION 
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LEGEND: 

L.O. 
P.S. 
AMP. 
C.R. 
DET. 
S(t) 
R(t) 

local oscillator 
phase shifter 
amplifier and filter 
carrier recovery unit 
detector unit 
transmitted signal 
received signal 

The received data stream DR is not always equal to the 
transmitted data stream DT due to the phase-ambiguity in the 
phase of the recovered carrier. If the carrier recovery (C.R.) 
circuit locks on the reference phase of the received carrier, 
then IT ~ IR, and QT ~ QR· This gives DT = DR· The effect of an 
incorrectly recovered-carrier phase on the demodulated data is 
shown in Table 1. 

TABLE 1. THE RELATIONSHIPS BETWEEN THE TRANSMITTED AND 
RECEIVED DATA 

RECEIVED DATA WITHOUT RECEIVED DATA WITH 
CARRIER PHASE ROTATION PHASE ROTATION 

PHASE ERROR DIRECTION AMBIGUITY DIRECTION AMBIGUITY 
(DEGREE) (NORMAL SENSE) (REVERSE SENSE) 

IR QR IR QR 

0 IT QT QT IT 

90 -QT IT IT -QT 

180 -IT -QT -QT -IT 

270 QT -IT -IT QT 

NOTE: The negative sign indicates the complement of the data. 

From the above table, it is apparent that for each case 
(normal or reverse sense) the locked-in phase may be any one of 
four possible phases. Hence, ambiguity of the fourth degree 
results. Thus, the resolution of the eight possible 
relationships between the transmitted and the received phase is a 
formidable problem in the QPSK system. There are several 
techniques available for the resolution of this phase-ambiguity. 
The following sections will discuss these techniques. 
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III.CLASSIFICATION OF PHASE-AMBIGUITY RESOLUTION TECHNIQUES 

The phase-ambiguity resolution techniques can be classified 
into two categories: (1) differential coding technique, and (2) 
nondifferential coding technique. For an uncoded QPSK system, 
the nondifferential coding technique may be described as a 
"unique-word detection technique." For a coded system, it may be 
regarded as a "threshold decoder technique," and as a "unique
word detection technique." A simple classification of phase
ambiguity resolution techniques is shown in Figure 2. 

FIGURE 2. A LIST OF PHASE-AMBIGUITY RESOLUTION TECHNIQUES 

QPSK SYSTEM I 
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FEC forward-error-correcting 
CODEC: encoder and decoder pair 
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TECHNIQUE 
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IV. PHASE-AMBIGUITY RESOLUTION TECHNIQUES FOR 
UNCODED QPSK SYSTEMS 

IV.l. DIFFERENTIAL CODING TECHNIQUE 

_..t_ 
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NONDIFFER-
ENTIAL 
CODING 

TECHNIQUE 

J 
J, 

UNIQUE WORD 
DETECTION 
TECHNIQUE 

This technique is well known in literature [Refs 1, 2, 3, 4, 
7] . The differential encoder-decoder can be inserted into the 
CODEC. The receiver resolves the phase ambiguities based on the 
difference between the detected symbol phases. Since the 
difference is independent of the locked-in phase, the four-phase 
ambiguity associated with each case (normal or reverse sense) 
disappears. A simple QPSK system with the differential encoder 
and decoder is illustrated in Figure 3. 
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FIGURE 3. QPSK SYSTEM WITH DIFFERENTIAL ENCODER-DECODER 
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ADVANTAGE: This technique is very simple to implement and can be 
performed in the modern independently on any data acquisition 
equipment [Refs 3, 6]. 

82 



DISADVANTAGE: Due to the burst error (one erroneously detected 
phase will cause two consecutive false symbols) associated with 
this technique, the detection performance of the transmitted sync 
markers can be degraded seriously [Ref. 6]. 

IV. 2. UNIQUE-WORD DETECTION TECHNIQUE 

This technique was developed by Wolejsza and Cacciamani 
[Ref's 5, 8). It utilizes the two unique words (sync words) 
which are separately modulated onto the two quadrature channels 
at the transmitter. Since there are eight possible combinations 
of the two possible cases (as shown in Table 1), each combination 
uniquely defines the phase ambiguity. Thus, each error 
appearing in the two data channels of the QPSK demodulator is 
uniquely defined by a particular phase error. The technique 
proposed here is to simply correct the errors at the outputs of 
the channels by using the two unique words. The correction is 
done by monitoring and detecting the true or complement of the 
two unique words. For example, if the two unique words are 
detected in their complements, then the received data should be 
inverted. It should be noted here that this technique does not 
identify the phase error of the recovered coherent carrier which 
caused the errors, but corrects the errors caused by the phase 
errors. A generalized block diagram of the modulator and 
demodulator with phase-ambiguity correction using unique-word 
detection is shown in Figures 4 and 5, respectively. 

Figure 4 shows that the unique words Au and Bu (the length 
of each unique word is N) are inserted into the quadrature 
channels before the carrier modulation. At the receiver, as 
shown in Figure 5, the basic QPSK demodulator is modified with 
the unique-words detector. The block diagram of a generalized 
unique-words detector is shown in Figure 6. This detector is 
comprised of inverters, gating means (these are used to shift the 
shift-registers) , shift registers, correlators, and a decoding 
matrix. The operation of this generalized unique-words detector 
is carefully explained in References 5 and 8. 

Figures 5 and 6 illustrate a generalized form of logic for 
performing the correction of errors caused by phase errors. 
However, a preferred form of correction logic is shown in Figures 
7 and 8. It is seen, from Figure 7, that the data in the I and Q 
channels are combined prior to detecting the unique words Au, Bu 
and their complements -Au, -Bu. As shown in Figure 8, this 
connection enables the elimination of two correlators in the 
unique-word detector. The detail of the decoding matrix is 
described in Reference 8. 
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FIGURE 4. QPSK-MODULATOR WITH UNIQUE WORDS MODULATION 
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FIGURE 6. GENERALIZED BLOCK DIAGRAM OF THE UNIQUE-WORD DETECTOR 
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FIGURE 7. PREFERRED BLOCK DIAGRAM OF QPSK-DEMODULATOR 
WITH PHASE-AMBIGUITY CORRECTION USING UNIQUE

WORD DETECTION TECHNIQUE 
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ADVANTAGE: The sync markers already existing in the framed data 
transmission can be used as the unique words for resolving the 
phase ambiguity. The unique-word detection technique also has 
the advantage of not excluding the use of FEC techniques [Ref.6]. 

DISADVANTAGE: This technique is more complex than the 
differential encoding-decoding technique. This technique also 
requires a careful selection of a suitable pattern for the unique 
words in order to achieve a low probability of false detection. 
This technique also has the deficiency of increasing the number 
of non-information bits in the total data stream, thereby 
increasing the bandwidth necessary to transmit a given amount of 
information. 

V. PHASE-AMBIGUITY RESOLUTION TECHNIQUES FOR CODED QPSK SYSTEMS 

V.l. DIFFERENTIAL CODING TECHNIQUES 

As shown in Figure 2, this technique can be classified into 
two categories: (1) phase-ambiguity resolution by differential 
coding inside FEC codec; and ( 2) phase-ambiguity resolution by 
differential coding outside FEC codec. In this subsection we 
briefly describe these two techniques. 

V.l.l. DIFFERENTIAL CODING INSIDE AN FEC CODEC 

A generalized block diagram for phase-ambiguity resolution 
by using the differential coding internal to error-control coding 
is shown in Figure 9. This scheme has a major drawback which is 
serious degradation in the bit error rate due to the burst error. 
It is well known, for the differential coding scheme, that one 
erroneously detected phase will cause two consecutive false 
symbols (a burst error) even if the next phase is received 
correctly. This burst error can cause serious degradation to the 
decoder [Refs 6, 9, 10). A bit error rate degradation of 3 dB 
can occur [Ref. 6]. 

The adverse effect of the differential coding inside the FEC 
codec can be eliminated by using the symbol interleaving method 
[Ref. 10]. The even and odd symbols are encoded independently so 
that the burst error is changed to random error, thus avoiding 
unnecessary degradation. The block diagram for this preferred 
scheme is illustrated in Figure 10. 

ADVANTAGE: (a) WITHOUT SYMBOL INTERLEAVING: The use of the 
differential coding inside the FEC codec without using symbol 
interleaving does not require synchronization time to eliminate 
the phase ambiguity for the error decoder. (This technique can 
be used in either burst mode signal or a continuous mode signal); 
(b) WITH SYMBOL INTERLEAVING: This technique does not degrade the 
capability of FEC codes with simplified hardware [Ref. 10). 
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DISADVANTAGE: (a) WITHOUT SYMBOL INTERLEAVING: Serious bit error 
rate degradation due to burst error can occur; (b) WITH SYMBOL 
INTERLEAVING: Since two buffer memories are alternately required 
to read the bits corresponding to a symbol, the operation of this 
technique depends on the reading ability of the buffer memories. 

FIGURE 9. GENERALIZED BLOCK DIAGRAM FOR PHASE-AMBIGUITY 
RESOLUTION USING DIFFERENTIAL CODING INSIDE AN FEC CODEC 
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V.1.2. DIFFERENTIAL CODING OUTSIDE AN FEC CODEC 

Since differential coding is used outside an FEC codec, the 
unnecessary bit error rate degradation due to burst error can be 
avoided. This is because the error correcting decoder does not 
encounter the double-error phenomenon, and only the bit error 
rate of the error-correcting decoder output is doubled. Note 
that this decoder output bit error rate is an improved bit error 
rate due to error correcting action. Doubling the decoder output 
error rate results in a smaller bit signal-to-noise ratio loss 
than doubling the input error rate because the curve of bit error 
rate versus bit signal-to-noise ratio is steeper for the decoder 
output [Ref. 10]. A generalized block diagram for the 
differential coding external to error-control coding is depicted 
in Figure 11. 

FIGURE 11. GENERALIZED BLOCK DIAGRAM FOR PHASE-AMBIGUITY 
RESOLUTION USING DIFFERENTIAL CODING OUTSIDE AN FEC CODEC 
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It is important to note here that the phase-ambiguity 
resolution by using differential coding external to error-control 
coding is to be used together with the synchronizer circuit of 
the FEC decoder. 

For systems using nontransparent codes that do not have 
phase rotation direction ambiguity, there is no need for 
differential encoding because the synchronizer itself can resolve 
the phase ambiguity [Ref. 10]. This topic will be discussed in a 
subsequent section. For systems that have both phase rotation 
direction ambiguity (reverse sense) and recovered carrier phase 
ambiguity (normal sense), the differential coding is always 
required regardless of the type of codes used (transparent or 
nontransparent). A detailed description of these schemes is 
presented in Reference 10. 

ADVANTAGE: This technique eliminates the unnecessary bit error 
rate degradation due to double-error phenomenon. 
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DISADVANTAGE: The resolution performance depends on the 
synchronizer circuit of the FEC decoder. This technique is not 
suitable for application to burst mode operation due to a 
relatively long time for resolving the phase ambiguity. 

V.2 NONDIFFERENTIAL CODING TECHNIQUES 

In this subsection we will describe 
coding techniques: (1) threshold decoder 
unique-word detection technique. 

V.2.1. THRESHOLD DECODER TECHNIQUE 

two nondifferential 
technique; and (2) 

This technique was invented in 1972 by Dehne and Cacciamani 
(Ref. 11]. It makes use of the synchronizer circuit that is 
inserted between the output of the QPSK demodulator and the input 
of a threshold decoder of the type which can correct a 
predetermined number of bit errors in a coded stream. This 
particular synchronizer performs both phase-ambiguity resolution 
and node synchronization without using the unique code words. 
This synchronizer includes a memory counter which has all 
possible combinations of errors caused by the phase ambiguity. 
This memory counter is controlled by correction pulses which are 
generated in the synchronizer by an error rate detector. When 
the number of correction bits during a frame exceeds the number 
which would normally occur if the system was operating correctly 
without phase ambiguity and without incorrect node 
synchronization, the synchronizer assumes that there is a problem 
caused either by phase ambiguity or node synchronization. Each 
time this occurs, the error rate decoder generates the correction 
pulses. The correction pulses are used to advance the memory 
counter through its states. It will eventually reach the state 
which makes all needed corrections since all possible 
combinations of errors are stored in the memory counter. When 
all errors are corrected, there will no longer be errors in the 
bit stream applied to the threshold decoder, the search pulses 
will then no longer be generated, and the memory counter will 
remain in the state which provides all needed corrections. 
Figure 12 shows a generalized block diagram of a QPSK system 
using the threshold decoder technique for resolving the phase 
ambiguity. 

ADVANTAGE: Improves communications efficiency, i.e., requires 
less bandwidth to transmit a given amount of information. 

DISADVANTAGE: Since the synchronizer has to search for the 
correct state out of all possible combinations of errors caused 
either by the phase ambiguity or node synchronization, this 
technique may require a relatively long time for phase-ambiguity 
resolution. 

90 



FIGURE 12. GENERALIZED BLOCK DIAGRAM FOR PHASE-AMBIGUITY 
RESOLUTION USING THRESHOLD DECODER TECHNIQUE 
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Note that the purpose of the comrnutator-decomrnutator is to 
prevent the case of inverted data and true parity (or vice versa) 
inputted to the threshold decoder. For detailed discussion see 
Reference 11. 

V. 2. 2. UNIQUE-WORD DETECTION TECHNIQUE 

This technique has been described in Section IV.2, and can 
be modified for use with the coded QPSK system. At the 
transmitter, the unique words are applied after the data has been 
encoded. While at the receiver, the unique words are detected 
before the FEC decoder. This implementation will allow the 
system to correct the errors caused by the phase ambiguity as 
described in Section IV. 2. A generalized block diagram of the 
coded QPSK system with phase-ambiguity correction using unique
word detection is shown in Figure 13. 
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FIGURE 13. GENERALIZED BLOCK DIAGRAM OF THE CODED QPSK 
SYSTEM WITH PHASE-AMBIGUITY CORRECTION USING 
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VI. CONCLUSIONS AND RECOMMENDATIONS 

The current available techniques of resolving phase 
ambiguity in a QPSK (coded or uncoded) system have been reviewed 
in this paper. For an uncoded QPSK system, the first method 
resolves the phase ambiguity by using the differential encoding 
technique. This technique is simple to implement, but there is a 
major drawback regarding the performance degradation of the 
transmitted sync markers. In order to avoid this unnecessary 
performance degradation, the unique-word detection technique has 
been proposed as a second method for uncoded-QPSK phase-ambiguity 
resolution. This technique utilizes the "already existed sync 
markers" to correct the errors caused by the phase ambiguity. 
However, this technique is much more complex than the first 
technique. Its resolution performance depends heavily on the 
data acquisition equipments and the pattern of the sync markers. 
The complexity of the system is greatly reduced if it is designed 
properly (see Section IV.2). 

For a coded QPSK system, we classified the phase-ambiguity 
resolution techniques into two categories: (a) differential 
coding technique; and (b) nondifferential coding technique. 
There are two techniques associated with the differential coding 
technique: ( 1) differential coding inside an FEC codec; and ( 2) 
differential outside an FEC codec. The first method does not 
require synchronization time to resolve the phase ambiguity, 
although the output bit error rate is worse compared to the case 
without differential coding. However, this bit error rate 
degradation can be minimized by using the symbol interleaving
deinterleaving technique (see Section V.1.1). The second 
technique (differential encoding outside an FEC codec) does not 
encounter the bit error rate degradation phenomenon, but it does 
require considerably more time to resolve the phase ambiguity 
than the first technique. 

The nondifferential coding techniques for use with the coded 
QPSK system described in this paper are: ( 1) threshold decoder 
technique; and (2) unique-word detection technique. The 
threshold decoder technique resolves the phase ambiguity by a 
particular synchronizer circuit with the aid of the threshold 
decoder (see Section V. 2. 1) . This technique does not require 
unique words or sync markers to correct the errors caused by the 
phase ambiguity. Thus, it improves the communication efficiency, 
i.e. higher bit rates can be sent through a given channel. A 
disadvantage of this method is that it requires a relatively long 
time to resolve the phase ambiguity. In the second method of 
phase-ambiguity resolution for a coded QPSK system (since the 
unique-word detection technique is used) , the resolution 
performance has the same features as compared to the uncoded 
case. 

Based on the above investigation, the following conclusions 
can be reached: 

1. The differential coding technique is to be used only when 
there are some means of breaking the occurrence of pairs of 
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errors which are associated with this technique. This technique 
is suitable for burst mode signals. 

2. The unique-word detection technique is attractive only when 
the system is properly designed. 

3. The threshold decoder technique is recommended only when the 
systems are operating in limited-bandwidth channels. 

When bandwidth limitations are imposed by regulatory 
agencies, the issue of radiated spectral density becomes even 
more important. The QPSK modulation described in this paper may 
not be the best choice (Offset QPSK is best for this case, Ref. 
12) . Therefore, the associated phase-ambiguity resolution 
techniques may require some modifications for optimum performance 
as well as hardware requirements. Part II of this paper will 
discuss a new method to resolve the phase-ambiguity for the 
Offset QPSK modulation systems. 
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ABSTRACT 

Part II of this paper presents a new method to resolve 
the phase-ambiguity for Offset QPSK modulation systems. When an 
Offset Quaternary Phase-Shift-Keyed (OQPSK) communications link 
is utilized, the phase ambiguity of the reference carrier must be 
resolved. At the transmitter, two different unique words are 
separately modulated onto the quadrature carriers. At the 
receiver, the recovered carrier may have one of four possible 
phases, 0°, 90°, 180°, or ~no0 , referenced to the nominally 
correct phase. The IF portion of the channel may cause a phase
sense reversal, i.e, a reversal in the direction of phase 
rotation for a specified bit pattern. Hence, eight possible 
phase relationships (the so-called eight ambiguous phase 
conditions) between input and output of the demodulator must be 
resolved. Using the In-phase (I)/ Quadrature (Q) channel 
reversal correcting property of an OQPSK Costas loop with 
integrated symbol synchronization, four ambiguous phase 
conditions are eliminated. Thus, only four possible ambiguous 
phase conditions remain. The errors caused by the remaining 
ambiguous phase conditions can be corrected by moni taring and 
detecting the polarity of the two unique words. The correction 
of the unique word polarities results in the complete phase
ambiguity resolution for the OQPSK system. 
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I. INTRODUCTION AND BACKGROUND 

Part I of this paper presented a review of the current 
phase-ambiguity resolution techniques for the four-phase PSK 
coherent modulation systems. Part I contained sufficient detail 
to serve as a background for the study of this part, Part II. 

In this part, a technique for resolving the phase-ambiguity 
of an Offset Quaternary Phase-Shift-Keyed (OQPSK) communication 
system is investigated in detail. This paper is directed toward 
a method and apparatus for resolving the phase-ambiguity in the 
OQPSK _system. 

A well-known problem associated with coherent four-phase PSK 
communications systems is that of the phase ambiguities at the 
receiver. The phase-ambiguity in a four-phase PSK system results 
from the carrier recovery circuits at the receiver locking onto a 
wrong phase, other than the reference phase of the received 
carrier. For a four-phase PSK system, there are eight pos~ible 
ambiguous phase conditions in the recovered carrier that can 
affect the data in the two parallel channels (so-called 
quadrature channels) of the PSK demodulator. Here, there are 
four phase ambiguities associated with the carrier phase without 
the phase rotation direction ambiguity, and there are four others 
associated with the carrier phase for the phase rotation 
direction ambiguity (see Table 1). It should be mentioned here 
that the phase rotation direction ambiguity phenomenon can occur 
at the IF portion of the channel if the relationship between the 
transmit local frequency and receive local frequency is not 
known. A detailed description of this phenomenon is described in 
Reference 6. Since the demodulator output of the four-phase PSK 
system has two channels (the received In-phase (IR) and the 
received Quadrature (QR) channels), the output data corresponds 
to the transmitted channels IT and QT. The eight possible 
ambiguous phase conditions are any combinations of the following 
three errors: 

(a} Type 1 error: IR = IT inverted, or IR = QT inverted 

(b) Type 2 error: QR = QT inverted, or QR = QT inverted 

(c) Type 3 error: IR and QR are switched or reversed, e.g. 
IR = QT or IR = QT inverted, and QR = IT or QR = IT inverted. 

Only one of the eight combinations is correct, that is, the 
received channel IR output containing the true channel IT data, 
i.e. IR = IT, and the received QR channel containing the true 
channel QT data, i.e. QR = QT. 

There are several techniques presently employed for 
resolving the phase-ambiguity of four-phase PSK systems (see Ref. 
1 for a detailed description of these techniques). The widely 
used technique is differential encoding/decoding. The major 
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disadvantage of this method is that it results in the double 
error phenomenon. This phenomenon can cause serious degradation 
in the detection performance of the transmitted sync markers. 
Furthermore, the differential coding technique can (1) result in 
a degradation of bit error rate performance, and (2) make data 
decoding techniques more complex. One particularly well-known 
technique for resolving the phase-ambiguity of four-phase PSK 
systems is described and claimed in U.S. Patent No. 3736507 (Ref. 
4). In this technique, there are eight possible combinations of 
the three possible errors mentioned above, each combination 
uniquely defines the phase ambiguity. This particular technique 
utilizes the two unique words that are separately modulated onto 
the quadrature channels at the transmitter. Thus, each error 
appearing in the two data channels of the four-phase PSK 
modulator is uniquely defined by a particular phase error. This 
technique proposes that the errors associated with eight possible 
ambiguous phase conditions can be corrected by detecting the true 
or complement of two unique words that are separately modulated 
onto the two quadrature channels at the transmitter. Since there 
are eight possible ambiguous phase conditions, this design 
requires a rather complicated circuitry for the unique-word 
detector to resolve the phase-ambiguity. Another technique was 
described in Reference 5. The technique described in this paper 
proposed to resolve the eight possible ambiguous phase conditions 
for OQPSK systems by monitoring and detecting the two unique 
words using the parallel-to-serial conversion clock. This means 
that proper timing between the two unique words has to be known 
precisely for this scheme to work. 

It is obvious that in OQPSK modulation systems, the problem 
of phase-ambiguity can be resolved by the techniques mentioned 
above. However, when the unique-word detection techniques are 
used, the demodulator and the unique-word detector in the OQPSK 
receiver can be redesigned to achieve better performance while 
minimizing the complexity of the receiver by (1) digital 
implementation of a Costas loop in the carrier recovery 
circuitry, (2) removal of the redundant circuits of the previous 
design, and (3) elimination of the timing dependent on the 
parallel-to-serial conversion clock. 

II. DESCRIPI'ION OF THE NEW METHOD FOR 
THE PHASE-AMBIGUITY RESOLUTION 

This paper presents a new design that is related to an OQPSK 
communication system. The following description is presented to 
enable any person skilled in the art to make and use this new 
design. Various modifications to the preferred embodiment will 
be readily apparent to those skilled in the prior art. This 
design is intended to be used for any communication systems which 
utilize OQPSK modulation. 
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A block diagram of a conventional OQPSK modulator; 
demodulator is illustrated in Figure 1. The NRZ (Non-Return-to
Zero) data stream D<r entering the modulator is converted by 
encoding and serial-to-parallel converter 1 into two separate 
data trains IT and QT. IT is the in-phase data stream, and the 
other is quadrature-phase QT, with the symbol rate Rs equal to 
half that of the incoming bit rate Rb· For the OQPSK modulation 
system discussed here, the QT data stream is offset with respect 
to the IT data by delaying it by an amount equal to the incoming 
signal bit duration Tb· Thus, if Ts is the symbol duration, then 
the delay is (Ts/2). 

The relationship between the IT and QT data streams and the 
input data stream D<r is shown in Figure 2. The timing of the 
incoming data stream is controlled by the input clock CT. The 
timing offset between IT and QT channels is accomplished by the 
delay line 2. Both IT and QT data streams are separately applied 
to multipliers 3 and 6, respectively. The second input to the 
multiplier 3 is the carrier signal cos(wct), and the second input 
to the multiplier 6 is the carrier signal shifted by exactly go 0 

(i.e. sin (wet)). 

The output of each multiplier is a biphase PSK signal. The 
output of multiplier 3 has phase 0° or 180° relative to the 
carrier phase, depending on whether IT = 0 or IT = 1 (also 
symbolized respectively by -IT or IT)· The output carrier from 
multiplier 6 will have the phase of either go0 or 270° relative 
to the carrier phase, depending on whether QT = 0 or QT = 1 (also 
symbolized respectively by -QT or QT). The output multipliers 
are then summed in a linear adding means 7 to give an OQPSK 
signal. This signal is then transmitted via any suitable 
transmission medium to a receiver. The noise introduced in the 
medium is illustrated by a linear adding means sa. At the 
receiver, the demodulator performs the inverse operation of the 
modulator and generates the output data stream DR z DT· 

For coherent OQPSK systems, a coherent carrier must be 
recovered from the received signal, and a coherent clock must be 
reconstructed from the demodulated data waveform. A conventional 
OQPSK demodulator is shown in Figure 1, and includes balanced 
demodulators 10 and 13, carrier recovery circuit 11, clock 
recovery circuit 16, low-pass filters 14 and 15, detectors 17 and 
18 for bit streams recovery, delay line 19, and decoder and 
parallel-to-serial convertor 20. 

The received data stream DR is not always equal to the 
transmitted data stream D<r because of noise and phase ambiguities 
in the phase of the recovered carrier. If the carrier recovery 
circuit can lock on the reference phase of the received carrier, 
then I R z IT, QR z QT, and hence DR z DT. However, for the 
received data without phase rotation direction ambiguity, the 
received carrier has four possible phases relative to the 
reference carrier phase; the receiver can lock on any of the four 
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phases. For received data with phase rotation direction 
ambiguity, again, there are four additional possible phases 
relative to the reference carrier, and the receiver can lock on 
any of the eight phases associated with it. The effect of an 
incorrect recovered-carrier phase on the demodulated data is 
shown in Table 1. 

TA~LE 1. THE RELATIONSHIPS BETWEEN THE TRANSMITTED AND 
RECEIVED DATA FOR THE OQPSK SYSTEM DESCRIBED 

IN FIGURE 1 

RECEIVED DATA WITHOUT RECEIVED DATA WITH 
CARRIER PHASE ROTATION PHASE ROTATION 

PHASE ERROR DIRECTION AMBIGUITY DIRECTION AMBIGUITY 
(DEGREE) (NORMAL SENSE) (REVERSE SENSE) 

IR QR IR QR 

0 IT QT QT IT 

90 -QT IT IT -QT 

180 -IT -QT -QT -IT 

270 QT -IT -IT QT 

NOTE: The negative sign indicates the complement of the data. 

From this table, it can be seen that for each case (normal 
or reverse sense) the locked-in phase may be any one of four 
possible phases. Thus, the resolution of the eight possible 
relationships between the transmitted and the received phase(s) 
is a formidable problem in OQPSK systems. Furthermore, this 
table reveals that for received data without phase rotation 
direction ambiguity, a Type 3 error occurs when the carrier phase 
error is either at 90° or at 270°. For received data with phase 
rotation direction ambiguit6, a Type 3 error occurs when the 
carrier phase is either at o or at 180°. 

As described earlier, these eight unique combinations 
uniquely define the phase ambiguities, which are combinations of 
the three specific types of errors mentioned above, namely Type 
1, Type 2, and Type 3. The classification of the phase 
ambiguities into three definable errors allows the concepts of 
(1) integrated carrier loop/symbol synchronizer, and (2) unique
word detection to be applicable to an OQPSK system for resolving 
the phase ambiguities. Four errors can be corrected by utilizing 
an integrated carrier loop/symbol synchronizer using a digital 
Costas loop with matched arm filters. The remaining four errors 
are corrected by utilizing the unique-word detection technique. 
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Generalized block diagrams of the OQPSK modulator and 
demodulator with phase-ambiguity correction in accordance with 
the teachings of the present technology are shown in Figures 3 
and 4, respectively. As illustrated in Figure 3, the block 
diagram for this modulator is very similar to the conventional 
OQPSK modulator shown in Figure 1. The only difference is the 
unique code-word generators 21, 22 for generating and inserting 
the unique words Iu and Qu into the quadrature channels 25, 26. 
Each of these unique words has length N, and (Iu, Qu) is 
periodically clocked by CT int.o the data streams IT and QT, 
respectively. It should be mentioned here that the 
synchronization markers can be used as the unique code words. 

Through recent developments in digital technology, digital 
implementation of the Costas loop is becoming increasingly more 
attractive. Advantages of the digital Costas loop include its 
relative insensitivity to temperature variations and aging, and 
the programmability of its loop parameters (such as loop gain and 
loop filter time constants, Ref. 3). Utilizing this technology, 
an integrated carrierjsymbol synchronization system based on a 
digital decision feedback is proposed for carrier recovery loop. 
A .new block diagram for the OQPSK demodulator is depicted in 
Figure 4. The new components added in this demodulator are: A/D 
converters 38, 39, and the phase-ambiguity resolver 44. 
Furthermore, the carrier recovery and clock recovery loops are 
replaced by integrated carrier loop/symbol synchronizer 40. In 
operation, the integrated carrier loop/symbol synchronizer 40 
using digital Costas loop with matched arm filters will be 
responsible for correcting two errors due to Type 3 (for normal 
sense) and two other errors due to Types 1 and 2 (for reverse 
sense). The phase-ambiguity resolver 44 will correct the 
remaining four errors. 

A simple example of the integrated carrier loop/symbol 
synchronizer loop is illustrated in Figure 5. This figure shows 
details of the carrier recovery loop structure. It also reveals 
how the carrier phase and symbol synchronization can be derived 
jointly. The illustrated carrier recovery loop comprises in
phase accumulate and dump circuits 45a, 45b, quadrature 
accumulate and dump circuits 47a, 47b, hard limiters 49 and 52, 
delay lines 51 and 55, symbol synchronizer 50, multipliers 53 and 
54, linear adder 56, and loop filter 57. 

The sampled baseband signals I(n) and Q(n) (outputs of the 
in-phase and quadrature A/D converters 38 and 39, respectively) 
are routed to the in-phase and quadrature accumulators 46 and 48, 
respectively. It is noted here that the in-phase accumulator 46 
consists of the accumulate and dump circuits 45a, 45b, and the 
quadrature accumulator consists of the accumulate and dump 
circuits 47a, 47b. The in-phase accumulator 46 is synchronized 
with the in-phase data stream, and the quadrature accumulator is 
with the quadrature data stream. The in-phase accumulator · 46 
produces two signals, Ii(n) and Iq(n), while the quadrature 
accumulator produces Qq(n) and Qi(n). 
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The estimates of symbol polarity d1(n) and d2(n) for the in
phase and quadrature channels, respectively, are produced by 
passing Ii(n) and Qi(n) through the hard limiters 49 and 52, 
respectively. The in-phase estimate of the symbol polarity is 
used as the feedback signal to control the timing output of the 
symbol synchronizer 50. Also, both d1(n) and d2(n) are 
separately applied to the in-phase and quadrature multipliers 53, 
54, respectively. 

The second input to the in-phase multiplier 53 is the output 
of accumulate/dump circuit 45b, and the second input to the 
quadrature multiplier 54 is the output of .accumulatejdump circuit 
47a. The output of in-phase multiplier 53 is delayed by the 
delay line 55. The outputs of the delay line 55 and quadrature 
multiplier 54 are added by a linear adder 56 to produce tracking 
error signal e (n). After filtering by the loop filter 57 the 
error signal is fed back to the local oscillator 33 (Numerical 
Controlled Oscillator, NCO, see Figure 4) , closing the phase
locked loop. A detailed operation of this carrier tracking loop 
has been described in Reference 2. 

It has been shown in Reference 2 that for carrier loop 
bandwidth (BL)-to-symbol synchronization loop bandwidth (Bs) 
ratio much greater than one, i.e., (BLfBs) >> 1, this carrier 
tracking loop can avoid the lock points at 90° and 270°, hence 
automatic I/Q channel reversal correction. This means that the 
proposed carrier tracking loop can correct two errors caused by 
Type 3 for received data without phase rotation, and two 
additional errors caused by Types 1 and 2 for received data with 
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phase rotation. A ratio of Bt/Bs ~ 10 has proved that the loop 
can avoid the lock points at go0 and 270° successfully. Since 
the proposed carrier tracking loop can avoid go0 and 270° lock 
points, the relationships between the transmitted and received 
data for the system described in Figures 3 and 4 will be 
different from that shown in Table 1. For this case, the effect 
of an incorrect recovered-carrier phase on the demodulated data 
is shown in Table 2. 

TABLE 2. THE RELATIONSHIPS BETWEEN THE TRANSMITTED AND 
RECEIVED DATA FOR THE OQPSK SYSTEM WITH PHASE 

ROTATION DIRE9TION AMBIGUITY 

RECEIVED DATA WITHOUT RECEIVED DATA WITH 
CARRIER PHASE ROTATION PHASE ROTATION 

PHASE ERROR DIRECTION AMBIGUITY DIRECTION AMBIGUITY 
(DEGREE) (NORMAL SENSE) (REVERSE SENSE) 

IR QR IR QR 

0 IT QT QT IT 

180 -IT -QT -QT -IT 

Translating the above relationships into the effects they 
create on the demodulated data in the in-phase and quadrature 
channels, it can be seen that there remain only three errors 
caused by the phase-ambiguity, and that these three errors are 
the three unique combinations of the three types of errors 
mentioned previously. The three definable errors are (1) 
IR = -IT, and QR = -QTi or (2) IR = QT, and QR = IT; or (3) 
IR = -QT, and QR = -IT· 

The remaining three errors can be corrected by the phase
ambiguity resolver 44. A complete resolution of the phase
ambiguity is accomplished by correcting these three errors. 
These errors are corrected by monitoring and petecting the unique 
words Iu and Qu in the quadrature channels. If -Iu and -Qu are 
detected in the I and Q channels, respectively, this indicates 
that the data in these channels are inverted. The error can be 
corrected by inverting the channel outputs prior to serializing 
the data into DR· Similarly, if -Qu and -Iu are detected in the 
I and Q channels, respectively, the data in both channels should 
be inverted and reversed. Using this concept, the block diagram 
of the phase-ambiguity resolver is described in Figure 6b. The 
illustrated phase-ambiguity resolver comprises inverters 58b, 
59b, 60b, gating means 61b, 62b, 6Jb, parallel-to-serial 
converter 64b, flip-flop circuits 65b, 66b, 72, cross-coupling 
gate 67b, Iu correlator 6gb, Qu correlator 70b, shift register 
71b, and decoding matrix 68b. 
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In normal operation, the IR and QR data streams are fed 
through gating means 61b and 62b, respectively, to combine the 
data by parallel-to-serial converter 64b, to produce an output 
data stream ~ in which an IR bit precedes the QR bit. Each of 
the gating means 61b and 62b is adapted to pass the data directly 
or after inversion, by inverters 58b and 59b, to the parallel-to
serial converter. Control of gating means 61b and 62b is 
accomplished via the outputs of the flip-flop circuits 65b and 
66b, respectively. The ouput data stream DR is also applied to 
the shift register 71b which has 2N stages (N is the length of 
the unique code word) . 

Consider the first two combinations of Table 2 for which 
IR = IT, QR = QT, and IR = -IT, QR = -QT. For these two 
combinations, the order of the bits in the output data stream DR 
is correct, i.e., ITo precedes QTo by one bit, and so on. The 
error occurs when both of the data streams are inverted. Let 
time t = to be defined as the time when the shift register 71b is 
fully loaded with two unique words Iu and Ou interlaced, as shown 
in Figure 6b. Because the stages of correlators 69b and 70b are 
connected to every other stage of shift register 71b, at time t 0 
only the Ou correlator 70b is looking at its corresponding unique 
word. The Ou correlator will provide either a logic output Ou on 
the plus (+) output line or -Qu on the minus (-) output line. At 
timet= t-1 (one bit earlier), the Iu correlator 69b will detect 
the Iu unique word and produce either a logic output Iu on the 
plus (+) output line or -Iu on the negative (-) output line. If 
the correlators 69b and 70b detect Iu and Ou respectively, no 
action is taken. If the IR = -IT and QR = -QT, the correlators 
69b and 70b will detect -Iu and -Qu, respectively, and send the 
representative logic signals through cross-coupling gate 67b and 
toggle flip-flop circuits 65b and 66b. The changes in outputs 
from flip-flop circuits 65b and 66b will reverse the state of the 
gates 61b and 62b, and pass the data streams -IR and -QR, 
respectively, to parallel-to-serial converter 64b. 

Consider the third case in Table 2 for which IR = QT, and 
QR = IT· For this combination, the order of the bits in the 
output data stream DR is not correct, and so on, QTo precedes ITo 
by one bit, etc. In this case, the correlators 69b and 70b will 
detect Ou followed one bit later by Iu· The decoding matrix will 
generate a "reverse IR & QR" control signal. Flip-flop 72 will 
be toggled causing a state reversal of the gate 63b, and pass the 
inverted recovered-clock pulses to converter 64b. This causes a 
reversal of the data channels at the output of the converter 64b. 

Consider the last case in Table 2 for which IR = -QT, and 
QR = -IT· For this combination, both the data channels are 
inverted and then reversed. Again the correlators 69b and 70b 
will detect -Qu, followed one bit later by -Iu, and send the 
representative logic signals through cross coupling gate 67b 
while toggling flip-flop circuits 65b and 66b. At the same time 
the decoding matrix will also generate a "reverse IR & QR" 
control signal. Flip-flop 72 will be toggled, causing a reversal 
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of the data channels at the output of converter 64b. The in
phase and quadrature data channels must be inverted to be 
correct, are passing through gates 62b and 61b, respectively, 
rather than gates 61b and 62b, respectively, and thus the "invert 
IR" control signal must toggle flip-flop 66b rather than 65b, and 
an "invert QR" control signal must toggle flip-flop 65b rather 
than 66b. This is taken care of by the cross-coupling gate 67b. 
The switching of flip-flop 72 causes a reversal in the 
connections between the two input terminals and the two output 
terminals of the cross-coupling gate 67b. 

The block diagram of the decoding matrix 68b is shown in 
Figure 7b. The decoding matrix illustrated in this figure will 
be responsible for providing (1) a proper clock signal to the 
data decoder (if the data is encoded) and to the parallel-to
serial converter, and a frame-sync signal for the subsequent data 
output; and (2) a reverse I & Q control signal. The embodiment 
comprises one-bit-delay lines 73 and 74, AND gates 75, 76, 77 and 
78, OR gates 79 and 80. The logic shown in this figure is 
explained by the truth table shown in Table 3. 

TABLE 3. TRUTH TABLES FOR THE LOGIC SHOWN IN FIGURE 7b 

Iu Qu 01 -Iu -Qu 02 Iu Quo OJ 

0 0 0 0 0 0 0 0 0 

0 1 0 0 1 0 0 1 0 

1 0 0 1 0 0 1 0 0 

1 1 1 1 1 1 1 1 1 

-Iu -Quo 02 OJ 04 REVERSE IR & QR 

0 0 0 0 0 0 

0 1 0 0 1 1 

1 0 0 1 0 1 

1 1 1 1 1 1 
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TABLE 3. TRUTH TABLES FOR THE LOGIC SHOWN IN FIGURE 7b 
(CONTINUED) 

01 02 OJ 04 SYNC PULSE 

0 0 0 0 0 

0 0 0 1 1 

0 0 1 0 1 

0 0 1 1 1 

0 1 0 0 1 

0 1 0 1 1 

0 1 1 0 1 

0 1 1 1 1 

1 0 0 0 1 

1 0 0 1 1 

1 0 1 0 1 

1 0 1 1 1 

1 1 0 0 1 

1 1 0 1 1 

1 1 1 0 1 

1 1 1 1 1 

In order to ensure a proper lock in the input;output 
connections of the cross coupling gate 67b (Figure 6b), a short 
delay line is provided at the inputs to cross-coupling gate 67b. 

If the relationship between the transmit local frequency and 
the receive local frequency is provided, the phase rotation 
direction ambiguity can be avoided. Table 4 shows the 
relationships between the transmitted and received data for this 
case. 
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TABLE 4. RELATIONSHIPS BETWEEN THE TRANSMITTED AND 
RECEIVED DATA FOR THE OQPSK SYSTEM WITHOUT 

PHASE ROTATION DIRECTION AMBIGUITY 

RECEIVED DATA WITHOUT 
CARRIER PHASE ROTATION 

PHASE ERROR DIRECTION AMBIGUITY 
(DEGREE) (NORMAL SENSE) 

IR QR 

0 IT QT 

180 -IT -QT 

Based on these relationships, the phase-ambiguity correction 
system can be redesigned, and the block diagram for this system 
without phase rotation direction ambiguity is shown in Figure 6a. 
The illustrated phase-ambiguity correction system comprises 
inverters 58a, 59a, gating means 6la, 62a, parallel-to-serial 
converter 64a, flip-flop circuits 65a, 66a, Iu correlator 69a, Qu 
correlator 70a, shift register 7la, and sync generator 68a. 
Since there are only two combinations (hence only one error), the 
operation of this phase-ambiguity resolver is very simple. 

In normal operation, the IR and QR data streams are fed 
through gating means 6la and 62a., respectively, to combine the 
data by parallel-to-serial converter 64a, to produce an output 
data stream ~ in which IR bit precedes the QR bit. Each of the 
gating means 6la and 62a is adapted to pass the data directly or 
after inversion by inverters 58a and 59a, to the parallel-to
serial converter. Control of gating means 6la and 62a is 
accomplished via the outputs of the flip-flop circuits 65a and 
66a, respectively. The output data stream DR is also applied to 
the shift register 7la which has 2N stages (N is the length of 
the unique codeword). 

Consider the (only) error shown in the second combination of 
Table 4 for which IR = -IT, and QR = -QT. For this combination, 
the order of the bits in the output data stream DR is correct, 
i.e., ITo precedes QTo by one bit, and so on. The error occurs 
when both of the data streams are inverted. Let time t = t 0 be 
defined as the time when the shift register 7 la is fully loaded 
with two unique words, Iu and Qu, interlaced as shown in Figure 
6a. Because the stages of correlators 69a and 70a are connected 
to every other stage of shift register 7la, at time t 0 only the 
Qu correlator 70a is looking at its corresponding unique word. 
The Qu correlator will provide either a logic output Qu on the 
plus (+) output line or -Qu on the minus (-) output line. At 
timet= t-1 (one bit earlier), the Iu correlator 69a will detect 
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the Iu unique word and produce either a logic output Iu on the 
plus (+) output line or -Iu on the negative (-) output line. If 
the correlators 69a and 70a detect Iu and Qu, respectively, no 
action is taken. If IR = -IT, and QR = -QT, the correlators 69a 
and 70a will detect -Iu and -Qu, respectively, and send the 
representative logic signals to toggle flip-flop circuits 65a and 
66a. The changes in outputs from flip-flop circuits 65a and 66a 
will reverse the state of the gates 61a and 62a, and pass the 
data streams -IR and -QR, respectively, to parallel-to-serial 
converter 64a. 

A simple example of the sync generator 68a is illustrated in 
Figure 7a. The embodiment comprises AND gates 75a, 76a, and OR 
gate 79a. The logic is self-explanatory. 

III. SUMMARY 

A new technique for resolving the phase-ambiguity in OQPSK 
communications systems using the digital Costas loop with 
integrated symbol synchronizer, and the unique-word (or sync
marker) detection method is presented. The purposes of the 
design presented in this paper are (1) to enhance the performance 
of the carrier recovery subsystem, (2) to minimize the complexity 
of an OQPSK receiver by removing the redundant circuits from the 
previous design, and (3) to eliminate the timing dependent on the 
parallel-to-serial conversion clock. 

In accordance with the present technique described in the 
previous sections, an OQPSK digital Costas loop with integrated 
symbol synchronization and a unique-word (or sync-marker) 
detector are provided for digital communications systems that 
utilize OQPSK modulation. 

It has been discovered that there are eight possible 
combinations of the three possible errors, Type 1, Type 2, and 
Type 3 error, mentioned above. There are four possible 
combinations of errors associated with Type 1 and Type 2 error. 
The remaining four combinations are with the Type 3 error. The 
technique proposed here will not identify the phase error of the 
recovered coherent carrier that caused the errors, but correct 
the errors caused by the phase ambiguities. In the preferred 
embodiment, the OQPSK receiver is implemented by an integrated 
carrier loop/symbol synchronizer using a digital Costas loop with 
matched arm filters, and a unique-word detector. The use of 
digital Costas loop allows the novel communication techniques to 
be implemented in the programmable digital processor while the 
loop gain and loop filter time constants are programmable. The 
integrated carrier loop/symbol synchronizer is properly designed 
such that two of the errors caused by Type 3 ( I/Q channel 
reversal due to the phase ambiguities) can be corrected in the 
carrier tracking loop. For OQPSK systems with phase rotation 
direction ambiguity, the use of this loop can correct two 
additional errors caused by Type 1 and 2. Hence, four errors can 
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be corrected by using this carrier tracking loop. The remaining 
errors are corrected by using the unique-word detector. Since 
only four possible combinations of errors remain, the unique
word detector can be designed with a very simple circuitry using 
inverters, AND gates, OR gates, and the like. 

IV. CONCLUSIONS AND RECOMMENDATION 

Based on the above description, the following conclusions 
can be reached: 

1. The eight possible ambiguous phase conditions associated with 
OQPSK systems can be resolved by using (a) the digital Costas 
loop with integrated symbol synchronization, and (b) the unique
word detection technique. 

2. The use of digital Costas loop with 
synchronization for the carrier tracking loop 
possible ambiguous phase conditions caused 
carrier being at the wrong phase(s). 

integrated symbol 
will resolve four 
by the recovered 

3. The use of the unique-word detection technique will resolve 
the remaining four ambiguous phase conditions. 

4. The use of the OQPSK digital Costas loop with integrated 
symbol synchronization for the carrier recovery loop will (a) 
improve the carrier tracking performance at low signal-to-noise 
ratio (Ref. 2); (b) make the carrier tracking loop less sensitive 
to temperature variations and aging; and (c) allow loop 
parameters (such as loop gain and loop filter time constants) to 
be programmable (Ref. 3). 

5. As compared 
complexity of the 
reduced by half. 

to the prior claims in 
phase-ambiguity resolver 

Reference 4, the 
described here is 

6. As compared to the previous design described in Reference 5 
the phase-ambiguity resolution technique described here 
eliminates the timing dependent on the parallel-to-serial 
conversion clock. 

Since the proposed technique has many advantages as compared 
to the previous techniques, it is recommended that the CCSDS 
adopt this technique as a standard method for the phase
ambiguity resolution for future OQPSK communications systems. 
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TECHNIQUES TO RESOLVE PHASE-AMBIGUITY AND THE IMPACTS 
OF THESE TECHNIQUES ON QPSK MODULATION SYSTEMS 

Tien Manh Nguyen 

National Aeronautics and Space Administration 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 

ABSTRACT 

This paper investigates phase-ambiguity resolution 
techniques, and derives their impacts on coherent Quadrature 
Phase-shift Keying (QPSK) modulation systems. The purpose of 
this paper is twofold: (1) to assess the impact of phase
ambiguity resolution techniques on the coherent QPSK modulation 
systems; and (2) to recommend to the Consultative Committee for 
Space Data Systems (CCSDS) an appropriate technique to be 
included in future standards on phase-ambiguity resolution for 
QPSK coherent modulation systems. 
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I. INTRODUCTION 

The inher~nt problem associated with coherent Quadrature 
Phase-Shift Key·ing (QPSK) systems is that of phase ambiguity at 
the receiver. This problem is due to the inability of the 
carrier recovery circuit to distinguish the reference phase from 
the other phase (or phases) of the received carrier. For QPSK 
and Offset QPSK (OQPSK) systems, there are eight possible 
ambiguous phase conditions (four associated with carrier phase, 
without phase rotation direction ambiguity; and the other four 
associated with carrier phase, with the phase rotation direction 
ambiguity) in the recovered carrier that can affect data in the 
two parallel channels of the PSK modulator. 

For uncoded systems, the phase-ambiguity problem can be 
resolved by using a differential encoding-decoding technique. 
However, this technique causes the decoded output to contain 
highly correlated errors (errors almost always occurring in 
pairs, the so-called "double-error phenomenon") . An alternate 
method of resolving the phase-ambiguity problem in coherent QPSK 
systems is to use the synchronization markers already existing in 
the framed data transmission. For coded systems, the resolution 
of phase-ambiguity becomes more involved. For example, with the 
conventional differential coding method implemented inside an 
Forward-Error-Correcting (FEC) encoder and decoder pair, a burst 
or double-error can occur. Detailed descriptions of techniques 
to resolve phase ambiguity in coded systems can be found in 
References 1-12. 

The primary objective of this paper is to assess the impact 
of certain phase-ambiguity resolution techniques (described in 
References 11 and 12) on coherent QPSK and OQPSK modulation 
systems. The secondary objective is to provide proper guidance 
to the Consultative Committee for Space Data System (CCSDS) 
regarding this subject. 

II. CLASSIFICATION OF PHASE-AMBIGUITY RESOLUTION TECHNIQUES 

Phase-ambiguity resolution techniques can be classified into 
two categories: (1) differential coding technique, and (2) non
differential coding technique [11]. For an uncoded QPSK or OQPSK 
system, the nondifferential coding technique may be described as 
a "unique-word detection technique". For a coded system, it may 
be regarded as "threshold decoder technique," and as "unique-word 
detection technique". A simple classification of phase-ambiguity 
resolution techniques is shown in Figure 1. 
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FIGURE 1. CLASSIFICATION OF PHASE-AMBIGUITY RESOLUTION TECHNIQUES 
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The process of differential encoding-decoding in uncoded 
systems is well known [1, 2, 3, 6, and 7]. At the transmitter, a 
differential encoder is required. The input data bits are split 
into two paths by a serial-and-parallel converter, with even bits 
going into the I-channel and odd bits to the Q-channel. Before 
transmission, these data channels are differentially encoded by 
the differential encoder. At the receiver, a differential 
decoder is required. The function of the differential decoder is 
to undo what the encoder has done to the data. since the 
differential encoder encodes the data so that only changes in 
phase of the QPSK (or OQPSK) systems represent the transmitted 
information, not the absolute phase, hence the need for a 
reference phase is no longer required. The receiver then 
estimates each phase and takes the differences that in turn 
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determine the data sequence, thus resolving phase ambiguities. 
This process is called dif~erential decoding. This technique does 
not affect the carrier tracking loop, and since the transition 
density of the data before and after differential encoding is 
statistically the same, the performance of the symbol 
synchronization loop also remains unchanged. Therefore, it can 
be said that the differential encoding technique does not affect 
the performance of the RF modulation systems. However, this 
technique does increase the bit error rate (BER) performance of 
the system. In fact, the probability of bit error for 
differential encoding-decoding system is twice that of a system 
which does not use differential encoding-decoding technique. In 
addition, this technique also can cause serious degradation in 
the detection performance of sync markers. 

III.2. CODED QPSK AND OQPSK MODULATION SYSTEMS 

The use of differential coding inside an FEC encoder and 
decoder pair (CODEC) is not recommended, unless a symbol 
interleaver is provided. Differential coding outside an FEC 
CODEC is recommended for coded QPSK and OQPSK modulation systems, 
but only when it is to be used together with the synchronizer 
circuit of the convolutional threshold decoder. Utilizing a bit
Synchronizer circuit is a requirement for convolutional coding 
using a threshold decoder. Differential coding is used to 
resolve the particular phase ambiguity which the synchronizer of 
the threshold decoder cannot resolve because of the nature of 
convolutional codes [ 9] . Regardless of where the differential 
encoder-decoder is located the degradation in detection 
capability of the transmitted sync marker is unavoidable. 

IV. IMPACT OF THE UNIQUE-WORD DETECTION TECHNIQUE 
ON MODULATION SYSTEMS 

IV.1. CODED AND UNCODED QPSK (OR OQPSK} MODULATION SYSTEMS 

This technique [5, 8] utilizes two unique words which are 
separately modulated onto the two quadrature channels at the 
transmitter. There are eight ambiguous phase conditions: each 
combination uniquely defines the phase ambiguity. Thus, each 
error appearing in the two data channels of the QPSK (or 
OQPSK) demodulator is uniquely defined by a particular phase 
error. The technique proposed here is to simply correct the 
errors at the outputs of the channels by using the two unique 
words. The correction is made by monitoring and detecting the 
true or complement of the two unique words. For example, if the 
two unique words are detected in their complements, then the 
received data should be inverted. This technique does not 
identify the phase error of the recovered coherent carrier which 
caused the errors, but does correct the errors caused by the 
phase errors. The two unique words proposed for this scheme are 
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the sync markers already existing in the framed data 
transmission. Thus, in order to monitor and detect the true or 
complement of the sync markers, a decoding matrix is required at 
the receiver. This decoding matrix consists of simple "AND", 
"OR" gates, and delay lines. This added decoding matrix will not 
alter the performance of the carrier tracking loop or symbol 
synchrortization loop. {The use of the sync markers for phase
ambiguity resolution will not exclude the use of FEC techniques.) 

IV.2. CODED AND UNCODED QPSK (OR OQPSK) MODULATION SYSTEMS 

Since the techniques described above classifies phase 
ambiguities into eight possible combinations of errors (the so
called eight ambiguous-phase conditions) and uses sync markers to 
correct these errors, a new technique to resolve phase ambiguity 
for OQPSK modulation system has been proposed [12]. The 
technique proposed utilizes the integrated carrier loop/symbol 
synchronizer to correct four errors caused by phase ambiguities. 
The remaining errors are corrected by using sync markers. Using 
the OQPSK digital Costas loop with integrated symbol 
synchronization for the carrier recovery loop (1) improves the 
tracking performance at low signal-to-noise ratio, {2) makes the 
carrier tracking loop less sensitive to temperature variations 
and aging, {3) allows loop parameters to be programmable, and (4) 
reduces the complexity of the decoding matrix by half. 

The impact of this technique on the performance of the RF 
modulation systems can be assessed by examining the block diagram 
of the demodulator shown in Figure 2. This impact is caused by 
the use of the integrated carrier loop/symbol synchronizer which 
ultilizes an OQPSK Costas loop with matched arm filters. Figure 
3 shows a block diagram of an integrated carrier loop/symbol 
synchronizer using a Costas loop with matched arm filters. Note 
that the carrier phase and symbol synchronization are derived 
jointly in this design feature, which has been used in working 
demodulators during the last ten years [13, 14]. The operation 
of the block diagram shown in Figure 3 can be understood by 
studying the S-curve shown in Figure 4. The S-curve is defined 
as the statistical expectation over noise and data values of the 
tracking error signal,e(n), plotted as a function of the tracking 
error signal. The s-curve plotted in Figure 4 was plotted using 
equation derived by [15]. The parameter u shown in this figure 
is the timing error that is normalized by the symbol period, Ts. 
When the timing error, u, is small, the origin (0 degree phase 
error) is a stable lock point, and the unstable lock points are 
at +90 degrees and -90 degrees. When the timing error is large, 
the unstable lock points at +90 degrees and -90 degrees become 
stable lock points, and the lock point at 0 degrees becomes 
unstable. These unstable lock points at +90 degrees and -90 
degrees cause the I/Q channel to reverse. Thus, a correction of 
timing error will result in I/Q channel reversal correction. 
This suggests the block diagram shown in Figure 3, where the 
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information obtained while tracking the carrier has been fed back 
to the symbol synchronizer for timing-error correction. More 
specifically, this information is the estimate of symbol 
polarity, generated while forming the error feedback signal, 
e (n), for correcting the phase error in the carrier tracking 
loop. The timing error is generated by using the estimate of 
synibol polarity in the carrier tracking loop and in a digital 
data transition tracking loop (DTTL). A block diagram for the 
symbol synchronizer is shown in Figure 5. 

FIGURE 5. BLOCK DIAGRAM OF A OQPSK SYMBOL SYNCHRONIZER 

SYMBOL SYNCHRONIZER ,----
I Transition 

Detector 
d1 (n) , 
Polarity 
Estimate I 

BufferJ--
(Compute I (n)) 

I I(n)=(+1,-1,0) 

I 
® 

I(n)J(n) Digital Filter 
... (Accumulate,_ 

I Average, Scaled) 
J (n) 

l I End-Symbol 1--

Accumulator 
I .,. Timing Pulse 

Generator 
Timing 

I L -- -- - --- ---- - -
LEGEND 

I(n) = [d1(n-1)- d1(n)]/2 

N(n)/2 

.+. T1m1ng 

J(n)= ~ d1(m) where N(n) is the N th sample of the n symbol 
m=1-N(n-1)/2 

As seen in Figure 5, the calculation of I(n) and the end
symbol accumulation are performed. The calculation of I (n) is 
performed by subtracting the hard estimate, d1(n), from the 
previous estimate, d 1 (n-1), and the difference is divided by two 
so that the transition detector output, I(n), is either a +1, -1, 
or o. Thus, the value of I(n) provides a sense of direction of 
the transition and hence direction of timing error. The end
symbol accumulator sums up the {N(n-1)/2+1}th sample of the 
(n-1)th sample through the {N(n)/2}th sample of the nth symbol. 
Figure 6 shows the OQPSK symbol synchronizer accumulation period. 
Note that N is the number of samples taken per symbol period. 
This sum, J(n), is multiplied by the transition detector output, 
I(n), to generate the error signal. This error signal is then 
used to adjust the accumulation period and dump time at the end, 
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accumulator of the symbol sync loop as well as the accumulators 
in the carrier tracking loop. If the ratio of the carrier loop 
to symbol synchronization loop bandwidth is greater than or equal 
to 10, then the carrier tracking loop is able to avoid the lock 
points at +90 degrees and -90 degrees [15]. This results in I/Q 
channel reversal correction. 

FIGURE 6. OQPSK SYMBOL SYNCHRONIZER ACCUMULATION PERIODS 
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This technique requires a synchronizer circuit that is 
inserted between the output of the QPSK demodulator and the input 
of a threshold decoder of the type which can correct a 
predetermined number of bit errors in a coded stream. This 
particular synchronizer performs both phase-ambiguity resolution 
and node synchronization without using unique code words. 
Since the synchronizer has to search for the correct state out of 
all possible combinations of errors caused by either the phase 
ambiguity or node synchronization, this technique may require a 
relatively long time for phase-ambiguity resolution. 
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VI. SUMMARY AND RECOMMENDATIONS 

The impact of phase-ambiguity resolution techniques on 
modulation systems has been derived in this report. For uncoded 
QPSK or OQPSK systems, the differential encoding technique is 
simple to implement, and functions independently of the 
modulation systems. However, there is a major drawback regarding 
the performance degradation of the transmitted sync markers. For 
coded QPSK or OQPSK systems, differential coding inside an FEC 
CODEC is not recommended due to severe BER degradation. While 
differential outside an FEC CODEC does not encounter the bit 
error rate degradation phenomenon, it does require considerably 
more time to resolve phase ambiguity than differential coding 
inside an FEC CODEC. Regardless of where we put the differential 
encoder-decoder, the degradation in detection performance of the 
sync markers is unavoidable. For coded systems using a threshold 
decoder, a bit synchronizer is required. 

In order to avoid unnecessary performance degradation 
associated with differential encoding techniques, the unique-word 
detection technique has been proposed as a second method for 
uncoded-QPSK phase-ambiguity resolution. This technique utilizes 
already existing sync markers to correct the errors caused by 
phase ambiguity. However, this technique is more complex than 
the first technique because its resolution performance depends on 
data acquisition equipment and the pattern of the sync markers. 
Fortunately, the complexity of the system is greatly reduced if 
it is designed properly (see Section IV. 2, and Ref. 12) . For 
example, if the receiver utilizes the integrated carrier 
loop/symbol synchronizer for carrier and timing recovery, the 
demodulator will (1) achieve better carrier tracking performance 
at low signal-to-noise ratio, (2) make the carrier tracking loop 
less sensitive to temperature and aging, (3) acquire the sync 
markers faster (since the carrier loop eliminates the lock points 
at +90 degrees and -90 degrees, the possible errors associated 
with the sync markers are reduced by half) , ( 4) result in a 
faster phase-ambiguity resolution, and (5) reduce the complexity 
of the system by half. 

The threshold decoder technique resolves phase ambiguity by 
using a particular synchronizer circuit and threshold decoder. 
This technique does not require unique words or sync markers to 
correct the errors caused by phase ambiguity. Thus, it improves 
the communication efficiency, i.e. higher bit rates can be sent 
through a given channel. A disadvantage of this method is that 
it requires a relatively long time to resolve phase ambiguity. 

Based on the above investigation, 
recommendations can be reached: 

the following 

1. Differential coding should be used only when there are some 
means of preventing the "double-error phenomenon". This 
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technique is suitable for burst-mode signals. 

2. The unique-word detection technique using (a) already existing 
sync markers, and (b) an integrated carrier loop/symbol 
synchronizer, is highly recommended for QPSK and OQPSK modulation 
systems. 

3. The threshold decoder technique is recommended only when the 
systems are operating in a severely band-limited channel. 
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ABSTRACT 

The International Telecommunication Union (ITU) requires 
that the Power Flux Density (PFD) of the various DRS (Data Relay 
System) RF emissions impinging on the Earth should be kept below 
a specified level. This paper investigates briefly what excess 
of PFD imposed by the ITU regulations would occur for the 
specific modulation techniques employed by the European DRS 
(EDRS). The EDRS is based on two geostationary Data Relay System 
Satellites (DRSS} which are relaying data to and from low-earth 
orbiting user spacecraft. The currently envisaged positions of 
the two DRSS's are 44° W and 59° E, respectively. 

137 



1. INTRODUCTION 

Data Relay Systems are becoming increasingly popular as they al
low an almost global coverage for low earth orbiting satellites 
for which otherwise, assuming the. same degree of coverage, an 
enormous network of earth stations would be required. One space 
agency (NASA) does already operate such a system and two other 
agencies (NASDA and ESA) plan to implement a relay system several 
years before the end of this century. These relay systems use 
various frequencies for the feeder and inter-orbit links. Inter
operability has been envisaged for all three systems on the 2 GHz 
inter-orbit links. 

The international Radio Regulations specify Power Flux Density 
(PFD) limits in order to protect certain frequency bands, for in
stance the 2.29 - 2.30 GHz band, from excessive interference. For 
services falling outside these bands, for example the 2.20 - 2.29 
GHz band, the limits of neighboring frequency bands are usually 
considered as a reference. One problem identified with data relay 
systems is compliance with the above quoted PFD limitations on 
the 2 GHz inter-orbit links during certain parts of the user or
bit, in particular at the begin and at the end of the contact 
time. 

This paper investigates briefly what excess of ITU regulations 
would occur for certain transmission techniques for the specific 
case of the European data relay system (EDRS). The situation is 
very much the same for the systems of the other agencies due to a 
high degree of interoperability. The EDRS is based upon two geos
tationary Data Relay System Satellites (DRSS) which are relaying 
data to and from low earth orbiting user spacecraft. The cur
rently envisaged positions of the two DRSS's are 44"W and 59"E, 
respectively. 

2. Calculation of Power Flux Densities 

The Power Flux Spectral Density (PFSD) for PSK modulation is 
given by the following equation: 

PFSD = 
EIRP • Ge 

4 • 1r • d 2 
• Rd 

• m 

f+2kHz 

. I sin2 (X) 

f-2kHz 
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dx 

G9 : Gain contour of antenna 
d : Distance to earth surface 
Rd: Transmitted data ·rate 
X : 7r•f/Rd 
m : Modulation factor 

m = 1 for BPSK 
m = 2 for QPSK 



As the data rates are typically much higher than the reference 
bandwidth, the integral in the PFSD equation approaches the value 
"1" where the data have their spectral density maximum and the 
equation can be simplified to: 

PFSD $ 
EIRP•G9 •m 

4 · 1r • d z • Rd 

Antenna reference patterns according to CCIR report 558.1 have 
been assumed for the space terminal. The dish size of such a ter
minal is typically around 1 meter and data rates are in the order 
of a few Mbjs. 

Figure 1 shows the geometrical constellation listing all 
parameters referred to in figures and tables throughout this 
paper. It should be stressed that this constellation is repre
sentative for the worst case where the user orbit plane goes 
through the DRS sub-satellite point (e.g. equatorial orbit). For 
a data relay system with 2 or more satellites, any other user or
bit will always result in less or no PFD excess at all if switch
ing the links from one DRSS to the other(s) is done properly. 

R Earth radius (6378 km) 
D Distance earth center - DRSS (42165 km) 
r Distance DRSS - User spacecraft 
a Angle DRSS - User (as seen from earth center) 
a Angle between antenna boresight and ray incidence on 

surface 
¢ Angle between antenna boresight and earth center 
6 Angle of ray incidence on earth surface 
6 Angle User - earth center (as seen from DRSS) 

It shall also be noted that only the 2 GHz inter-orbit return 
links are considered in this paper which are the most critical 
ones. Excess on the 2 GHz forward link to the users can and will 
occur when the data rate is above approximately 1 kb/s and when 
no spectrum spreading is applied on that link. This excess is 
typically several dB in the areas of the earth where the angle of 
incidence is low. 

PFD excess on the high frequency inter-orbit links and on the 
feeder downlink is practic~lly nonexistent. 
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Calculation of the PFD on the earth surface is a complicated mat
ter for non stationary orbits as several of the parameters in the 
above equation change with time or orbit position, respectively. 
Figure 2 shows the individual contributions of all components to 
the actual power flux density. The PFD limit itself changes be
tween -l54 and -144 dBW/m2 /4kHz depending on the angle of ray in
cidence. The detailed distribution of the PFD limit in the 2 GH.z 
area is : 

-154 dBW/m2 /4kHz 
-154 + ~(6 - 5) dBW/m 2 /4kHz 
-144 dBW/m2 /4kHz 

for 
for 
for 

o· < 6 ~ 5" 
5" < 6 ~ 25" 

25" < 6 ~ go· 

Figure 3 illustrates the PFD excess distribution on the earth's 
surface for one specific user satellite position. This curve does 
not refer to a particular case but is presented in order to allow 
a better understanding of the following figures. 

Figure 4 shows the PFD excess for an orbit height of 500 km and 
QPSK modulation with Maximum Likelihood Decoding. The 500 km have 
been taken as an example only. Individual users will have varying 
orbit heights between 300 and 1000 km. For the specific case · of 
EDRS a user, transmitting the highest possible data rate of 5 
Mbjs, would require around 38 dBW EIRP taking into account a few 
dB of margin. Shown are 5 curves representing the PFD contours 
over the earth's surface (angle alpha) for 5 specific user posi
tions separated by 10 degrees each. Alpha has been selected in a 
way that it is symmetrical and zero when the user reaches its 
shortest distance to DRSS. It can be clearly seen that the PFD 
excess duration is extremely long. 

Figure 5 shows the PFD contours for a user at the same orbit 
height transmitting the same data rate but applying BPSK modula
tion and concatenated coding as recommended by CCSDS and ESA in
ternal TTC standards. The PFD excess duration is much shorter and 
the PFD maxima are significantly lower than with the first trans
mission scheme. 

Figures 6 and 7 show the results for orbit heights of 300 km and 
1000 km with the second transmission scheme in order to il
lustrate the effect of the user orbit height. 

Figure 8 shows the "silent time" required to meet the PFD limits. 
The silent time is specified as the time during which the user is 
not allowed to transmit to the DRSS as it would violate the PFD 
limitations. With the first transmission scheme more than 2 x 11 
minutes would be required, whereas an optimised transmission 
scheme like the second one described plus additional antenna off
pointing could reduce this silent time to less than 2 x 3 
minutes. 

It is not only of interest to know the magnitude of the PFD 
values but also where they occur on the earths' surface for a 
given DRS constellation. Figure 9 and 10 show the geographical 
areas on earth where PFD limits are exceeded for both transmis-
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sian schemes under discussion. The dashed area suffers from a PFD 
excess of more than 10 dB, the area between the two circles per 
DRSS will suffer from an excess of up to 10 dB and only the areas 
inside the inner circles will not be effected by any excess. 

3. Conclusions 

The selection of proper modulation and channel coding techniques 
has a significant effect on the duration and the magnitude of PFD 
excess caused by DRS user spacecraft. The silent time, during 
which these users would not be allowed to transmit according to 
present Radio Regulations can be tremendously reduced. 

The ccsos recommendation on concatenated coding together with 
BPSK modulation would be a very attractive transmission scheme. 
Lower rate channel codes (e.g. R = 1/3 or even 1/4 inner codes) 
would lead to even better results with respect to PFD excess but 
would require more bandwidth and more sophisticated hardware. 

This paper concentrated on relatively high · gain antennas. For 
quadrant or quasi omnidirectional antennas which will also be 
used for certain modes of operation the use of spread spectrum 
techniques will be unavoidable. It is consequently recommended to 
investigate such techniques within ccsos. 
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FIGURE 4. POWER FLUX DENSITY EXCESS CAUSED BY DRS USER 
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FIGURE 6. POWER FLUX DENSITY EXCESS CAUSED BY DRS USER 
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Appendix A 

Power flux density excess maxima 

for variing user positions 
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POWER FLUX DENSITY VALUES ON EARTH CAUSED BY DRS USER SPACECRAFTS 

Spacecraft orbit height: 
0 r b i t a 1 per i ad 
Duration of visibility 
Angle of visibility 
Visibility percentage 
E I R P 

500.00 
5676.99 
3257 . 60 

2* 103.29 
57.38 
36.00 

2.25 
11430.00 

km 
s 
s = 
deg = 
% 
dBW 
GHz 
kb/s 

Transmission frequency 
Transmitted Oatarate 
Reflector size 
3 dB Beamwidth/1-sided 

1 . 00 m 
4.85 deg 

User Relative Elapsed Alpha Theta 
: Position Time Time 

(degJ CsJ CsJ (degJ (degJ 

54.29 min 
206.58 deg 

BPSK 

Offset 

Delta 

(degJ 

0.0 deg 

Gain Maximum 
Red. Excess 
(d8J (d8J 

:-----------------------------------------------------------------------: 
-103.29 -1628 . 80 
-102 . 29 -1613 . 03 
-101 . 29 -1597.26 
-100.29 -1581.49 
-99 . 29 -1565.72 
-98.29 -1549 . 95 
-97 . 29 -1534 . 18 
-96 . 29 -1518 . 41 
-95 . 29 -1502 . 65 
-94 . 29 -1486.88 
-93.29 -1471.11 
-92.29 -1455.34 
-91.29 -1439.57 
-90 . 29 -1423.80 
-89.29 -1408.03 
-88.29 -1392 . 26 
-87.29 -1376.49 
-86.29 -1360.72 
-85 . 29 -1344.95 
-84.29 -1329 . 18 
-83 . 29 - 1313.41 
-82 . 29 -1297 . 64 
-81 . 29 - 1281 . 87 
-80.29 -1266.10 
-79 . 29 -1250.33 
-78.29 -1234.56 
-77.29 -1218.80 
-76.29 -1203.03 
-75.29 -1187.26 
-74 . 29 -1171.49 
-73 . 29 -1155.72 
-72 . 29 -1139.95 
-71 . 29 -1124 . 18 
-70 . 29 -1108 .41 
-69 . 29 -1092 . 64 
-68 . 29 -1076 . 87 
-67.29 -1061.10 
-66 . 29 -1045 . 33 
-65 . 29 -1029.56 
-64.29 -1013.79 
-63.29 -998 . 02 
-62.29 -982.25 
-61.29 -966 . 48 
-60.29 -950.72 

0.00 
15.77 
31 . 54 
4 7. 31 
63.08 
78.85 
94 . 62 

110 . 39 
1 26 . 1 6 
141.92 
157.69 
173 . 46 
189 . 23 
205 . 00 
220 . 77 
236.54 
252 . 31 
268.08 
283.85 
299 . 62 
315 . 39 
331 . , 6 
346 . 93 
362.70 
378.47 
394.24 
410.00 
425.77 
441 . 54 
457.31 
473 . 08 
488 . 85 
504.62 
520 . 39 
536 . 16 
551 . 93 
567 . 70 
583.47 
599.24 
615.01 
630 . 78 
646.55 
662.32 
678.08 

-85 . 8 
-84 . 8 
-83 . 8 
-82.8 
-81 . 8 
-80.8 
-79.5 
-78 . 5 
-77.2 
-75 . 9 
-74.6 
-73 . 3 
- 72 . 0 
-72 . 8 
-71 . 8 
-70.8 
-69 . 8 
-68.8 
-67.8 
-66.8 
-65 . 8 
-64.8 
-63 . 8 
-62.8 
-61 . 8 
-60.8 
-59.8 
-58.8 
-57 . 8 
-56.8 
-55 . 8 
-54.8 
-53.8 
-52 . 8 
-51 . 8 
-50.8 
-49.8 
-48.8 
-47.8 
-46.8 
-45.8 
-44.8 
-43.8 
-42.8 
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0 . 5 
1 . 5 
2 . 4 
3 . 4 
4 . 3 
5 . 3 
6. , 
7., 
8.0 
8 . 9 
9.8 

, 0 . 7 

1 1 . 6 
1 3. 0 
1 3. 9 
1 4 . 9 
15 . 9 
16.9 
17 . 9 
18 . 9 
19.9 
20.8 
2, . 8 
22.8 
23.8 
24 . 8 
25 . 9 
26 . 9 
27.9 
28.9 
29.9 
30.9 
32 . 0 
33 . 0 
34.0 
3 5 . 1 
3 6 . , 
3 7 . , 
38 . 2 
39.2 
40.3 
41 . 3 
42 . 4 
43 . 5 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
4.7 
4.7 
4.3 
3 . 9 
3 . 6 
3 . 2 
2 . 9 
5.0 
5.0 
5.0 
5 . 0 
5.0 
5 . 0 
5 . 0 
5.0 
5 . 0 
5.0 
5.0 
5 . 0 
5.0 
5.0 
5 . 0 
5 . 0 
5.0 
5.0 
5.0 
5 . 0 
5.0 
5.0 
5.0 
5.0 
5 . 0 
5.0 
5 . 0 
5.0 
5 . 0 
5.0 
5.0 

-0.0 
-0.3 
-0.7 
-1 . 4 
-2.4 
-3.5 
-4 . 8 
-6.4 
-8. , 

-1 0 ' 1 
-1 2. 2 
-14 . 6 
-1 7' 2 
-20.0 
-20.0 
-20.0 
-20.0 
-20.0 
-20.0 
-20 . 0 
-20 . 0 
-20 . 0 
-20 . 0 
-20.0 
-20 . 0 
-20 . 0 
-20.0 
-20.0 
-20.0 
-20.0 
-20.0 
-20. 1 
-20.5 
-20.8 
-21 ' 1 
-21 . 5 
-21 . 8 
-22. 1 
-22.4 
-22.7 
-23.0 
-23.3 
-23.5 
-23.8 

1 8. 1 
17 . 8 
1 7 . 3 
16.7 
1 5. 7 
14 . 6 
13 . 2 
, 1 . 5 

9 . 7 
7 . 6 
5.3 
2 . 8 
0 . , 

-1 . 9 
-1 . 9 
-, . 9 

-1 '9 
-1 . 9 
-1 . 9 
-1 . 9 
-1 . 9 
-1 ' 9 
-1 . 9 
-, . 9 
-1 . 9 
- , . 9 
- 1 . 9 
-, ' 9 
-1 ' 9 
-1 . 9 
-1 ' 9 
-2 . 0 
-2.4 
- 2.7 
- 3.1 
-3 . 4 
-3.7 
-4.0 
-4.3 
-4.6 
-4.9 
-5.2 
-5 . 4 
-5.7 



POWER FLUX DENSITY VALUES ON EARTH CAUSED BY DRS USER SPACECRAFTS 

Spacecraft orbit height : 
Orbital period 
Duration of visibility 
Angle of visibility 
Visibility percentage 
E I R P 

500.00 
5676.99 
3257 . 60 

2* 103 . 29 
57 . 38 
38 . 00 

2 . 25 
10000 . 00 

km 
5 

s = 
deg = 
% 
dBW 
GHz 
kb/s 

Transmission fre~uency 
Transmitted Datarate 
Reflector size 
3 dB Beamwidth/1-sided 

1 . 00 m 
4.85 deg 

User Relative Elapsed Alpha Theta 
: Position Time Time . 

[deg] [sJ [sJ CdegJ CdegJ 

54 . 29 min 
206.58 deg 

QPSK 

Offset 

Delta 

[deg] 

0.0 deg 

Gain Maximum 
Red. Excess 
[d8] [d8] 

:----------------------------------------------------------------------- : 
-103 . 29 -1628 . 80 
-102 . 29 -1613 . 03 
- 101 . 29 -1597 . 26 
-100.29 -1581.49 
-99 . 29 - 1565 . 72 
-98 . 29 -1549 . 95 
-97 . 29 -1534 . 18 
-96 . 29 -1518 . 41 
-95 . 29 -1502 . 65 
-94 . 29 -1486 . 88 
-93.29 -1471 . 11 
-92 . 29 -1455.34 
-91 . 29 -1439 . 57 
-90 . 29 -1423.80 
-89.29 -1408 . 03 
-88 . 29 - 1392.26 
-87 . 29 -1376 . 49 
-86.29 -1360 . 72 
-85 . 29 - 1344. 95 
-84 . 29 -1329.18 
-83 . 29 -1313.41 
-82 . 29 - 1297 . 64 
-81 . 29 -1281.87 
-80 . 29 - 1266 . 10 
-79 . 29 -1250 . 33 
-78 . 29 - 1234 . 56 
-77 . 29 -1218.80 
-76 . 29 -1203 . 03 
-75 . 29 -1187 . 26 
-74.29 -1171 . 49 
-73.29 -1155 . 72 
-72 . 29 -1139.95 
- 71 . 29 -1124 . 19 
- 70 . 29 - 1108 . 41 
-69.29 -1092 . 64 
-68.29 -1076.87 
-67 . 29 - 106 1. 10 
-66 . 29 -1045 . 33 
-65 . 29 -1029.56 
-64 . 29 -1013 . 79 
-63 . 29 -998.02 
-62 . 29 -982 . 25 
-61 . 29 -966 . 48 
-60 . 29 -950 . 72 

0 . 00 
1 5 . 7 7 
31 . 54 
47.31 
63 . 08 
78.85 
94.62 

1 1 0 . 39 
1 26. 1 6 
1 41 . 92 
157.69 
173 . 46 
189 . 23 
205.00 
220.77 
236 . 54 
252 . 31 
268.08 
283.85 
299 . 62 
315 . 39 
3 31 . 1 6 
346 . 93 
362 .7 0 
378.47 
394 . 24 
410 . 00 
425.77 
441 . 54 
457.31 
473 . 08 
488 . 85 
504.62 
520 . 39 
536 . 1 6 
551.93 
56 7.7 0 
583 . 47 
599 . 24 
61 5 . 01 
630 . 78 
646 . 55 
66 2 . 32· 
678.08 

-85.8 
-84 . 8 
-83 . 8 
-82 . 8 
-81 . 8 
-80 . 8 
-79.5 
- 78 . 5 
-77 . 2 
-75 . 9 
-74 . 6 
-73. 3 
-72 . 0 
-72 . 8 
-71 . 8 
-70.8 
-69 . 8 
- 68 . 8 
-67 . 8 
-66 . 8 
-65 . 8 
-64 . 8 
-63 . 8 
-62 . 8 
-61 . 8 
-60 . 8 
-59 . 8 
-58 . 8 
-57 . 8 
-56 . 8 
-55 . 8 
-54 . 8 
-53 . 9 
-52.8 
-51 . 8 
-50.8 
-49 . 8 
-48.8 
-47 . 8 
-46 . 8 
-45.8 
-44 . 8 
-43 . 8 
-42 . 8 
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0 . 5 
1 . 5 
2.4 
3 . 4 
4 . 3 
5 . 3 
6 . 1 
7 . 1 
8 . 0 
8.9 
9 . 8 

1 0 . 7 
1 1 . 6 
13 . 0 
1 3 . 9 
14 . 9 
15 . 9 
1 6 . 9 
1 7 . 9 
1 8. 9 
19 . 9 
20 . 8 
21 . 8 
22.8 
23 . 8 
24 . 8 
25 . 9 
26 . 9 
27 .9 
28.9 
29 . 9 
30.9 
32 . 0 
33 . 0 
34.0 
35 . 1 
36.1 
37. 1 
38 . 2 
39 . 2 
40.3 
41 . 3 
42 . 4 
43 . 5 

5 . 0 
5 . 0 
5 . 0 
5.0 
5 . 0 
5.0 
4 . 7 
4 . 7 
4 . 3 
3.9 
3 . 6 
3.2 
2.9 
5 . 0 
5 . 0 
5.0 
5 . 0 
5 . 0 
5 . 0 
5.0 
5 . 0 
5 . 0 
5 . 0 
5 . 0 
5 . 0 
5 . 0 
5 . 0 
5 . 0 
5 . 0 
5.0 
5 . 0 
5.0 
5.0 
5 . 0 
5.0 
5 . 0 
5 . 0 
5 . 0 
5.0 
5 . 0 
5 . 0 
5 . 0 
5.0 
5.0 

-0 . 0 
-0 . 3 
- 0 . 7 
-1 . 4 
-2 . 4 
- 3 . 5 
-4 . 8 
-6.4 
-8 . , 

-10 . 1 
-12.2 
-14 . 6 
-17 . 2 
-20.0 
-20 . 0 
-20.0 
-20 . 0 
-20 . 0 
-20 . 0 
-20.0 
-20 . 0 
-20.0 
-20 . 0 
-20 . 0 
-20 . 0 
-20 . 0 
- 20 . 0 
-20.0 
-20.0 
-20 . 0 
-20 . 0 
-20 . 1 
-20.5 
-20 . 8 
-21 . 1 
-21 '5 
-21 . 8 
-22. 1 
-22.4 
-22 . 7 
-23 . 0 
-23.3 
-23.5 
-23 . 8 

23 . 6 
23 . 4 
22 . 9 
22.2 
21 . 3 
2 0. 1 
1 8 . 7 
17 ' 1 
1 5 . 3 
1 3. 2 
10 . 9 
8.4 
5 . 6 
3.7 
3. 7 
3 . 7 
3. 7 
3 . 7 
3' 7 
3. 7 
3 . 7 
3 . 7 
3 . 7 
3 . 7 
3. 7 

3 ' 7 
3 . 7 
3 .7 
3 . 7 
3.7 
3 ' 7 
3 . 6 
3 . 2 
2 . 9 
2.5 
2 . 2 
1 . 9 
1 . 6 
1 . 3 
1 . 0 
0.7 
0 . 4 
0. 1 

-0 . 1 



POWER FLUX DENSITY VALUES ON EARTH CAUSED BY DRS USER SPACE CRAFTS 
,., ~ 

Spacecraft orbit height : 500 . 00 l<m 
Orbital period 5676.99 s 
Duration of visibility 3257.60 s = 54.29 min 
Angle of visibility 2* 103 . 29 deg = 206 . 58 deg 
Visibility percentage 57 . 38 % 
E I R p 38 . 00 dBIJJ 
Transmission freguency 2 . 25 GHz 
Transmitted Datarate 10000.00 l<b/s QPSK 
Reflector size 1 . 50 m 
3 dB Beamwidth/1-sided 3.24 deg Offset 0 . 0 deg 

-----------------------------------------------------------------------
User Relative Elapsed Alpha Theta Delta Gain Maximum 

I Position Time I Time Red . Excess 
[degJ [sJ . ( sJ CdegJ (deg] Cdeg J CdBJ [dB] 

:-----------------------------------------------------------------------: 
-103.29 -1628.80 0.00 -85 . 8 0.5 5 . 0 -0' 1 23.6 
-102 . 29 -1613 . 03 15 .7 7 -84 . 8 1 ' 5 5 . 0 -0 . 6 2 3 ' 1 
-101.29 -1597 . 26 31 ' 54 -83.8 2.4 5 . 0 -1 ' 7 22 . 0 
-100.29 -1581.49 4 7 ' 31 -82 . 5 3.3 4.7 -3 . 1 20 . 5 

-99 .29 -1565.72 63 . 08 -80 . 6 4.0 3.6 -4.7 1 8 ' 5 
-98 . 29 -1549 .95 78 . 85 -79.3 4 . 9 3 . 2 -7 . 0 16.0 
-97 . 29 -1534 . 18 94 . 62 -77 . 7 5.8 2.5 -9 . 7 1 3 . 1 
- 96.29 -1 518. 41 1 1 0. 39 - 76 . 4 6.7 2 . 2 -13 . 0 9 . 6 
-95 . 29 -1502 . 65 126 . 16 - 75. 1 7.7 1 . 9 - 1 6' 9 5 . 7 
-94 . 29 -1486 . 88 1 41 . 92 -76 . 8 9 . 1 5.0 -20.0 3.7 
-93 . 29 -1471.11 157 . 69 -75 . 8 1 0 . 1 5.0 -20 . 0 3 . 7 
-92 . 29 - 1455.34 173 . 46 -74 . 8 1 1 . 0 5 . 0 -20 . 0 3.7 
-91 ' 29 -1439 . 57 189 . 23 -73 . 8 12. 0 5 . 0 -20 . 0 3. 7 
-90 . 29 -1423.80 205 . 00 - 72 . 8 13 ' 0 5 . 0 -20 . 0 3. 7 
-89.29 -1408.03 220 ' 77 -71 . 8 13.9 5.0 -20.0 3 . 7 
-88.29 - 1392.26 236 . 54 -70 . 8 14.9 5 . 0 -20 . 0 3.7 
-87.29 -1376.49 252 . 31 -69 . 8 1 5 . 9 5 . 0 -20.0 3 . 7 
-86 . 29 -1360 . 72 268 . 08 -68 . 8 1 6 . 9 5.0 -20.0 3.7 
-85 . 29 -1344 . 95 283.85 -67 . 8 1 7. 9 5 . 0 -20.0 3.7 
-84 . 29 -1329 .1 8 299 . 62 -66.8 18. 9 5.0 -20.0 3.7 
-83.29 -1313 . 41 315 . 39 -65 . 8 1 9 . 9 5 . 0 -20.0 3 . 7 
-82.29 -1297 . 64 331 ' 1 6 -64 . 8 20.8 5 . 0 -20.2 3 . 4 
-81 '29 - 1281 . 87 346.93 -63 . 8 21 . 8 5 . 0 -20.7 2 . 9 
-80.29 -1266 . 10 362 . 70 -62 . 8 22 . 8 5.0 -21 ' 2 2 . 5 
-79 . 29 -1250 . 33 378.47 -61 . 8 23 . 8 5 . 0 -21 . 7 2.0 
-78.29 -1234.56 394.24 -60 . 8 24 . 8 5 . 0 -2 2. 1 1 . 5 
-77.29 -1218.80 410 . 00 -59 . 8 25.9 5 . 0 -22 . 6 1 . 1 
- 76.29 -1203.03 425 ' 77 -58.8 26 . 9 5 . 0 -23.0 0 . 7 
-75 . 29 -1187 . 26 441 . 54 -57 . 8 27 . 9 5 . 0 -23 . 4 0 . 3 
-74.29 -1171.49 457 . 31 -56 . 8 28 . 9 5.0 -23 . 8 -0 ' 1 
-73. 29 -1155 . 72 473 . 08 -55 . 8 29 . 9 5 . 0 -2 4.2 -0.5 
-72 . 29 -1139.95 488 . 85 -54 . 8 30.9 5 . 0 -24.5 -0 . 8 
-71 . 29 -1124.18 504 . 62 -53 . 8 32 . 0 5.0 -24.9 -1 . 2 
-70 . 29 -1108 . 41 520 . 39 -52 . 8 33 . 0 5.0 -25.2 -1 ' 5 
-69 . 29 -1092 . 64 536 . 16 - 51 . 8 34.0 5 . 0 -25.5 -1 ' 9 
-68 . 29 -1076 . 87 551.93 -50 . 8 3 5. 1 5.0 -25 . 9 -2 . 2 
-67. 29 -106 1. 10 567. 70 -49 . 8 3 6 . 1 5 . 0 -26.2 -2 . 5 
-66.29 -1045 . 33 583 . 47 -48.8 3 7 . 1 5.0 -26.5 -2.8 
-65.29 -1029 . 56 599.24 -47 . 8 38 . 2 5.0 -26 .8 -3.1 
-64 . 29 -1013 .7 9 615 . 01 -46 . 8 39 . 2 5.0 -27 ' 1 -3.4 
-63.29 -998.02 630 . 78 -45.8 40.3 5.0 -27.4 -3.7 
-62 . 29 -982.25 646.55 -44 . 8 41 . 3 5.0 -27 . 7 -4 . 0 
-61 . 29 -966.48 662.32 -43 . 8 42 . 4 5 . 0 -27.9 -4.3 
-60 . 29 -950 . 72 678 . 08 -42 . 8 43.5 5 . 0 -28.2 -4 . 5 

-----------------------------------------------------------------------152 



POWER FLUX DENSITY VALUES ON EARTH CAUSED BY DRS USER SPACECRAFTS 

Spacecraft orbit height : 500 . 00 km 
Orbital period 5676 . 99 s 
Duration of visibility 3257 . 60 s = 
Angle of visibility 2* 103 . 29 deg = 
Visibility percentage 57 . 38 % 
E I R P 3 6 . 0 0 d BW 
Transmission freguency 2 . 25 GHz 
Transmitted Datarate 11430 . 00 kb/s 
Reflector size 1 . DO m 
3 dB Beamwidth/1-sided 4.85 deg 

User Relative Elapsed Alpha Theta 
: Position Time Time 

Cdeg] CsJ CsJ Cdeg J CdegJ 

54 . 29 min 
206 . 58 deg 

BPSK 

Offset 

Delta 

Cdeg J 

2 . 0 deg 

Gain 
Red . 
[dB] 

Maximum 
Excess 

[dB] 
:--------------- -------------------------------------------------------- : 

-103 . 29 -1628 . 80 
-102 . 29 -1613 . 03 
-101 . 29 -1 597 . 26 
-100 . 29 -1581 . 49 
-99.29 - 1565.72 
-98 . 29 -1549 . 95 
-97 . 29 -1534.18 
-96 . 29 -1518 . 41 
-95.29 -1502.65 
-94 . 29 -1486.88 
-93 . 29 -1471 . 11 
-92.29 -1455.34 
-91 ' 29 -1439 . 57 
-90 . 29 - 1423 . 80 
-89 . 29 - 1408 . 03 
-88 . 29 -1392 . 26 
-87 . 29 -1376.49 
-86 . 29 -1360 . 72 
-85 . 29 - 1344 . 95 
-84 . 29 -1329 . 18 
-83 . 29 -1313 . 41 
-82 . 29 -1297.64 
-81 '29 -1281.87 
-80.29 -1266 . 10 
-79 . 29 -1250.33 
-78 . 29 -1234 . 56 
- 77 . 29 -1218 . 80 
- 76 . 29 -1203.03 
-75 . 29 -1187 . 26 
-74 . 29 -1171 . 49 
-73 ' 29 -1155.72 
-72 . 29 -1139.95 
-71 . 29 -1124.18 
-70 . 29 -1 108.41 
-69 . 29 -1092.64 
-68.29 -1076 . 87 
-67 . 29 - 1061.10 
-66 . 29 -1045 . 33 
-65 . 29 -1029.56 
-64 . 29 -1013 . 79 
-63 . 29 -998 . 02 
-62 . 29 -982.25 
-61 . 29 -966 . 48 
-60 . 29 -950.72 

0.00 
15 . 77 
31 . 54 
4 7' 31 
63 . 08 
78 . 85 
94 . 62 

110 . 39 
1 26' 1 6 
1 41 . 92 
157 . 69 
1 73' 46 
189 . 23 
205 . 00 
220 . 77 
236.54 
252.31 
268 . 08 
283 . 85 
299 . 62 
315 . 39 
331 ' 1 6 
346.93 
362.70 
378 . 47 
394 . 24 
410 . 00 
425 . 77 
441 . 54 
457 . 31 
473.08 
488 . 85 
504 . 62 
520 . 39 
536 . 16 
551 ' 93 
567 . 70 
583.47 
599 . 24 
61 5 ' 01 
630 . 78 
646 . 55 
662.32 
678 . 08 

-85 . 8 
-84 . 8 
-83 . 8 
-82 . 8 
-81 . 5 
-80.5 
-79 . 2 
-77 . 9 
-76 . 6 
-75.3 
-74 . 0 
-74.8 
-73 . 8 
-72 . 8 
-71 . 8 
-70 . 8 
-69 . 8 
-68.8 
-67 . 8 
-66 . 8 
-65 . 8 
-64 . 8 
-63 . 8 
-62.8 
-61 . 8 
-60 . 8 
-59 . 8 
-58 . 8 
-57 . 8 
-56 . 8 
-55.8 
-54.8 
-53.8 
-52 . 8 
-51 . 8 
-50 . 8 
-49 . 8 
- 48.8 
-47.8 
-46 . 8 
-45 . 8 
-44 . 8 
-43.8 
-42.8 
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2 . 5 
3 . 5 
4 . 4 
5 . 4 
6.2 
7 . 2 
8 . 1 
9 . 0 
9 . 9 

10 . 8 
11 . 7 
13 . 0 
14 . 0 
1 5 ' 0 
1 5 . 9 
1 6. 9 
1 7 . 9 

1 8 ' 9 
1 9 ' 9 
20 . 9 
21 . 9 
22 . 8 
23.8 
24.8 
25 . 8 
26 . 8 
27 . 9 
28 . 9 
29 . 9 
30 . 9 
31 . 9 
32 . 9 
34 . 0 
35 . 0 
36 . 0 
3 7 ' 1 
38 ' 1 
39 . 1 
40 . 2 
4 , ' 2 
42 . 3 
43 . 3 
44.4 
45.5 

5 . 0 
5 . 0 
5 . 0 
5.0 
4 . 7 
4 . 7 
4.3 
3 . 9 
3 . 6 
3 . 2 
2 . 9 
5 . 0 
5 . 0 
5.0 
5 . 0 
5.0 
5.0 
5.0 
5 . 0 
5 . 0 
5 . 0 
5 . 0 
5.0 
5 . 0 
5 . 0 
5 . 0 
5 . 0 
5.0 
5 . 0 
5 . 0 
5 . 0 
5.0 
5 . 0 
5 . 0 
5.0 
5.0 
5.0 
5.0 
5.0 
5 . 0 
5.0 
5.0 
5 . 0 
5.0 

-0 . 8 
-1 ' 5 
-2 . 5 
-3.7 
-5.0 
-6 . 6 
-8.3 

-10 . 2 
-1 '2. 4 

-14 . 8 
-17 . 4 
-20.0 
-20 . 0 
-20.0 
-20.0 
-20 . 0 
-20 . 0 
-20.0 
-20.0 
-20 . 0 
-- 20 . 0 
-20 . 0 
-20 . 0 
-20.0 
-20 . 0 
-20 . 0 
- 20.0 
-20 . 0 
-20 . 0 
-20 . 1 
-20.5 
-20.8 
-21 ' 1 
-21 . 5 
-21 . 8 
-22 ' 1 
-22 . 4 
-22 . 7 
-23 . 0 
-23 . 2 
-23 . 5 
-23 . 8 
-24.0 
-24.3 

1 7 . 3 
16 . 6 
15.6 
1 4 . 4 
13 . 0 
11 . 4 
9.5 
7 . 5 
5.2 
2 . 6 

-0 . 1 
- 1 . 9 

- 1 ' 9 
- , . 9 
-1 . 9 
- , . 9 

-1 . 9 
-1 . 9 
-1 . 9 
- 1 . 9 
- 1 . 9 
-1 ' 9 
- 1 . 9 
-1 ' 9 
-1 . 9 
- 1 . 9 
-1 ' 9 
-1 ' 9 
-1 . 9 
-2 . 0 
-2.4 
-2.7 
-3.0 
-3 . 4 
-3 . 7 
-4 . 0 
-4 ' 3 
-4 . 6 
-4.9 
-5. 1 
-5 . 4 
-5.7 
-5.9 
-6.2 
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POWER FLUX DENSITY VALUES ON EARTH CAUSED BY DRS USER SPACECRAFTS A5 

Spacecraft orbit height: 500 . 00 km 
Orbital period 5676 . 99 s 
Duration of visibility 3257.60 s = 54 . 29 min 
Angle of visibility 2* 103.29 deg = 206.58 deg 
Visibility percentage 57.38 % 
E I R p 38 . 00 dBliJ 
Transmission fre9uency 2 . 25 GHz 
Transmitted Datarate 10000.00 kb/s QPSK 
Reflector size 1 0 00 m 
3 dB Beamwidth/1-sided 4.85 deg Offset 3 . 0 deg 

-----------------------------------------------------------------------
User Relative Elapsed Alpha Theta Delta Gain Maximum 

I Position Time Time Red. Excess I 

Cdeg] (sJ (sJ CdegJ Cdeg) CdegJ CdBJ CdBJ 
:-----------------------------------------------------------------------: 

-103 . 29 -1628.80 0 . 00 -85.8 3.5 5.0 -1 0 6 22 0 1 
-102.29 -1613.03 15.77 -84.8 4.5 5 . 0 -2.5 21 0 1 
-101 . 29 -1597.26 31 0 54 -83 . 8 5.4 5 . 0 -3.7 19 0 9 
-100 . 29 -1581.49 47.31 -82 . 5 6.3 4.7 -5.0 18.5 

-99 . 29 -1565.72 63.08 -81 0 5 7.2 4 . 7 -6.7 16.9 
-98 . 29 -1549 . 95 78.85 -80 . 2 8 0 1 4.3 -8 . 4 15.0 
-97 . 29 -1534.18 94 . 62 -78 . 9 9 . 0 3 . 9 -10 . 3 1 2 0 9 
-96.29 -1518.41 110 . 39 -77.6 9.9 3 . 6 -12.5 10.6 
-95 . 29 - 1502 . 65 1 26 0 1 6 -76.3 10 . 8 3 . 2 -14 . 9 8 0 1 
-94.29 -1486 . 88 141.92 -75 . 0 1 1 0 7 2.9 -17 . 5 5.4 
-93 . 29 -1471 . 11 157.69 -75 . 8 1 3 0 1 5.0 -20 . 0 3 . 7 
-92.29 -1455.34 173.46 -74 . 8 14 . 0 5.0 -20.0 3 . 7 
-91 ' 29 -1439 . 57 189.23 -73 . 8 15 . 0 5 . 0 -20.0 3 . 7 
-90 . 29 -1423.80 205 . 00 -72 . 8 16 . 0 5 . 0 -20.0 3. 7 
-89 . 29 -1408.03 220.77 -71 0 8 16.9 5.0 -20.0 3.7 
-88 . 29 -1392 . 26 236.54 -70.8 17 . 9 5 . 0 -20 . 0 3.7 
-87.29 -1376 . 49 252 . 31 -69 . 8 18.9 5.0 -20 . 0 3.7 
-86 . 29 -1360.72 268.08 -68.8 19.9 5.0 -20.0 3 . 7 
-85 . 29 -1344 . 95 283.85 -67.8 20.9 5.0 -20.0 3 0 7 
-84.29 -1329 . 18 299 . 62 -66 . 8 21 ' 9 5 . 0 -20 . 0 3 ' 7 
-83.29 -1313 . 41 315 . 39 -65 . 8 22.9 5 . 0 -20.0 3.7 
-82.29 -1297.64 3 31 0 1 6 -64 . 8 23 . 8 5 . 0 -20.0 3 ' 7 
-81 0 29 -1281 . 87 346 . 93 -63.8 24.8 5.0 -20.0 3.7 
-80 . 29 -1266 . 10 362 . 70 -62.8 25 . 8 5.0 -20.0 3.7 
-79.29 -1250.33 378.47 -61 0 8 26.8 5.0 -20 . 0 3 0 7 
-78.29 -1234.56 394 . 24 -60.8 27 0 8 5.0 -20 . 0 3 0 7 
-77 . 29 -1218.80 410 . 00 -59 . 8 28.9 5.0 -20 . 0 3.7 
-76 . 29 -1203 . 03 425 . 77 -58 . 8 29 . 9 5.0 -20.0 3 0 7 
-75 . 29 -1187 . 26 441 . 54 -57 . 8 30 . 9 5 . 0 -20' 1 3 . 6 
-74.29 -1171 . 49 457.31 -56.8 31 0 9 5 . 0 -20.4 3.2 
-73 . 29 -1155.72 473.08 -55.8 32.9 5.0 -20.8 2.9 
-72.29 -1139.95 488.85 -54.8 33.9 5 . 0 -21 ' 1 2.6 
-71 0 29 -1124 .1 8 504 . 62 -53 . 8 35.0 5.0 -21 '4 2 . 2 
- 70 . 29 -1108 . 41 520 . 39 -52 . 8 36 . 0 5.0 21 0 8 1 0 9 
-69.29 -1092 . 64 536 0 1 6 -51 0 8 37 . 0 5.0 -22 0 1 1 ' 6 
-68.29 -1076.87 551 ' 93 -50.8 38 0 1 5.0 -22 0 4 1 0 3 
-67 . 29 -1061.10 567 . 70 -49.8 39 0 1 5 . 0 -22.7 1 0 0 
-66.29 -1045.33 583.47 -48.8 40 .1 5.0 -22.9 0 . 7 
-65.29 . -1029 . 56 599.24 -47.8 41 0 2 5.0 -23.2 0 . 5 
-64 . 29 -10 13 . 79 615 . 01 -46.8 42 . 2 5.0 -23 0 5 0.2 
-63 . 29 -998.02 630 . 78 -45 . 8 43 . 3 5 . 0 -23 . 8 -0 0 1 
-62.29 -982.25 646.55 -44 . 8 44.3 5.0 -24.0 -0.3 
-61 0 29 -966.48 662.32 -43.8 45.4 5.0 -24.3 -0.6 
-60.29 -950 0 72 678 . 08 -42.8 46.5 5.0 -24 . 5 -0.9 
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INTERFACE SPECIFICATION DOCUMENT 
FOR S-BAND INTEROPERABILITY 

OF DATA RELAY SYSTEMS 

Manfred W. Otter 

European Space Operation Centre 
Directorate of Operations 

Engineering Department 

ABSTRACT 

The Space Network Interoperability Panel (SNIP) consists of 
three member agencies: NASA, NASDA, and ESA. These member 
agencies have agreed to identify a common subset of 
interoperability transmission modes to allow for cross-support 
purpose. This paper briefly describes a limited set of 
interoperable modes. The set proposed here aims at minimum 
specification changes to the European Data Relay Satellite (EDRS) 
and Data Relay and Tracking Satellite (DRTS), as well as 
maximizing the extent of interoperability with the current 
NASA/Tracking Data Relay Satellite (TORS) in order to support as 
many spacecraft of the international user community as possible. 

The set proposed here does not focus on the interoperability 
with respect to ranging cross-support. However, the ranging 
cross-support can be enabled, based on this proposal, by a few 
additional agreements. 
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1. INTRODUCTION 

The SNIP member agencies NASA, NASDA, and ESA have agreed to identify a common 
subset of interoperable trans•ission modes in order to allow for cross-support 
amongst their data relay systems. Such support is considered very desirable by 
all agencies for load sharing, back-up in case of systeM failures and even
tually emergency situations. 

Interface compatibility is required to interconnect agencies• data relay 
satellite systems by either direct feeder links, by unique equipment operating 
at intermediate frequencies or at digital baseband level or via coamunication 
networks. Such interface compatibility requires an agreement on essential 
transaission paraaeters like frequencies, modulation techniques, data formats, 
data rates, channel coding techniques, spread spectrua code characteristics, 
code generator polynomials , etc . just to mention the aost i•portant ones. In 
addition some performance specifications have be agreed upon to guarantee a 
ainimum link performance. 

This document covers only a li•ited set of interoperable aodes. To appreciate 
some of the constraints for this document the history of the agencies ' in
dividual activities must be known . Before the SNIP started its work NASA had 
already an operational data relay systeM and !SA and NASDA had fir• plans in 
many areas. In addition the primary users of the individual relay syste•s 
have often quite different requirements. It is consequently only possible to 
agree on a subset of transMission •odes. The subset proposed hereafter is 
aiming at minimuM specification changes to !DRS and DRTS as well as maximizing 
the extent of interoperability with the current TORS in order to support as 
many spacecraft of the international user community as possible . 

Interoperability with respect to ranging cross-support waa not considered es
sential, but it was agreed that it would be a valuable emergency service. Al
though the document does not specifically mention ranging interoperability the 
specifications herein are selected in a way that ranging cross-support can be 
enabled by very fev additional agreeaents which can be added at a later stage 
if considered desirable. 
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2 . INTERFACE SPECIFICATIONS 

2.1 Interface Points 

In order to have interoperable systems certain interface points must be a~reed 
upon including relevant technical specifications . Figure 1 illustrates the in
teroperability concept in general listing the various options for link or data 
connections between host and client agency . 

ftany of the specifications listed hereafter have been received as proposals by 
the individual a~encies ' but insufficient time was available during the sub
working group meetings to reach a final agreement on them . Some specifications 
have been identified in addition as useful for guaranteeing a minimum link 
quality. All tentative specifications where an official agreement is still 
pending are marked with TBA, i . e. To Be Agreed. 

The primary interface point will be at digital level after the baseband 
processor which includes the channel decoder and an eventual interleaver~ata 
are then routed further via com•un i cation networks or recorded o~ ~ ape . 
Another attractive option is a direct feeder link to the client agency. Op
tional interface points could be established at IF level at the downconverter 
output or at digital level at the demodulator output . The former interface 
point could be required in case of nodulation techniques not covered by this 
document and the latter one if coding techniques are used which are also out
side the agreement of this document . 

Data transfer between the host Data Trans•ission and Reception Facility (DTRF) 
and the client DTRP can be accomplished in various ways . 

1 . Transmission via International communication networks <public carriers) 

2. Recording on tapes and shipment via conventional transport methods 

3 . Reception via pointable feeder links of the host relay satellite (to 
date only offered by ESA> 

The following set of interface specifications is believed to be adequate for a 
majority of user spacecraft& requiring support via a host data relay syste• . 
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2 . 2 Forward Link 

2.2.1 RP/IP Co~patibility 

Transmit frequency 
RP bandwidth minimum 
Frequency sweep range 
Antenna polarization 
Field of view 

Axial ratio 
DRS EIRP ~inimu~ 
Phase Nonlinearity 
Gain flatness 
Gain slope 
Aft/Aft 
Aft/Pft 
Spurious Pft 
Spurious output 
Phase noise <r•s> 

2.2.2 Baseband Compatibility 

ftodulation scheme 
ftodulator phase imbalance : 
ftodulator gain imbalance : 
Phasor m i sa 1 i gnment (I /Q) : 

Power imbalance UQPSK 
Carrier suppression 
Information data rates 

2.2.3 Signal Structure Compatibility 

Data for11at 
Data asy11aetry 
Data bit jitter 
Data transition tiae 

PN code rate 

PN I/Q code epoch delay 
PN code length 
PN code type 
PN code generator 
PN code chip jitter 
PN code asymmetry 
Convolutional encoder 
Code generators . 

2025 f 2110 P!Hz 
20 P!Hz at 3 dB points 
± 3 kHz 
LHC and RHC 
up to at least 1000 km altitude 
of user spacecraft 
less than 1 . 5 dB 
43.6 dBM or 41 dBM (NASOA) 
s ±0 . 15 rad <peak) over± 7 ftHz 
S ±0 . 8 dB <peak) over ± 7 P!Hz 
s ±0 . 1 dB/P!Hz over± 7 ftHz 
s 
s 
:s 
s 
s 
s 
s 

0 . 028 dB/dB 
10 deg/dB 
1 deg 
27 dBc 
1 . 5 ° 
4 0 
2 0 

UQPSK 
s ±3° 
S ± 0 . 25 dB 
90° ± S30 

( 1 
(32 
( 1 

10 dB <I over Q} 
30 dB llliniiiUII 

Hz f 32 Hz> 
Hz f 1 kHz> 
kHz f 6 P!Hz> 

100 b/s f 300 kb/s 
(asynchronously added to PN code) 

NRZ 
s ±3• 
s 1• of symbol c)ock or 3° (rms) 
s 5. of data bit duration 

31/(221•96) • ft: 

problem with pointable feeder link ? 

TBA 
TBA 
TBA 
TBA 
TBA 
TBA 
TBA 
TBA 
TBA 

TBA 

TBA 

TBA 
TBA 
TBA 

TBA 

1/2 chip TBA 
1023 chips 
Gold 
according to STDN No . 108 [3J 
s 1 ° (rms} 
< 0.01 chip 
R = 1/2, K = 7 
Opt ion 1 : G, = ( 1111 00 1 ) 

G:z = (1011011} 
Opt ion 2 · G, = ( 1 0 11 0 1 1 > 

G :z = ( 1 11 1 00 1 } 

159 

TBA 
TBA 
TBA 
TBA 
TBA 

TBA 



2.3 RETURN LINK 

2.3 . 1 RP/IP Compatibility 

Receive frequency 
RP bandwidth minimu~ 
Frequency sweep range 
Antenna polarization 
Field of view · 

Axial ratio 
G/T ninilau• 

Phase nonlinearity 
Gain flatness 
Gain slope 
Al!/AK 
Al!/PK 
Frequency stability 

Incidental All 
Untracked spurious PR 
Untracked phase noise 

2.3.2 Baseband Conpatibility 

ftodulation scheme 
Rodulator phase imbalance : 
Rodulator gain imbalance : 
Phasor nisalignment (I/Q}: 
Power imbalance UQPSK 

Carrier suppression 

Information data rates 

2 . 3.3 Signal Structure Compatibility 

Data format 
Synbol format 
Symbol transition density: 
Consecutive symbols 
without transitions 
Rise time (90• to 90•> 
Data asym11etry 
Data bit jitter 
I/Q symbol skew 

2200 f 2290 l!Hz 
10 KHz at 3 dB points 
± 3 ltHz 
LHC and RHC (TX and RX identical) 
up to at least 1000 1t11 altitude 
of user spacecraft 
less than 1. 5 dB 
5.0 dB/K 

TBA 

TBA 
TBA 

s ±3o <peak) over ± 3.5 l!Hz TBA 
S ±0.3 dB <peak) over ± 3.5 ftHz TBA 
S ±0.1 dB/ftHz over± 3.5 KHz TBA 
S 0 . 028 dB/dB TBA 
S 12 deg/dB TBA 
S 3•10- 9 peak over 1 second TBA 
S 1•10-7 peak over 5 hours 
S 3•10- 7 peak over 48 hours 
S 5 • TBA 
S 2 ° TBA 
S 2 ° <r•s> for data rates S 3 ltb/s TBA 
S 3 ° (rms) for data rates > 3 kb/s TBA 

SQPN, BPSK, UQPSK 
s 6° 
S ±0.25 dB 
90° ± S3° 
6 dB (I over Q) 
< 1dB for I/Q ratio of 1 ??? > 
30 dB •ini•um 

1 ltb/s f 3 ftb/s . on I channel 
1 ltb/s f 150 Jr.b/s on Q channel 
(asynchronously added to PN code) 

NRZ 
NRZ- L, NRZ-ft 

~ 25 -

s 64 
s 5 • of synbol duration 
s 3. (peak) 
s 0 . 37 rad <rms) <= 21 . 2° ??) 
s 3 • 

TBA 
TBA 
TBA 

TBA 
TBA 

TBA 
TBA 

TBA 
TBA 

TBA 
TBA 
TBA 
TBA 
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PN code rate 
PN I/Q code epoch delay 
PN code length 
PN code type 
PN code generator 

Convolutional decoder 
Code generators 

Convolutional decoder 2 
Code generators 

Convolutional interleaver : 

31/(240•96) . f .. 

112 chip 
2047 chips 
Gold 
accord . to standard STDN No . 108 TBA 

R = 1/2, K = 7 
Option 1 : G, = ( 1111001 ) 

G:a = (1011011) 
Option 2 : G, = (1011011) 

G:a = (1111001) 
R = 1/3, K = 7 
Option 3: G, = ( 1111001 ) 

G:a = ( 1011011) 
G3 = (1110101) 

30 , 116 with cover sequence on 
I channel only 
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3. CONCLUDING REftARKS 

The specifications in this document refer to compatibility in S-band only. No 
interoperability is foreseen for the 14 GHz bands <Ku-band) as neither NASDA 
nor ESA foresee to use these frequencies for various reasons . Work is ongoing 
concerning interoperability at higher frequencies between 23 GHz and 32 GHz . 

NASDA prefers to include interface points at IP level and at digital level 
after the de~odulator. NASA believes that support at this level would be very 
difficult consider i ng the operations constraints of their NASCOft network . ESA 
would be open to negotiate such an interface point on a bilateral basis if the 
need of such an interface is evident. At present such interface points are not 
foreseen within the specifications of this docu~ent. 

Where specifications cannot be agreed upon yet due to insufficient technical 
evaluation the specified data should be taken at least aa design object·ives 
for hardware procurement. 

4 . LIST OP ABBREVIATIONS 

DTRF 
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DRTS 
EDRS 
IFP 
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SNIP 
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OPTIMAL MODULATION & CODING FOR HIGH DATA RATE SYSTEMS 

w. Kriedte 

European Space Research and Technology Centre 
RF System Division (XRT) 

European Space Agency, Keplerlaan 1 
P.O. Box 299, 2200 AG Noordwijk, The Netherlands 

ABSTRACT 

This paper describes how the modulation and coding schemes 
are selected for a high data rate data relay satellite system. 
The trade-off study is presented for system with data rate of 524 
Mega bit per second. The system under study utilizes 20/30 GHz 
feederlink and Ka-band inter-orbit link. 
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0 P T I )l A L 

H I G S 

.!.!!!,!oduction 

K 0 D U L A T I 0 N 

f o r 

D A T A l A T E 

i C 0 0 I N G 

S Y S T B M S 

This position paper aescribes the selection of modula
tion and coding system for a high data rate Data lelay 
Satellite system. The trade-off was performed fot a 
system of 524 Mb/s using a 20;30 GHz feederlink and 
KA-Sand inter•C)rbit link. 

rundamental Constraints _ _ _.; . .;;;.;,.;.;...;;..;;.;;__;;~~;.;;...;--;..;o..;.~ 

The first assessment clearly indicated that due to the 
high bit-rate unbalance between fo,wat4 and return 
inter-orb i tal l ink, the criticality waa with the return 
link. 

The second assessment concentrated on the choice bet
ween transparent and a regenerative payload. It was 
oemonstrated that the technology wa$ not yet ready for 
on-toard regeneration and that the gain was marginal, 
if !t all . The transparent repeater was selected. 

Several c:onst r;iints were the ~idel i nes for the t u .
de-cffs perforzaed to reach a basel i ne for the transmis
sion system of the high data rate service . 

• ~inimization o! the LEO tetmin~l power eonsumption; 

* Minimizat i on o: the LEO terminal hardware complexity; 

* Maxi~ization o~ the output data rata from a L!07 

* Minimization o: the down-link transmit power fro~ the 
data relay satellite; 

* Bandwidth efficiency . 

Choice of Modu l ation Scheme -
The first cons i deration was to check the link budiet 
and evaluate antenna and power amplifier size together 
with the technological capabilities versus the bit 
rate. The main trade-off eentred around 2 channels of 
262 Mb/s or 4 channels of 131 Mb/ s each. Since band-
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width comfactn~ss is a very high ranking requirement, 
the look for modulation schemes concentrated on the 
three following schemes 

- QPSK, SQPSK and MSK. 

At a first glance SOPSK seemed to be the winning solu
tion, sin~e no envelope nulls occur a~ with 180 degrees 
phase char1ges c)f QPSK. In a non-1 :L near channel with 
bandpass filte~ing nearly no recreation of sidelobes 
occurs as with QPSK. 

MSK is of constant envelope and ideally suited for 
non-linear channels, but the mainlobe of the ~S~ 
spectrum is much wider than that of QPSK and SQPSK. 

In (Austin, Chang, Rorward, Maalo~ - !EtE Trans of 
Com.zr:, Feb 83] ·:.he degradation in a real non-linear 
cha~nel is sho~n as function of bandwidth. When 1/IT • 
0. 7 all three lUethods perform nearly identical; for 
higr.er va:.. ue s 1JPSJC outperforms the others. 

Pul~. e Shaping 

For a moderately bandli=ited channel with adjacent 
eh~nnels interference, a filter of the ~aised Cosine 
typ~ with ~ • 0.5 was selected together with an appor
tionment ,,f SO' on TX and on SO\ ax side. That led to 
an nr bandwidtn 1. 5/Ts. 

In I t.undq·.1ist, Shum, rredericsson, IEEE Trans. on 
Corul.,AprLl 78] the ehoice of the pulse shaping is 
con:;olida ted. 

The baaic schemes considered were convol~tional eodes 
with K•7 ana l•l/2 or R .. 7;a and Reed Solomon Codes at 
~S(255,223), RS(255,232} and RS(2S5,243). Pig. 1a and 
lb :ESA contractor report SES/ENG/TN622-86) shows aimu
lat~on results of tht individual codes and concatenated 
codt!S. s1nce ptr:orm~nct-WlSt tht ~~(l!!,l4l> co4e 
con1:a tena ted with a R•l/2 'l\a7 convolutional codes is 
only slightly worse than with the standard RS(255,223) 
cod•!, the RS(2SS,243) code was selected for the subse
quent simulation, which does not imply that this will 
be ;he final choice. 

und~r the aasumption of using QPS'l\ with SO% Raised 
Coslne Rolloff the following S main scenarios were 
inv ·~stigated: 
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1- ·· ---- I 
Channel bte l Info Rat:! Coding Total sw ~ 

I ---- I 
12 " 262 Mb/ s Conv Cod 2 * 262 MS/S 850 MHz l 
I ~=7,R•l/2 I 
l I 
12 * 262 Mb/s Conv Cod I 
I J..-..7 ,R=7/S 2 111 l50 MS/S 500 MBz l 
I I 
12 * 262 M.b/1 RS(255,243) 2 * 137 Ms/S 460 MEzj 
I I 
I I 
j4 * 131 Mb/s Conv Cod 4 * '75 Ma/s 527 MHz l 
I Ks7 1 R•7/8 I 
I I 
12 * 262 Mb/S ltS(255,243)+ 2 * 275 MS/S 890 MHz \ 
I Conv C R-l/2 I 
1----- t 

Sim\tlation of sll eon!ig,urations 

Fi9. 2 gi'l'e& the characteristic used in the simulation 
i n the caie of convolutional eoding with R=l/2 for the 
two chann~l case [!SA Contractor Report SES
/ENG/TN-638/87), 

- ~ 1'nnsmitter: 
1----------------------------------1 
1 Number of Channels 2 I 

1 Information Rate 524 (2 * 26~) Mb/& 1 
1 Pul$e Shaping Sqrt(raiaed COsine) & • 0.5 1 

Coding Convolutional, K-7, I 
~1~ I 
Backoff • 0 dB 
AM/PM - 5 Deq/dB 

carrier Spacing 1. 7/TS # 450 MHZ 

- O&ta F.elay Repeater: 
1----------------------------------
1 I/P filter 
I 
I 'lWl7. 
I 
I 0/P filter 
I 

Butterworth 5.order 
1.6/TS • 420 MHZ 
ladcoff ,. 0 dB 
~i?f4 • 5 Deq/dB 
Butterworth 4.order 
1.5/TS s 400 MSz 

1--------------------------------------
- Ground Receiver 

I I/P filter 
I 
I Matched filter 
I 
I oe~r 
l 1-----
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BUttt~rth 4 .order j 
1.3/TS • 470 MHz 
Sqct(raised eosine} & • 0.5 ) 

I 
Viterbi 3 ~it soft 1 

decision j ----



_., 
10 ' 

• 4 ' • 
~ 

Fig. J.a Simulated Code Perfomance 

• 4 6 8 • ~ 

Fi9. 1l:J Simulated Code Pe:fcmance 
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The •::hannel spacinq of 1. 7/Ts was selected to keep the 
adja·:ent channel interference relatively small( 0. 3 ds ) . 

The :oncatenated scheme gave the best performance in 
terms of power saving. If up and down-link !b/No are 
balanced we set in Fig. 3 that the concatenated scheme 
needa 7. 0 dB, convolutional eodin9 Rcl / 2 8.8 dB and 
Ra7/8 10 . 8 dB &t a &!~ of lO exp -S • 

. Conelusior. 

The first studi es indicated that Data Relay Satellites 
need ehannelisution to eope with the hi9h d&t& rat•~ on 
the return 1 inlta. In a eompromi 11 betw11n bandwidth and 
power efficiency with priority on power efficiency the 
following modul ation and codin9 &ystems should be base
lined and stud i ed i n more deta1l: 

P.:odulation: QPSK, raised eosin~! rolloff! • 0.5 
50\ TX and 50% RX 

C:bannel spac:ing : 1.7 / T 

Coding : Convolutional Coding K•7 R•l/2 with 3 bit 
aott decision Viterbi decoding plus 
eventually concatenated with as (255,243) 
or RS (255,232) or RS (255,223} and 
inter l eaving depth N• l . • . a. 
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13 
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' .. 
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-

s RS(2~5,243) 

concatenated 
R : l/2 
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3 

.. 
~ 
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EUROPEAN DATA RELAY SYSTEM Ka-BAND TRANSMISSION DESIGN 
STATUS REPORT, A DRAFT REPORT 

J. Sandberg, R. A. Harris 

European Space Research and Technology Centre 
European Space Agency, Keplerlaan 1 

P.O. Box 299, 2200 AG Noordwijk, The Netherlands 

ABSTRACT 

The purpose of this paper is to describe the current status 
of the transmission design for the 23/26 GHz Inter-orbit Links 
(I.O.L.) of the European Data Relay System and their associated 
30/20 GHz Feeder Links. The design of the forward link, the 
narrow-band as well as wide-band return links are also discussed 
in this paper. The design of wide-band return link is discuss in 
detail while the others are not. In addition, a list of future 
work is presented. 

Note from the authors 

This report was prepared at a short notice as an input to the 
CCSDS Panel 1, Subpanel lE meeting on 18/19 April 1989. 
Apologies are offered for the lack of clarity or typo errors. 

This document will be substantially revised in the coming months 
and it is intended that it will be continually updated. Future 
revisions will be submitted to Subpanel lE for information and 
consideration 
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1 Objective 

Th~ objective of this note i:3 to describe the current status of the transmission 
design for the '23/26 GHz Inter-orbit Links (I.O.L.) of the Europ~an Data 
Relay System (EDRS) and their assodated 30/20 GHz Feeder Links. 

2 Overall Systein Considerations 

From the Ol.ttsP.t of the definir.inn of the EDRS certR-in mission restrietions 
have been imposeci em the system. These restrictions include: 

a) the fP-ed~r link, i.e. the link between the DRS satellite and the gt·ouncl, 
,.,ha.ll ~ov<:r o.n t~.rca. oud1 thr.d; on.~h ESA xnembo9r .lilh1.tc can op~rat.;o ~ 

ground station on its own territory. 

b) the maximum ground station antenna diameter shall be 10 m. 

c) t.hfl ma."<:imum ~aturat~cl TvVTA RF output power for spnce application, 
i.e, oulN~l·d the DRS satdlitP- or the user spacecraft Ahall be 30 "~Nand 
up t.o 2 dD loss shR.ll be allowed between the T\VTA Olltput port and 
the ant.P.nnn. 

d) the ma.ximttm antenna. diR.mt~t.er for the user spacecraft shall be 1 m. 

c) the antennas on board the DRS satellite shall be such that folding of 
refie<:t.or surface8 is avoided, i.e. max. diameter is about 3 m. 

f) th~ maximum return data rate from any single user spacecraft to ~round 
shall be 600 1\·1bi t /:; and the maximum. forward data rate shall be 25 
:tvlbit/s. 

~) it shall be possible to operate links simultaneously to colocated 11scr 
~paeecraft. 

h) the DRS ~h;dl be able to <:ammmlicate a few kbit/s of data to a. user 
f:lp<lcc- craft with an omnidirectional antenna opcratin!o!; in S-hand i.e. 
2 GHz hand . 

1) the tnu1smission equipment onboa.rd the user :spacecraft shall be as 
::;implc as po:;:;iblt:. 

j ) it :sh(tll h1~ possible t.o illlplcment any part of the system with todny 's 
tedmology. 
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\Vith these mission constrnint.s , some s1gnifk.a.nt conclusions of the link 
clP.sign ar~ : 

a) more than 1 GHz of bandwidth shall be available for the n:turn link 

St-~rvic:e leading t.n the HSFtgP. of r.he 25.25 to 27.50 GHz band for all hi~h 
dl:l.t~. r t.t t.e rdum IOL~ :.md the 17.7 to 20.2 GHz for all return feed~r 
links. 

b ) the return link has to be cha.nnelised to achieve an acceptable bit error 
ratP. and link availability. The channP.l Ri7.P. is fro?:en at. 150 Mhit. j s 
n1.axin1.1.Hn ~nd up to t'onr <l1.1J;"h r:-h.;1nn;:>lc; 1;":=\TI ho' ~llot:'t:'lt•-:-d t.o ~ny o;inglo? 

high data rate user. 

c) to allow efficient. usc of the available spectrum to minimise the size of 
tenni1H:i.l1j n~<p.lired for Iut~tlilllll daLu n:.LLt: u::~t.~ns, u<.uTuwb<:~.uu !(<L-bmu.l 
chi\.ll.n€b vvi.Ll.t up to 10 ~v!bicj., ~o.po..:.it,y .:t~.· ~ .slso prav1dcd. Th~ . .,~ chl'l.n

nel!; can be used alone or in conjunction with r.he widehA.nd r.hA.nxwlf4 . 

d) coding is required on the return links for high data rate use1·s. The u::;e 
of rate-~ convol utionfll coding gives adequate link perforg1ct.nce. 

e ) transparent f1·equency-translating repeaters are foreseen for the DRS 
$a.tellit.~s. 

f) r;pectn.Uil !j!J'l'e~diug ur n.1.Lc- ~ cuuiu~o; b 1·eyu.i1ed utl the io.rwa.cd linh.S 

for S-band users to avoid exceeding the CCIR power flux den:sity limits. 

g) more thRn 230 MHz of bandwidth ~hall be available for the forward 
link sen·icc leadin?; to the usa.ge of the 23.12 to 23.55 GHz band for ~11 
high data. rate forward I.O .L.s and the 27.5 to 30.0 GHz band for the 
forward feeder link. 

The frecltwncy plans for the forwa1·d f~eder link and. forward 23 G Hz 
TOL arc shown iu Figures 1 and 2 respectively, while t.hP. frequency plans 
fv1· the retum 26 GH:t IOL and return feeder link are shown in Figures 3 
~ml 4 respectively. Circulnr polari:sation is used on the I.O.L.s except for a 

widebea.m (about 20dcg) beacuu transmitted by the DRS :satellite on linear 
pola.t·1sntion . . This beacon is r.o case the antenna acquisition and tracking nn 
the u~er spar.~emft. 'l'he ±eecler l!nk w111 use lmear polansac10n. With tlle~e 

frequency plans , t.he EDRS is highly fl~xible such that it is siiilple for users to 
int.crface with the system. This is ar.hiC?ved by tht! following characteristic~: 

Forward links: 

a ) It is pos11ihle to assign to each critical mission, i.e. manned missions in 
p8rl~c; '.d(tC 

1 
~ .;kdic!\ ted fc.:orwot·..-1 feeder lirll( fl'<)<"iU~tiC-~' th~t i~ n<.>t !:o h.., 
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used by any other mission. This is done tn prevent a ground station 
from blocking the forward ch<umcl to a user spacecraft by inadvertently 
~\\~itching on or not switching off its transmitter. Therefore, there are 
tllore installed forw&d link channels than can be used simultaneou~ly. 

b) It is poRsiblfl to a.s:sign to each user spacecraft a. dedicated forward 
I.O.L. frequency such that a user spacecraft will always receive on the 
same frequency. Therefore, there are more installed forwru·d RF IOL 
channels than th~ ma.."<imum that c.an be operated simultaneously from 
one DRS :;a.tdlite. 

Ret urn links: 

a) Fixed frequencic::1 ean he assigned to each user ~pacP. terminal. 

b) It is possible to support user spacecraft with up to 4 return wide band 
ehaunels without saeri£dng overall return link eapadt.y. 

c) It is pot;:sible for colocated user spacecraft to have simultaneous con
tact with the same DRS. sa.tellite in the same frequency hand, i.e. both 
operating at S-hand or both operating at Ka-band. This is achieved 
by allocating different freql\encies to different users, which implies a 
~reat number of t•.hannel frequencies and a high degree of I.O .L. r~
t urn cha.nnel to f~edcr liuk channel inter-connect fiexibili ty on the DRS 
satelli t.P., 

d) It is possible to assign a fixed nanowband return feeder link channel 
to n given user spacecraft. such that the associated ground stations ~~an 
usc a single frequency. Therefore, there are more narrowband return 
feeder link chn11nels than can be operated simultaneously. 
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The norninetl transmi:ssion mode of DRS for whieh t.he performance char
acteristics arc specified is :single cl'\rricr per ehannel operation. The nominal 
n1oduht.tion. codinf!; scheme:s and cnpacit.y nf P::orh typ"' of Ka. heme! dwuud . '· 
are: 

23/26 GHz LINKS I 
Link Data Modulation Coding Spectrum 

Rate Spreading 

Forward Links 1 Kbit/s to BPSK n/a n/a 
25 iv!hit/s 

Return Link~ 1 Kbit/s to QPSK rate-1 
2 n/a 

vVideban.d 150 Mbit./s cunvol. 
Channels 

Return Links 1 Khit/s to BPSK ra.te-! I 
:l n;a 

Narrowband 10 Mbit/s convol. 
Channels 

Typical link h11rlp;,....+<~ fr:,t· th~ noa,.:imHm cha.nncl rM<:~ a.1c i.L1duLlt)d in F1g-
11l',..<: ;'!., t,-, 7 . 
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Deuription · Units· Vd <I ue: 

A vail ability % 99.0 
Hit Error Rate I E-Of3 
~foJ.uln.tion Typt:\ BPSK 
Code Rale 1.0 
H.t!quir~~d Eb/K o dR 10.8 
lnformaLion Bit R.att! Mbit/s 25.0 
Tra.n!!mit.ted Symbol Rate Msymbol/s 25 .0 
Transpc)ml~r Ba.ndwichh MHz 35.7 

L 1 eN o-oRS r DRs-LEo 1 

Frequency (Lower) GHz 27.50 23.12 
FrP-quency (Upper) /u:~~J. below GHz 30.00 23 .55 

TWTA Output Powc1· (~~.o.l.) w 150.0 17.0 

C/(C+7'f) (TWTA) dB .Q.l 
Modulation Losses dB 0.5 O.fi 
Waveguide etc. Losses dB 2.0 2.0 

T:c Ant~nna. Dinm~t~r m 8.0 
Tx Antenna. Gain dBi M .li 53.0 
Puintiug Loll:~ (Tx Antenna) dB 0.0 0.2 
EIRP (Signal) towards lLx dBW 85 .7 62 .5 

Space Distance Mm 41.1 45.4 

.Free Space Loss dB 214.:1 213 .0 
A tmosph~rir. ,\ ttenua.t,ion dR 12.0 0.0 

H.x Antenna Diarneler m 1.0 

H.:c Antenna Gain dBi 3!:!.0 •16.3 

Pointing Loss (Rx Antenna.) dB 0.0 0.2 

W aveguidl~ etc. Losses dB 2.0 2.0 

Temperature seen by Aniennu K 270 .0 135.0 

Receiver Noise figure dB 5.4 5.4 

System Noise Figure (at Ant. .) dB 8.1 7.8 

System Noise Temp. (at Ant.) dB I< 32.0 31.6 

G /T tnwa.rds Tx dB/K 6.0 1'!.5 

C/No dB Hz 94 .1 92.6 

Eb/Nu dD 20.1 18.6 

C/ ' dD 18.6 
PFD at R:c Ant. (incl . AtmQS.) dRW/m 2 -89 .6 -lOU~ 

LNA Input Power (Signa.I+Noise) dBW -102.5 -104.3 

PFD Excess ('l'x- CCIR J,imit) dB 0.3 

Overall Link C/Nt1 dB Hz 90 .3 

Eb/No dB lfU 

Dcmodnla.tor etc. LosllC!l dB l.fi 

SYSTEM MARGIN dD 4 .0 

Figure 5: Ka-b~nd Forward Link Budget 
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lk~cription: UnitJ' 'V' l il 'lU.' 

1\. vaila.bility % 99.0 
Dit Error R:uio 1 F.-06 
Modulation Type QPSK 
Coc.l~ Rat.'~ 0.5 
H.eqnired .Eb/No dB 5.0 
Tnforma.tion BiL H.at1~ Mbit/s 150.0 
TrausmittcJ. Symbol Ra.te Msymbol/~t 150.0 
Tran~ponder Handwidth MHz 210 .0 

-I LEO-DRS I DRS UND I -

Frequency (Lower) GHz 25.25 17.70 
Frequency (l; pper) /uscJ. below GHz 27.50 20 .20 

TWTA Output Power (e .o.l.) w 25.0 30.0 

C/(C+~) (TWTA) dB _I) . '} 

Modulat.iou Lr.)sses dB 0.5 0.5 

W:we!);uide etc . Lo~scs dB 2.0 2.0 
Tx Ant,~zwa. Diamf.ter m 1.0 
Tx Antenna Gain dBi 47 .6 38.0 
P~in~in5 Lo....., (Tx A11Lcutt<>) u'El \) . ~ v.u 
EIRP (Signal) towards R.x d'BW .58.9 :'iO.O 

Space Distance :\im 45.1 41.1 

FreP. Space Lo"l'i JD 214.1 210.8 

Atmo::~pherie At.tenuation dB 0.0 i.O 

lLx Antenni\. Diameter m ItO 

Rx Antenna Gain dBi il4 .0 62.9 

Pointinr~ Lose (Rx Antenna) dB 0.2 0.0 

W<weguidc de. Losses dD 2.0 1.0 

Temp~rature seen by A ntcnna K 270.0 217 .1 

H.eceivr.r l'oisc Figure dB 5.6 ~ . ~ 

S;·stem X oi!S~ Fi~urc ( c\t A11L) dB 8.::1 5.5 

Sy>;tcm ~oise Temp. (at. Ant.) dBK :12.2 28 .7 

G/T towards Tx dB/K 21.(3 :l4.2 

94 .9 1 C/Ko dHH;r, 04 .8 

Eb/No dB 13.0 13 .1 

C/~ dB ll.6 
PFD nt. Rx Ant. (incl. At.mofl .) dBW/m2 -105.2 -120.::1 

LNA Input Pow~r (Signa.l+Nois~) tlBW -101.'1 -1o1.1 I 
PFD margin (CClH Limit- Tx) dB 19.8 i 

Overall Link C/No dB Hz 91.13 I 

~..:bjNo dB 10.0 

Demodulnt.or ~t.r.. Losl!es I 
J.B 1.5 

SYSTE~·t :vr A.RGT~ d.B ::1.5 
.... --

Figure 6: Wideband Ka-band Return Link Budget 
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/Jescription: .. Vd f.l ue: 
Availability ~% 99 .0 
Bit P.nor R at.io lE-Ot) 
Modulation Type BPS I< 
Code R.ak 0.5 
Required Bb/:'-fo dB .5 .0 
lnfol'rnation Hit Rate Mhit/s 10.0 
Tran~mitted Sywbol Rate Msymbol/s ~0.0 

1'ranspondcr Bandwidt.h MH:~; 30 .0 

1 rto DRS 1 DRS G:'-tD 1 ' 
. . 

4 

Frequency (LOWt!r) GHz 25 .25 17 .i0 
Frequency (Upper) fused below GHz 27.50 20.20 

TWTA Outpt1t Power (c.o.l.) w 5.0 30 .0 

C/(C+N) (TWTA) dD -0 .8 

Modnlation Lo$sl:'.s dB o .. '> O.li 

'Waveguide etc . Losses dB 2.0 2.0 

Tx: Autenna Diameter m 0.5 

Tx Antenna Gain dBi •11.6 38.0 

Pointiug Lo!!S (Tx Antenna) dB 0.2 0.0 

EIRP (Signal) ~owards R..'t dBW 45.9 i!9 .5 

Sp~ce Distance .'vim 45. ·1 41.1 

'FtHI-\ .Snl\t'•' f .,,.. .. <ll~ Sll~ . -41 210.8 

A. tn'11"\fl[\hoto:,.. 4.t'•onn"f':-.- <ID o.o T .(l 

Rx: Anlt!nna Dia.mder m 3.0 

R.x Antenna Gnin dBi 54.0 51.4 

Pointing Lo~s (R.x Antenna') ciB 0.2 0.2 

'Wa.vt!guide c~ t(. , Losses dD 2.0 1.0 

Tt!mpera.ture l!een by Antf!nna K 270 .0 217.1 

Receiver Noise Figur"' dB 5.0 3.5 

Systc)ffi Noise Fig11re (al Ant .) dB 8.3 5.5 

Syl.ltem ~ois~~ Temp . (at i\nt .) dB I\ 32.2 28 .7 

G /T t.owartl~ Tx dB/K 21 .6 25.5 

Cf~o dDIIz 81.8 85.7 

Eh/No dB 11.8 15 .7 

C/N dB 7.0 

PFD at Rx Ant. (incl. At.mos.) dDWjm1 -118 .2 -120 .8 

LNA Input Power (Signal+ roi~;;e ) dBW -113.9 -113 .8 

P~'!J l:!:xcess (Tx- CCIR Limit) dB -11.3 

Over<~.ll Link C/ ~o dB Hz 80 .3 

~:hjNo dR t0 .3 

Demodulator etc . Losses dB 1.5 

SYST~M MARG!N JB 3.8 

Figure 7: Narrowband Ka-band Return Link Budget 
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3 Transmission Design 

The following sections describe the status of work on the transmission design 
for the three classes of link. The material pr~sented here represents the results 
of t.wo vea.rs' \\-·ork, both in ESA and in European industry. The design has 
been through a number of stages , in which a. wide variety of alternative 
:stratcgie~ were inve::;tigated. This report only reflects current ideas and does 
not attempt to cover those ideas which have been disc~rded . · 

Although the Forward Link i:s presented first, most emphasis has so far 
been placed on the design of t he vVideband Return Link, as this was consid
ered the most critical. Almost all the effort :so far has been on design for the 
hi~hest transmission rate fnl' each link as this is consic;lered the most critical 
for t.he design of the DRSS payload. At lower rates, other access, modnla
t.ion, coding and £ltering st.rategiPs become possible, but it is not intended to 
change the payload confi!!,·ura.tion (except for its gain) during operations to 
accommodate these. Once the ba::sic high data rate design is complete, this 
will be reviewed to a.s::iess the performan<;:c of the alternative sch~!ll~~. 

3.1 Forward Link 

3.1.1 Basic Considerations 

The tr<Ulsmission de~i,!!;n is driven by four principal factor~: 

a) the need to provide a high service reliabilit.y for some users~ particulady 
when manned spaceflight i~ involved. 

b ) severe ~tmosphnric fading on the feeder link. 

c) a desire fur flexibili ty of channel allocar.1on on thf\ I.O .L. 

d) the existence of radio-astronomy bands on either side of the I.O .L. 
band. 

In order to protect eriticn.l ~ervices , it is planned that all transmitting eR.rth
stations ~hall be a.lloca.t. ~d a fixed channel and be equipped with ~ fixed
frequency filter to limit radiation outside that channel. It has been propo~ed 
that (at lea:3t) the bulk uf this filtering be implemented ~t RF, prior to the 
transmitter's HPA. 

Atmospheric fading on the feeede1· link could give dse tn major differ
ences in th~~ powers uf signals arriving at DRSS from different earth-stationil . 
Thi:s cnuld cause prolJlems by iucreasing the absolute and relative levels of 
intl'lnnodulation product.-:; and the r~lative levels of adjacent- and co-channel 
interfcr~nce due to imperfect fil b~ring and :switch leakage. 
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Uplink Power Control (ULPC) provides a means of reducing the rang~ 
of ~uch level difference:;. It is particularly important for the control of in
termodulat.ion and co-channel interfercuce, which ax·e la.rgely unaffected by 
spectrum-control measure::s. ULPC can only pwtect against a limited dept.h 
of fade, determined by the rna.ximum transmit.tfll' power which is acceptabl~ . 
Das(~d on t.he DRS Forward Link budget (Fig 5) and assmning a ma:dmnm 
trawsmitt.er power of lkW, the maximum fade which could be countered at 
the maximum bit rate (25 1·fbH/s) would be about 20 dB. At lowet' bit rates. 
d~c1Jq f<.tl.lt:!j could be compensated for. On this basis : the power spectral 
density nt the input r.o DRSS is iu principle maintained constant, indepen-

. dent of fade depth and bit rate. 
A fundamental problem with ULPC is to .determine t.he instantnneou!'l 

fad0-depth. \VhP-n the transmit and receive frequencies are relatively close 
and the fade depth is not too 5evere, it is common to dedve the tranRmit
link attenttation from the level of the received signal by frequency-scaling. 
This becomes less reliable a.~ the ratio of the frequencies and the fade-depth 
inc.rease, howevc.t· and it appeal'S that. it would not be very satisfactory for 
tra.nsmis:sions at 30 GHz when the receive-frequency is 20 GHz. An alterna
tive approac.h, which flhould allow close level control, would be to transmit 
a beacon from DRSS at a frequency close to that of the Forward Feeder 
Link. It does not appear necessary to maintain signal-levels very precisely 
and ULPC with stops of a few dB ought to be appropriate. 

DRS forward links must support two levels of availability, 99.9% for low 
data rates (1 kbit/s to 25 kbit/s), primarily for manned missions and 99% 
for all data rates up to 25 ::V1bit/s. Elevation angleA of some feeder links are 
very low and atmospheric attenuation at 30 GHz will exceed 12 dB for 1% of 
the time and 40 dB for 0.1% of the time in some locations. Given the ULPC 
accuracy required and achievable, it has been proposed only to use ULPC for 
thP. hi~h-avfl.ilability links (i.e. for those which suffer very deep fades). The 
high-rate, low-availability links will operate with fixed HPA operating point5. 
The proposal is to U::!e a fixed EIRP for all bit rates below 1 MH:l and to 
inc.rease the EIRP proportionally for bit rates up to 25 Mbit/s. This results 
in nominally constant clenr-weather feeder-link power spectral density and 
Eb/No for bit-rates above 1 :V!bit/s and an Et)No whid1 incl'eases as the bit 
rate is reduced below this valtte . 

The worst adjacent-channel int.erference will be caused by a 25 Mbit/s 
:signal transmitted in dear \Veather. A conservative approach would be to 
make the interference power after the input channel filter substantially lower 
than thfl.t of the thcrm.a.l noise . The DRS link budgets show a clear-WP.».t. her 
~anier to noise ratio of abont. 30 dB fot· 25 Mbit/s siguals1 in order to ac
commod<tte the fading expected for 1% of the time. The C /1 resulting from 
another such signal would thu~ need to be at least 40 dB. Given the pres
ence of I. 0 .L. noise and other imperfections, this i:s an 1mneceB~arily tight 
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constraint. For the forward link, operation without FEC coding is assumed. 
The target bit c>rror ratio iil 1 x 10-6

, correspo11ding ideally to-an Eb/N0 of 
10.5 dB. Allowing for implementation losses and a system :mfety margin, an 
overall r<~.tio of currier to ( r.hermal noise plus interferenee) of about. 16 dB is 
appropriate. This indicate::; a requirement more in the region of 26-30 dB for 
the tot.al of all interferers and perhaps 30-35 dB for individual interferer~. 

The maximum bit-rate specified for t.he forward channel (25 Mbit/s) is 
l0.s:s than 0.1% of t.he fc>ed.cr link tran~mission frequency and less than 0.5% of 
the proposed DRSS IF of 5.5 GHz. Any filtering therefore has to be wideba.ncl 
(iu tnmsmission terms) and the c.ha.rmel spacing is correspondingly large. 
Thi:s a.nd power fiux density limits point to the use of a wideband modulation 
!':lcheme. The forw~rd link must alRo accommodate a ranging signal. UQPSK 
modulation has been tentatively selected for this purpo~P . t>orro.;opondine; h"> 

DPSK moclnlatiou for the data part. The frequl!ncy pla.n (Fig 1) adopted 
for the feeder link has a channel 8pacing of 100 Mbit/s, i.e. four times the 
rnnximuru (data) bit rate. Vertical linear polari8ation i!:l used to minimifie 
the atmospheric attenuation and avoid problems of cross-polar interfet·enc.e .. 

The forward I.O.L. band ext.encls from 23.12 to 23.55 GHz, i.e. a total of 
430 ~Ulz . The frequencies on either side of this band are allocated to racEo
astronorny and so are subject to tight flux-density limits. A widehand output 
filter will he used to protect these bands from interference from DRSS. 

DRSS will make use of synthesised ft·equency conversion to give flexibil
ity in channc>l use. Each forward link "access" only involves one channd 
from DRSS and so Ka-ba.nd multiplexing is not required. These a.nd relative 
bandwidth consideration~ mA.ke it unattractive to usc post-TWTA filtering to 
control intcr~chnnnel interfercnt~e. For most of the time, different user space~ 
eraft being served by DR.S will be in quite different directions from it and the 
na.rrow beam Ka-ba.ncl I.O.L. antennas will give a high deg,"I·ee of interference 
protection. Occasionally however, different spacecraft will follow each other 
in close orbits and appear coincident from DRSS for substantinl periods a.:s 
they pas!'l over the horizon. In these situations, an interfering signal could be 
enhanced by any differences in the DRSS EIRP's on the different links. Sur.h 
sitllations arf! likely to be rar0. , but c.ould be important for crit.ic.:al missions 
which need very hi~o~;h servic0. ~vailability. The present design approach is to 
aceornmodatt~ interfering ~ip;nnb with powers roughly equa.l to that of the 
\vtt.nt0.cl sie;nal. 

Figure 2 shows t.he current frequency plan for the forward I.O.L. Dual cir
cular j.>olnrisation is used. with crosl:!polar channels being ~taggered to min
imi:se cros:spolar intet'feren<.~e, partic.:ula.dy fo1· the lower ra.te signals. Copolar 
c:hannds arc spaced by 60 )11Hz (2.4 times the maximum bit rate). 
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3.1.2 Modulation and Filtering 

Figure 8 shows the chnnnel model considered. Hard-keyed (square-wave ) 
BPSK modulation is bas~lined, possibly with direct modulation at R.F . The 
currently proposed channel p1·otection R.F. filter (fig. 9) ha.s a 3 dB band
width of abont 100 1'1Hz (four times t.he maximum bit rate). It therefore 
passes t he main spectral lobe n.nd the first sidelob~s of the signal with little 
attenuation. This ensures low distortion, even when the transmitter is satu
rated. The relative bandwidth is only 0.3% and the midband insertion loss 
·is abotlt 0.7 dE. 

Figure 10 t)}wwo th<: output ~pedJ.u..LU rlUHi Ll.m transmitter HPA a.s a 
ftmction of output hack-off (a conventional TWTA wa..'l A..~$umed). With 
such wide pre-HPA filtering , the spectral sidelobes regenerated by a saturated 
TWTA are rathet· high. Fig1.1n! 11 shows a. likely DRSS input channel filter 
(!){IUX) implemented at 5.5 GHz. The 3 dB bandwidth is about 50 MHz, 
just under 1% of the ccnt.re frequency. This filter just passes the thit·d and 
fourth sidelobes of the adjacent channel signal. vVith a saturated HPA, thP
C/I is les:s than 25 dB, but figure 12 shows that the C/1 in this filter improves 
significantly with the first dB ofHPA output back-off and thereafte1· improveR 
at a rate of 1. 7 dB per dB of back-off. With 1 dB back-off, corresponding 
roughly to the insertion loss of a typical post-HPA filter, thP. C/I is still only 
28 dB, rather worse than the design target. 

Several alternative ways of improving the situation exist. One would bP. 
to accept a larger HPA back-off. From figure 12 it can be seen that 2 to 3 dB 
would bP. required. Another would be to reduce the bandwidth of the pre
HPA filter. Previous work (see section 3.2.2) has shown that the bandwidth 
could be reduced to twice the bit-rate, or even lower without serious distor
~.iuu mitl. !. lml. ~lli:s would give a significant spectt•al improvement, even with 
a sfl.tut·ated HPA. Figurf! 13 compares T\VTA spedra with and without t.hfl 
additionnl pt'e-HPA filtering . With 1 dB output back-off, the C/I is improved 
frurn 28 to 36 dB. Even though insertion loss is not n problem here, it might 
be difficult to implement such a. filter at R.F due to TJroblems in controllin~ 
the transfer response at.:curatcly with such a low relative bandwidth. This 
problem could be uvoidecl if Fl.n IF modulator were used. 

Another approach would be to opemte the HP A at RatnrF~.t.ion and to 

use a rJost-HPA filt.~r t.o reduce the sidelobes. Onlt n low order filter would 

be. requil'e~l. A more radical approacb WQt.lld 'b~ tr.; ll::J~ ULPC for the low
availabilitv dutnnels. In this case, the HPA would be substantially backed 
off for m~st of the time, only bdug driven toward:s ::laturation on the rare 
occasion::; th~t the level of the received signal appeared to indic~te that there 
wa.'l a dnnp f<lde . Most of the time, the interferer EIRP would be lower cha.n 
in the non-ULPC case, provided that the ULPC system were to operate 

1·easonahly well. Severe interference would then become n. low-probability 
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even t and could be rnore easily ac:c:ept.ed. 
Indc.pc.ndent of whether or not ULPC is used for the feeder link, DRSS 

will have to implement a. fonn of automatic level control , to ensure constancy 
of the EIRP on the I.O.L. Figure 14 shows the effect of the TvVTA operating 
point on the I.O.L. spectrum. As shown in figure 2, t.he I.O .L. channel 
spacing is GO 11Hz or 2.4 times the mR.ximum bit rate. The receiver filter 
\vill tlm~ pass the second sidelobe of the interfering signal spectrum. In Ot'der 
to keep intt~rference to a reasonnbl~ level (assuming that the nser spacecraft 
lie in the same directiou from DRSS), a moderate TVVTA on~.put hack-off 
is needed. The link budget (figure 5) shows that power flux density lir11i ts 
restrict the T'WTA output power to 17 vV. This is consistent with the USf' of 
a 30 \V T\VTA hacked-off by 2.4 dB. 

The receiver filter must rejeet the main and first spcct.r::tl lobeg of the 
intcrf(~rer . Distortion control 8.::!pects point to a 3 dB bandwidth slightly 
greater than the hir. rate and togethe1· these suggest the use of a fourth order 
filter. The r.ra.n:;mission path prior to the receiver i::s relativP.ly wideband and 
so givetj low distortion. Nevertheless some equalisation of the tran!:!mission 
Pfl.~. h, as well a:1 the rec.eivcr filtet· may be desirable. For design purposes, a 
simpl€ fir~t·orclcr group-delay equaliser has been assumed. Figure 15 ~hows 
a !lttit.ahlP. rl"spon~f> , nht.~in~?d by numgt•ic!l.l optinuoo.tion of the p.:.le/znu 

positions. The 3 dB bandwidth is approximately 1.1 times the symbol rate, 
in a!Q'eemcnt with earlier results and the group delay variation across the 
Nyquif:it band is about 10% of the symbol period. The attenuation is at least 
40 dD across the adjacent. r.hannel. 

3.1.3 Performance 

The performance degradation , obtained by simulation with the model of 
figure 8 is only 0.2 dB at a bit e:r:ror ratio of 1 x 10-6 . Even under severe 
fading conditions, the feeder link C/N is well in excess of 10 dB and feeder 
link noise has virtmdly no impact on the I.O.L. spectrum. The I.O .L. carrier 
to adjacent- chann~l intcl'ferenc.e ratio is 32 dB , assuming equal EIRP )s. 
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3.2 Wideband Return Link 

3.2.1 Basic Considera~iQU~ 

As described in lSection 2, the maximum capaci ty required on any Ka-band 
return link is four 150 Mhit/s signals and one 10 Mbit/s signal. The I.O .L. 
return link frequency plan shown in £gun~ 3 shows that some multiplexing 
of contiguous channels is nfleded to accommodate this. In any ~.a.se this may 
be dc~irable to minimise the bn.ndwidth required for a given access. Dual 
circular polarisation is used. but only one sense of polarisation i:s used pe1· 
access . Konnally, the narrow-bert.m Ka.-band a.ntmmas will provide suhfltan
t. ial i:solation bP.tween sigmJ s from different user spacecraft, but thP. system 
i~ designed to allow opt=!t'ation when the~e arc in the same cJ!r~c;~i<tn r~l~

tive to DRSS . Channels on opposite polarisations a.t·e staggered, r.o minimise 
int.P.rference, partict.tlarly when low-bandwidth signals arn transmitted. 

The fced~r links usc linear polarisation. Vertical polarisation iR u:-Jed for 
tht=! n.a.rrowband channel:s (sec figu1·e 4, which must carry high-availability ser· 
vices . Mn~t of the high-rate channels are allocated to horizontal polRri~J:ttion , 

in an attempt to balance thermal di~~ip~tion within the DRS :m.tellite. 
In order to accommodate the high maximum bit rate c>n the wideband 

return links1 it. is necessary to tlS~ powerful FEC codiug. As described ear
lier , ·the bru.;~line is the Jtanda1'cl K=7, rate-i convolutional r.ode with soft
decision Viterbi decoding. The target bit error ratio of 1 x 10-6 correspondQ 
to a theoretical minimum Eb /N0 of about 5.0 dB. Ft·om the link budget of 
figure 6, the dt~s:ign value of I.O .L. Eb/No is 13.0 dB , a mar5in of 8 dB. 'When 

implementation aspects and feeder link noise are taken into account, it is 
seen that there is li t t.le ~cope to reduce the EIRP of the User Spacecraft sig· 
nifican.tly. Performance d~gradations due to distortion and interference must 
also be sm<1.ll. 

It is important. t.o minimise the mass and complexity of equipment to 
be carried on user spacecraft. A dil·ect RF switching modulator is thuA to 
be pref~ned.. In most cases , post-transmitter filtering w111 be required for 
multiplexing purpose::; and this can he used for spectral control. 

3.2.2 1\!Iodulatiou and Filterinp; 

In order to fit tlw desired number of channels in thA a.va.ilable bandwidth. 
tt ·wideband channel spacing of 250 MH:t has been adopr.ecl for both I.O .L. 
and Feeder Links. "With the mse of rate- t codmg, the maximum channei bit 
rate to be transrnit.t.cd is 300 Mbit / s. The use of a moderately spectrally
efficient ( q uaclra.ture) modulation scheme i!'l therefore indicated. This leads to 
a cha.nnel spacing of 1.67 t.irn.P.s tht:> symbol rate on the channel , c.ompat·ttble 
to, but slightly higher than that normally used for ~~ommercial communica
tions satelli tes. It is known t.hnt. QPSK performs well on highly band-limited 
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channt=!l:<; while offset schemes nrc suited for rather wider r.hannels. Tests 
indicated little diffenmc:e in the environment described and so QPSK was 

adopted as a Wt~ll-established baseline. 

The Kr~.-hnnd noi:se euvironn1(mt is considered to be essentially gaussian 
and the decoder perfortTt8n<:r. is well known. It has therefore not hP.en con
sidered u~~.~e~sfl.ry to include the decoder directly in the ehannel simulatiom 
and the transmission dP.~ign has beeu made assuming au ~quivruent modem 
bit error rat in of 5 x 10-;~. 

. 'l'h~ l,\li'modulator carrier to noise ratio is about 8 dB \ codin~ ~ain mim1~ 
code-rate) lc.)\ver thr~n for a.u uncoded link. While tllis doe~ make demodulator 
~<:f~:L'l;'UCc-recovery more complicated, it reducet~ the sensitivity to additive 

impnirmt:ut~ ~.nd also to :;ome t-:xtent to distortion. 

Fi~tn·e 16 shows the channel model used for the wideband retmn links. 
?v!od.erate pre-HPA filtering b represented by a 6t/l order Butterworth fil
t~•· wi~h ~~ ~ c:~B bandwidth of 240 MHz.The model includes the effects of 

adjac.ent-~hannel interferf:nce uu both I.O.L. and Feeder Links and computes 
the level of ( sihmt-trau:;pondcr) multi path distortion. 

The usc of a. direct RF ~wit.ching modulator in the user space terminal 
(UST), with little or nn pre-HPA fiH~::ring, ensures that a :1aturated amplifier 
can be used with no distortion. The output spe'ccrum is of coUl'S€ .~in(x}/x 
and the only meau:s of reducing the high spectral sidelobes is the output 
(multiplexing) :filter. The 3 dB bandwidth of a contiguou:;-channcl multi
plexing filter i~ Rlightly leBs than the channel spacing. The I.O.L.frequency is 
about 26 GHz uud $Q the relatiwl bandwidth of the output filter is about 1%. 
This allows the design of a. suitable multiplexer with acceptable insertion loss 
and good siclelobe suppression. Figure 17 shows une multiplexer design, for 
three widcbaud and one narrowband channels. The midband insertion loss 
1~ about O.G dB. This results in the I.O.L. sped.rum shown in figure 18. The 
spP-r.trurn is well down hy 150 ~!Hz from band-centre. This is consistent with 
a DRSS H..fUX ba.ndwidth of about 200 MHz, 1.3 times the channel symbol 
rat e. The final design for this filter is still being studied, but it is likely to be 
a fa.irly low order pseudo-cllipt.ic type with separate:: group-delay equalisation. 
Due to the good out of ba.nct attenuation of the contiguous~channel 01JUX 
shown in figure 17. in-bFtnd ACI is negligible and the intcrferenee level i~ 

det.ermined by the IMUX ba:rH.l·f'\dge response. If a simpler UST nutput filter 
we1·e to bf:' 1:1~ed: ca.re would have to be taken to ensure ~dequate attenuatinn 
r~. c:ro::;s the adjacent channeL 

Fip;ur~C" 10 shows the spectrum after the saturated DR.SS TWTA, a::;sumin1-; 
<m l.O.L. Eb/No of 13 dB . The spectrum-spi'eFtding is typical of filtP.rccl 
OPSK. On the feedr.r link it is necessary to mult.iplex adjacent channels on to 
tiw sa.mr: antenna. Figure 20 shows a five-contiguou::~-chnnnel OMUX design 
for DRSS. Figure 21 shows the resulting spectrum r.ransmitted by DRSS . It 
i~ virtually identi<:al to that on the I.O.L. 
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The receiver filter has three main funct.ions. It mu~t attempt to match the 
incoming signal: it. must. sha~w the si~na.l spectrum to minimise intersymbol 
interference and it mwst rcje<:.t adjacent·channel interference. The sharp cut
off of the DRSS OMLJX enRures that inband interference is negligibly small. 

Th~ feeder link spectnun i~ about 4 dB down ~t the Nyquist frequency 
( 75 MHz) and ~o distortion considerations point to an additional 2 dB contri

, bution from the receiver filter. Signal-matching considerations on the other 
hand, indicate 4 dB attenuation. The optimum 3 dD bandwidth will there
fore he in the region of 150 MHz (the channel symbol rl\.te ). The need to 
reject the main lobe of the ndjacent-channel signal leads to the choice of a. 
4·pole filter. 

In order to minimise insertion losses, the user-spa.cecraft output filter and 
t.he DRSS 0}.1UX arc not group-delay equalised. Similarly, for simplicity and 
miM:) 'n~o.wu::;, it. i:; desirable that any wide band pre-HP A filtering on either 
:;paccera.ft shoul<l not. be equa.lil)ed separately. The presence of two saturated 
nonlinear a.mplifierB on the link makes a ::single mop-up equaliser ineffective. 
A strategy currently being considet·ed is to provide a group-delay equaliser 
in the DRSS input section to eompcnsate for its own group-delay distortion. 
a.nd that of a nominal user spacecraft output filter. A similar equaliser in 
the cndh-station receiver would compensate for the nominal DRSS OMUX 
response A.nd that of the receive-chain. It would also funct.ion as a mop-up 
equa.liser for the complete link. 

This strategy depends on the assumption that the differences in the group
delay re:'lponses of differcut u::~er spacecraft output filters on the one hand and 
different channels of the DRSS OMliX on the other a.re sufficiently small that 
fixed equalisers are adequate. Further wot·k is needed to check the validity of 
the assumption, taking into account the expected temperature variations and 
the differences between centre- and edge-charmcls in a cont.iguous-channel 
multiplexer, 

Figure 22 shows a. receiver filter characteristic derived using a self-equalised 
DRSS. IMUX which did not compemate for the user spacecraft OMUX. Th~ 
model of figme 16 was usP.cl, and the receiver filter and equnliser poles and ze
rocB were moved under control of the numerical optimiser t.o achieve the best 
perfcJI'rnancc. Feeder link adjacent-channel interference WM included in the 
opt.imisati~n by mP.a.Bt.tl'iu~ its power and. then treating it as if it were gaw;· 
sian noise. Cnmpadson of figures 21 and 22 shows a mo(lera.tdy good match 
between the rccdver filter and the feeder link spP.dt'l.tlll. Figure 23 ~hows that 
the filtered si.~~;nal spP.c.trum is about 6 dB down at the1 Nyquist frequen~y a.ncl 
that. the exce~.:! band·width is about GO to 70%. The eye-diagram of figure 24 
shows that a. relatively undistorter.l signal with only moclcra.t.e zero-crossing 
jitter is l)roduced; even with uneclua.lised OMUX filters ancl two suturatP,~\ 

TWTA::s. 
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3.2.3 Perform~mce 

At the high noisP. levels a~so~iated with coded operation, the intersymbol 
intcrfet·encc shown in figure 24 has little effect . The E6jN0 degra.dat.ion 
(rnismatch and ISI ) is less than 0.3 dB. The C/I on the I.O.L. is 38.9 dB 
and tha.t on the Feeder Link is 35.2 dB. Each contributes less tha.n 0.01 dB 
to the overall degradation. The level of silent-channel transponder multipath 
is 60 dB bdow the signal and so ca.n. be ignored. 

The wideba11.d pre-HPA filtering in the user-spacecraft only re~ults iu a 
~mall HPA back-off. The midband insertion loss of the post-HPA filter is 
about 0.5 dB, so the loss of 'IJ.jf.jul signal powe1· on the I.O.L. is only about. 
0.7 dB. The I.O .L. noise 3tea.l.~ 0.3 dB of the DRSS T\VTA output power and 
increasns it:s output back-off from 0.35 to 0.4 dB. In addition it increases the 
required fc~der link Eb/No by 0. 7 dB. The .9pectrum. tr-rmcation lo .,,~ in the 
DRss o:vn;x i~ lt::sts than 0.2 clB. 

QPSK allows a low-distortion design which should be robust against vari
R.tion:s in filter characteristics. The ,,imula.ted performance degradation ~om
par~d with ideal widcband modulation in a nonlinear channel is approxi
roat.~ly 2.2 dB. Of this , nearly 1.1 dB is due to the various cffect8 of I.O .L. 
noi:;e (power-stealing, increas~d back-off, increased spectnun tl'tmcat.ion and 
direct. production of errors ). The DRSS OMUX mid-band insertion loss is 0.3 
dB , 0.35 dB is TWTA back-off, spedntm-tnmcation accounts for 0.2 dB and 
about 0.3 dB is due to distortion. Thus at least 1.4 dB of the degradation is 
independent of the modulation scheme chosen. Of the remainder, only the 
T\VTA buck-off is likely to be reduced by a c;hangc of modulation ~cheme . 

In addition to those effects covered by the present simulation moclPl , al
lowance must be made for demodulator reference-recovery and ot.her imple
mcnt.a.tion aspects. Some of these are being incorporated in the simulR.t.ion 
model , while ot.hm·s a.re being r.reated analrticallr. . . 
3.2.4 Hardware Breadboard Development 

In order to validate t.he t ra.n~mi::;sion design and to provide a testbed for 
various pieccg of hardware , a breadboard of critical elements is heing c1e

veloped. Among these are che hi~h speed qPSK modem and convolutional 
coder /Vitcrhi decoder . 

The 300 Mbit / s QPSK demodulator iR ha8ed ou a successful low-cost 
unit whidt is in usc for lllUCh lower speed (3 Mbit/s) commercial operations. 
This is <1. hybrid analo0ue( di8ital design in which carrier recovery is made 
by a modified Costas loop . The nonlinetu· operations arc performed digitally 
usin~ only one sample per ~ymbol. Similarll1 whilt~ :'lamplinllj is performed 
on t.he analogue basebru1cl signals, tht~ sampling time is itself derived digi
tallv using a. modified )...fueller and ~\{ueller algorithm. This approach allows 
reli~l.>le operation at low si9nal to noise ratios and !:lo is well suit.f'd to oper-
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ation with FEC coding. Re-engiueering for 300 Mbit/s operation has been 
straightforward and initial tests are very encouraging. 

\Vhile it is considered that a 150 Mbit/s rate-~, !(;:;j Viterbi decoder 
should he feasible as a single unit within the timescale required for DRS~ 
by tt$iup; advanced fl.rdutcetures and taking advantage of developments in 
YLSI tcduwlogy, it was not considered appropriate to take this course for 
the breadboard unit. A decoder has been developed using a. multiplex of 
nine (slower) decoder chips operating on a QPSK·::symbol·interleaved basis. 
A robust syndrome· based synchronisation scheme is used which operates well 
at low signal to noise ratios and is- insensitive to AGC variations. The tmit 
has been tested satisfad.nrily. 

A potcntiL\1 pr-0bkm wi.~h 'HLLh n. umlti.pl~xed decoder is that the Otltput 
bit stream consists of the bit-int<'!rleaved outputs of the individual decoders. 
Error hur~ts frorn an individual Vitet·bi decoder are systematically dispersed 
oVE'!l' a much longer spnn than their u.ctual length. In a concatenated coding 
scheme, t.hb would de:;troy the advantage eo be gained by symbol interleaving. 
A Qh.tdy iso und.;~t• w~~y to inV<)<Jti5c.tc n~i~.~ problmn. Ow~ lJU;j~jLlt: ti<Jlution ap

pears to he the usc of block int.et·lea.ving in conjunction with t.he multiplexed 
co dec .. 
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3.3 Narrow band Return Link 

3.3.1 Basic Considerations 

Each Ka-band ret11rn link involv~s one narrowba.nd chann~l , intended to carry 
up to 10 :Ylbit/~ data. The link hndget (figure 7) shows that a subst antial 
coding gain is needed and the same 3tandard sch~me has been adopted as for 
the wideband rett1n1links. The maximum r.hannel bit rate is thus 20 .Mbitjs . 
Thi~ is only 0.1% of the feeder link frequency and even less relative to the 
26 GHz I.O .L. Any RF filtering will therefore ne~d to be wide in relation to 
t.h.e signal. 

Only six narrowband channels are shown on each pola..risation in the I.O.L. 
frequenc:y plan of figut·e 3~ so their total occupied bandwidth will be S1l1all 

compared with that needed for the wideba.nd channels. A channel spacing of 
80 MHz has heen adopted, giving a total of 480 MH7. on each polarisation. 

The DRS design approach is to minimise the requirements for user space
craft wherever reRsonably pnsliible. Comparison of the link budgets of fig
ur~s 6 ~nd 7 shows that the widcband feeder link is coustrttined by the limit8 
set for DRSS TvVTA size and earth-station antenna oi".mP.t.P.r 'rhiR r;:>Q,lt., 

in a roughly balanc8d (equal Eb/N0 's) link with 99% fading. ·with the nar
rowbRnd channels the snme TWTA power is used together with t.he less 
restrictive limit of 3 metres fnr the user 's (t·eceive-only) antenna. diameter. 
This improvement in the feeder link Eo/ N0allows the user spa<.~ecraft EIRP to 
be reduced more than in proportion to the data rate so the link is I.O. L.-noise 
dominated even with 99% fading on the feed~r link, 

3.3.2 Modulation and Filteri11g 

Given the wideband regime and the need to transmit ranging signals over 
the same path ~ BPSK modulation has been adopted, as for the fot'ward links. 
Thl? x·~h\tivo chknuel e:po.~in.e; ir; a.lco the ao.rnc. A~ nlu;,t LLo:>m :o~pt~oc;l:.'t.:nLH will 

not tl'ansmit in the wideband duumels, multiplexin~ of modulated signah! will 
often not be requir~rl on the I.O.L. With the large relative channel spacing, 
it becomes poA:3ihle to operate with essentially the same approach as for thP. 
forward link,. i.e. squnre-wave BPSK, moderate p1·e-HPA filt.~ring, an HPA 
ac or w~ar sat.ura.ti(m ~m~l no pofit·HPA filter. 

The DR.SS IMUX musr. rl"!ject both noise and adjR.cent-channel interfer
ence ( origine1.t.ing from a difft=!rem u:ser spacecraft). The philosophy of fnvo·ur
ing the USI"!r :spacecraft of course tends to minimise Hte I.O.L . Eo/Nuand the 
us~ of DPSK double:; the required bantlwidth compared with QPSK. If the 
IMUX is too wid.e, the C/ N at the TvVTA will be low and both powcr-:'l t~~.ling 
a.nd TWTA o11tput back-off m.ay become problems. If it is too na.rrow, the sil3-
nal will be distorted and suffer power reduction due t.o spectrum-tnmcation. 

The DRSS Hd UX bandwidth of 30 MHz shown in th~ link budget is 1.5 
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times the chR.nnel symbol ratt~. It is about the minimum acceptable when 
temperature va.rintiuns (filter drift) and Doppler shifts arc taken into account . 
For most uf the time. the feeder link Eb/ No will be greater than 20 dB and 
ir.s contribution to the total noise will he vet·y smnll. A smallreductiun in th<, 
f8eder link E~/N0 due r,o pmver-stealing: will therefore not be very significant. 
During fading howf\ver, the feeder link Eb/N0 approaches that on the I.O .L. 
and its in1.purtnnce inr.reascR. The effect of power stealing is thus to reduce 
the overall Eb/No duriug fading. The reduction is not very severe however a.nd 
it app~a.r~ that a. wider D.·!UX could be used if necessary. 30 MHz is only 
0.5% uf the DRSS IF of 5.5 GHz, so there may well be advantages to such 
an inq~M~1 

On the feeder link, four narrowband channels are g1·oupcd togct.her with 
three telemetry r.hanncls. dose to 20 GHz as shown in figure 4 . These are 
to be multiplexed tugcther for transmission on vcrt.ical linear polarisation 
through the single fct~der link antenna. The channel spacing of 80 MHz is 
unly 0.4% of the canier frequency, resulting in non~ncgligible insertion loss. 
As indicated a hove however, the feeder link Eo/ No is normally significantly 
hight'!l' than that on the I.O.L. It may nevertheless be worth couside1·ing a 
rearrangement of the frequency-plan, to increMe the channel separation. 

The high ch~nnel 8epara.tion nnd the pregenc.e of output multiplexing 
filter::~ on the fef1der link mea.n that -adjacent-channel interference is not a 
problem. The reccive1· filter can therefore be rath~r simpk 

4 Further Work 

It will be dear from the preceding section that some areas of the transnlis::sion 
design have received much mot·e atteution than others. In particular, the 
narrowband return links need much more work. The link budget. and, in 
particular the question of I.O .L. C/N and power-stealing, needs to be studied 
carefully. The narrowband return link frequency plan needs t.o be reviewed. 
to SC.(! w hethcr the feeder link multiplexing requirements can be rela.xed. 
Further work is needed on the dc.::;ign of filters for the narrowband retmn 
links. 

The design of the wideband ret.urn links is ess~ntially complete, except 
for a. rcd('!Sign· of the DTI.SS Uv!UX and its associated equali:ser. The forward 
link de::;ign is also well-P-stsblishcd, but more work is needed on the subject 
of feed<'r link pow0r ce>ntrol. 

The incorporation of rA.nging signals on the forward- A.nd narrowband 
return links ha.s st.ill to be stuclied in detail, as well as the provision of high
availability (00.9% ) links. 

In acldition to the basic design pre::;ented het·e, work has started to prodnce 
equipment spccificatiuns . Studie:s have been made of the ~t'lnsitivity of the 
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link to linear gain and group-delay distortion::~ and phase·noise. Th.is work 
will take up a lal.'ge part of the effort in the coming monthfl . Tn ;'l_qr.;nri::~t. inT• 
w1th tlllS: th~ simulation models will be extended to give a more complete 
an<.l accul'ate description of the actual hardware. 

Although the ba.<Jic philosophy is to define and to demonstrate the suit
ability of a channel intended for the highest transmission rate while leaving 
USerS free tO ChOOSe t.h~ir ()\VTI t. r~ll!ilrnig~ion aohctnc, i~ i,:, intew.lc::u ~U i<lent1ty 
suitable schemes for a. rfl.nge of bit rates and to otfer these as guidelines and 
performance references. 
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ABSTRACT 

The optimal charged particle calibration techniques are 
investigated. This paper presents a procedure for the selection 
of the optimal charged particle calibration strategies for both 
near Earth and deep space missions. The procedure is based upon 
(1} minimum range error and Root-Mean-Square (RMS) range error 
uncertainty, (2} minimum hardware requirement, and (3) the 
capability of calibrating group velocity changes on the ranging 
channel. 

Results of this investigation (the main results of this 
report are presented in Tables 3 and 4) will be recommended to 
the Consultative Committee for Space Data Systems (CCSDS) 
for consideration in future standard on charged particle 
calibration techniques for the ranging data channel. 
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1. INTRODUCTION 

When the requirement for providing mission cross-support 
grows, a need arises for tracking system uniformity among the 
CCSDS space agencies. This need has triggered the CCSDS, panel 
1, subpanel lE, to launch a study program in January 1986 
entitled, "Earth Station and Spacecraft Capabilities Necessary to 
Measure and Calibrate Total Columnar Charged-Particle Content in 
the Radio Metric Data". As a result of this study program, a 
guideline for charge-particle calibration technique with 
associated tracking technique and capability has been recommended 
to the CCSDS for consideration (Ref. 1). However, this guideline 
has not specified the optimum charged-particle calibration 
techniques for implementation in future standard systems. 

The purpose of this paper is to determine the optimum 
charged particle calibration techniques for ranging data. The 
procedure used to select the optimum calibration techniques is 
based on the (1) minimum range error and RMS range error 
uncertainty, (2) minimum hardware requirement, (3) capability of 
calibrating group velocity changes on the ranging channel. 
Having identified the objective and establishing the criteria for 
selecting the optimum calibration technique, let us now organize 
the material contained in this paper. The next section describes 
the background of this study. Section three investigates the 
ranging accuracy based on the error equation, and Section four 
compares the charged-particle calibration techniques using the 
error equation. Section five describes the hardware requirements 
and the capabilities of the available charged-particle 
calibration techniques. The discussions and main conclusion of 
this study are presented in Section six. 

2. BACKGROUND 

The range measurement is based on the propagation time 
required for the ranging signal energy to propagate from the 
ground station to the spacecraft (S/C) and back. The propagation 
time is corrupted by the (1) charged particles that exist in the 
Earth's ionosphere, space plasma, solar wind, etc., (2) 
tropospheric effect, and (3) instrumental components. Thus, the 
total Round-Trip-Light-Time (RTLT), r, between the transmitted 
and received signal is: 

(1) 

where 

tg = geometric delay 

tT = tropospheric delay (non-dispersive) 
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t1~ = Earth's ionospheric delay (dispersive) 

= instrumental delay which includes the station clock 
offsets as well as dispersive components due to 
differences in the antennas and electronics at different 
stations. 

ts~ = space plasma delay (dispersive) 

The subscript ~ in Eqn. (1) indicates the frequency band of 
the observation. The frequency band is either S(2 GHz) or 
X(8 GHz). 

From Eqn. ( 1) 1 the s and X-band uncalibrated range 
measurements are given by, respectively: 

Rs = % + RT + Rrs + Rss + Res (2) 

Rx = %+ RT + Rrx + Rsx + Rex ( 3) 

where 

RG = true tropocentric range 

RT = range error due to tropospheric effect 

Rr~ = range error due to Earth's ionospheric effect 

Rs~ range error due to space plasma 

Re~ = range error due to equipment 

For two-way range measurements, the range delay due to 
ionospheric and space plasma are found to have the following 
forms (Ref. 1). 

Rrs = a(l2Iui + ( Ini/k2 > J , for S-band range data type ( 4) 

Rrx = a[l2Iui + (m/k) 2 I niJ , for X-band range data type (5) 

Rss = a(l2Ius + (Ins/k2)J, for S-band range data type (6) 

Rsx = a[l2Ius + (m/k) 2InsJ, for X-band range data type (7) 

where 

40.3 
a = fu ~ uplink transmitted frequency ( 8) 
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Iui = uplink Total Columnar Electron Content (TEC) in the Earth's 
ionosphere with dimensions of electron per unit cross
sectional area. 

Ius = uplink TEC in the space plasma, solar wind, etc. 

Ioi = downlink TEC in the Earth's ionosphere 

Ios = downlink TEC in the space plasma, solar wind, etc. 

The constants k, 1, and m are the frequency ratios which 
depend on the uplink and downlink transmitted frequencies. The 
S-band frequency ratio between the 2 GHz band uplink and downlink 
transmitted frequencies is given by: 

240 
k • S-band frequency ratio = (9) 
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currently, on the downlink, the S/C is capable of 
transmitting at either 2 GHz of 8 GHz. Thus, the downlink 
frequency ratio m, is given by: 

3 
m • downlink frequency ratio = -- (10) 

11 

The uplink frequency ratio 1 is equal to one when the uplink 
transmitted frequency is 2 GHz. For the proposed 8 GHz uplink, 
the uplink frequency ratio 1 is (7i24). Thus, we can write: 

1, for fu = 2 GHz 

1 = uplink frequency ratio = 7 (11) 
for fu = 8 GHz 

24 

A possible propagation path for two-way ranging measurements 
is illustrated in Figure 1. As an example, in order to 
demonstrate how the TEC can corrupt the two-way ranging 
measurements in the propagation path, we assume that: (1) the TEC 
in the interplanetary space plasma is mainly caused by the solar 
wind, (2) average electron density in the solar wind varies with 
the inverse square of the heliocentric distance and that it has a 
value of 7.6 electronsjcm3 at the orbit of the Earth (about 1 
A. U. ) , and ( 3) the total delay is short (much less than one 
hour). Assumption (3) implies that the charged-particle content 
in the propagation path is identical for both uplink and 
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downlink, i.e., Iui = Ioi =II and Ius= Ios =Is. By utilizing 
these assumptions, the average range error due to the average TEC 
in the space plasma can be calculated, from Equations (6), 
and (7) . 

For calculating the average range error due to the space 
plasma, an average TEC in the solar plasma, Is ave' is needed. 
Average TEC in the solar plasma as a function of the Sun-Earth
Probe (SEP) angle can be derived from the contours of constant 
TEC presented in Reference 5, Figure 1, pg. 403. The result is 
shown in Figure 2. Now, the average range error due to average 
TEC in the solar plasma (shown in Figure 1) can be computed by 
using Equations (6) and (7), for 2 GHz and 8 GHz-band range data 
types, respectively. Figure 3 shows the average range errors, 
Rss ave' and Rsx ave' due to the solar plasma as a function of 

' ' SEP angle for 2 GHz and 8 GHz-band data types, respectively. 
Note that only the 2 GHz uplink frequency is used in the 
computation illustrated in Figure 3. 

The average range error due to the Earth's ionospheric 
effect can be evaluated by using Equations (4), and (5) with the 
assumption that uplink and downlink charged particles, Iui and 
Ioi' respectively, are identical, i.e., Iui = Ioi = Ii· Using 
Reference 6, the average charged particle content, Ii ave' in the . . . ' Earth's 1onosphere verses Un1versal T1me (U.T.) for the month of 
February, averaged from 1967 to 1973, for an invariant latitude 
of 54°, is shown in Figure 4. Based on the data shown in this 
figure, the average range errors, Ris ave' Rix ave' for 2 GHz and 

. ' 1 ' 8 GHz-band data types, respect1ve y, due to the Earth's 
ionosphere for the month of February are evaluated. The result 
of this evaluation is shown in Figure 5. 

The example shown in Figures 3 and 5 demonstrate that: 
(1) when the S/C is beyond a distance of 1 A.U. from Earth, the 
range error due to space plasma is very sensitive to SEP angle, 
(2) the range error due to the Earth's ionosphere is sensitive to 
the time (day or night) when the signal is received at the ground 
station, ( 3) the charged particles in the Earth's ionosphere is 
location dependent, (4) the range error due to both space plasma 
and the Earth's ionosphere depends rigidly on the type of band 
that the range data is collected, e.g., the range error for the 
2 GHz-band range data type is more than the error for the 8 GHz
band data type. 

In reality, when the S/C is beyond a distance of 1 A.U. from 
Earth, the range error due to space plasma is sensitive to both 
SEP angle and time separation between the uplink and downlink. 
This subject will be discussed in detail later. However, at this 
moment, based upon the information gathered from the previous 
exercise, it seems logical to infer that: (1) for long RTLT the 
uplink charged particle environment is different than the 
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downlink, (2) the ranging accuracy is a strong function of 
tracking frequencies, and (3) the calibration of the range error 
due to solar plasma is required for deep space missions, 
especially when the RTLT is long and SEP angle is small. 

In the subsequent sections, a direct comparison between 
several calibration schemes will be made using the range error 
equations. The most promising charged-particle calibration 
technique is the utilization of a dual-frequency system, .since 
this calibration technique provides minimum range error (Ref. 7). 
Thus, the following discussions on the range error equation as a 
function of tracking frequencies and calibration schemes will be 
focused around this technique, and how alternative techniques can 
be combined with this technique to achieve a minimum range error. 

3. RANGE ERROR EQUATIONS 

This section considers the range error equations for single
station as well as two-station tracking when the dual-frequency 
calibration technique is employed. In the first part of this 
section, modeling and analysis techniques for range error 
equations used in the determination of the optimum charged 
particle calibration strategies, for a single station, will be 
considered. Of primary concern will be single and dual-frequency 
uplink. The topic of differenced range for two-station tracking 
will be taken up in the second part of this section. 

The analysis techniques presented in this section will 
closely follow that of Christensen (Ref. 3) and Callahan (Ref. 
2). Reference 3 considered the accuracy of range and differenced 
range for the single frequency up-dual frequency down. While 
Ref. 2 considered the accuracy of range and differenced range for 
two cases: ( 1) single frequency uplink-dual frequency downlink, 
(2) dual frequency uplink-dual frequency downlink. With this 
background at hand, the range error equation will now be 
discussed. 

3.1 RANGE ERROR EQUATIONS FOR SINGLE-STATION TRACKING 

The range error equations for a single-station tracking 
discussed in this subsection will consist of two parts. The 
first part is the range error equation for single frequency 
uplink-dual frequency downlink, and the second part is the round 
trip dual-frequency system. To simplify the analysis, the 
following assumptions will be used throughout this subsection: 

(1) the S and X-band delay due to equipment are uncorrelated; 

( 2) the delay due to the troposphere and other terms are also 
uncorrelated. 
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3.1.1 SINGLE FREQUENCY UPLINK 

For a single-station tracking, single frequency uplink-dual 
frequency downlink, the charged particle calibration for the 
range data can be performed by differencing the S and X-band 
range data. From Equations (2) and (3) we get: 

Rs - Rx = (Rrs - Rrx> + (Res - Rex> + (Rss - Rsx> (12) 

The range difference, (Rs - Rx), expressed in Eqn. (12) can 
be rewritten in terms of the TEC in the propagation path and the 
range error due to equipment (Rc,a) . From Eqns. ( 4) , ( 5) , ( 6) , 
and (7), we can show that: 

here 

Io = Ioi + Ios 

Solving for r 0 we obtain: 

Io = 
k 2 [(Rs- Rx) + (Res- Rex)J 

a(1 - m2) 

(13) 

(14) 

Observing that the uplink charged-particle terms have 
dropped out in Eqn. (13). Hence, for single frequency up and 
dual frequency down, the downlink charged-particle content can be 
found from differencing the S and X-band range data. 

By using the downlink charged-particle content r 0 found in 
Eqn. ( 14) , the calibrated S-band range measurement, Rscal, is 
shown to have the following form (See Appendix I): 

cal 
Rs = Rs - b(Rs - Rx) 

= RG + RT + al 2 .~r + bRex - (1 - b)Res (15) 

where b and ~I are given by: 

b = (16) 

~I = Iu - Io = (Iui - Ioi> + (Ius - Ios> (17) 

It has been shown in Ref. 3 that the calibrated X-band range 
measurement, Rxcal, is identical to that of Rscal. 
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From the assumptions stated 
section, the error equation, for 
frequency down, can be shown to be: 

2 
asp 

where 

2 

aT = RMS tropospheric uncertainty 

at the beginning of this 
single frequency uplink-dual 

(18) 

a~ = RMS change in TEC between uplink and downlink uncertainty 

ac~ = RMS equipment uncertainty 

These results can be further simplified by assuming that the 
tropospheric uncertainty can be ignored as it is small compared 
to the other terms (Refs. 2, and 6). Thus, the error equation, 
for single-frequency up-dual-frequency down, becomes: 

2 
asp 

3.1.2 DUAL FREQUENCY UPLINK 

(19) 

When the round trip dual-frequency technique is employed, 
Eqn. (2) becomes: 

' ' ' Rs = ~ + RT + Ris + Rss + Res 

here 

Rrs = a(Iui + (Ioi/k2 )J 

Rss = a(Ius + (Ios/k2 )J 

( 20) 

( 21) 

(22) 

Now we can show, (see Appendix II), that the calibrated s
band range measurement is: 

cal 
Rs = 

cal 
Rx = Rs - c(Rs - Rx) 

= ~ + RT + (1 - c)Rcs + cRcx + ad.~I 

where 

c = 
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(24) 



d = (25) 

Using the same assumptions as in the previous subsection, we 
obtain the error equation, for dual frequency up-dual frequency 
down, as: 

( 2 6) 

3.2 RANGE ERROR EQUATION FOR TWO-STATION TRACKING 

In the preceding section we have assumed that all of the 
terms expressed in the range error equation are uncorrelated. 
Unfortunately, these assumptions are not accurate in general. 
Since the term Rc~' range error due to equipment, contains 
station and spacecraft biases as well as noise. Thus, assuming 
no-correlation between these terms is not entirely accurate. 
This inaccuracy due to no-correlation assumptions will be removed 
in this section for differenced range from two well-separated 
stations. By differencing ranges, as measured from two different 
stations, the geocentric range terms will drop out of the 
relevant equations and most of the errors will be cancelled. 

Based on References (2) and (3), the calibrated and 
uncalibrated range error equations are rederived in Appendix III. 
As shown in Ref. 3, the calibrations for differenced range data 
is not useful with an S-band single-frequency uplink when the s
band is a primary range data. Hence, this case will be excluded 
in the subsequent analyses. For the X-band single frequency 
uplink, S-band range data type, the difference between calibrated 
and uncalibrated errors in the differenced range data is, from 
Appendix III, Eqns. (III.ll), and (III.l2) with 1 equal 
to ( 7/24) : 

(27) 

where aRp' as12' cp, an, as, and ai are defined in Appendix III. 

2 
Notice that for 1 = (7/24), the terms related to 14 and dp 

(see Egn. III.J) have been ignored in Eqn. (27) because 14 << 1, 
and d 2p << 1. The result expressed in Eqn. ( 27) is for a 
"balanced system" in which no error is overwhelming (Ref. 2) , 
i.e., a 2n • a 2nx = a 2ns = (1- PB) (2a 2B + ~ 2 ). Here PB, a 2B, and 
~2 are defined in Appendix III. 
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Similarly, the difference between calibrated and 
uncalibrated X-band range errors in the differenced range data 
can be shown to have the form: 

2 2 
aRp - ax12 = 

( 28) 

From Eqns. (27) and (28), it is seen that the calibration of 
differenced range data is profitable whenever (a2Rp - a2~ 12 ) ~ o. 
Therefore, it is worthwhile to calibrate for charged-pa~ticles in 
the differenced range data if, for single X-band uplink-dual s-x 
downlink, S-band primary data type: 

2 2 2 
a 2 (as + 2ar) ~ k 4 (7cp2 - 6cp)an (29) 

and for X-band primary data type: 

2 2 
a2(as + 2ar) ~ ( 3 0) 

Again, the coefficients Cp, and dp are given in Appendix 
III, Eqns. (III.4), and (III.5). While a is given in Eqn. (8), 
and an denotes the RMS ranging noise uncertainty. In Eqns. (29) 
and (30), the uncertainty in calibrating the ionospheric change 
at each site, ar'' is taken to be equal to the ionospheric error 
in each leg, ar. 

4. COMPARISON OF TECHNIQUES BASED ON ERROR EQUATIONS 

4.1 SINGLE-STATION TRACKING 

We are now in a position to compare the performance of the 
charged-particle calibration techniques based on the range error 
equations discussed in the previous sections. Since the CCSDS 
has categorized all missions whose geocentric range exceeds 
2 x 106 km as Category B, and those whose range remains within 
2 x 106 km as category A. Thus, for Category A, the RTLT is 
always less than or equal to 13.3 seconds, and for Category B, is 
always greater than 13.3 seconds. The importance associated with 
the RTLT is that, for short RTLT such as that of Category A, the 
charged-particle environment can be assumed identical for both up 
and downlink. However, this is a bad assumption for long RTLT 
(greater than or equal to one hour) associated with Category B. 
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The following comparison will be classified 
categories: (1} Category A, where the TEC is assumed 
for both up and downlink, and (2} Category B, where the 
TEC assumption is removed for long RTLT ( ~ 1 hour) and 
angles ( :S 30°}. 

4.1.1 SINGLE-STATION TRACKING CATEGORY A MISSIONS 

into two 
identical 
identical 
small SEP 

For single-station tracking Category A missions, the error 
equation for single frequency up-dual frequency down can be 
written as, from Eqn. (19): 

2 
a sF-A 

here, subscript A denotes Category A missions. 

For dual frequency up-dual frequency down, from 
Eqn. ( 2 6) : 

( 31} 

{32) 

Notice that the uncertainties in the change of TEC between 
up and downlink have been ignored in the above equations due to 
the identical TEC assumption. 

From Eqn. 
uplink with 
respectively, 

(16), we can write Eqn. 
S-band, and X-band 

as: 

{31} for single-frequency 
transmitted frequencies, 

2 2 2 
asF-A/S = 5.545acx + 1.836acs 

2 2 2 
asF-A/X = 1.415acx + 0.036acs 

The error equation for the round 
technique can be found by substituting Eqn. 
The result is found to be: 

2 2 2 
anF-A = 1.182acx + 0.008acs 

(33} 

(34) 

trip dual-frequency 
( 2 4) into Eqn. ( 3 2) . 

{35) 

If we assume that the RMS equipment uncertainty is the same 
for both Sand X-bands, i.e.: 

acs = acx 5 aEq {36) 

so that aEq represents the only RMS equipment uncertainty. 
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Thus, the error equations expressed in Eqns. (33), (34), and 
(35) become: 

asF-A/S = 2.717.aEq 

asF-A/X = 1.204.aEq 

aoF-A = 1.090.aEq 

(37) 

(38) 

(39) 

The RMS range error uncertainty for Category . A, versus RMS 
equipment uncertainty is compared in Figure 6 for S and X-bands, 
single uplink frequency, and dual uplink frequency. This figure 
clearly shows that the use of dual frequencies for both uplink 
and downlink increases the ranging accuracy. However, for 
Category A, this improvement in ranging accuracy is very small 
compared to the X-band single frequency up-dual frequency down 
technique. 

4.1.2 SINGLE-STATION TRACKING CATEGORY B MISSIONS 

By using the previous examples as a basis, we now remove the 
assumption that the charged particles are identical for both 
uplink and downlink for Category B missions, with RTLT longer 
than one hour and SEP angle less than or equal to 3 0°. In 
general, for Category B missions, the charged-particle 
environment is different between up and downlink, and it is also 
a strong function of SEP angles and time separation. In 
Reference 8, Callahan derived the RMS change in columnar content 
from the estimation of the power spectrum of the solar wind 
columnar content fluctuations. He showed that the RMS change in 
TEC, a'~, expressed in meters, is a function of SEP angles and 
time separation, t, between uplink and downlink. From Ref. 8, 
Eqn. 4, we can write a'~ for one-wayS-band as: 

I 

a~(t,SEP) [ J
-1.3 

1.014 sin(SEP) 
= 0.039 (6t)0.75 

0.1 
meters ( 40) 

Where t is in minutes and SEP angles are in degrees. The 
plot of Eqn. (40) is depicted in Figure 7. As an example, at a 
SEP angle of 30°, we obtain the RMS change in TEC of 0.391 meters 
for a range point separation of 60 minutes. However, Ref. 8 also 
points out that the overall changes between data points separated 
in time or from a ray path separated in space could be 3 to 10 
times the values illustrated in Figure 7. Thus, for this 
example, we might expect differences of 1.173 to 3.91 meters for 
range points separated by 60 minutes, at a SEP angle of 30°. 
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similarly, for t = 60 minutes, SEP = S0 , we obtain the RMS change 
in TEC of 3.78S metres, and we might expect differences of 11.3SS 
to 37.8S meters. Hence, for RTLT = 60 minutes, and S0 ~ SEP ~30°, 
we could have a'~ vary from 3.91 to 37.8S meters. 

If the RMS equipment uncertainty, ac~' is the same for both 
sand X-bands, i.e. acs = acx • aEqr then we can write the 
following, from Eqns. (19) and (26), for Category B: 

2 2 ' 2 
asF-B/S = 7.381 aEq + a~ ( 41) 

2 2 ' 2 
asF-B/X = 1. 4Sl aEq + 0.08S a~ (42) 

2 2 
10-s) ' 2 

aoF-B = 1.19 aEq + (2.87 X a~ (43) 

The subscripts SF (or DF), and B/S (or B/X) indicate single
frequency uplink (or dual-frequency uplink), Category B/S-band 
(or X-band) range data type, respectively. 

The RMS change in TEC, a'~' is defined as: 

3.91 meters~ a'~~ 37.8S meters, for S0 ~ SEP ~ 30°, 
and t ~ 30 minutes. 

Equations (42), (43), and (44) are plotted in Figure 8 for 
SEP = s 0 , and 30°, t = 60 minutes. It is obvious that the round
trip, dual-frequency system outperforms the other systems. 
Unfortunately, there is a shortcoming, so called "frequency 
incongruence", associated with this system. In Reference 2, 
Callahan has shown that the incongruence of uplink and downlink 
frequency ratios could cause degradations in the accuracy of 
calibrated single station data. This incongruence effect can be 
observed in Figure 9. When high accuracy range data is desired 
at small SEP angles, the incongruence contribution is always 
greater than or equal to the equipment noise. By high accuracy 
range data we mean that the range error uncertainty due to 
equipment is very small (aEq << 1 meter). 

4.2 TWO-STATION TRACKING 

In this section, we shall compare the overall ranging 
accuracies between calibrated and uncalibrated data. These 
accuracies will depend on the frequencies and calibration 
techniques used for two widely-separated stations. Using the 
ideas developed in Section 3.2, we will determine whether or not 
it is profitable to calibrate the charged particles for 
differenced range data using the dual-frequency technique. 
Alternative techniques andjor a combination of dual frequency 
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with alternative techniques for better calibration performance 
will also be discussed. 

4.2.1. TWO-STATION TRACKING CATEGORY A MISSIONS 

Again, for Category A missions, the range error due to space 
plasma is negligible. The charged particles in the Earth's 
ionosphere can not be neglected, and are different for two 
widely-separated ground stations. From Eqns. (29), and (30), the 
calibration of differenced range data, for Category A missions, 
is profitable when: 

[7c~ -2 6cpJ 
1/2 

ai/S ~ k2 an, for S-band, (44) 

[ J 1/2 
2 

Cp(Cp - 1) 
for X-band, ai/X ~ an, 

[(14 + m4k-4) - d2p] 
(45) 

here, a'I/S(X) • a.ai/S(Xh is the uncertainty in calibrating the 
ionospher1c change at eac site, expressed in meters, and an is 
the RMS ranging noise uncertainty. Note that cp and dp are 
defined in Appendix III. 

The expressions shown in Equations (44), and (45) have 
served as decision thresholds for the determination of the 
optimum calibration strategies. In order to find the threshold 
level for single X-band transmitted uplink-dual s-x downlink, S
hand primary data type, for Category A missions, we substitute 
Equations (9), (10), and (11) into Eqn. (16), then substitute the 
resultant into Eqn. (III.4). The result is then substituted into 
equation (44). This yields: 

a'IjS-SF ~ 1.386 an, S-band, X up and s-x down ( 46) 

This expression shows that the calibration strategies can be 
determined when the ranging noise uncertainty i s specified. 

Similarly, we can show that the decision threshold level for 
s-band primary data type, s-x up and s-x down, for category A 
missions, has the form, from Equations (44), (III.4), (24), (9), 
( 10) , and ( 11) : 

a'IjS-DF ~ 1.104 an, S-band, s-x up and s-x down (47) 
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For X-band primary data type, X up and s-x down, Category A, 
Equation (45) can be rewritten from Eqns. (III.4), (III.5), (9), 
(10), (11), and (16) as: 

a'I/X-SF ~ 15 an, X-band, X up and s-x down (48) 

For s-x up and s-x down, X-band primary data, Category A, 
Eqn. (45) becomes, from Eqns. (III.4), (III.5), (24), (25), (9), 
( 1 0 ) , and ( 11 ) : 

a'I/X-DF ~ 5.819 an, X-band, s-x up and s-x down (49) 

The plot of Eqns. (46), (47), (48), and (49), for the 
equality sign, is shown in Figure 10. It is clear from this 
figure (for Category A) that the calibration of differenced-range 
data required extremely highly accurate equipment. For instance, 
the noise uncertainty, an, is required to be smaller than or 
equal to o .18 meters, for s-band, X up and s-x down, when the 
desired uncertainty in calibrating the charged particles in the 
Earth's ionosphere at each site is set at 0.25 meters. 
Similarly, for X-band, X up and S-X down, an is required to be 
less than or equal to 0.017 meters, for the same requirement on 
the uncertainty in calibrating the charged particles in the 
Earth's ionosphere. Unfortunately, the error due to ranging 
noise is not easy to deal with in ranging systems. It is likely 
that, for Category A missions, it is not profitable to calibrate 
differenced-range data using the dual-frequency technique 
(Reference 2) • The best available alternative technique to 
calibrate the differenced-range data is Faraday rotation 
(References 7, and 9) . It is well known that the Faraday 
rotation technique is capable of removing the range and range 
rate errors due to charged particles in the Earth's ionosphere. 
This capability is well suited for Category A mission 
requirements. Later, when the hardware requirements and 
capabilities of currently available calibration techniques have 
been discussed, we will see how to select the optimum calibration 
technique for use with uncalibrated differenced-range data. 

4.2.2. TWO-STATION TRACKING CATEGORY B MISSIONS 

When RTLT ~ 1 hour, SEP ~ 30°, the effect of space plasma on 
the ranging measurements can not be neglected. It can be 
verified that the calibration of differenced-range data is 
worthwhile when, from Eqns. (29), and (30): 

I 2 I 2 2 
as;s-SF + 2ai/S-SF ~ 3.842 an, S-band, X up and s-x down (50) 

I 2 I 2 2 
asjS-DF + 2ai/S-DF ~ 2.438 an, S-band, S-X up and S-X down (51) 
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t2 t2 2 
as;x-sF + 2ar;x-sF ~ 450 an, X-band, X up and s-x down (52) 

'2 '2 2 
as;x-DF + 2ar;x-sF ~ 67.72 an, X-band, s-x up and s-x down (53) 

t2 t2 
here a Sl (.) = a. as is the uncertainty of the change in space 
plasma during the time between observation, expressed in meters. 

The subscript S(I)/S(X)-SF(DF) indicates space plasma (or 
ionospheric)jS-band (or X-band)-single-frequency uplink (or dual-
frequency uplink) . -

In the above equations, the uncertainty of the change in 
space plasma in the time between observation, a's!(.)' expressed 
in meters, is a strong function of RTLT and SEP angles. The 
value of a'sj(.) can be estimated from Figure 7. For SEP = 30°, 
t = 60 minutes, the plot of Equations (50) , (51) , (52) , and (53) , 
with the equality sign, is shown in Figure 11, using the 
estimated value for a' S/ (.) from Figure 7. As with Category B 
missions, for long RTLT (one hour or more), and small SEP angles 
(30° or less), it is evident that, from Figure 11, the 
requirement on equipment accuracy is less stringent than Category 
A. By this requirement we mean that it is always profitable to 
calibrate the differenced-range data, by X up and s-x down (or 
round trip dual frequency), and Faraday rotation techniques, if 
S-band is the primary range data type. However, if X-band is 
primary, it is not always profitable to calibrate differenced
range data by using the dual-frequency technique. For this case, 
it is likely that the calibrations should be performed if either 
of the following systems are used: (1) round trip dual-frequency 
system, or (2) high accuracy ranging system (see Figure 11). 

For Category B missions, with short RTLT (much less than one 
hour), and large SEP angles (greater than 30°), the calibration 
technique for the differenced-range data is identical as that of 
Category A missions, i.e. the uncalibrated differenced-range data 
is best calibrated utilizing Faraday rotation. 

5. HARDWARE REQUIREMENTS AND CAPABILITIES OF CURRENT 
CHARGED-PARTICLE CALIBRATION TECHNIQUES 

In Section 4, we have compared the performance of the 
available calibration techniques based on the error equations. 
The round trip dual-frequency system (for single station) appears 
to be superior than the other techniques. For two-station 
tracking, the Faraday rotation technique seems to be the best 
choice for Category A, and a combination of dual-frequency and 
Faraday rotation techniques for Category B. Now, the question to 
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be answered is, are these the optimum charged-particle 
calibration techniques, and what mode (satellite or spacecraft) 
of Faraday rotation should we use? As discussed previously, two 
of the three useful criteria for selecting the optimum 
calibration techniques are hardware requirements and capabilities 
of calibrating the charged-particle content, and these are the 
topics we now discuss. 

From References 1, 4, 7, and 9, we can tabulate the 
requirements and capabilities of the current charged-particle 
calibration techniques into Tables 1 and 2, respectively. A 
comparison between hardware requirements and capabilities of 
these techniques can be made based on these tables. 

Table 1 shows the calibration techniques and associated 
hardware requirements. The first column indicates the available 
charged-particle calibration techniques. The second column 
indicates the hardware requirements associated with these 
techniques. It is observed that there are two groups of 
calibration techniques. The first group includes those dependent 
on spacecraft hardware, and the second group of calibration 
techniques are those independent of spacecraft hardware. In 
Reference 1 we have denoted the first group as spacecraft mode, 
and the second group as satellite mode. It is seen from this 
table that the round trip dual-frequency method is the most 
expensive one, and the satellite Faraday rotation is the least 
expensive due to the additional hardware required on the 
spacecraft and ground station. 

Illustrated in Table 2 are the advantages and disadvantages 
associated with the available calibration techniques. The 
calibration techniques are presented in the first column. While 
the second and third columns show the advantages and 
disadvantages associated with the calibration techniques listed 
in the first column, respectively. This table demonstrates that 
the round trip dual-frequency technique is the most powerful 
technique. It is capable of calibrating the charged particles 
beyond the Earth's ionosphere for both uplink and downlink, 
without requiring mapping for calibration. However, this method 
is the most expensive one compared to the others. The least 
powerful but the cheapest among all the available techniques is 
the satellite Faraday rotation technique. It is capable of 
removing the charged particles in the Earth's ionosphere only, 
and mapping is required for calibration. 
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TABLE 1. Charged Particle Calibration Techniques With 
Associated Hardware Requirements. 

ADDITIONAL HARDWARE 
CALIBRATION REQUIREMENTS 

TECHNIQUE 
SPACECRAFT GROUND 

DUAL-FREQUENCY UP/ Dual-Frequency Dual-Frequency 
DUAL-FREQUENCY DOWN Ranging TransmitterjRcvr, 

Transponder Dual Ranging 
(Uplink and Downlink Equipment and 

Dual Frequency) Comparator 

SINGLE-FREQUENCY UP/ Dual-Frequency Dual-Frequency 
DUAL-FREQUENCY DOWN) Transmitter Receiver 

(Downlink Dual-Freq.) 

-

SATELLITE DUAL- None Dual-Frequency 
FREQUENCY Receiver 

SPACECRAFT FARADAY Linearly- Polarimeter 
ROTATION Polarized 

Antenna 

SATELLITE FARADAY None Polarimeter 
ROTATION 

DIFFERENCED RANGE- Single Frequency Ranging Equipment 
VERSUS-INTEGRATED Ranging 
DOPPLER (DRVID) Transponder 
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TABLE 2. Advantages and Disadvantages of the Available 
Calibration Techniques. 

CALIBRATION TECHNIQUES 

SPACECRAFT DUAL
FREQUENCY METHOD 

SATELLITE DUAL
FREQUENCY METHOD 

SPACECRAFT 
DRVID 

SPACECRAFT 
FARADAY ROTATION 

SATELLITE FARADAY 
ROTATION 

ADVANTAGES 

1-No mapping is 
required for 
calibration. 

2-Capable of 
calibrating TEC 
beyond Earth's 
ionosphere. 

Less expensive 
than S/C DFM, 
only additional 
hardware for 
ground system 
are required. 

1-No mapping is 
required for 
calibration. 

2-Capable of 
calibrating the 
TEC beyond the 
Earth's iono
sphere. 

1-No mapping is 
required for 
calibration. 

2-Cheaper than 
the S/C DRVID 
technique, only 
linearly-polar
ized antenna & 
polarimeter are 
required on 
board the S/C & 
ground station, 
respectively. 

Cheapest among 
all the available 
techniques de
scribed above. 
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DISADVANTAGES 

Expensive, addi
tional hardware 
for s;c and 
ground system 
are required. 

1-Mapping is 
required for 
calibration. 

2-0nly the TEC 
in the Earth's 
ionosphere can 
be calibrated. 

Calibrating the 
range rate error 
only. 

1-Capable of re
moving the TEC 
in the Earth's 
ionosphere only. 
2-Not accurate 
when the Sun
Earth-Probe 
(SEP) is small. 

1-Capable of re
moving the TEC in 
the Earth's iono
sphere only. 
2-Mapping is 
required for 
calibration. 



6. SUMMARY-DISCUSSIONS-CONCLUSIONS 

This report has presented three useful criteria for 
selection of the optimum charged-particle calibration techniques 
for ranging data. The first criterion, minimum range error and 
RMS range error uncertainty, has been discussed in Sections 3 and 
4. In these sections we have focused our attention on the dual
frequency calibration technique, since it has been shown to be 
the most accurate ranging calibration technique known, 
especially, if done on both uplink and downlink (Ref's 4, 7) . 
The second and third criteria, hardware requirement and 
calibration capabilities, respectively, have been presented in 
Section S. The charged-particle calibration techniques with 
associated hardware requirements are summarized in Table 1. The 
advantages and disadvantages of the charged-particle calibration 
techniques described in Table 1 are tabulated in Table 2. It is 
obvious from these tables that the most powerful and also the 
most expensive available calibration technique is the round trip 
dual-frequency technique. While the least powerful but the 
cheapest among all the available calibration techniques is the 
satellite Faraday rotation technique (See Ref. 1 for the 
description of satellite Faraday rotation technique). 

The results found in Section 4. 1 show that, for single 
station, the use of the round trip dual-frequency calibration 
technique has reduced the RMS range error uncertainty as compared 
to the others. However, for Category A missions, this reduction 
in range error uncertainty is not significant when compared to 
the single X-band uplink-dual S-X downlink technique. For 
instance, from Equations 38, and 39, the reduction in RMS range 
error uncertainty is 0.11 meters for 1 meter RMS equipment 
uncertainty. on the other hand, it is to be noted from Table 1 
that the high cost due to the additional hardware required for 
the round trip dual-frequency technique has made it less 
attractive than the single X-band uplink-dual s-x downlink 
technique. Thus, for a single station tracking Category A 
missions, the single X-band uplink-dual S-X downlink technique 
seems to be the optimum choice. It provides both performance and 
cost efficiency. 

For Category B missions the situation is quite different 
from that of Category A, especially when the RTLT ~ 1 hour and 
sO < SEP !> 30°. The round trip dual-frequency technique, for 
this case, has shown its superior performance over the others. 
This superiority in performance has been demonstrated in Figure 
8. As an example, for RTLT = 1 hour, SEP = sO, the round trip 
dual-frequency technique has reduced the RMS range error 
uncertainty to about 34 meters at 1 meter RMS equipment 
uncertainty when compared to the single X-band uplink-dual S-X 
downlink technique. In addition, the round trip dual-frequency 
technique also provides a complete charged particle calibration 
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for both uplink and downlink ranging data. Although the cost 
associated with this technique (pointed out in Section 5, Tables 
1, 2) is very high, the results found previously show that the 
round trip dual-frequency technique is definitely needed if the 
RTLT ~ 1 hour and 50 < SEP ~ 30°. Thus, regardless of high cost, 
the round trip dual-frequency technique is the optimum choice for 
Category B missions. Unfortunately, there are some limitations 
associated with this technique. These limitations relate to the 
effects of incongruent uplink and downlink frequency ratios. For 
SEP ~ 50, the frequency incongruence can cause serious 
degradations in RMS range error uncertainty (see Figure 9). 
Therefore, for very small SEP angles (~5°), Category B missions, 
the round trip dual-frequency technique is not a viable candidate 
for charged-particle calibration. To summarize, the round trip 
dual-frequency technique is recommended for Category B missions 
with the RTLT ~ 1 hour and 50 < SEP ~ 300. 

A comparison of the current charged-particle calibration 
techniques for the two-station tracking mode is presented in 
Section 4. 2. Since most of the errors are cancelled out in 
differenced-range data, the performance criterion is different 
for this case, and it is this difference that we discussed in 
Section 4. 2. 1 for Category A missions, and Section 4. 2. 2 for 
Category B. The determination of the optimum charged-particle 
calibration techniques is based on the decision thresholds found 
in Equations (46}, (47), (48}, and (49) for Category A missions, 
and Equations (50), (51), (52), and (53) for Category B. These 
equations are plotted in Figures 10, and 11 for Category A and B, 
respectively. It should be mentioned here that the above 
equations are plotted for the equality sign only. It was found 
that, for two-station tracking, Category A missions, the 
differenced-range data is best calibrated using the Faraday 
rotation technique. It was also shown that, for Category B, a 
combination of dual-frequency and Faraday rotation techniques is 
required for charged particle calibration if the RTLT ~ 1 hour 
and 5° < SEP ~ 3 o0 . Furthermore, from the results found in 
Section 4.2.2, Category B missions, we observed that the dual
frequency technique used in combination with the Faraday rotation 
technique depends on which band is the primary ranging data type. 
If S-band is primary, the best choice for calibrating the charged 
particles is a combination of the single X-band uplink-dual s-x 
downlink and Faraday rotation techniques. If X-band is primary, 
the best choice is a combination of the dual s-x uplink-dual s-x 
downlink and Faraday rotation techniques. Callahan also has 
shown that this technique (dual uplink-dual downlink combined 
with Faraday rotation) is best when the bias errors are larger 
than the range noise (Ref. 2}. 

So far we have only discussed the best calibration 
techniques for two-station tracking based on the first criterion. 
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In order to complete the procedure for selecting the optimum 
charged-particle calibration techniques for two-station tracking, 
we now turn our attention to the other two criteria: minimum 
hardware requirement and capability of calibrating group velocity 
changes on the ranging channel. As was pointed out earlier, the 
Earth's ionosphere is different for two widely-separated 
stations. Thus, the range error due to the ionospheric effect 
will n6t be cancelled out for differenced-range data, and it was 
decided that the Faraday rotation technique would have the 
capability to calibrate this effect (see Table 2). It is obvious 
(from Table 1) that the optimum choice (based on the second 
criterion) for calibrating the charged-particle content in the 
Earth's ionosphere for two-station tracking of Category A 
missions is the satellite Faraday rotation technique and a 
combination of dual-frequency and satellite Faraday rotation 
techniques for Category B. 

The results found here are summarized in Tables 3 and 4. 
Table 3 shows the optimum charged-particle calibration techniques 
for ranging data. Table 4 is an extension of Table 3, where it 
illustrates the optimum charged-particle calibration techniques 
as a function of ranging data type {S-band or X-band) for two
station tracking, category B missions, with the RTLT ~ 1 hour and 
50 < SEP ::s; 300. 

Based on the above investigation, it is recommended that the 
CCSDS adopt the optimum charged-particle calibration techniques 
presented in Tables 3 and 4 as the standard charged-particle 
calibration technique for ranging data. 

It is important to mention that the number of satellites 
suitable for Faraday Rotation measurements has steadily 
decreased. For example ATS1 (formerly observed from Goldstone) 
was moved from 149° W to 164° E in 1982 to conserve station
keeping fuel. As a result NASA (National Aeronautics and Space 
Administration)/JPL (Jet Propulsion Laboratory) is in search for 
other ways to determine the Earth's ionospheric TEC. A Global 
Positioning system {GPS) -based calibration system is planed to 
replace the currently used satellite Faraday rotation technique 
by 1990 (Ref. 10). Therefore, it is suggested that the CCSDS 
should increase its effort to investigate this technique for 
future charged-particle calibration technique for the Earth's 
ionosphere. 
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TABLE J. The optimum Charged-Particle Calibration 
Techniques for Ranging Data. 

TRACKING CATEGORY A CATEGORY B 
MODE 

RTLT ~ 1 hour RTLT < 1 hour 
50 < SEP ~ 30° SEP > 30° 

ONE STATION X-Band Up-Dual Dual s-x up- X-Band Up-Dual 
s-x Down Dual s-x Down s-x Down 

A Combination Satellite 
TWO STATIONS Satellite Faraday of Dual Freq. Faraday 

Rotation< 1 > and Faradai Rotation< 1 > 
Rotation*( ) 

* See Table 4 for details. 

TABLE 4. The Optimum Charged-Particle Calibration 
Techniques for Ranging Data, Two-Station 
Tracking, Category B. 

RANGING DATA CATEGORY B 

** 

(1) 

TYPE RTLT ~ 1 hour, 50 < SEP ~ 30° 

A Combination of X-Band Up-Dual s-x Down 
S-Band and Satellite Faraday Rotation(1) Techniques 

A Combination of Dual S-X Up-Dual S-X Down 
X-Band and Satellite Faraday Rotation(1) Techniques** 

This technique should be carried out only when (1) the range 
error due to equipment is small, and (2) the bias error is 
larger than the range noise. 

NASA/JPL is planning to replace the currently used satellite 
Faraday rotation by a Global Positioning System (GPS)-based 
calibration system by 1990. The GPS satellite exploits the 
P-code from the L-band to measure the total columnar content 
of the ionosphere. Thus, it is also named "Satellite L-band 
Ionospheric Calibration (SLIC)". 
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A DESCRIPTION OF A POSSIBLE PROPAGATION PATH 
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Figure 1. A Description of a Possible Propagation Path 
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APPENDIX I 

SINGLE FREQUENCY UPLINK FOR SINGLE-STATION TRACKING 

From Equation 2, the calibrated S-band range measurement is 
found to be: 

cal 
Rs = Rs - (Rrs + Rss> = RG + RT + Res (I-1) 

cal 
where Rs denotes the S-band range measurement after the 
charged-particle calibration. 

Writing the sum of range error due to the 
ionospheric and space plasma effects, (Rrs + Rss), as a 
of the total charged-particle content, from Equations 
(6), we obtain: 

Rrs + Rss = a[l 2Iu + (Io/k2)J 

where 

Iu = Iui + Ius 

Io = Ioi + Ios 

By substituting Equation (14) into (I-2) we get: 

[(Rs- Rx) + (Res- Rcx)J 

From Equation {I-3), Equation {I-1) can be shown to 
following form: 

cal 1 
Rs = Rs - (Rs - Rx) 

(1 - m2) 

Rex m2 
= RG + RT + al2Iu + Res 

{1 - m2) (1 - m2) 
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Obviously, Equation (I-4) indicates that the information 
regarding uplink charged-particle content in the propagation path 
is required in order to calibrate the range error. Following 
Ref. 2, we can avoid working with the uplink charged-particle by 
referencing the uplink charged particle to the downlink charged 
particle by: 

Iu = Io + t:..I (I-5) 

Thus, Equation (I-4) becomes: 

(I-6) 

Substituting Equation (14) in to (I-6) and rearranging the 
like terms, we obtain: 

cal (1 + k 21 2 ) 
Rs = Rs - (Rs - Rx) 

(1 - m2) 

RT + al 2t:..I + 
(1 + k212) (m2 + k212) 

= R(;+ Rex - Res 
(1 - m2 ) (1 - m2) 

APPENDIX II 

DUAL FREQUENCY UPLINK FOR SINGLE-STATION TRACKING 

When the dual-frequency uplink is employed, we have: 

I I I 

Rs = R(; + RT + Ris + Res + Rss 

Rx = R(; + RT + Rix + Rex + Rsx 

(I-7) 

(II.1) 

(II.2) 

' I • I I where Ris' Rss are def1ned 1n Equat1ons (21) and (22) 1 while the 
other terms are defined as before. 

The charged particle calibration is performed by 
differencing the S and X-band observation to get: 

I f f 

Rs - Rx = (Ris - Rrx) + (Rss - Rsx) + (Res - Rex) (II.3) 

Substituting Equations (5) 1 (7), (21) 1 (22) into (II. 3) 1 and 
writing the result in terms of t:..I 1 we obtain: 

I 

Rs - Rx 
(1 - m2 + k2 -k212) 

= a[ (1 - 12)t:..I + 
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(II. 4) 



Io = 

Solving for Io we get: 

k2 

The calibrated S-band range measurement is: 

cal cal 1 1 

Rs = Rx = Rs - (Ris + Rss) = RG + RT + Res 

cal 
Rs 

cal 
Rs = 

= 

Equation (II.6) can be rewritten as: 

= Rs - a = RG + RT + Res + a 

Substituting Equation (II.5) into (II.7) we obtain: 

(Rs - Rx) 
Rs -

(1 - m2 + k2 - k212) 

a(1 - 1 2 )~I 
RG+ RT + Res + aiu -

(1 - m2 + k2 - k212) 

(Res - Rex) 

(1 - m2 + k2 - k212) 

(II. 5) 

(II.6) 

(II.7) 

(II. 8) 

Adding and subtracting Io from the right-hand side of 
Equation II-8 1 and rearranging the result we get: 

cal a(k2 - k212 + 12 - m2) ~ I 
Rs = RG + RT + Res + 

(1 - m2 + k2 - k212) 

(Res - Rex) 

- m2 + k2 - k212) 
(II. 9) 

(1 

Substituting Equation (II. 5) into (II. 9) 1 and rearranging 
the like terms we obtain the results shown in Equation 23. 
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APPENDIX III 

DIFFERENCED-RANGE DATA FOR TWO-STATION TRACKING 

The difference of calibrated data can be found from 
Equations (15) or (23) for single or dual frequency uplink, 
respectively. Since, from Equation (I-5), 

~I = Iu - ID = (Iui - Ioi) + (Ius - los) (III.1) 

We can write ~I as: 

(III.2) 

here 

~Ii Iui - Ioi = change of TEC in the Earth's ionosphere 

~Is = Ius - Ios = change of TEC in the space plasma 

Now, the difference of calibrated range data between two 
stations can be written in terms of ~Ii and ~Is as: 

cal cal 
Rp = Rs1p - Rs2p 

= (Rc1 - Rc2) + (RT1 - RT2) + (1 - Cp) (Rcs1 - Rcs2) + 

cp(Rcx1 - Rcx2) + adp(~Ii1 - ~Ii2) + adp(~Is1 - ~Is2) 

where 

1, for single frequency uplink 
p = 

2 I for dual frequency uplink 

c1 = b, for single frequency uplink 

c2 = c, for dual frequency uplink 

d1 = 12, for single frequency uplink 

d2 = d, for dual frequency uplink 

(III.3} 

(III.4) 

(III. 5) 

For uncalibrated data, the differences of range data for 
both S and X-band are given below, respectively. 

= (Rc1 - Rc2) + (RT1 - RT2) + (RIS1 - Ris2) 

+ (Rss1 - Rss2) + (Rcs1 - Rcs2) 
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Rx12 = Rx1 - Rx2 

= (Rc1 - Rc2) + (RT1 - RT2) + (RIX1 - RIX2) 

+ (Rxs1 - Rxs2> + (Rex1 - Rex2> (III.7) 

Substituting Equations ( 4) , ( 5) , ( 6) , and ( 7) into (.III. 6) 
and (III.7), respectively, we obtain the following: 

Rs12 = ~G + ~T + ~es + al 2 [Iui1 - Iui2] + (a/k2 ) [Ioi1 - Ioi2J 

(III. 8) 

(III.9) 

where 

~G = differenced geometric range between two stations 

~T = differenced-range error due to tropospheric effect between 
two stations 

~eb = differenced-range error due to equipment between two 
stations. (Note that subscript b indicates the frequency 
band of observation.) 

If we separate the range error due to equipment, Reb, into: 

Reb = RBb + RMb + Rp + RNb (III.10) 

here 

= range error due to ground station group delay bias 

= range error due to spacecraft group delay bias 

= range error due to frequency system offset 

RNb range error due to S or X-band ranging noise. 

From Reference 2, the range error equation for the 
calibrated difference range data can be written as, from Equation 
(III.3): 

2 2 2 2 2 
aRp = 2CpaNx + [1 + 2cp(Cp- 1) (1- PB)] (2aB + ~ ) + 

(III.11) 
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Similarly, the error equation for uncalibrated s and X-band 
range data are given by, respectively: 

2 2 2 2 2 2 
as12 = 2aNs + ( 2a B + D. ) + a2(14 + k-4) (as + 2a I} 

2 2 
+ 2aT + c2r2aF (III.l2) 

2 2 2 2 
+ a2(14 

2 2 
ax12 = 2aNx + ( 2as + D. ) + m4k-4) (as + 2a I) 

(III.l3) 

where 

aNb = RMS ranging noise uncertainty for ~-band {S or X-band) 

as = uncertainty of the change in space plasma for the time 
between observation 

ai' = uncertainty in calibrating the ionospheric change at 
each site 

aF = 

asb = 

a I = 

D. = 

PB = 

frequency system offset uncertainty 

uncertainty in the ground station systematic calibration 
error 

ionospheric measurement error on each leg 

D.s = D.x = transponder stability between points 

ass asx 

For the purpose of this study and since dp << 1, we can take 

a I ::::: a I' (see Ref. 2) . 

A 

B 

B/S 

DEFINITIONS, ACRONYMS, AND SYMBOLS 

Category A Missions 

Category B Missions 

Subscripts Which Indicate Category B, S-Band Range 
Data Type 
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CCSDS 
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k 
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Reference 
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S/C 

Sf 

SEP 

T 

U.T. 

X 

0 

& 

Spacecraft 

Subscripts Which Indicate Single Frequency Uplink 

Sun-Earth-Probe angle 

Geometri~ Delay 

Tropospheric Delay (non-dispersive) 

Round-Trip-Light-Time 

Earth's Ionospheric Delay (dispersive) 

Instrumental Delay (includes the station clock 
offsets as well as dispersive components due to 
differences in the antennas and electronics at 
different stations) 
Space Plasma Delay (dispersive) 

Total Columnar Electron Content 

Universal Time 

X-Band 

Degrees 

And 
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A POSITION PAPER ON THE PERMISSIBLE LEVEL OF EMISSIONS IN THE 
2.29-2.30 GHz & 8.40-8.45 GHz BANDS, FOR CATEGORY A MISSIONS 

J. L Gerner 

European Space Research and Technology Centre 
RF System Division (XRT) 

European Space Agency, Keplerlaan 1 
P.O. Box 299, 2200 AG Noordwijk, The Netherlands 

ABSTRACT 

The objective of this paper is twofold: (1) to protect the 
deep space bands from Category A spurious emissions, and (2) to 
provide the transponder designers w~th mission independent 
specifications on spurious emissions. The bands under 
investigation are 2.29-2.30 GHz and 8.40-8.45 GHz. This paper 
considers only one transmitting interfering spacecraft and a 
global protection of 20 dB is assumed for the case of multiple 
interfering spacecraft. 
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1. General 

Space Operation and Space 
currently using on their 
following bands: 

S-Band: 2200 - 2300 MHZ 

Research Services 
Space-Earth links 

X-Band: 8400 - 8500 MHz (space research only ) 

are 
the 

Within the Space research Service, a distinction is 
made between Category A missions 6operating at altitudes 
above Earth of less than 2xl0 km and the others , 
placed in Category B. In this document, "Cat.A" and 
"Near Earth" are used indistinctly, as well as "Cat.B" 
and "Deep Space". 

The S and X bands are shared between those two 
categories in the following way 

Cat.A Cat.B 

S-Band 2200-2290 MHZ 

8450-8500 MHZ 

2290-2300 MHZ 

X-Band 8400-8450 MHZ 

As can be noted, the bands are adjacent. Deep Space 
links are very sensitive to interferences and 
Near-Earth bands (particularly S-Band) are getting more 
and more crowdy while data rates are continously 
increasing. 

This paper deals with the rejection to be performed in 
the sensitive Deep-Space bands on the transmitted 
spectra of Near-Earth spacecrafts. 

2. Regulations 

2.1 Levels of interference received by a Station 

In Appendix 28 of the ITU Regulations, the 
specification is given for the maximum 
interference by a station: 

following 
affordable 

The permissible level of the interfering emission ~. 
in the reference bandwidth, to be exceeded for no more 
than E percen.t of the time at the output of the 
receiving antenna of a station subject to interference, 
from each source of interference, is: 
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Pr a -222 dBw/ Hz 
~ 2 0.001 ~ercent 

in the 2.290-2.300 GHz band 

Pr a -220 dBw/ HZ 
~ a 0.001 ~ercent in the 8.400-8.500 GHz band 

The sources of interference considered in this ~a~er 
are the TT&C S~ace-to Earth communication links in the 
Cat.A S and X bands, namely: 

S-Band 2.200 - 2.290 GHz 
X- Band : 8.450 - 8.500 GHz 

2.2 Power Flux Density on Earth surface 

The emissions of Cat.A communications from S~ace to 
Earth must co~e with the following requirements: 

The limits to the Power Flux Density (PFD) ~reduced at 
the Earth surface, specified in the Art. 28 of the ITU 
Radio Regulations as a function of the angle of 
incidence 9 above the horizontal plane: 

S-Band 

0 < 9 
5 < 9 

25 < 9 

X- Band 

0 < 9 
5 < 9 

25 < 9 

< 5 deg. 
< 25 " 
<" 90 " 

< 5 deg. 
< 25 " 
< 90 " 

PFD < -154 
PFD < -154+0.5x(9-5) 
PFD < -144 

PFD < -150 
PFD < -150+0.5x(9-5) 
PFD < -140 

" 
" 

" 
" 

These requirements are the drivers for t he 
characterization of in-band emissions. 

2.3 Earth station antenna pattern 

The radiation pattern of the Deep Space Ground Stat io n 
receiving antennas used i n this document is the 
reference pattern agreed by WARC- 79 for the cases whe r e 
the ratio between the antenna diameter and the 
wavelength is not less than 100: 
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3. Deep Space Ground Stations characteristics 

I 
I 

~ 

I 
I 

The Ground Stations which shall be considered for 
interference calculation are: 

-NASA DSN 64 meters (Goldstone, Madrid, Canberra) 

-NASA DSN 34 meters ( Goldstone , Madrid, Canberra ) 

-ESA 15 meters (Carnavon) 

-NASA DSN 70 meters (preliminary data available) 

264 



They are characterized by : 

-The antenna gain ( reception) inS and X bands 

-The noise level in dBw/ Hz at receiver input 
(designated as "receiver threshold") . 

4. Permissible spurious emissions. Interferences on 
Deep Space Networks 

As a starting point, we will assume that the considered 
cat.A emissions from space 2eet the PFD limits ( worst 
case) 2 namely -144 dBw/m .4kHz in S-Band and -140 
dBw;m 2 .4kHz in X-band, or respectively -180 and -1 76 
dBw;m .Hz. 

The maximum acceptable PFD in the 2.29-2.30 GHz and 
8.40-8.45 GHz bands to comply with the p€rmissible 
interference power at the antenna output are calculated 
from: 

PFDmax • -222- 10Log(k 0 .s) daw;m 2 .Hz 

PFDmax • -220- 10Log(k 1 .S) dBw;m 2 .Hz 

(S-Band) 

(X-Band) 

where S is the antenna surface, k0 and k1 efficiencies respectively in S and X bana. 

4.1 Maximum PFD's 

Based on the following antenna efficiency figures: 

station k0 k1 --------------------------------------------
64 m 0.63 0.55 
34 m 0.57 0.50 
15 m 0.46 0.41 
70 m 0.64 (est.) 

its 

the maximum 
interference 

PFD's to comply with maximum permiss i ble 
level at the antenna output are: 

Station PFDmax ( daw;m2 .Hz) 

S-Band X- Band 

64 m -255 -253 
34 m -249 -247 
15 m -241 -239 
70 m -256 
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4.2 Permissible spurious emissions 

The minimum attenuation (dB) of the Power Spectra l 
Density (PSD) of the emission in the cat.B bands with 
regard to its peak PSD can be easily derived: 

Cat.B station Cat.A emission 
------------------------------------------------

S-Band X- Band 

64m I s 75 79 
64m I X 73 77 
34m I s 69 73 
34m I X 67 71 
15m I s 61 65 
15m I X 59 63 
70m I s 76 80 

Based on these results, the following requirements 
should be applied to the Cat.A Transmitters operating 
in s or X bands: 

"For a Cat.A s~aceborn Transmitter operating in the 
8.45-8.50GHz ban , the maximum PSD in any 1 Hz band 
shall be -80 dBc in the 2.29-2 . 30 GHz band and -77 dBc 
in the 8.40-8.45 GHz band with regard to the peak PSD." 

The protections proposed hereabove are somewhat more 
stringent than the rejections which are usually found 
on existing TT&C Transponders (60 dB typ. ). But newly 
designed equipments are generally better performing and 
should be able to meet such requirements, as they do 
concern only two narrow frequency ranges. However, 
these requirements will not be met in the case when the 
carrier frequency of the Cat.A emission is close to the 
border of the Cat.B range with regard to its bandwidth 
needs. It is therefore recommended to reserve 
frequencies far from the Cat.B frequency range to those 
missions requiring to operate with the maximum 
permitted PFD and at high data rates on their return 
link (unfortunately, both requirements go generally 
together ) . 

4.3 Interferences on Cat.B stations 

The ITU regulations from which we have derived the 
specifications on Cat.A Transmitters do not preclude 
from possible interferences on the Cat.B receiving 
stations. The ITU figures on the permissible 
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interference power at the antenna output are the order 
of magnitude of the noise level at the input to the Low 
Noise Amplifiers of the Cat.B stations receiving 
chains. However, one must take in consideration the 
relative geometry of the links and the probability for 
the Cat.A spacecraft to transmit in the very narrow 
beam of the Deep Space station. 

Tables 1 & 2 present the computation of the percent 
interference time produced by a low Earth orbiting 
spacecraft upon each of the four reference Stations. 

Table 1 deals with interferences from S or X band 
transmissions upon an S-band receiving Station. 

Table 2 deals with interferences from S or X band 
transmissions upon an X-Band receiving Station. 

In every case, the PFD at the Earth surface from the 
Cat.A emissions is the limit value as specified in para 
4 . 2 . 

The criterion for interference has been chosen 
arbitrarily as a level of spurious higher than the Rx 
threshold minus 20 dB. 

The percent interference time is computed on the basis 
of the highly pessimistic case when the LEO spacecraft 
crosses the Ground Station beam axis at every 
revolution (the LEO S/C is assumed to communicate 
through a quasi-omni antenna). 

The results show that the excess of spurious power with 
regard to the chosen threshold is 16 dB or less and the 
percent interference time is only three times the ITU 
specification in the very pessimistic and unrealistic 
case stated in the previous paragraph. 

5. Conclusions 

This analysis shows that, provided a limited 
improvement in the spectral characteristics of the 
Cat.A Transmitters operating in s or X band and a 
minimum coordination between Deep Space and Near Earth 
operations, no interference should arise on Deep Space 
receiving stations from Cat.A missions. 

However, care should be taken in the choice of the 
frequency to be allocated to Cat.A missions requiring 
high data rate telemetr y . 
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N 
0"1 
00 

TABLE 1 

IHPACT Of CAT h SPACECRAfTS SPURIOUS EHISSIONS IN THE 2.29 - 2 . 10GHZ BAND UPON DEEP- SPACE GROUND STATIONS OPERATION 

ANTENNA DIAMETER ....... a 
S- BAND fREQUENCY .. . .. HHZ 
ANTENNA EffiCIENC1 K ... . 
ANTENNA GAIN GaaK ..... dB 
Pilla .... . ......... . .. da9 
Plllr. .... .. ...... . .. . da9 
G1 . . .... .. ..... . . . . . .. dB 
PHI - ldB . . ............ da9 

RX THRESHOLD (no1 s e pwr 1avel) ........ . dBw/Hz 
Raqu1red protact1on .. . dB ( • <.. · \U \!. \. , , l e w;) I"\ ) 

RaJectlon 1n Cat . AS - Band spectrua ... . . ... dB 
HaK PfD racaivad f•• S- B aalSslon .. . dBw/•2/H& 

(protection • 1~ dB) 
Ant ann• .opparant surf•c• . ........ ... .. . .. dBa2 
Spur1ous powar at RA 1nput .. . .... .... .. dBw/Hz 
EKcass Spur1ous pow•r on aKis ... . .. .. ..... . dB 
Interferenca halt -cone .tn<jle .. . ... ... .... . de9 
Parcent Interfaranc a t1ae (Low E.orth Orb.) .. \ 

(LEO c ross1n1 beaa axis •t ••ch orbit) 

Raject1on 1n Cat . ~ ~-Band spactrua ... . . .. . dB 
Hax PfD race1vad fra X-B aalSSlon . .. dBw/a2/Hz 

(protection a 10 dB) 
Antenn• app•rant .u. C.A C & •••• • ••••• • •• •••• dBa2 
Spur1ous powar at Rx input .. . ... . . . .. . . dBw/Hz 
Exce5s Spuc1ous powar on axis ..... . .... ... . dB 
Interference half - ·:> n,. an<Jle .... .. ... .. ... de<J 
Perc•nt Interfacanc d t1aa (Low E•rth Orb . ) .. \ 

(LEO c ross1nq baaa ax1s at a•ch orbit) 

DSN D a 64a 
S- BAND 

64.00 
229~ . 00 

0 . 61 
61 . 10 
o . u 
0 . 19 
42 . lS 
0 . 14 

- 211.00 
20 . 00 

-2~~ . 00 

11. Ol 
-221.91 
1~ . 01 

0.16 
0 . 0012 

-2~6.00 

ll . 01 
-222.91 

14.01 
0 . 1 ~ 

0 . 0011 

15.00 

10.00 

DSN D • Ha 
S-BAND 

l4 .00 
229~ .00 
0 . ~1 

~~ . lo 

0 . 12 
0 . ~6 

11.21 
0 . 21 

-21~ . 20 

20 . 00 

- 2~~ . 00 

27 . 11 
-221 . 11 

1 . ll 
0 . 21 

0 . 0042 

-2~6.00 

21 . 11 
-221.11 
6.)) 
0 . 19 

0.0019 

15.00 

10 . 00 

CARNAVON D = 1~a 

S-BAND 

1~ . 00 

229~. 00 
0.·16 
41 . 80 
0.61 
0 . 92 
12.90 
0.61 

-201 . 10 
20 . 00 

-2~~-00 

19 . 11 
-21~ . 11 

-1 . 01 
no interf. 

-256.00 

19 . 11 
- 216.11 
-1.01 

no interf . 

15 . 00 

10.00 

DSN D 
S- BAND 

10 . 00 
229~ . 00 

0 . 64 
62.60 
0 . 11 
0.11 
42.91 
0 . 11 

-211 . 00 
20 . 00 

-2~5.00 

ll. 91 
- 221.01 
1~ . 91 

0 . 15 
0.0010 

-256.00 

ll. 91 
-222 . 01 

14 . 91 
0 . 14 

0 . 0029 

10a 

15 . 00 

10.00 



TABLE 2 

IHPACT Of CAT A SPACECRAfTS SPURIOUS EMISSIONS IN THE 8 . 40 - 8 . 4~GIIZ BAND UPON DEEP-SPACE GROUND STATIONS OPERATION 

DSN D = 64a DSN D = l4a CARNAVON D : 1~• 
X- BAND X- BAND X- BAND 

ANTENNA DIAMETER . ..... . a 64 . 00 14 . 00 15 . 00 
X- BAND fREQUENCY ... . . HIIz 8425 . 00 8425 . 00 8425 . 00 
ANTENNA EffiCIENC'/ K .. .. 0.55 0.50 0 . 41 
ANTENNA GAIN Gaax ..... dB 12.40 66 . ~0 58 . 60 
Pilla ... . .. ....... .... daq 0 . 0~ 0.09 0 . 20 
PHI r .. ..... .. ........ daq 0 . 18 0 . 26 0. 42 
G1 . ....... . ...... . ... . dB 50.82 46 . 70 41 . 31 
PHI - 1dB .... . ... . . . ... daq 0.04 0 . 01 0 . 11 

RX THRESHOLD . . ... . JOwj llz -2 15 . 60 - 215 . 20 -201 . 60 
(\) Raqu1rad protect1 o n ... dB 20 . 00 20 . 00 20.00 
0'1 
I.D R•OJ•Ct 10n in Cat . A 5 - Band spactrua ...... .. dB 75 . 00 15.00 75 . 00 

""" PfD race1ved fta 5 - 8 aaiss1on . .. dBw;a2/Hz - 255 . 00 - 255 . 00 -255 . 00 
Antenna Apparent ~ urface ............ . .... dBa2 12 . 44 26 . 54 18 . 64 
Spur1ous power .. t Rx 1nput ... .......... dBw/Hz -222.56 - 221.46 - 216.16 
Excess Spur1ous p o \l&f on Attis . . . .... .. ... .. dB 11.04 6.14 - a. 76 
Interference half -~o n~ 4nqle .. .. . . . .. .. .. . d•q 0 . 040 0 . 054 no interf. 
Percent Interferenca t .... (Low Earth Orb . I.·' 0.0008 0 . 0011 

(LEO crosstnq beaa ax1s at aech orbitl 

R11]ect1on •n C.•t. ~ ~ - o .. nd sp11ctrua ...... . . dB 11 . 00 11 . 00 11 . 00 

""" PfD rec•• ved Ctm :i - 8 ealS510n ... dBwja2 / Hz -251.00 -256 . 00 -256.00 
Antenna app.ocent :iut tc~ c e ................. d8a2 12.44 26 . 54 18 . 64 
Spur1ous power .. t I ~ . . 1nput .... .. ... . .. . dBw/ Hz -220. 56 -229.46 - 211 . 16 
Excess Spur1ou s p . , ·. :~ ' -> n <I XiS ....... ....... dB 15.04 5 . 14 -9 . 76 
Interference half -~ o ne 4nql" . . . .. ... .. . ... dtoq 0 . 041 0 . 050 no 1ntert. 
P•rcent Interfttr~~tn c e t 1aa (Low Earth Orb. 1-· ' 0.0009 0 . 0010 

(LEO crosstn •J bec~a ax1s 4t .. .ach orb1tl 
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DISCUSSION ON THE POSITION PAPER REGARDING THE PERMISSIBLE LEVEL 
OF EMISSIONS IN THE 2.29-2.30 GHz & 8.40-8.45 GHz BANDS, FOR 

CATEGORY A MISSIONS 

J. L Gerner 

European Space Research and Technology Centre 
RF System Division (XRT) 

European Space Agency, Keplerlaan 1 
P.O. Box 299, 2200 AG Noordwijk, The Netherlands 

ABSTRACT 

A discussion on the p~rmissible level of emission in the 
2. 29-2.30 GHz and 8. 40-8.45 Bands for Category A missions is 
presented in this paper. This paper attempts to answer some of 
the concerns expressed by the CCSDS (Consultative Committee for 
Space Data Systems) and SFCG (Space Frequency Coordination Group) 
members. 
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1. General 

The document ESA/ESTEC/XRT/243.88/JLG "A Position Paper 
on the Permissible Level of EmlSSlons ln the 
2.29-2.30GHz & 8.4o-8.4SGHz Bands tor Cat.A missions" 
was presented last year at both CCSDS Panel 1£ held in . 
ESOC/Darmstadt in October and SFCG-8 held in Buenos 
Aires in November. 

This document considers the various Space-Space and 
Space-Earth links in the Cat.A 2GHz and 8GHz bands 
trying to evaluate the potential interferences that 
they can produce upon the Deep Space 2GHz and 8GHz 
bands. 

2. Reference paraaeters 

The reference data used for this study are: 

Concerning· the Cat.A jammer, it assumes that the 
Spacecraft respects the ITU Regulations regarding 
the maximum admissible Power Flux Density (PFD) to 
be radiated on the Earth surface. 

Concerning the potentially jammed Ground Station, it 
takes as reference the ITU Appendix 28 defining the 
maximum power per Herz admissible at the input to 
the receiver, resulting from all unwanted emissions. 
The criterion is that this threshold must not be 
infringed by more than 0.001 percent of the time. 
The antenna pattern used is the one recommended by 
the WARC 79. 

In order to better stick to the reality, there have 
been collected data on antennas gains and receivers 
thresholds in [1] for the NASA DSN Ground Stations 
and in [2] for the ESA Ground Network. A threshold 
was defined as being 20 dB below the noise power 
density at the input to the receiver. 

3. Objectives and drawbacks 

The objective of document [3] is rather ambitious in 
the sense that it aims at coming up with 
recommendations regarding the RF mask at the output to 
the Cat.A transmitters in the range of the Deep Space 
bands. 

So far, no International Conference ever tried to fix 
recommendations regarding the transmitters RF masks due 
to the difficulty to find a commonality between all the 
various missions concerned. The CCSDS (Panel lE) made . 
the first step during june 87 meeting in Washington. 
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The only way to come up with some figures as regards 
this RF mask is to make an assumption on the actual PFD 
radiated by the Spacecraft on the Earth surface. The 
study in ( 3) is based on the idea that most Spacecraft 
operate close to the ITU PFD limit. 

Though this is the case of the TRDS/ DRTS/ EDRS 
satellites and of their LEO users (their spectra are 
spread in order to meet the PFD limits), the main 
objection of the CCSDS and SFCG members was that there 
may be missions which operate far below this limit and 
that the relevant Spacecraft should not be penalized. 

Taking these objections into consideration, the only 
way to go is abandon the idea to put the recommendation 
on the Spacecraft transmitter spectrum and, instead, 
propose a recommendation on the maximum power flux 
density (in 1Hz) that a Cat.A Spacecraft can radiate 
onto the earth surface in the Deep Space 2GHz and 8GHz 
bands. 

4. Statistical aspects 

In the case of the 2GHz Deep Space Ground network, the 
spurious power level: 

Lsm • -222 dBw/Hz 

must not be exceeded for more than 0.001 percent of the 
time. Taking the basic assumption that the received 
spurious power is the combined power of n statistically 
independent Spacecraft, one can state that the 
probability of exceeding this level must be less than: 

Pm • 10-S 

Considering n Cat.A spacecraft, radiating the same PFD 
Pf in the 2GHz deep space band and having the same 
probability p to be in the beam, the probability that 
k satellites be simultaneously in the beam is (Binomial 
distribution) 

k n-k p- p (1-p) 

From this equation we can derive the number k of 
satellites simultaneously in the beam with the 
probability P•Pm : 

k • log(Pm) - nxlog(l-p) 
log(p) - log(l-p} 
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For instance, 
pass through 
probability : 

if 50 Cat.A Spacecraft are susceptible to 
the Ground Station antenna beam with a 

p • 5 X 10-6 

we obtain : k • 1.19 

rounding up 
contribution 
be less than 

to k•2, we can derive that the 
of one Spacecraft to the noise power must 

Ls • Lsm - 3dB • - 225 dBw/Hz 

assuming a Ground Station antenna apparent surface sa, 
the maximum power flux density for one S/C shall be 
less than 

Pf • Ls - Sa • -225 - sa daw;m2;Hz 

If one can show that, in practice, k<lL 6which is the 
case of our example if p is equal to 10 , then the 
probability of occurence of two or mor! 5spacecraft 
simultaneously in the beam falls below 10 and each 
S/C can be treated individually. We can then state 
that, knowing the cone angle correspo~~ing to a 
probability of presence of the S/C of 10 , one can 
derive the admissible excess PFD for this s;c. 

5. Future investigations 

In my sense, there is an urgent need to build-up a 
model of the interactivity between the Cat.A S/C and 
the Deep Space ground Stations, based on the present 
situation and, as far as possible, the situation up to 
ten or twenty years from now. 

So far, we have essentially considered a Low earth 
orbiting S/C agd a Ground Station antenna with an 
elevation of 90 . The study would not be complete if we 
would not consider the Geostationary Spacecraft and a 
G/S antenna with variable elevation. 
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NOTE ON THE POSITION PAPER REGARDING THE PERMISSIBLE LEVEL OF 
EMISSIONS IN THE 2.29-2.30 GHz & 8.40-8.45 GHz BANDS, 

FOR CATEGORY A MISSIONS 

Fr. w. Exter 

Deutsche Forschungsanstalt fur Luft-und Raumfahrt e.V. 
Hauptabteilung Raumflugmissionen 

8031 Oberpfaffenhofen 
FRG 

ABSTRACT 

An approach on the permissible level of emission in the 
2. 29-2.30 GHz and 8. 40-8.45 Bands for Category A missions is 
presented in this paper. This paper calculates the deep space 
protection ratios for different types of antennas used by the 
Deep Space Network. A statistical model that considered multiple 
transmitting interfering spacecraft is employed in the 
calculation of the protection ratios. 
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PROBABILITY OF INTERFERENCE BY NEAR-EARTH SATELLITES 
ON GROUND STATIONS OPERATION 

The position paper <ESA/ESTEC/XRT/Z43.88/JLG> written by 
J.L.Gerner gives a~ong other things an exa"ple to calculate 
the "Percent interference ti~e". This note will show another way 
to exa~ine the interference on ground stations operation by 
near-earth satellites. 
The first difference to the above ~entioned paper is that ~ore than 
trans~itting object is taken into account and therefore the global 
protection of Z0 dB could be neglected. 
The nu~ber N of e~itting spacecraft& leads to a probability of 
interference and as a consequence to an interference half-cone angle;. 

Fro~ this calculated angle the protections for the different antennas 
are derived. 

The nu~erical exa~ple uses the following input para"eters: 

3 
R := 6378 10 ~ 

3 
h -~in :• Z00 · 10 "' 

3 
h _~ax :• Z000000 · 10 ~ 

•. :• 0.01,0.011 .. 0.03 degrees 

Under the aasu~pt1on, that N trans~itt1ng spacecrafts are 
regular distributed betwee~ tw~ altitudes h_~in and h_l'lax, 
the "density of satell1tes D 1n volu~e V is given by: 

D • N I V 

As can be noted the nul'lber of spacecraft& in upper altitudes 
~ainly sets the'value of the probability of ~nterference. 
So h ~ax is z • 10~6 k~. one can be sure to 1nclude the worst 
case-of Cat.A e"issions. 
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The volu"e V corre~ponding to all possible orbits ia defined 
by the "ini~u~ and ~axi~u~ altitudes h_"in and h_~ax: 

4 
v := - · 11" 

3 

The antenna covers with its defined interference half-cone angle P 
(see ESA/ESTEC/XRT/Z43.88/JLG> the volu~e Vk: 

Vk(.B) :"' - · 11' 

3 

r 
tan lll' 

z 
.~ l 

180J 

At the present ti~e approxi~ately 350 trans~itting spacecrafts are 
in orbit. Nearly 100 geostationary satellites do not produce 
sporadic interference, and they are excluded in this calculation. 
Assu~ing a yearly increase of 15, at the end of thia century 
about 400 "interfering spacecrafts" will be in orbit. 

N : .. 400 

The "density 0 of satellites" in V is: 

N 
0 :a -

v 

The average nu~ber ~(~) of spacecrafts in volu~e Vk is: 

~< ;i > : • Vk ( ;i > · 0 

The probability P<~> to find one ore ~ore satellites in volu~e Vk is: 

k :- 1 •• 35 

[ k] 1'1( p' ) 

exp( - l'l(p')) · -k--
1
-- for Vk/V « 1 • 

The coefficient of the su~l'lation ia lil'lited to 35 because the further terl'ls 
are close to zero. 
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I. IMPACT OF CAT.A SPACECRAFTS SPURIOUS EMISSIONS IN THE Z.Z9-Z.30 GHZ BAND 
UPON DEEP SPACE GROUND STATIONS OPERATION 

The "Exce5s spurious power on axis" in S-Band for the different 
ground station antennas is given by: 

z [ .~ 
Z.Z95 70] ~ 6_S_701'1( ¢ ) . - I Z in [d81 

Z0. Z4 

z [ .~ 
64] ~ 6_S_641'1( ·" ) . - 1Z -- Z.Z95 · 

Z0.Z4 

z [ ~ 34] s 6_S_341'1( ~ ) :"' I Z --· Z.Z95 
Z0.Z4 

z [ ~ 15] C:.6_S_ 151'1( p) : = IZ · --· Z.Z95 · 
Z0. Z4 

,:! S G S 70r~U' > & 6 S 641'1( ~ > ~ G S 341'1< .11 > S G 5 ISr~< Jil > 
JiL_IIH!:l !O.!Ob" <0.<0 tf !0.1/N)~ 

0.~1 0. rp-fb_ 0.0ZZ 10.004 
~-~~ 0.VJ~I 0.0Z6 0.~~ 
0.1_1_!l_ 0. 10_2 0 03 --~- 00_!:!_ 
0.148 0. 1 Z4 0.035 0. 'I(OJ_ 
.I( 0.14 0 .04 (0 K® 
.I~ VJ. 1 b 0.046 10. K().:t_ 
. Z I t:l 0. JBj 0.0SZ to • 1 
.l4 0.Z0! 0. !58 0 011 

0.Z7~ 0.zza·- 0. 64 0.01 
(0. jf/)(. .z 0. •7 • (OJ~ 
(0 Jjj . z .0! 
0. jp!:.i . 3~ .08 . 1 
~.4 . j .09 . :..!! 

..!!1...-~ . .J! • H/l . 
J'l....!£ll.. -~~ . 11 . 
0.511 0.4Z7 0. 1Zl 0.0 ,i 

. ~!J I 0.4Ei1 0_1 ,0 
-~ 
• ·~l::i 

~-~ ~ 
0.5 I 

_{Q_. 
0.1 

,ll). 

.0 :! 
• till. to. ~t !1i 0 1 ijl .0 
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3 

5 
P< P l 10 

0 
0.01 

, .. -·· 
.. -·-

p 
[degrees] 

The calculated protection in dB is given by: 

/ 

/ 
/ 

0.03 

Prot. = Rx thresh. - Spur. pur at Rx input + Exc. spur. pur on axis 

To coMpute the worst case between 5- and X-Band the highest value 
of both for 5purious pouer at Rx input is used 
froM docuMent ESA/ESTEC/XRT/243.88/JLG. 

p _ 5_70M(,S) 

p _s_ 641'1(~) 
p _5_ 34M(~) 

p 5 ISM( j<l) 

5 
p(.~) · l0 

0. 30Z 
0.365 
0.434 
0.51 
0.591 
0,1579 
0.77 
0.tn 
0 97 
1.01 
1. Z< 
1.3 
1 4 
1.5 16 
I 7 18 
I. 88_6 
2.04 

2. z 
Z.J6S 
z .537 
2.715 

:= -217.0 + 

::a -217.0 + 

. - -ZIS.Z + 

. - -208.8 + 

0.01 
0.011 
0.01Z 
0.01J 
0.014 
0.015 
0. 16 
0. 117 
0. 18 
0. lUi 
0. !I 
0 )Z 1 
0.0ZZ 
0 j 

0. 4 
0. 
0. ~I 

j 

zz 1.07 + 

z z I. 97 + 

ZZ7 .87 + 

235.87 + 

4. 146 
4. 161 
4. 179 
4. 198 
4 218 
-4.24 
4. 264 
4. BB 
4. I 
4. 4 
4 :7 
4. ~ 0 
4. 4 ~( 
4.~ 
4.5~ 
4 
4. 
4.6 

4.-6 
4. 7~1 
4.75 

SG 

bG 

bG 

~G 

_s _ 70M(P) 

_s_ 641'1( j1l) 

_5_ 34M( J:f) 

_s_ 15M( jd ) 

P 5 64M( Jif) 
5.03 
5.04E 
5.06 
5.07 
5.094 
5. 11 z 
5. 13Z 

. 3 
5. 
5 I! 

5. 

5.4 
5.41 

5.5 9 
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p 5 34M(,t) p 5 15M( jd) 

IZ ol 18 7 .073 
I Z 6 IZ z 074 
I .6! lEi z .075 

z. z .076 
I "'~ 27.077 

TI.078 
. 1 2.7.0 79 z Z7 . 

7 . I 
z 3 

• 7~ 4 
• 7 ~ 

I 
71 8 

. 
. 
. 3 

I Z. 01! 
.8 .0! 

1 .B .0! 9 
1 .8 fl . 1 I 



30 

E < ~ > • F < ~ > • G<'"' > , H< ~ l 

0 
0.01 

·~ 

-v 

~ 
[degree5l 

~ 

0.03 

Z. IMPACT OF CAT.A SPACECRAFTS SPURIOUS EMISSIONS IN THE 8.40-8.45 GHZ BAND 
UPON DEEP SPACE GROUND STATIONS OPERATION 

The "Excess spurious power on axis" in X-Band for the different 
ground station antennas is given by: 

z 
:; G_X_70P1< Ji1 ) : • t Z · [-Jil-· - 8. 4Z 5 70] 

10.14 

~G_X_64P1(>') :"' 11 · [-~-· - · 8.41564]

2 

Z0. Z4 

z 

:,. 11 [-Jil-· 8.415 · 34] 
Z0. Z4 

~ G_X_15P1( ~) : = I 1 [-·e_. 8.415 · t 5]z 
10.Z4 
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5 
P<P' > 10 ~ G X 70"'< Jo1' > ~ G X 641'1( 0 > ~ G X 341'1( ~ > ~ G X 1 5"'< P ) 

0. 30Z 
0. 365 
0.434 
0.51 
0.591 
0.679 
0.772 
0.872 
0. 971r 
1.089 
1. 207 
T. 331 
1. 41 
1. 5~ 6 
1. 7: 18 
I. 81 16 
2.0 
z. 

Z.3 ~5 
2.5 7 
2.715 

3 

5 
P<n 10 

0 
0.01 

1 .ID ~ 

1.Z33 
1.467 
1. 7Z2 
1 . S!l7 
Z.29Z 
Z.60B 
2.944 
3.301 
3.6 8 
4.' '5 
4. 3 
4. 1 
5. 
~. E ~8 
g. iE 
E • E 

.4 
• 9 ar-LSI 

9. 169 

ID. B~tl 
1.0 
1. 2 6 
1.4 39 
1. SE i9 
1.916 
2. 1 B 
2.461 
z. 759 
3.074 
J.40' 
3. ?So 
4. I 
4. 5' ~5 
il.!! liD~ 
::t. 
::t. ~-

b. '0! 
.67' 

7.16 
7.665 

p 
[degrees] 

The calculated protection in dB is given by: 

0.24 0.11).1-, 
-0.191 0.0 7 
0.346 0.0 7 
0.406 0 .ID-79 
0.471 0.092 
0.541 0.105 

.615 0.12 

.li9 0.131 

7~ 0.15 
6E 0.1 

.( 

. 6 
I. 4 
1. .'b! 
I. -~ 
I.E :; • 1 s-
I. 52 0 41 
1. 184 0. S7 
Z.W1 0.l!J3 
z. 163 0.421 

,..· 

/ 

0.03 

Prot. = Rx thre&h. - Spur. pur at Rx input + Exc. spur. pur on axis 

To col'!pute the worst ca5e between 5- and X-Band the higheat value 
of both for spuriou5 ~ower at Rx input is used 
frol'l docuMent ESA/ESTEC/XRT/243.88/JLG. 

p _X_701'1(P) :- -215.6 + ZZ0.56 + ~G_X_701'1(J6) in I d81 

p _x_ 641'1( ~) :,. -215.6 + 219.66 + ~ G_X_641'1( J6 ) 

p _ x_ 341'1( J6 ) ;a -215.2 + 226.46 + ~ G _x _ 341'1( J6 ) 

p _x_ 151'1<n :"' -207.6 + 234.36 + b G _x_ 1 51'1( ~ ) 
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P X 70~<~> P X 64~<~> P X 34~(P) P X 15~(~) 
0. j(l ~z 
0. 3E iS 
0.4 14 
0.5 
0.591 
0.679 
0.77Z 
0.87Z 
0.978 
1.089 
l. Z0f 
1. 331 
1.46 
1.596 
1. 738 
1.886 
Z.04 
z.z 

Z.365 
Z.537 
Z.715 

30 

E < P l , F < ~' >, G< JlS' >. HU l 

0 

~ { 

j 19 

. I it 

• :i04 
. Z61 
.6 18 
.0:15 
.4~ 

9. 8~ 1 
10.35 
10. fllll 
11. IZ8 
II. E47 
I Z. 18-/ 
IZ. 48 
13. ~iZ8 
14.1 Z9 

4. ~ 1;( 
5., 9 

~-J 
~-
:l. :j 
b • 4 

.5Z 1 

.819 

. 134 

.467 
7 ._816 
8. 18Z 
8.565 
8.965 
9.383 
9. 817 
10. Z6! 
10. 73' 
ll.Z 
11.7 

11.5 . J!O" 
11.~ I I 
_ll.l )6 ::i 
11. i6 ~! 
11. I j 8 :l: 
11. 01 ::i.8 :ib 
11.875 Z6.88 
II .955 Z6.895 
IZ.039 . 91 z 
1 .1 8 5.92! 
I . z I .94" 
I ·A 96E 
I .4 .981 
I .5 7.00 
1 • 64~ .0Z 
J ."][1; .05Z 
1 z. 88! .076 
1 .0 • 101 
1 .144 • IZ7 
I • Z81 • 153 
I .4ll ~ 181 

*-·-~ 
.... -+-+- ~ ~ .. 
~--.,- ~___.---....----

.--....r-~ 
~ ... -~ 

.-.-- ...... ~ 
. _...---- ...--- ,..... 

~--- -------~- ___.._.. 
~ ..... 

0.01 
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3. CONCLUSION 

Uith the given tiMe liMit of 0.001 percent, for which the MaxiMuM 
perMissible interference power at the output of a receiving antenna 
of a ground 5tation should not be exceeded (~ccording ITU 
Regulations AP-28>, the following MiniMu~ protection ratios 
for the different types of antennas are given as: 

5-Band 

X-Band 

70M 

4.3 

8.3 

641'1 

5. z 
6.8 

285 

34M 

12.7 

12.0 

15M 

27.1 

26.9 
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A POSITION PAPER ON THE EFFECT OF PHASE UNBALANCED MODULATOR 
ON THE PERFORMANCE OF PSK MODULATION SCHEMES 

FOR CATEGORY A MISSIONS 

J. L Gerner 

European Space Research and Technology Centre 
RF System Division (XRT) 

European Space Agency, Keplerlaan 1 
P.O. Box 299, 2200 AG Noordwijk, The NethE~rlands 

ABSTRACT 

The impacts of phase unbalanced modulator on the performance 
of the suppressed carrier modulation system are investigated in 
this paper. The relationship between the phase unbalance and the 
residual carrier level is derived in the absence of amplitude 
unbalance and data asymmetry. Furthermore, the effects of the 
residual carrier component caused by phase unbalanced modulator 
on the link performance are examined. The effect of the phase 
unbalanced modulator on the transmitted signal is not considered 
in this paper. 
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1. INTRODUCTION 

The so called 'linear Phase modulation' (PM) CCSDS standard 
is widely used for TT&C space communications in VHF, s and X 
bands because of its easy implementation and its robustness. 
Its limitation is mainly the poor bandwidth efficiency, 
which renders it unsuitable for the transmission of data at 
rates above a few hundreds of kilobits per second. 

The growth of the demand for high data rates and the 
continuous increase of the bands congestion leads the 
designers to two types of measures: 

- Operate at higher frequency bands 

We have seen in the last ten years a formidable expansion 
of the activities in the bands ranging from 13 GHz to 30 
GHz and Agencies have already plans for the 60 GHz band. 
One of the obvious reasons for such a development towards 
higher frequencies is availability of broader bandwidths. 

- Implement more bandwidth efficient modulation techniques 

The suppressed carrier modulation techniques are presently 
the only ones to be used on an operational basis for high 
data rates communications. They offer the decisive 
advantage to concentrate the energy around the carrier, 
thus reducing the bandwidth efficiency. Various modulation 
schemes are used, with various bandwidth performances, the 
Phase Shift Keing (PSK) being the most widely used in its 
different form~ (BPSK, QPSK, OQPSK, UQPSK, MPSK, ... ). 
Alternative schemes are also considered to further reduce 
the bandwidth needs, with improved performances in 
imperfect channel environment. 

The frame of this paper is restricted to PS~ modulation 
schemes. 

The suppressed carrier modulations do allow to dedicate the 
total available power to the transmission of the data. No 
power is wasted for the carrier. 

Another advantage of the suppressed 
the quasi-uniform repartition of 
usefull band, thus reducing the power 
on the Earth surface. 

carrier modulations is 
the energy across the 
flux density per Hertz 

All these 
modulation 
elements of 
unit (TWTA 
receiver, ... 

attractive features of the suppressed 
can be impared by imperfections of the 
the channel, i.e. · the modulator, the 
or SSPA) the different elements 
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This document deals with the impact of phase unba l ance on 
the link performances. 

2. EFFECT OF MODULATOR PHASE UNBALANCE ON THE RESIDUAL CARRIER 
LEVEL 

The usual representation of a BPSK modulated signal is: 

s(t) -Ax m(t) x sin (wo x t + eo) 

where m(t) is a sequence taking the values +/-1. This 
sequence will be assumed random with a probability of 1/ 2 
for each of the values. 

Another form of representation is 

s(t) • A X sin ( WO X t + Y(t)) 

omitting for sake of simplicity the arbitrary phase eo. 

Y(t) is a random sequence taking the values +m1 and -m2 
each with the probability 1/2. 

In the case of a perfect phase modulator, we have 

m1 • m2 

and the residual carrier level w.r.t. the total transmitted 
power is given by the classical equation : 

jcoj 2 
- cos 2m1 

For BPSK modulation, m1 • n/2 and we observe a complete 
cancellation of the carrier. 

A phase unbalance 6+ in the BPSK modulator occurs if 

m2 - m1 +/- 6+ 

This has a direct effect on the suppression of the carrier 
which level becomes (see annex) 

jcoj 2 
= cos 2 (ml + 6+/2) 

The table 1 below gives the values of the residual carrier 
level as compared to the total power for various phase 
unbalance figures: 
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1 
2 
3 
4 
5 

Resid. carrier (dB) I 
-41 
-35 
-32 
-29 
-27 

TABLE 1 

The present state-of-the-art designs generally feature phase 
unbalance of 2 degrees or even less. 

The residual carrier levels shown in Table 1 represent the 
only contribution of phase unbalance of the modulator. 
Mark-to-Space unbalance of the data stream, amplitude 
unbalance of the modulator are other parameters to be 
considered for a global evaluation of the residual carrier 
level. 

3. IMPACT OF A RESIDUAL CARRIER POWER ON THE LIN~ PERFORMANCES 

3.1 Costas Loop performances 

The role of the Costas Loop in the receiver is to acquire 
and track the suppressed carrier signal by reconstructing 
the original carrier. 

The locally generated carrier is affected of a certain phase 
noise which characterizes the 'quality' of the carrier 
tracking and which has a direct effect on the performances 
of the link as it will have an impact on the data jitter. 

A classical Costas Loop is shown in figure 1. The phase 
jitter variance on the VCO is given by (1) : 

2 a 
~ 

• Noxal x (a'/a + NoxBlp x ( 1_1/n)) 
~p axP 

where: 

No 
p 
Bl 
Blp 

- Noise power density 
- Signal total power 
- Loop single-sided noise bandwidth 
- Arm filter 3-dB bandwidth (Butterworth, 
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Cl. 

Sm (f) : Data sequence spectrum 
Hlp(f): Arm filter transfer 

function 

o. represents the proportion of the data power passed through 
the filter. 

f'OO 

o.' • j Sm(f) X Jhlp(f)J
4 

df 
-«< 

The presence of a residual carrier power Pl causes the 
Costas Loop VCO jitter to increase to [1] 

a 2 - NoxBl 2 x (a'xP+Pl +ax 2xP 1xPxT + NoxBlpx(1-1/n)) 
• (axP-Pl) No 

where T is the data bit duration. 

Figures 2 to 4 present the variations of a• for values of 
the residual carrier level ranging from -20 to -40 dBc, and 
for different loop parameters. These parameters are those 
presently foreseen for the TORS/DRS S-Band User Terminal. 

In fig. 2 & 3, the loop is dimensioned for operation close 
to the threshold (P/No • 33 dBHz) while fig. 4 uses typical 
parameters for operation at P/No # 43 dBHz. 

For Pl•-40dBc, the curve reaches the asymptotical value of 
phase noise in the absence of residual carrier. For 
Pl<-30dB, the phase noise contribution of the residual 
carrier always remains below 1 degree. 

The impact of Costas loop phase noise upon the link BER 
performances has been evaluated by [1] for different loop 
static phase errors (SPE) (fig. 5 and 6) 

- In the absence of SPE, the impact on a BPSK channel ~5 a 
phase noise of 3 degrees is less than 0.1 dB at BER-10 . 

- In the 
phase 

case of a high 
noise degrades 

SPE 
the 

of 18 degrees, the 3 degrees 
BER by about 0.4 dB for a 

The figures applicable in the case of a 1 degree phase noise 
are well below. 

In view of these results, one can state with good confidence 
that a carrier rejection of 30dB is sufficient to guarantee 
a quasi-nul degradation of the link . 
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3.2 Power flux density limitations 

The Space-earth and Space-Space links are constrained in 
their design by the ITU regulations regarding the maximum 
allowed Power Flux Density to be radiated onto the Earth's 
surface. 

Regardless of the absolute values, our interest here is the 
definition bandwidth. 

All along this section, we will deal with 'bit rates', which 
are equivalent to the symbol rate in an uncoded channel. 
Also, for sake of simplification, we will use the 
terminologies S, X, Ku and Ka Band for the 2GHz, 7-BGHz, 
13GHz and around 25GHz respectively. 

Given a PSK modulated carrier with a rate R, the peak power 
spectral density of the transmitted signal of power P 
integrated in a bandwidth B is : 

Psd • P - 10Log(R/B) for B<<R 

Considering that the residual carrier level Pl is N dB below 
the total signal power : 

P1 • P - N 

the condition for the residual carrier 
predominant element in the computation 
radiated power density in the band B is : 

P - N < P - 10Log(R/B) 

not to be the 
of the maximum 

Assuming that N • 30 dB is the best one can do, the equation 
hereabove becomes 

R < B X 10N/1 0 • 1000 X B 

In S, X and Ku bands, the definition bandwidth is 

B • 4 kHz 

Therefore : R < 4 Mb/ s 

The restriction is not too severe on the 
X-Band though some applications already 
s-band of up to 10 Mb/ s. Note that bringing 
raise the limit for R to 12.6 Mb/s. 

S-band and the 
foresee rates in 
N to 35 dB would 

On the other hand, this restriction on R is a real 
catastrophy for Ku-band, where hundreds of Megabits / sec are 
widespread practice. 
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Furthermore, the use of Spread Spectrum above 4 Mchips / s for 
further spreading of the signal becomes no more significant. 

Unfortunately, it seems difficult to impose more stringent 
constraints on the modulator phase balance, due to the 
implementation complexity. However, it must be pointed out 
that it is the user interest to achieve the highest possible 
rejection on the carrier in case the PFD on the earth 
surface is a design driver. It is in particular the case of 
the low earth orbiting Spacecraft operating in Ku-Band via 
TORS/ DRS. 

The situation of the Ka-Band is much easier as the reference 
bandwidth is 1 MHz. The limitation on the bit rate becomes : 

R < 1000 Mb/s 

which is above the maximum foreseen bit rates. 

4. CONCLUSION 

Apart from the case of the Ku-Band, the figures of 2 degrees 
for the phase unbalance and 30 dB for the carrier 
attenuation appear to be convenient to our applications 
related to BPSK/QPSK modulations. 

It has been proved that, provided some design precautions, 
these figures can be met with the present technology without 
too much burden on the equipment. 

The problem of the Ku-band is due to the present ITU PFD 
restrictions specified in a 4 kHz bandwidth. For instance, 
at a rate of 150 Mb/s, the minimum carrier attenuation 
leaving the continuous spectrum predominant is 46 dB, 
achieved with a phase error of 0.5 degree, not taking into 
account the other contributors. 

Unfortunately, phase errors below 2 degrees are difficult to 
achieve and it would not be wise to impose to other bands 
the burden of the Ku-band constraints. 
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A N N E X 

Residual carrier level in a PSK modulator featuring 
Phase unbalance 

A BPSK modulated signal can be expressed in the complex form: 

j[wt+t(t)] 
e(t) • e 

where t(t) is, for the sake of our calculation, an asymetrical 
square wave between ml and -m2, of period T. 

In case of perfect symetrical phase modulation, we have: 

and 

ml • m2 

ml • m2 - 90° 

The carrier level is obtained from: 

X 
//2. e j t ( t) dt 

Co • 1/T )T, 
-~z. 

In the general case, we find 

jml 
Co • 1/2 x e + 1/2 x e 

for BPSK. 

-jm2 

The QPSK signal is the combination in quadrature of two BPSK 
signals. We can assume that the two BPSK modulators are 
identical and therefore feature the same unbalance. 

By similar calculation, one can easily show that if both 
channels feature the same 6' unbalance, the resulting carrier 
level is 3dB above the BPSK case. If the phase errors are 
inverted (6+ and -6,), the result is again 3dB for very small 
value8 of 6' and increases slowly with the phase error (3.4dB 
for 5 error). 
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THE IMPACT OF THE PHASE UNBALANCED PRODUCT MODULATORS ON 
THE PERFORMANCE OF THE SPACE TELEMETRY SYSTEM 

Tien Manh Nguyen 

National Aeronautics and Space Administration 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 

ABSTRACT 

This paper investigates the impacts of phase unbalanced 
product modulators on the performance of the deep space telemetry 
system. The purpose of this paper is fourfold: (1) to determine 
the relationship between the carrier suppression and the phase 
unbalance (phase inaccuracy) for an unbalanced product modulator; 
(2) to assess the impact of a phase unbalanced product modulator 
on the carrier tracking loop of the deep space telemetry system; 
( 3) to determine the performance degradation of the deep space 
telemetry system resulting from the presence of an unsuppressed 
carrier component caused by the phase unbalanced product 
modulators; and (4) to recommend for consideration an appropriate 
carrier suppression level to the Consultative Committee for Space 
Data Systems (CCSDS) for future standards on a "balanced 
modulator". The effects of the amplitude unbalance are not 
considered in this paper. 
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A. INTRODUCTION 

This paper present~ the results of an investigation of the 
effects of the phase 1naccuracy (phase unbalance) caused by 
unbalanced product modulators on the deep space telemetry system. 
The purpose of this study is to determine the important 
parameters necessary for the design of a balanced product 
modulator. This paper examines the relationship between carrier 
suppression and phase inaccuracy, the behavior of the carrier 
tracking loop under the influence of unbalanced product 
modulators, and the bit error rate (BER) performance degradation 
caused by the phase unbalance. 

The balanced modulator is widely used in the deep space 
telemetry system. It can be used as either a mixer or a product 
modulator. When the balanced modulator is utilized as a product 
modulator, its output should be equal to the product of the 
modulating wave and the carrier wave (i.e., the carrier is fully 
suppressed), as required for a perfectly balanced modulator. 
However, a perfectly balanced modulator does not exist. The 
unbalanced modulator results in the carrier component not being 
fully suppressed, which is obviously undesirable. Therefore, the 
threshold level of this unsuppressed carrier component must be 
defined and provided for the imperfectly balanced modulator (the 
so-called unbalanced product modulator). 

This paper derives the relationship between the carrier 
suppression and the phase inaccuracy caused by phase unbalanced 
product modulator. Given the phase inaccuracy caused by the 
unbalanced product modulator, one can determine the level of 
carrier suppression, and vice versa. A simulation of the 
unbalanced product modulator was performed on a digital computer. 
An equation for small-phase inaccuracy is also derived in this 
paper. 

For the deep space telemetry system, it is well known that 
the first operation that the receiver performs is carrier 
tracking, in which the carrier phase is tracked by a phase-locked 
Loop (PLL). The output of the carrier tracking loop consists of 
the subcarrier plus data. The telemetry subcarrier tracking loop 
tracks the subcarrier and generates a subcarrier reference 
signal. This subcarrier reference signal is then used to 
demodulate the output of the carrier tracking loop. The output 
of the subcarrier tracking loop is the data waveform. The 
information bits are recovered by using bit (symbol) synchronizer 
and bit (symbol) detector. 

This paper investigates the effects of the unsuppressed 
carrier component on the carrier tracking loop. A stochastic 
differential equation that describes the dynamic behavior of the 
second order phase-locked loop (PLL) in the presence of 
unsuppressed carrier component (caused by unbalanced product 
modulator) is derived in this paper. Since it is very difficult 

304 



to solve this nonlinear differential equation, a simulation of 
this equation was performed on a digital computer. The 
simulation was run using the loop parameters for the Deep Space 
Network (DSN)-block IV receiver. 

For this study all product modulators used in the telemetry 
system are assumed to be the same. This paper does not 
investigate the effects of the unsuppressed carrier component on 
the subcarrier tracking loop. It is assumed that the effects of 
the unsuppressed carrier component on the subcarrier tracking 
loop is negligible when the level of the unsuppressed carrier 
component (caused by unbalanced product modulator) is below the 
threshold level. The threshol d level is defined as the 
interference-to-signal level at which the carrier tracking loop 
loses lock. Furthermore, this paper does not consider the 
effects of the amplitude unbalance on the performance of the deep 
space telemetry system. A study of the behavior of the deep 
space telemetry under the influence of both phase and amplitude 
unbalance will be reported in a separate paper. 

Finally, this paper investigates the effects of the 
unsuppressed carrier component on the bit detector, which is 
assumed to have perfect bit synchronization. The performance of 
the bit detector is characterized by the telemetry BER 
performance degradation due to the phase inaccuracy caused by the 
unbalanced product modulators. 

This paper is organized as follows: (a) Section 1 derives a 
relationship between the carrier suppression and the phase 
inaccuracy caused by unbalanced product modulator; (b) Section 2 
determines the effects of unbalanced product modulator on the 
generation of the space telemetry signal; (c) Section 3 
investigates the effects of unbalanced product modulator on the 
carrier tracking loop; (d) Section 4 studies the impact of the 
phase unbalanced product modulator on the BER performance 
degradation of the space telemetry system; and (d) Part B 
presents the main conclusions and recommendations of this study. 
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SECTION 1 

RELATIONSHIP BETWEEN CARRIER SUPPRESSION AND 

PHASE INACCURACY IN AN UNBALANCED PRODUCT MODULATOR 

1.1 MATHEMATICAL MODEL 

A balanced modulator consists of two AM modulators which 
when arranged in a balanced configuration will suppress the 
carrier component. The two AM modulators used in this 
configuration are assumed to be identical, except that the sign 
of the modulating wave applied to the input of one of the 
modulators is reversed. An analytical block diagram for a 
balanced modulator is shown in Figure 1. 

m(t) 

S 0 (t) 

-m(t) 

LEGEND 

m(t) = baseband modulating signal 

L.O. = local oscillator 

r(t) = reference (or carrier) signal 

AM = amplitude modulation 

S0 (t)= output of the balanced modulator 

Figure 1. Analytical Model for Balanced Modulator 

For a perfectly balanced modulator, 

S1(t) = [1 + k.m(t)].r(t) 

S2(t) = [1- k.m(t)].r(t) 

here k is the gain of the AM modulator. 
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Thus, the output of a perfectly balanced modulator is given 
by 

S0 (t) = S1(t) - S2(t) = 2k.m(t).r(t) (3) 

if r(t) is given by 

r(t) = A.cos(wct) (4) 

here A is the gain of the L.O., We is the oscillator's angular 
carrier frequency; and if we select k = 1, A= (1/2), then the 
output of a perfectly balanced modulator is given by 

S0 (t) = cos(wct).m(t) (5) 

In practice, however, the balanced modulator is not perfect, 
i.e., the carrier is not fully suppressed. The unbalanced case 
is 

S1(t) = (1/2) [1 + m(t)]cos(wct + 81) 

S2(t) = (1/2) [1- m(t)]cos(wct + 82) 

(6) 

(7) 

where 81 and 82 are the phase errors caused by the unbalanced AM 
modulators. Again, it should be mentioned that the amplitude is 
assumed to be perfectly balanced, and that it is normalized to 
one, i.e., A1 = A2 = 1. Where A1 and A2 are the amplitudes of 
the signals S1(t) and S2(t), respectively. 

The output of the unbalanced product modulator can be 
written as 

(8) 

where Su(t) and Sd(t) are the undesired component caused by the 
unsuppressed carrier component and desired suppressed carrier 
component, respectively. They are defined as 

Su(t) = (1/2) [cos(wct + 81) - cos(wct + 82)] 

Sd(t) = (1/2)m(t) [cos(wct + 81) + cos(wct + 82)] 

(9) 

(10) 

Using trigonometry identities, Equations (9) and (1) can be 
expanded as 

Su(t) = (1/2) [cos(81) - cos(82)]cos(wct) 

- (1/2) (sin(81) - sin(82) ]sin(wct) 

Sd(t) = (1/2) (cos(81) - cos(82) ]m(t)cos(wct) 

- (1/2) [sin(81) + sin(82) ]m(t)sin(wct) 
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By using appropriate trigonometry identities, the power 
contained in the Su(t) and Sd(t) components can be shown to have 
the forms 

Psu = power contained in Su(t) component 

= ( 1/4 ) [ 1 - cos ( 8 ) ] (13) 

Psd = power contained in Sd(t) component 

= (1/4)[1 + cos(8)) (14) 

here 8 = absolute(81 82) = phase inaccuracy (or phase 
unbalance) caused by unbalanced AM modulators. It is noted that 
the average power contained in the signal m(t) is normalized to 
one. 

From Equations (13) and (14), the carrier suppression, c, 
can be defined as the power contained in Su(t) component-to-power 
contained in Sd(t) component ratio. Thus, 

C = (Psu/Psd) = [: : cos(B) J 
cos(8) 

The carrier suppression C in dB is found to be 

[

1-
C(dB) = 10.log 

1 + 

cos (8) J 
cos(8) 

(15) 

(16) 

Given the carrier suppression in dB, one can solve for the 
phase inaccuracy. The phase inaccuracy effects on the carrier 
suppression is found to be 

- c J 
+ c 

(17) 

where 

c = 10 [C(dB)/10) (18) 
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If 8 < 12 degrees, Equation (16) can be approximated as 

C(dB) 
[

1 - cos(8) J = 10.log -----
2
------ , 8 < 12 degrees (19) 

Hence, for this case, the phase inaccuracy is found as 

8 = cos-1(1- 2c], 8 < 12 degrees ( 20) 

For the sake of simplicity, in the following sections, it 
will be assumed that 81 = 0 radian and 8 2 = 8 (the phase 
inaccuracy caused by the unbalanced product modulator). From 
Equations (9) and (10), for this case, the undesired component 
caused by the unsuppressed carrier component and the desired 
suppressed carrier component can be rewritten, respectively, as 

Su(t) = (1/2)(cos(wct) - cos(wct + 8)] 

Sd(t) = (1/2)m(t) (cos(wct) + cos(wct + 8)] 

( 21) 

(22) 

Using these two equations, the carrier suppression can be 
shown to be the same as that of Equation 15. 

For small 8 (i.e. 8 < 12 degrees) Equations (21) and (22) 
can be shown to have the form 

Su(t) = (1/2) [1 - cos(8)] .cos(wct) 

Sd(t) = (1/2)m(t) [1 + cos(8)] .cos(wct) 

1.2 SIMULATION 

(23) 

(24) 

The block diagram shown in Figure 1 is simulated on a 
digital computer. The simulation of this block diagram was run 
for a sinusoidal baseband modulating signal m(t). In particular, 
a simulation was run for 

m(t) = cos(2*~*100*t), 

A = 1/2, k = 1, 

r(t) = A.cos(2*~*300*t), 

8 = 10 degrees. 
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The output of this simulation is shown in Figures 2 and 3. 
Figure 2 shows the output of the unbalanced product modulator. 
Figure 3 illustrates the power spectral density at the output of 
the unbalanced modulator shown in Figure 2. Since the power 
spectral density illustrated in Figure 3 is normalized by the 
total power, the carrier suppression C(dB) can be found from this 
figure. For this specific case, the carrier suppression, found 
from Figure 3, is about -24.23 dB (10*log10(0.00377)). 

The results of the simulation that was run for various 
values of phase inaccuracy are summarized in Table 1. 

Table 1. The Carrier Suppression As a Function of the 
Phase-Inaccuracy-Simulated Results 

Phase Inaccuracy Carrier Suppression (dB) 
in Deg ( e ) Cs (dB) Simulated 

1 -43.98 

2 -38.12 

3 -34.63 

4 -32.16 

5 -30.22 

6 -28.64 

7 -27.31 

8 -26.16 

9 -25.14 

10 -24.23 

11 -23.41 

12 -22.67 
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1.3 NUMERICAL RESULTS OF A COMPARISON BETWEEN 
MATHEMATICAL MODEL AND SIMULATION 

Using Equation (16), the carrier suppression, C, in dB can 
be computed as a function of the phase inaccuracy 9 in degrees. 
The plot of this equation is shown in Figure 4. This figure also 
shows the simulated results obtained from Section 1. 2. It is 
important to note that the approximation of carrier suppression 
for 9 < 12 degrees (see Equation 19) is also plotted in Figure 4 
and this plot is the same as the one that employed Equation 16. 
The results obtained from this figure are tabulated in Table 2. 

Table 2. The Carrier Suppression As a Function 
Of The Phase Inaccuracy 

Phase Inaccuracy Carrier Suppression (dB) 
in Deg ( 9 ) 

Cs(dB) Simulated C(dB) Calculated 

1 -43.98 -41.18 

2 -38.12 -35.16 

3 -34.63 -31.64 

4 -32.16 -29.14 

5 -30.22 -27.20 

6 -28.64 -25.61 

7 -27.31 -24.27 

8 -26.16 -23.11 

9 -25.14 -22.08 

10 -24.23 -21.16 

11 -23.41 -20.33 

12 -22.67 -19.57 

This table shows the difference between the calculation and 
simulation as approximately 2 to 3 dB; also note that the 
calculated values are larger than those of the simulated results. 
Thus, the mathematical model presented in Subsection 1.1 can be 
used to compute the required carrier suppression for a given 
phase inaccuracy. The calculated carrier suppression using this 
model has a safety margin of 3 dB. 
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SECTION 2 

THE EFFECTS OF THE UNBALANCED PRODUCT MODULATOR ON THE 

GENERATION OF DEEP SPACE TELEMETRY SIGNAL 

2.1 MATHEMATICAL FORMULATION 

The deep space telemetry signal was recommended by the 
Consultative Committee for Space Data Systems (CCSDS). The 
telemetry data is phase shift-keyed onto a squarewave subcarrier 
and then phase modulated onto a sinusoidal carrier (Ref. 1). 
This signal may be represented mathematically by 

ST(t) = /2 A sin(wct + m.Sub(t)) (25) 

for a perfectly balanced modulator, Sub(t) is given by 

Sub(t) = d(t).P(t) ( 26) 

here P(t) is a squarewave subcarrier with angular frequency Wsc 
radjsec, We is the angular carrier frequency, m the modulation 
index in radian, d(t) the Non-Return-Zero (NRZ) telemetry data, A 
the root-mean-square (rms) voltage of ST(t). 

Figure 5 shows a simplified block diagram of the deep space 
telemetry modulator. 

d(t) 

Sub (t) 

9 I PM Modulator: y I 
t 

Squarewave Carrier 
Subcarrier Generator 
Generator 

Figure 5. A Simplified Block Diagram of the 
Deep Space Telemetry Modulator 

If the product modulator shown in Figure 5 is imperfect, 
from Equations (23) and (24), using P(t) as the reference signal 
and d(t) as the baseband modulating signal, and for small-phase 
inaccuracy ( 8 < 12 degrees) , the subcarrier signal Sub (t) is 
found to be 

Sub(t) = (1/2) [1 - cos(O) ]P(t) + (1/2) [1 + cos(O) ]P(t)d(t) (27) 
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Substituting Equation (27) into (25) and expanding the 
resultant equation (using trigonometry identities) gives 

ST(t) = J2 A [cos(ma)cos(m~) - sin(ma)sin(m~)d(t)]sin(wct) 

Carrier 
Component, C(t) 

Component Interferes 
With the Carrier, Ic(t) 

Carrier, Sc(t) 

+ J2 A [cos(ma)sin(m~)d(t) + sin(ma)cos(m~)]P(t)cos(wct) (28) 

here 

Data Component, 
D(t) 

a = ( 1/2 ) [ 1 - cos ( e ) ] 

~ = (1/2)[1 + cos(O)] 

2.2 DISCUSSION 

Component Interferes 
With the Data, Id(t) 

Data, Sd(t) 

(29) 

( 30) 

The first term of Equation (28) is the carrier component 
C(t), the second term (Ic(t)) is the component that causes 
interference to the carrier, the third term is the data component 
D(t), and the fourth term (Id(t)) is the component that 
interferes with the data. In the case of a fixed transmitter 
power level with a specified carrier tracking loop bandwidth, the 
intensity of carrier-interference-component Ic (t) is increasing 
as the telemetry data rate is decreasing. This phenomenon is 
clearly demonstrated in Figure 6, in which the spectral density 
for NRZ data with a bit rate Rs used as a parameter is plotted 
against frequency-to-bit rate ratio, using Equation 2.5-21 
(Chapter 2, Ref. 2). The solid-line curve shown in this figure 
represents the bit rate equal to Rs, and the dashed-line curve 
represents the bit rate equal to 3Rs· It is obvious from this 
figure that more carrier-interference-component power will fall 
into the carrier tracking loop as the bit rate decreases. As the 
data rate increases, the data power spectrum that falls into the 
carrier tracking loop becomes flatter. Thus, for high data rate, 
the interference can be considered as white noise. Obviously, 
this is true only if the carrier tracking loop bandwidth is very 
small compared to the data rate. 
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SECTION 3 

EFFECTS OF THE UNBALANCED PRODUCT MODULATOR ON 
THE CARRIER TRACKING LOOP 

3.1 MATHEMATICAL MODEL 

The first operation that the receiver performs is carrier 
tracking in which the carrier phase is tracked by a phase-locked 
loop (PLL), creating a locally generated reference signal. This 
reference signal is then used to translate the received signal 
down to an intermediate frequency coherent with the station 
reference. Generally, a receiver has a front-end filter, various 
intermediate stage amplifiers, mixers, and filters before the PLL 
circuitry is encountered. It is assumed that all these circuit 
elements are working perfectly. Thus, a block diagram of the 
carrier tracking loop for the DSN receiver can be simplified as 
shown in Figure 7. 

The received signal at the ground station is 

(31) 

where ST(t) is given by Equation (28), and n(t) is the Additive 
White Gaussian Noise (AWGN) with two-sided spectral density of 
No/2. 

Since the carrier loop bandwidth is very small compared to 
the absolute value of [We± WscJ, the data component D(t) and the 
interference component Id(t) can be disregarded in this analysis. 
Thus, the input signal to the PLL can be shown as 

Si(t) = A'[sin(wct) - x.d(t).sin(wct)] + n(t) (32) 

here 

A' = am~litude of the desired carrier component 
= j~.A.cos(ma)cos(mp) (33) 

x = Interference-to-signal ratio (ISR) = tan(ma)tan(mp) (34) 

In deep space telecommunications, the DSN receivers 
typically use a passive second-order loop filter of the form 

F(s) = (35) 
1 + r1.s 

where r 1 and r 2 are the output and input time constants of the 
filter response. 
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n t) 

F(s) = 

A'xd(t)sin(wct) 
v.c.o 

LEGEND 

v.c.o. = voltage controlled oscillator 

Figure 7. Carrier Component and Unsuppressed Carrier Component 
Caused by Unbalanced Product Modulator Passing Through a PLL 

Using Reference 3, the dynamic behavior of the PLL described 
in Figure 7 can be shown to have the following form 

Oo"(t) = 

where 

K 
[-sin(IJ 0 (t)) - xd(t)sin(IJ 0 (t)) + 

1 
(1 + Kr2 COS(IJ 0 (t)) 

+ Kr2xd(t)cos(IJ 0 (t))].IJ 0 '(t) 

1 
+ nl' (t) 

---] 
A' 

( 36) 

K = A'KlKmKvco; K1 is the amplitude of the output VCO, Km is the 
mixer gain, Kvco is the VCO gain constant (37) 

I} 0 {t) = output modulation of the vco 

d2 
IJo"(t) = e 0 (t) 

dt2 
(38) 

d 
0 0 ' (t) = 0 0 (t) (39) 

dt 
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d 
( 40) 

dt 

n1(t) = nc(t)cos(8 0 (t)) - ns(t)sin(8 0 (t)) ( 41) 

here nc(t) and ns(t) are the inphase and quadrature components of 
the AWGN n(t). 

Viterbi (Ref. 4) has shown that n1(t) is essentially white 
Gaussian noise with spectral density No/2 when the carrier loop 
bandwidth is smaller than the input noise bandwidth. Typical 
values of the DSN-Block IV receiver for two-sided loop noise 
bandwidth (2Blo), two-sided predetection noise bandwidth (2Bli), 
K' (normalized gain constant, K/A'), .,. lt .,. 2 are shown in the 
following table. 

MODE 

Narrow 

Wide 

Table 3. DSN-Block IV Receiver Carrier Tracking 
Loop Parameters 

2Blo 2Bli K' "1 
(Hz) (Hz) (sec) 

1.0 200 1340.9 33940.0 

3.0 200 1340.9 6510.0 

10.0 2000 1340.7 339.4 

30.0 2000 1340.7 65.1 

10.0 2000 13409.3 3394.0 

30.0 2000 13409.3 651.0 

100.0 20000 13406.7 33.9 

300.3 20000 13406.7 6.5 

"2 
(sec) 

1. 50 

0.50 

0.15 

0.05 

0.15 

0.05 

0.015 

0.005 

SOURCE: Andrew Kwok, Section 339, Telecommunications Division, to 
be published in JPL Document 810-5, Rev. D, Vol. I, TRK-
20, Rev.# D, DSN Tracking System, Carrier Tracking and 
Doppler. 

Using Reference 3, Equation (36) can be transformed into two 
first-order differential equations that are suitable for 
simulation on a digital computer. If we define T as the sampling 
time interval and m as the number of sample points, then Equation 
(36) can be rewritten as 

80 (T(m+1)) = 80 (mT) + T.8 0 '(mT) (42) 
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TK n1N(mT} 
00 '(T(m+1)) = ---[-sin(0 0 (mT)) - xd(mT}sin(8 0 (mT)} + 

T1 
---] 

T 
[1 + Kr2 cos(0 0 (mT)) 

+ Kr2xd(mT)cos(0 0 (mT))].0 0 '(mT) 

T 
+ n1N'(mT) + 80 '(mT) 

T 1 (SNR) 

SNR 

(43) 

where n1N(mT), and n1N'(mT) are the normalized versions of 
n1(mT), and nl'(mT), respectively, and SNR is the signal-to-noise 
ratio. They are given by 

n 1N' (mT) 

SNR = 

nl, (t) 
= 

I n1' (t) I 

A' 

I n1 ct> I 

here I . I denotes the magnitude of 
the quantity inside 

3.2 DEFINITION OF LOSS OF LOCK 

(44) 

(45) 

(46) 

In the following section, it is assumed that the PLL 
initially is in lock with the phase of the desired signal and 
that the interference is subsequently turned on by increasing the 
amount of the unsuppressed carrier caused by the phase unbalanced 
modulator. Since the loop filter is of a lag-lead type, the PLL 
will be a second-order loop and consequently will have only one 
stable point in the phase error region of (-~, ~). In this same 
region there also will be a single saddle point. Thus, using the 
same argument as that used in Reference 3, the selected threshold 
phase error for determining the loss of lock of a PLL is ~;2. 
This threshold will be adopted in the following analysis. 
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3.3 SIMULATION OF THE SECOND-ORDER PLL USING DSN
BLOCK IV RECEIVER CARRIER TRACKING LOOP FILTER 

Since the two-sided predetection noise bandwidth (2Bli) is 
much greater than the two-sided loop noise bandwidth (2Blo), the 
noise n1(t) (see Equation 36) can be approximated as white 
Gaussian noise. This white Gaussian noise n1(t) can be simulated 
on the computer using the following steps: 

Step 1: a constant amplitude spectrum is generated in the 
frequency domain; 

Step 2: the phase of this spectrum is then randomized; 

Step 3: take the inverse Fourier transform of this constant 
amplitude spectrum with random phase; 

Step 4: the white Gaussian noise in the time domain 
obtained by taking the real part of this inversed 
transform function found in Step 3. 

is then 
Fourier 

The simulation of Equation (43) is run with the loop 
parameters shown in Table 3. Since the PLL is assumed to be in 
lock with the phase of the carrier, the narrow mode was selected 
for the simulation. The following values for the narrow mode 
associated with the DSN-Block IV receiver are used in the 
simulation: 2Blo = 10 Hz, 2Bli = 2000Hz, K' = 1340.7, 
r 1 = 339.4 seconds, r2 = 0.15 seconds. Previously, it was shown 
that the worst case occurred at a low data rate. Thus, a data 
rate of 32 bps was selected for the simulation. It should be 
noted that this data rate is lower than the typical low telemetry 
data rate; for instance, the lowest telemetry data rate for 
Galilee spacecraft is 40 bps. The output of the simulation shown 
in Figures 8, 9, 10, 11, 12, and 13 are for the signal-to-noise 
Ratio (SNR) in 2Blo of 16 dB. Figures 8, 9, 10 are shown for the 
interference-to-signal ratio (ISR) of -18 dB, and Figures 11, 12, 
13 are for the ISR of -17.7 dB. Figures 8, 11 represent the 
outputs of the simulation for the phase error (the phase 
modulation of the VCO); Figures 9, 12 are the derivatives of the 
phase error; Figures 10, 13 are the phase plane plots. 

3.4 DISCUSSION OF THE NUMERICAL RESULTS 

Figure 10 shows the phase plane plot for ISR of -18 dB. 
This figure also shows that the carrier tracking loop remains in 
lock with the incoming carrier signal and that the phase error 
has not reached either +~/2 or -~/2 radians at any time. 
Therefore according to the definition of lock, the loop has 
retained lock with the carrier signal. This phenomenon can be 
seen more clearly in Figure 8 where the phase error is plotted 
against the time. As this figure illustrates, the phase error 
oscillates but its absolute value never exceeds ~ /2 radians; 
hence the loop remains in lock. 
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Figure 13 illustrates the phase plane plot for ISR of -17.7 
dB. This figure shows PLL's loss of lock from the desired 
carrier signal frequency, causing the PLL to lock into the 
unsuppressed carrier component. Figure 11 portrays this 
phenomenon more clearly. As this figure shows, the phase error 
exceeds -~12 radians at some instant of time and then oscillates 
around -2~. However, the absolute value of this phase-error 
oscillation never exceeds ~12 radians; hence the loop locks onto 
the unsuppressed carrier component and remains in lock with this 
component. It is important to mention that the phase of the 
carrier and that of the unsuppressed carrier component is not the 
same. Moreover, the phase of the unsuppressed carrier component 
that interferes with the carrier component varies at the 
telemetry data bit rate (see Equation 28). Thus, locking onto 
the unsuppressed carrier component is undesirable. From this 
figure, the threshold ISR that can knock the PLL out of lock is 
-17.7 dB. This threshold level then can be used to determine the 
necessary carrier suppression for the phase unbalanced product 
modulator. 

The ISR can be related to the phase inaccuracy caused by 
unbalanced modulator using Equation ( 34) . Equation ( 34) is 
plotted in Figure 14. This figure shows a plot of ISR against 
the phase inaccuracy caused by unbalanced modulator for various 
values of m, the telemetry modulation index. This figure also 
shows that for ISR = -17.7 dB, m = 1.3 radians, the corresponding 
phase inaccuracy is about 7 degrees. Using Figure 4, the phase 
inaccuracy of 7 degrees translates to -24.3 dB carrier 
suppression (using calculated results, or -27.3 dB using 
simulated results). Figure 14 reveals that for a fixed-phase 
inaccuracy, the ISR is increasing as the telemetry modulation 
index increases. This increase is expected because as the 
telemetry modulation index increases, the power allocated to the 
carrier component decreases, consequently increasing the ISR. 
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SECTION 4 

THE EFFECTS OF THE PHASE INACCURACY CAUSED BY THE 

UNBALANCED PRODUCT MODULATOR ON THE DEEP SPACE TELEMETRY 

BIT ERROR RATE (BER) PERFORMANCE 

4.1 DESCRIPTION OF THE DEEP SPACE TELEMETRY 
RECEIVING SYSTEM 

A general description of the deep space telemetry rece1v1ng 
system is illustrated in Figure 15. The transmitted signal ST(t) 
is received in the presence of additive white Gaussian noise. 
The first operation that the receiver performs is carrier 
tracking during which the carrier phase is tracked by a PLL 
creating a locally generated reference signal. This reference 
signal is then used to translate the received signal down to an 
intermediate frequency coherent with the station reference. The 
reference carrier signal derived by the PLL is given by 

r(t) = K1 COS(Wc - Wif)t (47) 

here K1 is the gain constant Wif is the intermediate angular 
frequency in radiansjsecond. 

The signal r 1 (t) at intermediate frequency (IF) is then fed 
to the subcarrier demodulator. The subcarrier demodulator tracks 
the subcarrier P(t), and a locally generated reference subcarrier 
signal is provided. This reference subcarrier signal is then 
used to demodulate the IF signal r1(t). The resulting 
demodulated signal is r2(t). This signal is then filtered by a 
predetection filter (PDF); r3(t) denotes the output of the PDF. 
Here it is assumed that the ISR is below the threshold so that 
the unsuppressed carrier component caused by phase unbalanced 
modulator will not create harmful interference to the subcarrier 
tracking loop. 

After the subcarrier has been demodulated, the signal r 3 (t) 
is multiplied by a coherent Wif reference signal to downconvert 
the IF signal to baseband signal r4(t). The baseband signal is 
then fed to the symbol synchronizer for symbol synchronization 
and symbol detection. Symbol detection is achieved by using 
integrated and dump circuitry. 
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ST(t) + n(t) 

Carrier Tracking 
Loop 

PM tC 
r(t) 

1 " 
r 1 (t) 

Subcarrier Tracking 
Loop 

~ 
P(t) 

" 
PM2 

r 2 (t) 

I PDF I 
r3 (t) 

;(~ K2cos(wift) " PM3 
Wif Reference 

r4(t) 

Symbol Synchronizer 

I Integrator~ 
! 
d(Ts) 

LEGEND 

PM1, PM2, PM3 = product modulator number 1, 2, 3, respectively 

K2 = gain constant 

Wif = IF angular frequency 

d(Ts) = estimate of the received telemetry data 

Figure 15. A Typical Block Diagram for a Deep Space 
Telemetry Receiving System 
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4.2 MATHEMATICAL FORMULATION 

The received signal in the presence of the AWGN is 

(48) 

where ST(t) is given by Equation (28), and n(t) is the additive 
white Gaussian noise (AWGN) with the two-sided spectral density 
of No/2. 

The transmitted signal ST(t) consists of two components, the 
carrier component Sc(t) and the data component Sd(t), see 
Equation (28). The carrier component is tracked by the carrier 
tracking loop. Here, the carrier tracking is assumed to be 
perfect so that the reference signal has the form of Equation 
( 4 7) • 

The product modulators shown in Figure 15 are assumed to be 
imperfect, although they are identical to the product modulator 
used in the transmitter. The output of the PMl (rl(t)) is found 
to be, From Equations (23) and (24) with r(t) (Equation 47) as 
the reference signal and [Sd(t) + n(t)] as the baseband 
modulating signal, for small-phase inaccuracy (8 < 12 degrees) 

(49) 

here a and ~ are defined in Equations (29) and (30), 
respectively, and n1(t) is the filtered noise process at IF with 
the two-sided spectrum density No/2. 

Similarly, the output of PM2 can be shown to have the form 

(50) 

The ouput of the PDF becomes 

(51) 

here n3(t) is the filtered noise process. If the broadening of 
the noise spectrum due to the multiplication of n1(t) by P(t) is 
ignored, then the two-sided spectrum density of n3(t) is 
approximately equal to No/2. 

The output of the PM3 becomes 

r4(t) = K
2
acos(wift) 

+ K2~cos(wift).r3(t) + n4(t) (52) 

here K2 is the gain constant, and n4(t) is the noise process at 
the baseband with the two-sided spectrum density No/2. 
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Since the current deep space telemetry data rate is always 
less than 500 Kbps, the telemetry subcarrier frequency fsc 
(Wsc/2~) must be less than 1.5 MHZ (three times the data rate). 
The components at frequencies (fif ± fsc) can be neglected 
providing that the IF frequency is at the order of 10 MHz (this 
is the case for the current deep space telemetry receiving 
system). Note that fif is the IF frequency which is Wif/2~. If 
the PDF filter is assumed to be an ideal filter (i.e., it passes 
all in-band signals without distortion and completely rejects 
out-of-band signals), then the output of the product modulator 
PM3 can be shown to have the form 

AK1K2 

2!2 
~3 (cos(ma)sin(m~)d(t) + sin(ma)cos(m~)] 

(53) 

If K1K2 = 2)2, then the bit signal-to-noise ratio can be 
defined as 

= (54) 
No No 

here Ts is the bit or symbol period. 

Thus, r 4 (t) can be written in terms of the bit signal-to
noise as follows 

(55) 

where ~ is defined as 

tan(ma) 
~ = = degradation parameter (56) 

tan(m~) 

Based on the output of the PM3 (r4(t)), the output of the 
integrator can be shown to have the following form 

d(Ts) - (57) 
{

)(Eb/No) )(NoTs) ~ 3 [1 + ~] + N(Ts), if +1 was sent 

- )(Eb/No) )(NoTs) ~ 3 [-1 + ~] + N(Ts), if -1 was sent 

here N (Ts) is a Gaussian random variable with zero mean and 
variance (NoTs/2). 
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4.3 BER PERFORMANCE DEGRADATION DUE TO THE 
PRESENCE OF PHASE INACCURACY 

The bit error probability in the presence of unsuppressed 
carrier component caused by the unbalanced product modulators can 
be evaluated using the test statistic found in Equation (57). It 
can be shown that the conditional probability of bit error given 
d(t) = +1 was sent is 

P(e/+1) = (1/2)erfc{}(Eb/No) ~3 [1 + 6]} (58) 

Similarly, the conditional probability of bit error given 
d(t) = -1 was sent is found to be 

P(e/-1) = (1/2)erfc{}(Eb/No) ~3 [1- 6]} (59) 

If the +1 and -1 are equally probable, the average 
probability of bit error is 

Pe = (1/4) (erfc{}(Eb/No) ~3 [1 + 6]} 

(60) 

The bit error rate (BER) performance degradation due to the 
presence of the unsuppressed carrier component can be determined 
by evaluating Equation (60). 

Before evaluating this equation, it is important to study 
the behavior of the degradation parameter 6. The mathematical 
model for this parameter is represented by Equation (56). Figure 
16 shows the plot of the degradation parameter 6 versus the phase 
inaccuracy with telemetry modulation index m as a parameter. It 
was observed that when the telemetry modulation index decreases, 
the degradation parameter 6 increases. Hence, based on this 
observation, it can be concluded that the BER performance 
degradation increases as the telemetry modulation index m 
decreases. The physical interpretation for this is that as the 
telemetry modulation index decreases less power is allocated to 
the telemetry data channel, consequently increasing the effective 
interference-to-signal ratio (ISR). As a result of this increase 
in the effective ISR, the BER performance degradation increases. 
However, for small-phase error (i.e., () < 12 degrees) , this 
degradation is not significant because the degradation parameter 
6 is less than one (at the order of 0. 008 as compared to 1). 
Therefore, the degradation parameter can be disregarded for the 
range of phase inaccuracy examined in this study. Using this 
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approximation, the probability of bit error rate expressed in 
Equation (60) can be rewritten as 

(61) 

The above equation is valid for the small values of phase 
inaccuracy, 8 < 12 degrees. 

The plot of Equation (61) is shown in Figures 17 and 18. 
These figures are the plots of probability of bit error against 
the bit signal-to-noise ratio in dB for various values of phase 
inaccuracy. 

4.4 DISCUSSION OF NUMERICAL RESULTS 

Illustrated in Figure 17 is the probability of bit error 
rate at 10-5 for various values of phase inaccuracy caused by the 
phase unbalanced product modulator. As this figure shows, the 
BER performance degradation increases as the phase inaccuracy 
increases. This increase is expected because as the phase 
inaccuracy increases, the power in the unsuppressed carrier 
component (caused by the unbalanced modulator) also increases 
(see Figure 4) causing more degradation in the BER performance. 
For instance, the bit error rate degradation at 10-5 for a phase 
inaccuracy of 2 degrees is negligible, while the BER degradation 
for a phase inaccuracy of 10 degrees is 0.19 dB. 

Figure 18 shows a plot of probability of the bit error rate 
at 10-6 for various values of phase inaccuracy. A summary of the 
bit error rate performance degradation is tabulated in Table 4. 

Since the BER performance degradation 
unbalanced product modulator can be considered 
detection loss, this degradation must be kept 
Category B, deep space mission, the requirement 
loss is very small; for instance, this loss is 
0.1 dB (Ref. 2, Chapter 5). 
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Table 4. BER Performance Degradation for Various 
Values of Phase Inaccuracy 

Probability Phase Carrier BER Performance 
of Bit Inaccuracy Suppression Degradation 

Error Rate in deg in dB in dB 

2 -35.16 0.004 

4 -29.14 0.02 

1o-5 6 -25.61 0.06 

8 -23.11 0.1 

10 -21.16 0.194 

2 -35.16 0.01 

4 -29.14 0.024 

10-6 6 -25.61 0.071 

8 -23.11 0.123 

10 -21.61 0.2 

NOTE: The carrier suppression illustrated in Table 4 is obtained 
from Table 2 using calculated values. 

B. CONCLUSIONS AND RECOMMENDATIONS 

A thorough investigation of the impacts of the phase 
unbalanced product modulators on the performance of the space 
telemetry system was presented in this paper. A relationship 
between the carrier suppression and phase inaccuracy (or phase 
unbalance) in the phase unbalanced product modulator has been 
derived in Section 1. Section 2 investigated the effects of the 
phase unbalanced product modulators on the generation of a deep 
space telemetry signal. The behavior of the deep space carrier 
tracking loop in the presence of unsuppressed carrier component 
(caused by the phase unbalanced product modulators) has been 
described in Section 3. Finally, Section 4 investigated the 
effects of phase inaccuracy on the deep space telemetry bit error 
rate performance. 
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A simulation to confirm the carrier suppression and phase 
inaccuracy relationship was performed using a digital computer. 
The discrepancy between the theoretical and simulated carrier 
suppression model was approximately 2 to 3 dB. The results of 
the simulated model were found to be lower than the theoretical. 
Therefore, the mathematical model presented in Subsection 1. 1 
(Equation 16) can be used to evaluate the required carrier 
suppression for a given phase inaccuracy with a safety margin of 
3 dB. 

An imperfectly balanced modulator used as a product 
modulator at the transmitter can contribute to the generation of 
spurious spectrum lines. One of these spurious spectrum lines 
that falls into the loop bandwidth of the carrier tracking loop 
can cause interference to the tracking of the carrier signal 
frequency. 

A computer simulation was performed in Section 3 for the 
DSN-Block IV carrier tracking loop at a narrow mode with 2Blo 
(two-sided loop noise bandwidth) of 10 Hz. The results show that 
at ISR = -17.7 dB and at a data rate of 32 bps the PLL drops lock 
from the desired carrier signal frequency and locks into the 
unsuppressed carrier component (caused by the unbalanced product 
modulator.) This maximum tolerable ISR is defined as the 
threshold ISR, and it can be related to the phase inaccuracy and 
the telemetry modulation index, m, using Figure 14. This figure 
shows that for ISR = -17.7 dB, m = 1.3 radians, the corresponding 
phase inaccuracy is about 7 degrees. Using Figure 4, the phase 
inaccuracy of 7 degrees translates to about -24.3 dB carrier 
suppression (using calculated results, or -27.3 dB using 
simulated results) . Figure 14 reveals that for a fixed phase 
inaccuracy, the ISR increases as the telemetry modulation index 
increases. This is expected because as the telemetry modulation 
index increases, the power allocated to the carrier component 
decreases, consequently increasing the interference-to-carrier 
signal power ratio. 

The average BER performance of the deep space telemetry 
system in the presence of unsuppressed carrier component (caused 
by phase unbalanced product modulator) was determined, and the 
effects of phase inaccuracy were investigated. It is shown that 
the BER performance degradation increases as the phase inaccuracy 
increases. This is expected because as the phase inaccuracy 
increases, so does the power in the unsuppressed carrier 
component (see Figure 4), causing more degradation in the BER 
performance. For instance, the bit error rate degradation at 
10-5 for a phase inaccuracy of 2 degrees is negligible, while the 
BER degradation for a phase inaccuracy of 10 degrees is about 
0.19 dB. From Section 4. 3, the BER performance degradation 
caused by the unbalanced product modulator is absorbed in the 
detection loss, and this loss is usually less than 0. 1 dB for 
deep space missions. Thus, a phase inaccuracy of 2 degrees is a 
requirement for the balance product modulator employed in the 
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current deep space telemetry system. A phase inaccuracy of 2 
degrees can be achieved by the current state-of-the art product 
modulators. 

Based on the above investigations, the following 
recommendations are made to the Consultative Committee for Space 
Data Systems: 

(1) For category B, deep space mission, a maximum of ±2 degrees 
phase inaccuracy is recommended for a balanced modulator used as 
a product modulator in the telemetry system; 

(2) For Category B mission, a minimum carrier suppression of -35 
dB is recommended for a balanced modulator used as a product 
modulator in the telemetry system. 
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ABSTRACT 

The performance of the European Space Agency (ESA) 
spacecraft telecommand subsystem in the presence of the ranging 
signal is analyzed. The ranging signal used in this analysis is 
generated by the ESA Multi Purpose Tracking System (MPTS) , an 
improved version of the Deep Space Tracking System (DSTS) . 
Numerical results show that the telecommand bit error rate 
degradation due to the presence of the ranging is negligible in 
most practical cases, and that frequency optimization proposed in 
[3] is generally not applicable. 
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1 Introduction 

The Multi Purpose Tracking System (MPTS) [2],[6], is an improved version 
of the ESA Deep Space Tracking System (DSTS) [3], and it represents a 
high accuracy combined range and range-rate measurement system to be 
used for category [A] and [B] spacecrafts (S/C). 

The range measurement is performed using a tone which is phase mod
ulated by a code. This code is used to solve the range ambiguity [2],[6]. 
The code and the modulation technique is the same as in the DSTS, the 
main functional difference is that the MPTS is able to track higher Doppler 
rates and cope with non-coherent s;c transponders. 

In case of simultaneous ranging and commanding operations the two 
video signals enter the phase modulator. The resulting modulated signal is 
corrupted by the up-link gaussian noise which enters the s;c telecommand 
demodulator. 

In the following a general formula for the telecommand Bit Error Rate 
calculation in the presence of noise and ranging interference is carried out 
and several numerical results are presented. The calculations found are in 
agreemnts with the simulation and measurement results [4], [5]. 

2 System analysis 

In case of simultaneous ranging and command operations the signal trans
mitted by the ground station is represented by: 

s(t) 

where: 

A sin[wct + mTcd(t) cos(wTct +~I) 

+mR cos(wRt + 4>R(t))] 
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A= fiSu 
we 
WTC 

<1>1 

WR 

ffiTC 

ffiRU 

d(t) 
<I>R(t) = ~Rrn(t) 
~R 
rn(t) 

Su up-link signal power 
Up-link carrier frequency 
Telecommand subcarrier frequency 
Telecommand subcarrier initial phase 
Ranging tone frequency 
Teleconunand modulation index 
Ranging modulation index 
Telecommand NRZ data stream 
Modulated RG phase 
Ranging code phase modulation index 
Ranging code of order n 

The ranging and telecommand video signals are generated using a com
mon reference, therefore the relative telecommand subcarrier phase ~1 is 
constant. 

The ranging code signal rn(t) is a bipolar { ±1} periodic rectangular 
function with period Tn given by: 

2" 
Tn =- (2) 

fR 

where 2" is the code length and fR is the ranging tone frequency. 
The simultaneous presence of the two video signals produces intermod

ulation and interference between them, and can degrade the telecommand 
and ranging operation performance. Because of the non-linear property of 
phase modulation , such interference effects can occur even when the two 
video signals have little spectral overlap. 

In this paper we analyse the effect of possible interference and cross
modulation on the Bit Error Rate (BER) performance of the telecommand 
chain. 

The system under investigation is depicted in Figure 1. x1 ( t) is the 
input signal to the S/C receiver corrupted by the AWGN process n(t) with 
one-sided spectral density No. 

It can be shown that the block diagram of Figure 2 is equivalent. t.o 
Figure 1 when the complex envelope notation is used. 

The complex envelope of s(t) is given by: 
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and from Figure 2: 

x1(t) = s(t) + n(t) (4) 

where n(t)represents the complex envelope of the thermal noise n(t). 

(5) 

8 being the S/C carrier loop phase error. The resulting signal is then 
multiplied by the recovered subcarrier which we assume to be perfectly 
synchronized. 

(6) 

The complex envelope of the signal at the IF filter output is given by: 

(7) 

where hrF(t)is the equivalent baseband impulse response of the S/C 
demodulator IF filter. For the demodulated video TC signal one gets: 

(8) 

Using the Bessel expansion of the exponential term limited to the second 
order it is possible to show that: 

x4(t) -jAe-j6{Jo(mTc)Jo(mR)cos(wTct + ~1) 
+ 2jJo(mR)Jl(mTc)d(t)cos2 (wTct +~I) 

+ 2jJo(mTc )JI(mR) cos(wRt + cPR(t)) cos(wTct + ~1) 
4Jl(mTc )JI(mR)d(t) cos(wRt + cPR(t)) 

· cos2(wTct + ~1)} ® hrF(t) + n4(t) (9) 

where n 4 ( t) represents a filtered version of the input. noise ii (f). 
The terms at frequency 0 and 2wTc are rejected by the IF filter then we 

get for the demodulated TC signal : 
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zs(t) = AJo( mR)J1 { mTc )d(t) cos 0 

+ 2AJo(mTc)J1(mR)[cos(wTct + <}1) cos(wRt + ¢R(t))] 

®hrF(t)cosO 

+ 2AJ1(mTc)JI(mR)d(t){cos(wRt + ¢R(t)) 

·[1 + cos(2wTct + 2<}1)]} ® hrF(t) sinO+ n5(t) {10) 

where n 6 (t) = Re{n4 (t)} and® represents the time domain convolution 
operator. 

The ranging code of order n with period 2" / fR is generated by recursion 
starting from c0 ( t) = -1. The following code can be simply obtained adding 
to the previous code its logical complement. The code generation law is 
then 

The code can be expanded in Fourier series as : 

(11) 

where for n 2:: 1: 

(12) 

{ 

. ("'k) 
2 ( ".,.)sm 2" rrn- 1 . ( ,..~. ) 1'f k odd 

A 
COS 2 ,..J. m=O Sill 2,._.,. 

k ,n = 0 2" 

if k even 

{ 

. ("'k) 
2 • (".,.)Sln2n rrn-1 • ( wk) B - Sin 2 wk m=O Sin 2" - m 

k ,n- 2" 

0 

if k odd 

if k even 

[Bkn] 
fh,n = arctan A. ~,. :n ( 13 ) 

For n = 0: 
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{ 
1 if k=O 

Ck ,O = 0 otherwise 

fho = 0 
' 

Using equation (11) by means of some trigonometric manipulations we 
obtain: 

:z:s(t) Alo(mR)Jt(mTc )d(t) cos 8 
A . 

- 2Jo(mTc )J1(mR) cos 8sm ~R 

k2 
·{ L C1c ,n sin{[wR(1- 2~.) + WTc]t + ~1- 81c,n} 

lc=k1 

k4 
L C1c ,n sin{[w R( 1 - 2~) - WTC ]t - ~1 - 8/c,n}} 

lc=k3 

- AJdmTc )Jl(mR)d(t) sin8 sin ~R 

ke 

·{ L clc,n sin{[wR(1- 2~ )]t- 8/c,n} 

lc=k5 

1 
ks 

+ { 2 L clc,n sin{[wR(1- 2~) + 2wTc]t + 2~1- 8/c,n} 

lc=k7 

1 klO 
+ 2 L clc,n sin{[wR(1- 2~')- 2wTc]t- 2~1- 8/c,n}} 

lc=ks 

+ ns(t) {14) 

The k1 - k10 coefficients are computed taking into account the IF filter 
action. For sake of simplicity, the filter is assumed to be a band-pass filter 
with rectangular frequency response and one-sided bandwidth wBif· 

It can be shown that : 

k1 inf[2"(1 + wrc- wBi! ll + 1 
4>R 
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k2 int[2n(l + WTC + WBif )] 

WR 

k3 int[2n(1 - WTC + WBif )j + 1 
WR 

k4 = int[2n(l + WTC- WBij )] 

WR 

ks int[2n(1 - WBif )] + 1 
WR 

ka int[2n(l + WBif )] 
WR 

k7 = int[2n(l + 2wTc- WBif )] + 1 
WR 

ks int[2n(1 + 2wTc + WBif )] 

WR 

kg int[2n(l - 2wTc + WBif )] + 1 
WR 

kto int[2n(l - 2wTc - WBif )] 

WR 

By means of equation (14) we can compute the integrator output at 
time t~c = kTb where n is the TC bit period. 

l
kT• 

- xs(t)dt 
(k-l)T• 

ATblt(mTc )Jo(mR)d~c cos fJ 

~ nJo( mTc )Jl ( mR) sin ci» RIP cos() 

ATbJt(mTc )Jt(mR)d~c sin ci»RIQ sinO 

+ N6 (15) 

where N6 is a Gaussian random variable with zero mean and variance 
N~Tb, d~c = d(t~c) and 

k2 

Jp = L Ck,n 

k=kl 

cos(~l - fh ,n)- cos( [....:R( 1- ~k" ) + ....:Tc]T~ + ~1 - fik .n) 

fu.·Rf 1 - ~ l - .,,,-. ]T, 
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k4 
+ L C1c ,n 

lc=ka 

cos(~1 + 8~t ,n)- co.,( [wR(l- fn)- WTc]n- ~1- 8~t ,n) 

[wR(l- 2"n)- WTc]Tb 

k6 
Iq = L clt,n 

k=k& 

cos(8~t ,n)- CO-'([wR(l- fn )]Tb- 8~t , n) 

[wR(l- 2"n )]Tb 

1 
ks 

+ 2 2: clt,n 

lc=k7 

cos(2~1 - 8~t,n)- co.,([wR(l- f.;)+ 2wTc]Tb + 2~1 - 8~c , n) 

[wR(1- 2"n) + 2wTc]n 

1 
k1o 

+ 2 L C1c ,n 

lt:kg 

cos(2~1 + 8~t ,n)- CO-'([wR(1- f.;)- 2wTc]Tb- 2~1 - 8~t,n) 

[wR(1- 2"'n)- 2wTc]Tb 

Using formulas (16-17) we can rewrite formula (15) as 

1 = ATr,Jo(mTc )Jl(mn){[d,.- 2Rplp] cosO 

- RQIQdk sin 8} + N6 

Lets define 
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From equation (18) the conditional symbol error probability is 

Pe(O) = ~er fc{ ~[cos 0(1- ~Rplp)- RQIQ sinO]} 

+ ~er fc{ ~[cos 0(1 + ~Rplp)- RQIQ sin 0]} 

where Eb = sn. 
(21) 

Assuming a Tikhonov distribution for the recovered carrier phase in the 
S/C we get for the TC data probability of error 

(22) 

where: 

p Carrier loop signal-to-noise ratio 
(} Carrier loop phase error 

3 Numerical results 

Using equations (16) and (17) the interferer amplitude has been computed. 
The worst case is presented by the use of a 16KHz subcarrier and a 4Kb/ s 
telecommand bit rate. Figures 3,4,5,6 and 7 show the lp and IQ dependence 
on the MPTS tone frequency for different code lengths. It is demonstrated 
that the shape of lp, IQ becomes independent on n for n ~ 6. 

The interference level dependence on the telecommand subcarrier phase 
~1 is shown in Figures 5 ( ~1 = 0°) and 8 ( ~1 = 90°). 

The telecommand Bit Error Rate has been numerically computed mak
ing use of formula (22). Results are shown in Figures 9,10,11 ,12 13 respec
tively for the case of a n = 0, 2, 4, 6, 8. A TC data rate of 4 kb/ s with 
Eb/ N0 = 10.5 dB has been assumed; the bot. tom line represents the theo
retical BPSK BER, the intermediate line shows the TC demodulator BER 
in absence of the ranging signal and the top curve is the TC BER with 
simultaneous ranging. 
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From the analysis of the worst case (TC bit rate 4 kb/ s) it has been 
shown that the telecommand BER degradation due to the ranging signal 
is negligible for all possible ranging codes (degradation < 0.2 dB). 

4 Conclusions 

It is shown that the telecommand degradation due to the simultaneous 
ranging using the ESA MPTS is negligible in all practical cases, and that 
the optimization proposed in [3] was not applicable to the ESA ranging 
code. 

It is also shown that the interference level strongly depends on the 
relative phase between the the telecommand subcarrier and the ranging 
tone, so that it can not be neglected as assumed in [3]. 
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Figure 1: System block diagram 
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Figure 2: Equivalent baseband system block diagram 
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COMPUTATION OF INTERMODULATION AND INTERFERENCE IN TELEMETRY 
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ABSTRACT 

Compared to the past, the future scientific missions are 
much more demanding in terms of telemetry, tracking and 
commanding. The space-to-Earth links for both medium and high 
data rate are often achieved with a minimum power margin. The 
use of the residual carrier modulation for simultaneous telemetry 
and ranging operations makes the link optimization process more 
difficult. In this paper, the telemetry demodulator performance 
degradation due to presence of the ranging signal generated by 
ESA Multi Purpose Tracking System (MPTS) is analyzed in detail. 
A general expression for the telemetry data bit error rate (BER) 
in the presence of the EAS/MPTS ranging signal is derived. 
Numerical results corresponding to typical link configurations 
are presented and general criteria are given. 
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1 Introduction 

A selection of optimal link parameters is a very important process in mini
mizing the spacecraft (S/C) communication subsystem complexity and cost. 
The need for a precise and flexible tracking system for Cat. [A] and [B] 
S/C lead to the development and implementation in the ESA ESTRACK 
[3] of a new high accuracy tracking system named MPTS [1], [2]. 

Due to the system complexity, the link optimization can not be dis
joint by a detailed analysis based on an accurate system modelling . A 
complementary work [8] is focused on the ranging signal interference on 
the Telecommand subsystem [4], therefore in the present paper we investi
gate the Telemetry subsystem degradation due to the simultaneous ranging 
operations. 

The use of remnant carrier modulation scheme with $inu$oidal telemetry 
.subcarrier has been considered according to [5]. 

The paper is organized in the following way: in section 2 the overall 
system is described and an equivalent baseband complex envelope model 
derived. In section 3 the S/C transponder analysis is performed with par
ticular regard to the Automatic Gain Control system (AGC) and the re
modulation process. Section 4 describes the telemetry signal demodulation 
process at the ground station. In section 5 the telemetry BER expression 
in presence of the ranging signal is finally derived. In section 6 we present 
several results obtained by numerical integration of the formulas derived in 
section 5. In section 7 the study conclusions are drawn. 

2 System Analysis 

The system under investigation is described in Figure 1: the up-link carrier 
phase modulated by the ranging signal is received and demodulated at the 
S/C transponder. The modulated telemetry subcarrier is then combined 
with the ranging baseband signal and retransmitted toward the ground. 
The received signal after down conversion is tracked by a coherent receiver 
which also provides the carrier AGC function before entering the telemetry 
and ranging demodulation subsystems. In the following analysis we will 
exclude simultaneous TC-TM-RG operations. The up-link analysis for this 
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case has already been performed in [3]. 
This paper analyzes the telemetry performance degradation in presence 

of the ESA ranging assuming that the telecommand is turned off on the 
uplink. Using the signal complex envelope representation it is possible to 
derive an equivalent block diagram of the system described in Figure 1. 
This is done in Figure 2 where the jitter contribution due to the S/C and 
the ground station demodulator carrier loops are grouped in the random 
phase 1/J. 

The transmitted ranging signal can be expressed by the following equa-
tion: 

su( t) = y'2Su"Re{ ei{mRu•in(WTt+~(t)]} e;w0t} 

~(t) = ~ccn(t) + ~o 
where: 

Su Up-link signal power 
mRu Up-link ranging modulation index 
WT Ranging tone frequency 
w0 Up-link carrier frequency 
~c Ranging code modulation index 
r n ( t) Ranging code of order n 
~0 Ranging tone initial phase 

(1) 

(2) 

The ranging code signal r n ( t) (see also section 5) is a hi polar { ± 1} 
periodic rectangular function with period Tn given by: 

2n 
Tn= -

fT 

where 2n is the code length and h is the ranging tone frequency. 

3 The S / C Transponder Analysis 

(3) 

Let Sin(t) be the input signal to the S/C receiver corrupted by the up-link 
AWGN process n 1(t) with one-sided spectral density Nou.· 

(4) 
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It is easy to show that using the usual 1-Q decomposition of the process 
n 1 (t) with respect to the carrier w0 we have 

(5) 

where n1e(t) and nh(t) are two mutually independent white gaussian 
low-pass processes with PSD Nau. Following the model of Figure 2 we easily 
find 

XDT(t) = Im{ ..fiS"ueim~tu•in[WT+¢(t)J + nle(t) + jnh(t)} (6) 

After filtering and level control we get for the demodulated ranging signal 

(7) 

where ® represent the time convolution operator, hT( t) is the transpon
der filter impulse response and K.AGC the AGC level setting. 

Considering that the high frequency components of (6) are suppressed 
by the transponder low-pass filter HT(f) 1 using the Bessel expansion of 
the complex exponential term we find for xvRG(t) 

XVRG(t) - ..fiS"uK.AGc2Jl(mRu)[sin(wTt + ¢(t))] ® hT(t) 

+ K.AGc[nh(t) ® hT(t)] (8) 

Defining SR the ranging signal power in the up-link 

SR = 2Jf(mRu)Su 

nT(t) the filtered noise at the transponder AGC output 

and mRD the effe('tive ranging down-link modulation index 

ffiRD = KAGC ;:;s;. 
we can rewrite equation (8) as 

1 with impulse response hr(t) 
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(12) 

The AGC keeps the total signal plus noise power in the transponder 
constant. It is possible to show that the AGC level is given by the following 
equation 

K ffiTR ~ 
AGe= ~V1+~ (13) 

where mTR is the S/C transponder modulation index and PTR is the 
transponder signal-to-noise ratio given by 

(14) 

where BwT is the transponder noise bandwidth. From equations (11) 
and (13) the ranging down-link modulation index becomes 

(15) 

Let now compute the variance of the noise process nT(t) by means of 
its spectral noise density NT(!) 

(16) 

The noise variance can be computed integrating the noise spectral power 
density 

u~ = fooo NT(!) 

by means of equations (16) and (17) we get 

O'n = j2(1 ~ PTR) 

where nT( t) is a gaussian process with pdf given by 
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(19) 

After the addition of the telemetry signal the video signal becomes 

zvsc(t) = mRD sin[wTt + </>(t)] + mTMd(t) sin(wsct) + nT(t) (20) 

where: 

mTM Telemetry modulation index 
wsc Telemetry subcarrier frequency 
d( t) Telemetry NRZ binary data stream 

The complex envelope of the RF phase modulated carrier at the SC 
output is 

SD(t) = ~ejzvsc(t) (21) 

where SD is the down-link signal transmitted power. 

4 The Telemetry Demodulation Analysis 

The complex envelope of the received signal r(t)is corrupted by the down
link noise ii2 (t) 

(22) 

where ii2(t)is a complex AWGN process with spectral density Nod 

(23) 

Following the block diagram Figure 2 we have 

XD1(t) = ~sin(w50 t)ei[zvsc(t)-1/1] + Im{n~(t)} (24) 
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iD2(t) = [ )25: sin(wsct)ei[zvsc(t)->J.] + fi~(t)] ® hiF(t) (26) 

where '1/J is the PLL carrier phase error and hiF( t)is the baseband im
pulse response of the telemetry demodulator IF filter. The baseband de
modulated signal expression is finally given by 

XDa(t) = { )2S:[sin(wsct) sin[:z:vsc(t)- ,P] + Im[fi~(t)]} ® hiF(t) (27) 

Let now develop the first term of equation (27). 
In Appendix A it is shown that after some trigonometric manipulations 

the equation (27) can be rewritten as 

XDa( t) = Jo( mRD )J1 ( mTM )[ )2S:cos 8d(t) + ip( t)cos 8 + iQ( t)sin 8] + n 3 ( t) 
(28) 

where 

f) nT(t)- '1/J (29) 

na(t) - {n2.(t) sin(wsct)} ® hiF(t) (30) 
ip(t) = Rptd(t)~Pt(t) + Rp2~P2(t) + Rpa~Pa(t) (31) 
iQ( t) RQ1 d(t)~Qt(t) + RQ2~Q2(t) + RQa~Qa(t) (32) 

RPt 
J2(mRD) (33) 
Jo(mRD) 

RP2 
Jo(mTM )Jt(mRD) (34) -
Jt(mTM)Jo(mRD) 

Rpa 
J2(mTM)Jt(mRD) (35) 
Jo( mRD )J1 ( mTM) 

RQt 
Jt(mRD) 

(:l6) 
Jo(mRD) 

RQ2 
Jo(mTM)- J2(mTM) (37) 

Jt(mTM) 

RQ3 
Jo( mTM )J2( mRD) 

(38) 
Jo( mRD )Jt ( mnr) 
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iPt ( t) -

-

-
iP2( t) -

+ 
iP3(t) -

+ 
+ 
-

iQ1 ( t) 

+ 
-

iQ2( t) -
iQ3(t) -

-

{2cos[2(wr + ¢(t))] 

cos[2(wr + Wsc )t + 2¢(t)] 

cos[2(wr- wsc)t + 2¢(t)]} ® hrF(t) 

{ -cos[(wr + wsc )t + ¢(t)] 

cos[(wr- wsc)t + ¢(t)]} ® hrF(t) 

{- cos[(wr + 3wsc )t¢(t)] 

cos[(wr- 3wsc )t + ¢(t)] 

cos[(wr + wsc )t + ¢(t)] 

cos[(wr- wsc)t + ¢(t)]} ® hrF(t) 

{ -2 sin[(wr + ¢(t))] 

sin[(wr + 2wsc )t + ¢(t)] 

sin[(wr- 2wsc)t + ¢(t)]} ® hrF(t) 

{sin(wsct)} ® hrF(t) 

{sin[(wsc + 2wr )t + 2¢(t))] 

sin[(2wr- wsc )t + 2¢(t)] ® hrF(t) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

5 The Telemetry Bit Error Rate Derivation 

In Section 4 a closed expression for the demodulated signal has been de
rived. We have now the possibility to compute the signal amplitude at the 
output of the integrate and dump device. The recovered telemetry bit clock 
is assumed perfect (the effect of the clock jitter is normally negligible) so 
that at time t~c = kn we have 

x4(t~c) ~nJo(mRD)Jt(mrM) 
+ [(d,. + d~oRPtiPt + Rp2IP2 + Rp3IP3)cos8 

+ [(d~cRQtiQ 1 + RQ2IQ2 + Rq3lq3)sin8] + N4 (46) 

whereN4 is a gaussian variable with zero mean, variance NodTb/2 and 
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lpl 1 !on. n o ipl(t)dt ( 47) 

lp2 1 loTb. 
Tb 

0 
ip2(t)dt (48) 

lpa 1 !on. n 0 ipa(t)dt (49) 

lq1 - 1 loTb. 
Tb 

0 
iq1(t)dt (50) 

lq2 1 !on. 
Tb 

0 
iq2(t)dt (51) 

lqa 1 loTb. 
Tb 

0 
iq3(t)dt (52) 

Equations (47)-(52) can be evaluated observing that equations (39)-(45) 
contain terms which can be reduced to 

[sin(wat + m</>(t))] ® hiF(t) 

= [sin(wat + m~o)] ® hiF(t) cos(m~c:) 
+ [rn(t) cos(wat + m~o)] ® hiF(t) sin(m~c:) (53) 

[cos(wat + m</>(t))] ® hiF(t) 

= [cos(wat + m~o)] ® hiF(t) cos(m~c:) 
- [rn(t) sin(wat + m~o)] ® hiF(t) sin(m~c:) (54) 

In equations (53) and (54) four possible terms can be isolated 

(A) [rn(t) cos(wat + m~o)] ® hiF(t) 

(B) [rn(t) sin(wat + m~o)] ® hiF(t) 

(C) [sin(wat + m~o)] ® h·IF(t) 

(D) [cos(wat + m~o)] ® hiF(t) 

Let first compute the terms (A) and (B) which appears in equations 
(53) and (54). To do that we need to further develop the ranging code 

rn(t). 
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The ranging code of order n with period 2" / fR is generated by recursion 
starting from r 0 (t) = -1. The following code can be simply obtained adding 
to the previous code its logical complement [1], [2],[8]. 

Defining the time-limited function c,..(t) such as 

oc 

r,..(t) = L c,..(t- kT,..) (55) 
lc=-oc 

therefore the code generation law can be expressed by 

Using the recursive code generation and some basic properties of the 
Fourier transform we can expand c,..(t) in Fourier series as : 

"" kw t 
c,..(t) = L C1c,n sin( 2~ + B~c,n) 

lc=l 

(56) 

where for n ~ 1: 

(57) 

{ 

2 ( ... ,.. )sin(i:) nn-1 . ( ,.-lc ) l.f k odd 
A COS 2 ~ m=O Sln 2n-m 

lc ,n = O 2n 
if k even 

{ 

. ( ,.-lc) 
.(""")•mr·rrn-1 .(,..~.) .fk dd 

B 
_ 2 Sln 2 ~ m=O Sln 2n-m 1 0 

lc ,n- 2n 

0 if k even 

81c,n = arctan [~lc,n] + 7r /2 (58) 
lc ,n 

For n = 0: 

C 
_ { 1 if k=O 

leO- · ' 0 otherwise 

(} _ { Tr/2 if k=O 
k,o - 0 otherwise 

374 



Using the result of Appendix B for the terms (A) and (B) of equations 
(53) and (54) we get 

(A) [cn(t) cos(wat + m</>(t))] ® hrF(t) 

1 k2 
2 L C1c,n sin[( lc':.,x - Wa)t + 81c,n - m~o] 

ic=kl 

1 k4 
+ 2 L C1c,n sin[( lc':.,x + wa)t + 81c,n + m~o] 

ic=k3 

(B) [cn(t) sin(wat + m~o)] ® hrF(t) = 

1 k2 
- 2 L C1c,n cos[(lc':.,T - Wa)t + 8/c,n- m~o] 

lc=kl 

1 k4 
2 L Clc,n cos[( ic':.,T + wa)t + 81c,n + m~o] 

ic=k3 

{ 

ma:z:{1,int[2n(Wa:,~Bif)] + 1} ~f n =f 0 

k1 = 0 tf n = 0, jw0 j ~ WBiJ 
1 otherwise 

k
2 

= { max{O, int[2n (Wa:~Bif)]} if n =f 0 

0 otherwise 

{ 

ma:z:{1,int[-2n(Wa:~Bif)] + 1} ~f n =f 0 

ka= 0 tfn=O,jwal~wBiJ 
1 otherwise 

k 
_ { max{O, int[2n (WB~-wa)]} if n =f 0 

4- T 
0 otherwise 

In equations ( 47 )-(52) we can identify terms corresponding to 
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1 [Tb -
;(w0 ,WT 1 m, <Po, <Pc, n, n) n Jo [sin(wat + mlj>(t))] ® hiF(t)dt(60) 

1 rn _ 
f(W01 WT 1 m, <Po, <Pc, Tb, n) - Tb Jo [cos(wat + m¢(t))] ® hiF(t)d(61) 

Using Equations (53)-(54) and the results of Appendix B ; and f can 
be further developed as 

;(wa,wT,m,<Po,<Pc,Tb,n) - cos(m<Pc)HiJ(wa) 

(os(m<Po)- cos(wan + m<P0 )] 

WaTb 
+ sin(m<Pc)J.L(wa,wT,m,<Po,Tb,n) (62) 

f(wa,wT, m, <Po, <Pc, n, n) - cos(m<Pc)HiJ(wa) 
[sin(wan + m<Po)- sin(m<Po)] 

WaTb 
sin( m<Pc)>.(wa, WT 1 m, <Po, Tb, n) (63) 

(64) 

In the hypothesis of a brick-wall IF filter the frequency response Hq( w0 ) 

is simply given by 

and 

Hi (wa) = { 1 if lwal ~ WBiJ 
1 0 elsewhere 

+ 

1 k2 
2 L Ck,n 

k=kl 

cos [Oic,n- m<Po]- cos [( ~- Wa)n + ok ,n- m<~'n l 
( k';'l - Wa )Tb 

376 



+ 

cos [lh,n + m~0]- cos [(7" + wa)T& + B~c ,n + m~o] 
(k~l + Wa)Tb 

(65) 

1 k2 
2 L Clt. ,n 

it.=kl 

sin [( ¥.! - wa)T& + B~c ,n- m~o] -sin [B~c,n- m~o] 
(k~l - Wa)Tb 

k4 
L Ck ,n 

k=k3 

sin [( ¥.! + wa)T& + B~c,n + m~o] -sin [B~c,n + m~o] 
( k':.,T + Wa)T& 

(66) 

Making use of equations (59)-(65) it is possible to rewrite (47)-(52) as 

lpl -

lp2 

+ 
lp3 

+ 
+ 

Iq1 

+ 
+ 

lq2 

2E(2wx, wx, 2, ~o, ~C! T&, n) 

E(2wx + 2wsc,wx, 2, ~o, ~c' T&, n) 

E(2wx- 2wsc,wx,2,~o,~C!Tb,n) 

-E(wx + wsc,wx , 1, ~o, ~c, T&, n) 

E(wx- wsc,wx, 1, ~o, ~c, T&, n) 

-E(wx + 3wsc,wx, 1, ~0 , ~c' Tb, n) 

E(WT- 3WsC,WT, 1, ~01 ~Cl n, n) 

E(wx + wsc,wx , 1, ~o, ~c, T&, n) 

E(wx- wsc,wT,1,~o . ~nn,n) 

-2/(wT, wT, 1, ~o, ~c' Tb , n) 

/(WT + 2wsc ,WT , 1, ~01 ~c 1 n, n) 

/(WT - 2Wsc , W_T , 1, ~01 ~c1 n, n) 

/ (wsc ,wy. 0. ~o· ~ c · Tb, n ) 
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(67) 

(68) 

(6Q) 

(70) 

(71) 



IQ3 - !(2wT +wsc,wT,2,4!o,4!c,Tb,n) 

t(2wT- wsc,wT, 2, 4.>o, 4!c, n, n) (72) 
(73) 

From equation (46) assuming equiprobable binary symbols for d10 the 
conditional symbol error probability becomes 

(74) 

where Eb = sn is the telemetry bit energy. 
Assuming a Tikhonov distribution for the carrier PLL phase error ,P, 

the resulting carrier-to-noise ratio Pc is given by 

1 
(75) Pc = 1 -1 

p;;,p +Pdown 

where Pup' Pdawn are the carrier-to-noise-ratio in the S/C and the Teleme
try demodulator PLL 's respectively. 

Averaging over the transponder noise and the carrier phase error we 
finally get for the TM data probability of error 

(76) 
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6 Numerical results 

Four different cases have been analyzed to derive practical conclusion on 
the interference and intermodulation effects. They are summarized in the 
following table: 

Case TM Bit Rate ! S/C Frequency 
(Kb/s) (KHz) 

A 10 160 
B 50 200 

The telemetry demodulator per-

c 100 400 
D 250 1000 

formance in case of simultaneous ranging are presented by means of the 
BER plot versus the ranging tone frequency. A constant telemetry Eb/ N0 

of 9.6 dB has been assumed which correspond to a theoretical BER of 10-6 • 

Figures 3,4 and 5 represent the BER for the low data rate case (A) with 
different ranging code lengths (tone alone, n=2, n=4). As it was expected 
the maximum of the degradation correspond to a tone frequency equal to 
the TM subcarrier (160 KHz for case (A)). Increasing the code length, we 
observe an interference spreading due to the code spectrum components. 

The 50 kb/s data rate of case (B) shown in Figures 6,7 and 8 demon
strate that the width of the region where the degradation is important in
creases with the telemetry rate. The interference spreading with the code 
length is therefore confirmed. 

A medium data rate case (100 kb/s, case C) is shown in Figures 9, 
10, 11 and 12. In particular Figures 10 and 11 show what happens when 
the relative phase between the ranging tone and the telemetry subcarrier 
changes. A 90° phase shift produces an inversion of minimum and maximum 
of the plot sidelobes. We can conclude that the envelope of the curve 
obtained for a particular phase represents a boundary valid for any possible 
phase relation-ship. Figures 13, 14, 15, 16 are dealing with the high data 
rate case (caseD, 250 kb/s). It is interesting to note that for n 2: 4, the 
plot shape does not practically change anymore. This means that without 
loss of generality the investigation can be always limited to the first. three 
codes. Outside the region where the BER degradation is relevant, there 
is no appreciable dependence on t.he code length as it. has been seen by 
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simulation in a previous work [6]. Figures 14 and 17 show the effect of the 
modification of the code modulation index which is normally performed by 
the MPTS at the end of the range ambiguity resolution process [2]. Due to 
the subsequent reduction of the power in the code spectrum the interference 
effect appears more concentrated around the tone frequency. 

An increase of the transponder modulation index will origin a different 
power sharing between the telemetry and the ranging signal at the ad
vantage of the latter. This means a severe degradation of the telemetry 
demodulator performance (compare Figure 18 with Figure 14). 

Finally Figure 19 shows the effect of the reduction of the transponder 
signal-to-noise ratio from 20 (Figure 14) to 0 dB (Figure 19). The reduction 
of the effective ranging modulation index consequently leads to a reduction 
of the maximum BER degradation in the telemetry channel. 

From the above considerations we can draw the following conclusions: 

• The telemetry BER degradation due to simultaneous ranging can be 
considered negligible if the tone frequency is selected in a way that 

IJT- J.cl ~ 2.5J& 

lh- 3J.cl ~ J& 

(77) 

(78) 

• The interference level dependence on the relative ranging tone teleme
try subcarrier phase can be overcome considering the envelope of the 
BER plot obtained for a particular phase relationship. 

• The ranging signal interference effect is practically independent on the 
code length 2n for n ~ 4. For n :::; 4, the interference effect becomes 
more concentrated around the telemetry subcarrier frequency. 

• The telemetry BER performance is very sensitive to an increase of 
the transponder modulation index. 

• The ranging interference effect is smoothed by a reduction of the SNR 
in the transponder. 

• The increase of the code modulation index <I>cduring the ranging am
biguity resolution phase produces a growth of the interference spread
mg. 
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By means of thorough theoretical analysis of the system a general expression 
for the telemetry Bit Error Rate in presence of the MPTS ranging signal has 
been derived and several numerical results for cases of practical interest have 
been presented presented. After having analyzed the effects of the principal 
ranging parameters on the telemetry recovery, some general guidelines to 
facilitate the selection of the link parameters have been given. 
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A An Expansion for the Demodulated Base
band Signal 

Equation (27) describes the demodulated baseband telemetry signal as 

XD 3 (t) = { ~ sin(wsct) sin[xvsc(t) -1/7]} ® hrF(t) + ii~(t) (79) 

Let first expand the inner signal term of equation ( 78) 

sin[xvsc(t) -1/7] - d(t) sin(mTM sinwsct) 

{ cos[mRD sin(wTt + </>(t) )]cos lJ 

- sin[mRD sin(wTt + ¢(t))]sin8} 

+ cos(mTM sinwsct) 

{ sin[mRD sin(wTt + </>( t) )]cos lJ 

+cos[mRDsin(wTt + ¢(t))]sin8} (80) 

By means of the Bessel expansion of the sinusoidal terms arrested to 
the second order we can find 

sin[xvsc(t) -1/7] "' 2Jo(mRD)J1(mTM)d(t) sin(wsct)cos8 

+ 4Jl(mTM )J2(mRD)d(t) cos[2(wTt + </>(t))] sin(wsct)cos lJ 

- 4Jl( mTM )J1( mRD )d(t) sin(wTt + </>( t)) sin(wsct)sin lJ 

+ 2Jo(mTM)Jl(mRD) sin(wTt + ¢(t))cos8 

+ 4J2(mTM)J1(mRD)sin(wTt + ¢(t))cos(2wsct)cos8 

+ Jo(mTM)Jo(mRv)sin8 

+ 2J2(mTM)Jo(mRv)cos(2wsct)sin8 

+ 2Jo(mTM)J2(mRv)cos[2(wTt + ¢(t))]sin8 

+ 4J2(mTM)J2(mRv)cos[2(wTt + ¢(t))]cos(2wsct)sin8 

(81) 

Using equation (80) we can compute the first term of (79) 
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{ sin(zv se (t) - 1P] sin"" set} ® h1 F(t) ::: Jo( mRv )h (ffiT M )d(t )cos 6(1 - cos(2w set)] ® iir F (t) 

+ d(t)Jt(mrM)J2(mRv)cos8 

{2 cos[2(wrt + ¢(t))] 

- cos[2(wr + wse )t + 2¢(t)] 

- cos[2(~~o~r- w.>se )t + 2¢(t)]} ® hrF(t) 

- d(t)Jl(mrM )Jl(mRv )sin8 

{2sin(wrt + ¢(t)) 

- sin[(~~o~r + 2wse )t + ¢(t)] 

- sin[(wr- 2wse )t + ¢(t)]} ® hrF(t) 

+ lo(TTlTM )Jl(mRv )cos8 

{- cos[(wr + w.>se )t + ¢(t))] 

- cos[(wr- wsc )t + ¢(t)]} ® hrF(t) 

+ J2(mrM )JI(m.Rv )cos8 

{- cos[(~~o~r + 3~~o~se)t + ¢(t))] 

+ cos[(wr- 3w.>se )t + ¢(t)] 

+ cos[(wr + wse )t + ¢(t)] 

- cos[(wr - wse )t + ¢(t)]} ® hrF(t) 

+ Jo(mRv )lo(mrM )sin 8[sin(w.>set)] ® hrF(t) 

+ lo(mRv )J2(ffiTM )sin 8[sin(3wset)- sin(wset)] ® hrF(t) 

+ Jo(mrM )J2(mRv )sin 8 

{sin((2wr + wse )t + 2¢(t)] 

- sin((2~~o~r- w.>se )t + 2¢(t)]} ® hrF(t) 

+ J2(11lTM )J2(ffiRD )sin 8 

{sin[(2w.>r + 3w.>se)t + 2¢(t))] 

- sin((2wr - 3w.>se )t + 2¢(t)] 

- sin((2wr + wse )t + 2¢(t)] 

+ sin(2(wr- wse )t + 2¢(t)]} ® hrF(t) 

We observe that the demodulator IF filter bandwidth WBif is always 
smaller than the telemetry subcarrier frequency w,0 so that 

sin(2wsct) ® hiF(t) 0 

sin(3wscf) ® hiF(t) 0 

Considering that in practice mRD :S 0.1 and mr!ll < 1.2 the product 
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J2( mRD )J2( mrM) in equation (81) can be neglected. By means of the above 
considerations it is easy to rewrite (81) as 

xn3( t) = J0 ( mRD )J1 ( mrM )[ {iS;.cos fJd( t) + ip(t)cos 8 + iQ(t)sin 8] + n3( t) 
(83) 

where 

n 3(t) - {n2.(t) sin(wsct)} ® hrF(t) (84) 

ip(t) - Rpld(t)iPl(t) + Rp2tP2(t) + Rp3tP3(t) (85) 

iQ(t) - RQ1d(t)tQ1(t) + RQ2tQ2(t) + RQatQ3(t) (86) 

RPl 
J2(mRn) 

(87) 
Jo(mRn) 

RP2 
Jo(mrM )Jl(mRn) 

(88) -
Jl(mTM)Jo(mRn) 

Rpa 
J2(mrM)J1(mRn) 

(89) 
Jo( mRD )J1 ( mrM) 

RQ1 
Jl(mRn) 

{90) = Jo(mRn) 

RQ2 
Jo(mrM)- J2(mrM) 

(91) 
Jl(mrM) 

RQa 
Jo(mrM )J2(mRn) 

(92) -
Jo(mRn)Jl(mrM) 

tpl ( t) - {2cos[2(wr + ¢(t))] 

- cos[2(wr + wsc )t + 2¢(t)] 

- cos[2(wr- wsc )t + 2¢(t)]} ® hrF(t) (93) 

tp2( t) { -cos[(wr + wsc )t + ¢(t)] 

+ cos[(wr- Wsc )t + ¢(t)]} ® hrF(t) (94) 

tpa( t) {- cos[(wr + 3wsc )t¢(t)] 

+ cos[(wr- 3wsc )t + ¢(t)] 

+ cos[(wr + wsc )t + ¢(t)] 

- cos[2{wy- u.•sc )f + o( t)]} @ hrF(f) (9!J) 
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iq1(t) - {-2sin[(wT+¢>(t))] 

+ sin[(wT + 2wsc )t + ¢>(t)] 

- sin[(wT- 2wsc )t + ¢>(t)]} ® hrF(t) 

iq2(t) - {sin(wsct)} ® hrF(t) 

iq3 (t) = {sin[(wsc + 2wT)t + 2¢>(t))] 

- sin[(2wT- wsc )t + 2¢>(t)] ® hrF(t) 
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B An Expansion for terms (A),(B),(C),(D) 

The term (A) of section 5 can be further developed making use of the code 
expansion in Fourier series described by (55), (56) and (57). 

sin(wat + m~o) f: C~c,nsin[k;:t + B~c,n] 
lc=l 

1 00 kwT 2 L C1c,n cos[(~ - wa)t + 81c,n- m~o] 
lc=l 

1 00 kwT 2 L C1c,n cos[(~+ Wa)t + 81c,n + m~o] 
lc=l 

(100) 

The telemetry demodulator IF filter will limit the number of interference 
components. For sake of simplicity we assume a brick-wall IF filter with 
two-sided bandwidth 2wBiJ· This means that the sums of equations (99) 
and (100) will be limited by filtering so that 

(102) 
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(103) 

where the boundaries are obtained imposing the following in-band con
ditions 

ktWT > ---w -WBij 2n o 

k2wT < - - -w WBif 2n o 

k3WT > -- +w -WBif 2n o 

k4wT < - - +w WBij 2n o 

from which we derive 

{ 

max{1,int[2n(Wo:,~Bif)] + 1} 

kt = 0 

1 

if n =I 0 

if n = 0, lwo I ::; WBif 

otherwise 

max{O, int[2n (Wo:~Bif)]} if n =I 0 

0 otherwise 

max{1, int[-2n (Wo:~Bif)] + 1} if n =I 0 

0 if n = 0, lwol::; WBiJ 

1 otherwise 

max{O , int [2n(WB~;Wol]} if n =I 0 

0 otherwise 
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The terms (C) and (D) are very easy to handle because of the monochro
matic signal to be treated. The filter frequency response is: 

Hi (wa) = { 1 if lwal ~ WBi! 
1 0 elsewhere 

so that the (C) term can be rewritten as 

[sin(wat + m~o)] ® hrF(t) = sin(wat + m~o)HiJ(wa) (104) 

and for (D) 
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MT'S ALGORITHM: A NEW ALGORITHM TO SEARCH FOR THE 
OPTIMUM SET OF MODULATION INDICES FOR SIMULTANEOUS 

RANGE, COMMAND AND TELEMETRY OPERATIONS 

Tien Manh Nguyen 

National Aeronautics and Space Administration 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 

ABSTRACT 

MT's algorithm has been developed as an aid in the design -of 
space telecommunications systems when utilized with simultaneous 
rangejcommandjtelemetry operations. This algorithm provides 
selection of modulation indices for: (1} suppression of undesired 
signals to achieve desired link performance margins andjor to 
allow for a specified performance degradation in the data channel 
(command/telemetry) due to the presence of undesired signals 
(interferers); and (2} optimum power division between the 
carrier, the range, and the data channel. 

A software program, using this algorithm, has been developed 
for use with MathCAD software. This software program, called the 
MT program, provides the computation of optimum modulation 
indices for all possible cases that are recommended by the 
Consultative Committee on Space Data Systems (CCSDS} (with 
emphasis on the square-wave, NASA/JPL ranging system). 
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SECTION 1 

INTRODUCTION 

The problem of selecting a set of modulation indices for 
optimum power division between the carrier, the range, and the 
data is of paramount importance to the designer. An optimum 
power division between carrier, data, and range will result in 
either a maximized distance over which the link will operate for 
a fixed power level, or the minimum power necessary for a fixed 
distance of transmission. In practice, the optimization of the 
simultaneous rangejcommandjtelemetry link is always desirable due 
to transmitter power limitations and possible interference from 
the ranging channel to the data channel. Maximum system 
efficiency will be attained by giving a required data bit rate, a 
desired ranging accuracy, required Signal-to-Noise ratio (SNR) in 
each channel, and a specified transmission system. 

The purpose of this paper is twofold: (1) to present the 
algorithm for selection of optimum modulation indices; ( 2) to 
describe the software program using MathCAD language for 
selection of modulation indices. 

This paper is subdivided into three remaining sections. 
Section 2 discusses the algorithm and flow chart for selection of 
modulation indices. Equations representing the calculation of 
the channel threshold requirements and the computation of the 
required ranging suppression relative to the data power level for 
a specified degradation in the data channel are included. 

Section 3 describes the MT software program and contains a 
detailed explanation of "how-to-use" this software for selecting 
a proper set of optimum modulation indices. Included are 
instructions for how-to-run the MT program using MathCAD 
software. 

Section 4 illustrates the hard copy of the MT program and 
demonstrator programs. The demonstrator programs include all the 
input parameters necessary to run the MT program for selecting 
the set of optimum modulation indices; the user supplies none. 

SECTION 2 

DESCRIPTION OF MT'S ALGORITHM 

2.1. MT'S ALGORITHM 

This section describes the sequence of instructions that 
search for the optimum set of modulation indices when 
simultaneous rangejcornmandjtelemetry operations are employed. 
The theory behind this algorithm will not be discussed here, 
since it has been discussed elsewhere (Reference 1). 
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step 1: Calculate the threshold requirements. 

Threshold requirement for the carrier is: 

(SNR)c(dB-Hz) = PLL noise bandwidth, 2BLO (dB-Hz) + 
required operating threshold in 2BLO, (SNR)2BLO (dB) 

Threshold requirement for the data channel is: 

(SNR)o(dB-Hz) =required bit SNR (Signal-to-Noise Ratio) to 
achieve a desired BER (Bit Error Rate), Eb/N0 (dB) + 
10.log1o(required bit rate, BR) + SNR degradation 
due to receiver hardware, (SNR)~o (dB) 

Threshold requirement for the ranging channel is: 

(SNR)R(dB-Hz) =ranging bandwidth (two-sided), BWR (dB-Hz) + 
required SNR in the specified bandwidth, (SNR)sw (dB) 
+ SNR degradation due to ranging receiver hardware, 
(SNR)~D (dB) 

Step 2: Using the results from Step 1, calculate A1 and A2 . 
Where A1 and A2 are given by: 

(SNR)o 

(SNR)c 

(SNR)o 

(SNR)R 

Step 3: Specify the desired BER degradation ~o(dB) in the data 
channel due to interference from the ranging channel, the 
required BER, (SNR) REQ and calculate the maximum ranging power 
level Pr(dB) which falls in the data channel. 

Step 4: Calculate the ranging suppression, ~s, relative to the 
data channel for the specified ~o= 

~s(dB) = A5(dB) -[(SNR)REQ + Pr(dB)J 

Where 

{~o(dB)/10} 
A5 (dB) = 10.log10 [10 - 1] 
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Step 5: Using the result from Step 4, calculate the design 
factor k: 

[
(SNR)R] [ 1] 

k = (SNR)o . ~s 

Step 6: Calculate A3 and A4. Check that k satisfies the 
condition A3 < k < A4. If this condition is not satisfied then 
we know that either too much power is being allocated to the data 
(k > A4 ) or to the ranging channel (k < A3) for the specified 
degradation ~0· Where A3 and A4 are given by: 

(SNR) R 

(SNR)o 
= 

1 

Step 7: For a particular modulation scheme, develop the 
expressions for the power in each channel as a function of the 
modulation indices. 

Step 8: Using the expression: 

and the relation found in Step 7, plot the ranging modulation 
index as a function of the data modulation index. A specific set 
of modulation indices can now be obtained. Where, 

Po = the recoverable power in the first-order sideband of the 
data channel (command or telemetry). 

PR = the recoverable power in the first-order sideband of the 
ranging signal. 

Step 9: Find the values of the power ratios (Po/PT) and (PRfPT) 
corresponding to particular set of modulation indices; plot these 
power ratios as a function of the data modulation index in the 
same plot described in Step 8. Note that PT denotes the total 
transmitted power (PT = Po + Pc + PR). 
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Step 10: Solve 

for the equality condition and bound the values of the modulation 
indices of the data and ranging channels, observing that these 
modulation indices are mutually dependent. Where, 

Pc = the power remaining in the carrier after phase modulation. 

Step 11: Select the set of modulation indices for the data and 
ranging channels that correspond to the largest values of (Po/PT) 
(PRIPT) curves which satisfy the specified degradation 6o, 
constraining these values to within the boundary set established 
in Step 10 above. 

Step 12: Use this selected set of modulation indices in the 
computation of the communications link performance margins. 

Step 13: Compare the calculated performance margins (from Step 
12) with the required performance margins. If the calculated 
performance margins are greater than or equal to the required 
performance margins, then the set of modulation indices selected 
in Step 11 is indeed the optimum set. If not, go back to Step 3 
and assign a new value for 6o· Repeat all the above steps until 
a set of optimum modulation indices is found. It is possible 
that the optimum set of modulation indices does not exist for a 
given set of required performance margins. This means that the 
required performance margins will not be achieved under these 
threshold requirements. 

The use of this set of modulation indices will: (1) achieve 
a specified performance degradation in the data channel due to 
the presence of undesired signals, ( 2) achieve a desired link 
performance margin, and (3) provide optimum power division 
between the carrier, the range, and the data channel. 

2.2. SPECIFICATION OF MT'S ALGORITHM 

The sequence of instructions that search for the optimum 
modulation indices described in Subsection 2.1 can be expressed 
in pseudocode. Pseudocode is a program design tool which is used 
frequently by professional programmers. It expresses the logic 
required in the solution of a problem using English-like phrases. 
This subsection will use both pseudocode and flowchart to specify 
the MT's algorithm. 
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The structure of the MT' s algorithm can be mapped out by 
using a pseudocode, as follows: 

Begin 

Optimum-set-found := False; 

Read input data: 2BLO, (SNR) 2Bl0' BR (Bit Rate), (SNR) ~o, 
BWR (BandWidth), (SNR)BW' (Eb/N0 ), (SNR)~o; 

Repeat 

Repeat 

Input a (desired/new) value for ~o(dB); 
Calculate the threshold requirements: (SNR)c, (SNR)o, 
(SNR)R; 
Calculate A1, A2, .A3, A4; 
Calculate the max1mum ranging power level Pr which falls 
in the data channel; 
Calculate As; 
Calculate ranging suppression ~s; 
Calculate the design factor K 

Form the ratio (Po/PR), the data power to the ranging 
power ratio; 
Set (Po/PR) = K.A2, and calculate the set of modulation 
indices that satisfies this relationship; 
Output these sets of modulation indices; 
Form the ratios (Po/PT), (PRfPT), the data power, and the 
ranging power to total transmitted power ratios, 
respectively; 
Calculate (Po/PT), (PRfPT) using the values of modulation 
indices found from the previous step; 

output the set of modulation indices (mo0 , mRo) that 
maximizes (Po/PT), and (PRfPT); 
Form the ratio (Po/Pc), the data power to the carrier power 
ratio; 
Set (Po/Pc) = A1 and solve for the upper bound value for the 
data modulation index, moB; 
output m0 B; 
Substitute moB into (Po/PR) = K.A2 and solve for the upper 
bound value for the ranging modulation index, mRB; 
Output moB' mRB; 

If moo < moB and mRo < mRB then 

Output the selected set of modulation indices: (mo0 , mRo) 
Else 

404 



output the selected set of modulation indices: (moa, mRs); 

If there are no requirements on the link performance margins 
then 

Begin 

Output the selected set of modulation indices as the 
optimum set of modulation indices; 
Optimum-set-found := True 

End 

Else 

Begin 

Input the selected set of modulation indices; 
Input the required performance margins: CMReg (Required 
Carrier Margin), DMReq (Required Data Margin), RMReq 
(Required Ranging Margin) ; 
Calculate the performance margin for the carrier: CMc; 
Output the carrier performance margin, CMc; 

If CMc > CMReq then 

Begin 

End 

Calculate the performance margin of the data: DMc; 
Output data performance margin, DMc; 

If DMc > DMReq then 

Begin 

Calculate the performance margin for the 
range:RMc; 
Output range performance margin, RMc; 

If RMc > RMReq then 

Begin 

End 
End 

Output the optimum set of modulation indices; 
Optimum-set-found .- True 

End 

Until optimum-set-found 

End. 
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A drawing of this algorithm is illustrated in Figure 1. 
This flowchart shows the logic of the program to search for a set 
of modulation indices for simultaneous commandjrangejtelemetry 
operations. 

SECTION 3 

DESCRIPI'ION OF MT SOFTWARE PROGRAM 

3.1. INTRODUCTION AND CAPABILITIES OF THE MT SOFTWARE PROGRAM 

The inherent problems in finding the optimum set of 
modulation indices are: (1) to solve the nonlinear equation found 
in Step 8; (2) to find the root of the nonlinear equation 
expressed in Step 10; and (3) to find the maximum points for the 
power curves described in Step 11. These nonlinear equations are 
comprised of Bessel and or trigonometric functions. Hence, they 
can not be solved in closed form. One way to solve the equation 
in Step 8 is to assume the value of one modulation index and 
solve for the other. This process will yield corresponding pairs 
of modulation indices, and then use these pairs to look for the 
pair that maximizes the power curves described in Step 11. The 
Newton-Raphson method (Newton's method of tangents) can be used 
to approximate the root of the expression in Step 10. In 
addition to solving these complicated mathematical problems, the 
algorithm also required some engineering judgments on how-to
specify t.o, the degradation in the data channel due to the 
presence of undesired signals. Thus, implementing this technique 
will require a computer language or software program that permits 
considerable interaction between the users and the computer, yet 
is friendly and powerful. A new software, the MathCAD software 
program, has all of these features. It is a new programming 
language that allows the user to interact with the formulas and 
the plots directly. This MathCAD software also has built-in 
functions and special features that can be used to solve and find 
the roots of the nonlinear equations. In addition to these, the 
MathCAD software can operate on personal computers such as IBM 
PC, XT, and AT, or compatibles, including the PS/2 series. It is 
these features that makes the MathCAD software very attractive 
for implementing the MT's algorithm. 

The MT program, using the MathCAD language, is completely 
interactive and user friendly due to the nature of the MathCAD 
software. There are seven subprograms contained in the MT 
software program. These subprograms provide the computation of 
modulation indices for both uplink and downlink, Categories A and 
B missions (for the definition of Categories A and B, see 
Reference 2). The NASA/JPL/DSN ranging system is taken in this 
software program for the computation of modulation indices. For 
the European Space Agency (ESA) ranging system, some 
modifications are needed due to different ranging wave-forms and 
ranging codes. Following is the list of the subprograms 
contained in MT software program. 
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(1) UPSICMDN: This subprogram provides the selection of 
modulation indices for the Uplink with Sine-wave 
Command subcarrier, NASA/JPL ranging system 
(Square-wave ranging). 

(2) DSICDONB: This subprogram provides the selection of 
modulation indices for the Downlink with Sine-wave 
Command subcarrier activated on the uplink, 
NASA/JPL ranging system, Category B missions. 

(3) DSICDOFB: Selection of modulation indices for Downlink with 
Sine-wave Command subcarrier turned Off on the 
uplink, NASA/JPL ranging system, Category B 
missions. 

(4) DSICDONA: Selection of modulation indices for Downlink with 
Sine-wave Command subcarrier activated on the 
uplink, NASA/JPL ranging system, Category A 
missions. 

(5) DSICDOFA: Selection of modulation indices for Downlink with 
Sine-wave Command subcarrier turned Off on the 
uplink, NASA/JPL ranging system, Category A 
missions. 

(6) PINTBIPH: Computation of the maximum ranging Power level 
which falls into the telemetry data channel for 
Bi-Phase telemetry data modulated directly on the 
carrier with the command turned on. 

(7) PINTSQSU: Computation of the maximum ranging Power level 
which falls into the telemetry data channel for 
both Square-wave and Sine-wave Subcarriers 
telemetry data PM modulated on the carrier with the 
command turned on. 

There is, at the start of every subprogram, an interactive 
session where the MT program gathers the inputs necessary to 
compute the optimum modulation indices. This session makes the 
job of entering the input parameters as easy as possible. For 
instance, due to the nature of the MathCAD software, the inputs 
can be entered directly into the program by moving the cursor 
(using the arrow keys) directly beneath the input parameters that 
we wish to enter. 

The first five MT subprograms listed above provide the 
computation and selection of the optimum modulation indices. 
These subprograms always consist of two distinct parts. The 
first part is the computation of modulation indices that maximize 
the power curves. The second part is the computation of the 
performance margins using the set of modulation indices found in 
the first part. 
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Each part consists of three distinct sessions. The first 
session is the interactive session, the user input data session. 
During this session the user inputs all parameter values 
necessary for the computation of optimum modulation indices. 

The second session is the computation session. In this 
session, all of the calculation required for the selection of 
modulation indices is performed. The numerical results are 
displayed by using tables and plots~ This allows the user to 
select a proper set of modulation indices to maximize the power 
contained in both the range and data channels. 

The selection of modulation indices is presented in the last 
session. This session dictates how the user can choose a set of 
optimum modulation indices for a specific set of requirements. 

The last two subprograms listed above provide computation of 
the maximum interference power that falls into the downlink 
telemetry data channel. This computation is required for the 
selection of the downlink modulation indices for ( 1) optimum 
power division between the carrier, the range, and the data 
channel; (2) suppression of undesired signals to achieve a 
specified performance degradation in the data channel. 

3 • 2. RUNNING THE MT PROGRAM 

The MathCAD software is required in order to run the MT 
program. Load the MathCAD on your system. (See the MathCAD 
manual for instructions on how to install the MathCAD on your 
hard disk). This subsection describes how to run the MT program 
with the MathCAD installed on your hard disk. For floppy disk 
users, the procedure is slightly different. The users are 
referred to the MathCAD manual for instructions on how to run the 
MathCAD. 

Before you run the MT program, you must change to the disk 
and directory containing the MathCAD program. Make sure you have 
installed MathCAD in the MCAD directory. At the DOS prompt, type 
(assuming the hard disk is identified by drive C): 

C:\>CD MCAD 

You are now in the MCAD directory, you can run the MCAD 
program. At the DOS prompt, type: 

C:\MCAD>MCAD/M 

If MathCAD can run on your system, you should see the "start 
up screen." You are now in the position to load the MT program. 
To load the MT program, press the load key, (F5]. Insert the MT 
program in disk drive A, and type: 

A:\, then press the (Enter] key. 

408 



After you have pressed the [Enter] key, MathCAD shows a list of 
all the subprograms in the MT program. You can move the cursor 
up and down by using the arrow keys. To select a subprogram, 
move the cursor to the desired subprogram and press [Enter]. The 
screen now shows the MT subprogram that you wish to run. Note 
that all the initial input data are zeros. As indicated earlier, 
the first session of each subprogram is the interactive session, 
the user input data session. It is this session that you enter 
all the necessary input parameters required for the computation 
of modulation indices. To enter a desired value for a specified 
parameter, move the cursor to the initial value zero of that 
particular parameter and press the [Delete] key to erase the 
value zero before typing the desired input value. After all the 
required input parameters have been entered, you can press the 
[Esc] key and type in "Automatic" to execute the selected 
subprogram. It is important to note here that only the "Arrow" 
keys should be used while entering the input data. Any other 
keys used in moving the cursor may destroy the program. You can 
use the [Delete] key to erase the unwanted character or number 
when you accidentally press the undesired key. If something 
happens and the [Delete] key does not work, it is recommended 
that you clear the screen and reload the desired subprogram. To 
clear the screen, press the [Esc] key, then type Clear. To 
reload the program, again press the load key, [ FS], and repeat 
the above steps. 

After each run you can save the file by pressing the save 
key, [F6]. The last filename loaded (or saved) appears as the 
current filename. MathCAD uses this filename as a default. To 
save the document under the default filename, press [Enter) key. 
To save it under another name, hold down [Backspace] key to erase 
the current filename and enter the new filename. MathCAD also 
allows you to print the results from the MT program. To print 
the results, type the following keys: 

[Esc) select [Enter]. 

This command allows you to select a printer type. After you have 
selected the printer, press the print key, [Ctrl]O (Control 0). 
MathCAD responds to this key with a prompt for the print area. 
Since you wish to print only part of the program where the 
results are shown, you must specify these areas by editing the 
numbers on the message 1 ine. Use the arrow keys and the 
[Backspace] key to erase the numbers shown and enter new numbers 
that represent the upper left and lower right corners of the 
desired region to be printed. For more discussion on how-to
print a file, the user is referred to the MathCAD manual, 
Chapter 5. 

The MT program is self-contained, and self-explanatory. It 
is suggested that the user read all the instructions and notes in 
the MT program carefully. These instructions and notes describe 
in detail how to execute the program and select a proper set of 
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modulation indices for optimum power division. It is also 
recommended that the user run the demonstrator programs before 
executing the MT program. 

SECTION 4 

4. HARD COPY OF MT PROGRAM AND DEMONSTRATOR SUBPROGRAMS 

4. 1. HARD COPY OF MT PROGRAM 

This subsection presents the hard copy of the subprograms 
contained in the MT software program. As described earlier, the 
MT program consists of seven subprograms. These subprograms 
compute the optimum modulation indices for all possible cases 
that are recommended by the CCSDS. As an example, the hard copy 
of the MT program is shown in Appendix A. 

4.2. DEMONSTRATOR SUBPROGRAMS 

This subsection illustrates the capabilities of the MT 
program. Three demonstrator subprograms are supplied. They are: 
UPDEMO, DOWNDEMO, and PINTDEMO. These subprograms include all 
the parameter values necessary for computation and selection of 
the optimum modulation indices for both uplink (UPDEMO) and 
downlink (DOWNDEMO). To see how the optimum modulation indices 
are selected for the uplink, load the UPDEMO subprogram. The 
steps are: 

1-Turn the system on. 
2-Change the directory to MCAD. 
3-Load the MCAD program by typing MCAD/M. 
4-Load the MT program by typing the load key, [F5]. 
5-Insert the MT program in disk drive A and press [Enter] key. 
6-Use the arrow key to move the cursor to UPDEMO and press 
[Enter]. 
7-The demonstrator program for the uplink is loaded. Use the 
arrow key to move the cursor and read the instruction in the 
program carefully. A hard copy of this demonstrator subprogram, 
UPDEMO, is shown in Appendix B. 

After you have viewed the uplink demonstrator program for 
the selection of modulation indices, you can clear this by 
typing: 

[Esc] clear (Enter] 

This command will clear the UPDEMO program and start over 
with a blank screen. To load the DOWNDEMO (a demonstrator 
subprogram for the selection of modulation indices for the 
downlink) press the load key ( (FS]) and repeat Steps 6 and 7 
above. Notice that this program requires some input data 
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(Ranging_Signal_to_noise_ratio, DELTA_S, Pint) from the uplink 
and PINT (BIPH or SQSU) subprograms. The input values for the 
Ranging_Signal_to_noise_ratio, DELTA S and Pint used in this 
demonstrator program (DOWNDEMO) have been taken from the UPDEMO 
and PINTDEMO subprograms, respectively. To see where the value 
of DELTA s comes from, move the cursor to the middle of the 
screen and then press the split key, [F7]. MathCAD splits the 
screen into two windows by creating a second message line at the 
current cursor position. The top window is the current 
subprogram, DOWNDENO. The cursor now moves to the second window, 
where there is a empty screen. you can load the subprogram 
UPDEMO in this window by repeating Steps 4, 6, and 7 above. 
Since the computation for the parameter DELTA_S is on line 168 in 
this subprogram, you can move to this line by typing: 

(Esc] goto 168 [Enter]. 

Now, you are on line 168 of the UPDEMO subprogram. To calculate 
the parameter DELTA_S, press calculate key, (F9], or type: 

(Esc] automatic (Enter]. 

You can compare the value of DELTA s in this subprogram 
(UPDEMO) with the one in the DOWNDEMO subprogram shown on the top 
window. They should be the same. You can check out the value 
for Ranging_Signal_to_noise_ratio. To check this value out, you 
can use the switch key, (F8], to move the cursor from one window 
to the other. 

You can check the value for the parameter Pint in the 
DOWNDEMO subprogram by clearing the UPDEMO in the bottom window 
and loading the PINTDEMO subprogram. To do this, type: 

(Esc] clear [Enter) (F5] (Enter]. 

You can load PINTDEMO by moving the cursor to this subprogram and 
pressing (Enter]. Again, you can repeat the above steps to check 
the values between the DOWNDEMO and PINTDEMO subprograms. They 
should be the same. After checking all these values, you can 
unsplit the screen to return to the DOWNDEMO subprogram. To do 
this, press the unsplit key, [Ctrl][F7]. The screen resumes to 
the DOWNDEMO; you can view this program by using the arrow keys 
and following the instructions described in the program. 
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NOTE 

The MT sofware program can be obtained from: 

Tien Manh Nguyen 
Jet Propulsion Laboratory 
4800 Oak Grove Drive 
MS-161-228 
Pasadena , California 91109 
Telephone (818) 354-1723/1826 

The MathCAD software program can be obtained from 

MathSoft, Inc. 
One Kendall Square 
Cambridge, MA 02139 

or by telephoning 1-800-MathCAD (In MA: 617-577-1017). 
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ABSTRACT 

This paper presents a proposal for standardized link calculation. Type and form of desired 
or required input parameters, tolerances, reference levels, criteria for margin definition and form 
of presentation for the communications links are discussed. 
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A PROPOSED METHOD FOR STANDARDIZED LINK PERFORMANCE CALCULATION 

W. L. Martin, A. V. Kantak, and Tien M. Nguyen 

1.0 HISTORICAL PERSPECTIVE 

Recent years have produced a steady increase in cooperative space miSSions among 
international space agencies. This trend is likely to continue as missions become more complex and 
expensive. Facilitating the exchange of information from such missions was one of the principal 
reasons for the formation of the Consultative Committee for Space Data Systems (CCSDS). While 
the primary effort of the CCSDS is in the standardization of data structures, one group, Radio 
Frequency and Modulation (Subpanel lE), is concerned with standardizing the physical transport 
layer. Our objective is to promote sufficient commonality in transport systems to permit one 
agency's spacecraft to be supported by another agency's communications network. 

In pursuing this objective, it soon became apparent that a standardized method for 
exchanging telecommunications link performance information was desperately needed. Each agency 
maintained its own proprietary system for quantifying performance. Most of these have evolved 
over many years and embody the customs and philosophies of the specific agency. Sometimes, the 
core concept is the product of a single, fertile imagination which has been modified by usage and 
necessity over the years. Rarely, are these analytical tools the product of an iterative design 
process. 

A problem arises when it becomes necessary to exchange link performance information 
between agencies. The typical case arises in joint ventures when one agency seeks to have its 
spacecraft supported by another agency's communications network. Both agencies maintain their 
own Link Design Control Tables (DCfs). Neither is quite sure what is in the other's Dcr, where 
the several parameters reside, or how the myriad of items are combined to produce the final result. 
The result has been confusion and feelings of insecurity, on all sides. 

During the November 1984 Subpanel 1E meeting at DFVLR, this need for a uniform 
method to exchange telecommunications link information between agencies was discussed. All 
members were in agreement that a standardized means for exchanging link performance 
information was badly needed. The real problem was to find a method generally acceptable to the 
several agencies. All agreed that any product of Subpanel lE would be solely for the exchange of 
information between agencies and would not be intended to replace any process or method 
currently in place within the agency; unless the agency elected to make such a replacement. An 
action item was assigned to representatives from all member agencies to investigate their agency's 
method for computing telecommunications link budgets and to prepare a position paper proposing 
a standardized method. 

Responses to the November 1984 action item were received from DFVLR, INPE, ISRO, and 
NASA/JPL (Refs 1, 2, 3, 4, respectively). These agencies' proposals for a standardized link 
calculation method were reviewed by Subpanel 1E members at the subsequent Subpanel 1E meeting 
in June 1985 at Houston, Texas. While no single approach or philosophy was evident from a 
reading of the several responses, Subpanel 1E was able to distil a set of criteria for the new DCfs. 
These criteria are shown in Table 1. 
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TABLE 1. CRITERIA FOR CCSDS LINK DESIGN CONTROL TABLE 

The DCT must be logically organized so that users can easily locate information. 
Information for the several links should be modularized. 
Information should be classified and separated: 

General Information, Input Data, Computations, Uplink, Downlink. 

The DCT should be as concise as possible consistent with completeness. 
All commonly used functions and losses must be handled. 

Losses must be clearly described using a system block diagram. 
Bot~ Category A and Category B missions must be accommodated. 

The DCT should permit use of multiple RF and Data channels. 
Operation of the several channels can be either separate or simultaneous. 

Sufficient capability to compute favorable and adverse tolerances is required. 
Computation of RSS values, using Probability Density functions, needed. 
Effects of weather on the link performance must be included. 

All DCT entries must be completely and clearly defined. 
Ambiguities regarding content of each item must be eliminated. 

Action items were assigned to develop a "strawman" DCT using these criteria. The 
proposed table was brought to the next Subpanel lE meeting for review. Comments obtained from 
the membership at the following, and subsequent, Subpanel lE meetings have been used to revise 
the table. This process will continue until a DCT, which is acceptable for agency review, has 
evolved. This revision process includes several steps. The first step was to create a diagram of a 
typical communications link and to identify typical losses and noise sources. Table 2 summarizes 
the links to be analyzed. 

TABLE 2: LINKS TO BE ANALYZED 

1. Telecommand (only) 
2. Telemetry (only) 
3 Ranging (only) 
4. Simultaneous Telecommand and Ranging 
5. Simultaneous Telemetry and Ranging 

The second step, once the losses had been identified, was to design a "generalized" Link 
Design Control Table (DCT). The final, and most important, step was to calculate the parameters 
contained in the DCT. 

This paper describes a link calculation method for telecommand, telemetry, and ranging. 
It also discusses the type and form of the input parameters as well as tolerances, reference levels, 
method of presentation, and criteria for definitions. 
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2.0 TELECOMMUNICATIONS LINK BUDGET DESIGN 

This Section describes a telecommunications link budget for telecommand, telemetry and 
ranging. Link parameters may vary with: spacecraft environment, ground station equipment, 
communications channel conditions, and link component manufacturing tolerances. To facilitate 
calculation, proposed links should be generic in nature. Typical parameters, for such a generic 
link, include those needed for link calculations irrespective of a user's requirements and the 
spacecraft's environment. While most agencies agree on list of parameters, the methods used to 
calculate these parameters frequently differ from one agency to another. 

A typical radio link (Transmitter-to-Receiver) is shown in Figure 1. This Figure also 
contains losses and noise sources degrading the link's performance. With this diagram, one can 
identify those parameters which must be computed to quantify the link's operation and level of 
performance. The diagram can be used to tabulate the input parameters needed to complete the 
computations. The complete Dcr comprises one or more pages containing general information 
and one page for each of the: input parameters for the earth-to-space link, input parameters for 
the space-to-earth link, computed performance values for the earth-to-space link, and computed 
performance values for the space-to-earth link. 

A proposal for the complete Dcr will be found in Annex 1. Services contained in the Dcr 
are modularized and appear on each page in order of descending importance from RF through data 
and ranging. Items within each service are placed in the order of signal flow as shown in Figure 
1. 

Every input parameter in the Dcr must have a place for the design value as well as its 
favorable and adverse tolerances. The design value is expected value based upon measurement, 
experience, or computation. Adverse tolerances are the maximum expected unfavorable variation 
from the design value. Conversely, favorable tolerances are the maximum expected beneficial 
change from the design value. 

These tolerances are used to reflect probable uncertainties, including measurement 
uncertainties, parameter modeling errors, manufacturing tolerance, variation in voltage, 
temperature, aging, etc. 

Threshold parameter values, such as loop bandwidths, earth station zenith noise 
temperature, required Eb/NO> etc. are also included in the Dcr. These are established from 
theoretical criteria and test data over the years and are used to establish the required signal levels 
needed to meet the mission's requirements. Thresholds for standard links are determined from 
the project's data quality requirements which, in turn, are derived from the mission's and science 
objectives. 

A statistical technique using Probability Density Functions (PDFs) is employed to compensate 
for the errors introduced by a deterministic approach. A PDF is assigned to each randomly
variable parameter. Here, the term "parameter" may include a group of quantities whose statistical 
variability are defined together. In this Dcr, only Uniform, Triangular, Gaussian, and Dirac-Delta 
are used. The latter is only employed for those groups without tolerance. Assignments for PDFs 
proposed by Subpanel lE are provided in Annex 3. 

Where weather-dependent parameters are not a consideration, it is simple to statistically 
characterize the overall telecommunications link performance (e.g. PT (total power), PT/N

0 
(Signal

to-Noise Ratio, SNR), etc) . Weather-dependant parameters include atmospheric attenuation and 
an incremental noise temperature increase from water vapor in the ray path. Were such variations 
not included in a Dcr, one . could assume a Gaussian distribution for the end-to-end 
telecommunications link, applying the Central Limit Theorem, with a mean equal to the sum of the 
means of the several link parameters and a standard deviation equal to the Root Sum Square (RSS) 
of the standard deviations of the same parameters. 
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Horttor and Dolinsky (Reference 5, Chapter 9) have shown that the probability distribution 
for a telecommunications link, when including weather related effects, is no longer Gaussian. 
Rather, it is a convolution of an additional PDF for weather with a Gaussian PDF which is 
applicable to the link when weather effects are not included. The problem is that the actual 
distribution for the weather PDF will depend upon the weather model used and possibly even 
geographical location. In an unpublished paper, Dolinsky developed an approximation for a 
weather PDF using the method described below. Thereafter, he convolved this empirically derived 
weather PDF with a Gaussian distribution for a link without weather effects to produce a single 
probability distribution for the link. 

Dolinsky's approximation was generated by fitting piecewise continuous ramps to the observed 
weather data for DSN sites. This method simplifies the convolution when compared with a 
polynomial-fitting technique. However, it also requires many more terms to express the cumulative 
distribution. Fourteen piecewise continuous ramps required some 60 terms to complete the 
approximation. 

Frequently performance parameters, with weather combined, are specified as a percentile. 
With this method, X-percentile weather represents that percentage of time in which weather will 
permit the end-to-end communications link to operate properly. The value for the weather 
percentage is chosen or derived from project's requirements. 

x % = 100 [1- P(z(e))] ( 1) 

where 

and 

P(z(e)) = Prob[Total Link plus Weather Degradation ..:s_ z(e)] 

z(e) = the combined weather and link model relative to the mean 
weather-free model at an elevation angle e. 
[e.g., SNR(e)(with weather)- mean ofSNR(e)(weather-free)] 

For deep space, Category B, missions the performance of the telecommunications link can 
be predicted with either of the models described below. 

2.1 Model 1: Weather and Link Not Combined 

This model is constructed in the following manner (Ref 5, Chapter 1): 

First, the expected value of the link's performance is computed using clear, dry 
weather (e. g., no degradation due to weather). 

Second, the expected value of link's performance, found in step one above, 1s 
modified by subtracting n-sigma link tolerance, and P % weather degradation. 

Here, n-sigma is used as an uncertainty measure for the link. The value of n is typically 3 for telecornrnand 
links and 2 for other types of links (Ref 4, Chapter 1 ). 

In this model, the link's performance and the degradation due to weather are not combined 
during initial computation. Rather, the link's performance under clear, dry conditions is calculated, 
along with its PDF. Thereafter, the independently computed link degradation due to weather is 
used to modify the previous result obtained under clear, dry conditions. In making the independent 
weather calculations a P-percentile method is employed. P-percentile weather means that P % of 
the time the expected link degradation, resulting from weather, is less than predicted while, ( 100 -
P) % of the time the degradation is greater. Historically, the Deep Space Network (DSN) uses 
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weather models predicting performance for a P of 95 % or less (Ref 7). 
2.2 Model 2: Weather and Link Combined 

This model differs from the previous one in its construction. Specifically, link performance 
degradation, due to weather, is calculated simultaneously with the link's performance (Ref. 4, 
Chapter 9, and Ref 5). While arguably more accurate, Model 2 is far more difficult and 
cumbersome to compute than is Model 1. A DCf based upon Model 2 uses the following process: 

First, parameters in the DCf which are weather dependant are identified along with 
their PDFs. 

Second, the PDF for X %weather is convolved independently with the PDF for each 
weather dependent parameter and the resulting mean and distribution used in 
computing the link's performance. X % is defined above in Equation 1. 

Figure 2 illustrates the differences between the two models. This figure was generated using 
data from several deep space projects. In that figure, the computed signal-to-noise ratios for the 
two models are plotted as a function of time. The atmospheric or weather conditions vary with 
time. Note that Model 1, for link and weather not combined, produces a more conservative 
estimate of link's performance. 

As a practical example, the Galileo project specifies the link design value to be the expected 
value while the adverse tolerance value is based upon 90 % weather (e.g., x = 90 % ). Typical values 
for Galileo's. downlink telecommunications predictions, using Model 1, are 2-sigma and 90 % 
weather. 

Please note that the DCf proposed in Annex 1 utilizes Model 1 not Model 2. 

3.0 TYPICAL TELECOMMUNICATIONS LINK ANALYSIS 

3.1 Total Received Power, PR 

From Figure 1, the total received power, expressed m dBW, is calculated by the following 
equation: 

where, if loss terms are taken as negative values: 

Py = total transmitted power at antenna terminal 
Ly = transmitting circuit loss due to cabling etc 
Gy = transmitting antenna gain 
LTp = pointing loss of the transmitting antenna 

= space loss = 

atmospheric attenuation 

r = wave length, 
R = distance between 
sjc and ground antennas 

polarization loss between transmitting and receiving antennas 
pointing loss of the receiving antenna 
receiving antenna gain 
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FIGURE 2: TYPICAL DOWNLINK RECEIVED SNR IN dB vs TIME IN HOURS 
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3.2 Received Carrier Power, Pc 

For telecommand, telemetry, or ranging alone, the received carrier power, expressed in dBW, is 
computed by: 

where: 

(3) 

LM is the telecommand or telemetry or ranging suppression. This can be 
termed a modulation loss. LM depends on the subcarrier's waveform and type 
of modulation. 

Note that for simultaneous ranging and commanding, L~ dB) is given by: 

L~ dB) = Ranging Suppression (dB) + Telecommand Suppression (dB) (4) 

3.3 Noise Spectral Density, N
0 

At microwave frequencies, the one-sided noise spectral density, N
0

, expressed in dBW /Hz, 
is given by: 

N
0
(dBW/Hz) = k(dBY\'/Hz-K) + 10Log10T(K) (5) 

where: 

k = -228.6 dBw/Hz-K 
T(K) = system equivalent noise temperature in degrees Kelvin (K) 

The system equivalent noise depends on the elevation angle h, and is given by summing: 

where: 

(Sa) 

RF system temperature 
hot body noise (sun or planet in the antenna beam) 
temperature increase from ground in the antenna sidelobes 
temperature from weather effects at an elevation angle h 

3.4 Carrier Performance Margin, Me 

The phase-locked loop receiver loses lock when the following condition is true (Ref 5, 
Chapter 3): 

Pc < (2BLo )(No) Watts 

where: 

BLo = one-sided threshold loop noise bandwidth. 

Therefore, the carrier's performance margin Me or carrier SNR in 2BLo, expressed in dB, 
is calculated as: 
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Mc(dB) = Pc(dB)- 2BLo(dB-Hz)- No(dBwjHz) (6) 
The minimum acceptable value for Mc, is generally greater than 0 dB. For uplink 

acquisition, using frequency sweeping, the minimum useful carrier power, Pc, must satisfy the 
condition: 

Pc..?.. 20[BLo][No] (Watts) 

If two-way doppler is needed, Mc may need to be increased further, depending upon the 
radio metric accuracy requirements. 

3.5 Telecommand and Telemetry (Data) Performance Margin, MD 

The performance margin, M0 , is defined for both telemetry and command as: 

M0 (dB) = (ST/No)ourCdB)- (ST/No)y~dB) (7) 

where: 

(ST /No )y~ dB) is defined by the bit error probability required of a link, 

and: 

(ST /No )oucC dB) = (ST /No )y0 Receiver( dB) + L.sy/ dB) 

here: 

(ST/No)yo Receiver = (S/RNo); S = received power in data side bands 
R = data bit rate 

L.s)'s(dB) = system losses = NwvL·NRL.NSDL·NBSDL 

where: 

NWDL = 
NRL = 

NSDL = 

NBSDL = 

3.6 Ranging Performance Margin 

Subcarrier waveform distortion losses 

Carrier tracking loop phase jitter losses [radio loss] 

Subcarrier tracking loop phase jitter losses 

Bit, or symbol synchronization and detection losses 

(8) 

(9) 

(10) 

Two-way ranging requires modulating a ranging tone, or code, on the earth station's RF 
carrier. When received at the spacecraft, it is demodulated, filtered, amplitude controlled, and 
modulated on the spacecraft's RF carrier. Frequently, the ranging signal-to-noise ratio (SNR), at 
the spacecraft, in the ranging filter 's bandwidth, will be negative. In these cases, the downlink 
ranging channel will be noise dominated. Thus, the SNR in the spacecraft's ranging channel is: 

(SNR)Rin = 

where: 

Ranging sideband power received at the spacecraft 

One-sided transponder ranging filter noise bandwidth 
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Nou = Noise spectral density in the one-sided Spacecraft receiver bandwidth 
Here P Rll is calculated from the uplink P R using uplink modulation index (or indices). The 

ranging signal-to-noise-spectral density ratio returned to the ground station is: 

(SNR)Rd = (12) 

where: 

P Rd = Ranging sideband power received at the earth station 

Nod = Noise spectral density in the one-sided earth station receiver bandwidth 

It should be noted that P Rd is a function of the downlink P R• the downlink modulation 
index (or indices), and the (SNR)Rin because ranging is a turn-around [two-way] channel. 

Ranging performance margin is given by: 

MR( dB) = (SNR)0 - Required SNR 

here: 

where: 

and: 

L, = Carrier tracking loop phase jitter [radio] loss 

LRr = Ranging receiver hardware losses 

4.0 PHYSICAL CONSTRUCTION OF THE DCT 

(13) 

(14) 

(15) 

A threshold objective was to develop a DCT which is easy to read and understand, yet be 
comprehensive in its ability to handle a broad range of communications systems. The authors 
believe that the tables contained in Annex 1 achieve that goal. The proposed DCT is subdivided 
into six major modules. Some of these modules are subdivided further to represent the several 
services, or links, which comprise a typical earth-spacecraft communications system. Within each 
module, or subdivision thereof, entries are arranged in the order that the signal flows. Thus, it is 
possible to trace the course which the information follows throughout the communications system. 
Module titles, together with their respective subdivisions, are shown in Table 5. 

A standardized DCT, which can be used to, exchange telecommunications link information 
among space agencies, is only practicable if the meaning of each parameter entry is clear and 
unambiguous. Currently, the principal obstacle to such interchanges is the uncertainty in the scope 
and content of the parameters found in another agency's DCT. Clearly, the proposed CCSDS DCT 
is only useful if each item is explicitly defined. 

Annex 2 contains the standard terminology used in the telecommunications Link Design 
Control Table. Each entry in the DCT has a correspondingly numbered definition in Annex 2 
which unambiguously defines the meaning, scope, and content of that parameter. 

These definitions should be used when completing a DCT for international exchange to eliminate 
uncertainties which are incident to such exchanges when using agency proprietary tables. 
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T ABL.E 3: TITLES OF MAJOR SUBDIVISIONS 

Page Topic 

1. GENERAL INFORMATION 

2. COMMUNICATIONS SYSTEM OPERATING CONDITIONS 
a. Earth Station Transmitting RF Channel 
b. Earth Station Transmitting Data Channel 
c. Earth Station Transmitting Ranging Channel 
d. Earth-to-Space Path Performance 
e. Spacecraft Transmitting RF Channel 
f. Spacecraft Ranging Channel 
g. Space-to-Earth Path Parameters 

3. EARTH-TO-SPACE LINK INPUT DATA SHEET 
a. Earth Station Transmitting RF Carrier Channel Parameters 
b. Earth Station Transmitting Data . Channel Parameters 
c. Earth Station Ranging Channel Parameters 
d. Earth-to-Space Path Parameters 
e. Spacecraft Receiving RF Channel Parameters 
f. Spacecraft Receiving Data Channel Parameters 
g. Spacecraft Receiving Ranging Channel Parameters 

4. SPACE-TO-EARTH LINK INPUT DATA SHEET 
a. Spacecraft Transmitting RF Carrier Channel Parameters 
b. Spacecraft Transmitting Data Channel Parameters 
c. Spacecraft Ranging Channel Parameters 
d. Space-to-Earth Path Parameters 
e. Earth Station Receiving RF Channel Parameters · 
f. Earth Station Receiving Data Channel Parameters 
g. Earth Station Receiving Ranging Channel Parameters 

5. EARTH-TO-SPACE LINK COMPUTATIONS 
a. Earth Station Transmitting RF Carrier Channel Performance 
b. Earth Station Transmitting Data Channel Performance 
c. Earth Station Transmitting Ranging Channel Performance 
d. Earth-to-Space Path Performance 
f. Spacecraft Receiving RF Channel Performance 
g. Spacecraft Receiving Data Channel Performance 
h. Spacecraft Receiving Ranging Channel Performance 

6. SPACE-TO-EARTH LINK COMPUTATIONS 
a. Spacecraft Transmitting RF Carrier Channel Performance 
b. Spacecraft Transmitting Data Channel Performance 
c. Spacecraft Transmitting Ranging Channel Performance 
d. Space-to-Earth Path Performance 
f. Earth Station Receiving RF Channel Performance 
g. Earth Station Receiving Data Channel Performance 
h. Earth Station Receiving Ranging Channel Performance 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

Based on the foregoing description of the revised DCf, it appears that the standardization 
of the communications link calculation, using agreed-upon loss and noise sources, is possible. This 
is an important step toward a uniform information exchange of communications link performance 
among space agencies. 

Section 2 describes a statistical method for eliminating the disadvantages of the deterministic 
approach for including weather effects on the link's performance. A PDF is assigned to each 
independent class of parameters. It is recommended that the CCSDS adopt the PDFs shown in 
Annex 3. 

A diagram for a standardized transmitter-to-receiver link for telemetry and command was 
provided in Figure 1, and the methods needed to calculate some of the key parameters such as P R• 

Pc, N
0

, Me, MD, MR, etc are outlined in Section 3. 

A standardized format, employing a modular concept and organized according to the signal 
flow also appears to be feasible. A proposed Link Design Control Table was provided in Annex 
1. However the success of the entire project depends upon easily understandable parameter entries. 
To facilitate the latter, complete definitions were provided in Annex 2. 

There are many other items which are associated with key parameters such as LM, 
(SNR)Rin• (SNR)Rd• etc. The mathematical relationships needed to compute some of these 
parameters can be found in Reference 8. However, mathematical models will be required for 
others. We recommend that the CCSDS increase its efforts to investigate and develop the required 
standard mathematical, or empirical, models for use in computing the parameters in Table 4. 

TABLE 4: NEEDED MODELS 

Antenna Gain 
Antenna Pointing Loss 
Signal Attenuation Due to Atmosphere 
Polarization Loss 
System Equivalent Noise Temperature 
Waveform Distortion Losses 
Phase Jitter [Radio] Losses 
Subcarrier Demodulation Losses 
Bit Synchronization and Detection Losses 
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1 

2 

3 

4 

5 

6 

7 

8 

CCSOS DESIGN CONTROL TABLE 
GENERAL INFORMATION 

Owner CCSOS Agency 

Name of Mission 

Name of Spacecraft 

Mission Category 
a. A = Alt.<2,000,000 km 
b. B = Alt.>2,000,000 km 

Link Budget Number 

Revision Number 

Revision Date 

Cognizant Person Name: 
Title: 

Address: 

Telephone: 
Fax Number: 

Telemail/Telex No: 
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CCSDS DESIGN CONTROL TABLE 
COMMUNICATIONS SYSTEM OPERATING CONDITIONS 

EARTH - SPACE - LINK SPACE - EARTH - LINK 
EIS TRANSMITTING RF CHANNEL: SIC TRANSMITTING RF CHANNEL: 

1 RF Carrier Modulation 1 RF Carrier Modulation 
a. Ch 1 Type a. Ch 1 Type 
b. Ch 1 Format b. Ch 1 Format 
c . Ch 2 Type c. Ch 2 Type 
d. Ch 2 Format d. Ch 2 Format 

EIS TRANSMITTING DATA CHANNEL: SIC TRANSMITTING DATA CHANNEL . . 
2 Baseband Data 2 Baseband Data 

a. Ch 1 Bit Rate,b/s a. Ch 1 Bit Rate,b/s 
b. Ch 1 Bit Err Rate b. Ch 1 Bit Err Rate 
c. Ch 2 Bit Rate,b/s c. Ch 2 Bit Rate,b/s 
d. Ch 2 Bit Err Rate d. Ch 2 Bit Err Rate 

3 Data Coding 3 Data Coding 
a. Ch 1 Type a. Ch 1 Rate 
b. Ch 1 No. Info Bit b. Ch 1 Constr Lngth 
c. Ch 1 Block Length c. Ch 1 Concat Code 

d. Ch 1 Data/Tot Bit 
d. Ch 2 Type e. Ch 2 Rate 
e. Ch 2 No. Info Bit f. Ch 2 Constr Lngth 
f. Ch 2 Block Length g. Ch 2 Concat Code 

h. Ch 2 Data/Tot Bit 
4 Subcarrier 4 Subcarrier 

a. Ch 1 Waveform a. Ch 1 Waveform 
b. Ch 1 Frequency b. Ch 1 Frequency 
c. Ch 1 Mod Type c. Ch 1 Mod Type 
d. Ch 2 Waveform d. Ch 2 Waveform 
e. Ch 2 Frequency e. Ch 2 Frequency 
f. Ch 2 Mod Type f. Ch 2 Mod Type 

EIS TRANSMITTING RNG CHANNEL: SIC - EIS RNG CHANNEL: 
5 a. System Type 5 a. Code Regeneration 

b. Tone/Code Wavefrm b. Coh Ops Reqd 
c. Highest Frequency c. Reqd Accuracy (m) 
d. Lowest Frequency d. Bandwidth T/C 1 
e. Total Comp No. e. Bandwidth T/C 2 

EARTH-TO-SPACE PATH PERFORMANCE : SPACE-TO-EARTH PATH PERFORMANCE : 
6 a. Weather Avail 6 a. Weather Avail 
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CCSDS LINK DESIGN CONTROL TABLE 
EARTH - SPACE - LINK 

PUT DATA IN SHEET 
MISSION AND SPACECRAFT CHANNEL 

UNITS DESIGN FAY 
VALUE TOL 

EIS TRANSMITTING RF CARRIER CHANNEL PARAMETERS . . 
1 Transmitter Power dBW 
2 Transmitter Frequency MHz 
3 Ant. Gain I I dBi 
4 Antenna Circuit Loss dB 
5 Antenna Pointing Loss dB 

EIS TRANSMITTING DATA CHANNEL PARAMETERS . . 
6 Information Bit Rate b/s 
7 Subcarrier Frequency kHz 
8 Subcarrier Waveform Sin-Sq 
9 RF Modulation Index Rad-pk 

EIS TRANSMITTING RNG CHANNEL PARAMETERS . . 
10 Simultaneous With Data Yes-No 
11 Ranging Waveform Sin-Sq 
12 a. Mod Index Tone/Code 1 Rad-pk 

b. Mod Index Tone/Code 2 Rad-pk 
EARTH - TO - SPACE PATH PARAMETERS . . 

13 Topocentric Range km 
14 Atmospheric Attenuation dB 
15 Ionospheric Loss dB 
16 Antenna Elevation Angle deg 

SIC RECEIVING RF CARRIER CHANNEL PARAMETERS . . 
17 Antenna Gain dBi 
18 Polarization Loss dB 
19 Antenna Pointing Loss dB 
20 Antenna Circuit Loss dB 
21 Carrier Circuit Loss dB 
22 Total Noise Temperature K 

a. Rcvr Operating Temp K 
b. Feed Through Noise K 
c. Hot Body Noise K 

23 Threshold Loop Noise BW Hz 
24 Reqd Thrshld SNR in 2Blo dB 

SIC RECEIVING DATA CHANNEL PARAMETERS . . 
25 Phase Jitter Loss dB 
26 Demod I Detector Loss dB 
27 Waveform Distortion Loss dB 
28 Max Rng Interfer to Data dB 
29 Reqd Data Eb/No dB 

SIC RECEIVING RNG CHANNEL PARAMETERS . . 
30 Ranging Demodulator Loss dB 
31 Ranging Filter Bandwidth MHz 
32 Reqd Tone/Code 1 SNR dB 
33 Reqd Tone/Code 2 SNR dB 
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1 CHANNEL 2 
ADV DESIGN FAY ADV 
TOL VALUE TOL TOL 



CCSDS LINK DESIGN CONTROL TABLE 
SPACE - EARTH - LINK 

INPUT DATA SHEET 
MISSION AND SPACECRAFT CHANNEL 1 

UNITS DESIGN FAY ADV 
VALUE TOL TOL 

SIC TRANSMITTING RF CARRIER CHANNEL PARAMETERS . . 
51 Transmitter Power dBW 
52 Transmitter Frequency MHz 
53 Antenna Gain dBi 
54 Antenna Circuit Loss dB 
55 Antenna Pointing Loss dB 

SIC TRANSMITTING DATA CHANNEL PARAMETERS . . 
56 Symbol Rate ks/s 
57 Subcarrier Frequency kHz 
58 Subcarrier Waveform Sin-Sq 
59 RF Modulation Index Rad-pk 

SIC TRANSMITTING RNG CHANNEL PARAMETERS : 
60 Simultaneous With Data Yes-No 
61 Mod Index Tone/Code Rad-_pk 

SPACE - TO - EARTH PATH PARAMETERS . . 
62 Topocentric Range km 
63 Atmospheric Attenuation dB 
64 Ionospheric Loss dB 
65 Antenna Elevation Angle deg 

EIS RECEIVING RF CARRIER CHANNEL PARAMETERS . . 
66 Ant Gain I I dBi 
67 Polarization Loss dB 
68 Antenna Pointing Loss dB 
69 Antenna Circuit Loss dB 
70 Total Noise Temperature K 

a. Rcvr Operating Temp K 
b. Feed Through Noise K 
c. Hot Body Noise K 
d. Weather Temp Increase K 

71 Threshold Loop Noise BW Hz 
72 Reqd Threshold SNR in 2Blo dB 

EIS RECEIVING DATA CHANNEL PARAMETERS . . 
73 Phase Jitter Loss dB 
74 Demod I Detector Loss dB 
75 Waveform Distortion Loss dB 
76 Max Rng Interfer to Data dB 
77 Reqd Data Eb/No dB 

EIS RECEIVING RNG CHANNEL PARAMETERS: 
78 Ranging Demodulator Loss dB 
79 Reqd Tone/Code 1 Pwr/No dB 
80 Reqd Tone/Code 2 Pwr/No dB 
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CCSDS LINK DESIGN CONTROL TABLE 
EARTH - TO - SPACE LINK 

LINK COMPUTATIONS 

MISSION AND SPACECRAFT UNITS DESIGN MEAN VARI-
VALUE VALUE ANCE 

EIS TRANSMITTING RF CARRIER CHANNEL PERFORMANCE . . 
101 Transmitter Power dBW 
102 Transmit Ant Gain (Effect) dB 
103 Transmitting EIRP dBW 
104 Transmitted Carrier Power dBW 

EIS TRANSMITTING DATA CHANNEL PERFORMANCE . . 
105 Trans Ch 1 Data Power dBW 
106 Trans Ch 2 Data Power dBW 

EIS TRANSMITTING RNG CHANNEL PERFORMANCE : 
107 Tone I Code 1 Power dBW 
108 Tone I Code 2 Power dBW 

EARTH - TO - SPACE PATH PERFORMANCE . . 
109 Free Space Loss dB 
110 Atmospheric Attenuation dB 
111 Ionospheric Loss dB 

SIC RECEIVING RF CARRIER CHANNEL PERFORMANCE : 
112 Receiving Ant Gain (Effect dBi 
113 Noise Spectral Density dBWIHz 
114 Threshold Loop BW, 2BLo Hz 
115 Rcvd Carrier Power dBW 
116 Carrier Performance Margin dB 

SIC RECEIVING DATA CHANNEL PERFORMANCE (NON SIMULT RNG) : 
117 Ch 1 Simlt Rng Loss dB 
118 Rcvd Ch 1 Eb I No dB 
119 Reqd Ch 1 Eb I No dB 
120 Ch 1 Data Perform Margin dB 
121 Ch 2 Simlt Rng Loss dB 
122 Rcvd Ch 2 Eb I No dB 
123 Reqd Ch 2 Eb I No dB 
124 Ch 2 Data Perform Margin dB 

SIC RECEIVING RNG CHANNEL PERFORMANCE (NON SIMULT DATA) . . 
125 Rcvd Code 1 Power I No dB-Hz 
126 Rcvd Code 2 Power I No dB-Hz 
127 Rcvd Total Rng Power I No dB-Hz 
128 Ranging Margin dB 
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CCSDS LINK DESIGN CONTROL TABLE 
LINK COMPUTATIONS 

SPACE - TO - EARTH LINK 

MISSION AND SPACECRAFT UNITS DESIGN MEAN VARI-
VALUE VALUE ANCE 

SIC TRANSMITTING RF CARRIER CHANNEL PERFORMANCE : 
151 Transmitter Power dBW 
152 Transmit Ant Gain (Effect) dB 
153 Transmitting EIRP dBW 
154 Transmitted Carrier Power dBW 

SIC TRANSMITTING DATA CHANNEL PERFORMANCE : 
155 Trans Ch 1 Data Power dbW 
156 Trans Ch 2 Data Power dbW 

SIC TRANSMITTING RNG CHANNEL PERFORMANCE . . 
157 Tone I Code 1 Power dBW 
158 Tone I Code 2 Power dBW 

SPACE TO EARTH PATH PERFORMANCE : 
159 Free Space Loss dB 
160 Atmospheric Attenuation dB 
161 Ionospheric Loss dB 

EIS RECEIVING RF CARRIER CHANNEL PERFORMANCE . . 
162 Receiving Ant Gain (Effect dBi 
163 Noise Spectral Density dBWIHz 
164 Threshold Loop BW, 2BLo Hz 
165 Rcvd Carrier Power dBW 
166 Carrier Performance Margin dB 

EIS STATION RECEIVING DATA CHANNEL PERFORMANCE {NON SIMULT RNG) : 
167 Ch 1 Simlt Rng Loss dB 
168 Rcvd Ch 1 Eb I No dB 
169 Reqd Ch 1 Eb I No dB 
170 Ch 1 Data Perform Margin dB 
171 Ch 2 Simlt Rng Loss dB 
172 Rcvd Ch 2 Eb I No dB 
173 Reqd Ch 2 Eb I No dB 
174 Ch 2 Data Perform Margin dB 

EIS STATION RECEIVING RNG CHANNEL PERFORMANCE (NON SIMULT DATA) : 
175 Rcvd Code 1 Power I No dB-Hz 
176 Rcvd Code 2 Power I No dB-Hz 
177 Rcvd Total Rng Power I No dB-Hz 
178 Ranging Margin dB 
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EXPLATION OF THE REMARKS ... . . . 

1 THE DESIGN TRANSMITTED CARRIER POWER (dBW) IS COMPUTED BY USING 
DESIGN VALUE OF Pc/Pt AND THE EIRP. THE DESIGN VALUE OF Pc/Pt 
IS COMPUTED BY USING THE DESIGN VALUES OFMOD INDICES 

2 THE MEAN TRANSMITTED CARRIER POWER (dBW) IS COMPUTED BY USING 
FAV AND ADV TOLERANCE OF Pc/pt AND THE EIRP. THESE TOLERANCES 
ARE COMPUTED BY USING ALL POSSIBLE COMBINATIONS OF THE MOD IND. 
THE VARIANCE OF TRANS CARRIER POWER (dBW) IS COMPUTED BY USING 
EIRP AND THE FAV AND ADV TOLERANCE OF Pc/Pt. THESE TOLERANCES 
ARE COMPUTED BY USING ALL POSSIBLE COMBINATIONS OF THE MOD IND . 

2a THE TRIANGULAR DENSITY USED IS FOR THE Pc/Pt RATIO 
3 THE DESIGN TRANSMITTED CARRIER POWER (dBW) IS COMPUTED BY USING 

DESIGN VALUE OF Pd/pt AND THE EIRP. THE DESIGN VALUE Of Pd/Pt 
IS COMPUTED BY USING THE DESIGN VALUES OFMOD INDICES 

4 THE MEAN TRANSMITTED DATA POWER (dBW) IS COMPUTED BY USING 
FAV AND ADV TOLERANCE OF Pd/Pt AND THE EIRP. THESE TOLERANCES 
ARE COMPUTED BY USING ALL POSSIBLE COMBINATIONS OF THE MOD IND. 
THE VARIANCE OF TRANS DATA POWER (dBW) IS COMPUTED BY USING 
EIRP AND THE FAV AND ADV TOLERANCE OF Pd/Pt. THESE TOLERANCES 
ARE COMPUTED BY USING ALL POSSIBLE COMBINATIONS OF THE MOD IND. 

4a THE TRIANGULAR DENSITY USED IS FOR THE Pd/Pt RATIO 
5 THE DESIGN TRANSMITTED RANGE POWER (dBW) IS COMPUTED BY USING 

DESIGN VALUE OF Pr/pt AND THE EIRP. THE DESIGN VALUE OF Pr/Pt 
IS COMPUTED BY USING THE DESIGN VALUES OFMOD INDICES 

6 THE MEAN TRANSMITTED RANGE POWER (dBW) IS COMPUTED BY USING 
FAV AND ADV TOLERANCE OF Pr/Pt AND THE EIRP. THESE TOLERANCES 
ARE COMPUTED BY USING ALL POSSIBLE COMBINATIONS OF THE MOD IND. 
THE VARIANCE OF TRANS RANGE POWER (dBW) IS COMPUTED BY USING 
EIRP AND THE FAV AND ADV TOLERANCE OF Pr/Pt. THESE TOLERANCES 
ARE COMPUTED BY USING ALL POSSIBLE COMBINATIONS OF THE MOD IND. 

6a THE TRIANGULAR DENSITY USED IS FOR THE Pr/Pt RATIO 
7 THE SPACE LOSS USING FAVORABLE TOLERANCE 
8 THE SPACE LOSS USING ADVERSE TOLERANCE 
9 WE ASSUME THAT LINK AND ATMOSPHERICS ARE INDEPENDENT 

THIS IS THE WORST CASE . THE MEAN AND VARIANCE ARE COMPUTED 
BY USING THE APPROPRIATE WEATHER MODEL. 

10 SAME AS REMARK 1 BUT APPLIED FOR THE DOWNLINK. 
11 SAME AS REMARK 2 BUT APPLIED FOR THE DOWNLINK. 
lla SAME AS REMARK 2a BUT APPLIED FOR THE DOWNLINK. 
12 SAME AS REMARK 3 BUT APPLIED FOR THE DOWNLINK. 
13 SAME AS REMARK 4 BUT APPLIED FOR THE DOWNLINK. 

13a SAME AS REMARK 4a BUT APPLIED FOR THE DOWNLINK. 
14 SAME AS REMARK 5 BUT APPLIED FOR THE DOWNLINK. 
15 SAME AS REMARK 6 BUT APPLIED FOR THE DOWNLINK. 

15a SAME AS REMARK 6a BUT APPLIED FOR THE DOWNLINK. 
16 SAME AS REMARK 7 BUT APPLIED FOR THE DOWNLINK. 
17 SAME AS REMARK 8 BUT APPLIED FOR THE DOWNLINK. 
18 SAME AS REMARK 9 BUT APPLIED FOR THE DOWNLINK. 
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NOTE:::::: 
UPLINK: 

THE REQUIRED TONE 1 SNR MEANS THE REQUIRED TONE CODE 1 RANGING POWER 
DIVIDED BY THE NOISE POWER IN THE RANGING BANDWIDTH. THE USER HAS TO 
INPUT THIS VALUE IN THE SHEET 3 PLACE 32. WHEN WE COMPUTE THE MARGIN 
WE HAVE TO USE THE RANGING BANDWIDTH TO CONVERT THE REQUIRED POWER 
TO NOISE POWER TO THE REQUIRED POWER TO NOISE DENSITY RATIO AND THEN 
COMPARE IT WITH THE RECEIVED RANGING POWER TO NOISE DENSITY RATIO. 

DOWNLINK: 
THE REQUIRED RANGING POWER TO NOISE DENSITY RATIO IS TO BE SPECIFIED 
FOR THE REQUIRED RANGING ACCURACY. THE STEPS ARE: 
1. SPECIFY THE REQUIRED INTEGRATION TIME FOR THE PROJECT SUCH AS 1 SEC. 
2. COMPUTE THE EFFECTIVE RANGING BANDWIDTH (INVERSE OF INTEGRATION TIME) 
3. USING THE 810-5 CURVES FIND THE REQUIRED RANGING POWER TO NOISE 

DENSITY RATIO AND PROVIDE THIS IN SHEET 4 PLACE 79 
WHEN THE RANGING MARGIN AT THE GROUND STATIONIS COMPUTED, NO RANGING 
BANDWIDTH WILL COME INTO PICTURE BECAUSE WE HAVE ALREADY TAKEN INTO 
ACCOUNT THE EFFECTIVE BANDWIDTH OF THE SYSTEM. 
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STANDARD TERMINOLOGY 
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CCSDS RECOMMENDATIONS FOR RADIO FREQUENCY AND MODULATION SYSTEMS 

Earth Stations and Spacecraft 

ANNEX 1 

TELECOMMUNICATIONS LINK DESIGN CONTROL TABLE (Link and Weather Not Combined): 
A set of informational and input data tables for the user to provide the salient earth-to-space and 
space-to-earth telecommunications equipmen.t and link characteristics together with tables containing 
the computed performance of these links without regard to weather induced effects. 

GENERAL INFORMATION 

(1) OWNER CCSDS AGENCY: The CCSDS member agency having primary responsibility for 
the success or failure of the mission. 

(2) NAME OF MISSION: The name given to the mission by the CCSDS member agency owner. 

(3) NAME OF SPACECRAFT: The name given to a specific spacecraft, which is part of the 
named mission, by the CCSDS member agency owner. 

(4) MISSION CATEGORY: The mission's category, either Catego~ B for deep space missions 
(missions whose altitude above the earth's surface exceeds 2 x 10 km) or Category A for non
deep space missions (those whose altitude above the earth's surface are less than, or equal 
to, 2 x 106 km). 

(5) LINK BUDGET NUMBER: A number which is assigned to this link budget study under the 
conditions and with the configuration stated on the following pages to distinguish it from 
other such studies. 

(6) REVISION NUMBER: The most recent revision of this telecommunications link budget study, 
which is contained in this table, for the named spacecraft and mission. 

(7) REVISION DATE: The date of the revision identified in (6) above. 

(8) COGNIZANT PERSON: 

Name: The name of the person in the owner agency with whom inputs to, or outputs from 
this Design Control Table should be discussed and approved. 

Title: The position or title of the person named in above. 

Address: The full agency center's name and address which is required to contact the cognizant 
person in an efficient manner. 

Telephone: The telephone number, including country and area codes of the cognizant person. 

FAX Number: The FAX number, including country and area codes of the cognizant person. 

Telemail/J'elex No.: The full Telemail box name, including the relevant node, and/ or the 
Telex number of the cognizant person: 
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CCSDS RECOMMENDATIONS FOR RADIO FREQUENCY AND MODULATION SYSTEMS 

Earth Stations and Spacecraft 

COMMUNICATIONS SYSTEM OPERATING CONDITIONS 

EARTH-TO-SPACE LINK 

EARTH STATION (E/S) TRANSMITTING RF CHANNEL 

(1) RF CARRIER MODULATION: 

(la) Ch 1 Type: The earth station's carrier modulation method. Generally, only phase modulation 
is recommended by the CCSDS for the RF carrier. 

(1b) Ch 1 Format: The method used in the earth station to represent the modulated 
Telecommand symbols on the carrier (e.g., NRZ-L, NRZ-M, SPL, etc.). 

(1c) CH 2 Type: Same definition as (1a) above except that it is applicable to RF channel 2. 

(1d) Ch 2 Format: Same definition as (1b) above except that it is applicable to RF channel 2. 

EARTH STATION (E/S) TRANSMITTING DATA CHANNEL 

(2) BASEBAND DATA: 

(2a) Ch 1 Bit Rate, bjs: The rate, usually the maximum, at which uncoded telecommand or other 
data on channel 1 is to be transmitted from the earth station and for which the link 
performance is to be evaluated, expressed in b/s. 

(2b) Ch 1 Bit Err Rate: The maximum information bit error rate providing acceptable performance 
for data channel 1 under consideration, expressed as a dimensionless fraction less than 0.5. 

(2c) Ch 2 Bit Rate, bjs: Same definition as (2a) above except that it is applicable to channel 2. 

(2d) Ch 2 Bit Err Rate: Same definition as (2b) above except that it is applicable to channel 2. 

(3) DATA CODING: 

(3a) Ch 1 Type: The type or name (e.g., block, Reed-Solomon, etc.) of the error detecting
correcting code used on data channel 1 by the earth station. 

(3b) Ch 1 No. Info Bit: The number of information bits contained in a block code on data channel 
1 which is transmitted from the earth station, expressed as a number. 

(3c) Ch 1 Block Length: The total length of the block used on data channel 1 from the earth 
station, expressed as a number. 

(3d) Ch 2 Type: Same definition as (3a) above except that it is applicable to data channel 2. 
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CCSDS RECOMMENDATIONS FOR RADIO FREQUENCY AND MODULATION SYSTEMS 

Earth Stations and Spacecraft 

(3e) Ch 2 No. Info Bit: Same definition as (3b) above except that it is applicable to channel 2. 

(3f) Ch 2 Block Length: Same definition as (3c) above except that it is applicable to channel 2. 

( 4) SUBCARRIER: 

( 4a) Ch 1 Wavefonn: The earth station's subcarrier waveform on data channel 1. Sinewave 
subcarriers are recommended by the CCSDS for telecommand. 

( 4b) Ch 1 Frequency: The earth station's subcarrier frequency on data channel 1, expressed in kHz. 

( 4c) Ch 1 Mod Type: The method used by the earth station for modulating the subcarrier with the 
data. PSK modulation is recommended by the CCSDS for telecommand subcarriers. 

(4d) Ch 2 Wavefonn: Same definition as (4a) except that it is applicable to channel 2. 

( 4e) Ch 2 Frequency: Same definition as ( 4b) above except that it is applicable to channel 2. 

( 4f) Ch 2 Mod Type: Same definition as ( 4c) above except that it is applicable to channel 2. 

EARTH STATION CE/S) TRANSMITTING RNG CHANNEL 

(Sa) System Type: The name, or descriptive term used to identify the specific ranging equipment 
(e.g., sidetone, squarewave, DLR sinewave, CNES sinewave, ESA sinewave, DSN squarewave, 
etc.). 

(5b) Tone/Code Wavefrm : The ranging tone or code waveform (e.g., sine or square). 

( Sc) Highest Frequency: The highest ranging tone or code frequency to be used for this mission, 
expressed in kHz. 

(5d) Lowest Frequency: The lowest ranging tone or code frequency to be used for this mission, 
expressed in kHz. 

(5e) Tot Comp No. The total number of ranging tone or code components which will be used in 
measuring the range, expressed as a number. 

EARTH-TO-SPACE PATH PERFORMANCE 

(6a) Weather Avail: The amount of time that the earth-to-space link must be available when 
considering the degradation due to weather, expressed as a percent. 
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CCSDS RECOMMENDATIONS FOR RADIO FREQUENCY AND MODULATION SYSTEMS 

Earth Stations and Spacecraft 

COMMUNICATIONS SYSTEM OPERATING CONDITIONS (Cont.) 

SPACE-TO- EARTH LINK 

SPACECRAFT (S/C) TRANSMITTING RF CHANNEL 

(1) RF CARRIER MODULATION: 

(1a) Ch 1 Type: The spacecraft's carrier modulation method. Generally, only phase modulation 
is recommended by the CCSDS for the RF carrier. 

(1b) Ch 1 Format: The method used by the spacecraft to represent the modulated Telemetry 
symbols on the carrier (e.g., NRZ-L, NRZ-M, SPL, etc.). 

(1c) CH 2 Type: Same definition as (1a) above except that it is applicable to RF channel 2. 

(1d) Ch 2 Format: Same definition as (1b) above except that it is applicable to ,RF channel 2. 

SPACECRAFT (S/C) TRANSMITTING DATA CHANNEL 

(2) BASEBAND DATA: 

(2a) Ch 1 Bit Rate, bjs: The rate, usually the maximum, at which uncoded telemetry or other data 
on channel 1 is to be transmitted from the spacecraft and for which the link performance is 
to be evaluated, expressed in b/s. 

(2b) Ch 1 Bit Err Rate: The maximum information bit error rate providing acceptable performance 
for data channel 1 under consideration, expressed as a dimensionless fraction less than 0.5. 

(2c) Ch 2 Bit Rate, bjs: Same definition as (2a) above except that it is applicable to channel 2. 

(2d) Ch 2 Bit Err Rate: Same definition as (2b) above except that it is applicable to channel 2. 

(3) DATA CODING: 

(3a) Ch 1 Rate: The number of data bits compared the total number of convolutionally encoded 
symbols transmitted from the spacecraft, generally expressed as a fraction (e.g., 1/2 for the 
CCSDS recommended code). 

(3b) Ch 1 Constr Lngth: The constraint length of the convolutional encoder on the spacecraft, 
expressed as a number (e.g., 7 for the CCSDS recommended code). 

(3c) Ch 1 Concat Code: The type or name of the code which is concatenated with the 
convolutional code on the spacecraft (e.g., Reed-Solomon, Golay, block, etc.) . The CCSDS 
recommends Reed-Solomon. 

(3d) . Ch 1 DatajTot Bit: The number of data bits to total bits in a spacecraft block code, expressed 
as a ratio (e.g., 223/255 for the CCSDS recommended Reed-Solomon code). 
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CCSDS RECOMMENDATIONS FOR RADIO FREQUENCY AND MODULATION SYSTEMS 

Earth Stations and Spacecraft 

(3e) Ch 2 Rate: Same definition as (3a) above except that it is applicable to channel 2. 

(3f) Ch 2 Constr Lngth: Same definition as (3b) above except that it is applicable to channel 2. 

(3g) Ch 2 Concat Code: Same definition as (3c) above except that it is applicable to channel 2. 

(3h) Ch 2 Data/f'ot Bit: Same definition as (3d) above except that it is applicable to channel 2. 

(4) SUBCARRIER: 

( 4a) Ch 1 Waveform: The spacecraft's subcarrier waveform on data channel 1 (e.g., sine or 
square). 

(4b) Ch 1 Frequency: The spacecraft's subcarrier frequency on data channel 1, expressed in kHz. 

(4c) Ch 1 Mod Type: The spacecraft's method used for modulating the subcarrier with the data. 
PSK modulation is recommended by the CCSDS for telemetry subcarriers. 

( 4d) Ch 2 Waveform: Same definition as ( 4a) above except that it, is applicable to channel 2. 

( 4e) Ch 2 Frequency: Same definition as ( 4b) above except that it is applicable to channel 2. 

(4f) Ch 2 Mod Type: Same definition as (4c) above except that it is applicable to data channel2. 

SPACECRAFT (S/C)- EARTH STATTON (E/S) RNG CHANNEL 

(Sa) Code Regeneration: A statement (Yes or No) indicating whether the spacecraft regenerates 
the ranging code prior to transmitting it to the earth station. 

(5b) Coh Ops Reqd: A statement (Yes or No) indicating whether the earth station's ranging 
equipment requires a coherent spacecraft RF channel. 

(5c) Reqd Accuracy (m): The required ranging measurement accuracy, expressed in meters. 

(5d) Bandwidth T/C 1: The earth station's effective bandwidth (!/integration time) required to 
obtain the ranging measurement accuracy stated in 5c, above, with the P,/N0 stated on the 
Input Data Sheet, expressed in Hz. 

(5e) Bandwidth T/C 2: The earth station's effective bandwidth (!/integration time) required to 
obtain the required probability of success in the ranging measurement, expressed in Hz. 

SPACE-TO-EARTH PATH PERFORMANCE 

(6a) Weather Avail: The amount of time that the space-to-earth link must be available when 
considering the degradation due to weather, expressed as a percent. 
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INPUT DATA SHEET FOR EARTH-TO-SPACE LINK 

EARTH STATION (E/S) TRANSMITTING RF CARRIER CHANNEL PARAMETERS 

(1) TRANSMITTER POWER: That power actually produced at the transmitter power amplifier's 
output terminals, expressed as a positive or negative value in dBW (10Log10 [Watts]). 

(2) TRANSMITTER FREQUENCY: The unmodulated transmitter carrier frequency, expressed 
in Megahertz (MHz ). 

(3) ANT GAIN (ITU /RR/154): "The ratio, usually expressed in decibels, of the power required 
at the input of a loss-free reference antenna to the power supplied to the input of the given 
antenna to produce, in a given direction, the same field strength or power flux-density at the 
same distance. When not specified otherwise, the gain refers to the direction of maximum 
radiation." In this application, the reference antenna is an isotropic antenna located in free 
space. The gain of the subject antenna is expressed as a positive or negative value in dBi. 

Placing the network's name (e.g., DSN) in the box to the right of Antenna Gain and~ the 
antenna's diameter (e.g., 70) in box to the right of the network in row 3 will cause the 
computer program to consult its data base for all required information regarding that station. 

(4) ANTENNA CIRCUIT LOSS: The attenuation in rf power occurring between the output 
terminals of the transmitting power amplifier and the point of electromagnetic radiation from 
that antenna, expressed as a negative value in dB. 

(5) ANTENNA POINTING LOSS: The reduction in signal power at the receiving antenna 
resulting from imperfect pointing of the transmitting antenna such that the actual ray path 
from transmitting antenna to receiving antenna differs from the optimum ray path containing 
the point of maximum transmitting antenna gain, expressed as a negative value in dB. 

EARTH STATION (E/S) TRANSMITTING DATA CHANNEL PARAMETERS 

(6) INFORMATION BIT RATE: The rate at which uncoded Telecommand information bits are 
to be sent from the transmitting station to the receiving station, expressed in bits per second 
(b/s) . 

(7) SUBCARRIER FREQUENCY: The unmodulated Telecommand subcarrier's frequency, either 
8 kHz or 16 kHz, expressed in kHz. 

(8) SUBCARRIER WAVEFORM: The Telecommand subcarrier's waveform is always sinewave. 

(9) RF MODULATION INDEX: The angle by which the rf carrier is phase shifted, with respect 
to the unmodulated rf carrier, as a result of the data on Telecommand channel of the 
modulator, expressed in radians peak. 
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EARTH STATION (E/S) TRANSMITTING RANGING CHANNEL PARAMETERS 

(10) SIMULTANEOUS WITH DATA: A statement showing whether or not the computed 
performance is based upon simultaneous ranging and telecommanding operations (e.g., Yes 
or No). 

(11) RANGING WAVEFORM: The waveform of the ranging modulation, sinewave for tone 
modulation, square wave for code modulation, expressed as Sin or Sq. 

(12a) MOD INDEX TONE I CODE 1: The angle by which the rf carrier is phase shifted, with 
respect to the unmodulated rf carrier, as a result of the highest frequency (major) ranging 
Tone / Code modulation, expressed in radians peak (Rad-pk). 

(12b) MOD INDEX TONE I CODE 2: The angle by which the rf carrier is phase shifted, with 
respect to the unmodulated rf carrier, as a result of the lower frequency (minor) ranging 
Tones / Codes modulation, expressed in radians peak (Rad-pk). 

EARTH-TO-SPACE PATH PARAMETERS 

(13) TOPOCENTRIC RANGE: The distance, measured along a ray path, between the earth 
station transmitting antenna's radiation point and the spacecraft receiving antenna's radiation 
point, expressed in kilometers (km ). 

(14) ATMOSPHERIC ATTENUATION: The reduction in signal power at the receiving antenna, 
considering such factors as the earth station's antenna elevation angle, weather, and 
geographical location, which results from absorption, reflection, and scattering of the rf signal 
as it passes through the Earth's atmosphere, expressed as a negative value in dB. 

(15) IONOSPHERIC LOSS: The reduction in signal power at the receiving antenna, considering 
such factors as the earth station's elevation angle and communication's frequency, resulting 
from the dispersive loss in radiated signal as it passes through the Ionosphere of the Earth 
and/or other bodies, expressed as a negative value in dB. 

(16) ANTENNA ELEVATION ANGLE: The angle between a ray, representing the boresight of 
the earth-station's antenna beam pattern, and a locally horizontal line, when both ray and 
line are contained in a vertical plane which also contains the center of the earth, expressed 
in degrees ( deg). 

SPACECRAFT (S/C) RECEIVING CARRIER RF CHANNEL PARAMETERS 

(17) ANTENNA GAIN: The ratio of the power flux density required at the input of a loss-free 
isotropic antenna to that power flux density needed at the input of the spacecraft's receiving 
antenna which produces the same output at the antenna's terminals for a source which is at 
equal distance from both antennas. The gain of the spacecraft's receiving antenna refers to 
the direction of maximum sensitivity, except in the case of a non-directional antenna in which 
case the gain refers to a minimum value corresponding to the antenna's specified coverage. 
The gain of the subject antenna, at the receiving frequency, is expressed as a positive or 
negative value in dBi. 
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(18) 

(19) 

(20) 

(21) 

(22) 

Earth Stations and Spacecraft 

POLARIZATION LOSS: The reduction in transferred signal power between transmitting and 
receiving stations resulting from differences in the radiated and received polarization patterns 
between the two antennas, expressed as a negative value in dB. 

ANTENNA POINTING LOSS: . Same definition as (5) above except that it is applicable to 
the pointing error of the spacecraft's receiving antenna, expressed as a negative value in dB. 

ANTENNA CIRCUIT LOSS: The attenuation in rf power occurring between the point of 
electromagnetic radiation on the spacecraft's antenna and the input terminals of the low noise 
amplifier, expressed as a negative value in dB. 

CARRIER CIRCUIT LOSS: The sum of resistive (cable and circuitry), transmission line 
mismatches, and other implementation losses, expressed as a negative value in dB. 

TOTAL NOISE TEMPERATURE: The sum of the following noise temperature components 
(a) +(b) + (c). expressed in dBK. This swn is a computed entry and is not supplied by the user. 

(a) Rcvr Operating Temp: Overall Noise Temperature (CCIR/Rec 573-1): "For an 
antenna, or a receiving system including the antenna, the value to which the 
temperature of the resistive component of the source impedance should be brought, 
if it were the only source of noise, to cause the noise power at the output of the 
receiver to be the same as in real case." 

In the Link Design Control Table, this parameter represents a receiving system 
reference temperature, at the received frequency, which excludes all contributions 
enumerated in (b), and (c), below, expressed in Kelvin. The reference temperature 
is measured at the input to the low-noise amplifier with the antenna viewing a cold 
sky background and which includes contributions from the: 1) cosmic background; 
2) low noise amplifier and/or receiver; 3) circuit losses before the low-noise amplifier 
and/or receiver. 

(b) Feed Through Noise : The increase in the receiver's operating temperature resulting 
from a portion of the transmitted signal leaking into the receivers low-noise ampli fier, 
expressed in Kelvin (K). 

(c) Hot Body Noise: The predicted increase from the reference temperature (Tr ), 
resulting from the receiving antenna being directed toward a body having a 
temperature greater than that of the cold sky reference, expressed in Kelvin (K). 

(23) THRESHOLD LOOP NOISE BW: The total (2-sided) bandwidth of the rf carrier's phase
locked-loop, measured at the point when the SNR in that phase-locked-loop is + 10 dB 
(carrier threshold), expressed in Hz. 

(24) REQD THRSHLD SNR IN 2 Bw: The ratio of received carrier power in 2-BLO to the noise 
power density required to maintain receiver lock at threshold which has been defined to be 
+ 10 dB, expressed as a positive or negative value in dB. 
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SPACECRAFT (SIC) RECEIVING DATA CHANNEL PARAMETERS 

(25) PHASE JJITER LOSS: The loss in symbol detection efficiency resulting from phase noise 
on the received rf carrier, which produces a non-orthogonal, noisy phase relationship between 
the demodulator's .reference and the rf carrier to be demodulated, plus losses from the partial 
tracking of the modulated symbols by the rf carrier phase locked loop, expressed as a negative 
value in dB. 

(26) DEMOD / DETECTOR LOSS: The loss in data demodulation and detection efficiency 
resulting from phase noise on the demodulated subcarrier, which produces a non-orthogonal, 
noisy phase relationship between the demodulator's reference and the subcarrier to be 
demodulated, plus losses from the partial tracking of the data bits by the subcarrier loop, plus 
losses due to timing errors in the symbol synchronizer's tracking loop, plus losses from non
linearities in the demodulator, which reduce the device's efficiency, expressed as a negative 
value in dB. 

(27) WAVEFORM DISTORTION LOSS: The loss in the recovered data signal power resulting 
from distortion in the modulated signal's (subcarrier and data) waveform, which has been 
introduced by filtering and non-linearities in the data channel or medium, expressed as a 
negative value in dB. 

(28) MAX RNG INTERFER TO DATA: The maximum permissible degradation in data channel 
performance resulting from the simultaneous presence of the ranging signal on the link, 
expressed as a negative value in dB. 

(29) REQD DATA Eb/No: The energy per data bit divided by the noise spectral density which is 
required to obtain the stated Bit Error Rate, considering the improvement due to coding, 
expressed in dB. 

SPACECRAFT (S/C) RECEIVING RNG CHANNEL PARAMETERS 

(30) RANGING DEMODULATOR LOSS: The loss in ranging demodulation and detection 
efficiency resulting from phase noise on the demodulated subcarrier, which produces a non
orthogonal, noisy phase relationship between the demodulator's reference and the i.f. carrier 
to be demodulated, plus losses from non-linearities in the demodulator, which reduce the 
device's efficiency, expressed as a negative value in dB. 

(31) RANGING FILTER BANDWIDTH: The bandwidth of the ranging channel filter in the 
spacecraft receiver, expressed in Megahertz (MHz). 

(32) REQD TONE/CODE I SNR: The ranging tone/code 1 signal-to-noise ratio required in the 
spacecraft's transponder to achieve the desired ranging measurement accuracy, expressed as 
a positive or negative number in dB. 

(33) REQD TONE/CODE 2 SNR: The ranging tone/code 2 signal-to-noise ratio required in the 
spacecraft's transponder to achieve the desired ranging ambiguity resolution, expressed as a 
positive or negative number in dB. 
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INPUT DATA SHEET FOR SPACE-TO-EARTH LINK 

SPACECRAFT (S/C) TRANSMITTING RF CARRIER CHANNEL PARAMETERS 

(51) TRANSMITTER POWER: That power actually produced at the transmitter power amplifier's 
output terminals, expressed as a positive or negative value in dBW (10Log10 [Watts]). 

(52) TRANSMITTER FREQUENCY: The unmodulated transmitter carrier frequency, expressed 
in Megahertz. 

(53) ANTENNA GAIN: The ratio of the power required at the input terminals of a loss-free 
isotropic antenna to the power supplied to the input terminals of the spacecraft's transmitting 
antenna which is needed to produce, in a specified direction, the same field strength (power 
flux density at an equivalent distance). The gain refers to the direction of maximum radiation 
except for non-directional antennas, in which case, the gain refers to a minimum value 
corresponding to the specified antenna coverage. The gain of the subject antenna, at the 
transmitting frequency, is expressed as a positive or negative value in dBi. 

(54) ANTENNA CIRCUIT LOSS: The attenuation in rf power occurring between the output 
terminals of the transmitting power amplifier and the point of electromagnetic radiation from 
that antenna, expressed as a negative value in dB. 

(55) ANTENNA POINTING LOSS: The reduction in signal power at the receiving antenna 
resulting from imperfect pointing of the transmitting antenna such that the actual ray path 
from transmitting antenna to receiving antenna differs from the optimum ray path containing 
the point of maximum transmitting antenna gain, expressed as a negative value in dB. 

SPACECRAFT (S/C) TRANSMITTING DATA CHANNEL PARAMETERS 

(56) SYMBOL RATE: The bit rate at which coded Telemetry symbols, or uncoded Telemetry if 
no coding is used, are to be sent from the transmitting station to the receiving station, 
expressed in kilo-symbols per second (ks/s). 

(57) SUBCARRIERFREQUENCY: The unmodulated Telemetry suhcarrier's frequency, expressed 
as a positive value in kilo-Hertz (kHz). 

(58) SUBCARRIER WAVEFORM: The waveform of the Telemetry subcarrier, either sinewave or 
square wave, expressed as Sin or Sq. 

(59) RF MODULATION INDEX: The angle by which the rf carrier is phase shifted, with respect 
to the unmodulated rf carrier, as a result of the data on Telemetry channel of the modulator, 
expressed in radians peak. 
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SPACECRAFT (S/C) TRANSMITTING RANGING CHANNEL PARAMETERS 

(60) 

(61) 

SIMULTANEOUS WITH DATA: A statement showing whether or not the computed 
performance is based upon simultaneous ranging and telemetry operations (e.g., Yes or No). 

MOD INDEX TONE / CODE: The angle by which the rf carrier is phase shifted, with 
respect to the unmodulated rf carrier, as a result of the ranging Tones / Codes modulation, 
expressed in radians peak (Rad-pk). 

SPACE-TO-EARTH PATH PARAMETERS 

(62) TOPOCENTRIC RANGE: The distance, measured along a ray path, between the ground 
station antenna's radiation point and the spacecraft antenna's radiation point, expressed in 
kilometers (km). 

(63) ATMOSPHERIC ATTENUATION: The reduction in signal power at the receiving antenna, 
considering such factors as the earth station's antenna elevation angle, weather, and 
geographicallocatio_n, which results from absorption, reflection, and scattering of the rf signal 
as it passes through the Earth's atmosphere, expressed as a negative value in dB. 

(64) IONOSPHERIC LOSS: The reduction in signal power at the receiving antenna, considering 
such factors as the earth station's elevation angle and communication's frequency, resulting 
from the dispersive loss in radiated signal as it passes through the Ionosphere of the Earth 
and/or other bodies, expressed as a negative value in dB. 

(65) ANTENNA ELEVATION ANGLE: The angle between a ray, representing the boresight of 
the earth-station's antenna beam pattern, and a locally horizontal line, when both ray and 
line are contained in a vertical plane which also contains the center of the earth, expressed 
in degrees (Deg). 

EARTH STATION (E/S) RECEIVING RF CARRIER CHANNEL PARAMETERS 

(66) ANT GAIN: Same definition as (3) above except that it is applicable to the earth station's 
receiving frequency. See second paragraph of (3) above to access earth station data base. 

(67) POLARIZATION LOSS: The reduction in transferred signal power between transmitting and 
receiving stations resulting from differences in the radiated and received polarization patterns 
between the two antennas, expressed as a negative value in dB. 

(68) ANTENNA POINTiNG LOSS: Same definition as (5) above except that it is applicable to 
the pointing error of the earth station's receiving antenna. 

(69) ANTENNA CIRCUIT LOSS: The attenuation in rf power occurring between the point of 
electromagnetic radiation on the earth station's antenna and the input terminals of the low 
noise amplifier, expressed as a negative value in dB. 
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(70) TOTAL NOISE TEMPERATURE: The sum of the following noise temperature components 
(a) +(b) + (c) + (d), expressed in dBK. This sum is a computed entry and is not supplied by 
the user. 

(a) Rcvr Operating Temp: Overall Noise Temperature (CCIR/Rec 573-1): "For an 
antenna, or a receiving system including the antenna, the value to which the 
temperature of the resistive component of the source impedance should be brought, 
if it were the only source of noise, to cause the noise power at the output of the 
receiver to be the same as in real case." 

In the Link Design Control Table, this parameter represents a receiving system 
reference temperature, at the received frequency, which excludes all contributions 
enumerated in (b), and (c), below, expressed in Kelvin. The reference temperature 
is measured at the input to the low-noise amplifier with the antenna viewing a cold 
sky background and which includes contributions from the: 1) cosmic background; 
2) low noise amplifier and/or receiver; 3) circuit losses before the low noise amplifier 
and/or receiver. 

(b) Feed Through Noise: The increase in the receiver's operating temperature resulting 
from a portion of the transmitted signal leaking into the receivers low-noise amplifier, 
expressed in Kelvin (K). 

(c) Hot Body Noise: The predicted increase from the reference temperature (Tr), 
resulting from the receiving antenna being directed toward a body having a 
temperature greater than that of the cold sky reference, expressed in Kelvin (K). 

(d) Weather Temp Increase: The predicted increase from the reference temperature, 
resulting from the selected ground station weather model, and which excludes 
contributions from atmospheric attenuation ( 64 ), Ionospheric loss ( 65), and from (b) 
and (c) above, expressed as a positive value in Kelvin. 

(71) THRESHOLD LOOP NOISE BW: The total (2-sided) bandwidth of the rf carrier phase
locked-loop, measured at carrier threshold, expressed in Hz. 

(72) REQD THRESHOLD SNR IN 2 BLo: The ratio of received carrier power in 2-BLO to the 
noise power density required to maintain receiver lock at threshold which has been defined 
to be + 10 dB, expressed in dB. 
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EARTH STATION (E/S) RECEIVING DATA CHANNEL PARAMETERS 

(73) 

(74) 

(75) 

(76) 

(77) 

PHASE IIITER LOSS: The loss in symbol detection efficiency resulting from phase noise 
on the received rf carrier, which produces a non-orthogonal, noisy phase relationship between 
the demodulator's reference and the rf carrier to be demodulated, plus losses from the partial 
tracking of the modulated symbols by the rf carrier phase locked loop, expressed as a negative 
value in dB. 

DEMOD / DETECTOR LOSS: The loss in data demodulation and detection efficiency 
resulting from phase noise on the demodulated subcarrier, if any, which produces a non
orthogonal, noisy phase relationship between the demodulator's reference and the subcarrier 
to be demodulated, plus losses from the partial tracking of the data bits by the subcarrier 
loop, plus losses due to timing errors in the symbol synchronizer's tracking loop, plus losses 
from non-linearities in the demodulator, which reduce the device's efficiency, expressed as 
a negative value in dB. 

WAVEFORM DISTORTION LOSS: The loss in the recovered data signal power, which 
results from distortion in the modulated signal's (subcarrier and data) waveform, which has 
been introduced by non-linearities in the data channel or medium, expressed as a negative 
value in dB. 

MAX RNG INTERFER TO DATA: The maximum permissible degradation in data channel's 
performance resulting from the simultaneous presence of the ranging signal on the link, 
expressed as a negative value in dB. 

REQD DATA Eb/No: The energy per data bit divided by the noise spectral density which is 
required to obtain the stated Bit Error Rate, considering the improvement due to coding, . 
expressed in dB. 

EARTH STATION (E/S) RECEIVING RNG CHANNEL PARAMETERS 

(78) RANGING DEMODULATOR LOSS: The loss in ranging demodulation and detection 
efficiency resulting from phase noise on the demodulated subcarrier, which produces a non
orthogonal, noisy phase relationship between the demodulator's reference and the i.f. carrier 
to be demodulated, plus losses from non-linearities in the demodulator, which reduce the 
device's efficiency, expressed as a negative value in dB. 

(79) REQD TONE/CODE 1 PWR /No: The magnitude of range tone/code 1 ST /No required 
to achieve the desired Range accuracy, expressed as a positive or negative value in dB-Hz. 

(80) REQD TONE/CODE 2 PWR /No: The magnitude of range tone/code 2 ST /No required 
to achieve the desired probability of error in the ranging measurement, expressed as a positive 
or negative value in dB-Hz. 
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LINK COMPUTATIONS FOR EARTH-TO-SPACE LINK 

EARTH STATION (E/S) TRANSMITTING RF CARRIER CHANNEL PERFORMANCE 

(101) TRANSMIITER POWER: That power actually produced at the transmitter power amplifier's 
output terminals, expressed as a positive or negative value in dBW (10Log10 [Watts]), placed 
on this page for reference purposes. 

(102) TRANSMIT ANT GAIN (Effect) : The computed antenna gain found by subtracting the 
Antenna Circuit Loss and Antenna Pointing Loss from the Antenna Gain [(3)]-[(4)+(5)], 
expressed as a positive or negative value in dBi. 

(103) TRANSMIITING E.I.RP.: The computed effective isotopically radiated power found by 
adding Transmitter Power and Effective Antenna Gain [( 10 I)+ ( 102)], expressed as a positive 
or negative value in dBW. 

(104) TRANSMIITED CARRIER POWER: The computed portion of the total transmitted power 
remaining in the rf carrier channel after subtracting the power in the sidebands due to the 
modulating signals, expressed as a positive or negative value in dBW. 

EARTH STATION (E/Sl TRANSMITTING DATA CHANNEL PERFORMANCE 

(105) TRANS CH 1 DATA POWER: The computed power in the rf carrier's data sidebands 
resulting from the modulating signal on data Channel 1, expressed as a positive or negative 
value in dBW. 

(106) TRANS CH 2 DATA POWER: The computed power in the rf carrier's data sidebands 
resulting from the modulating signal on data Channel 2, expressed as a positive or negative 
value in dBW. 

EARTH STATION (E/S) RANGING CHANNEL PERFORMANCE 

( 107) TONE I CODE I POWER: The computed power in the rf carrier's ranging sidebands 
resulting from either Tone 1 (major) or Code 1 modulation, expressed as a positive or 
negative value in dBW. 

( 108) TONE I CODE 2 POWER: The computed power in the rf carrier's ranging sidebands 
resulting from either Tone 2 (minor) or Code 2 modulation, expressed as a positive or 
negative value in dBW. 

EARTH-TO-SPACE PATH PERFORMANCE 

(109) FREE SPACE LOSS: The computed loss resulting from the spreading of the signal as it 
propagates from transmitting to receiving stations, expressed as a negative value in dB. 
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(110) 

(111) 

Earth Stations and Spacecraft 

ATMOSPHERIC ATTENUATION: The reduction in signal power at the receiving antenna, 
considering such factors as the earth station's antenna elevation angle, weather, and 
geographical location, which results from absorption, reflection, and scattering of the rf signal 
as it passes through the Earth's atmosphere, placed on this page for reference purposes, 
expressed as a negative value in dB. 

IONOSPHERIC LOSS: The reduction in signal power at the receiving antenna, considering 
such factors as the earth station's elevation angle and communication's frequency, resulting 
from the dispersive loss in radiated signal as it passes through the Ionosphere of the Earth 
and/or other bodies, placed on this page for reference purposes, expressed as a negative value 
in dB. 

SPACECRAFT (S/C) RECEIVING RF CARRIER CHANNEL PERFORMANCE 

(112) RECEWING ANT GAIN (Effect): The computed antenna gain found by subtracting the 
Polarization Loss, Antenna Pointing Loss, and Antenna Circuit Loss from the Antenna Gain 
(17)-[(18)+(19)+(20)], expressed as a positive or negative value in dBi. 

(113) NOISE SPECTRAL DENSITY: The computed noise, generally resulting from the receiver's 
low noise amplifier, in a 1 Hz bandwidth, expressed in dEW /Hz. 

(114) THRESHOLD LOOP BW, 2BLo: Same definition as (25) above, placed on this page for 
reference purposes. 

(115) RCVD CARRIER POWER: The computed carrier power in the receiver's phase locked loop 
bandwidth of 2 BLO, expressed as a positive or negative value in dEW. 

(116) CARRIER PERFORMANCE MARGIN: The computed excess in rf carrier signal over + 10 
dB SNR in the phase-locked-loop, which is defined to be carrier threshold, expressed in dB. 

SPACECRAFT (S/C) RECEIVING DATA CHANNEL PERFORMANCE 

(117) CH 1 SIMLT RNG LOSS: The computed loss in data channel performance resulting from 
the simultaneous presence of the ranging signal on the earth-to-space link, expressed in dB. 

( 118) RCVD CH 1 Eb I N0: The computed received energy per bit in Data Channel 1 divided by 
the noise spectral density, expressed in dB. 

(119) REQD CH 1 Eb I N0: The computed energy per bit divided by the noise spectral density 
(Eb / N0) found by adding the Phase Jitter Loss, Demod/Detector Loss, Waveform Distortion 
Loss, and Permissible Simultaneous Ranging Loss to the Required Data Eb / N0 [(29)] + 
[(25) + (26) + (27) + (28)], expressed in dB. 

(120) CH 1 DATA PERFORM MARGIN: The computed excess of Channell received Eb / N0 over 
the required Eb / NO> [( 118)-( 119)], expressed in dB. 
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(121) CH 2 SIMLT RNG LOSS: Same definition as (117) above except that it is applicable to data 
channel 2. 

(122) RCVD CH 2 Eb I No: Same definition as (118) above except that it is applicable to data 
channel 2. 

(123) REQD CH 2 Eb I No: Same definition as (119) above except that it is applicable to data 
channel 2. 

(124) CH 2 DATA PERFORM MARGIN: The computed excess of Channel2 received Eb / N0 over 
the required Eb / ND'[(122)-(123)], expressed in dB. 

SPACECRAFT (SIC) RECEIVING RNG CHANNEL PERFORMANCE 

(125) RCVD CODE 1 POWER I No: The computed received power (PR) in the ranging Tone 1 
(major) or Code 1 divided by the noise spectral density, expressed as a positive or negative 
value in dB-Hz. 

(126) RCVD CODE 2 POWER I No: Same definition as (125) above except that it is applicable to 
Tone or Code 2. 

(127) 

(128) 

RCVD TOTAL RNG POWER I No: The computed total received power in all ranging Tones 
or Codes, if several are present simultaneously, or Tone/Code 1 if Tones or Codes are 
transmitted sequentially, divided by the noise spectral density, expressed as a positive or 
negative value in dB-Hz. 

RANGING MARGIN: The computed excess of received total ranging power over the 
required ranging power, expressed in dB. 
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LINK COMPUTATIONS FOR SPACE-TO- EARTH LINK 

SPACECRAFT (S/C) TRANSMITTING RF CARRIER CHANNEL PERFORMANCE 

(151) TRANSMITTER POWER: That power actually produced at the transmitter power amplifier's 
output terminals, expressed as a positive or negative value in dBW (10Log10 [Watts]), placed 
on this page for reference purposes. 

(152) TRANSMIT ANT GAIN (Effect): The computed antenna gain found by subtracting the 
Antenna Circuit Loss and Antenna Pointing Loss from the Antenna Gain (53)-[(54) +(55)] , 
expressed as a positive or negative value in dBi. 

(153) TRANSMITTING E.l.RP.: The computed effective isotopically radiated power found by 
adding Transmitter Power and Effective Antenna Gain [(151) + (152)], expressed as a positive 
or negative value in dBW. 

(154) TRANSMITTED CARRIER POWER: The computed portion of the total transmitted power 
remaining in the rf carrier channel after subtracting the power in the sidebands due to the 
modulating signals, expressed as a positive or negative value in dBW. 

SPACECRAFT (S/ C) TRANSMITTING DATA CHANNEL PERFORMANCE 

(155) TRANS CH 1 DATA POWER: The computed power in the rf carrier's data sidebands 
resulting from the modulating signal on data Channel 1, expressed as a positive or negative 
value in dBW. 

(156) TRANS CH 2 DATA POWER: The computed power in the rf carrier's data sidebands 
resulting from the modulating signal on data Channel 2, expressed as a positive or negative 
value in dBW. 

SPACECRAFT (S/ C) TRANSMITTING RNG CHANNEL PERFORMANCE 

(157) TONE I CODE 1 POWER: The computed power in the rf carrier's ranging sidebands 
resulting from either Tone 1 (major) or Code 1 modulation, expressed as a positive or 
negative value in dBW. 

( 158) TONE I CODE 2 POWER: The computed power in the rf carrier's ranging sidebands 
resulting from either Tone 2 (major) or Code 2 modulation, expressed as a positive or 
negative value in dBW. 

SPACE-TO-EARTH PATH PERFORMANCE 

(159) FREE SPACE LOSS: The computed loss resulting from the spreading of the sig1,1al as it 
propagates from transmitting to receiving station, expressed as a negative value in dB. 
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CCSDS RECOMMENDATIONS FOR RADIO FREQUENCY AND MODULATION SYSTEMS 

(160) 

(161) 

Earth Stations and Spacecraft 

ATMOSPHERIC ATTENUATION: The reduction in signal power at the receiving antenna, 
considering such factors as the earth station's antenna elevation angle, weather, and 
geographical location, which results from absorption, reflection, and scattering of the rf signal 
as it passes through the Earth's atmosphere, placed on this page for reference purposes, 
expressed as a negative value in dB. 

IONOSPHERIC LOSS: The reduction in signal power at the receiving antenna, considering 
such factors as the earth station's elevation angle and communication's frequency, resulting 
from the dispersive loss in radiated signal as it passes through the Ionosphere of the Earth 
and/or other bodies, placed on this page for reference purposes, expressed as a negative value 
in dB. 

EARTH STATION (E/S) RECEIVING RF CARRIER CHANNEL PERFORMANCE 

(162) RECEIVING ANT GAIN (Effect): The computed antenna gain found by subtracting the 
Polarization Loss, Antenna Pointing Loss, and Antenna Circuit Loss from the Antenna Gain 
(66)-[(67)+(68)+(69)], expressed as a positive or negative value in dBi. 

(163) NOISE SPECTRAL DENSITY: The computed noise, generally resulting from the receiver's 
low noise amplifier, in a 1 Hz bandwidth, expressed in dBW /Hz. 

(164) THRESHOLD LOOP BW, 2BLo: Same definition as (72) above, placed on this page for 
reference purposes. 

(165) RCVD CARRIER POWER: The computed carrier power in the receiver's phase locked loop 
bandwidth of 2 BLO, expressed in dBW. 

(166) CARRIER PERFORMANCE MARGIN: The computed excess in rf carrier signal over + 10 
dB SNR in the phase-locked-loop, which is defined to be carrier threshold, expressed in dB. 

EARTH STATION (E/S) RECEIVING DATA CHANNEL PERFORMANCE 

(167) CH 1 SIMLT RNG LOSS: The computed loss in data channel performance resulting from 
the simultaneous presence of the ranging signal on the space-to-earth link, expressed in dB. 

(168) RCVD CH 1 Eb I N0: The computed received energy per bit in Data Channel 1 divided by 
the noise spectral density, expressed in dB. 

(169) REQD CH 1 Eb I N0: The computed energy per bit divided by the noise spectral density 
(Eb / N 0) found by adding the Phase Jitter Loss, Demod/Detector Loss, Waveform Distortion 
Loss, and Permissible Simultaneous Ranging Loss to the Required Data Eb / N0 [(77)] + 
[(73)+(74)+(75)+(76)], [includes the improvement due to coding] , expressed in dB. 

(170) CH 1 DATA PERFORM MARGIN: The computed excess of Channell received Eb / N0 over 
the required Eb /Ncr [(168)-(169)], expressed in dB. 

(171) CH 2 SIMLT RNG LOSS: Same definition as (167) above except that it is applicable to data 
channel 2. 
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Earth Stations and Spacecraft 

(172) RCVD CH 2 Eb I No: Same definition as (168) above except that it is applicable to data 
channel2. 

(173) REQD CH 2 Eb I No: Same definition as (169) above except that it is applicable to data 
channel 2. 

(174) CH 2 DATA PERFORM MARGIN: The computed excess of Channel2 received Eb / N0 over 
the required Eb / NO> [(172)-(173)], expressed in dB. 

EARTH STATION CE/S) RECEIVING RNG CHANNEL PERFORMANCE 

(175) RCVD CODE 1 POWER I No: The computed received power (PR) in the ranging Tone 1 
(major) or Code 1 divided by the noise spectral density, expressed as a positive or negative 
value in dB-Hz. 

( 176) RCVD CODE 2 POWER I No: Same definition as ( 175) above except that it is applicable to 
Tone or Code 2. 

(177) RCVD TOTAL RNG POWER I No: The computed total received power in all ranging Tones 
or Codes, if several are present simultaneously, or Tone/Code 1 if Tones or Codes are 
transmitted sequentially, divided by the noise spectral density, expressed as a positive or 
negative value in dB-Hz. 

(178) RANGING MARGIN: The computed excess of received total ranging power over the 
required ranging power, expressed in dB. 
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ANNEX 3 

PROBABILITY DENSITY FUNCTIONS 
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Table A.l: Uplink Data Element Types 

Element Description Probability 
Number Density F urx:.tion 

1 Station Transmitter Power Triangular 

3 Station Antenna Gain Uniform 

- 4 Station Antenna Circuit Loss Uniform 

5 Station Antenna Pointing Loss Uniform 

14 Atmospheric Attenuation Triangular 

15 Ionospheric Loss Triangular 

17 Spacecraft Antenna Gain Triangular 

18 SIC Polarization Loss Triangular 

19 SIC Antenna Pointing Loss Triangular 

20 SIC Antenna Circuit Loss Uniform 

23 SIC Threshold Loop Noise BW Triangular 

25 SIC Phase Jitter Loss Triangular 

26 SIC DemodiDetector Loss Triangular 

31 Ranging Filter Bandwidth Triangular 

102 Trans. Ant. Gain (Effective) Uniform 

103 Transmitting EIRP Triangular 

104 Transmitted Carrier Power Triangular 

105 Trans. Chan. 1 Data Power Triangular 

106 Trans. Chan. 2 Data Power Triangular 

107 Tone I Code 1 Power Triangular 

108 Tone I Code 2 Power Triangular 

109 Free Space Loss Triangular 

112 Receiving Antenna Gain (Effective) Uniform 

113 Noise Spectral Density Gaussian 

115 Received Carrier Power Triangular 
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NOTE 

Table A.l: Uplink Data Element Types (Cont.) 

Element Description Probability 
Number Density Function 

116 Carrier Performance Margin Gaussian 

118 Received Channel 1 Eb /No Gaussian 

119 Required Channel 1 Eb/No Triangular 

120 Channel 1 Data Performance Margin Gaussian 

122 Received Channel 2 Eb/No Gaussian 

123 Required Channel 2 Eb/No Triangular 

124 Channel 2 Data Performance Margin Gaussian 

125 Received Code 1 Power /No Triangular 

126 Received Code 2 Power /No Triangular 

127 Rcvd Total Ranging Power /No Triangular 

128 Uplink Ranging Margin (Ranging Power at S/C 
Receiver Output) Triangular 

The probability density functions for the modulation loss due to uplink carrier (Pcl/Pt), 
telecommand (Pcd/Pt), uplink ranging (Prl/Pt) are triangular. Here Pel denotes uplink 
recoverable power in the carrier channel, Pcd is the recoverable power in the telecommand 
channel, Prl the power in the uplink ranging channel, and Pt the total transmitted power. 
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Table A.2: Downlink Data Element Types 

Element Description Probability 
Number Density Function 

51 S/C Transmitter Power Triangular 

53 S/C Antenna Gain Uniform 

54 S/C Antenna Circuit Loss Uniform 

55 S/C Antenna Pointing Loss Triangular 

63 Atmospheric Attenuation Triangular 

64 Ionospheric Loss Triangular 

66 Station Antenna Gain Uniform 

67 Station Polarization Loss Uniform 

68 Station Antenna Pointing Loss Uniform 

69 Station Antenna Circuit Loss Uniform 

70a Rcvr Operating Temperature Gaussian 

70b Feed Through Noise Gaussian 

70c Hot Body Noise Gaussian 

70d Weather Temperature Increase Gaussian 

71 Station Threshold Loop Noise BW Triangular 

73 Station Phase Jitter Loss Triangular 

74 Station Demod/Detector Loss Triangular 

75 Waveform Distortion Loss Triangular 

78 Ranging Demodulator loss Triangular 

152 Trans. Ant. Gain (Effective) Uniform 

153 Transmitting EIRP Triangular 

154 Transmitted Carrier Power Triangular 

155 Trans. Chan. 1 Data Power Triangular 

156 Trans. Chan. 2 Data Power Triangular 

157 Tone / Code 1 Power Triangular 
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NOTE 

Element 
Number 

158 

159 

162 

163 

165 

166 

168 

169 

170 

172 

173 

174 

175 

176 

177 

178 

Table A.2: Downlink Data Element Types (Cont.) 

Description 

Tone / Code 2 Power . 

Free Space Loss 

Receiving Antenna Gain (Effective) 

Noise Spectral Density 

Received Carrier Power 

Carrier Performance Margin 

Received Channel 1 Eb/No 

Required Channel 1 Eb/No 

Channel 1 Data Performance Margin 

Received Channel 2 Eb/No 

Required Channel 2 Eb/No 

Channel 2 Data Performance Margin 

Received Code 1 Power/No 

Received Code 2 Power /No 

Rcvd Total Ranging Power /No 

Ranging Margin 

Probability 
Density Function 

Triangular 

Triangular 

Uniform 

Gaussian 

Triangular 

Gaussian 

Gaussian 

Triangular 

Gaussian 

Gaussian 

Triangular 

Gaussian 

Gaussian 

Gaussian 

Gaussian 

Gaussian 

The probability density functions for the modulation loss due to downlink carrier (Pc2/Pt), 
telemetry (Ptlm/ Pt), downlink ranging (Pr2/Pt) are triangular. Here Pc2 denotes uplink 
recoverable power in the carrier channel, Ptlm is the recoverable power in the telemetry 
channel, Pr2 the power in the downlink ranging channel, and Pt the total transmitted power. 
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