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PREFACE

The Consultative Committee for Space Data Systems (CCSDS) is an organization officially
established by nine member space agencies and fourteen observer agencies. The nine member
- agencies, which make up the core of the CCSDS, are: the British National Space Centre (BNSC)/
United Kingdom, Canadian Space Agency (CSA)/Canada, Centre National d'Etudes Spatiales
(CNES)/France, Deutsche Forschungsanstalt fuer Luft- und Raumfahrt eV (DLR)/Germany,
European Space Agency (ESA)/Europe, Indian Space Research Organization (ISRO)/India,
Institutode Pesquisas Espaciais (INPE)/Brazil, National Aeronautics and Space Administration
(NASA)/USA, and National Space Development Agency of Japan (NASDA)/ Japan. The fourteen
observer agencies, which concur in the technical recommendations made by the core member
agencies, are: the China Astronautics Standards Institute (CASI)/People's Republic of China,
Chinese Academy of Space Technology (CAST)/People's Republic of China, Central Research
Institute of Physics (CRIP)/Hungary, Communication Research Laboratory, (CRL)/Japan, Council
for Science and Industrial Research (CSIR)/South Africa, Centro Tecnico Aerospacial
(CTA)/Brazil, Department of Communications, Communications Research Centre (DOC-
CRC)/Canada, Danish Space Research Institute (DSRI)/Denmark, European Organization for the
Exploitation of Meteorological Satellites (EUMETSAT)/Germany, Institute of Space Research
(IKI)/Russia, Institute of Space and Astronautical Science (ISAS)/Japan, National Oceanic and
Atmospheric Administration (NOAA)/USA, Swedish Space Corporation (SSC)/Sweden, and Central
Soviet Research Institute for Machine Building (TsNIIMash)/Russia.

The committee convenes periodically to discuss space data systems issues that are common to all
member space agencies. While the major concern of the CCSDS is the standardization of space
data structures, one subpanel, the Radio Frequency and Modulation Subpanel, is concerned with
standardizing the physical transport layer. The primary objective of this Subpanel is to promote
sufficient compatibility in transport systems to allow cross-support among member agencies.

This year, the Radio Frequency and Modulation Subpanel 1E meeting took place on September
20-24, 1993, at the German Space Operations Centre, Oberpfaffenhofen, Germany. There were
more than twenty-one 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 radio frequency and modulation subjects and (2) to promote uniform solutions to
specified problems. These uniform solutions will ensure compatibility among the CCSDS space

agencies' RF and modulation systems. ‘

Seven sessions were formed, each manned by experts from member space agencies. The seven
sessions were (1) Advanced Modulation Techniques and Related Topics, (2) Synchronization, (3)
Navigation, (4) Required Bandwidth, Spurious Emission, and Interference Susceptibility, (5)
Spacecraft Transponder, (6) Modulation and Coding, and (7) K,-Band Experiment and Weather
Models. All sessions were chaired by Mr. W. L. Martin.
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This document begins with Session 1, Advanced Modulation Techniques and Related Topics. Five
papers were submitted in this session. These position papers discussed the performance of
PCM/PM communications systems in non-ideal channels, cross-talk in QPSK systems and effects
of bit asymmetry on BPSK systems.

Only one paper was submitted to the Synchronization Session (Session 2). This position paper
dealt with the effect of transition density on the performance of the digital data transition tracking

loop.

The technical characteristics and accuracy capabilities of delta differential one-way ranging as a
spacecraft navigation tool were discussed in the Navigation Session (Session 3).

Session 4 investigated required vs. occupied bandwidth; spurious emission; and interference
susceptibility for both residual and suppressed carrier modulation systems. The impact of filtering
on bit error rate performance for the PCM/PSK/PM and PCM/PM/Bi-phase modulation schemes

was also discussed. A total of five papers were submitted in this session.

Session 5 was devoted to the spacecraft transponder. Three position papers were presented in this
session, one from ESA and two from NASA. ESA's position paper presented the activities of
ESA/ESTEC on the development of the deep space transponder. On the other hand, the two
NASA papers dealt with the preliminary design and implementation and the turnaround frequency
ratios for future deep space transponders. '

Advanced modulation coding schemes and bandwidth-efficient modulation methods were the main
themes for Session 6. Six position papers presented in this session provided many key
~ experimental and theoretical results regarding the performance of Trellis Coded Modulation (TCM)
systems and other bandwidth-efficient coding systems. The advantages and the impact of the
advanced coding schemes (e.g., rate 1/4 and 1/6 convolutional coding), and the impact of the
periodic data frame on the RF carrier performance were also examined in this session.

Finally, Session 7 discussed the K,-Band link experiment and the CCSDS link budget weather
related losses. A total of two papers were submitted in this session.

Special thanks belong to Mr. Warren L. Martin, the CCSDS Subpanel 1E Chairman, for
programmatic support and encouragement during the preparation of this document, and to Dr. John
Koukos for his technical contributions and his generous assistance in putting this proceedings
together.

Finally, I want to express my gratitude to Drs. Joe Yuen and Sami Hinedi for their constant

support during the preparation and publication of this proceedings, and L. Anderson for her
assistance in preparing the proceedings.

Tien M. Nguyen
Pasadena, California
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INTRODUCTION TO SUBPANEL 1E PROCEEDINGS

MUNICH MEETING

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. Fourteen observer space agencies may also concur with the technical
Recommendations made by the CCSDS. While the primary effort of the CCSDS is the
standardization of data structures, one group, Radio Frequency and Modulation, Subpanel 1E, is
concerned with standardizing the physical 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 1E achieves its objectives by studying problems pertaining to: (1) Earth-to-space and
space-to-Earth RF links, (2) Earth stations 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 the CCSDS, these
solutions are published as Recommendations in the CCSDS RF and Modulation Blue Book
(CCSDS 401.0-B-1). Presently, Subpanel 1E has several Recommendations at Blue Book, Red
Book, and White Book stages.

New concepts are introduced by position papers. This proceedings contains those papers submitted
at the most recent Subpanel 1E meeting, held 20-24 September 1993, at the German Space
Operations Centre in Oberpfaffenhofen, Germany. This document is intended to serve as a record
of the technical work, which forms the basis for future Recommendations.

Studies of PCM/PM modulation techniques continued at the most recent meeting. Three position
papers dealing with this topic were submitted. These papers explored the effects of non-ideal
channels on the performance of PCM/PM receivers and formed the core of the Advanced
Modulation Techniques Session. Other issues, such as cross-talk between QPSK channels and the
effect of data asymmetry on BPSK systems, were also considered.

Last year, Subpanel 1E was asked to investigate required bandwidth, spurious emissions and
interference susceptibility for various modulation schemes such as: PCM/PM/NRZ, PCM/PM/Bi-¢,
PCM/PSK/PM-Sinewave, PCPM/PSK/PM-Square, BPSK/NRZ, BPSK/Bi-¢, QPSK, MSK and
GMSK. Five position papers exploring these topics were presented in this meeting. Two years
ago, Subpanel 1E identified the need for advanced digital techniques for future spacecraft
transponders. Two papers concerned with this topic, together with a paper on the selection of the
turnaround frequency ratios for K,-band, were also submitted for this session.

Besides the Advanced Modulation Techniques, Spectrum Bandwidth and Spacecraft Transponder
sessions, four other subject areas were discussed during this meeting.  They were:
Synchronization, Navigation, Modulation and Coding, and K,-band Experiment and Weather
Models. These sessions explored issues concerning the standardization of: (1) future modulation



and coding techniques, (2) cross-talk level in QPSK systems, (3) the acceptable amount of data
asymmetry in BPSK systems, (4) the minimum transition density for the Earth-to-space link, (5)
future navigation techniques, and (6) future spacecraft transponders.

~ This volume contains a large number of excellent submissions. My special thanks to all of you
who contributed papers to the meeting and especially to Dr. Tien M. Nguyen, who compiled the
papers and assembled this book. This is the first proceedings to be issued since the April 1989
meeting at the Ames Research Center. Each of you can be justifiably proud of your work in our
Subpanel. ‘

Warren L. Martin
Chairman, CCSDS
Subpanel 1E,

RF and Modulation
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SESSION 1

ADVANCED MODULATION TECHNIQUES

AND RELATED TOPICS



THE BEHAVIOR OF PCM/PM RECEIVERS IN NON-IDEAL CHANNELS
Part I: The Separate Effects of Imperfect Data Streams and

Band-limiting Channels on Performance’

Tien Manh Nguyen
National Aeronautics and Space Administration
Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Drive
Pasadena, CA 91109

ABSTRACT

The performance of residual carrier communication systems that are used for space
telemetry signals and that employ a PCM/PM modulation technique with an imperfect NRZ or
Bi-¢ data format and band-limited channels is investigated in this paper. In this particular
modulation scheme, the data (either Non-Return-to-Zero, NRZ, or Bi-9) is directly modulated on
the RF residual carrier. Undesired spectral components caused by the imperfect data stream (e.g.,
data asymmetry due to rising and falling voltage transitions or an imbalance between +1's and
-I's in the data stream) can degrade the carrier tracking and symbol synchronization
performances. Only the effects of imperfect carrier tracking due to an imperfect data stream are
considered. The Symbol Error Rate (SER) performance degradation due to the presence of an
imperfect data stream is evaluated for both NRZ and Bi-¢ data formats, and these evaluations are
compared. Furthermore, the SER performance for both PCM/PM/NRZ and PCM/PM/Bi-¢ is
analyzed for the presence of a band-limited channel. The effects of the InterSymbol Interference
(ISI) created by a band-limited channel on system performance are evaluated for an ideal low-
pass filter.

" The work described in this paper was carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and Space Administration.



1. Introduction

There are considerable interests among international space agencies to search for
a bandwidth-efficient modulation scheme that can be used for future space missions without
major modifications to their ground stations. The Consultative Committee for Space Data
Systems (CCSDS) (established by nine international space agencies and eight observer
agencies [1]) has undertaken the task to investigate a modulation scheme that offers both
of these features (bandwidth efficiency and no major hardware modifications to the current
systems.)

Currently, the space telemetry systems employ residual carrier modulation with the
subcarriers which are used to separate the data from the RF residual carrier [1]. The
CCSDS has recommended that squarewaves and sinewaves are used for the deep space and
near earth missions, respectively. This modulation scheme is called PCM/PSK/PM and it
was developed at a time when weak signals and low data rates dominated [2]. As the
technology in antenna, transmitters and signal processing improved, a significant increase
in the available signal power can provide much higher telemetry bit rate. For high
telemetry bit rate, the use of the subcarrier causes the occupied bandwidth to increase
significantly [3]. This is prohibitive because the space telemetry systems often operate
under imposed bandwidth constraints. A natural solution is to use the residual carrier
modulation without the subcarriers. This modulation scheme is referred to as PCM/PM.
Because this modulation technique requires a minimum hardware modification to the
current systems and, at the same time, the bandwidth efficiency can be achieved. Recently,
[4] has compared the performance of PCM/PM and PCM/PSK/PM modulation techniques
for space telemetry applications. The results presented in [4] show that, for certain
operating conditions, the performance of PCM/PM/NRZ will be as good as PCM/PM/Bi-¢
or PCM/PSK/PM. Furthermore, [5] also shows that PCM/PM/NRZ provides smaller
occupied bandwidth as compared to PCM/PSK/PM and PCM/PM/Bi-¢. However, the
results shown in [4-5] were derived based on perfect operating conditions, e.g., perfect data
stream with balanced +1’s and -1’s and unlimited bandwidth channel.

- In the recent past, [6-8] have investigated only the effects of data asymmetry and
bandlimiting channel on the performance of space telemetry systems. However, [6] only
considers the effects of NRZ data asymmetry on PCM/PSK/PM systems with squarewave
subcarriers, and [7] only investigates the effects of data asymmetry of a perfectly balanced
Bi-¢ data stream on the carrier tracking performance and the consequent effect upon the
probability of error. On the other hand, [7] only analyzes the effects of data asymmetry
and bandlimiting channel on the performance of suppressed carrier systems. Furthermore,
when analyzing the effects of bandlimiting, [7] has assumed that (1) the amount of data
asymmetry is known so that an optimum sampling time can be set for the sample detector,
and (2) the carrier tracking is perfect.

The goal of this paper is to investigate and assess the impacts of imperfect data
stream and bandlimiting channel conditions on the performance degradation of the space
telemetry receivers in the presence of the PCM/PM signals. Separate effects of data
asymmetry, unbalanced data stream and ISI caused by band-limited channel on



performances of PCM/PM/NRZ and PCM/PM/Bi-¢ receivers are analyzed. This extends
previously reported work that assumed ideal operating conditions [4-8].

This paper is organized in the following manner. Section 2 introduces the space
telemetry system models employing PCM/PM modulation technique. Section 3 investigates
the effects of data asymmetry on the system performance. The effects of imbalance
between +1’s and -1’s in the data streams are analyzed in Section 4. Section 5 presents the
analysis for band-limited channel. Numerical results and discussions are shown in Section
6. Finally, Section 7 presents the main conclusion of the paper.

2. Space Telemetry System Models

Figure 1 illustrates a space telemetry system model in which the data stream can be
either NRZ or Bi-¢ (Bi-phase or Manchester) data stream with a transition density, p,
which is less than or equal to 1/2. In this model the transmitted telemetry signal is given
by

Si(t) = ¥2P cos(w .t + md(t)) (1)

where P is the transmitted power, w, = 27f_ is the angular carrier center frequency in

rad/sec, m is the telemetry modulation index in rads which is less than /2, and d(t) is
NRZ data Sequence (PCM/PM/NRZ) or the Manchester data waveform generated by the
binary (+1) NRZ data sequence (PCM/PM/Bi-¢). Figures 2(a) and 2(b) show the plots
of the power spectral densities of S;(t) for PCM/PM/Bi-¢ and PCM/PM/NRZ, respectively.

The received signal S (t) is corrupted by additive white Gaussian noise n(t) with one-
sided noise spectral density N, and data asymmetry or unbalanced data stream. Expanding
the received signal we have

S,(t) = V2P |cos(my)cos(wt+86,)-d(t)sin(my)sin(w t+6.)[ + n(t) )

—_

where w, is the initial phase offset caused by the transmission medium. The first and
second terms of Eqn (2) are the residual carrier and data components, respectively.

The data asymmetry and/or the imbalance between +1’s and -1’s in the data stream
will produce undesired spectral components at the carrier frequency creating an imperfect

carrier reference that will degrade the telemetry system performance. In addition, the ISI

created by the band-limited channel can cause further disturbance to the carrier reference.
If we let 0 denote the carrier loop estimate of 6, the phase error 6, due to the

thermal noise and the interference caused by the data asymmetry/or unbalanced data

stream is defined as

6.,=6,-0 (3)

e



The carrier loop tracks the residual carrier component in Eqn (2) to provide an
imperfect reference for the modulation given by

1(t) = V2 cos(w,t + 5) (4)

Assuming the symbol sync clock C(t) as shown in Figures 3(a) and 3(b) for NRZ
and Bi-¢ respectively, and using the imperfect carrier reference in (4), one can show that
the signal output of the integrate-and-dump at time t = T; is given by

TS
Z(T,) = ¥P sin(my)cos(8,) f 0d(t)C(t) dt + n(T)) (5)

Here one has assumed that the phase error process 6, of Eqn (3) is essentially constant
during the symbol interval T,, and that the corrupting noise process n(T) is a zero-mean
Gaussian random variable with a variance N T,/2.

The test statistic Z(T,) of Eqn (5) represents the observed data at the receiver. This
test statistic is needed to determine the SER performance. Using this test statistic, the
performance of the telemetry system shown in Figure 1 has been evaluated in [4] for both
NRZ and Bi-¢ data formats. The results of [4] are presented here for the sake of
completeness. The average probability of error is given by

Eo= / P.(6.)P(8.)db. (6)

e

where P,(6,) is the conditional probability of error and P(6,) is the probability density
function (pdf) for 6. For perfect data stream and ideal channel, this conditional
probability of error is:

P.(0.) = (1/2) erfc{VE/N, cos(0e)} (7)

where E, denotes the symbol energy, i.e., E; = (PT,)sin’(m;). In this paper, one postulates
a Tikhonov pdf for 8., which is entirely characterized by the variance o® of the carrier
tracking phase error. When the loop signal-to-noise ratio is high the Tikhonov pdf can be
approximated by

P(6,) = exp(-8.%/20%)/[2ma*]"?, - < 0, < = (8)

For perfect data streams and high-data-rate case (B;/R, << 0.1, where B, and R,
denote the one-sided loop bandwidth and the symbol rate, respectively), the variance of the
carrier tracking phase error has been found in [4]. For perfect NRZ data format, it is
found to be

o = (1/p,) + (BUR,)tan’(my) 9



and, for perfect Bi-¢ data format o° becomes

& = (1/p,) + (I/C)tan’(my) (10)
where
(ES/NO)
Po = ) (11)
(Bi/R,)tan’(my)

I/C = (172) + (9/16)(B//R,)"
- (3/4)(BUR,)"exp{-(2/3)(BL/R,)}[cos{(2/3)(BL/R,)} + 3sin{(2/3)(By/R,)}]
+ (3/16)(By/R,) "exp{-(4/3)(BU/R,)}[cos{(4/3)(BL/R,)} + 3sin{(4/3)(B/R,)}] (12)

In the following sections, one will determine the conditional error probability and
the carrier tracking phase error when the data stream is disturbed by the data asymmetry
or when there exists an unbalanced between +1’s and -1’s in the transmitting data stream.
Moreover, the effects of a band-limited channel on the performance of the PCM/PM
_receivers are also investigated.

3. The Effects of Data Asymmetry .

The telemetry data asymmetry due to rising and falling voltage transitions can cause
undesired spectral components at the output of the spacecraft’s transmitter. The effects
of these spectral components on the performance degradation of the space telemetry
receivers have been investigated in [6, 8]. As mentioned earlier, [6] and [8] investigate the
PCM/PSK/PM with squarewave subcarriers and PCM/PM/Bi-¢ modulation systems with
balanced data streams, respectively. Whenever it is applicable, the results presented in
these references will be used in the following analyses.

Figures 4(a) and 4(b) show the data asymmetry models that will be considered in the
following sections. For NRZ data stream, +1 NRZ symbols are elongated by AT,/2
(relative to their nominal value of T, seconds) when a negative-going data transition occurs
and -1 symbols are shortened by the same amount when a positive-going data transition
occurs, and the symbols maintain their nominal T, seconds when no transitions occur.
Similarly, For Bi-¢ data stream, +1 Bi-¢ symbols are elongated by AT,/4 (relative to their
nominal value of T,/2 seconds) when a negative-going data transition occurs and -1 symbols
are shortened by the same amount when a positive-going data transition occurs, and the
symbols maintain their nominal T,/2 seconds when no transitions occur.



3.1 The Effects of Data Asymmetry on PCM/PM/NRZ System Performance

The impact of NRZ data asymmetry on the performance of a space telemetry system
that employed PCM/PSK/PM modulation has been investigated in [6]. Since PCM/PSK/PM
uses the subcarrier to separate the data from the RF residual carrier, the interference from
the data to the carrier tracking is neglected in [6]. This section will extend the results
presented in [6] to include PCM/PM/NRZ signal format.

For the data asymmetry model shown in Figure 4(a) and for a purely random and
equiprobable NRZ data (i.e., perfectly balanced NRZ data stream), the conditional
average probability of error associated with hard decision made on the in-phase integrate-
and-dump output of the symbol synchronizer can be shown to have the following form
(using Eqn. (5) and similar technique presented in [7])

P.(0.) = (5/16) erfc{VE/N,cos(.)} +
(1/8) erfc{VE/N,(1-&)cos(6,)} + (1/16) erfc{VE/N (1- 2&)cos(6,)} (13)

where £ denotes the data asymmetry. Here, one has assumed that the carrier tracking is
imperfect and the symbol synchronizer operates perfectly.

In order to calculate the average probability of error in Eqn. (6), the variance of the

tracking phase error o° must be found. Using the linear model for the carrier tracking
loop, the variance o” is given by [2]
o’ = 2B,N/(2P,) (14)
where N is the modified noise spectral density resulting from the thermal noise and NRZ
data asymmetry, 2B, is the two-sided loop bandwidth, and P_ is the carrier power equal to
Pcos’(my).

If we let H(j27f) denote the carrier loop transfer function, the two-sided loop

bandwidth and the modified noise spectral density can be written, respectively, as
o]
2B, = f | HQ2wf) | * df (15)
-00
[} )
N = (112By) | | H2mf) | * [N, + Sy(f)]df (16)
-00

where S,(f) is the data spectrum that causes the interference to the carrier tracking. In
general, for 2B; << R,, the interference data spectrum S,(f) can be written as

Si(f) = Psin’(m)[Su(f) + S{(f)] (17)

where S, (f) is the dc component (or the harmonic components) caused by the imperfect



data stream that falls on the RF residual carrier, and S (f) is the continuous data spectrum
that falls within the carrier tracking loop bandwidth.

Substituting Eqn (16) into Eqn (14) we obtain the variance of the carrier tracking
phase error. Assuming | H(0) | > = 1, we get

o = 1/p, + (a/2)tan’(m;) + (1/2)(1/C) (18)
where p, is defined as before, and
(e ]
a = interference due to continuous spectrum = f | H(27f) | *S(f)df (19)
-00

I/C = Interference caused by dc component-to-carrier-power ratio

e}
= () S0 af (20)
-0
[6] has derived the power spectral density for the asymmetric NRZ data stream
illustrated in Figure 4(a). The dc and continuous spectral components for equiprobable

symbols are given by [6]
Sa(f) = (1/4)€* 8(f) » (21)
S«(f) = (T/8)[sin*(wfT,)/(mfT,)’J[3 + Scos’(mfT.£)]

+ (T,/8)[sin*(27fT E)/(fT,)*|[3cos’(wfT,) + cos’(2m{T,E)] (22)
For this case, we have
I/C = (1/4)&’tan’(m,) (23)

and the interference due to continuous spectrum can be computed by substituting Eqn (22)
into Eqn (19). Having I/C and a we can calculate the variance of the tracking phase error,
and hence the pdf of the tracking phase error is completely characterized. Using the
resultant pdf together with Eqn (13), the average error probability can be calculated using
Eqn (6). The numerical results are plotted in Figures 5a and 5b for the second order
Phase-Locked Loop (PLL) with the loop transfer function given by [9]

| HG2m) | * = [1 + 2(££))[1 + (/£,)] (24)
The loop transfer function given in Eqn. (24) is for a particular case when the damping

factor 8 is equal to 0.707. The loop natural frequency f, for this case is related to the two-
sided loop bandwidth 2B, through

2B, = 2=f,[B + 1/(4B)]. (25)



A typical value for modulation index (m;) of 1.25 rad are used in the computation
of the effective carrier loop SNR and average SER shown in Figures 5a and 5b,
respectively. The two-sided loop bandwidth-to-symbol rate ratio (2B,/R;) of 0.001 is chosen
in this computation because it has been shown in [4] that the performance of
PCM/PM/NRZ will approach ideal BPSK when 2B,/R, < 0.001. Figure 5a illustrates the
effective carrier loop SNR as a function of symbol SNR for various values of data
asymmetry. When plotting Figure 5a one assumes that the carrier loop operates in the
linear region so that the loop SNR is inversely proportional to the variance of the tracking
phase error. Figure 5b shows that the symbol SNR degradation for PCM/PM/NRZ is
between 0.2 dB to 0.25 dB for 10° < SER < 107, and data asymmetry (&) of 6% and about
0.1 dB or less when & = 2 %.

3.2 The Effects of Data Asymmetry on PCM/PM/Bi-¢ System Performance

[8] has analyzed the effects of Bi-¢ data asymmetry on the space telemetry
performance degradation. The average probability of error conditioned on the carrier
phase error is found to be [8]
P.(0.) = (1/4)[erfc{VE/N,(1-&)cos(8,)} + erfc{VE/N,(1- £/2)cos(8,)}] (26)

Based on the data asymmetry model shown in Figure 4(b), the power spectral
density for a balanced Bi-¢ data stream has been derived in [8], and consequently, we can
show that the interference caused by dc component-to-carrier-power ratio and the
continuous spectral component are given by, respectively
I/C = (9/4)&*tan’(my) 27
S(f) = Ty(mfT,/2) Cy(E)sin’[mfT,(1 + £)2]

+ T (T, 2)*Co(&)sin®(wfT(1 - £)2] + T,(wfT,)’sin'[w{T, 2]

- T(mfT,/2)*[Cy(§) + Cy(E) + Cy(&)] sin’[mfT,E]

- T,(wfT/2)*C (&)sin’[7fT,E/2] - T,(wfT, 5/2)‘2C5(E)sin2['n'f1" &/2] (28)

The parameters C,(£)-C;(§) found in Eqn (28) are defined as follows:

Ci(8) = (1/4)sin*[wfT,(1 + &)/2]{sin’[wfT,(1 - £)/2] + cos(mE&fT,)} ' (29)
Cy(§) = (1/8)cos’[mfT E{2sin’[wfT(1 - £)/2] - sin*(wEfT,/2)} (30)
Cy(8) = (1/8)[1 - 4cos(wfT,/4)] (31)

Cy(&) = (1/8)sin[wfT & Jsin[wfTE/2] + sin[SmEFT,/2]sin[wfT & ]{1-cos(mfT)cos(wfTE)} (32)
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Cy(§) = -(3/8)Sin[1rfrs/4]sin[7rfrsE/4] + (1/8){2005[377'Efrs] + cos[ZWEfTs]} (33)
Co(E) = (1/8){sin?[fT,(1 - £)/2] - (3/2)sin’[fT,(1 + £)/2]} (34)
C,(&) = (3/16)sin’[wfT(1 - £)/2] + (1/4)sin’[wfT,&/2]cos(mEfT,)} (35)

The interference due to continuous spectrum, a, can be calculated by substituting
Eqn. (28) into Eqn. (19). Again, after calculating I/C and a we can obtain the variance of
the tracking phase error and hence the average probability, using Eqns. (18), (8), (26) and
(6). The numerical results are plotted in Figures 6a and 6b for the second order PLL with
the transfer function given by Eqn (24). Figure 6a plots the effective carrier loop SNR as
a function of symbol SNR with data asymmetry as a parameter. Figure 6b shows the SER
as a function of symbol SNR for various values of data asymmetry and modulation index
of 1.25 rad, 2B;/R, = 0.001. The symbol SNR degradation for PCM/PM/Bi-¢ obtained
from this figure is between 0.67 dB to 0.87 dB for 10° < SER < 107, and data asymmetry
of 6%. Note that in order to compare the results presented in Figure 6b with those in
Figure 5b for NRZ data, use equal amounts of asymmetry as measured by the actual time
displacement of both waveforms transitions. For a fair comparison, one replaces ¢ (data
asymmetry) in Figure 6b by 2§ when compared with Figure 5b. As an example, the SER
curve for PCM/PM/NRZ operating at 2 % data asymmetry shown in Figure 5b corresponds
to the 4 % data asymmetry curve for PCM/PM/Bi-¢ shown in Figure 6b.

4. The Effects of Unbalanced Data Stream

As in the case for the data asymmetry, the imbalances between +1’s and -1’s in the
data stream can also cause undesired spectral components at the output of the spacecraft’s
transmitter. These undesired components can potentially degrade the performance of the
space telemetry system. Sections 4.1 and 4.2 will analyze the effects of unbalanced data
stream on the performance degradation of PCM/PM systems with NRZ and Bi-¢ data
formats, respectively.

4.1 The Effects of Unbalanced Data Stream on PCM/PM/NRZ System Performance

Recall from the previous sections that in order to calculate the average probability
of error (Eqn (6)) one needs to determine the conditional probability of error P,.(6,) and
the tracking variance o®. This is because one postulates a Gaussian density for the tracking
phase error (Eqn (8)). Using Eqn (5) one can show that the conditional probability of
error is the same as Eqn (7) for the case of ideal data stream. Therefore, the problem
remains is to evaluate the tracking variance.

The tracking variance for this case can also be calculated using Eqn (18). To
evaluate this equation one needs to have the power spectral density for the unbalanced
NRZ data stream. The dc and continuous components for unbalanced NRZ data stream
are found to be [2]

S«(f) = (1-2p)* () (36)
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S{(f) = 4T,p(1 - p)[sin’({T,)/(wfT,)"] (37)

where p is the probability of transmitting a +1 pulse or probability of mark. For
unbalanced data stream, p # 1/2. Note that for purely random NRZ data source, the
transition density p, can easily be verified to be 2p(1 - p).

Using Eqns (19) and (20) one can show that the interferences due to continuous
spectrum and dc component have the following forms:

I/C = (1 - 2p)*tan’(my) (38)
a = 4Tp(1 - p)f | H(27f) | ? [sin®(rfT,)/(7fT,)’] (39)

Substituting Eqns (38) and (39) into Eqn (18) one obtains the tracking variance for this
case and hence the pdf for the tracking phase error P(6,) is completely characterized.
Substituting the resultant pdf and Eqn (7) into Eqn (6) one obtains an expression for the
average probability of error for an unbalanced NRZ data stream. This average error
probability is calculated as a function of symbol SNR for various values of p and
modulation index m, and the results are plotted in Figures 7a, 7b and 8, respectively.
Figure 7a plots the effective carrier loop SNR as a function of symbol SNR for various
values of p. Figure 7b shows that the symbol SNR degrades seriously when p < 0.4 for m;
= 125 rad and 2B;/R, = 0.001. As we decrease the modulation index the SER
performance improves because more power is allocated to the carrier and less to the dc
component created by the unbalanced between +1’s and -1’s. This improvement is evident
from Figure 8.

4.2 The Effects of Unbalanced Data Stream on PCM/PM/Bi-¢ System Performance
As in Section 4.1, the conditional probability of error can be shown to have the same
form as in Eqn (7) for the case of ideal data stream, and the task is to determine the

tracking variance. If one assumes 2B; << R| then the dc and continuous components for
unbalanced Bi-¢ data stream can be shown to be [2]

Si(f) =0 (40)

S{f) = 4T,p(1 - p)[sin*(w{T,/2)/(fT,2)’] (41)
Therefore, the parameters I/C and @ become

I/C=0 (42)

o = 4Tp(1 - p) | H2wt) | ? [sin'(mtT2)/(wAT,20) (43)

-00
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Again, substituting Eqns (42) and (43) into Eqn (18) we obtain the tracking variance
for this case and hence the pdf for the tracking phase error P(6,). Substituting the
resultant pdf and Eqn (7) into Eqn (6) one gets an expression for the average probability
of error for an unbalanced Bi-¢ data stream. The numerical results for the effective carrier
loop SNR and the average probability of error are plotted in Figures 9a and 9b,
respectively. Both Figure 9a and 9b show that the performance of the PCM/PM/Bi-¢
receiver is not susceptible to the unbalanced data stream.

5. Behavior of PCM/PM Receivers in the Presence of Band-Limited Channels

When the RF filter bandwidth becomes less than the main spectrum hump of the
modulated carrier, the information-bearing pulses are spread out in time. Each pulse is
overlaid with the tails of previous pulses and the precursors of the subsequent ones, and
this so-called Intersymbol Interference (ISI) behaves like an additional random noise. This
additional random noise can cause potential degradation to the receiver. In addition,
excessive filtering of the pulse can also cause a loss of bit energy during the bit time. This
section will analyze the performance of the PCM/PM receiver in the presence of ISI.

Lét P(t) denote the pulse shape of the data and h(t) denote the impulse response
of the equivalent low-pass filter of the RF bandpass filter with bandwidth B. The received
data can be expressed in term of P(t) and h(t) as follow

e o]

d(t) = X d, g(t - kT,) (44)
k=-o

where d, = + 1 with Pr{d, = +1} = Pr{d, = -1} = 1/2, and g(t) is given by

g(t) = P(t) * h() (45)

where * denotes the convolution.

For this case the symbol energy becomes
T
E, = Psinz(mT)f | g(t) | > dt (46)
0

Using Eqn (5) one can show that the output of the integrate-and-dump filter in the
presence of the band-limited channel have the following form
oo}
Z(T,) = E|[1 + 2’d.A]cosf, + n(T,) (47)

k=-c

where the prime in the sum indicates the omission of the term k = 0, and
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T,
[ g(t)g(t+KT,)dt
0

A = (48)

Iy
| g(t) | * dt
0

Note that in Eqn (47) one has assumed d, = +1. Therefore, the conditional
probability P,(6,) of error is then the probability that Z(T,) < 0 when d, = +1,

P,(8,) = Pr{Z(T) < 0/6,, dy = +1) | 49)

Calculating P,(0,) exactly is very difficult, because one has to take all possible
combinations of the digits d, = + 1 into account, 1 < | k| < «. Here one will assume
that only a finite number M of pulses before and after d,, i.e., one considers only the ISI
effects of the M preceding and M subsequent bits on the bit under detection. In order to
calculate P,(0,) exactly for M pulses before and after d, one needs to account for 2*M
combinations. Since, for accuracy, the value of M selected typically depends on the time-
bandwidth product BT, and the value of M becomes very large when BT, << 1; the length
of the computation grows exponentially with M. To avoid the complexity associated with
this technique for large M, Helstrom [10] has shown that this conditional error probability
P.(6,) can be evaluated by numerical quadrature of a Laplace inversion integral along a
contour in the complex plane passing through a saddlepoint of the integrand. For finite
M, the amount of computation associated with this technique only increases linearly with
M.

For BT, > 1, the value of 1 < M < 2 is sufficient. When M is small, direct
computation of the conditional error probability P (8,) is feasible through the following
equation
Pe(Oe) = (12)[(1/2™) 3 erfe{VE/N,[1 + 3’d,A,]cosf,} (50)

k=2
combinations
As an example, for M = 1, Eqn (50) becomes
P.(0,) = (1/2)[(1/4)erfc{VE/N (1+ A +A,,)cos6,} + (1/4)erfc{VE/Ny(1+ A 1-A,,)cosd,}
+ (1/4)erfc{VE /N (1-A,+4,,)cos8,.} + (1/4)erfc{VE/N,(1-4 ,-A,,)cosb,}] (51)

To simplify the computation one will assume ideal bandpass filter so that the
transfer function for the equivalent low-pass filter is given by
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1, - B<f<B
H(f) = (32)

0, elsewhere
The impulse response h(t) is found to be
h(t) = 2B sinc(2Bt) (53)
where sinc(x) = sin(mx)/(7X).

Thus, for ideal lowpass filter and perfect data stream, the ouput of the filter g(t) can
be obtained by substituting Eqn (53) into (45). For NRZ data format, gygz,(t+kT,) can be
shown to be

1
gxrz(t+kT,) = — [si{27B(t+ T (k+1/2))} - si{2mB(t+T,(k-1/2))}] (54)

T

For Bi-¢ data format one gets

1
geis(t+KT,) = — [si{27B(t+T,(k+1/2))} + si{27B(t+T,(k-1/2))} - 2si27B(t+kT,)] (55)
where
X
si(x) = f [sin(u)/u]du (56)
0

Substituting Eqns (54) and (55) into Eqn (48) one can calculate A, for NRZ and Bi-
¢ data formats, respectively. Therefore, for 1 < M < 2, one can obtain the average error
probability P, by substituting Eqns (8) and (50) into Eqn (6) and performing the numerical
integration in a digital computer. Note that the variances of the carrier tracking phase
error used in these calculations are given by Eqns (9) and (10) for NRZ and Bi-¢ data
formats, respectively. The numerical results are plotted in Figures 10 and 11 for
PCM/PM/NRZ and PCM/PM/Bi-@, respectively. Again, the results shown in these figures
are for my = 1.25 rad and 2B, /R, = 0.001. As expected, these numerical results show that
the PCM/PM/NRZ outperforms PCM/PM/Bi-¢ in the presence of ISI caused by band-
limited channel. '

6. Numerical Results and Discussions

Figures 12-14 show the performance comparison between PCM/PM/NRZ and
PCM/PM/Bi-¢ in the presence of data asymmetry, unbalanced data stream and bandlimiting
channel, respectively. Figure 12 shows that for fixed modulation index, 2B,/R; and data
asymmetry, the symbol error probability for PCM/PM/NRZ is superior than that of
PCM/PM/Bi-¢. This phenomenon can be explained as follow. As shown in Figure 1, the
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Bi-¢ data stream is derived from the NRZ data stream, hence the amount of data
asymmetry inherent in the Bi-¢ data stream will be twice that of NRZ. This is because the
transition in Bi-¢ data stream is effectively twice that of NRZ. The numerical results show
that, for data asymmetry less than or equal to 2 %, the symbol SNR degradation is at the
order of 0.1 dB or less for both systems when they operate at typical operating conditions
(m; = 1.25 rad and 2B;/R; = 0.001).

Figure 13 compares the performance of PCM/PM/NRZ and PCM/PM/Bi-¢ in the
presence of unbalanced data streams. As the probability of transmitting a +1 pulse, p,
deviates from 1/2, the performance of PCM/PM/NRZ degrades seriously, and that the
degradation becomes unacceptable when p < 0.45. This is due to the presence of a strong
dc component (caused by the unbalanced NRZ data stream) at the carrier. On the other
hand, due to the absence of the dc component at the carrier frequency for the unbalanced
bi-¢ data, the performance of PCM/PM/Bi-¢ is insensitive to the amount of unbalanced
between +1’s and -1’s. The symbol SNR degradation for PCM/PM/Bi-¢ is about 0.3 dB
for p < 0.4, m; = 1.25 rad and 2B /R, = 0.001, and it is expected to be less than 0.3 dB
when m; < 1.25 rad. '

Figure 14 illustrates the performances of PCM/PM/NRZ and PCM/PM/Bi-¢ when
they operate under bandwidth constraint. For 10° < SER < 107, m; = 1.25 rad and
2B, /R, = 0.001, the symbol SNR degradation of PCM/PM/NRZ is at the order of 1-1.2 dB
for BT, = 1, and less than 0.3 dB for BT, = 2. Under the same operating conditions, the
performance degradation of the PCM/PM/Bi-¢ is unacceptable for BT, = 1, and more than
0.6 dB for BT, = 2. Therefore, the performance of PCM/PM/Bi-¢ is more susceptible to
bandlimiting channels than PCM/PM/NRZ.

7. Conclusion

This paper has analyzed and explained the separate effects of data asymmetry,
unbalanced data and ISI on the performances of both PCM/PM/NRZ and PCM/PM/Bi-¢
systems. In the presence of imperfect carrier tracking due to imperfect data stream, it was
found that the PCM/PM/Bi-¢ is sensitive to ISI and data asymmetry. On the other hand,
the PCM/PM/NRZ is sensitive to the unbalanced data stream.

Numerical results also indicate that, for typical operating conditions (m = 1.25 rad,
2B, /R, = 0.001) PCM/PM/NRZ outperforms PCM/PM/Bi-¢ system in bandlimiting channel
as well as in the presence of data asymmetry. In addition, the PCM/PM/Bi-¢ system is
found to be superior than PCM/PM/NRZ when operating under unbalanced data condition,
and results also show that the performance degradation of PCM/PM/NRZ becomes
unacceptable when the probability of transmitting a +1 pulse becomes smaller than 0.45.
The combined effects of both imperfect data stream and bandlimiting channels on the
performance of the PCM/PM receivers will be investigated in Part II of this paper.
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Figure 5a. Carrier Loop SNR vs Symbol SNR for Data Asymmetry
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Figure 6a. Carrier Loop SNR vs Symbol SNR for Data Asymmetry
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Figure 10. PCM/PM/NRZ With Band—Limited Channel
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Figure 11. PCM/PM/Bi—Phase With Band—Limited Channel
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THE BEHAVIOR OF PCM/PM RECEIVERS IN NON-IDEAL CHANNELS
Part II: The Combined Effect of Imperfect Data Streams and

Band-limiting Channels on Performance'

Tien Manh Nguyen
National Aeronautics and Space Administration
Jet Propulsion Laboratory
Califomia Institute of Technology
4800 Oak Grove Drive
Pasadena, CA 91109

ABSTRACT

This paper presents a performance evaluation of residual carrier communication systems
that employ a PCM/PM modulation technique operating over non-ideal channels. The non-ideal
channels under investigation include data asymmetry, an unbalanced data stream (i.e., transition
density deviates from 0.5) and InterSymbol Interference (ISI). In this particular modulation
scheme, the data (either NRZ or Bi-¢) is directly modulated on the RF residual carrier. The
combined effect of both an imperfect data stream (e.g., data asymmetry and an unbalanced data
stream) and ISI on the average Symbol Error Rate (SER) i1s determined for NRZ and Bi-¢ data
formats, and the results are compared. The performance degradations for uncoded and coded
systems are evaluated and compared. For coded systems, the performance degradation is
evaluated for convolutional code with rate 1/2 and constraint length 7.

" The work described in this paper was carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and Space Administration.
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1. Introduction

In part I of this paper [1], the separate effects of data asymmetry, unbalanced data
stream and bandlimiting data channels on the performance degradations of the space
telemetry systems that employed PCM/PM modulation scheme have been investigated. [1]
studied in detailed the effects of each of the undesired sources such as data asymmetry,
unbalanced data and ISI caused by bandlimiting channel on the Symbol Error Rate (SER)
performance of the PCM/PM receivers. Moreover, the performance of the PCM/PM with
NRZ data format (PCM/PM/NRZ) has also been compared with PCM/PM/Bi-¢ in [1].

Since in reality, the practical PCM/PM receivers operate in the presence of both data
imperfections and bandlimiting channel. Note that the term "imperfect data stream"
considered in this paper includes the effects of both data asymmetry and imbalance
between +1’s and -1’s in the data stream (namely unbalanced data stream). Theoretical
predictions for the total symbol SNR degradation of the receivers due to the presence of
these three undesired sources are not the algebraic sum of each symbol SNR degradation
due to a single source of degradation found in [1]. Therefore, it is necessary to study the
combined effects of these three sources on the error probability performance. In this
paper, mathematical models to evaluate the SER performances of the PCM/PM/NRZ and
PCM/PM/Bi-¢ receivers in the presence of both imperfect data stream and bandlimiting
channel will be derived.

In the past, [3] has analyzed the combined effects of both data asymmetry and
bandlimiting channel on the performance of the suppressed carrier systems where the
carrier tracking is not disturbed by the data interferences. Furthermore, when analyzed the
combined effects of data asymmetry and ISI caused by bandlimiting channel, [3] assumed
- that the amount of data asymmetry is known so that an optimum sampling time can be set
for the sample detector.

The aim of this paper is to investigate and assess the impacts of the combined effects
of unbalanced data stream, data asymmetry and ISI on the performance degradation of the
PCM/PM receivers. Both data formats, NRZ and Bi-¢, are considered. This extends
previously reported work [3] to include PCM/PM modulation schemes and the presence of
unbalanced data stream on the transmitting signal.

This paper is organized as follows: Section 2 introduces briefly the space telemetry
system models employing PCM/PM modulation technique and SER performance for ideal
operating conditions. Section 3 derives a mathematical model to evaluate the combined
effects of unbalanced data stream, data asymmetry and ISI on the PCM/PM/NRZ system
performance. The combined effects of both imperfect data stream and bandlimitting data
channel on PCM/PM/Bi-¢ are analyzed in Section 4. Performance comparisons for
PCM/PM/NRZ and PCM/PM/Bi-¢ of both uncoded and coded systems are presented in
Section 5. Finally, Section 6 presents the main conclusion of the paper.
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2. Space Telemetry System Models

A typical space telemetry system model shown in Figure 1 of [1] will be considered
in this paper. Again, In this model, the data stream can be either NRZ or Bi-¢
(Manchester or Bi-phase) data stream with £% data asymmetry and a transition density,
P, Which is less than 1/2. The data symmetry models for NRZ and Bi-¢ data streams use
in the following analyses will be the same as shown in Figures 4(a) and 4(b) of [1],
respectively. The mathematical model the transmitted telemetry signal is given by

Sr(t) = V2P cos(wt + md(t)) 1)

where P is the transmitted power, o, = 27f_ is the angular carrier center frequency in
rad/sec, m; is the telemetry modulation index in rads which is less than /2, and d(t) is
NRZ data Sequence (PCM/PM/NRZ) or the Manchester data waveform generated by the
binary (+1) NRZ data sequence (PCM/PM/Bi-¢).

The received signal S (t) is corrupted by additive white Gaussian noise n(t) with one-
sided noise spectral density N, data asymmetry, unbalanced data and ISI. Expanding the
received signal we have

Si(t) = 2P tos(my)cos(w.t+8,)-d(t)sin(my)sin( wt+6,) |+ n(t) ()

where w, is the initial phase offset caused by the transmission medium. The first and
second terms of Equation (2) are the residual carrier and data components, respectively.

As explained previously in [1, 2 and 4], the data asymmetry and imbalance between
+1’s and -1’s in the data stream will produce undesired spectral components at the carrier
frequency creating an imperfect carrier reference which will in turn degrade the telemetry
system performance. In addition, the presence of ISI created by the band-limited channel
can cause further disturbance to the carrier reference.

Let 8, be the phase error due to the thermal noise and the interference caused by
the data asymmetry and unbalanced data stream then one can show that the signal output
of the integrate-and-dump at time t = T, (where T, denotes the symbol period) is given

by [1]
T,
Z(T,) = VP sin(my)cos(6,) f d(t)C(t) dt + n(T,) _ (3)

where C(t) is the symbol sync clock shown in Figures 3(a) and 3(b) of [1] for NRZ and
Bi-¢, respectively. Eqn (3) assumes that the phase error process 6, is essentially
constant during the symbol interval T, and that the corrupting noise process n(T)) is a
zero-mean Gaussian random variable with a variance N, T,/2.
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The test statistic Z(T,) of Eqn (3) represents the observed data at the receiver.
This test statistic is needed to determine the SER performance. Based on this test
statistic, the performance of the telemetry system shown in Figure 1 has been evaluated
in [1] for separate undesired sources of degradation (e.g., data asymmetry, unbalanced
data and ISI). On the other hand, [5] has derived the SER for perfect data stream and
unlimited bandwidth channel. The results are presented here for the purpose of
comparison.

The average probability of error is given by [1]

P, = f P.(6.)P(8.)do. ‘ 4)
0.
where P,(6,) is the conditional probability of error and P(6,) is the probability density

function (pdf) for 8. For perfect data stream and ideal channel, this conditional
probability of error is given by [5]:

P.(0,) = (1/2) erfc{VE/N, cos(6,)} (5)

where E, denotes the symbol energy, i.e., E; = (PT,)sin’(m;). In this paper, one also
postulates a Tikhonov pdf for ,, which is entirely characterized by the variance o* of
the carrier tracking phase error. When the loop signal-to-noise ratio is high the
Tikhonov pdf can be approximated by

P(0,) = exp(-0.20%)/[2m0?] "%, -0 < 6, < o (6)
For perfect data stream and high-data-rate case (B;/R, << 0.1, where B, and R,
denote the one-sided loop bandwidth and the symbol rate, respectively), the variance of

the carrier tracking phase error, ¢°, has been found in [5]. For perfect NRZ data
format, it is given by

o = (I/p,) + (BU/R,tan¥(my) - )

and, for perfect Bi-¢ data format, o becomes

o = (1/p,) + (I/C)tan’(my) )
where
(E/N,)
Po = , )
(BJ/R,)tan’(my)

I/C = (1/2) + (9/16)(B,/R,)"

- (3/4)(BL/R,y exp{~(2/3)(B./R,)}[cos{(2/3)(B,/R,)} + 3sin{(2/3)(B//R,)}]



+ (3/16)(BL/R,) "exp{-(4/3)(B,/R,)} [cos{(4/3)(By/R,)}
+ 3sin{(4/3)(B,/R,)}] (10)

In the following sections one will determine the conditional error probability and
the carrier tracking phase error when the data stream is disturbed by the data
asymmetry, unbalanced data stream and ISI caused by bandlimiting channel.

3. Combined Effects on PCM/PM/NRZ Receivers

To determine the average SER in the presence of data asymmetry, unbalanced data
stream and bandlimiting channel one will use the same approach presented in [1], i.e., we
will find the probability of error conditioned on the carrier tracking phase error and the
distribution of the phase error. Here the distribution of the phase error will be determined
first.

Since one postulates a Tikhonov distribution for the phase error 6., the variance of
6, completely characterizes the pdf of the carrier tracking phase error. Again using the
linear model for the carrier tracking loop one can evaluate modified noise spectral density,
N, resulting from the thermal noise, data asymmetry and unbalanced data [1, Eqn (16)].

To evaluate N one must derive the data power spectrum of an unbalanced and
asymmetric NRZ data stream. Based on the asymmetric and unbalanced data stream
shown in Figure 4(a), [2] has derived the power spectral density for the asymmetric NRZ
data stream generated by a purely random source with a transition density P, less than 1/2
(i.e. unbalanced data stream). The continuous spectrum component (S,(f), the dc (S4(f))
and harmonics (S,(f)) components of the asymmetric and unbalanced NRZ data stream are
given by [2]

ScNRZ(f) = Ts[Sin(TrfTs)/(wfrs)]Z[al(pl) + aZ(p’PI’E)J + Tsa3(pl’E)[Sin(ﬂfrsa)/(wfrs)lz

-+ T[sin2mfT,)/(7fT,)")[ay(p.PoE) - as(P:P))] (11)
Sanrz(f) = [2P - (1 - 2&p)]’5(f) (12)
Sunrz(f) = 2(P/m)° ;(l/mz)C(m,P,E)S(f - mR)) (13)
where mel
ay(p) = p(1 - p[L +2(1-p)]-p’ (14)
a,(p,ps€) = {3p’ + p(1 - p)[1 + 2(1 - 2p)]}cos’(pfT.E) (15)
ay(pu€) = p(1 + p/’ - p)eos’(wfT,) + pcos2mfTE) (16)
a,(p:pot) = pi(1 - p)(1 - 2p)[0-5cos(2mfTE) - psin(2mfTE)] (17)
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as(p:p,) = 0.5p(1 - p)(1 - 2p) (18)
¢(m,p,&) = sin’(mmE)[cos’(mmE) - (1 - 2p)’sin’(mmE)] (19)

Where p and p, are defined as the probability of transmitting a +1 pulse and transition
density, respectively. For a purely random data source, the transition density is given by

P, = 2p(1-p) (20)

Note that when p = p, = 1/2, i.e., the data stream is balanced, Eqns (11)-(13) reduce
to Eqns (21)-(22) of [1]; and when p = p, = 1/2 and § = 0, i.e., perfect data stream, Eqns
(11)-(13) reduce to the well-known result for a perfect NRZ random data stream [6).

From Eqns (19) and (20) of [1] and Eqns (11)-(12) above, one obtains the
interference due to continuous spectrum component, @, and interference caused by dc
component-to-carrier power ratio I/C, respectively. Consequently, the variance of the
carrier tracking phase error can be obtained by using Eqn (18) of [1]. It is found to be

& = 1/p, + (a/2)tan’(my) + (12)[2p - (1 - 2Ep)[tan(m,) (21)
where
a = f | H(2f) | 2ScNRz(f)df : (22)

- The harmonic components caused by the asymmetry do not interfere with carrier
tracking because we have assumed that 2B, << R,. Having determined the distribution
of the carrier tracking phase error, the error probability conditioned on the phase error,
P.(8,) can be determined. When a sample detector shown in Figure 1 operates in the
presence of data asymmetry and bandlimiting channel, the combined effects of these two
sources of degradation have been investigated in [3]. However, the approach used in [3]
is not applicable here because it is assumed that the amount of data is known and the
optimum sampling time is not T,. Here we are interested in the performance degradation
of the receiver when the sampling time is T, and the amount of data asymmetry is
unknown.

This paper uses slightly different approach than [3] by assuming that the optimum
sampling time is T,. Based on the data asymmetry model presented in Figure 4(a)] of [1],
one has a set of signals contain four different symbols, namely, {Pyrz(t), 1 = 1, 2, 3, 4},

with associated probability {p;; i = 1, 2, 3, 4}. We have

+ 1 «(T2) <t<(T/2)1+4)
Pinrz(t) = { (23)

0 elsewhere
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-1 «(T2) < t < (T2)(1-A)
Pongz(t) = { (24)

0 elsewhere

+1 -(T2) <t< (L72)
Pinrz(t) = { (25)

0 elsewhere

-1 «(T/2) <t < (T/2)
Pigrz(t) = { (26)
0 elsewhere
P1 = Prigne(t) = ginrz(1)} = PP, (27)
P2 = Prigirz(t) = gnez(t)} = (1 - p)p, (28)
P; = Pr{grz(t) = Znrz(t)} = P(1 - p) (29)
Ps = Pr{garz(t) = gnrz(H)} = (1 - p)(1- p) (30)

where the data asymmetry is defined as
E =412 (31)

For ideal bandpass filter (Eqn (53), [1]) with imperfect data stream, the output of
the filter gygrz(t) corresponding to the input Pj\z,(t) can be obtained by substituting Eqn
(53) into Eqn (45) of [1] with P(t) is replaced by Pyz,(t). For NRZ data format,
gnrz(t+KkT)), fori = 1, 2, 3, 4, can be shown to be

1
ginrz(t+KT,) = — [si{27B(t+T,(k+1/2))} - si{2mB(t+T,(k-1/2-€))}] (32)
_ o
| 1
Znrz(t+KT,) = - — [si{2mB(t+T,(k+1/2))} - si{27B(t+T,(k-172+£))}] (33)
™
1
Banrz(t+KT,) = — [si{2mB(t+T,(k+1/2))} - si{27B(t+T,(k-1/2))}] (34)
o
garz(t+KT,) = - grz(t+KT) (35)

Note that the symbols gig4(t), 1 = 1, 2, 3, 4, are independent because d,’s are independent.
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Using the test statistic shown in Eqn (3) one can show that the conditional error
probability of the PCM/PM/NRZ receiver in the presence of the bandlimiting channel and
imperfect data channel is

P,(6,) = pPr{Z(T,) < 0/8,, d, = +1} + qPr{Z(T,) > 0/6,, d, = -1} (36)

where q = (1 - p), and the overbar denotes statistical averaging over the joint distribution
of the doubly infinite data sequence d, and the test statistic Z(T;) for this particular case

becomes:
o0

Z(T,)) = E[+ 1 + 2’dA(i)]cosf, + n(T,) (37)

k=-o

where + 1 corresponds to d, = + 1, and the prime in the sum indicates the omission of
the term k = 0, and the parameter 4,(i) is defined as

1§
{) gnrz(t)ginrz(t+KT;)dt

}'k(i) = ’ i= 19 2’ 3’ + (38)

fs 7d
0..

where g,r-(t) is defined in Eqns (32)-(35) for i = 1, 2, 3, 4, respectively and gyg,(t) is the .
output of the ideal filter for perfect data stream which is given by [Eqn (54), 1]. Note that
in this case we do not have the symmetry of the signals (because the data under
consideration is imperfect) hence we must take all possible combinations into account when
computing Eqn (36). In order to illustrate the use of Eqn (36), an example will be
provided for the case M = 1. For M = 1, Eqn (36) becomes
P,(0,) = plpspserfelVE/N,(1 + 4,(3) + A,,(3))cosd,}

+ paprerfe{tVE/N(L + 4,4(3) - A,y(1))cosb,}

+ p2p3erfc{‘ Es/No(l - A'-1(2) + A,+1(3))C050e}

+ paprerfetVE/N(1 - A,(2) - A,y(1))cost,}]

+ q[piperfe{VE/N,(1 - A,(2) - A,,(2))cosb, }

+ ppserfc{VE/N,(1 - 1 4(1) + A,,(4))cosb,}

+ papoerfe{VE/N,(1 + 4,(4) - A,4(2))cost, }

+ ppeerfc{iVE/N(1 + A,(4) + A,,(4))cosh,}] (39)



The conditional error probability for M = 2 is shown in the appendix. The average
probability of error can be found by substituting Eqn (36) and the pdf for the phase error
just found above into Eqn (4) and performing the numerical integration in digital
computer. The results of the calculations are shown in Figures 1-3 for the second order
Phased-Locked Loop (PLL) with the transfer function given by Eqn (24) of [1].

Figure 1 plots the SER as a function of symbol SNR in dB for fixed data asymmetry
g of 2 % and BT, = 3 with p, probability of mark, is a parameter. This figure indicates
that, for m; = 1.25 rad, 2B,;/R, = 0.001, the SER degrades seriously as p deviates from
0.45. As mentioned in [1], the typical values for m; = 1.25 rad and 2B,;/R, =0.001 are
chosen because the performance of PCM/PM approaches the ideal BPSK.

Figure 2 shows the SER performance for various values of data asymmetry with BT,
= 3 and p = 0.45. The symbol SNR degradation is less than 0.5 dB for £ = 6 %.
Furthermore, this figure shows that PCM/PM/NRZ is not sensitive to data asymmetry,
because the symbol SNR degradation is between 0.1-0.2 dB when £ varies between 2-6 %.

Figure 3 illustrates the SER performance in the presence of bandlimiting channel.
The figure plots SER as a function of symbol SNR for £ = 2 %, p = 0.45 with BT, is a
parameter. The results show that, for BT, = 3, the symbol SNR degradation is at the order
of 0.4 dB or less when the SER is between 10*-107.
4. Combined Effects on PCM/PM/Bi-¢ Receivers
Using the same approach as shown in Section 3, one prbceeds with the derivation
of the power spectral density for the asymmetric Bi-¢ data stream generated by a purely
random NRZ source with a transition density P, less than 1/2. Based on the model of
asymmetric and unbalanced data stream shown in Figure 4(b) of [1] one has a set of signals
contain four different symbols, namely, {P;;,(t), i = 1, 2, 3, 4}, with associated probability
{Psi=1,2,3,4}. One has
+1 «(T)2) < t < (AT/4)
Pug() =4 -1 (AT/4) < t< (TR2)(1 + AR) (40)
0 elsewhere
-1 (Ty2) <t < -(ATy4)
Ppis(t) = {+1 -(AT/4) <t < (T/2)(1-A/2) ' (41)

0 elsewhere
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+1 -(T/2) <t< (AT/4)
Ppt) =4 -1 (AT2)<t< '(Ts/2) (42)
0 elsewhere
-1 «(T,2) <t < -(AT,/4)
Pes(t) ={+1 -(AT/4) <t<(T,/2) (43)

0 elsewhere

P = Prigpi4(t) = gmis()} = PP, (44)
P2 = Pr{giis(t) = gmis()} = (1- PP, (45)
P = Prigpiy(t) = mis()} = P(1-P) (46)
P’s = Pr{gpiy(t) = gmis(t)} = (1-p)(1- p) (47)

where the data asymmetry for Bi-¢ is defined as

£ = A4 | (48)
It should be mentioned that the power spectral density for a purely random Bi-¢

data with perfectly balanced data stream has been derived in [4]. Using the same technique

presented in [4] and together with Eqns (40)-(47) we can show that the power spectral

density for an asymmetric and unbalanced data stream illustrated in [Figure 4(b), 1] have
the following form

Sgig(f) = Sepis(D) + Sumig(f) + Sipig(f) (49)

where S (f), Supis(f) and S, are the continuous spectrum, dc and harmonic
components of the imperfect Bi-¢ data stream, respectively. They are given by

Swie(®) = Top(1 - P)[sin’(wfT2)/(wfT/2)F
- Te(PoE) + xPok) + S(PII[SIn(TELT,/(mLT,2)F
- T[edPpoE) + os(PoE)][sin(mET,2)f
- Tic(p,PoE)[Sin(mELT,2)/(mET,2)f
+ TeppoE)lsin(mtT{1 + E}2)/(mfT2)F

+ Tea(PopoE)[sin(wfT,{1 - £}/2)/(mtT,2)F (50)



Sasias(f) = E(2 - p)* 8(H)
Susio(f) = (2/772121 {(ll/mz)[Hl(m’p’pnE)+H2(m’p’pn£)+HB(m’p’va)]B(f' mR;)
where
¢ (Ps€) = 2p/sin’[mfT(1 + §)2][psin’[mfT,(1 - £)/2] + (1-p,)cos(mEfT,)]
cy(Pu€) = P(1 - p)cos(mEfT,)[2sin[mfT,(1 - §)/2] - sin’(mEfT,/2)]
cs(p) = Pl - p)[1 - p, + (2p, - 3)cos(mfT,/4)]
ci(P:PyE) = 2pp(1 - P)(1 - 2p)sin’[wfT,/2Jsin[37fT, /2]
cs(Pu€) = p/[(1 - p)sin(mfT,E)sin[wfT.E/2]
+ sin(m&fT,)sin(5mfT,£/2){1 - cos(fT,)cos(mfT,E)}]
cs(P:PoE) = - PL(1 - P)(1 - p) + 1/2p’Jeos[mfT,(1 - £)/4]
- - pp(1 - pp)cos[mfT (1 + £)/4]
+ p‘z[cos(37r£fTs) + (1 - p,)cos(2mELT,)]
c:(P.ppE) = ppsin’[mfT,(1 - £)/2] - 2(1 - p)(p* - 0.5p,)sin*(wfT,/2)cos(mfT,E)
+ p(1 - pp)sin’[mfT (1 + §)/2]
cs(P.Ps€) = Pp(1 - pp) + (1 - p)(1 - 2p)sin’[mfT,(1 - £)/2]
+ 2p(1-p)(1- p,)sinz('zrfTs/Z)cos(wﬂ"sE)
H,(m,p,p,€) = p/’[sin’(mmE)[1+2h,(m,§)]*+(1-2p)’cos’(mmE )[1-2h, (m, §)]’]
H,(m,p,p,€) = sin’(2mm¢) + (1 - 2p)*h,*(m,p,.&)
H;(m,p,p,£) = 2p,[2sin’(mm§)cos(mmE)[1 + 2h,(m,§)]

+ (1 - 2p)’cos(mmE)([1 - 2hy(m,E)]hy(m,p,,€)]

where the parameters h,(m,£) and h,(m,p,£) in Eqns (61)-(63) are defined as
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cos’(mm/2), m odd

hy(m,§) = (64)
sin’(mm£/2), m even

h,(m,p,&) = (1 - p)(-1)" - cos(2mmE) (65)

If we let p = p, = 1/2, then Eqns (50)-(52) reduce to the results for balanced data
stream (or data stream with equiprobable symbols) presented in [4]. Furthermore, if we
let p=p, = 1/2 and £ = 0, then Eqns (50)-(52) reduce to the well-known result for a
perfect Bi-¢ data stream [6].

Since 2B, /R, << 1, the harmonic components in Eqn (97) do not cause interference
to the carrier tracking and the variance of the carrier tracking phase error in the presence
of unbalanced and asymmetric Bi-¢ data stream becomes

& = 1/p, + (@2)tan’(my) + (12)(2 - p)’Etan’(m) (66)
where
o= | HEt) | 25 bt (67)

The conditional probability of error for this case is the same as Eqns (36) and (39)
except that the parameter A,(i) is replaced by

i
](.‘) Zis(t)gimis(t+KkT;)dt
Ai) = ,i=1,2,3,4 (68)

fTs o
| grig(t) | © dt
0

where g, ,(t) is the output of an ideal bandpass filter corresponding to the input Pjg; 4(t),
fori =1, 2, 3,4, and gg, 4(t) is the output of the ideal filter for a perfect data stream which
is given by [Eqn (55), 1]. The output response g, ,(t+kT,), fori = 1, 2, 3, 4, can easily be
shown to be

1
ZiBigs(t+kT,) = — [si{27B(t + T,(k + 1/2))} - 2si{27B(t + T,(k-§))}

T

+ si{27B(t+T,(k-1/2-E))}] (69)



1

Bpio(t+KT,) = - — [si{27B(t+T,(k+1/2))} - 2si{2mB(t+T,(k+E))}
s
+ si{2mB(t+ T, (k-12+£))}] (70)
1
Epis(t+KT,) = — [si{2mB(t+T,(k+1/2))} - 2si{2mB(t+T,(k-E))}
w
+ si{2mB(t+T,(k-1/2))}] (71)
1
Emis(t+KT,) = - — [si{2mB(t+T,(k+1/2))} - 2si{2mB(t+T,(k+£))}
w
+ si{2mB(t+T,(k-1/2))}] (72)

Using the variance found in Eqn (66) and the parameter A,(i) found in Eqn (68) the
average error probability can be calculated as before and the results for the second order
PLL [Eqn (24), 1] are shown in Figures 4-6. These figures plot the SER as a function of
symbol SNR for m; = 1.25 rad and 2B;/R, = 0.001.

Figure 4 presents the SER performance for fixed BT, of 3 and £ = 2 % with p is
a parameter. This figure shows that the performance of PCM/PM/Bi-Phase is also sensitive
to unbalanced data when there exists data asymmetry. The symbol SNR degradation is
more than 1.2 dB when p deviates from 0.45.

Figure 5 shows the behavior of PCM/PM/Bi-Phase in the presence of data
asymmetry. For fixed values of BT, = 3, p = 0.45, the results shows that the SER
performance is quite sensitive to data asymmetry. In [1] we have pointed out that in order
to compare the results presented in Figure 5 with those in Figure 2 for NRZ data, use
equal amounts of asymmetry as measured by the actual time displacement of both
waveforms transitions. For a fair comparison, we replace £ in Figure 5 by 2¢ when
compared with Figure 2. As an example, the SER curve for PCM/PM/NRZ operating at
2 % data asymmetry shown in Figure 2 corresponds to the 4 % data asymmetry curve for
PCM/PM/Bi-¢ shown in Figure 5.

Figure 6 depicts the SER performance for PCM/PM/Bi-Phase for bandlimiting
channel. Numerical results show that the performance is susceptible to bandlimiting
channel. For £ = 2 % and p = 0.45, The degradation is unacceptable for BT, = 1, and
is about 0.5 dB or more when BT, = 3.
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5. Numerical Results and Discussions

Performance comparisons between PCM/PM/NRZ and PCM/PM/Bi-¢ are illustrated
in Figures 7-9 for uncoded systems. These figures plot the SER performance as a function
of symbol SNR for m = 1.25 rad and 2B, /R, = 0.001. Figure 7 compares the performance
of PCM/PM/NRZ and PCM/PM/Bi-¢ in the presence unbalanced data. For a fixed data
asymmetry of 2 %, this figure shows that both PCM/PM/NRZ and PCM/PM/Bi-¢
experience unacceptable degradations when the probability of transmitting a +1 pulse
deviates from 0.5, and that PCM/PM/NRZ is more sensitive to unbalanced data than
PCM/PM/Bi-¢.

Figure 8 shows the performance comparison for both systems with data asymmetry
as a parameter. As the data asymmetry increases from 0 to 2 % the SER performance of
PCM/PM/Bi-¢ degrades seriously. For p = 0.45, BT, = 3, £ = 2 % and SER < 10*, the
degradation in symbol SNR for PCM/PM/Bi-¢ is about 1.5 dB or more, and less than 0.5
dB for PCM/PM/NRZ.

Figure 9 compares the SER performance for both systems for fixed data asymmetry
of 2 % and p = 0.45 with BT, (bandwidth-to-data rate ratio) as a parameter. For BT, =
1, the symbol SNR degradation for PCM/PM/Bi-¢ is unacceptable. On the other hand,
under the same operating conditions, the symbol SNR degradation for PCM/PM/NRZ is
less than 1 dB for SER < 10*. For BT, = 3, the symbol SNR degradations for
PCM/PM/NRZ and PCM/PM/Bi-¢ are at the order of 0.2 dB and 0.8 dB or less for SER
‘> 10°, respectively. This figure also shows that PCM/PM/Bi-¢ is more susceptible to
bandwidth constraint than PCM/PM/NRZ. '

Since the international Consultative Committee for Space Data System (CCSDS)
recommends the convolutional coding scheme with rate 1/2 constraint length 7 for space
telemetry signal, we are interested to determine the symbol SNR degradation for coded
PCM/PM/NRZ and PCM/PM/Bi-¢ systems due to the presence of both imperfect data
stream and ISI. - As mentioned earlier in [3], an exact analysis for coded systems is not
possible. [3] suggested that the symbol SNR degradation due to imperfect data stream and
ISI can be estimated from the decoder bit error performance curve and the results shown
Figures 1-6 and the ideal bit error performance curve by assuming that the coding is
transparent to the imperfect data stream and ISI and using the uncoded energy-to-noise
density ratios corresponding to the coded bit energy-to-noise density ratios at the desired
bit error rates. Tables 1 and 2 show the symbol energy-to-noise density ratio (E/N,)
degradations in dB for PCM/PM/NRZ and PCM/PM/Bi-¢, respectively. The numerical
results presented in these tables are for m; = 1.25 rad, 2B,/R, = 0.001, £ =2 % and p =
0.45. The selected values of E/N, presented in these tables are 0.8, 1.5 and 1.95 dB. The
selected values correspond to bit energy-to-noise density ratios E,/N, = 3.8, 4.5, and 4.95
dB which correspond to Viterbi decoder bit error probabilities P, = 10, 107 and 10°, for
rate 1/2 and constraint length 7, respectively.
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Table 1. Degradation Due to Imperfect Data and ISI for Rate 1/2 Convolutionally
Encoded Random NRZ Data, m = 1.25 rad, 2B;/R, = 0.001, p = 0.45, £ = 2 %.

Symbol SNR Degradation, A(dB)

SER E/N, dB BT, = 1 BT, = 2 BT, = 3
10°* 0.80 0.30 0.05 0.01
10°5 1.50 0.37 0.08 0.06
10°¢ 1.95 0.47 0.10 0.07

Table 2. Degradation Due to Imperfect Data and ISI for Rate 1/2 Convolutionally

Encoded Random Bi-¢ Data, m; = 1.25 rad, 2B,;/R, = 0.001, p = 0.45, £ = 2 %.

Symbol SNR Degradation, A(dB)

SER E/N, dB BT, =1 BT, = 2 BT, =3
10°* 0.80 2.53 0.4 0.25
(i 1.50 2.95 0.8 0.55
10° 1.95 3.33 0.9 0.63

51




6. Conclusion

Combined effects of the imperfect data stream and ISI caused by the bandlimiting
channel on the performance of PCM/PM communications systems are investigated in this
paper.  Analytical models to predict the SER performance for both uncoded
PCM/PM/NRZ and PCM/PM/Bi-¢ systems were derived. In addition, the symbol SNR
degradations for rate 1/2 constraint length 7 convolutional coded systems are also
evaluated.

Numerical results show that theoretical predictions for the total symbol SNR
degradation of the receivers due to the presence of both imperfect data and ISI are not the
algebraic sum of each symbol SNR degradation due to a single source of degradation found
in [1]. The results also show that, for 2 % data asymmetry, both PCM/PM/NRZ and
PCM/PM/Bi-¢ are susceptible to unbalanced data stream, and that PCM/PM/NRZ is more
sensitive to unbalanced data than PCM/PM/Bi-¢. On the other hand, PCM/PM/Bi-¢ is
more susceptible to data asymmetry while PCM/PM/NRZ is not.

Furthermore, the results show that, for BT, = 3, the SER performance of
PCM/PM/NRZ is acceptable for both near earth and deep space missions. However, for
PCM/PM/Bi-¢, the SER performance is found to be unacceptable for deep space missions
and may be acceptable for near earth missions.
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Appendix
The conditional probability of error for M = 2

P.(6.) = p[pspspspserfe{/ E/N(1 + 4,5(3) + 4,(3) + 4,(3) + 2,(3))cosf,}
+ PPoPiPeeTfc{VE/NG(1 - A,(4) - 4,4(2) - 4(1) - A,(4))cosb, }
+ papsPspierfe{VE/N,(1 - 2,5(2) + A4(3) + 4,(3) - Ay(1))cosb, }
+ papspspierfc{VE/N (1 - A ,(4) - A4(2) + 4,(3) - Ay(1))cosh,}
- p3p3p3p1erfc{fm(l + A5(3) + 4,(3) + 4,(3) - Ax(1) )cos,}
+ PspspiPoerfe{VE/N,(1 + 45(3) + 4,(3) - Ay(1) + A(2))cost,}
+ puppspserfetVEN,(1 + A5(2) - 2,(3) + Ay(3) + Ay(1))cost}
+ P,pspspaerfe{VE/N(1 - A,(2) + A,(3) + A,(3) + Ay(3))cosh, }
+ pspspiPserfe{VE/NG(1 + 4.,(3) + 4.,(3) - 4,(1) - A5(4))cosb. }
+ PP tVE/N,(1 + A5(1) - 4,(2) - Ay(1) + Ay(2))cosh,}
+ pippsPieTfec{VE/N (1 + A,(1) - 2,(2) + 4,(3) - A,(1))cosb,}
+ pupapsPserfclVE/N(1 - A(4) - A4(2) + A,(3) + Ay(3))cosh,}
+ PaPsPiPoeTfe{VE/N(1 - A5(2) + A.4(3) - Ay(1) + Ay(2) )cosb,}
+ pippipeerfetVE/NG(L + A5(1) - A4(2) - Ay(1) - Ay(4))cosd, }
+ Popspiperfc{VEN (1 - ,(2) + A,(3) - Ay(1) - A,(4))cosb,}
+ ppopiPetfe{VE/N(1 - A,5(4) - A,(2) - A,(1) + Ay(2))cosb,}]
+ q[PspiPapserfe{VE/N(1 - 2,5(3) - 2,4(1) - 4,(2) - Ay(3))cosh, }

+ pPiPpeTfc{VE/N(1 + A,(4) + A,(4) + A,(4) + Ay(4))cosb,}
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+ ppPoperfetVEN,(1 + A,(2) - Ay(1) - A,(2) + Ay(1))cosb,}
+ PppaprerfclVE/NL(1 + A,(4) + A (4) - A,(2) + Ay(1))cosh,}
+ pspiPaPrerfAVENL(1 - A,5(3) - Ay(1) - A,(2) + Ay(1) )cosh,}
+ papiPaPerfc{VE/N (1 - 25(3) - A4(1) + 4,(4) - A5(2))cosb, }
+ PPaPaPseTfe{VE/N,(1 - A,5(2) + 4,(4) - A4(2) - Ay(1))cosb,}
+ PpiPaPserfAVEN,(1 + A5(2) - A4(1) - A,(2) - Ay(3))cost,}
+ PipiPPeeTic{VE/N,(1 - 4,(3) - A4(1) + 4,(4) + A,(4))cosb, }
+ PPaPPTAVEINL(1 - A(1) + A,(4) + A(4) - Ax(2))cosb, }
+ ppp.perfclVE/N,(1 - A,(1) + A,(4) - A,(2) + Ay(1))cosh,}
+ PpapPserfc{VE/N,(1 + A,(4) + A,4(4) - 44(2) - A,(3))cosb, }
+ ppPaP.eTiciVE /N (1 + A,(2) - A,(1) + A,(4) - A,(2) )cosb,}
+ PPPpserfctVEN,(1 - A(1) + A,(4) + Ay(4) + Ay(4))cosb, )}
+ PP PPerfVEIN,(L + A,(2) - A4(1) + A,(4) + Ay(4))cosd,}

+ pipapapefc{VE/N,(1 + A,(4) + 2,(4) + 4,(4) - A5(2))cosb, }]
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COMDISCO SIMULATION RESULTS FOR PCM/PM RECEIVERS

IN NON-IDEAL CHANNELS'

Aseel Anabtawi, Tien M. Nguyen, Sami M. Hinedi, and .Samson Million
National Aeronautics and Space Administration
Jet Propulsion Laboratory
Califoria Institute of Technology
4800 Oak Grove Dr.
Pasadena, California 91109

ABSTRACT

This paper studies, by computer simulations, the performance of a PCM/PM/NRZ receiver
in the presence of two separate effects, namely, an unbalanced data stream and a band-limited
channel. The results obtained are then compared to the theoretical results presented in a previous
report.

" The work described in this paper was carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and Space Administration.
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1 Introduction

A previous report, [1], was written to study the behavior of PCM/PM receivers in non-
ideal channels. This paper verifies, by simulation and measurement, the theoretical results
presented in [1].

The presence of an imperfect data stream produces undesirable spectral components
which degrade the performance of the system. The objective of this paper is to study the
separate effects of unbalanced data and InterSymbol Interference (ISI) caused by bandlimited
channel on the performance of PCM/PM/NRZ receivers.

The Signal Processing Worksystem (SPW) was used for developing, testing and simulat-
ing the system. The Symbol Error Rate (SER) was measured for perfect and imperfect data
streams, and the results obtained were compared to the theory presented in [1].

The organization of this paper is as follows: Section 2 describes perfect, unbalanced
and bandlimited data streams for PCM/PM/NRZ. Section 3 gives a brief description of the
PCM/PM receiver blocks which were used to build the system in SPW, section 4 shows and
discusses the simulation results and compares them to theory, and finally, section 5 presents
the conclusion of this paper.

2 Description of PCM/PM Data Streams
The deep space received telemetry signal, in the absence of a subcarrier, is given by:
s-(t) = V2P {cos(mr) cos(wct + 6.) — d(t) sin(myr) sin(wet + 6.)} + n(t) (1)

where P is the transmitted power, mr is the telemetry modulation index in rad, w. = 27 f.
is the angular carrier center frequency in rad/sec, 0. is the carrier phase, n(t) is an additive
white Gaussian noise (AWGN), and d(t) is the data stream (NRZ) with transition density,
P,, less or equal to 0.5 and is defined by

i)=Y deplt+kT) @

k=—o0

where dr = %1 and p(t) is the baseband pulse. The first and second terms of Eq. (1) are
the residual carrier and data components, respectively.

2.1 Perfect Data Stream

In a perfect data stream, the probability of transmitting a +1 pulse, p, is equal to the
probability of transmitting a —1, g, with transition density, P, equal to 0.5 and given by

P, = 2pg (3)
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where ¢ =1 — p.
When the data is balanced (p = 0.5), the carrier term of Eq. (1) generates a spike at f,
with power, P,, given by

P. = P cos*(mr) (4)
and the spectrum generated by the data component has power
PD = P Sinz(mT) (5)

Combining the carrier and data terms, the power spectrum of a PCM/PM/NRZ perfect data
stream is shown in Fig l.a. and is given by:

S(f) = Sp(f) + S:(f) (6)

2.2 Unbalanced Data Stream

The imbalance between +1’s and —1’s in the data stream causes an additional corruption
to the received signal in (1) generating undesirable spectral components which degrade the
performance of the telemetry system. When p is not equal to 0.5 (and therefore, P, < 0.5),
the data component in (1) will be affected and the data spectrum can be written as

SD(f) =P Sinz(mT) {Sdc(f) 2 Scon't(f)} (7) A

where S4.(f) is the dc (or harmonic) component caused by the imperfect data stream that
falls on the RF carrier, and S.,n¢(f) is the continuous data spectrum.

For PCM/PM/NRZ unbalanced data stream, the dc and continuous power spectral den-
sity components are found to be [1]

Sac(f) = (1 -2p)*5(f) (8)
sin?(7 fT
S 1) = 4Tp(1 - p) { ST ©)
Therefore, in addition to the tone generated at f, by the carrier component in (1) with power

(v fT)?
given by (4), the spectrum of the unbalanced NRZ data stream will have another tone at f,
generated by the imbalance between +1’s and —1’s with power given by

P,. = (1 — 2p)*P sin*(m7) (10)
and the continuous data spectrum will have power given by
Peonrt = 4p(2 — p) P sin®(my) (11)
where
Pp = Pac + Peonrt (12)

The spectrum of an unbalanced NRZ data stream is shown in Fig. 1.b for p = 0.4.
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2.3 Bandlimited Channel

An additional impairment that contributes to the degradation of the overall performance of
the system is the InterSymbol Interference (ISI) caused by the bandlimited channel. Ban-
dlimiting causes interference between successive pulses producing the ISI effect which behaves
like an additional random noise.

If we let p(t) denote the pulse shape of the data and h(¢) denote the impulse response of
the equivalent low-pass filter of the RI" bandpass filter with bandwidth B, the received data

can be expressed as [1]
oo

d(t) = > dig(t + kTy) (13)

k==

where di = £1 with p = ¢ = 0.5, and g(#) is given by
g9(t) = p(t) * h(t) (14)

where * denotes convolution.
The impulse response of an ideal channel A(t) is given by the inverse Fourier transform

of the transfer function H(f)

. [l -B<f<B
H{F) = { 0 otherwise (15}
resulting in
h(t) = 2Bsin(2nBt) /(27 Bt) (16)

For an ideal filter and a perfect data stream, gygrz can bp found to be [1]
1
gNrz(t + kT) = - {Si{2rB(t+T(k+1/2)} —Si{2rB(t +T(k—1/2))}} (17)

where

Si(z) = A " (18)

w
Fig. 2 shows a plot of the output response of the ideal filter to NRZ pulse (gnrz(t/T) vs.
t/T ) for various values of time-bandwidth product BT. Note that the shape of the output
is dependent on BT. For BT >> 1, the filtering is nonexistent and the output signal is the
same as the input. As BT gets closer to 1, the rise and fall times of the output are significant
~ when compared to the input, and the output signal is more spread in time.
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3 Description of PCM/PM Receiver Blocks

Fig. 3 shows the block diagram of a PCM/PM receiver. This receiver consists of the TSG
(Test Signal Generator), the ARX (Advanced Receiver), and the Error Counter. The TSG,
shown in Fig. 4, generates the deep-space spacecraft signal at an intermediate frequency
(IF). The TSG’s Random Data block controls the parameter p (probability of +1). The
TSG parameters are:

sampling rate fs: 500 x 10° Hz
carrier frequency f.: 100 x 10® Hz
initial carrier phase 6.: Odeg

symbol rate R,: 10 x 10° Hz

modulation index my: 71.619725 deg (corresponding to 1.25 rad)

and the power-to-noise ratio P/Nj is calculated using

P/Ny = % — 10log,o(sin® mr) + 10log,q Rs — 10log,o(4p(1 — p)) (19)
where E;/Nj is the Symbol SNR in dB. The last term in Eq. (19) is a factor generated
-by the unbalanced data stream and is equal to 0 dB when p = 0.5. This factor shows a
reduction in the transmitting power when the data stream is unbalanced.
The ARX block, shown in Fig. 5, consists of the Carrier PLL (Phase Lock Loop) block which
estimates the carrier phase, the Digital DTTL (Data Transition Tracking Loop) block which
generates the symbol timing reference, the Sum Dump Hold Symbol block which outputs the
soft symbols, and a Butterworth Lowpass Filter. Finally, the Error Counter block compares
the soft symbols of the ARX to the transmitted symbols and outputs the number of errors

N.

4 Discussion and simulation results

Using SPW, simulations were performed at 7, 8, 9 and 10 dB Symbol SNR, E;/Ny, and
the corresponding P/N, was calculated. The result of each simulation was the number of
errors N (produced by the Error Counter as a result of comparing the soft symbols to the
transmitted ones). The average error probability P, was then calculated using
- N
¢ Number of Iterations/(f,/R;)

where f; is the sampling frequency in Hz, the fraction h{"; is the number of samples per
symbol, and

(20)

100 f,

SERR, 121)

Number of Iterations =
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where SER is the Symbol Error Rate as given by the theory. Finally, P. was plotted vs.
Symbol SNR and the results were compared to the theory presented in [1].

4.1 Unbalanced Data

To verify the performance of the receiver in the presence of an unbalanced data stream,
simulations were performed for p = 0.5, 0.45 and 0.4.

For PCM/PM/NRZ, the simulation results are shown in Table 1 and Fig. 6. When p is
equal to 0.5 (balanced data stream), the simulation results are worse than, but close to the
theoretical results (less than 0.125 dB difference). When p deviates from 0.5 (unbalanced
data case), the simulation results were different than the theoretical results, and the differ-
ence ranged between 0.13 dB and 1 dB, except for p=0.4 and symbol SNR > 9 dB where
the simulation results are better than the theoretical.

The discrepancy between the theory and simulation may be explained by:

e It was assumed in the theory that the phase of the tone caused by the unbalanced data
is coherent with the carrier phase. In reality, the phase of the tone may not.

e It was assumed in [1] that the pdf of the carrier tracking phase error has Tikhonov
distribution with modified variance. This assumption may breakdown for certain values
of interference-to-signal power ratios, loop bandwidth and loop SNR.

4.2 Bandlimited Channel

In order to test the effect of the bandlimited channel on the overall performance of the
system, simulations were performed for different values of time-bandwidth product (BT): 1,
2 and 3. As expected, the higher the value of the product BT, the better the performance
of the system. The simulation results are shown in Table 2 and Fig. 7.

- The theoretical and simulation results are in good agreement. However, the simulation
results are a little worse than the theoretical results. This is because the theoretical results
were obtained for the case when the ISI is caused by two adjacent pulses, that is, two pulses
before and two pulses after the current pulse are considered in the SER calculation. -

5 Conclusion

This report studied, by simulations, the separate effects of unbalanced data and bandlimited
channel of the performance of a PCM/PM/NRZ receiver. The simulation results were in
agreement with the theoretical results for the balanced data stream and bandlimited channel
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cases. However, there are some discrepancies between the theory and simulation for the
unbalanced data stream case. It is recommended that the loop SNR and Symbol SNR are
verified with the theoretical values for that case.

Similar testing as the one described in this report is currently being performed for
PCM/PM/Bi-¢ receivers. The Bi-¢ data stream is generated by multiplying the NRZ data
with a squarewave subcarrier with the subcarrier frequency being identical to the NRZ sym-
bol rate. In addition, both PCM/PM/NRZ and PCM/PM/Bi-¢ receivers’ performances will
be tested under the effect of data asymmetry which is due to rising and falling voltage tran-
sitions. It is recommended that the testing be continued to verify all the above mentioned
cases for future work.
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PCM/PM/NRZ

nbalan D

(m=1.25 rad, Rs=10000 Hz, fs=500000 Hz, BL=5 Hz, 2.BL/Rs=0.001)

8L

Prob. of Mark Eb/No Pt/No # of Iterations Nbar Pe Pe theory
0.5 7t 47.455 6,600,000 119.333333|  9.040E-04 7.727E-04
0.5 8 48.455 28,200,000 127 2.252E-04 1 .909E-04
0.5 9 49.455 150,000,000 | 133.666667| 4.456E-05 3.363E-05
0.5 10 50.455 1,300,000,000 132 5.077E-06 3.872E-05
0.45 7 47.498 6,600,000 . 292 2.212E-03 1.100E-03
0.45 8 | 48.498 25,200,000 427 8.472E-04 3.100E-04
0.45 9 49.498 80,200,000 440 2.743E-04 6.600E-05
0.45 10 50.498 500,200,000 605 6.048E-05 1.100E-05
0.4 7 47.632 6,600,000 1.27E+03 9.621E-03 5.400E-03
0.4 8 48.632 10,000,000 1.02E+03 5.100E-03 3.250E-03
0.4 9 49.632 15,000,000 | 625 2.083E-03 2.000E-03
0.4 10 50.632 25,000,000 404 8.080E-04 1.500E-03

TABLE 1

Simulation Data and Results for PCM/PM/NRZ Unbalanced Data
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FIGURE 6
Theory and Simulation SER vs. Symbol SNR for PCM/PM/NRZ Unbalanced Data
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08

PCM/PM/NRZ

Band-Limited Channel

(m=1.25 rad, Probability of Mark=0.5, Rs=10000 Hz, £5=500000 Hz, BL=5 Hz, 2.BL/Rs=0.001)

BT Eb/No Pt/No # of Iterations Nbar Pe Pe theory
1 7 47455 6,600,000 387 2.932E-03 1.800E-03
1 8 48.455 11,000,000  [206.333333|  9.379E-04 5.800E-04
1 9 49.455 30,000,000 126.5 2.108E-04 1.700E-04
1 10 50.455 160,000,000 104.5 3.266E-05 3.300E-05
2 7 47.455 6,600,000 | 172.333333 1.306E-03 9.200E-04
2 8 48.455 21,000,000 146.5 3.488E-04 2.500E-04
2 9 49.455 105,000,000 157 7.476E-05 4.830E-05
2 10 50.455 800,000,000 137 8.563E-06 6.500E-06
3 7 47.455 6,600,000 146.333333 1.109E-03 8.600E-04
3 8 48.455 22,600,000 131 2.898E-04 2.300E-04
3 9 49.455 114,000,000 138 6.053E-05 4.400E-05
3 10 50.455 800,000,000 106 6.625E-06 5.600E-06

TABLE 2

Simulation Data and Results for PCM/PM/NRZ Band-Limited Channel
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Theory and Simulation SER vs. Symbol SNR for PCM/PM/NRZ Bandlimited Channel
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CROSS-TALK IN QPSK COMMUNICATION SYSTEMS'

Tien Manh Nguyen and Yvette Owens
National Aeronautics and Space Administration
Jet Propulsion Laboratory
Califomia Institute of Technology
4800 Oak Grove Drive
Pasadena, CA 91109

ABSTRACT

This paper investigates the effects of cross-talk on the Bit Error Rate (BER) performance
of QPSK communication systems. There are four different sources that can cause cross-talk in
‘QPSK systems, namely, a band-limited channel, asymmetry in- filters, phase imbalance between
the channels, and imperfect carrier tracking. This paper emphasizes the last two problems (where
either phase imbalance in the local VCOs or imperfect carrier tracking exists). The BER is
derived as a function of phase imbalance (or phase error caused by imperfect carrier tracking)
for both QPSK and Unbalanced QPSK (UQPSK). However, numerical results for QPSK only
are presented. Numerical results are presented by a set of curves that can be used to: (1) write
a specification for an acceptable phase imbalance between the In-phase (I) and Quadrature (Q)
channels; and (2) specify the maximum allowable phase jitter produced by the carrier tracking
loop.

" The work described 1n this paper was carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and Space Administration.
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1. Introduction

The topic on cross-talk in QPSK communications systems has been treated by
various authors [1-4]. Cross-talk can cause serious performance degradation in QPSK
communications systems. There are four different sources that cause cross-talk to occur in QPSK
systems. They are:

(1) Bandlimitted Channel: It is well-known that unfiltered QPSK signals have constant-
amplitude envelope versus time characteristics. In ideal conditions, e.g., ideal limiting
amplifier and unlimiting bandwidth channel, the system performance is the same as if the
prelimiter filter and the limiting amplifier were absent. However, as the prelimiter bandwidth
becomes narrower to the stage where significant signal energy is filtered away, the I and Q
waveforms become seriously distorted and the signals acquire Amplitude Modulation (AM).
The limiting amplifier removes the AM acquired during filtering, and in doing so further
distorts the I and Q waveforms. As a result of this process, cross-talk between the waveforms
occurs [1]. :

(2) Asymmetry in Filters: If the response of the filters (prelimiting filter or low pass filter,
etc) are not symmetric about the center frequencies, a pure cosine (or sine) input signal will

produce both sine and cosine terms at the output. As a result of this asymmetry, cross-talk
between the I and Q channels has occurred [2].

(3) Phase Imbalanced Between the Channels: when the phase between the I and Q channels

is not the same, the signal in the I channel can leak into the Q channel or vice versa. This
process causes cross-talk between the channels.

(3) Imperfect Carrier Tracking: for QPSK systems, the imperfect carrier tracking can cause

degradation from two sources. Firstly, it can cause degradation in the desired data signal by
cos[F(t)] (where F(t) denotes the carrier tracking phase jitter) and secondly, it can cause
crosstalk so that both the desired data and the opposite data channel appear in the desired data
matched filter (where it can add or substract to the filter output)[3-4].

This paper investigates the last two cases, i.e., phase imbalanced between the local
VCOs and imperfect carrier tracking. Probability of error for both QPSK and QPSK will be
derived. However, numerical results are presented only for QPSK for future recommendations to
the CCSDS. ‘

2. Cross-talk Due to the Phase Imbalanced between the Channels

The phase imbalanced between the channels occurs When the phase shifter at the
receiver is no longer operated in linear region due to aging or heating (see Figure 1). Due to the
phase imbalanced between the channels, the signal in the I-channel leaks into the Q-channel
causing potential performance degradation in that channel. In this section we will consider the case
when the signal in the Q-channel leaks into the I-channel, and that the data rate on the I-channel is
n times the data rate on the Q-channel.
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Let’s assume that the received signal plus noise is modeled as

—

x(1) = 2P d, (1) sin (0q1) + 2P ,d, (1) cos (o1) +n (1) (1)

where n(t) is the AGWN with one-sided power spectral density Ny, Py and P, are the I and Q
channel power, di(t) and dg(t) are data sequences with symbol duration of T and Tq sec,
respectively.

To simplify the analysis as well as the hardware for practical implementation, we will consider the
case that

—T—I = ;;Q n, n an interger (2)
0 1

where R and Ry are respective data rate of each channel. If we assume that the signal in the Q-
channel leaks into the I-channel and no signal in the I-channel gets into the Q-channel. Let fbe the
phase imbalanced between the I and Q channels. Using References 3 and 4, the conditional bit
error probability in the I-channel can be shown to have the following form

2E  |2nE 1
1l n bl n=2i | bQ . {
P(E/¢) = 2”,,-‘2-:0(,»)9[,\ w, cos (¢) —( = )'\/ N, sm(¢)J 3)
where
Ebl PlTl
— = ——  Bit SNR in I-Channel (4)
A;O NO
E P,.T
.]:;_Q = i’ e Bit SNR in Q-Chann (5)

Note that Eqn (3) was derived based on the assumption that the data formats for both channels are
NRZ and that the symbol synchronization is perfect. Furthermore, the binomial coefficient
appeared in Eqn (3) because there are n symbols of Tq, during T seconds, and there are i negative
symbols with n-i positive symbols so that the matched filter output of the cross-product (di(t)dg(t))
is equal to (n-2i1)/n. This value occurs with a probability

The conditional bit error probability in the Q channel can be shown to be
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- oy — ol 12|
P(Ey 9) = QL"‘-*’ v | (6)

If we assume that the signal in the I-channel leaks into the Q-channel and no signal
in the Q-channel gets into the I-channel, then we can show that the conditional bit error probability
in the Q-channel is given by

1 2, , . 1 I p&, [2nE,,
P(E,/¢) = —(QI: cos (¢) — | sin (¢) +QL cos (¢) + sin (¢) ©)
2 2 0 ’\/ Ny _I{ NNy ’\/ No

The conditional bit error probability in the I-channel becomes

r—'_——)

{ "Fb
PIE, ¢) = Q! \— | ®)
‘Note that the Q(.) function is defined as
© ¢
1 r 2
Q(X) = —=\€ dt 9
«/27{'[ . ( )

The relationship between the Q(.) funtion and the erfc(.) is given
as

O(x) = —erfc(

) (10)

531| =

For balanced power among the channels and equal data rate, i.e., QPSK (as contrast
to Unbalanced QPSK, UQPSK), the conditional bit error probability in the I-channel, assuming the
signal in the Q-channel leaks into the I-channel and no signal in the I-channel gets into the Q-
channel, becomes

2E ”E ”E

-
1 ' b

P = - i - —_— o

(E,/$) 2( |L N, cos () NN sm(¢)‘+

— cos(¢) + —’—’ sm(d))j' (11)

0
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Similarly, the conditional bit error probability for the other case can be derived by setting n =1,
Ep/No = Ep1/Ng = Ep/Np, and the result is identical to EQn (11).

3. Cross-talk Due to Imperfect Carrier Tracking

This case has been investigated in detail in [3-4]. AS mentioned earlier, imperfect
carrier tracking can cause degradation from two sources, namely, the phase error degrades the
desired data signal and the phase error also causes interchannel interference. If we assume perfect
bit synchronization and NRZ data formats for both channels, the conditional probability of error in
the I-channel for UQPSK is given by [3-4]

]
2E N (2nE
_ _ I n [==ipt n=-2i | b0 .
P(E/(®()=8)) = ;"E”O(")QL’——NO cos (¢) - (1= )«f 7o @) (12)

and the conditional probability of bit error in the Q-channel for UQPSK is found to be [3-4]

. f ._E '..IIE 1 [ oE [2nE [

1 [ ; .

P(EQ/(D(I) $) = - [ 0| ,w' VbQ cos (9) — ;——'—b_g) sin () | +0| ! ‘bQ cos (¢) + | vbQ sin () ]J (1.))
27NN, N N J N No NNy |

For QPSK, the conditional bit error probability for I-channel becomes identical to the Q-channel
and it is given by

- 1 2, 2K, ‘ /2Eb
. PE/®()=¢) = =|0| |[— cos(¢) - [— sin(¢)[+0 - % cos(4) + |— sin(4) (14)
254 N, ] N, 1 7L N N,

?1 5

4. Numerical Results

Due to common interest in the CCSDS community, numerical results for QPSK are
presented in this section. For this particular case the conditional bit error probability for phase
imbalanced is identical for imperfect carrier tracking. However, for phase imbalanced case, only
one channel is affected by the phase imbalanced depending on which channel is off as compared
to the other channel. Since we are concemed with bit error rate degradation, hence Eqn (14) is
important in the investigation of the effect of crosstalk in QPSK systems. Plot of Eqn (14) is shown
in Figure 2. This figure plot the Bit Error Rate (BER) as a function of bit SNR with the phase
imbalanced (or phase jitter) as a parameter. The numerical results show that as the phase
imbalanced (or phase jitter) increases, the BER performance degradation also increases. Table 1
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summarizes the results for various values of phase imbalanced and BERs.

5. Conclusions and Recommendations

Based on the numerical results presented in Figure 1 and Table 1, it is clear that

when the phase imbalanced or phase jitter greater than 2 degrees, the bit SNR degradation is greater
than or equal to 0.1 dB for BER < 10, Therefore, in order to keep the bit SNR degradation due
to the phase imbalanced less than 0.1 dB, the phase imbalanced between the I and Q channels
should be kept less than or equal to 2 degrees.

Table 1: Bit SNR Degradation for Various Values of Phase Imbalanced or Phase Jitter

(1]

(2]

[3]

[4]

Img]lz;ece d Bit SNR Degradation
(Degree) | BER=1073 | BER=10* | BER=10"
2 0.10 dB 0.10 dB 0.11 dB
4 0.25 dB 030dB | 035dB
6 0.50 dB 0.62 dB 0.70 dB
8 0.85 dB 0.95 dB 1.07 dB
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FIGURE 2. BIT ERROR RATE PROBABILITY VS Eb/NO FOR VARIOUS VALUES
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Figure 3. Average Bit Error Rate Probability vs Eb/No for Various Values of RMS Phase Jitter
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THE EFFECT ON A BPSK SIGNAL SPECTRUM OF BIT ASYMMETRY

OF THE MODULATION DATA STREAM

Jean-Luc Gerner
European Space Agency
European Space Research and Technology Centre
2200 AG Noordwijk, The Netherlands

ABSTRACT

In the crowded environment of the TT & C bands, which includes the 2-GHz band,
Binary Phase Shift Key (BPSK) modulation is an attractive scheme for transmission at medium
to high data rates, provided that the imperfections of the modulation process do not have a
detrimental effect on the natural compactness of the spectrum. One of the most pernicious causes
of bandwidth expansion for BPSK is the mark-to-space imbalance of the data stream when it is
input to the modulator. This paper computes the level of spurious emission in the BPSK
spectrum resulting from bit asymmetry. It shows that good engineering practice allows one to
design transmitters with a bit asymmetry low enough to avoid interference with other users. The
exception is in the 2-GHz band, where, it is explained, due to the vicinity of the near earth and
deep space bands, full protection of deep space ground receivers cannot be ensured in most cases,
and coordination between near earth and deep space services is necessary.
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2. INTRODUCTION

BPSK is probably onc of the most popular moduladon schemes for space telecommunications
where medium to high data transmission rates aic ieyuired. Being a ‘suppressed carrier’ type of
modulation scheme, it offers the best performances in terms of data throughput by allowing all
the available power to the data transmission. Both modulator and demodulator arc casy to im-
plement and the spectral compactness is good provided that adcquate filtering is applied.
Bandwidth compactness is essential to an efficient sharing of the availablc bandwidth between
space communications users. Iherefare, BPSK is 2 promising modulation scheme. However,
there 1y exist within the modulator chain factors of expansion of the occupied bandwidth. A
good enginecring approach shall consider these factors and investigate ways to reduce as much
as possible their dewimicntal effect to the spectal bandwidth of the transmitted signal. The ma-
jor contributors to bandwidth expansion dre:

. Non-linearities in the transmit chain. AM/PM or AM/AM or Loth in the high power am-
plifier create an expansion of the BPSK continuous spectrum by Uic raising of distant -
sidelobes. This effect is dealt with by an increasc of the amplificr back-o[f (ut the ex-

pense of power efficiency) and/or with proper filtering of these distant lobes at the vutput
of the power amplifier.

° Murk-to-Space Imbalance of the data. imhalance between the duration of the 'ones’ and
of the 'zeros® of the data stream create a spike in the BPSK spectrum at the carrier fre-
_quency (caticr regeneraton. due to the DC offset on the. input data) as well interlobes
spikcs which cnvelope is much wider than the actual useful spectrum. ‘I'he berter "ones’
and 'zcros’ arc balanced, the lower these spikes are. It has been show in the past (Fu-
reca), that such spikcs occurring in a wausiniter operatdng in the space-earth band 2.2-
2.29 GHz may expand into thc deep spacc band 2.29-2.30 GHz and severely interfere

with communications in that band.

In the course of the coming paragraphs, we will analyze how this bit asymmetry on the NRZ
encoded data can geuncrate spikes in the BPSK modulated spectrum.
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3. SPECTRUM OF A BPSK SIGNAL WITH DATA BIT ASYMMETRY

3.1 GENERAL FORMULA

BPSK modulation is the product of a pure carrier with a stream of NRZ cncoded data that we
will consider random for the purpose of this study. The modulated signal can be expressed as:

s(t) = d(t) X sin @t
where  d(t) = + | psendo random

This modulation process is cquivalent to a Tanslation 1o the frequency @, of the baseband spec-
trum of d(t). Thercforc, we can peiforn the whole computation on the baseband signal without
any loss of generality.

The asymmetrical data signal can be considered as the sum of an idcally balanced signal and of
a streain of pulses as show on the picture below.

Asynuneuical signal

+]1

Ideal signal

+1

-1

+1 Difference
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Synchronizing the data bits rising edgces, the difference between ideal signal and actual asym-
metrical signal is a series of pulses of widihi T.

The duratons of 'mark” and of "space’ being respectively T; and T, the data stream asymne-
try cau be defined as:

and |
T[T -Ty - (Tg-Ty)

thus the bit asymmetry & can be expressed in function of the difference pulsc width T and tic
average bit duradon Tqas:

The asymmetrical signal is the sum of an 'ideal signal’ and a ’difference signal’. The data bits
being assumed pseudo-random, the spectrum of the ideal signal does not includc discrete spec-
tral lines. It will be referred to as Ggpgy(f) in the rest of this analysis.

For the ’difference signal’, a pulse occurs at every transiton of the data bits from +1 to -1. The
average occurrence of such a transition is 1/4. In other words, there arc an average of Fy/4
pulses per second, where F is the data rate.

The “difference signal’ is composed of two states:

2
So 0| I probability p = 0.25

T
T4
-—

51 0 probability p; = 0.75

The spectrum Sl(f) of 5 is null.
The spectrum (jm(t) of the 'difference signal’ can be expressed as ([1], page 252, 10.10):

Jo=1 oo

Gl = 20150 1D= 150 1> + EIpS* Y 80- £
, P 4 . = d
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S o(t') can be casily computed as:

01 =25 @)

and (1) can be rearranged as:

Gl = $-00= PRS0 + hfx%iw— Hoo®
m “1" (] o’/ 1Yo ‘;_o‘ord 7';

Ul

Gm(n = A() + B()

The 'difference signal’ spectrum Gm(t) is thic "spurious specrum’ due to data bits asymmetry,
superimposed to the spectrum of the 1deal BPSK signal. Like the well know RZ signal. the “dif-
ference signal’ is a combination of random and of periodic compoucuts, which explains that the
spectrum Gm(f) is composed of a continuous componcnt A(f) and of a discrete component B(f)
(series of spectral lines).

3.2. CONTINUOUS COMPONENT OF THE *SPURIOUS SPECTRUM*

The specwum A(f) is of the form cinx/x, with the first zeros at a frequency + 1/t from the
carricr. From (2) and (3). A(f) can be rearranged as:

A() = (4/T) (p, - p,2) T (sin wrf/nrh)? (@)

LetP 'y be the total poweg gontained in A(f). We have:

+ @
_ 4 _oan .2
_T‘(po p;)rf (‘{W)df

= 4(po_p%)';:

The wtal power contained in A(f) versus the bit asymmetry is thus:

Pa=2(p, P& =0375a )
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For a bit asymmetry of 1%, P A Tepresents less than 0.4% of the total powecr (less than 0.02 dB
loss on the useful signal power).

A se 20 the carrier enc
The power density of A(f) at the top of thc main lobe is:

A = (/T @,-p, AT = 0T5x Ty ©
since p, =0.25 |

We will now evaluate the contribution of the “spurious” A(f) with regard to the spectrum of the
idcal BPSK signal Gppgg ().

We know that;

Gppsg(® = Ty (InaT /T )° ™
and

Gppsk® = Ty

The relative level of A(F) with regard 10 GBPSK(D 1y, at the center frequency:

agp = AO)Cigpgr(V) =-7.2+20 Log () o (8)
a being the data bit asymmetry as defined before: a =2¢T d

The plot of a ;5 versus bit asymmetry o is shown on figure 1. It can be seen that, for examplc, 2
bit asymmety @ = [% will generate a continuous spectrum with a main lobe 47 dB below the
main lobe of the useful spectrum. This level is low enough to guarantee that no significant deg
radation is to be expected in the carrier recovery loop of the receiver. -

A(f) far from the carrigr frequency

To evaluate the potential interference due to the ‘confinuaus” spectrum A(f) to adjacent chan-
nels, we will evaluate the relative power density of A(f) with regard to GBPSK(Q far from the
carrier. A simple way o do it, and still accurate enough., is to compare the envelopes of the rwo

spectra.
Let [A(f)] be the envelope of A(f). From (4), we obtain:
. 4(Po"P§) 1
AN = 9

Nimilarly, we compute the envelope equation of the useful signal spectrum Gppgy (f) from (7):
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Cepse Ml = zp5 (0

The peak power density of A(f) sidelobes far from the center frequency, relative w G psg®
sidelobes peak power density, at a given frequency is expressed by the ratio of the cnvgopcs of
the two spectra:

[G:"? = 4 (py— p2) ——1.25dB aan

The power density maxima of A(f) [ar [tum the center frequency remain always helow those of
the useful signal by 1.25 dB, rcgardless of the dat bit asymmerry. Therefore, we can assess that
the generation of the continuous spectrum A(f) due to data bil asymmetry is not a cause of
interference into adjacent channcls.

3.3. DISCRETE COMPONENT OF THE *SPURIOUS SPECTRUM’

The component B(f) of G (f) is a scries of specurdl lines spaced every F 4. From 2) and (3), we
can write:

Z 12 r) -3¢ £)

l[r—a @ r)

The envelope is. like with A(f), determined by S (f), thus in the form sinx/x, with the first ze-
ros 1/t away from the carrier.

B(f) at the cgrrier frequency

The highest spectral line is ar the center frequency (k=0). Its level is:
%)

BO) - 4p AT S, 20 = 4p,” T2
B() = -12+20Loga  dB (10)

B(0) rcpresents the level, witli regard to the unmodulated carrier. of the spuriouns line at the cen-
ter frequency duc to bit asymmetry. For exainple, 4 bit asymmeuy @ = 1% will regenerate: the.
carrier at a level of -52 dBc.

Figure 2 plots the variations of R(0) with the bit asymmetry.

For what concerns the impact on link perforuances of this specral line B(0) at the carrier fre-
quency, the reader can refer to references [2] and [3].
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B(f) far from the carrier frequency

As already deinoustrated above, the envelape of the spectral lines of B(f) is 2 sinx/x function
which main lobe widtl is + 1/t. T being small as compared with the data bit duration T 4, for all
values of the bit asymmeuy a below 10%. we can consider all spectral lines of B(f) within the
band to be analyzed as constant and cyual to B(0). According to the equation:

It = (o) Fd

the first null of B(f) is at:
It = 4(K)Fd for a - 0.5%
I/t - 20F; for u = 10%

4. POTENTIAL INTERFERENCE PROBLEMS DUE TQ DATA BIT ASYMMETRY
4.1. POWER FLUX DENSITY ON EARTH SURFACE (IN-BAND)
The power density of Ggpgg (D) around the center frequency is:

| [('iBPSK(f)] AF = ‘I“1 Af integrated over a band Af << Fd

Radio Rcgulations definc the maximum acceptahle power flux density within a certain refer-
ence bandwidth Af that can be radiated from space on the Earth surface. For instance, in the 2
GHz band, the referencc bandwidth is Al = 4kHz. This criterion is one of the dimensioning fac-
tors in the design of spacecraft tclemetry wansinissions to ground. Therefore, it is essential that
the telemetry transmitter using BPSK modulation be desigued in such a way that the level of the.
remnant cartier B(0) due to bit asymmetry docs not become the duiviug factor. In other words:

B(0) < TyAf
In the case of S-Band (2 GHz), the usual highest bit 1alc is about Fd = 6 Mb/s. Hence.

B(0) < - 32dBc

From fig. 2, we can scc that this can be achicved for @ < 10%.0r T < 0.05 T ;. which leads to T
< 9 ns, easily achievable with today’s technology.

In the case of Ku-Band (13 - 15 (iHz), F, may be as high as 200 Mb/s, whercas thc Radio
Regulations still make use of a reference handwidth of Af = 4 kHz.

In the Ku-Band case:
B(0) < 47dBc
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[rom fig. 2, we can see that Lhis requires that a < 15%, or © < 0.0075 T, which leads 10 T <
37.5 ps (picoscconds). This challenging requircmcat cannot be achieved with present tecluol-

ogy.
4.2 OUT-OF-BAND EMISSTONS

CCSDS Recommcendation 3.2.2 "Maximum permissible out-of-band spurious cmissions for
Category A Spacecraft Transmitters in the 2 GHz and 8 GHz Bands" was rcecntly raised to
'red’ level and is presently under Agengy revue. It recommends that these emissions do not ex-
ceed -60 dBc over the band 10 MHz - 10000 MHz. This requirement can be met in the case of
bit asymmetry without special RF filtering provided that: '

B(0) «<-60 dB¢
or, according to (10):
a<04%

It has been shown on existing hardware that, provided that resynchronization is performed into
the transmitter on the data stream before entering the modulator, a mark-to-space unbalance of
no more than 3ns can be achieved without excessive complexity. From the equation:

[y - anrt
It comes that, with T=3ns, no filtering is needed for data rates up to
Fq = G50 kb/s

and at the maximum ratc of F; = 6 Mb/s, a 20 dB attcnuation on thc modulated spcctrum is
necessary to comply with CCSDS Rec. 3.2.2.

4.3. A SPECIFIC PROBLEM: PROTECTION OF THE DEEP SPACE BANDS

One typical example is the interference into the Deep Space ground stations receivers, operating
in the 2.29 - 2.30 GHz band, from near Earth spacecraft which operate in the adjacent band 2.20
- 2.29 GHz.

Radio Regnlations stipulate (AP2X, ‘Table 1) that-the spurious power at the input to the re-
ceiver of a Deep Space ground station should not exceed -222 dBw/Hz in the 2.29 - 2.30 GiHz.
band. Taking the most critcal case of a Deep Space ground station with an antenna diameter of
70 m. this tranilatcs into a maximum power flux density at the Deep Space station antenna
of -258dBw/mi“/Hz. A

A near earfh orbiung spacecralt is requited not 0 exceed a@ power flux density (PFD) of -
154dBw/m®/4kI]z at the earth surface. When addressing discrete lines, this can be translated
into -190dBw/m*/Hz.

Let us take the practical case of a near earth spacecraft transmitting in BPSK at a rate of 3 Mb/s.
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CCSDS S/P 1E

Let us asswc that the wansmit power Ptzis such that the radiated PFI) on the earth surface
rcachcs the regulatory liniit of -190 dBw/m“/Hz. The power spectral density PSD at the output
of the transmitter is:

PSD = P, - 65 dBw/Hz  foraPFD = -190dBw/m%/Hz

With a mark-to-space ratio T of 3ns, the asymmetry & is 1.8% and. accbrding to (10), the level
of discrete lines is:

B(0) = P, - 47 dBw

According 10 CCSDS Rec 3.2.2, the out-of-band spikes will be at a level of P, - 60 dbw,
generating a PFD of -185dBw/m“/Hz. 73dB above the limit derived trom Radio }legs AP28.
The additonal protection can only be provided by the means of a band-reject filter. However,
sincc at 2 Gllz near carth and decp space bands are adjacent. such a filter is not feasible in
many cases, especially for ncar earth transmissions in the upper part of the allocated band, and
only part of the required attenuation can be cnsurcd. In that case, coordination procedures necd
to be set up to avoid interference to deep space communications.

5. CONCLUSION

NRZ data asymmetry for BPSK modulatiou should be minimized in order to restrict as much as
possible the level of unwanted intcrlobes spikes. A good engincering design allows in geueial
to meet requirements for interference avoidance except when it comcs to the protection of Decp
Space bands. In that context, a case-by-case analysis is generally necessary and coordination
may have to be considered.
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1

Earth-to-Space links are typically characterized by high symbol signal-to-noise ratio (SNR)
and low data rates (7 — 500 symbols per second). The uplink is uncoded and as a result,
symbols and bits are identical. Existing transponders employ the Data Transition Tracking
Loop (DTTL) in the Command Detection Unit (CDU) to perform symbol synchronization.
The latter loop, depicted in Fig. 1, relies on an inphase and a midphase integrator to provide
an error signal that is independent of the data polarity. The inphase integrator integrates over
a syﬁlbol followed by a hafd decision on the symbol polarity. By subtracting two successive
decisions, a transition detection detector is used to determine whether a no transition (0),
a +1 to —1 transition or a —1 to +1 transition occured. In the other arm, an integrator

offset by half a symbol duration (thus the nomenclature, midphase integrator) produces an

Minimum Symbol Transition Density on
Earth-to-Space Links

S. Hinedi, T. Nguyen, and A. Anabtawi
National Aeronautics and Space Administration
Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Dr.

Pasadena, CA 91109

Abstract -

This paper summarizes key results on the minimum modulated symbol transi-
tion density on Earth-to-Space links required by existing Command Detection Units
(CDU’s). The results are verified using computer simulations.

Introduction
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estimate of the error in phase (or timing) modulated by the data polarity. Mulltiplying
that output by the transition detector output wipes out the polarity and produces an error
signal that is filtered by the loop filter and then, used to advance or delay the phase of the
local symbol clock. In this paper, let P, denote the transition probability and p denote the
probability of +1. It is well known that P; = 2pq, where ¢ = 1 — p is the probability of —1.

2 Performance of the DTTL when P, =1/2

The performance of the DTTL for random data (that is, P, = 1/2) has been analysed in [1]

where it is shown that the variance of the phase error (in units of cycle?) is given by

’wBLoT
2R,erf(\/R;)

where A denotes the phase error (in cycles), w the midphase window with w < 1 (unitless),
T the symbol duration (in sec), By, the loop bandwidth (in Hz), R, the symbol SNR (ﬁnit-
less) and erf(z) is the error function of z. For R, > 6 dB, erf(v/R;) ~ 1 and (1) can be

(1)

oy =

approximated by
wBrT

2R,
Note that the loop SNR (denoted by p) is related to o} through

(2)

o2 ~

_ 4
47203

p (3)

As an example at 500 sym/sec, R, = 10 dB, and w = 1, the minimum operating loop

bandwidth required to maintain a 15 dB loop SNR is about zzz Hz.

3 Performance of the DTTL when P, # 1/2

The performance of the DTTL for an arbitrary transition density was worked out in [2]
assuming that the noise spectrum at the output of the loop phase detector is independent of

the transition density. A technique was presented to select the minimum transition density

110



to achieve a specified degradation in the symbol error rate. More recently, the change in
noise spectrum was accounted for in [3], assuning “high” R, and w = 1. In addition, data
asymmetry which accounts for unequal rise and fall times in the baseband pulse was included
in the analysis. For the purpose of this report, we ignore data asymmetry and focus and

transition density. It is shown in [3] that

h(0)BLT
ZRSQ;(LO) @)

o) =
where g, (0) denotes the derivative of the S-curve evaluated at A = 0 and is given by
9,(0) = 2Peerf(\/R,) (5)
and h(0) denotes the normalized noise spectrum and is given by
h(0) = p* + ¢ — ert?(\/R,) {p* + ¢ — 2pq + P*a(p + 1) + 2pqR. } + pq(1 + 2R,)  (6)

For “high” values of Ry, it can shown that A(0) ~ 2P; and as a result, (4) reduces to

, BT
92 = 3R,

independent of P,! (7)

At first glance, this result might seem surprising and to a certain extent, erroneous. But a
closer look at the response of the DTTL indicates that the transition density affects three
different fundamental parameters of the loop in opposing ways and the various affects pull
the loop in opposite diretions and end up cancelling each other. First as the transition
density deviates from 50%, the loop bandwidth is reduced by 2P;. As an example if the
loop was designed to operate with 5 Hz bandwidth with 50% transitions, the operating loop
bandwidth with 3% transition would be 5 x 2 x 0.03 = .3 Hz. It is important that the
operating bandwidth remains large enough to accomodate the effects of nonideal oscillators
such as clock drift and phase noise. To a first order approximation, the loop perturbation
effect is independent of the SNR or the window size and is depicted in Fig. 2. In Fig. 2.a,

the slopes for 40%, 20% and 3.1% transition probabilities are depicted in normalized form
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(divided by the slope assuming 50% transition) versus symbol SNR. These curves in effect
reflect the change in operating loop bandwidths as a function of P,. In Fig. 2.b, similar
results are presented with the normalization performed with respect to the 20% transition
density. In this case, the operating bandwidth is the design bandwidth for a 20% transition
and deviates (becomes larger or smaller) from that for different transition probabilities.

The second effect to be discussed is the change in signal power in the loop. Since the
slope of the S-curve has changed, the signal power in the loop drops by the square of the
slope. Hence, the signal power drops by (2P;).

Third, the noise spectral level in the loop also drops by 2P, since h(0) — 2P, at high
symbol SNRs. Note that the noise enters the loop mainly through the midphase detector.
As the number of transitions decreases, the midphase output is multiplied by more zeros
from the transition detector, assuming the latter operates with few errors (which is the case
.at “high” symbol SNRs). Figure 3 depicts the normalized noise spectral level (normalized to
50% transition in Fig. 3.a and to 20% in Fig. 3.b). Finally, Fig. 4.a depicts the ratio of the
tracking variance (with w = 1) for various transition densities normalized by the tracking
variance for a 50% transition. The tracking variance for a 50% transition density is depicted
in Fig. 4.b. Figure 5 (a and b) depict similar results with w = 1/4. The performance is
verified through computer simulations which confirm the fact that the variance does not vary

with the transition density at “high” SNR.

4 Conclusion

The goal of this study is to draft a recommendation for minimum transition densities required
for Earth-to-Space links. The performance of the DTTL as a function of the transition
density is understood for “high” symbol SNR and with window equal to unity. In this case,
the tracking jitter (and thus, the degradation on telemetry) of the DTTL is unaffected by

the transition density. However, the loop bandwidth varies with the transition density and
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it is important to guarantee that the operating bandwidth at all times is adequate to handle
the nonideal effects of the oscillators found in practice. Equally important is the effect of
the transition density on the acquisition performance of the DTTL, which is not quantified
in the literature to the best of the authors knowledge. It is suggested that further studies
be performed by extending the results in [2] and [3] before any recommendation is drafted.
Specifically,

the jitter should be characterized as a function of the transition density for “low”
symbol SNR’s and various windows, as future systems might have coded uplinks,

the acquisition of the DTTL should be characterized as a function of the symbol
transition density,

the results should be verified through simulations and measurements with the

Advanced Receiver,
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Abstract

The technique of determining spacecraft angular position by Delta Differential One-Way Ranging
(ADOR) is described. The dependence of measurement accuracy on parameters which define the
spacecraft signal spectrum is shown. To enable a ADOR measurement, a spacecraft must emit
several tones. A narrow tone spacing is required for integer cycle phase ambiguity resolution,
while a wider tone spacing is required for high measurement accuracy. An illustration of ADOR
measurement accuracy, using the Mars Observer spacecraft, is presented. Guidelines for specifying
spacecraft tone spectra are presented based on typical accuracy and ambiguity resolution needs, on
frequency allocation for deep space tracking, on the efficient use of spacecraft signal power, and on
the efficient use of ground tracking resources.

1. Introduction

Very Long Baseline Interferometry (VLBI) is a technique that allows determination of
angular position for distant radio sources by measuring the geometric time delay between
received radio signals at two geographically separated stations. The observed time delay is
a function of the known baseline vector joining the two radio antennas and the direction to
the radio source.

An application of VLBI is spacecraft navigation in deep space missions where the
measurements at two stations of the phases of tones emitted from a spacecraft are
differenced and compared against similarly differenced phase measurements of angularly
‘nearby quasar radio signals. This application of VLBI is known as Delta Differential One-
Way Ranging (ADOR).

As such, this technique may necessitate intra-agency cooperation because stations from
different agencies can be used as ADOR data collectors for deep space navigation purposes.
The NASA Deep Space Network (DSN) has used this technique operationally in a number
of missions including Voyager, Magellan, and Vega. Currently, JPL navigation teams are
employing ADOR in the Mars Observer and Galileo missions.
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This technical position paper intends to provide implementation and performance details of
the ADOR technique in order to support forging CCSDS! standards for spacecraft VLBI,
given the increasing popularity of this method among space agency navigators.

2. ADOR and Quasars

An interferometer processes signals recorded at two stations that are geographically
separated. The vector B from the first to the second station antenna is called the baseline
vector. If the direction § of an extraterrestrial radio source forms an angle 8 with the
baseline vector, then a single radio frequency (RF) source signal wavefront arrives at the
two ends of the baseline with a time difference given approximately by

T, = -%(E «5)= —-gcosa 1)

assuming that B = |B|. This geometric time delay is an observable quantity with a
maximum possible value equal to earth radius/c, or 0.021 sec, and a rate of change due to
earth rotation up to 3.0 psec/sec. '

The advantage of very long baselines can be shown by differentiating the above equation
with respect to geometric delay:

8 __c

= A 2
gt, Bsin@ @

In the above equation the longer the baseline B, the smaller the angular position error for a
given error in observed time delay. DSN baseline lengths are between 8,000 and 10,000
km, which yield angular position errors of about 30 nanoradians provided that
measurement error in observed time delay is not larger than 1 nanosecond. Note that 30
nrad corresponds to about 22 km plane-of-sky position accuracy at a distance equal to that
of Jupiter from the sun.

A ADOR measurement is generated from one-way range measurements made between a
spacecraft and each of two ground antennas, and an interferometric time delay measurement
“of a natural radio source made using the same two antennas.

For a spacecraft, one-way range is determined locally at each station by extracting the
phases of two or more tones emitted by the spacecraft. One-way range measurements
contain unknown biases due to spacecraft clock offset, receiver clock offset, and ground
station instrumental delay. Differential one-way range (DOR) measurements are formed by
subtracting the one-way range measurements generated at two stations. The station
differencing eliminates the effect of the spacecraft clock offset, but DOR measurements are
biased by ground station clock offsets and instrumental delays. The observed quantity in a
DOR measurement is analogous to the interferometric delay which may be measured for a
broadband radio source as in Eq. (1).

To generate a ADOR measurement, an interferometric delay measurement of an
extragalactic radio source (quasar) is subtracted from a spacecraft DOR measurement. Each
station is configured to acquire data from the quasar in frequency channels centered on the

1Consultative Committee for Space Data Systems
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spacecraft tone frequencies. This receiver configuration choice ensures that the spacecraft-
quasar differencing eliminates the effects of ground station clock offsets and instrumental
delays. In fact more is accomplished. By selecting a quasar which is close in an angular
sense to the spacecraft, and by observing the quasar at nearly the same time as the
spacecraft, the effects of errors in the modeled station locations, earth orientation, and
transmission media delays are diminished. A ADOR measurement determines the angular
position of a spacecraft in the inertial reference frame defined by the quasars.

The spacecraft and quasar observables are derived from processing digital samples of the
radio signals received at each station. The spacecraft tone phases may be extracted using
either open-loop or closed-loop techniques, but the quasar radio signal must be recorded
open-loop. The quasar data samples from two stations must be transmitted to a central
processing facility for delay measurement extraction. The DSN stations currently generate
open loop recordings of both quasar and spacecraft signals, though an experimental closed-
loop tone tracker is now being used during spacecraft observations for realtime validation.
The same instrumental receiver chain, to the point of signal digitization, must be used for
both spacecraft and quasar data acquisition.

The RF signals are selectively downconverted and filtered to generate several baseband
channels. Normally, one baseband channel is centered on each spacecraft tone. The
instantaneous channel bandwidth is typically in the range of a few hundred kiloHertz to a
few MegaHertz. The DSN operational system, referred to as the Narrow Channel
Bandwidth (NCB) VLBI System [Liewer 1988], uses a 250 kHz channel bandwidth. The
analog signal in each channel is digitally sampled at the Nyquist rate, and then either
recorded or input to the tone tracker. For DSN data acquisition, data samples are
transmitted to the Network Operations Control Center at JPL for observable extraction.

For spacecraft data processing, an a priori tone phase model is computed, based on the
nominal measurement geometry and transmitter frequency. A search in frequency is
conducted to locate the actual tone frequency, and then tone phase is extracted using a
phase-locked loop. This procedure is repeated for each tone at each station. Denote the
station-differenced received phase, for a spacecraft tone with transmitter frequency w;, by
¢{w;). Then the spacecraft delay observable is given by

T:,C - ¢S(w2)— ¢S(wl) . ‘ (3)

W, — W,

The frequency separation between the two outermost DOR tones is referred to as the
spanned bandwidth of the spacecraft signal.

For quasar data processing, the data samples in each baseband channel from two stations
are cross-correlated to produce an estimate of interferometric phase ¢y(@;) at the channel
centroid frequency @; [Thomas 1987]. Interferometric phase for a broadband radio source
is analogous to station-differenced phase for a sinusoidal radio source. The quasar delay
observable is given by

2% = M- 4
W, = W,

The centroid of the receiver bandpass for channel i takes the role of the discrete frequency
of DOR tone i.
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3. Spacecraft DOR Tone Structure

A spacecraft transponder must emit several tones (referred to as DOR tones) spanning some
bandwidth to enable a DOR measurement. The DOR tones are generated by modulating a
pure sine wave or pure square wave onto the downlink carrier at either S-band, X-band, or
Ka-band. Requirements on the number of DOR tones, tone frequencies, and tone power
are based on the expected a priori knowledge of spacecraft angular position and on the
required differential range measurement accuracy, as discussed below. Generally, a
narrow spanned bandwidth is needed for integer cycle ambiguity resolution based on a
priori knowledge of spacecraft angular position, while a wide spanned bandwidth is needed
for high measurement accuracy.

Tones generated by modulating a carrier signal by a single square wave provide a low
performance option. The ratio of maximum spanned bandwidth to minimum spanned
bandwidth, for tones above the detection threshold, is usually in the range of 1 to 6. To
provide higher performance (i.e. a wider spanned bandwidth with more power in the outer
tones), while still providing a spanned bandwidth narrow enough for integer cycle
ambiguity resolution, more DOR tones are needed. Sine waves are normally used in multi-
tone systems based on efficiency considerations.

For example, ADOR measurements were made for the Voyager spacecraft using high order
harmonics of the 360 kHz telemetry square wave subcarrier signal. More accurate ADOR
measurements have been made of the Mars Observer spacecraft using two sine wave
signals (3.825 MHz and 19.125 MHz) modulated onto the downlink carrier.

It is preferable for DOR tones to be frequency coherent with the downlink carrier. This
facilitates the detection of weak DOR tones by allowing the use of a phase model derived
from the received carrier signal. Also, the transmitted spanned bandwidth of the DOR
tones, which must be known for the generation of a differential range observable from
received phase measurements, will in this case be a defined multiple of the transmitted
carrier frequency.

The most usual DOR tone modulation formats are presented next.

3.1 _DOR Tones Generated from Modulation by Two Sinewaves

Two sinusoidal tones with circular frequencies w; and w, are phase modulated on the
downlink carrier signal with peak modulation indices m; and m,, respectively:

s(t) = V2P; cos( wt + mysin(w;t) + mosin(wst) ). 5

The above expression may be expanded to separate the carrier and main DOR tone
components of the signal from higher order harmonics:

s(t) = V2P [ Jo(m; W o(m;)cos(wet ) - 2 ,(m ) m;)sin(w t)sin(w;?) -
27 (m; ) ,(m,)sin(w £)sin(w;t) + higher harmonics | (6)

where J, and J, are Bessel functions of the first kind. The modulation produces tones at
frequencies of w+w, and w+w,. Modulation indices may be chosen to put more power in
the outer tones, while putting just enough power in the inner tones to provide for ambiguity
resolution.

. 126



The powers allocated to the carrier and the tones are easily deduced from the above
expression:

P, = PpJ o (m )] ;5(m,),
P, = P (m;)J 2(m;), and
Py = P gX(m;)J ;X(m,). @)

The corresponding modulation losses are expressed as the fractions below:

)

P.- JA(m ) H(m;),

PT

FI = J]z(ml)Ioz(mz), and

PT

ITi =J 2 (m;)J H(my). (8)

The above two-sinewave signaling scheme is used on Mars Observer. For Mars Observer
the nominal values of the DOR modulation indices are m,=0.64 rad and m,=0.32 rad for
the f,=19.125 MHz and f,=3.825 MHz DOR tones, respectively. Such values yield
modulation losses P./P;=-1.14 dB, P,/P=-10.57 dB, and P,/P;=-16.94 dB.

3.2 DOR Tones Generated from Modulation by One Squarewave

In this case, one squarewave signal with unit amplitude and frequency w; is phase
modulated on the downlink carrier to generate a downlink signal with multiple tones:

s(t) = V2Pr cos( wt + m;sqwv(wyt) ). 9)
The cosine of the sum may be expanded to give:
s(f) = V2P; cos(m;sqwv(w;,t)) cos(w.t ) - V2P sin(m;sqwv(w;?)) sin(w.t).  (10)

The second term on the right hand side is a carrier signal multiplied by a square wave with
amplitude sin(m;). This square wave has a Fourier expansion

sin(m,sqwv(w,t)) = sin(m,)%i cos[(il; : i)wltj . (11)
and Eq. (10) may be rewritten as
s(t) = V2P, cos(m;sqwv(w;,t)) cos(w.t ) -
= cos(2k - 1)w,t] .
V2P, sin(m,)%z1 °°s[(2k - 1)“’ J sin(w,? ). (12)

The second term on the right hand side produces tones at odd multiples of the subcarrier
frequency spaced about the carrier. The modulation loss formula for the squarewave
harmonics is easily calculated from the coefficients of the above expression:
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P, 4 1 .
F: = ?Wsmz(m,) at w, +(2k-1)w, for k=1,2,3,... (13)

Considering that the cosine is an even function, the first term on the right hand side of Eq.
(10) would appear to produce a pure carrier signal with P./Pr = cos?(m;). However, since
the square wave must be band limited, the function cos(m;sqwv(w,?)) is actually a spike
train with period 27/(2w,;) and amplitude (1 - cosm;). This spike train produces even
harmonics of the square wave frequency about the carrier signal [Hildebrand and Yunck
1982]. For high rate subcarriers, say above 360 kHz, these tones may be detectable and
usable as DOR tones. The power in the even harmonics is proportional to (1 - cosm;)?, but
the actual power depends on the shape of the subcarrier signal. The total power in the even
harmonics, excluding the carrier signal itself, is usually quite small.

When telemetry modulation is imposed on the subcarrier, the odd harmonics are spread and
are not usable for DOR measurements. The even harmonics generated from the spike train,
on the other hand, remain as pure tones. High order even harmonics of the high rate
telemetry subcarrier, at a level of about -30 dB relative to the total signal power, were used
as DOR tones for the Voyager and Magellan spacecraft. While such measurements of
opportunity may be useful, it is difficult to plan for this case since the spectrum depends on
the precise shape of the subcarrier signal.

Normally, low order odd harmonics of the square wave modulation would serve as DOR
tones. This scheme was used on the Vega and Phobos missions.

As an example consider a fully suppressed carrier (m,=90°). Then the suppressioxi of the
first two odd square wave harmonics is given by:

B 3924B and
F
E__ 134648 (14)
I)T .
. Signal Detection Requi |

Signal detection requirements are stated in terms of the voltage signal-to-noise ratio for an
1-sec average. For a sinusoidal spacecraft signal, the requirement may be expressed in
terms of tone power to noise power spectral density. For a broadband quasar signal, the
requirement may be expressed in terms of source flux, antenna gain, antenna noise
temperature, and recorded bandwidth. The requirements given here are not theoretical
limits, but rather practical thresholds based on typical system coherence times® and
operational data processing methods.

* The system coherence time may be defined as the time for the actual signal phase to wander by 0.1 cycle
from the model signal phase.
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The requirements are:

SNRY/ € =5.0 for a spacecraft tone, and (A)

SNR&F 1.3 for a broadband quasar source, (B)

where SNRy; is the voltage signal-to-noise ratio for an 1-sec average. The difference in
detection criteria is due to the effective coherence time. Quasar signal detection is based on
an averaging time of about 60 sec, since geometric delay models for quasar signals are
quite well known a priori. But spacecraft signal detection must usually be based on an
averaging time of order 1 sec, since tone phase models are not well known a priori. If the
spacecraft transmits a carrier signal which satisfies criterion (A), and if differential range
measurements are to be made using side tones which are coherent multiples of the carrier
signal, then the detection requirement for the sidetones may be relaxed to

SNRY 21.3 for a spacecraft tone which is a ©
coherent multiple of a spacecraft
- carrier signal which satisfies criterion (A).

For a spacecraft tone, the 1-sec voltage SNR is related to Py,,/N,, the tone power to noise
power in a 1 Hz bandwidth, by

Tone (1 5)

where the factor 2/m is due to 1-bit sampling of the signal. The factor 2/x is replaced by
unity for a system which supports multi-level sampling. Using Eq. (15), criteria (A) and
(C) may be rewritten as

2

Tore >13dB*Hz  for a spacecraft tone, ‘ (A"
0
Fre =1dB*Hz for a spacecraft tone which is a (o))
N, coherent multiple of a spacecraft

carrier signal which satisfies
criterion (A').

For a broadband quasar signal, the 1-sec voltage SNR is related to system parameters by
[Thomas 1981]

I.T
SNRJF = KL% #,/Nb (16)
51752

where K is the system loss factor (0.8 to 1.0), the factor 2/x is due to 1-bit sampling, T;
T; are the correlated source temperature and system noise temperature at antenna i, and ﬁ;
is the number of data samples in 1 second. The correlated source temperature for antenna i
is given approximately by

T, = 0.00030 & 77?2 S, 17
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where ¢, r; are the efficiency-and radius (m) for antenna i and S, is the correlated source
flux (Jansky or Jy). For the DSN NCB VLBI System operating at X-band, K, = 0.8, ¢ =
0.60 for a 70-m diameter antenna at 10° elevation, £ = 0.68 for a 34-m diameter antenna at
10° elevation, T, = 30 K, and N, = 500,000. Using these nominal values in Eqs (16) and
(17), the detection criterion (B) is restated in terms of minimum required correlated source
flux for DSN antenna pairs in Table 1.

Table 1. Minimum correlated source flux for signal detection at X-band using the

NCB VLBI System.
DSN Antenna Pair Minimum Correlated Flux
70m-70m 0.16 Jy
70m-34m 0.30 Jy
34m-34m 0.60 Jy

S. ADOR Measurement Accuracy

The precision of a spacecraft DOR measurement, given by Eq. (19) below, depends on the
received tone power to noise power ratio and on the spanned bandwidth of the DOR tones.
But the accuracy of a ADOR measurement, given by the sum of Egs. (19) through (28)
below, also depends on the precision of the quasar delay measurement, on knowledge of
the quasar position, on clock stability, on instrumental phase response, and on uncertainties
in earth platform models and transmission media delays. An error budget for a ADOR
measurement depends on observation geometry and all of these factors. Specifications for
DOR tone power level and spanned bandwidth are based on total ADOR measurement
accuracy, rather than only on spacecraft DOR measurement precision. Simplified formulae
are given here for evaluating ADOR measurement accuracy to provide a basis for
developing transponder specifications.

Normally, a ADOR pass consists of three "scans" of data recording each of a few minutes
duration. The observing sequence is spacecraft-quasar-spacecraft. A ADOR observable is
generated from the linear combination of the three measurements which eliminates linear
temporal errors. The observed quantity in a ADOR observation is time delay.

5.1 Spacecraft SNR

The precision of measurement of tone phase, for 7} sec of data, is described by the error in
the tone phase measurement:

1
= ————— cycles. 18
%o = 2aNT,SNRSC (18)

A DOR measurement is formed from tone phase measurements, received at two stations, as
in Eq. (3). Assuming that the four tones have the same received power to noise ratio, the
delay error ¢, is given by
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2

anm\/ e SRS

(4

£ SeC (1 9)

where fpy is the spanned bandwidth (Hz), T, is the observation scan length (sec), and N,
is the number of channels of data recorded by time multiplexing. Set N, to unity if data
channels are recorded in parallel.

5.2 uasar SNR

The quasar delay measurement error is given by [Thomas 1981]

\2

= T,
2o SRS

c

sec. (20)

€

The spanned bandwidth for the quasar measurement must be selected to be the same as for
the spacecraft tones to ensure cancellation of the effects of dispersive instrumental phase
shifts.

5.3 Quasar Position

Uncertaihty in the position coordinates of the reference quasar will cause a ADOR delay
error through the relation given by Eq. (1). Assuming a spherical position uncertainty of &,
rad, the delay error is

g, =—L¢, sec (21)
¢

where B, is the projected baseline length.

5.4 Clock_Instabilit
Instability in the station frequency standard or temporal instabilities in instrumental

components cause a delay error which depends on the time separation between the
spacecraft and quasar observations. The delay error is given by

&, = V2Tyc_omE /s SEC (22)

where T c o (S€C) is the time separation between the spacecraft and quasar observations
and &4 is the composite Allan standard deviation of the station frequency standard and
frequency distribution system.
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5.5 Instrumental Phase Ripple

A quasar signal is affected by the station instrumental phase response across the bandpass,
whereas a spacecraft tone is affected by the instrumental phase shift at the tone frequency.
- A deviation of the phase response from a smooth phase versus frequency transfer function
is referred to as phase ripple. Instrumental phase ripple of ¢, deg causes a delay error of

e, =22 1 %0 sec (23)

assuming the phase ripple is independent in each channel and at each station, and assuming
that the phase ripple averages to zero for the quasar measurement.

5.6 _ Station Location
Uncertainty in station coordinates causes a delay error which depends on the spacecraft-

quasar angular separation. Assuming a spherical uncertainty &, in baseline position
components, the delay error is

g, = ABET gec (24)
c

where A6 is the spacecraft-quasar angﬁlar separation (rad).

5.7 Earth Orientati

Uncertainty in the orientation of the Earth in inertial space causes a delay error of the same -
form as station location uncertainty. The delay error is

£, = AGUM gec (25)
C

where ey7py is the positional uncertainty in UT1-UTC and polar motion at the Earth's
surface.

3.8 Troposphere

Uncertainty in the zenith tropospheric delay, primarily due to variations. in the wet
component, causes a systematic delay error of

-] - LI - |sec | (26)
clsmys,c smyQSR|

E

where p, is the zenith uncertainty, ygc is the spacecraft elevation angle, and yp is the
quasar elevation angle. There is a term of this form for each station.
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5.9 Ionosphere

The ionospheric error depends on signal frequency and path delay uncertainty after
calibration. A rough empirical formula, based on comparisons of ionospheric calibrations
derived from Faraday rotation measurements with dual frequency quasar VLBI
measurements [Edwards 1991], is given by

(1.46 +16.9A6)
£, - 5
Jrr

where A€ is the spacecraft-quasar angular separation (rad) and fgr is the signal radio
frequency (GHz).

x107 sec (27)

.10 Solar Plasma

The solar plasma error depends on signal frequency and proximity of the the signal
raypaths to the sun. An estimate for the delay error is given by [Callahan 1978]

0.013
frr

where SEP is the sun-radio source angular separation, B, is the projected baseline length
(km) at the point of signal closest approach to the sun, vg (km/sec) is the solar wind
velocity, and fzr is the signal frequency (GHz). There is a term of this form for both the
spacecraft and the quasar.

0.75
BP
V.

[sin(SEP)T”(—) x 10~ sec (28)

SwW

E. =

211 Root-Sum-Square

The predicted ADOR measurement accuracy is computed as the RSS of the above ten
terms. Equation (2) may be used to relate delay measurement accuracy to angular position
accuracy.

6. Mars Observer ADOR Error Budget
The formulae of Section 5 show how ADOR measurement accuracy depends on spacecraft
transponder parameters, on observation geometry and scan length, on instrumental
stability, and on the accuracy of external calibrations. Nominal values for these
parameters, applicable for the cruise phase of the Mars Observer mission and for data

acquisition using the DSN NCB VLBI System, are given in Table 2. Figure 1 shows the
error budget which corresponds to these parameter values.
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Table 2. Nominal parameter values for evaluation of Mars Observer ADOR error budget.

Term Description Nominal Value

P:;,./N, |DOR tone power to noise power spectral density 25 dB*Hz

K; System loss factor (quasar data acquisition) 0.8

N, Number of quasar data samples per second 500,000

T, System noise temperature, antenna i Antenna 1: 30K
Antenna 2: 30K

E; Efficiency, antenna i Antenna 1: 0.60
Antenna 2: 0.68

r; Radius, antenna i Antenna 1: 35m
Antenna 2: 17 m

S. Correlated source flux 0.8 Jy

fow Spanned bandwidth 38.25 MHz

T ot Observation scan length S/C: 10 min
QSR: 14 min

N, Number of time-multiplexed frequency channels 4

£g Quasar position uncertainty 5 nrad

B, Projected baseline length 8000 km

Tsic-osr Time separation between S/C and QSR observation 12.5 min

Eafyy Clock Instability 1014

&, Instrumental phase ripple 0.5 deg

A8 Spacecraft-quasar angular separation 10 deg

Estn Baseline coordinate uncertainty, each component 3cm

EyureMm Baseline orientation uncertainty, each component 5cmt

p: | Zenith troposphere delay uncertainty, each station 4 cm

Ysic Spacecraft elevation angle Antenna 1: 20 deg
Antenna 2: 25 deg

Yosr Quasar elevation angle Antenna 1: 25 deg
Antenna 2: 20 deg

frr Signal radio frequency 8.4 GHz

SEP Sun-Earth-Source angle 50 deg

Vsw Solar wind velocity 400 km/sec

T Realtime prediction uncertainty for UT1-UTC is 30 cm. A processing delay of 1 week is necessary to
obtain 5 cm accuracy for earth orientation calibrations.
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Flgure 1. ADOR error budget (1-0) for Mars Observer, based on the nominal
parameter values given in Table 2.

The RSS ADOR measurement accuracy of 0.23 nsec, shown in Fig. 1, provides an
angular position accuracy of 9 nrad for a projected baseline length of 8000 km. The
dominant errors due to quasar SNR, quasar position, instrumental phase ripple,
troposphere, and ionosphere vary considerably with observing schedule and geometry, so
that actual performance for Mars Observer ADOR accuracy falls within a range of values
from 0.1 nsec to 0.7 nsec. The DOR tones emitted by the Mars Observer transmitter
clearly enable ADOR measurement accuracy, using the DSN, of better than 1 nsec.

Perhaps the single most important parameter in the error budget is the spanned bandwidth
of the spacecraft DOR tones. Doubling this bandwidth, while holding other parameters
fixed, will halve the errors due to spacecraft SNR, quasar SNR, and instrumental phase
ripple. Once antennas and data acquisition terminals are implemented, little control is
available over the other parameters which affect quasar SNR and instrumental phase ripple.
For example, the quasar scan length must be increased by a factor of four to halve the error
due to quasar SNR if other parameters are held fixed.

7. _Integer Cycle Phase Ambiguity Resolution

Only the fractional part of signal phase can be measured; the integer part must be
determined from a priori knowledge. This phase ambiguity leads to a ADOR time delay
ambiguity equal to the reciprocal of the minimum spanned bandwidth. For ambiguity
resolution at the 99% confidence level, the spacecraft geometric delay must be known a
priori in the radio reference frame to 1/6 of the reciprocal minimum spanned bandwidth.
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Delay ambiguities in observables generated from wider spanned bandwidths are resolved
successively by using delay estimates from the narrower spanned bandwidths.

For example, the angular position of the spacecraft must be known a priori with a 1-o
accuracy of 1 urad to confidently resolve the ambiguity in a ADOR measurement which
was made by using a 5 MHz spanned bandwidth and a 10,000 km projected baseline
length. This level of accuracy is nonnally achieved using a few passes of Doppler and
range data.

Once the delay ambiguity has been resolved for a spanned bandwidth of fgy,, then the
ambiguity may be resolved for a spanned bandwidth of 7fgy,, provided that

n = 1/(60y), (29)

where oy, is an upper bound on the 1-o dispersive error (cycles) in the channel-
differenced, station-differenced phase measurement used to generate delay at the spanned
bandwidth fgy,. Dispersive errors, caused by system thermal noise, instrumental phase
ripple, and interchannel oscillator phase drift, are conservatively bounded by 0.03 cycle,
indicating that spanned bandwidth may reliably increase by a factor of 5.5.

In a multi-tone system, a tone frequency ratio of f,/f; = 12 is consistent with a jump of at
most 5.5 in spanned bandwidth. The ambiguity is first resolved using the carrier tone and
one DOR tone at frequency separation f; from the carrier. Next, the ambiguity at spanned
bandwidth 2f; is resolved. The resulting delay estimate is used to resolve the ambiguity at
spanned bandwidth f,-f;, which may finally be used to resolve the ambiguity at spanned
bandwidth 2f,. Note that f,/f; = 12 follows from (f;-f;)/(2f;) = 5.5.

Dispersive phase measurement errors may be considerably less than 0.03 cycle for a highly
linear ground receiver system operating with strong signal levels. For this case use Eq.
(29) to determine the greatest allowable jump in spanned bandwidth.

8. Proposed Spacecraft DOR Tone Spectra

The material developed in Sections 1 through 8 may be used to derive specifications for the
number of spacecraft DOR tones, tone powers, and tone frequencies, given mission
-navigation accuracy requirements. Guidelines for DOR tone spectra are presented here
based on typical accuracy and ambiguity resolution needs, on frequency allocation for deep
space tracking, on the efficient use of spacecraft signal power, and on the efficient use of
ground tracking resources. The case of a single spacecraft in interplanetary cruise is
considered first. Next, the special case of differential VLLBI measurements made between
two spacecraft is considered.

8.1 Cruise Navigation Support; Ambiguity Resolution _and Measurement
Accuracy . '

A minimum spanned bandwidth of 5 MHz or less is recommended so that integer cycle
delay ambiguities may be resolved, for the longest baselines, using only 1 prad a priori
knowledge of spacecraft angular position. This spanned bandwidth may be realized using
the carrier signal and the first harmonic of a DOR tone whose frequency is 5 MHz or less.
The required a priori knowledge may be obtained by using Doppler or range data, or by
using the unambiguous AVLBI delay rate observables which can always be generated from
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the phase measurements used to generate a ADOR observable, or by making a ADOR
measurement using the spacecraft telemetry signal. For some cases the a priori trajectory
knowledge may be much better than 1 prad, and the minimum spanned bandwidth may be
much greater than 5 MHz.

The final ADOR measurement is derived using the widest spanned bandwidth provided by
the DOR tones. Measurement accuracy, as a function of spanned bandwidth, is plotted in
Fig. 2. The separate errors due to spacecraft SNR, quasar SNR, and instrumental phase
ripple are shown; the RSS of all other measurement system errors is shown with label
"other errors"; the total RSS error is shown. This error computation assumes that data are
acquired at X-band using a DSN 70m-34m antenna pair with the NCB VLBI System, the
quasar flux is 0.5 Jy, and the received spacecraft DOR tone power to noise spectral density
is 15 dB*Hz. All other assumptions are as given in Table 2.
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Figure 2. Typical ADOR measurement system errors at X-band
as a function of spacecraft tone spanned bandwidth.

As seen from Fig. 2, a spanned bandwidth of 35 MHz or greater is needed to reduce the
errors which depend on spanned bandwidth to a level comparable with typical values for
other measurement system errors. Measurements generated using a more narrow spanned
bandwidth do not make efficient use of DSN resources, since more station time is required
to obtain the same level of trajectory accuracy. For this same reason, it is recommended
that the received power to noise spectral density ratio be at least 15 dB*Hz for the outer
most DOR tones. If the signal level is much less than 15 dB*Hz, then the spacecraft scan
length must be much longer than the quasar scan length to reduce the error due to spacecraft
SNR to a level comparable with the error due to quasar SNR. The inner DOR tones, which
are only used for ambiguity resolution, need only be strong enough to detect.
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The frequency bandwidth allocation for deep space tracking is 10 MHz at S-band (2.3
GHz), 50 MHz at X-band (8.4 GHz), and 400 MHz at Ka-band (32 GHz). The
recommendations, which are consistent with these allocations, are given in Table 3.

Table 3. Proposed spacecraft DOR tone spectra for deep space tracking.

Frequency Band Proposed DOR Tone Spectra Accuracy’

Number of |DOR Tone Frequencies
DOR Tones |(Approximate)

S-band 1 4 MHz 41 nrad
X-band 2 4 MHz and 20 MHz 9 nrad
Ka-band 3 4 MHz, 20 MHz, and 120 MHz | 7 nrad

The assumptions used in this accuracy prediction are as given in Table 2 except: signal frequency is
2.3 GHz for S-band, 8.4 GHz for X-band, 32 GHz for Ka-band; DOR tone power to noise power spectral
‘density is 15 dB*Hz; system noise temperature is 30 K for S-band and X-band, and 60 K for Ka-band;
quasar flux is 0.5 Jy for S-band and X-band, and 0.25 Jy for Ka-band; charged particle errors are scaled by
inverse frequency squared. Error is converted from nsec to nrad assuming 8000 km baseline projection.

The DOR measurements are generated using the +18t harmonics of the DOR tones. At S-
band, one tone provides for ambiguity resolution and provides the widest bandwidth that
fits within the allocation. At X-band, two tones are generally needed to provide for both
ambiguity resolution and for high accuracy. At Ka-band, a wider spanned bandwidth is
necessary to reduce the size of the error due to quasar SNR, since, for Ka-band relative to
X-band, quasar flux is reduced and system noise temperature is higher. Three tones are
needed at Ka-band to provide for successive ambiguity resolution and to produce a
sufficiently wide spanned bandwidth.

The proposed tone frequencies listed in Table 3 are meant to be
approximate values, not exact values. For example, at X-band, one tone in the
range of 2 to S MHz, and a second tone in the range of 17.5 to 24 MHz, satisfies all the
guidelines.

The ADOR measurement accuracy shown in Table 3 is the typical value attained today
using the DSN NCB VLBI System for S-band or X-band. The value shown for Ka-band
is a projection. It should be noted that a number of sources of error, such as quasar
position, quasar SNR, and uncalibrated tropospheric delay, could be significantly reduced
in the future. Thus total measurement accuracy could possibly be improved by
incorporating a wider spacecraft DOR tone spannied bandwidth or by transmitting more
power in the outer DOR tones.

2 Sveclal Cades: S ft-S ft AVLBI

When one spacecraft is approaching a planet at which another spacecraft is already in orbit
or landed on the surface, then AVLBI measurements between the two spacecraft can
provide target-relative angular position. When two or more spacecraft are operating in orbit
or on the surface of the same planet, then earth-based Same-Beam Interferometry (SBI)
measurements can increase both the efficiency and the accuracy of positioning. For these
applications, to achieve the best performance, there are additional compatibility
requirements on the signal spectra of the spacecraft to be jointly observed. The signal
requirements depend on the characteristics of the ground receiver system and on the
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navigation performance requirements. The relevant issues are introduced here, but detailed
design criteria are not given.

8.2A Spacecraft-Target AVLBI. Studies have shown that the use of spacecraft-
spacecraft AVLBI for planetary approach navigation can reduce targeting errors by a factor
of two to three relative to solutions based on Doppler, range, and spacecraft-quasar ADOR
[Edwards et al. 1991]. The ADOR technique employs observations of two radio sources at
the same frequency in order to eliminate the effects of dispersive phase shifts in the station
receiver chain. To make AVLBI measurements between two spacecraft, either the two
spacecraft must emit DOR tones at or near the same frequencies, or external calibrations
must be used to reduce the effects of dispersive instrumental phase shifts. Here, "near the
same frequency" means that both signals must fall within the same baseband receiver
channel, and that each spacecraft must provide the same spanned bandwidth. Instrumental
effects are analyzed in [Border et al. 1992].

The DSN NCB VLBI System has 250 kHz baseband channels. Each channel is
downconverted from RF using an analog mixing signal. An arbitrary phase shift is
introduced in each channel by this process. For spacecraft-spacecraft AVLBI, where the
two spacecraft do not emit compatible signals, the receiver system must be calibrated either
by observing a quasar or by injecting a comb of calibration tones locally at each station.
These calibration techniques are operationally cumbersome and degrade the data accuracy.

The spacecraft signal compatibility requirements could be relaxed if the station receiver
system digitized the entire passband before downconverting selected portions of the
spectrum to baseband. In an all-digital system, the two spacecraft need not transmit at the
same frequencies, spacecraft tone phases could be extracted locally in realtime, and
spacecraft-spacecraft AVLBI observables could be generated immediately following
acquisition.

8.2B Orbiter-Orbiter SBI. For two planetary orbiters, SBI data are generated
from carrier phase measurements acquired simultaneously at two stations from the two
spacecraft. The SBI data sense the relative motion of the spacecraft in the plane of the sky.
Studies have shown that SBI data, when combined with Doppler data, can improve orbital
accuracy by an order of magnitude relative to solutions generated from only Doppler data
[Folkner and Border 1992]. No DOR tones are needed to enable this measurement; each
spacecraft must transmit a carrier signal. Data arcs of 1 to 2 hr are needed. A carrier phase
bias must be estimated for each arc; ambiguity resolution is not required. The spacecraft
signals should be in the same RF band, but there are no further compatibility requirements
for this application.

8.2C Lander-Rover SBI. The SBI measurement becomes extremely accurate as
the angular separation between radio sources decreases. For the case of a rover and lander,
accuracy as good as 10 prad is possible. Studies have shown that SBI measurements,
combined with line-of-sight range measurements, could enable nearly instantaneous earth-
based positioning of a rover relative to a lander at the 1-m level [Kahn ef al. 1992]. To
achieve this level of accuracy, the phase ambiguity must be resolved in the carrier cycle.

It follows from the analysis in Section 7 that carrier cycle ambiguity resolution requires

either several DOR tones at intermediate frequencies, or a ground receiver system with high
phase-linearity. Also, as for spacecraft-spacecraft AVLBI, the signals from the two
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spacecraft must be at or near the same frequencies, unless the station receiver system
digitizes the entire passband before downconversion to baseband.

As in the case of two orbiters, relative positioning information for a lander and rover may
be obtained from an arc of SBI data without resolving the carrier cycle ambiguity. Only a
carrier signal from each spacecraft is needed to enable this measurement. The performance
for this case depends on the length of the data arc.

Vv Compared to other Navigation Technique

Earth-based radio metric tracking is the primary source of navigational data during
interplanetary cruise. Recent studies [e.g. Thurman and Estefan 1993] predict that angular
accuracy as good as 50 nrad can be inferred, in some cases, from long arcs of line-of-sight
Doppler data. The advantages of using ADOR measurements are:

* ADOR provides a direct geometric measure of plane-of-sky position. Orbit
solutions based on ADOR data show differing sensitivities to system errors, as
compared to orbit solutions based on only line-of-sight measurements.
Solutions which incorporate ADOR do not have singularities at low geocentric
declinations or other adverse geometries.

* Comparable trajectory accuracy is obtained using either short arc (few days) or
long arc (few months) solutions when ADOR data are used. Spacecraft state
can be recovered more quickly following a maneuver.

* Navigation requirements can be satisfied by 1 hr of tracking time per week, thus
reducing both the duration and number of weekly tracking passes.

* ADOR data may be acquired in a listen-only mode; an uplink is not required.

* ADOR data can provide improved angular accuracy.

~ 10. Summary

A ADOR measurement is generated by comparing, at two ground stations, the phases of
two or more tones emitted by a spacecraft, and by measuring the difference in time of
arrival, at the same two stations, of a broadband quasar signal.

The DOR tones are generated by modulating a pure sine wave or pure square wave onto the
downlink carrier at either S-band or X-band or Ka-band. A single square wave provides a
lower DOR measurement accuracy compared to sine waves that are normally used in multi-
tone systems for measurements of higher accuracy. The DOR measurements are usually
generated using the +18t harmonics of the DOR tones. A narrow spanned bandwidth must
be provided for delay ambiguity resolution, whereas a wide spanned bandwidth is needed
for high measurement accuracy.

It is preferable for DOR tones to be frequency coherent with the downlink carrier. This

facilitates the detection of weak DOR tones by allowing the use of a phase model derived
from the received carrier signal.
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Signal detection requires a threshold of —2= Fron —2 >13 dB* Hz for a spacecraft tone alone as
compared to a threshold of Froe 21dBe Hz for a spacecraft tone which is a coherent

0
~ submultiple of a spacecraft carrier signal .

The ADOR measurement error is typically dominated by uncertainties due to quasar SNR,
quasar position, instrumental phase ripple, and troposphere. Doubling the spanned
bandwidth of the spacecraft DOR tones, while holding other parameters fixed, will halve
the errors due to spacecraft SNR, quasar SNR, and instrumental phase ripple.

At S-band, one tone provides for ambiguity resolution and provides the widest bandwidth
that fits within the allocation. At X-band, two tones are generally needed to provide for
both ambiguity resolution and for high accuracy. At Ka-band, a wider spanned bandwidth
is necessary to control the size of the error due to quasar SNR. Three tones are needed at
Ka-band to provide for ambiguity resolution and to produce a sufficiently wide spanned
bandwidth.
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ABSTRACT

This paper presents a new concept for required bandwidth along with a method for computing
this bandwidth and the associated unwanted emission for the classes of PCM/PSK/PM, PCM/PM
and BPSK signals. The PCM/PSK/PM signals considered here employ either a square wave or
sine wave subcarrier with NRZ data format. On the other hand, the PCM/PM and BPSK signals
use either a Bi-phase or an NRZ data format. Furthermore, the optimum required bandwidth in
the presence of noise and the data power efficiency for these modulation schemes will also be
investigated. The term "data power efficiency" as considered in this paper consists of two
principal components, namely, the amount of power contained in the data channel, and the
Symbol Signal-to-Noise Ratio (SSNR) degradation due to the presence of InterSymbol
Interference (ISI) for a specified required bandwidth. This paper evaluates both of these
components numerically for the modulation schemes considered and the results are then
compared.

" The work described in this paper was carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and Space Administration.
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1. INTRODUCTION

The topic of occupied bandwidth for the space telemetry
signals has been investigated in great detail in the recent past
[1-6]. The the space telemetry signals examined in [1-6] employed
both residual and suppressed carrier modulation techniques. This
paper presents a method to calculate the required bandwidth for
PCM/PSK/PM signals with squarewave and sinewave subcarriers, PCM/PM
and BPSK with both NRZ and Bi-phase data formats. The data power
efficiency among these modulation techniques will be evaluated and
compared. As mentioned earlier, the term "power data efficiency"
considered here also includes the effects of ISI on the Symbol
Error Rate (SER) performance degradation. In addition, the results
for the optimum bandwidth in the presence of noise will also be
presented and compared with the others.

For space applications, the typical signal recommended by the
international Consultative Committee for Space Data Systems (CCSDS)
is the residual carrier signal using the subcarrier to separate the
data from the RF residual carrier, namely PCM/PSK/PM signals [7].
Mathematically, the PCM/PSK/PM signal can be expressed by

s,(t) = VZ Asin[o,t + md(t)P(t)] , (1)

where A 1is the rms voltage,w, is the angular carrier center
frequency in rads/sec, m is the modulation index in radian, d(t) is
the NRZ binary valued data sequence with symbol period T, and P(t) .
is the subcarrier waveform. Expanding Egn (1) one obtains

s, (t) = fz_A[sin(o)ct)cos(mP(t))
+ d(t)cos(w,t)sin(mP(t))] (2)

The subcarrier waveforms recommended by the CCSDS are the
squarewave and sinewave for deep space and near earth missions,
respectively [7]. . Hence, one has PCM/PSK/PM-Squarewave and
PCM/PSK/PM-Sinewave for squarewave and sinewave subcarriers,
respectively. Currently, the CCSDS has expressed considerable
interest in eliminating the subcarrier to conserve bandwidth [8-9].
The transmitting signal format without the subcarrier becomes
PCM/PM. The mathematical expression for PCM/PM signal is given by

s,(t) = V2 Asin[e,t + md(t)] (3)
Expanding Egn (3) we get:
sz(‘t) = ¥2 A[sin(w,t)cos(m)

+ d(t)cos(w.t)sin(m)] (4)
where the data sequence d(t) can be formated either in the form of

NRZ or Bi-phase. Therefore, one has PCM/PM/NRZ and PCM/PM/Bi-phase
for NRZ and Bi-phase data formats, respectively. )
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The mathematical expression for suppressed carrier modulation,
namely BPSK signal, is defined as follow

s,(t) = V2 Ad(t)sin[ou.t] (5)

again, the data sequence d(t) can be either NRZ or Bi-phase. Thus,
one has BPSK/NRZ and BPSK/Bi-phase for NRZ and Bi-phase data
formats, respectively. In the following sections, the terms
required bandwidth as well as unwanted spurious emissions will be
defined and a method for calculating these quantities will be
presented. Moreover, the optimum bandwidth in the presence of
noise and the data power efficiency will also be investigated in
detail.

This paper is organized in the following manner. Section 2
defines the term "required bandwidth" and presents a method to
calculate this quantity for various modulation schemes mentioned

above. Section 3 explains the term "unwanted spurious emission"
and shows how this quantity can be computed. The data power
efficiency is considered in Section 4. The term data power

efficiency calculated in this section consists of two components,
namely, the power contained in the data channel for the required
bandwidths of 2/T and 4/T (Where T denotes the symbol period), and
the symbol SNR degradation in the data channel for various values

of required bandwidths. Section 5 shows how to calculate the
.optimum required bandwidth in the presence of the white Gaussian
noise. The discussions and main conclusions are presented in

Sections 6 and 7, respectively.
2. REQUIRED BANDWIDTH: DEFINITION AND ANALYSIS
2.1 DEFINITION

The term "Required Bandwidth" used through this paper is
defined as follow:

"The required bandwidth is the width of a frequency band such
that, within the lower and the upper frequency limits, the
total power contained in this frequency band is equal to a
specified percentage of the total power. This specified
percentage is determined in such a way that the transmitted
data power and the required bandwidth will meet the required
link performance margin and bandwidth assignment."

2.2 REQUIRED BANDWIDTH FOR PCM/PSK/PM WITH SQUAREWAVE
When P(t) is a unit power squarewave subcarrier of frequency

f..- It has been shown in [2] that the required bandwidth for this
case is given by

m(M-n(2K-1))
8sin?(m) = 1 [sin(x)/x]? dx + cos?(m) = p$% (6)
> k2L (2k-1)7 . ouniokets
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Where M 1is the normalized required bandwidth with p% power

containment-to-bit rate ratio, i.e.,

M = BW,/R, )
and n is the subcarrier frequency—to-bit rate ratio, i.e.,

n = f,./R,, where n is integer and R, = 1/T is the data rate (8)

and p% 1is the percentage of power containment in the data
component. The plot of Egn (6) for various values of n and m is
shown in Figure 1. This figure shows the power containment as a
function of the one-sided bandwidth-to-symbol rate ratio. As an
example, for 99 % power containment, the one-sided bandwidth is
about 328R, for m = 1.2 rad and n = 9 [2,3,6]. While, form Figure
1, the one-sided bandwidth for 90 % only requires about 29R,.
Therefore, if 90 % of the power meets the desired 1link performance
margins then the required bandwidth will be 29R; which is 11 times

[

less than the bandwidth required for 99 % power containment.
2.3 REQUIRED BANDWIDTH FOR PCM/PSK/PM WITH SINEWAVE

When P(t) is a sinewave Subcarrier, it has been shown in
Reference 2 that the required bandwidth for this case is given by

I L :
J2(m)+2 = .J2(m)+ = J,2(m)a,(L) = p% (9)
k even h odd

where a,(L) is defined as

Lfs;
a, (L) =f [Sq(f-hf,,) + S,(f+hf ) ]df : (10)
-Lfsc

Here f and Lf, are defined as nR; and the required bandwidth with
p% power containment, respectively. The required bandwidth BW,-to-
bit rate ratio is found to be

M, = BW,/R, = Ln 11)

Note that S,(t) is the power spectral density (PSD) for NRZ
data which is defined as

sin?(w£T)
S4(f) =T ——— (12)
(r£T) 2

where T is the symbol period. Figure 2 illustrates a plot of Egn
(9) for various values of n and m. This figure shows that, for n
=9, m = 1.2 rad, the required one-sided bandwidth for 90 % power
containment is about O9R,. On the other hand, the required
bandwidth for 99 % power containment is about 27R; which is 3 times

greater than the bandwidth required for 90 % power containment.
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2.4 REQUIRED BANDWIDTH FOR PCM/PM WITH BI-PHASE DATA FORMAT

From Egqn (4), the PSD of the PCM/PM with Bi-phase data format
can be shown to be:

sin*(w (£-£,)T/2)
S,(£) = cos?(m)§(f - £,) + T Sin®(m) (13)
(m(£-£,)T/2)?

Using Egn (13), the required bandwidth can be easily evaluated.
The relationship between the required bandwidth with p% power
containment and the modulation index is found as follow:

2sin?(m) (Mm/2

pt = — | [sin*(x)/x?]dx + cos?(m) (14)
' g -M,m/2 '
where
BW,
M, = (15)
R

where BW, is the required bandwidth for Bi-phase case. This result
is the same as the one found in Reference 3. The plot of Egn (14)
is shown in Figure 3 for various values of m. As an example, for
m = 1.2 rad, the required bandwidths for 95 % and 99 % power
containment are 5R, and 26R,, respectively.

2.5 REQUIRED BANDWIDTH FOR PCM/PM WITH NRZ DATA FORMAT

Again, from Egqn (4), the PSD'of the PCM/PM with NRZ data
format can be shown to be:

sin®(w (£-£,)T)
S,(f) = cos®’(m)&§(f - £) + T Sin®(m) (16)
(m(£-£,)T)?

Using Egn (16), the required bandwidth can be easily evaluated.
The relationship between the required bandwidth with p% power
containment and the modulation index is found to be:

sin®(m) [ M7
p3 = — | [sin?(x)/x?]dx + cos?(m) (17)
m -M,T
where
BW,
M, = (18)
R

S

Here BW, denotes the required bandwidth for NRZ case. Illustrated
in Figure 4 is the plot of Egn (17). This figure shows the power
containment as a function of the normalized bandwidth with the
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modulation index m as a parameter. For instance, the required
bandwidths for 95 % and 99 % power containment are 1.6R, and 9R,,
respectively, for m = 1.2 rad.

2.6 REQUIRED BANDWIDTH FOR BPSK WITH BI-PHASE DATA FORMAT

From Egn (5), the PSD of the BPSK with Bi-phase data format
can be shown to be:

sin®(w (£-£,)T/2)
Sz(f) =T (19)
(w(£-£.)T/2)?

Using Egn (19), the required bandwidth can be easily evaluated.
The relationship between the required bandwidth with p% power
containment is found to be:

2 de/z
P% = — [sin*(x)/x?]dx - (20)
m =Mgm/2
where
BW,
M, = (21)
- R

here BW; is the required bandwidth for BPSK/Bi-phase case. The plot
of Egqn (20) is shown in Figure 5. As an example, the required one-
sided bandwidths for 95 % and 99 % power containment are 6.5R; and
31R,, respectively.

2.7 REQUIRED BANDWIDTH FOR BPSK WITH NRZ DATA FORMAT

Again, from Egn (5), the PSD of the BPSK with NRZ data format
can be shown to have the following form:

sin?(w (f-fc)T)
S,(f) =T - (22)
(7 (£-£,)T)?

Using Egn (22), the required bandwidth can be easily evaluated.
The relationship between the required bandwidth with p% power
containment is given as

1 [ Mgm A
BY = = [sm (x) /%%]dx (23)
T =MgT
where
BW,
M, = (24)
R
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here BWg; denotes the required bandwidth for BPSK/NRZ case.
Illustrated in Figure 5 is the plot of Egn (23). This figure shows
the power containment as a function of the normalized bandwidth.
For example, the required one-sided bandwidths for 95 % and 99
power containment are 2R, and 11R,, respectively.

o\

3. UNWANTED EMISSION: DEFINITION AND ANALYSIS
3.1 DEFINITION

The term "Unwanted Emission" used through this paper is
defined as follow:

"The unwanted emission is the amount of emission such that,
below the lower and above the upper frequency limits, the
total power contained in the unwanted emission is equal to a
percentage of the total power."

3.2 ANALYSIS

By definition, the unwanted emission can have both continuous
and discrete components. In the followings, the unwanted emission
caused by each component will be calculated separately for each
type of modulation scheme considered above. Notice that form the
PSD, we observe that only PCM/PSK/PM/sinewave subcarrier have both
discrete and continuous components and the rest has only continuous
component.

From Egqn (6), the unwanted spurious emission, denote as SE1%,
for PCM/PSK/PM with squarewave subcarrier can be evaluated using
the following equation

f n(M-n(2K-1))

SE1% = 1 - BSinz(m) > 1 [sin(x)/x]%? dx - cos?(m) (25)
T k21 (2K-13* L uametn

 From Egn (9), for PCM/PSK/PM with sinewave subcarrier, the
unwanted spurious emission due to continuous spectrum, denoted by
SE2.%, is given by

o T .

SE2,% = 1 - Jj2(m)-2%8 J,%(m)- = J,2(m)a,(L) (26)
k even h odd

and the unwanted spurious emission, denoted by SE2,%, due to the

discrete component is given by

0
= J.5(m) (27)

The unwanted spurious emission for PCM/PM/Bi-phase, denoted by
SE3%, can be evaluated by using, from Egn (14)
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Zsinz(m)f M7/ 2
e [sin®(x)/x%?]dx - cos?(m) (28)
m -M,m/2 '

SE3% =1 -

From Egn (17), the unwanted spurious emission for PCM/PM/NRZ,
denoted by SE4%, can be evaluated by using, from Egn (14)

sin?(m) f M7
e [sin?(x)/x?]dx - cos?(m) (29)
T -M,7

SE4% =1 -

Similarly, from Egn (20), the unwanted spurious emission for
BPSK/Bi-phase, denoted by SE5%, is given by '

2 M7/ 2
SE5% = 1 - — | [sin*(x)/x?]dx (30)
m =M/ 2

From Egn (23), the unwanted spurious emission for BPSK/NRZ,
denoted by SE6%, is given by

2 M
SE6% = 1 - — | [sin?(x)/x%]dx (31)
T =M

The unwanted spurious emission for each modulation type is
calculated and the results are presented in Table 1. This table
shows the results for one-sided bandwidth of 2R, and 4R, for both
BPSK and PCM/PM signal with m = 1.3 rad for PCM/PM, and one-sided
bandwidth of 20R; for PCM/PSK/PM signals with m = 1.3 rad and n =

35195

4. DATA POWER EFFICIENCY
4.1 POWER CONTAINED IN THE DATA CHANNEL

The power contained in the data channel for a specified
bandwidth can be calculated from the results presented in Section
2 From Egqns (6), (9), (14), (17), (20) and (23), the power
contained in the data channel can be calculated. Notice that for
BPSK signals, the power contained in the data channel are
calculated using the same equations as (20) and (23) for BPSK/Bi-
phase and BPSK/NRZ, respectively.

For PCM/PSK/PM/Squarewave subcarrier, the data power
containment, denoted as P1%, is given by

fyuwnmw1n

pl% = 8sin?(m) = 1 [sin(x)/x]? dx (32)
k21 (2k-1)° enekap

For PCM/PSK/PM/Sinewave subcarrier, the data power
containment, denoted as P2%, is given by
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L
P2% = T J,%(m)a,(L) (33)
h even

For PCM/PM/Bi-phase, the data power containment, denoted as
P3%, is given by

2sin?(m) f M,/ 2

[sin*(x) /x?]dx (34)
w =M,/ 2

P3% =

For PCM/PM/NRZ, the data power containment, denoted as P4%, is
given by

sin?(m) [ M7
P4% = —— | [sin®(x)/x%]dx (35)
m -M,T

The power containment in the data channel for each modulation
type is evaluated and the numerical results are also presented in
Table 1, for the sake of comparison. This table shows the
calculations of the data power efficiency for one-sided bandwidth
of 2R, and 4R, for both BPSK and PCM/PM signal with m = 1.3 rad for
PCM/PM, and one-sided bandwidth of 20R, for PCM/PSK/PM signals with
m = 1.3 rad and n = 3, 9.

4.2 SYMBOL SNR DEGRADATION DUE TO ISI

When the RF filter bandwidth becomes 1less than the main
spectrum hump of the modulated carrier, the information-bearing
pulses are spread out in time. Each pulse is overlaid with the
tails of previous pulses and the precursors of the subsequent ones,
and this so-called Intersymbol Interference (ISI) behaves like an
additional random noise. This additional random noise can cause
potential degradation to the receiver. In addition, excessive
filtering of the pulse can also cause a loss of symbol energy
during the symbol time. The effects of symbol energy’s loss for
specified bandwidths are already examined in Section 4.1 for the
required bandwidth of 2R, and 4R,. This section investigates the
effects of ISI on the symbol SNR degradation.

The effects of the ISI on the performance degradation of the

PCM/PM receivers have been investigated in [8-9]. [8-9] evaluated
the SSNR degradation of both PCM/PM/NRZ and PCM/PM/Bi-phase
receivers for an ideal low-pass filter. The results presented in

[8-9] can be extended for PCM/PSK/PM and BPSK signal formats.

To extend the results in [8-9], it is necessary to give a
brief summary on the key results presented in [8-9]. It has been
shown in ([8] that, for BT > 1 (where B denotes the required
bandwidth), the average probability of error is given by:

P, = f P, (6,)P(8,)ds, (36)
0

e
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TTable 1: Data Power Efficiency and Unwanted Spurious Emission
For Various Modulation Techniques Under Investigation

Data Power

Unwanted Spurious

Modulation Efficiency Emission
Type Without ) Remark
Filtering Continuous Discrete -
Component Component
95 % 5 %
(BW = 2R.) (BW = 2R.)
BPSK/NRZ 0 %
97.5 % 2.5 %
(BW = 4R.) (BW = 4R,)
85.57 % 14.43 % Recommend
_ (BW = 2R,) (BW = 2R.) Filtering
BPSK/Bi-Phase 0 %
92.51 % 7.49 %
(BW = 4R,) (BW = 4R,)
88.2 % 4.64 %
PCM/PM/NRZ (BW = 2R,) (BW = 2R.)
(m =1.3 rad) 0 %
90.5 % 2.3 %
(BW = 4R.) (BW = 4R.)
PCM/PSK/Bi- 79.45 % 13.40 % Recommend
Phase (BW = 2R.) (BW = 2R.) 0 % Filtering
(m =1.3 rad)
85.89 % 6.95 %
(BW = 4R,) (BW = 4R,)
86.23 % 6.61 %
PCM/PSK/PM - (n = 3) (n = 3) Recommend
Squarewave Filtering
(BW = 20R,) 74.84 % 18.01 % 0 %
(m=1.3 rad) (= 9) (n. = 9)
54.56 % 0.28 % 6 .71
PCM/PSK/PM - (n = 3) (n = 3) (n = 3)
Sinewave
(BW = 20R,) 54.16 % 0.69 % 6.70 %
(m=1.3 rad) (n = 9) (n = 9) (n = 9)
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where P,(B,) is the conditional probability of error and P(6,) is
the probability density function (pdf) of the carrier tracking
phase error 6,. If the number of pulses, M, before and after the
present pulse being detected is bewteen 1 and 2, i.e., 1 < M < 2,
then direct computation of the conditional error probability P,(6,)
is feasible through the following equation [8]

BuB) = (/20 [{1/2) B eroafVB/m,[1 + B, ]9os0,) (37)
combinations
As an example, for M = 1, Egqn (37) becomes
P,(0,) = (1/2)[(1/4)erfc(VE_/N, (1+A ,+A,,)cosH,)
+ (1/4)erfc(VE_/N,(1+A ,-A,)cosb,}

+ (1/4)erfc(VE_/N,(1-1_,+A,,)cosB, )}

+ (1/4)erfc{JEg/No(l-AJ—Aﬂ)cosee}] (38)
where 4, = + 1 with Pr{d, = +1} = Pr{d, = -1} = 1/2, and

T
f g(t)g(t+kT)dt
0
A, = — (39) .

[ T
lg(t)|? at
0

where g(t) is defined as
g(t) = P(t) * h(t) (40)
where * denotes the convolution.

For both PCM/PM/NRZ and PCM/PM/Bi-phase, the symbol energy is
defined as

s

T
E. = Azsinz(mr)f lg(t)|? dt (41)
0

Note that P(t) denotes the pulse shape of the data and h(t) denotes
the impulse response of the equivalent low-pass filter of the RF
bandpass filter with the required bandwidth B.

When the loop signal-to-noise ratio is high the Tikhonov pdf
can be approximated by

P(B,) = exp(-6,%/20%) /[2m0%] "2, -0 < B, < ® (42)
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For perfect NRZ data stream and high-data-rate case (B /R, <<
0.1, where B, and R; denote the one-sided carrier loop bandwidth and
the symbol rate, respectively), the variance of the carrier
tracking phase error is found to be

o = (1/p,) + (B/R,)tan?(m) (43)
and, for perfect Bi-¢ data format 0? becomes

o> = (1/p,) + (I/C)tan®(m) (44)
where p, is the carrier loop SNR which is found to be

(Es/N,)
Po = (45)

(B_/R,) tan?(m;)

and I/C is the interference-to-carrier ratio which is given by

I/C = (1/2) + (9/16) (B/R,)"’

(3/4) (B/R,) "exp{-(2/3) (B/R,) } [cos{ (2/3) (B/R,) }

+ 3sin{(2/3) (B/R,) }]

+ (3/16) (B/R;) "exp{-(4/3) (B/R,) } [cos{ (4/3) (B/R,) )

+ 3sin{ (4/3) (B/R,) 1 | (46)

[8] has shown that, for ideal low-pass filter and perfect data
stream, the output of the filter for NRZ data format, denoted by
Jyez (E+KT) , is given by

1
gmu(t+kTQ = — [si{27B(t+T(k+1/2))} - si{27B(t+T(k-1/2))}] (47)
W . [
For Bi-¢ data format one gets
1 v
o1 (E+KT,) = — [si{27B(t+T(k+1/2))) + si{27B(t+T(k-1/2)))}
w
- 2si (27B(t+KT) ] (48)

where B is the one-sided bandwidth of the low-pass filter and it
can be set equal to the required bandwidth, and

X
si(x) = [ [sin(u)/u]du (49)
0

For PCM/PSK/PM with n > 3, the variance of the carrier
tracking phase error becomes
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o’ = (1/p,) (50)

For PCM/PSK/PM-squarewave, the carrier loop SNR is identical to
PCM/PM (see Egn (45)). However, for PCM/PSK/PM-sinewave, the
carrier loop SNR becomes

Jo? (my) (Eg/N,)
Po = (51)
2(B./R,)J,*(m;)

where E; is given by

T
E, = 2A2J12(mr)f lg(t)|? at (52)
0
For BPSK, the loop SNR, p, of a Costas is given by [10]
A2
p = St (53}
NOBL

where S, is the squaring loss which is given by the simple relation

K,?
8 = (54)
KK, + KK :
where
00 .
K, =) S,(f)|G(j2rnf)|? af (55)
—00
J‘oo
S4(£f) |G(F2nf) |* daf
—00
K, = (56)
j‘oo
Sq(£f) |G(j2n£f) |? Af
-0
]‘oo
|G(j2rf) | Af
-—00
K = (57)
o0
f |c(j2nrf) |2 af
-00
BT
K= —— (58)

Es/NO
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where S,(f) denotes the power spectral density of the data
modulation d(t), G(j27f) is the transfer function of the low-pass
arm filter. Again, the parameter B in Egn (47) is the single-sided
noise bandwidth of the low-pass arm filter of the Costas 1loop,
i.e.,

feo
B=1J) |G(j2rf)|? af (59)

-0
Note that B can have the same value as the required bandwidth.

For NRZ and Bi-phase data modulation, the power spectral
densities are identical to Egns (12) and (19), respectively.
Furthermore, for n-pole Butterworth filter, the transfer function
of the arm filter is

|G(j2r£) |2 = [1 + (£/£,)%")" (60)

where f, is the 3-dB bandwidth which is related to the single-sided
noise bandwidth B of the arm filter:

f. = (2Bn/m)sin(7/2n) (61)

c

For ideal arm filter, i.e. rectangular frequency response, the
squaring loss S, becomes

A
S, = (62) .
K, + [BT/(E./N,)] .
where
2 sin?(7wBT)
K, = — [si(27BT) - ———] (63)

m _ BT .
and Si(k) is defined in Egn (49).

In the absence of ISI, the average BER, PE,, for an uncoded
channel is well-known to be given by:

1
PE, = — erfc (V¥ (E./Ny),) (64)
2

where (E,/N;), is the required symbol SNR to achieve a desired SER,
PE,, for unlimitted bandwidth case.

In the presence of bandlimiting channel, the average SER, PE,,
for an uncoded channel can be calculated from Eqgn (36). Let
(E¢/N,;), be the required symbol SNR to achieve a desired SER, PE,,
for bandlimiting case. Thus, if we fix the SER, i.e.,
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PE,

PE, = SER, (a desired value)

then the symbol SNR degradation in dB for this specified SER, is
defined as:

A(dB) = (Ey/Ny)o = (E¢/Np), (65)

The value of (E,/N,), can be computed by using Egn (53). To
compute (E./N,), for PCM/PM/NRZ, we substitute Egns (37) and (42)
into Eqn (36) with the carrier tracking jitter (6?) given by Egn
(43) and performing numerical integration on the digital computer.
Having (E./N,), and (Ei/Ny),, one can calculate the Symbol SNR
degradation in dB using Egn (54). The calculated symbol SNR
degradation in dB for various modulation types are presented in
Table 2. Table 2 shows the results for m = 1.3 rad, (2B/R,) =
0.001 at SER = 10°°. Note that the carrier loop SNR (p,) is fixed
in the calculation of the symbol SNR degradation for all cases.

Table 2. Symbol SNR degradation in dB due to ISI for various
Modulation Schemes at SER = 10°

Symbol SNR Degradation (dB)
Modulation Type

BT =1 BT = 2
PCM/PSK/PM-Squarewave 0. 75 0.15
(m = 1.3 rad, 2B,/R, = 0.001) :
PCM/PSK/PM-Sinewave 0.75 0.18
(m = 1.3 rad, 2B /R, = 0.001)
PCM/PM/NRZ 0.85 0.21
(m = 1.3 rad, 2B /R, = 0.001)
PCM/PM/Bi-Phase 6.30 0.34
(m = 1.3 rad, 2B, /R, = 0.001) '
BPSK/NRZ 0.74 0.17
(2B, /R, = 0.001)
BPSK/Bi-Phase 6.30 0.29
(2B /R, = 0.001)

5. OPTIMUM REQUIRED BANDWIDTH IN THE PRESENCE OF NOISE

~ This section focuses on the calculation of the optimum
required bandwidth in the presence of the white Gaussian noise for
BPSK signals only. Extension of the method presented here to other
modulation types is straight forward. The term "optimum required
bandwidth" considered in this section is defined as the bandwidth
that is required to achieve the same amount of power contained in
the signal as in the noise. When the required bandwidth exceeds
that of the optimum required bandwidth, the noise power will exceed
that of the signal power and hence degrades the system performance.
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Let P, be the total transmitted power, and P, be the signal
power. The signal power-to-the total transmitted power can be
defined as follow

Ps BW
— =] s(f) df (66)
Pt -BW

where BW is the required bandwidth and S(f) is the PSD of the
transmitted signal. As an example, for BPSK/Bi-phase and BPSK/NRZ,
the PSD’s are given by Egns (19) and (22), respectively.

Similarly, the noise power-to-the total transmitted power is
given by

P, 2N,BW | .
— = )
Pt Pt

where N, is one-sided spectral density of the noise. Note that Egn
(52) can be rewritten in terms of the normalized bandwidth M, i.e.,
M = BW/R;, and the Symbol Signal-to-Noise Ratio (SSNR), SSNR = E./N,
= P,T/N,, as follow

P, 2M |
N (68)
P, - SSNR

Dividing Egn (51) by (53) we obtain

P, SSNR 8w .
— = ——— | s(f) d4f (69)
P, 2M e

where the optimum bandwidth is selected in such a way that the
ratio in Egn (54) is unity. The plots of Egqns (51), (53) and (54)
are shown in Figures 6-9. Figures 6-7 show the results for
BPSK/NRZ, and Figures 8-9 are for BPSK/Bi-phase. These figures
plot the percentage of power containment as a function of the
normalized bandwidth with SSNR as parameter. These figures show
that for SSNR = 10 dB, the optimum bandwidths for both BPSK/NRZ and
BPSK/Bi-phase are about 5R;. Furthermore, maximum P /P, occurs at
BW = R, for BPSK/NRZ, and at BW = 2R, for BPSK/Bi-phase.

6. DISCUSSIONS

For the sake of comparison, the numerical results presented
in Figures 1-2, and 3-4 are ploted in Figures 10-11 and 12,
respectively. Figures 10-11 compare the required bandwidth
between PCM/PSK/PM-squarewave and PCM/PSK/PM-sinewave. Figure 12
compares the bandwidth between PCM/PM/NRZ and PCM/PM/Bi-phase.
It is clearly shown in Figures 10-11 that as the desired signal
power containment increases above 90 %, the required bandwidth
for PCM/PSK/PM-squarewave increases much faster than that of
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PCM/PSK/PM-sinewave. As mentioned earlier, for 99 % power
containment, the one-sided bandwidths for PCM/PSK/PM-squarewave
and PCM/PSK/PM-sinewave are about 328R; and 27R_,, respectively,
for m = 1.2 rad and n = 9. Hence, for PCM/PSK/PM-squarewave
signal with high data rate, it is suggested that the required
bandwidth should be calculated before the frequency assignment.

Figure 12 shows that for signal power containment below
95 %, the required bandwidth for PCM/PM/Bi-phase is approximately
twice that of PCM/PM/NRZ. But when the signal power containment
exceeds 95 %, the required bandwidth for PCM/PM/Bi-phase grows
exponentially as compare to PCM/PM/NRZ. The same is true for
BPSK/Bi-phase and BPSK/NRZ. This is demonstrated in Figure 5.
Based on the numerical results shown in Figures 5, 10, 11 and 12,
BPSK/NRZ and PCM/PM/NRZ signals require the least bandwidth and
PCM/PSK/PM-squarewave requires the most bandwidth.

It is also shown in Table 1 that for a fixed one-sided
bandwidth of 2R;, BPSK/NRZ and PCM/PM/NRZ have the most power in
the data channel as compare to the other modulation schemes.
Concerning the unwanted spurious emission, the use of squarewave
subcarrier and Bi-phase data format produce more out-of-band
power than the sinewave subcarrier and NRZ data format.

Table 2 exemplifies the effects of ISI on the symbol SNR
degradations when the required bandwidths are at R, (BT = 1) and
2R, (BT = 2). The results show that PCM/PM/NRZ provides
relatively good performance as compared with the others. For
instance, for BT =2, the symbol SNR degradations associated with
PCM/PSK/PM-Square, PCM/PSK/PM-Sine, PCM/PM/NRZ, PCM/PM/Bi-phase,
BPSK/NRZ and BPSK/Bi-phase are about 0.15, 0.18, 0.21, 0.34, 0.17
and 0.29, respectively.

7. CONCLUSION

Based on the detail investigation presented in this paper,
the following conclusions can be reached. In order to achieve
the same data power containment, the use of residual carrier
modulation technique will require more bandwidth than the
suppressed carrier modulation technique. 1In particular, BPSK/NRZ
provides the best compromise between data power efficiency and
unwanted emission as compared to BPSK/Bi-phase, PCM/PM/NRZ,
PCM/PM/Bi-phase, PCM/PSK/PM-squarewave and PCM/PSK/PM-sinewave.
However, PCM/PM/NRZ also provides compatible performance, in
terms of high power containment and low level of unwanted
emission, as compared to BPSK/NRZ. It is clearly shown in this
paper that the use of subcarrier requires much larger bandwidth
than that of the systems without using subcarrier. Because
frequency spectrum is a scarce resource, it is recommended that
the use of subcarrier should not be employed at high data rate,
and that PCM/PM/NRZ modulation scheme should be used in place of
PCM/PSK/PM.
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Power Containment, %

Figure {. Required Bandwidth for PCM/PSK/PM—Square
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Power Containment, %

Figure z . Required Bandwith for PCM/PM/Bi—Phase
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Power Containment, %
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Pdwer Containment, %

Figure 5. Required Bandwidth for BPSK Signals
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Power Contéinment, 7%

Figure . BPSK/NRZ in the Presence of Noise
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Figure 7. BPSK/NRZ in the Presence of Noise
16 T T T

7 N U — A S i

12 _ ....................................... ....................................... ...................................... =

Es/No = 15 dB

10 |-

Nomalized Required Bandwidth, BW/Rs

170



Power Containment, %

Figure 8. BPSK/Bi—Phase in the Presence of Noise
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Ps/Pn

Figure ¢. BPSK/Bi—Phase in the Presence of Noise
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Power Containment, %

Figure {0 .Comparison of PCM/PSK/PM for m =
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Power Containment, %

Normalized Required Bandwidth, BW/Rs
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Figure || .Comparison of PCM/PSK/PM for m = 0.4 rad
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