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Abstract

In deep space communications, arraying signals received at multiple ground antennas
can be used to enhance communication downlink performance. By coherently adding
signals received from the same spacecraft, arraying has the potential to increase the
signal to noise ratio (SNR) over that achievable with any single antenna in the array.
A number of different arraying techniques for use in NASA’s Deep Space Network
(DSN) have been proposed and their performance analyzed in past literature [1],
[2]. These analyses have compared different arraying schemes under the assumption
that the signals contain additive white Gaussian noise (AWGN), and that the noise
observed at distinct antennas is independent.

In situations where an unwanted background body is visible to multiple antennas
in the array, however, the assumption of independent noises is no longer applicable.
A planet with significant radiation emissions in the frequency band of interest can be
one such source of correlated noise. For example, during much of Galileo’s tour of
Jupiter, the planet will contribute significantly to the total system noise at various
. ground stations. This report analyzes the effects of correlated noise on two arraying
schemes currently being considered for DSN applications; namely, full spectrum com-
bining (FSC) ‘and complex symbol combining (CSC). A framework is presented for
characterizing the correlated noise based on physical parameters, and the impact of
the noise correlation on the array performance is assessed for each scheme.
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Chapter 1

Introduction

The process of combining radio signals from multiple antennas, commonly referred
to as arraying, is becoming increasingly common in NASA’s Deep Space Network
(DSN) for spacecraft telemetry reception. By coherently adding signals from multiple
receiving sites, arraying produces an enhancement in signal-to-noise ratio (SNR) over
that achievable with any single antenna in the array. Arraying is especially attractive
for deep space applications, since power constraints are typical in such communication
systems. Arraying can be used to coherently demodulate signals that are too weak to
be tracked by a single antenna, or to increase the supportable data rate for stronger
signals, thereby increasing the scientific return from the mission.

A number of techniques for arraying spacecraft telemetry have been proposed
and their performance analyzed in past literature [1], [2]. One performance measure
discussed in these works for comparing arraying schemes is symbol SNR degradation.
Degradation is defined as the ratio of the actual symbol SNR of the arrayed telemetry
to that achievable with perfect synchronization (i.e., the “ideal” symbol SNR.) In
general, synchronization losses result from imperfect combining of the signals, as well
as phase errors in signal demodulation. Past work computed degradation for different
arraying schemes under the assumption that the telemetry signals contain additive
white Gaussian noise (AWGN), and that the noise waveforms from distinct antennas
are independent.

In certain scenarios, an unwanted radio source within an antenna’s reception pat-



tern can contribute significantly to total system noise. If such a background body
is visible to multiple antennas in an array, the assumption of independent noises is
no longer applicable. A planet with significant radiation emissions in the frequency
band of interest can be one such source of correlated noise. For example, Jupiter
is a strong radiator at S-band, which will be used for data return from the Galileo
spacecraft. During a substantial fraction of the Galileo mission, the planet will have
an angular separation from the spacecraft which is less than the beamwidth of a 70-
meter antenna, which is the largest aperture antenna in the DSN. Further analysis is
thus needed to characterize the performance of arraying schemes in the presence of
correlated noise.

Prior work has been conducted on this subject, but has not exhausted research
possibilities. A study by Dewey [3] examines correlated noise effects due to plane-
tafy sources, focusing mainly on physical considerations. A correlated noise model
is presented, taking into account properties of the source and the array geometry.
The impact of the background source on arrayed symbol SNR relative to the case of
uncorrelated noise is then analyzed. The results obtained are applied to observation
of the Galileo spacecraft from a 4-element array in the DSN’s Australia complex.
However, Dewey’s study does not take into account the effects of imperfect synchro-
nization in telemetry arraying, which are dependent on the specific arraying technique
used. Thus, the analysis does not identify the relative advantages and disadvantages
of different arraying schemes under conditions of correlated. noise.

The purpose of this study is to analyze the effects of correlated noise on arraying,
focusing on the processing scheme used. The full spectrum combining (FSC) and
complex symbol combining (CSC) arraying techniques, which are presented in [2],
are compared in terms of symbol SNR degradation. These schemes were chosen as
the basis for this study because prior analysis indicates they are the most promising
options when the link margin is low, as in the case of the Galileo S-band mission.
Relative advantages and disadvantages of the two schemes will be identified, as well
as the practical issue of modifications to existing techniques needed in the presence

of correlated noise.
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The body of this report is organized as follows: Chapter Two contains a tutorial
introduction to deep space communications, and briefly introduces the full spectrum
combining and complex symbol combining schemes. Chapter Three provides back-
ground information on radio sources, and presents an appropriate model for the noise
observed by the antennas in an array. In Chapter Four, full spectrum combining is
analyzed in detail, and simulation results of FSC performance with varying degrees of
noise correlation are presented. Chapter Five contains the same analysis for the sec-
ond scheme, complex symbol combining. Finally, Chapter Six applies the analysis of .
the previous three chapters to the case of the Galileo S-band mission and summarizes

the major results of the work.
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Chapter 2

Overview of Deep Space
Communications and Telemetry

Arraying

Here, we present basic information to familiarize the reader with deep space commu-
nications. Section 1 describes the deep space telemetry signal format, and explains
the operation of a receiver needed to perform coherent symbol detection. In Section 2,
symbol SNR degradation, which is a performance measure used to characterize both
single-receiver and arrayed telemetry reception, is introduced. Section 3 provides a
functional description of FSC and CSC, and briefly discusses their relative advantages

and disadvantages.

2.1 Signal Format and Single-Receiver Operation

Deep space telemetry contains information in the form of binary data. A binary phase
shift keyed (BPSK) modulation scheme with subcarrier is used; the +1 bit stream
is directly modulated onto a squarewave subcarrier, which is then phase-modulated

onto a carrier [1]. The received radio signal can thus be expressed as:

r(t) = \/2?7‘ cos(wet + 0, + Ad(t) sqr(wset + 65)) + n(t) (2.1)
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where Pr is the total received power; w, is the carrier radian frequency; A is the
modulation index; d(t) is the £1 data stream; sqr(z) is the squarewave function,
defined by sqr(z) = sgn(sin(x)); ws. is the subcarrier radian frequency; and n(t) is a
bandpass white Gaussian noise process. Note that n(t) consists of both noise due to
front-end electronics of the receiving system, and noise due to any background sources
in the antenna’s field of view. A more detailed discussion of the background noise
is given in Chapter 3. For now, we simply describe the total noise by its one-sided
power spectral density level N,.

The received radio signal is generally open-loop down-converted to some inter-
mediate frequency before coherent demodulation takes place. In order to simplify
the analysis, we will assume that all processing takes place at baseband. This rep-
resents no loss of generality, since the system performance should not depend on
the frequency at which processing takes place. Coherent symbol detection at base-
band requires down-conversion by two local oscillators in phase-quadrature. Using
a trigonometric identity, the two baseband signals (commonly referred to as the “I”

and “Q” components) can be expressed as

ri(t) = \/FC- cos(wyt + 0.) — 1/ Ppd(t) sqr(wsct + Osc) sin(wpt + 0;) + nr(t) (2.2)
ro(t) = \/P-_C sin(wyt + 0;) + \/P—Dd(t) SqQr(wsct + O5c) cos(wyt + 6.) + ng(t) (2.3)

where w, is the baseband frequency (which, by definition, is close to zero); Pc is
the carrier power, given by P = Prcos? A; Pp is the data power, given by Pp =
Prsin? A; and n(t) and ng(t) are now lowpass Gaussian random processes. Note
that the ba.seband noise processes each have spectral level V,, and are independent.

These signals can be represented more compactly as a single complex signal:
7(t) = /P €Ust*%) 4/ Pp d(t) sqr(wsct + Osc)ePett0e) 4 7i(2) (2.4)

This complex notation will subsequently be used freely to represent a pair of baseband

signals. The spectrum of the baseband signal 7(¢) is shown in Figure 2-1. Note that
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the signal consists of a residual carrier tone at frequency f, = 27w, surrounded by

data sidebands spaced at odd multiples of the subcarrier frequency f,c = 2mws,.

f, = baseband carrier frequency
fsc= subcarrier frequency

fb fb+ fsc fb+ stc

00

Figure 2-1: Spectrum of baseband telemetry signal

Symbol detection requires coherent carrier and subcarrier tracking, as well as
symbol synchronization to drive the matched filter output. A block diagram of a
single receiver is shown in Figure 2-2. The operation of each of these blocks is easily

illustrated by use of equations. Assume for the moment that perfect carrier, subcarrier

and symbol references are available. After carrier demodulation, the signal is given

by

Q(t) = F(t) e7ilsttee)

= \/Po+§\/Ppd(t) sar(wect + i) + (t) (25)

T () uw v(t)

CARRIER SUBCARFIIERI | SYMBOL MATCHED | g
RF/BB ™1 TRACKING [™]TRACKING sYNcH. ™71 FLTER

Figure 2-2: Single Receiver

The data is contained solely in the imaginary part of the signal 4(t). Multiplying

15



this by the ideal subcarrier reference then yields the data stream alone, i.e.,

v(t) = Im[a(t)] sqr(wset + bsc)

= /Ppd(t) +n'(t) (2.6)
Finally, the symbol synchronizer provides timing for the matched filter, whose output
is given by
1 k+1)T .
U = T, JiT, v

= \/Pde: + Ny (2.7)

where k denotes the symbol index, and T, is the symbol duration. Note that the
noise output of the matched filter has variance 2—’;,1— The symbol SNR is defined as
the mean of the matched filter output squared divided by its variance, and is equal

to 2PpT, /N, in the case where ideal references are available.

2.2 Symbol SNR Degradation

In practice, perfect references for all three stages of synchronization are not available.
Carrier and subcarrier tracking loops are used to perform the demodulation, and a
symbol synchronization loop is used to obtain symbol timing. Synchronization errors
in each of these three loops thus result in an SNR at the matched filter output which
is less than the ideal case. Symbol SNR degradation is defined as the ratio of the
actual achieved symbol SNR to the ideal symbol SNR, and is used as a measure of
receiver performance. A quantitative evaluation of degradation for a single receiver
" is given in [1], and the main results are summarized here.

In the presence of phase errors in each of the three loops, the matched filter output

is given by

= /P dulcosge) (1= o) (1 = - lbl) +

16



= Pydi C. C,, C,y + ng (2.8)

where ¢, @sc, sy are the carrier, subcarrier, and symbol phase errors in radians,
respectively, and the C factors are the signal reduction functions for each of the three
loops. Note that the total signal reduction function can be factored into three separate
terms, but the three phase errors are, in general, non-independent. The symbol SNR

conditioned on the phase errors of the three loops is then given by

2P,T,

/
SNR = N,

==L C’2 (2.9)
The unconditional SNR is found by taking the expectation of (2.9) with respect to
the various phase errors. The tracking performance of each of the three loops is a
function of its respective loop SNR, which is defined as the inverse of the steady-state
phase error variance. The loop SNRs for the carrier, subcarrier, and symbol loops

are respectively given by

_ Py 1 .
pc - NoBc(1+ 2E3/No) (2'10)
2\2 Pp/N, 1\
pe = (5) B, W, (1+2E,/N> (2.11)
W Lig p—LsjiNo
Pp/N, (Erf( #) -3 w\/E_ B/ )

P = omW,,B, (1 + B Wa[Lo-miite 4 [Eaprt(,/E5))] ) (2.12)

where B, By, and By, are the carrier, subcarrier, and symbol loop bandwidths,
respectively; W, and W, are the subcarrier and symbol windows; E; is the symbol
energy, given by E, = PpTs; and Erf(z) is the error function, given by Erf(z) =
2/v/7 [ e~ dw. In expressing p., it has been assumed that a Costas loop is used for
carrier tracking. The second moments of the reduction functions are related to the

loop SNRs by the following:

rar l Iz(%Pc)
C? = 2[1+Io(%pc)} (2.13)
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— 4 [ 2 4 1
Cc2 = 1-- + —=— 2.14
s Vo T o (2.14)
— 1 2 1 1
C? 1— =y —— :
W T\ TPsy i Dsy (2.15)

where T denotes expectation of z, and I(z) denote the modified Bessel function of

Il

order k. The first moments of the subcarrier and symbol reduction functions will be

needed in later analysis, and are given by

—_— 2 [ 2
Csc 1 - (2-16)
T 7Irl)\ic

— 1 2
= ] - — .
sy 2\ 7y (2.17)
Thus, the degradation for a single receiver is given by
D=CIC2C3, . (2.18)

where C2,C?,

and CZ, are found by combining (2.10) - (2.12) with (2.13) - (2.15).

2.3 FSC and CSC Arraying Techniques

We now provide a brief introduction to the full-spectrum combining and. complex
symbol combining arraying schemes, which are described in detail in [2]. Each of
these techniques will be treated in more depth in subsequent chapters; here, we merely
provide a functional overview to illustrate the basic concept of arraying, and to point

out the main differences between the two schemes.

2.3.1 Full Spectrum Combining

Full-spectrum combining is conceptually the more simple of the two schemes being
considered. A block diagram of FSC for an 'array of L antennas is shown in Figure
2-3. Following down-conversion to baseband, each signal is delayed by some amount

7; to compensate for differing arrival times of the spacecraft signal at each antenna.

18



1
q—v RF/BB ==

2 ] e e e e e e e e e e e e e e e = - = e o - — -

q* RFBB == LGN : INTEGRATED DEMODULATOR :
MBINE | i Vk

COMBINE CARRIER SUBCARRIER SYMBOL MATCHED

BASEBANOT™ LooP [~ toop [™ oor [™] FLTER [T

SIGNALS | '

I |

b o o e e e e e e e e e e e e — = o I

S

Figure 2-3: Block diagram of full-spectrum combining

The quantities 7; can typically be computed in advance from the spacecraft trajectory
and automatically adjusted over the course of a tracking pass. The delayed baseband

signal from the ** antenna is given by

7i(t) = y/ Pg, elwsttle) o j v/ Pp; d(t) sqr(wst + B,c)eUwnttbe:) 4 (1) (2.19)

Note that the signals are aligned in time, but that the carrier phases 0., are not
necessarily the same. Before the signals may be added coherently, L — 1 of the signals
must be phase-rotated. We will designate antenna 1 as the reference antenna, such
that 7;(t) must be rotated by an amount ¢; 2 Oc, — 6 for i = 2...L. Estimates
of the relative phases, ¢y;, are computed in real time by correlating each signal with
71(t). Note that the combining block and the carrier loop perform distinct but related
functions: the former compensates for the differential phase between the various signal
pairs, while the latter tracks the component of the phase common to all the signals.

For now, assume the desired phases ¢;; are estimated perfectly. Each signal is

phase-rotated by the appropriate amount and multiplied by some pre-specified weight

19



B;, and the resulting signals are summed coherently, i.e.,

Teoms(t) = i&ﬁmé” (2.20)

=1

L
= eilwst+61) Z B; (\/PC,- -+ J\/ﬁ]}j d(t) sqr(wsct + 0“))
i=1
L
4+ Bifi(t) 7% (2.21)

=1

Finally, the combined signal is tracked by one carrier, subcarrier, and symbol loop,

yielding an arrayed symbol stream given by

L L
Vkeomp = z :Bi v PDi dk + Z ﬂi Tk, (2.22)

=1 i=1

where we have assumed perfect synchronization at each of the three stages. It is
shown in [1] that when the noises from distinct antennas are independent, the SNR

of the above expression is maximized if the weighting factors are chosen to satisfy the

condition
N(,1
2.23
2 (223)
in which case the ideal combined SNR becomes
2Pp, T, &
SNmeb = T Z’)’i (2.24)
01 i=1
_ 2Pp,T;
= N, Ga (2.25)

N" . The factor G 4 is known as the arraying gain. Typically, antenna

where 'y,
1is spemﬁed to be the antenna with the strongest signal (i.e., the highest Pr/N,).
The arraying gain then describes the increase in SNR over that achievable with any
single antenna in the array. For the case of uncorrelated noises, we see that the
effective %‘:— of the combined signal is equal to the sum of the %‘j—’s of the individual

antennas.
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2.3.2 Complex Symbol Combining

SUBCARRIER SYMBOL MATCHED
q"ﬁ RF/BB —¥1  i100Pp ™ Loop [™] FILTER
p
MATCHED, Ek
—»| RF/BB |==p»| SUBCARRIER SYMBOL ALIGN CARRIER
LooP | ] Loop || FILTER 1 “Ap LooP
2 COMBINE
COMPLEX
SYMBOLS u
L DEMODULATOR}>
MATCHED SUTPUT
SUBCARRIER SYMBOL
_ q—» RF/BB =9 LOOP = “Loop ™ FIL:'ER -

Figure 2-4: Block diagram of complex symbol combining

A block diagram of complex symbol combining for an L antenna array is shown in
Figure 2-4. Here, the baseband signals are tracked by separate subcarrier and symbol
loops before the carrier is coherently demodulated. Thus, the baseband signal from
the it* antenna is first multiplied by the subcarrier reference from the i* subcarrier

loop, i.e.,

#;(t) = 7i(t) sqr(wsct + Osc) (2.26)
V/Pe, €999 sqr(w,et + 0,c) + j /P, d(t) e9st+9) 4 7(2) (2.27)

where, once again, we have assumed perfect subcarrier reference for simplicity. This
signal is then passed through a matched filter, whose timing is obtained from the 7**

symbol loop, yielding a carrier-modulated symbol stream given by

Zg, = \/PD‘. el (@okTs+0c;) dp + Tk, (2.28)

where we have implicitly assumed that the carrier phase is nearly constant over one

symbol interval (i.e., 4T, < 1). Note that the residual carrier term, ,/Pg, elf“st+0e:),
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multiplied by the subcarrier reference integrates to zero.
These complex baseband symbols are then transmitted to a central location where
they are phase-aligned, weighted, and combined, as in the case of full spectrum com-

bining. The combined signal is thus given by

: L L
By = &) N 6 [P, di + Y B, (2.29)
=1

i=1

A baseband Costas loop is finally used to demodulate the carrier, and the arrayed

symbol stream is given by

L L
Vkooms = 2 Bir/ Pp; di + Y Bi iy, (2.30)

i=1 =1

Once again, when the noise at separate antennas is independent, the SNR of (2.30)
is maximized by setting the weighting factors according to (2.23). The ideal SNR of
the arrayed telemetry is then given by (2.25).

2.3.3 Comparison of FSC and CSC

We have seen that the “ideal” symbol SNR is the same for full spectrum combining
and complex symbol combining in the absence of correlated noise. This result follows
from intuition; if demodulation and combining can be achieved perfectly, it should
not matter in which order the various processes take place. The same reasoning holds
for the correlated noise case: the ideal symbol SNR will be different from (2.25), but
will be independent of which scheme is used.

The performance of the two techniques will, however, be different when synchro-
nization losses are accounted for. Note that when telemetry is arrayed, synchroniza-
tion losses arise from imperfect carrier, subcarrier, and symbol tracking, as well as
errors in phase-aligning the signals. In full-spectrum combining, the loop SNRs of
each of the carrier, subcarrier, and symbol loops are increased by arraying the signals.
By contrast, only the carrier loop SNR enjoys the benefit of the arraying gain in com-

plex symbol combining. In addition, the subcarrier and symbol loops must operate
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in the absence of carrier lock for CSC, resulting in a further reduction in loop SNR!.
Thus, losses due to subcarrier and symbol tracking are higher for complex symbol
combining than for full spectrum combining. Differences in the method of combining
similarly lead to different synchronization losses.

Symbol SNR degradation is used as a measure of relative performance for the two
schemes. Similar to the case of a single receiver, degradation is defined as the ratio
of the actual to ideal arrayed symbol SNR. Degradation for each of these arraying
schemes has been analyzed in past literature for the case where the noise encountered
at the various antennas are independent [2]. We will later extend this analysis to
include the case of arbitrary noise correlation between the various antennas.

We note that the effects of correlated noise on arraying can be separated into
two different but related factors. The first is the ideal arraying gain, which will
be dependent on the correlation properties of the noise itself, but independent of
which scheme is used. The second is the degradation, which will depend on the noise
properties as well as which arraying technique is used. Each of these will be analyzed
in turn in Chapters 4 and 5; we presently turn to a discussion of radio sources to

develop an appropriate model for correlated noise due to a common background.

!Modified subcarrier and symbol loops have been developed for use with complex symbol com-
bining. These loops utilize information in both the I and Q components of the complex signal to
recover some of the loss in loop SNR due to the absence of carrier lock. The relevant details will be
presented in Chapter 5, where CSC is analyzed in further detail.
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Chapter 3

Modeling of Background Noise

This chapter covers basic concepts needed to characterize noise due to radio sources.
The first section presents terminology used in radio science to describe broadband
sources, and shows how the effect of background noise on a single receiving system
can be accounted for by an equivalent source temperature. In the second section, we
consider the effect of a noisy background on a pair of antennas, using interferometry
theory to compute the cross-correlation function of the received noise waveforms.
Section three extends this analysis to a baseband receiving system, which will be
assumed for the remainder of this work. Finally, section four presents the results of
an experiment that was conducted to illustrate the basic principles outlined in this

chapter.

3.1 Background Noise in a Single Receiver

In deep space communications, signals are generally assumed to be received through
an additive white Gaussian noise channel. The noise level in a receiving system is
commonly characterized by a system temperature, Tyy;. The one-sided power spectral
density of the noise is then given by N, = kT,,,, where k is Boltzmann’s constant.
Background sources such as planets are typically broad-band, and have an emission
spectrum that is reasonably flat over a frequency range of interest. Receiving band-

widths for deep space applications are typically no greater than 100 MHz, over which
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the background noise can essentially be considered white. Thus, the noise level con-
tributed by the background can be described by a background temperature, 7}, which
measures the contribution of the source to the total system noise. Here, we show Low
this temperature can be computed from more physically informative characteristics
of the source.

A radio source is generally described by its brightness distribution, B(¢,6), which
has units of W/m?/Hz/sr 1. The variables ¢ and @ indicate that brightness refers
to a particular direction; an arbitrary source may have some parts that radiate more '
strongly than others. The total strength of the source can be measured by its fluz
density, S, which is equal to the brightness distribution integrated over the angular

extent of the source, i.e.,

S = / / B(¢, 6)d02 (3.1)

where the integration variable Q2 denotes integration over a solid angle. Thus, the
units of flux density are W/m?/Hz. Note that the flux density of a particular source
depends on its distance from Earth; the closer the source, the larger solid angle it
subtends, and hence the larger the flux density becomes.

The noise level due to such a source as observed:by a receiving antenna can be

described by a background temperature, as discussed above, which is given by

7, = 2¢ [ [ Bg,0)Py(,0)d0 (3.2)

where A, is the effective collecting area of the antenna, and Py (¢, 0) is the normalized
antenna reception pattern. Thus, the contribution of a background source to total
system noise depends on the strength of the source and its position in the antenna
. pattern. For telemetry applications, the antenna is pointed at the spacecraft, so the
contribution of a given source varies with its angular separation from the spaceéraft.
This situation is depicted in Figure 3-1.

In the worst-case scenario, the source-to-spacecraft angular separation is zero or

1The unit sr stands for steradian, which is a measure of solid angle.
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Figure 3-1: Spacecraft and background source in common beam

negligibly small compared to the beamwidth of the antenna. The antenna pattern

term, Py, then approaches unity over the integral, and

T, = %cf / / B(4,6)d0 (3.3)
= 2—25 (3.4)

An upper limit on the total system temperature that a source can contribute can
thus be computed from the flux density of the source and the effective area of the

receiving antenna.

3.2 Simple Radio Interferometer

We now turn to the properties of correlated background noise as observed by two
antennas. Specifically, this section computes the cross-correlation function of the
noise due to the source. A pair of antennas basically behaves as an interferometer,
and computation of the cross-correlation function follows from fundamental principles

of interferometry. We start by considering an oversimplified model for illustrative
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purposes, and then gradually move to one that more accurately describes an actual
receiving system. The discussion below provides a general idea of the issues involved,
and is not meant to be a rigorous treatment of the subject. A more thorough analysis
can be found in a text on radio astronomy, such as [6].

Consider two antennas tracking a distant radio source, as depicted in Figure 3-

2. The received noise waveforms are filtered by some front-end filter centered at

Figure 3-2: Antenna pair tracking distant source

frequency f,. Since the received noise is white, the form of the correlation function is
determined solely by the characteristics of the front-end filters. The cross-correlation

function of the noise waveforms is defined as
R(7) = E[ni(t)na(t — 7)) ‘ (3.5)

Note that n;(t) and ny(t) can be taken to be the noises due to the background source
alone or the total noise waveforms at antennas 1 and 2, since the noises due to front-
end electronics are independent. In the case of a simple point source, the received
waveforms are identical except for some geometric delay 7,. The cross-correlation

function then takes the form

R(7) = G(1 — 1,) cos 2w fo(T — 7,) (3.6)
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where G(7) is some function determined by the shape of the front-end filters. For
example, in the case of a rectangular passband of one-sided bandwidth B, G(t) would
be given by sinwBt/mt. Under typical conditions, the receiving bandwidth is much
smaller than the center frequency. Thus, the correlation function consists of a slowly-
varying envelope modulated by a rapidly-varying sinusoid at the center frequency of
the passband. The latter is referred to as the delay pattern, while the former is known
as the fringe pattern.

The geometric delay is due to the difference in path lengths from the source to
each of the two antennas. From Figure 5, it is readily seen that 7, can be expressed

as
_ Dsin8

Tg=— (3.7)

where D is the separation baseline between the two antennas in meters, 0 is the angle
as shown in Figure 5, and c is the speed of light. The correlation function thus has
both a temporal and spatial dependence. To consider the effect of varying the angle 6,
the above quantity can be expanded in a first-order Taylor series about some reference
position 6g:

Ty & -lc-)-(sin 0y + 6’ cos b,) (3.8)

where 6 = 6y + 6'. Now let one of the signals be delayed by some amount 74 equal
to the geometric delay at angle ;. Inserting (3.8) into the shifted cross-correlation

function yields

R(1,6") = G(T - %9’ cos ) cos 2m fo (T — —?9’ cos 6) (3.9)

This function is plotted as a function of # for a fixed value of 7 in Figure 3-3. Note
that the quantity D, = D cosfy is the projected baseline in the direction of the source.
(See Figure 3-2) The spacing between the oscillations is given by w = ¢/(f,D,). This
quantity, known as the fringe spacing, has important implications for the measured
noise correlation due to an arbitrary source. Recall that the expression given in
(3.9) was developed for a point source. In general, the correlation function due to a

source of non-infinitesimal size will have to be computed as an integral of the above
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Figure 3-3: Cross-correlation as a function of ¢’

expression over the angular extent of the body. If the body being observed subtends
many fringe cycles, then the measured correlation tends to zero due to the éveraging
effect of the sinusoid. Such a body is said to be resolved by the array.

Figure 3-4 shows the interference pattern formed by two antennas against a sky
background. Here, it can be seen that the angular size of the source relative to the
fringe spacing is what determines whether or not the source is resolved by the array.
For a given source and observation frequency, the length of the baseline determines
the degree to which the source is resolved. Consider a source having an angular
radius of R, radians observed at some frequency f, Hz. In the long baseline limit,
where Dy > ¢/(foR,), the fringe spacing is extremely small compared to the size of
the source, and the noise correlation tends to zero. By contrast, for extremely short
baselines, such that D, < c¢/(foRs), the effect of the averaging sinusoid is negligible,
and the noise correlation is maximized. Thus, the degree of noise correlation observed
depends heavily on the geometry of the array. This point is stressed in (3], where it is
stated that the more compact the array configuration, the greater the impact of the

background body on the array. As an example, consider observing Jupiter at S-band
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Figure 3-4: Fringe pattern against sky background

(2.3 GHz). The planet’s angular size varies with its distance to earth, but a typical
value is 1072 radians. An antenna separation on the order of a few hundred meters
would thus be required to observe a measurable degree of noise correlation.

At this point, a more general expression for the cross-correlation for an arbitrary

source can be presented. It is shown in [6] that R(7) can be expressed as

AC‘AC}: —
/ / /P.(0) Py, (0)B(0) cos 21 fo (7 — By - 0/c)dQ  (3.10)

where o is a unit vector specifying the direction, Py, (o) and Py, (o) are the normalized
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antenna reception patterns in the direction o, A,; and A,, are the effective areas of the

‘two antennas, B(c) is the brightness of the source in the direction o, By is the baseline
vector, and dfQ is the element of solid angle over which the integral is taken. Note
that the effect of spatial variations on the delay pattern term, G, has been neglected.
This approximation is justified if the received signals are narrowband, since the delay
term then varies much more slowly than the fringe term. This can be seen graphically
in Figure 3-4; over the integral, the envelope of the interferometer reception pattern
is essentially constant, while the sinusoidal component is more quickly-varying. In
addition, it has been assumed that the correct geometric delay has been inserted to
compensate for the differential pathlength to the source.

A useful quantity known as the complez visibility can be defined as

V= |V]ei* = / / \/Px.(0) Py, (0)B(o)e~2Bun-ale 4oy (3.11)

After some manipulation, R(7) can be expressed as

\/ Ae,-Aek
R(t) = ——5———G(T)IV| cos(27 foT — ) (3.12)
= aG(1)cos(2n for — ¢y) (3.13)

where A.; and A.; are the effective collecting areas of the two antennas. The variable
o= lCA*’=;z_‘l|V| has been introduced for notational convenience, and is the cross power
spectral density between the two noise waveforms, having units of W/Hz. Note that
V has the same units as flux density (W / m? / Hz). In the upper limit, all terms in
the integrand of (3.11) except the source brightness approach unity, and V approaches

the flux density of the source being observed.

3.3 Cross-correlation for Baseband Signals

As discussed in Chapter 2, we are assuming that all processing takes place at base-

band. Thus, here we compute the cross-correlation for the equivalent baseband sig-
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nals. Recall that each bandpass RF signal is down-converted by two oscillators in
phase quadrature, resulting in a pair of baseband signals. Consider representing the

bandpass signals as

ni(t) = z1(¢) cosw,t — y1(t) sinw,t

na(t) = za(t) cosw,et — ya(t) sinw,t (3.14)

where w, = 27 f,. Let ny(t) and ns(t) be bandpass Gaussian random processes cen-
tered in frequency at f,, and having spectral levels N, and N,,, respectively. It is
shown in [4] that z;(¢) and y;(¢) are then lowpass Gaussian random processes with
spectral levels 2N,,, and that z;(t) and y;(t) are uncorrelated for all ¢t (i = 1,2).

Expressing the cross-correlation function in terms of these lowpass processes, we find

Rt na(7) = Elma(t)na(t — 7))

= %(R:cl,ﬂ('r) + Ry1,42(T)) cos woT + %(Rzm (1) = Ry1,42(7)) cos(2w,t — w,T)
+%(Ry1,m2 (T) = Ra142(7)) sinw,m — %(Ry1,x2 (T) + Rg1,42(7)) sin(2w,t — w,T)
(3.15)

This can now be related to the form of the cross-correlation function found from

section 2. Assuming the fixed delay is not inserted, we know R, »2 takes the form

Rnl,nz (T )

aG(T — 1,) cos(woT — ¢y)

= aG(T — 14) cos ¢, cosw,T + aG(T — 1,) sin @, sinw,7 (3.16)

Thus, the equivalence between (3.15) and (3.16) holds only if the following symmetry

conditions are true:
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Rp122(T) = Ryiye(t) = aG(T — 74) cos ¢, |
Ry122(T) = —Re1o(T) = aG(1 — 7y) sin g, (3.17)

At this point, it is straightforward to show that the cross-correlation of the complex

baseband signals will take a similar form:
a.m2(7) = Elfu (03t — 7)] = aG(1 — 75)e%h (3.18)

The phase ¢7, accounts for the visibility phase ¢, plus any phase difference introduced
by the local oscillators at the two antennas. After down-conversion to baseband, one
of the complex signals is delayed by an amount 7,, to compensate for the geometric
delay at some position §,. In practice, this delay is computed based on the position of
the spacecraft. This delay will, in general, be different from the quantity 7, in (3.18),
since the background source is at a slightly different position than the spacecraft.-
However, we will assume that this “residual delay” is very small compared to the

inverse filter-bandwidth. Thus, (3.18) becomes
Riy 5, (7) = aG(7)e*12 (3.19)

where G(7) is some lowpass waveform centered at 7 = 0. We shall see in the next
chapter that the difference between the relative noise phase ¢, and relative signal
phase ¢12 (defined in Chapter 2) is an important parameter in determining the ar-
raying gain. We denote this quantity by ;2 2 o7y — d12.

Note that in deriving (3.19), we have considered the noise generated by the back-
ground source only. As mentioned in Chapter 2, however, the additive noise present
with the telemetry signal is actually composed of background noise plus that due
to receiver electronics. Nevertheless, (3.19) can still be used to describe the cross-
correlation, since the noises due to electronics at distinct receivers are independent.

Furthermore, it should be noted that (3.19) closely resembles the form of the auto-
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correlation function for the complex baseband noise observed at a single antenna.
Specifically, for noise with a one-sided power spectral density level of N, W/Hz, the

autocorrelation is given by
Ron(7) = E[n(t)n*(t — )] = N,G(1) (3.20)

Let the correlation coefficient between the noise at two antennas be defined as

e
SN

An upper limit for p is found by assuming that the source is in the peak of both

(3.21)

antenna patterns, and is very small compared to the fringe period. In this case,

Ae A,
a = TS

= kT, T, (3.22)

where Ty, and T, are the system temperature increases due to the source at the

individual antennas. Combining (3.22) with (3.21) yields

|T5,Ts,
=, [ 2
p T (3:23)

where 77 and T are the total system temperatures at the two antennas.

3.4 Experimental Data

To illustrate the basic concepts of noise correlation due to a common background, an
experiment was conducted as part of this thesis using two of the DSN’s antennas at
the Goldstone, California complex. Observations of 3C84, which is a broad-band radio
source, were made at S-band (2.3 GHz) from a 70-m and 34-m dish antenna. The
signals were down-converted to baseband, filtered to a one-sided lowpass bandwidth

of 115 kHz, sampled at the Nyquist rate of 230 kHz, and recorded on magnetic
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tape. The recorded signals were then processed on a Sun workstation to compute
the correlation as a function of time. Figure 3-5 shows the normalized correlation p
and the measured visibility phase over a period of approximately 8 1/2 minutes. A
0.1 second integration time was used to estimate the correlation for each point. The
sharp transition approximately 1 minute from the start indicates the time one of the

antennas moved from off the source to pointing at it.
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Figure 3-5: Experimental correlation data for 3C84

For the 70-m antenna, the source temperature was measured to be 7T, = 35.8K,
and the total system temperature (including the source) was measured at 77 = 50.3K.
The corresponding temperatures for the 34-m antenna were T,, = 7.86K and T =

40.96 K. Note that the contribution of the radio source to the 70-m system temper-
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ature is roughly four times greater due to the ratio of the collecting areas. Based
on these numbers, the upper bound for the correlation coefficient, using (3.23), is
p < 0.37. The mean correlation coefficient measured is approximately 0.26. This
difference can be explained by the “resolving” effect. The physical separation be-
tween the two antennas is 500 m, from which we conclude the fringe spacing, given
by w = ¢/(f,D;), is on the order of 3 x 10~* radians. The angular size of 3C84 is
comparable to this, being approximately 1 x 1073 radians. Thus, some decrease in
the correlation is expected due to averaging over the fringe oscillations.

The above example illustrates how physical parameters such as source size, base-
line length, observation frequency, and source and system temperature can be com-
bined to form a rough estimate of what degree of noise correlation can be expected

for a given scenario.
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Chapter 4

Full Spectrum Combining

—
Performance

This chapter contains a quantitative evaluation of full spectrum combining perfor-
mance in the presence of correlated noise. In Chapter 2, it was noted that both the
ideal arraying gain, G4, and the arraying degradation, D, are different when corre-
lated noise is present relative to the case of uncorrelated noise. Section 1 evaluates
G4 in terms of the noise correlation parameters p;; and 1;; described in the previous
chapter. Section 2 then computes the degradation due to imperfect synchronization
for full spectrum combining, Dj,.. We will see that a major difficulty caused by
the noise correlation is the issue of phasing the array. ‘The conventional phase es-
timation scheme, discussed in [1] and [2], is described, and a modified method to
offset the problems caused by noise correlation is proposed. An expression for the
arrayed symbol SNR, taking into account phase-alignment and demodulation losses,
is then presented, and the degradation is computed. Finally, the analytical results

are compared to values obtained by simulation in Section 3.

4.1 Ideal Arraying Gain

Consider an array consisting of L antennas. Recalling the signal format for deep-space

telemetry presented in Chapter 2, the complex baseband signal from the i** antenna
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can be expressed as

7i(t) = 8i(t) + 7i(2)
= [Pe,e® ) & . [Py d(t) sqr(weet + B,c)el @t o) +a(t)  (4.1)

From (2.21), the combined baseband signal for full spectrum combining can be ex-

pressed as

T comb (t) = Scomb (t) + Ticomp (t)

L
= Zﬂ, (§i(t) + ﬁz(t)) /o
i=1
L
— ej(“’bt+91) Z’B’ (1 /PCi + j\/PD; d(t) Sqr(wsct + esc)) (42)
i=1

L
+_ Bifti(t) €7
i=1

where we have assumed the i signal has been phase-rotated by an amount ¢; to
compensate for the difference in carrier phase between the 1% and ** antenna. If
all the noise processes 7i;(t) are uncorrelated, the SNR of the combined signal is

maximized if the weights §; are chosen to satisfy the condition

_ [Pg Na
ﬁ@ - PTl Nm (4'3)

for i = 1...L. Note, however, that this is not the optimal choice of weights in the
case of correlated noise waveforms. Furthermore, the optimal choice of phases used to
array the signals is not necessarily the relative signal phases, ¢1;. Using the phases ¢;;
will certainly maximize the arrayed signal power, but not necessarily the ratio of signal
to noise power, which is the relevant criteria for optimization. The problem of optimal
combining weights and phases for signals with correlated noise has been analyzed in
[7], where the results are applied to an array of antenna feed elements. However,
computation of these weights requires knowledge of the pairwise correlations between

the noises, ae,-jej #5. A scheme can be devised to estimate the required parameters in
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real time and modify the weights accordingly, but would significantly complicate the
problem. Our goal, instead, is to determine the performance impact of the correlated
noise assuming the traditional combining scheme is used.

The total combined signal power, Py, is given by
A e - |
Pr = E(3comb(t)] E[8oms(8)] (4.4)

If the weighting factors are chosen according to 4.3, the combined signal power be-

comes
L, LZ
Pr = Pp, Z’Yi + Z Z YiYs (4.5)
=1 i=1 J“;-‘Jl
.8 Pr Noy
where ~; Pr o

The one-sided power spectral density of the real and imaginary parts of the com-
bined noise is given by

Ny 2 e Blicoms(t) (0] (46)

where B is the one-sided bandwidth of the noise waveforms. Note that the factor
of two in the denominator of (4.6) results from the fact that the real and imaginary
parts of the noise each has half the power of the complex noise. From the definitions

of power spectral density and cross power spectral density, it follows that

E[fi(t)7;(t)] = 2NoB (4.7)
E[n;(t)7%(t)] = 204;¢%B (4.8)

Equations (4.6), (4.7), and (4.8) can be combined to find the power spectral density

of the combined noise, yielding

i=1 i=1 j=1
i#j

L L L
No = N,, ( Y + Z Z \/7i')'jpij6](¢%_¢ij)) (4.9)
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The Pr/N, of the combined signal is thus given by

2

Pr, (Zzp=1 'Yi)

Noy Zia % + iy 25:;1. VY5 pij €%
i#j

(4.10)

Sley

where 1;; = ¢7; — ¢ij, as defined in Chapter 3. The parameters p;; and 1);; describe
the relevant statistics for the noise correlations between the various antenna pairs,
and determine the correlated noise impact on the ideal arraying gain.

The combined signal is finally processed by a single carrier, subcarrier, and symbol
loop. Assuming perfect references at each of these three stages, the symbol SNR of

the arrayed signal becomes

2Pp (Z‘L—l ’Yi)2
SNR;, L = -
ol N, o Rsym Ef=1 Y + Z;L:l 25::11 ('Yi'Yj)l/ 2pij ed¥ii
2Pp,
—G 4.11
N, o1 Rsym 4 ( )

where G4 is the ideal arraying gain due to combining the signals. Note that setting
all the noise correlation coeflicients p;; to zero results in G4 = YL | v, which is the
ideal arraying gain in the case of uncorrelated noises, as discussed in [1].

Further note that the ideal arraying gain in the presence of correlated noise can
be higher or lower than the uncorrelated noise case, depending on the phases ;.
The intuitive reason for this can be understood by considering an array of two equal
antennas (i.e., y; = 72 = 1.) Figure 4-1 shows values for G4 for two equal antennas
as a function of p and 9. For p = 0, the ideal arraying gain is a constant 3 dB, as
expected. Now suppose the noises have some nonzero correlation coefficient p, and
some correlation phase ¢". If ¥ = 0°, then the phase difference of the spacecraft
signal as observed by antennas 1 and 2, ¢, is equal to the noise correlation phase ¢".
Thus, phase-aligning the two signals also phase-aligns the correlated component of
the noise. The_noise from the background source adds maximally in phase, and the
combined noise power increases. Thus, the combined SNR decreases, and hence the

arraying gain falls below 3 dB. By contrast, if ¢y = 180°, phase-aligning the signal
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results in combining the correlated component of the noise 180° out of phase. Thus,
the noise combines destructively in this case, and the arraying gain is now greater
than 3 dB. For intermediate values of 1, the arraying gain varies continuously from

its minimum value at ¢ = 0° to its maximum at ¢ = 180°.

Ideal Arraying Gain
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Figure 4-1: Ideal arraying gain G4 for various p, ¥

4.2 Symbol SNR Degradation

In practice, perfect phase alignment and ideal carrier, subcarrier, and symbol refer-
ences are not available. Some degradation in the arrayed symbol SNR is therefore
incurred due to synchronization errors. To quantify the degradation, we first find the
set of density functions for the phase alignment errors Ag;; 2 4315 — ¢, 1=2...L.
This set of functions is then used to compute the Pr/N, of the arrayed signal. Adding

in losses due to carrier, subcarrier, and symbol tracking, the symbol SNR at the
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matched filter output can be computed. Finally, comparing the actual symbol SNR
to the ideal symbol SNR given by (4.11) yields the degradation for full spectrum

combining.

4.2.1 Antenna Phasing

A set of phase estimates J)u for i = 2...L are needed to align signals 2...L with
signal 1. In the description of FSC given in [2], the phase difference between §;(t) and
51(t) is estimated by filtering the two signals to some lowpass bandwidth By, Hertz,
multiplying them, and averaging their product over T, seconds. The phase of this
complex quantity is then computed by taking the inverse tangent of the ratio of the

imaginary to real parts. A block diagram of this scheme is shown in Figure 4-2.

Re{}
I, (t)
1 Lowpass } ~
| Sfilter 1y, (i)
ri (t) p-| LOWpass * I C
filtgr [ ] }
Im { }

Figure 4-2: Conventional phase estimator

The complex product of the baseband signals after averaging, Z, is given by

A o IC G R MONCAORE AC)

" 1 - . -
= (/PorPo, + P PoH)e + / (Fron(8) + fupy (D5, (2)) i
corr
(4.12)

where H is given by

1\2H¥ 1

= (- — 4.1

H (n) ;27}2 A (4.13)
iodd

and M is the highest harmonic of the subcarrier passed by the lowpass filter. The

term fis,(t) is composed of signal-noise terms in the product and has zero mean.
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Note, however, that the noise-noise term, i, (¢)#;;, (), does not necessarily have zero
mean, due to a possible correlation that exists between the two noise waveforms. The
expected value of this noise product can easily be computed from the cross power

spectral density of i () and 7;(t); thus,

E[Z] = (\/Pe, Pe, + /P, Po,H)e™ + 2p153/Noy Ny, By (4.14)

Since ¢%; is not necessarily equal to ¢y;, the noise product introduces a “bias” to the
estimate of the relative signal phase. This situation can be represented pictorially in

Figure 4-3. The complex quantity E[z] can be thought of as a vector sum of a signal-

Figure 4-3: Complex correlation vector

to-signal correlation, §, and a noise-to-noise correlation, N. Note how the presence
of the noise vector biases the measurement of the phase of the complex correlation.

The relative magnitude of these vectors is given by

INI - 2p1i Blp N01 Na,- N01 No,- '

For typical parameters, even relatively modest levels of noise correlation can lead to a

substantial biasing effect in estimating the relative signal phase. For example, consider
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correlating two signals each having a Pr/N, of 20 dB-Hz with a 1 kHz correlation
bandwidth. Even if all subcarrier harmonics are included in the correlation, making
H =1, a correlation coefficient as low as p = 0.1 makes the ratio in (4.15) equal to
0.5. The phase estimates are then influenced more by the relative noise phases ¢%;
than the desired quantities ¢y;, leading to a high amount of degradation in combining
the signals. A practical implementation of full spectrum combining therefore requires
a modified phase estimation algorithm if correlation levels encountered will generate
significant biases.

The method of phase estimation shown in Figure 4-4 can be used for this purpose.
Here, each signal is filtered to some bandpass bandwidth By, and an additional com-
plex correlation is performed between the resulting waveforms. The center frequency

of this filter is chosen so as to not capture any energy from the telemetry; this can be

r, (t)

Lowpass

filter
ri (t) *® J Re { }
Lowpass ;

filter [ ]

- )
Tan 1(%) .y

Bandpassl - '

filter I
] w0
Bandpass *

filter [ ]

Figure 4-4: Modified phase estimator

accomplished by locating the filter at an even multiple of the subcarrier frequency,
for example. After scaling the noise-only correlation by the ratio of the lowpass
to bandpass bandwidths, this quantity provides an estimate of the contribution of
the noise to the total correlation. The bandpass correlation can then be subtracted
from the lowpass correlation to compensate for the mean correlation vector |]\7 |. The

compensated correlation can thus be expressed as

. 1
Z = (y/Po,Po,+\/Pp,Pp,H)e™: + 7

corr
By 1 . ...
- == Ty, (E) Ty, (¢) di
Bbp Tcorr bp1( ) bp,( )

/ (7o (2) + g (£)7i () d

46



= (\/Pclpcz + \/PdlpdgH)ej‘ﬁli + N (416)

where the the noise term N now has zero mean. The phase estimate is then found

by taking the inverse tangent of the ratio of the imaginary to real part of (4.16), i.e.,

, [(y/Pe.Pe; + /P, Po,H) sin ¢; + Ng
(\/PCIPC,- =+ \/PDIPD,.H) cos ¢1; + Ny

(zli = tan~ (417)

where N; and Ng are the real and imaginary parts of N, respectively. Note that
although Ny and Ng have zero mean, their joint statistics are still influenced by the
correlation between 7i;(t) and 7;(¢). These statistics are analyzed in Appendix A,
and the density function for the phase estimation error A¢y; 2 q31,- — ¢, is derived.

In [2], a quantity known as the correlator SNR is introduced, defined as

____ElZ]E"[Z]
SN Beorr = E[ZZ*) - E[Z]E*|Z] (4.18)

The correlator SNR is a measure of the spread of the phase error density ps(Ady;), and
is inversely related to the variance of the phase error. In [1], where FSC is analyzed
for independent noises, it is shown that the phase error density can be expressed
solely in terms of the correlator SNR. For the correlated noise case, the density is
given in Appendix A in terms of the correlator SNR and the correlation parameters
p1i and ;.

Figures 4-5 - 4-7 show the density function pg(A¢) for various values of p and
. The signal parameters chosen for these curves are (Pr/N,); = (Pr/N,): = 25
dB-Hz, A = 90deg, with seven subcarrier harmonics included in the correlation. The
correlator parameters are By, = By, = 15 kHz, and T, = 3 seconds. Note that even
for a noise correlation as high as 0.4, the density function looks remarkably like that
of the uncorrelated noise case. Simulations were performed for the same parameters,
and densities collected for the measured phase estimates. These results are shown

with the analytical curves in Figure 4-8.
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Figure 4-8: Phase estimate densities with simulation points

4,2,2 Arrayed Symbol SNR and Symbol SNR Degradation

Using the set of estimated phases to align the signals, the combined signal becomes

Teomb(t) = Scomb(t) + frcoms(t) (4.19)
L ) L )
= Y BieE(H) + Y B & i(1) (4.20)
=1 =1
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L
= Y Bi (/Po, + 51/ Pp; sar(wsct + 5c))ed@sttoi+Ad)

=1

. |
+>_ B e*i(t) (4.21)
=1

The combined signal power conditioned on the set of phase errors Ag¢y; is thus given

by

P’}' = E[gcomb(t)]E[§:omb(t)] . (4'22)
L L L '
= Pr | 27+ 3 vyed Bt (4.23)
i=1 i=1 =1
Similarly, the conditional noise power spectral density is given by
) L oo -
No = ﬁE[nwmb(t)ncomb(t)] (424)
L L L o
= N | S+ 3 S lwn) oy e HOhd0) | (425)
i=1 i=1 =1
Taking the ratio of (4.23) to (4.25) yields the conditonal Pr/N, of the combined
signal, i.e.,
f_l_: B Prq zp=1 '7:'2 + 25;1 25:;11 ’Yi’Yjej(A¢1‘_A¢15 )

/
No) T Na Shin+XTh 215;1. (iri)M? pij €3V e3(Bdri—Adus) (4.26)
i#j

After carrier and subcarrier demodulation and matched filtering, the conditional sym-

bol SNR. of the arrayed signal is given by

L2 L YE S o ci(Bbi-Ady)
SNR = 2T =1 % 2 2 e C2CLC?
NotReym S0 % + 21 5o (005) P2pigeis edOm=Bis) e/
. i#j
(4.27)

where C,, C,, and C,, are the carrier, subcarrier, and symbol reduction functions,
respectively. The unconditional symbol SNR is obtained by integrating (4.27) over

the density functions for Bor ... ér1 and the loop errors ¢, ¢y, and ¢sy- In order
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to simplify this computation, the loop errors and phase estimates are generally as-
sumed to be independent. Taking expectation with respect to each of these quantities

separately yields an expression for the unconditional symbol SNR, namely

2Pr mem e
SNR = NoleymC Cz, CZ,
L iof + £, By e G-
/ /—w[ Tin %+Z,—1 Tia ('mg)l/% j it ei(Adri=Ads)
P(Adus) - - 'P(A¢1L)] dAdz---dA¢1L (4.28)
where CZ, CZ, and C2, are given by (2.13) - (2.15) in terms of the respective loop

SNRs, and the density functions ps(A¢;y;) are as given in Appendix A. Note that the
arrayed Pr/N, is used to calculate the three loop SNRs, each of the three loops is
tracking the combined signal. Taking the ratio of (4.28) to the ideal SNR, (4.11),

yields the degradation for full spectrum combining:

D C2C2 C? / / £=1 71'2 + Zf-'_zl 25":11 fyifyjej(Atﬁu-Aqblj)
fse = ¢ Yse Vsy J -7 [Ele Y + thzl Z?=1 (7i7j)1/2pij eIVii ei(Ap1i—Ady;)
ii

p(Ady) - 'P(A¢1L)] dA¢ry---dAG1L G7' (4.29)

Note that Dy, is equal to one in the upper limit, where A¢y;; =0 fori=2...L and
Cz2=C2% = C’2 =1.

4.3 Simulation Results

A simple two-antenna array was simulated under conditions of correlated noise to
verify the analysis given above. The symbol SNR of the combined data was measured
using an SNR estimator known as the split-symbol moments estimator, and divided
by the ideal symbol SNR to obtain measured degradations. The signal parameters
used were Pr, /N, = Pr,/N,, = 25 dB-Hz, R,,, = 200 sps, and A = 90 degrees.

The carrier, subcarrier, and symbol loops were operated with bandwidths of 3.5 Hz,
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0.75 Hz, and 0.15 Hz, respectively, with a symbol window of 1/2. The correlation
coefficient between the noises, p, and the relative noise phase, 1) were varied over a
range of values.

Figure 4-9 shows simulation values along with curves describing analytical results
for a “high” correlator SNR. The correlation bandwidths and integration time were
chosen so that degradation resulting from imperfect phasing are negligible compared
to the carrier, subcarrier, and symbol losses. The curves show that more degradation
is incurred with increasing noise correlation for 1 = 0°, and that degradation decreases
as p increases for 1 = 180°! This can be explained by noting the effect of varying p and
1 on the arraying gain. For ¢ = 0°, increasing p causes a decrease in arrayed symbol
SNR, as explained in Section 3.1. The loop SNR of the three loops therefore decreases,
resulting in more carrier, subcarrier, and symbol loss. By contrast, when 9 = 180°,
increasing p increases the combined Pr/N,, and raises the three loop SNRs. This
results in less degradation in demodulating the signal. Since the correlator SNR is
high in this example, the demodulation losses are the dominant source of degradation,
and the trend shown in Figure 4-9 is thus explained.

Figure 4-10 shows the same results performed for a relatively “low” correlator
SNR. Here, the degradation curve for ¢y = 180° actually lies below the curve for
1 = 0 degrees. This result, although seemingly counter-intuitive, can nevertheless
be explained qualitatively. Note from (4.27) that the phase error terms A¢y; appear
in both the numerator and the denominator of the SNR expression; the phase errors
affect both the arrayed signal power and the arrayed noise power. This is in contrast
to the uncorrelated noise case, where only the numerator depends on the phase errors
Ad;1; since the noises are uncorrelated, the choice of phases used in combining them
does not affect their arrayed power. The phase errors A¢,; always decrease the ar-
rayed signal power, but can decrease or increase the arrayed noise power, depending
on the phase parameter ¥. For ¢ = 180°, the noise power is increased by errors in

estimating ¢;, since phasing the array perfectly results in maximum noise cancella-

1The phrase “decreasing degradation” is used loosely to mean decreased synchronization losses;
in actuality, numerically lower degradation implies greater losses incurred.
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tion. Therefore, estimating the phase imperfectly results in a twofold penalty: the
combined signal power is lessened, and the combined noise power increases. This
results in increased degradation due to phase alignment. On the other hand, when
¥ = 0°, phase misalignment decreases the arrayed noise power. Since ¢;; = ¢7; in
this case, aligning the signals imperfectly also lessens the constructive addition of the
noise. The reduced noise power due to phasing errors therefore have a mitigating

effect on the degradation incurred.

Full Spectrum Combining Degradation -
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Figure 4-9: FSC degradation - theory and simulation

It should be noted that the fact that the 9 = 180° case has more degradation
than the 1) = 0° case in this example does not mean that the overall performance of
the array is worse for ¢ = 180°. Recall that degradation is defined as the deviation
from the ideal arraying gain, G4. In the above example, although the degradation

for 1 = 180° is slightly higher, the ideal gain is substantially higher than it is for
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Figure 4-10: FSC degradation - theory and simulation

¥ = 0°. Thus, to determine the absolute performance for the array in terms of total

combined SNR, both the ideal gain and the degradation must be accounted for.
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Chapter 5

Complex Symbol Combining

Performance

Here, we analyze the performance of complex symbol combining in a manner that
parallels that of the previous chapter. Recall that the expression for SN R;4eq is the
same for CSC as it is for FSC, as discussed in Chapter 2. Thus, the derivation of
the ideal arraying gain for complex symbol combining is omitted here, and the phase-
alignment algorithm used for CSC is analyzed in Section 1. Section 2 then computes
the arrayed symbol SNR and the symbol SNR degradation. Finally, simulation results
are presented and compared to analytical results in Section 3.

It was briefly pointed out in Chapter Two that the subcarrier and symbol tracking
performance for CSC is different from that of the conventional receiver, since carrier
demodulation is postponed to the end. Since subcarrier and symbol tracking are
performed in the absence of carrier lock, the loop SNRs of these loops are different
than in the case where coherent carrier demodulation precedes subcarrier and symbol
tracking. Two types of subcarrier and symbol loops that may be used in complex
symbol combining are discussed in [2]: the conventional, or “I” loop, which uses
only one of the two signals in the complex pair to track, and the “IQ” loop, which
uses both real and imaginary channels. We will assume the IQ loops are used, since
they have higher loop SNRs. Following matched filtering, the complex symbols from

each receiver are transmitted to a central location for combining. As in the case of
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full-spectrum combining, correlations are performed to phase-align the carriers, after
which the signals are weighted and summed coherently. A baseband Costas loop is

finally used to demodulate the carrier.

5.1 Antenna phasing

The complex symbol stream from the i** antenna is given by
Yi(k) = 1/ Py,Ce;Cay; d(k) e3@TeE+0) 4 N (k) (5.1)

where C,, and Cj,, are the subcarrier and symbol reduction functions for the ™
receiver, T is the symbol time, and N;(k) is the noise output from the i matched

filter. Taking the complex product between the 1°* and i* streams yields
Z= ffl(k)f/;*(k) =V PD1PD¢Csclcsc;Csy1Csyi + Ns,n("’) + Nl (k)]\?}*(k) (5-2)

where the signal-noise term Ns,n(k) has zero mean. Once again, the complex noise
product Ny (k) N*(k) has nonzero mean if the correlation coefficient is nonzero, and
introduces a bias to the signal correlation vector. Note, however that the spectrum
of the signals at the point of combining, ¥;(k), do not contain empty bands as in
the case of full spectrum combining. Demodulating the subcarrier collapses all the
data sidebands to baseband, allowing a much narrower combining bandwidth. Since
the shared information rate for CSC is equal to the symbol rate, there is no ezcess
bandwidth that can be used to measure the correlation of the noise alone. This problem
may be solved by adding an extra matched filter for each receiver to capture noise
only. Before investigating this possibility, however, we calculate the expectation of
the noise product, E[N,(k)N; (k)]

Consider the block diagram of Figure 5-1, which shows the processing for complex

symbol combining up to the matched filter outputs. The signal s;(t) is the subcarrier
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reference from the i** subcarrier loop, given by
si(t) = Sqr(wsct + Osc + ¢sci) (5.3)

where 0,. is the instantaneous subcarrier phase, and ¢,., is the instantaneous phase
error in the i loop, for i = 1... L. The limits of integration for the 7** matched filter

are given by

., = kTs + T (54)
te = (k+ 1T+ (5.5)

?

where 7; is the timing error in the it symbol loop. The matched filter noise samples

are therefore given by

1 (k+1)Ts+m7;

Nz(k) = 7 i 1;(t) sar(wset + Osc + Pse;) dt (5.6)
s s +Ti

- 1 (k+1)T3+Tj B

N;(k) = T Jirs 7ij(t) sqr(wset + Ose + Psc;) dt (5.7)
s sTTj

The conditional expectation of N; (k)N #(k) given the subcarrier and symbol timing
errors can then be calculated by combining the above expressions with the cross-

correlation function for the complex baseband noises, i.e.,
Rigy (4, v) = Blfis(u) i} (v)] = o3 €% 8(u — ) (5.8)

A delta function is used to express the cross-correlation for mathematical conve-
nience. In reality, the cross correlation function takes the form G(7), where G(7) is
determined by the shape of the front-end receiving filters (See Chapter 3). However,
this approximation is justified, since the cross spectrum is essentially white over the

bandwidth of interest (i.e., the data rate bandwidth 1/T%).
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Using (5.6) - (5.8) yields

- < 1 (k+1)Ts+7; (k+1)T,+~rj _ —x
E[N;(k)N; (k)] = ﬁE [/kT N /kT N i (u)si(u) 7} (v)s;(v) du d'v]
s 8 TT; 8175

aijej‘ﬁf} /(k+1)Ta+Ti /(Ic+1)T, +7;j
T2 Jk K
a,-je"‘i’z;'

B [ (o) ss(o) do (5.9)

tmin

O(u —v) s;(u)s;(v) du dv

Ts+7; Ts +7;

where the limits of integration of v are given by

tmin = max(lcTa + 7, kTs + Tj) (5.10)
tmee = min((k+1)T;+ 7, (k+1)T; + 75) (5.11)

Finally, integrating with respect to v yields

Y ™.

a,:je’ 27 2

E[N;(k)N; (k)] = —ga— (1= ~lbses = bsgs ) (T = I = 73) (5.12)
073 e”’:.'v 2 1

= _JTT_ (1 = =lse; = bseil) (1 = - |bows = bayyl)  (5.13)

= Q4 e]¢:"’ Rsym Csc.-j Csy.-j (5'14)

Note that in the absence of phase errors in any of the loops, (5.14) reduces to
;€% Ryym, which is simply the cross power spectral density of the noises i;(t)
and 7i;(¢) times the effective bandwidth of the matched filter. Thus, phase errors in
the subcarrier and symbol loops actually reduce the observed noise correlation at the
point of combining. This is in contrast to the case of full spectrum combining; since
the signals are combined at the front end, the noise correlation is proportional to only
the cross power spectral density level and the front-end bandwidth.

Calculating the unconditional covariance of the matched filter noises requires tak-
ing the expectation of (5.14) with respect to the phase errors @sc;, @sc;, dsy;, and Py, -
Two approximations are made to perform this computation. First, the densities of the
phase errors are assumed to be Gaussian. This condition is nearly satisfied for loop

SNRs above 10 dB, and is consistent with the approximation made in [1]. Second,
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the phase errors of all loops are assumed to be mutually independent. This state-
ment is not strictly justifiable, since the subcarrier and symbol loops from a single
receiver are affected by the same noise, and furthermore because the noises viewed
by separate receivers are correlated. Nevertheless, it is invoked for the purpose of
making a first-order approximation to evaluating the unconditional covariance. The
quantities @se; — @sc; and Py, — Psy; are then Gaussian-distributed with known mean

and variance, and the unconditional expectation E[Ni(k)]v;(k)] becomes

E[N,(k)N; (k)] = e’ Ry Cisci; sy
N N jen 2 12, , 2 \1/2
= Pij NoiNojej¢’J Rsym (1 - ’7'1: ;(UCﬁsci -+ U¢scj) /

1 2 2 2 1/2
X (1 - -27'.‘ ;(O'%yi + O’¢syj) (515)

Equations (5.15) and (5.2) can be combined to calculate the ratio of the signal to

noise correlation magnitude, analogous to that computed in (4.15):

_V PDIPDiCSCI Csyl CSC:’ Csyi
Pijy/f Ny N,, Rsymcsc,'j Csy,:j

1 (E, E,\"
,—0—-—7 (N—IN_t) (5.16)
(¥ 01 0;

@

=

where E;/N, = PpT;/N, is the bit SNR. In making the approximation of (5.16), the
effects of synchronization have been ignored for simplicity. This result provides a
useful “rule of thumb” for determining if the noise correlation is a significant bias in
estimating the relative signal phase. If |S|/|N| is much less than one, then an extra
correlation is needed ico compensate for the noise vector, as mentioned earlier. On the
other hand, if this quantity is much greater than one, then it is unnecessary to add
the extra matched filter channel to perform the noise-only correlation. Estimating
the degree of correlation p that will be observed for a particular antenna pair and
applying the rule described above will indicate whether or not the noise contribution

to the total correlation is substantial, and must be compensated for by performing
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an additional correlation.

Here we briefly describe how the extra matched filter outputs can be used to
measure the noise correlation: The complex baseband signal from each antenna can be
shifted in frequency so that an empty portion of the spectrum is located at baseband.
This may be accomplished by shifting by an even multiple of the subcarrier frequency,

ie.,

gi(t) = (,/PC,. e @st0) 1 i\ /Pp,d(t) sqr(wset + B,c)e? %) + (t)) gl Nwact
= 50+ - 6517

where N is an even integer. The shifted signal can then be multiplied by the subcarrier
reference from the i** antenna, and passed through a matched filter using timing from

the i** symbol loop, as shown in Figure 5-1. Thus,

= 1 (k+1)Ta+Ti . )
N|t) = E o 1;(t) Sqr(wset + Osc + Pse;) di (5.18)

From the above analysis, it is clear that E[N! (k)]\?}’(k)] will be given by (5.15). Cor-
relating the two noise-only matched filter outputs then yields a quantity that can
be subtracted from the total correlation, Z, to compensate for the noise bias. The
density function for the phase estimate computed using this technique is similar to
the FSC case, and is analyzed in Appendix B. Note, however, that performing this
compensation requires increasing the combining bandwidth beyond what is required
for CSC in the uncorrelated noise case, as well as additional hardware to process the
extra channel containing noise only. A tradeoff in performance versus complexity
must therefore be made to determine if complex symbol combining is an attractive

option when correlated noise is present.
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5.2 Arrayed Symbol SNR and Symbol SNR Degra-
dation

An expression for the conditional arrayed symbol SNR can be obtained in a similar
manner as the full spectrum combining case. The combined signal for complex symbol

combining is given by

Y/comb(k) = S'comb(k) + Ncamb(k)
L . -
= ¥ B [/ Pp,Cyc,Chy, d(k) eUsTek+8) L Ni(E) 5.19
ot i Yi

The conditional signal power, defined as E[Scoms (k)] E[S%,,(k)], is given by

L L L
P ,D = Pp, (Z ’Yiz Cs2ciCs2yi + Z E 7i7j030i C-’cj Csyiosyj e’V ej(Ami-Ami)) (5'20)

i=1 =1 j=1
i#]

where, as before, A¢y; is defined as the error in estimating the phase difference be-
tween the 1° and ™ signal, ¢1; — ¢1;. The one-sided power spectral density of the

real and imaginary parts of N,om(k) is given by

N, = T,Var (Nc,,mb(k))

L . L e
= T,E (3 Bie?® Ni(k)) x (3 Bie %4 N3 (k) (5.21)
=1 j=1
Using the relations
~ .\ N,,
E[N;(k)N; (R)] = = : (5.22)
~ ~ pij\/No,-Noj ed’:‘;
E[Ni(k)Nj (k)] = T scij Coyij (5.23)

Equation (5.21) can be shown to be equal to

L L L
N =N, (Z yi + z Z %3 Pi5Cs6i; Coy; eIVii oI (Ad1i—Ad1;) (5.24)
7==1 =1 j=1
i%i
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Taking the ratio of (5.20) to (5.24) then yields the combined Pp/N, for CSC. The
combined signal is finally processed by a baseband Costas loop, and the conditional

SNR adding in carrier losses is given by

N,, Ryym EiL=1 Y + Z,-L=1 Z%;; \ /’y,:'yjp,-jC’,c,.j Csy;j eJvii gi(Adri—Adi;) c
(5.25)

Computing the unconditional symbol SNR requires taking the expectation of the

SNR' =

above quantity with respect to the phase errors ¢, and ¢,,, for i = 1... L, the phase
estimates 431,,' for i = 2...L, and the carrier phase error ¢.. Once again, we assume
all loop phase errors and phase-aligning errors are mutually independent. Thus,
integration over the carrier phase error ¢, is accomplished easily by considering the
carrier reduction function C2? separately. However, unlike the case of full spectrum
combining, the subcarrier and symbol phase errors appear in both the numerator
and the denominator. The expectation with respect to the subcarrier and symbol
phase errors therefore cannot be given in closed form. Calculating the unconditional
symbol SNR for even a simple two-element array would thus require a 5% order
numerical integration. Rather than resort to such brute-force tactics, we make further
simplifying assumptions to allow evaluation of some of the integrals in closed form.
In taking expectation with respect to the ¢, and ¢,,, terms, we apply the ap-

proximation
z,  Elz]

BRI~ Ely]

(5.26)

to the ratio of (5.25), yielding

2Pp
SNR= 3o Rs:, -
Eq,mq,wli,[zf;l VC2C2 +¥L, fl':; YiYjCsc;Csc;Coy; Osy; eI(Ad1-001)) =
ol AN > S 5 2’5:; VYT5PiiCici; Cay,; €7%ii e3(A01=001)] e
(5.27)

where ®,. is the set of subcarrier phase errors ¢, for i = 1...L, ®,, is the set of

64



symbol phase errors ¢,y for i = 1...L, and ® is the set of phase estimates ¢; for
i = 2...L. The approximation of (5.26) is reasonable if the mean of y squared is
much greater than the variance of y (i.e., if y is nearly a constant). This condition
is met for the case under consideration, since it is implicitly assumed that the loop
SNRs of the subcarrier and symbol loops are high enough to maintain lock, with 13
dB being a typical threshold. Thus, the variances of the reduction functions C,,, ; and
Ciy;;» which contain the loop phase errors, will be small compared to the mean of the
entire denominator term.

By the above argument, the unconditional SNR can be evaluated as

2Pp,
No1Rsym
21_1 'Yq, Csy, + E =1 E:—l ¥iViCsci C's:cJ Csy, C ej(Am‘_Am’ )

/;7r -[-W [ Ez—l Y -+ 21_1 21—1 /7z7jpzycsc,_, C s¥ij eﬂbu eJ(A¢1:—A¢11)

p(Adrz) - 'P(A¢1L)] dA¢z---dAdyy (5.28)

SNR=—--C2

The ideal symbol SNR for complex symbol combining is identical to that for full
spectrum combining; since SN R;4eq; is defined as the SNR that would be obtained in
the absence of synchronization errors, its value is independent of what order combining
and demodulation occur in. Thus, the degradation for complex symbol combining is

found by combining the results of (5.28) with (4.11), yielding

Dcsc =
02/ / [25_1 ,y sc' sy‘ C? + Zz—l 23_1 Y3 Cse; Cst Ciy: csy eI (Api1—Adj1)

z-l Y+ Ei:l Zz:} 2V 717Jngcsc;j Csy.-j eJ¢”e](A¢‘l )
it
P(Ad1) - p(Adur)| dAprs -+ dAdyy GF' (5.20)

5.3 Simulation Results

Simulations of a two-antenna complex symbol combining system were performed. The

signal parameters used were the same as those used for the full spectrum combining
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simulations: Pr, /N, = Pr,/N,, = 25 dB-Hz, Ry, = 200 sps, and A = 90°. The
loop bandwidths were also set as before; the carrier, subcarrier, and symbol loop
bandwidths were 3.5 Hz, 0.75 Hz, and 0.15 Hz, respectively, with a symbol window of
1/2. Both the compensating and non-compensating methods of estimating the signal
phase difference were implemented. In Figures 5-2 and 5-3, simulated and analytical
degradation values are shown for various values of p and .

For the uncompensated case, the degradation curve drops down sharply for 1 =
90° and ¢ = 180°. One cause for this is the bias in the complex correlation used to
estimate the relative signal phase. For the parameters being used, |S|/|N], given by
(5.16), is equal to 3.15 for p = 0.5. Thus, the noise vector is of comparable but lesser
magnitude to that of the signal in estimating the phase. Note that for ¢ = 0°, the
noise correlation phase is equal to the relative signal phase (¢ = ¢"), and the vectors
S and N are colinear (see Figure 4-3). The noise vector therefore does not bias the
measurement away from the desired quantity, and the downward trend is not present.

For the compensated case, less overall degradation is observed. However, the
¥ = 180° curve still drops down with increasing p. Recall from Sec. 5.1 that imperfect
subcarrier and symbol tracking tend to decrease the power levels of the individual
signals at the matched filter output and decrease the correlation of the matched filter
noises. When 1 = 0°, this has a beneficial effect on the arrayed SNR, since it reduces
the coherent addition of the noise. By contrast, when 7 = 180°, a high degree of
correlation between the noises is desirable, so that the noise cancéls maximally. Thus,
decreasing this correlation lessens the arrayed SNR, and causes more degradation.
This explains the fact that the ¥ = 0° curve tends upwards with increasing p, while
the ¢y = 180° tends downward. Note, however, that the reverse trend is true of the
ideal arraying gain, G4. For example, for p = 0.8, G4 = 10 dB for ¥ = 180°, but
only 0.46 dB for ¢ = 0°.
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Chapter 6

Analysis of Full-Spectrum and
Complex-Symbol Combining for

(Galileo Mission and Conclusion

In order to illustrate the major concepts presented in this thesis, the performance of
full spectrum combining and complex symbol combining is analyzed for the Galileo
signal. An array of DSS-14, which is a 70 m antenna, and DSS-15, a 34 m high-
efficiency (HEF) antenna, is chosen for this example. First, predictions for physical
parameters describing the signal strength and degree of noise correlation are devel-
oped. These quantities are then used to-calculate the arraying gain and degradation
for each of the two schemes. Finally, the conclusion summarizes the major issues

related to telemetry arraying in the presence of correlated noise.

6.1 Galileo Signal Parameters

In the case of the Galileo spacecraft, correlated noise will be contributed by Jupiter
being in the beam of both antennas. As discussed in Section 2, the contribution of
a background body to total system noise depends on its angular separation from the
spacecraft and on its total flux, which varies with its distance from Earth. Values

for the Jupiter-Earth-probe (JEP) angle and Jupiter-Earth distance can be found
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from ephemeris information for the Galileo tour. For the purpose of this example,
we select values which maximize the noise contribution of the planet to estimate the
impact of correlated noise in a worst-case scenario. Thus, we assume the JEP angle
is zero and that the Jupiter-Earth range is at its minimum value during the tour,
which is R; = 4.0 au *. Using these values, the temperature contribution of Jupiter
for DSS-14 and DSS-15 are Ty, = 6.6K and T, = 1.4K, respectively. Note that the
temperature contribution is higher for DSS-14 due to the greater aperture size and
antenna efficiency.

The predicted signal parameters are as follows: (]%-:—)1 = 22.0 dB Hz and (%)2 =
11.6 dB Hz for the 70- and 34-m antennas, respectively; A = 90°; and Ry, = 200
sps. Note that since we are assuming that the planet and spacecraft are at their
closest range, the spacecraft signal is also at its peak strength, in addition to the
noise contribution of Jupiter. The total system temperatures predicted for DSS-14
and DSS-15 are 22.6 K and 42.2 K, respectively.?

To determine the degree to which the source is resolved on this array baseline, we
must compare the fringe spacing to the angular size of the source. In our example, the
observing frequency f, is 2.3 x 10°H 2, and the maximum possible projected baseline
is the physical separation between the two antennas, which is approximately 500 m.
Thus, the smallest possible fringe spacing is 2.5 x 10™* rad. At a range of 4.0 au,
Jupiter has an angular size on the order of 1 x 1073 rad. Since these values are
comparable, we cannot use either the long baseline limit or the short baseline limit
in evaluating p (see Section 1). However, for the purpose of determining the impact
of the correlated noise in the most extreme case, we over-estimate the degree of noise

correlation using the upper bound on p, given by
T31T82
=4 [—==0.1 6.1
p=\"TT (6.1)

1The unit ‘auw’ stands for astronomical units, which is a measure of distance frequently used for
interplanetary navigation purposes.

2Predictions for noise and signal parameters were obtained from the Galileo S-Band Analysis
Program, courtesy of David Bell.
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6.2 Arraying Performance

Using the two Pr/N, levels and correlation coefficient p found above, the ideal array-
ing gain G4 can be computed as a function of 9 using (4.11). A graph showing this

relationship is shown in Figure 6.2. Note that the arraying gain in this example is

Galileo Parameters -
Ideal Arraying Gain

Gp (dB)

0 25 50 75100 125 150 175
Y (degrees)

Figure 6-1: Ideal arraying gain for Galileo signal, array of DSS-14 and DSS-15

much smaller compared to our previous examples of two equal antennas, since the sig-
nal level of one antenna is approximately 10 dB lower than the other. For ¢ = 0°, the
correlated component of the noise adds maximally in phase, thus decreasing the ar-
raying gain. By contrast, the background noise interferes destructively for ¢ = 180°,
resulting in greater arraying gain. Since the correlation coefficient is relatively low
in this example, the difference between the best-case and worst-case scenario is only
about 0.45 dB.

Representative values for the carrier, subcarrier, and symbol loop bandwidths were
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chosen as 1.5 Hz, 0.4 Hz, and 0.07 Hz, respectively. For full-spectrum combining, a
correlation bandwidth of B, = 2 kHz was used, with a correlation time of 15
seconds. The total degradation for FSC as a function of v is shown in Figure 6.2,
along with simulation points. Because the correlation coefficient p is relatively low in
this example, the degradation is almost constant with respect to the phase parameter
. The combined Pr/N, only varies by roughly 0.4 dB as 9 ranges from 0° to 180°;
thus, the loop SNRs of the three loops also do not change much, and synchronization

losses remain essentially constant.

FSC Degradation
-0.5
a -0.7 v
2
& -09
g
- [ ——
2 o simulation
-1.3
-1.5

0 30 60 9 120 150 180
Y (degrees)

Figure 6-2: FSC performance for Galileo signal

The same signal parameters and loop bandwidths were used to simulate the com-
plex symbol combining case. A slight variation of the basic scheme, known as complex
symbol combining with aiding (CSCA), was implemented. This scheme is discussed
in [2] as an option for arraying the Galileo signal. In CSCA, the subcarrier and
symbol references from the receiver tracking the stronger signal are used to track the
signal from the 34 m antenna as well. This technique can be used to perform complex
symbol combining even if the 34 m antenna signal is too weak to achieve subcarrier
and symbol lock on its own. Thus, the loop SNRs for the 34 m antenna subcarrier
and symbol loops are equal to the corresponding 70 m antenna loop SNRs.

Equation (5.16) can be applied to determine whether or not the “noise-only”
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channel is needed to phase the array. Substituting in values from above, we find

L(EaBa)” L L (B )" ©62)
P No1Noz pRsym N01N02

= 2.39 (6.3)

Thus, the magnitude of the noise correlation vector is less than but comparable to
that of the signal correlation vector. To illustrate the impact of the phase bias in
aligning the signals, CSCA was simulated with both the compensating and uncom-
pensating method for estimating the relative signal phase. In Figure 6.2, we show the
degradation for CSCA for these two cases. The correlation time used to estimate the
relative signal phase was 2 seconds. Note that a shorter estimation interval than the
full spectrum combining case can be used here, since the effective correlation band-
width is equal to the data bandwidth of 200 Hz as opposed to 2 kHz for FSC. For
the compensated case, the degradation is essentially constant, since, once again, the
noise correlation does not affect synchronization losses much. For the uncompensated
case, the degradation becomes greater as the difference between the noise and signal
phase 1) grows larger, since the noise correlation begins to bias the phase estimate
further away from the relative signal phase. This effect can be seen graphically by
referring once again to Figure 4-3, where the complex signal and noise correlations

are represented as vectors.

6.3 Conclusion

The effects of correlated noise on the full spectrum combining and complex symbol
combining arraying schemes have been analyzed. For both schemes, there are sub-
stantial differences from the case of arraying signals with uncorrelated noise. The
importance of these factors depends on the degree of noise correlation, quantified by
the correlation coefficients p;; for the various antenna pairs in the array. As seen in
Chapter 3, accurate modeling of the noise correlation properties for a given antenna

pair requires detailed analysis of factors such as the source structure and position,
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the antenna gain patterns, and the geometry of the array. However, the correlation
coefficient can be determined easily in cases where the baseline is either very short
or very long. These two extreme cases can be used to obtain a rough idea of what
degree of noise correlation can be expected for a given scenario.

The ideal arraying gain for a set of signals, G4, is maximum SNR improvement
over the strongest signal in the array that can be achieved through combining. Since
G4 does not account for losses due to imperfect synchronization, it is useful for
describing the performance of arraying in general, but not for comparing specific al-
gorithms for arraying. For a given set of correlation coefficients p;;, the ideal arraying
gain may be lower or higher than the case of uncorrelated noise waveforms. This
reflects the fact that the noise may add constructively or destructively, depending on
the relative signal and noise phases (i.e., the 1;; parameters).

Correlated noise also has an impact on the symbol SNR degradation for individual
arraying schemes, which quantify the amount of synchronization loss incurred based
on specific processing used. One major difference from the uncorrelated noise case is
in the phase alignment process. Both full spectrum combining and complex symbol
combining use correlations between the various signal pairs to estimate the difference
in carrier phases. When the noise waveforms are non-independent, the noise products
contribute to the total measured correlation, producing a bias in the estimated phase.
The magnitude of the noise correlation relative to the signal correlation can be com-
puted from the signal levels (i.e., the Pr/N.s), the degree of noise correlation, and the
correlation bandwidths used. Since the contribution of the noise bias is proportional
to the correlation bandwidth used, full spectrum combining is more severely affected
by this problem than complex symbol combining. A modified method of phase esti-
mation, where the correlation due to the noise alone is measured and compensated

for, can optionally be employed for both FSC and CSC, as necessary.
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Figure 6-3: CSC performance for Galileo signal
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Appendix A

Performance of the FSC

Correlator

For full spectrum combining, the phase difference between two signals is estimated
by performing one lowpass and one bandpass correlation, as described in Section 3.2.
After being filtered to some lowpass bandwidth By, Hz, the signals from antenna 1

and antenna ¢ are given by

. 4 smk s y -
Gips () = \/P01+J\/PD1d(t) (r) - ] Gott0) 4 fu, (£) (A1)
k=1

k odd

- 4 M kwse iwt40:) | =
Int) = \/Pc +iyPod(d) (3) X 5——‘—"—] 00 1 i (1) (A2)

Ic odd

where the subcarrier is expressed in terms of its sinusoidal components that are passed
by the lowpass filter. The two signals passed through the bandpass filter of bandpass

By, Hz contain only noise, and are given by

Uops(t) = T (2) (A.3)
Yopi(t) = Tup,(2) (A.4)

The complex quantity used to estimate the relative signal phase ¢;; = 0; — 6; is
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given by

Z =1 + iQ
= / Tip, i, ~ By / Gopr T,
corr P1 lp. Bbp Tcor‘r bp1 bp,

= (\/P01PC,- + \/PDIPD‘.H)CNS“' +

_ By
dt
Bbp Tcorr / nbplnbp

= (\/PC1PC.- + \/PDIPD,.H)eM’“ + N (A5)

Ay,.) dt

In most cases, the contribution of the signal-noise term fi,,(t) to the total noise
power is much smaller than that of the noise-noise terms, and can be ignored. This
is especially true if the Pr/N, levels of the two signals are very low, or if large
correlation bandwidths are used. By the Central Limit Theorem, the complex noise
N can be approximated as Gaussian if the correlation extends over many independent
samples (i.e., if T,orr is much greater than the inverse correlation bandwidths). After

averaging, the variance of the real and imaginary parts of N can be shown to be equal

to
Ay=Var(N)) = z— (Blp + -11‘22) (Noy Ny, + 0; cos 2¢%; (A.6)
Xo=Var(Ng) = 7t (B,p + —z) (N,,N,, — a2, cos 247, (A7)

where Ny and Ng are the real and imaginary parts of N, respectively. The covariance
of N and Ng can be shown to be equal to
1 2

B;
Arg = Cou(Np, Ng) = (Blp + B—-) o, sin 267, (A.8)
co'rr bp

Furthermore, it is clear from (A.5) that the means of the real and imaginary parts of

Z are given by

mi = (y/Po,Po, + \/Pp,Po,H) cos ¢y; (A.9)
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mqg = (\/PC1PCi + \/PD1 PD:’.H) sin ¢1i (AIO)
Equations (A.6), (A.7), (A.9), and (A.10) can be combined to compute the correlator
SNR as defined in [1], i.e

E[Z)E*[Z]
E[ZZ*] - E[Z|E*[Z]

SNRcorr,fac =

_ m%-i-ng
- /\I+)‘Q

2
T (B ),
2(3;,,4'"2)

Equations (A.9), (A.10), and (A.6) - (A.8) can be used to determine the joint den-
sity function p; o(I, @). Since the density of $1; = tan™? (—?‘) is the desired quantity,
we express the joint density function in terms of polar coordinates, using the variable

definitions

r 2 J12+@Q? (A.12)
¢ £ tan™! (—?) (A.13)

The density function for jointly Gaussian random variables is givén in polar form by

f ‘r,¢(r1 ¢) =

T
X
27T(/\I/\Q - /\IQ)
(_ Ar(rcos ¢ — my)? — 2A1g(rcos ¢ — my)(rsing — mg) + Ao(rsingd — mq)z)
2(A12g — Arg)

exp

(A.14)

Integrating (A.14) with respect to r yields the marginal density of ¢ alone. Expressing
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the phase estimate density in terms of the estimation error A¢ = qﬁli — ¢1; yields

f¢(A¢) = Gl €Xp (_SNRcorr,fsc'l_ipi—czjzdj) [1 + ﬁG2 eGg (erng + 1)] (A15)
where
_ 1/
C1 = A= Poos(2h = A9)) (4.16)
B cos Ap — p? cos(2¢) — Ad)
Gr = VSNReomsoe T )T = 2 con(2i) — Ag)) A7
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Appendix B

Performance of the CSC

Correlator

The method of estimating the relative signal phases for complex symbol combining
is analogous to the full spectrum combining algorith; using the extra correlation to

compensate for the noise bias, the complex correlation can be expressed as

1 & S 1 & \T*
AR PRALACRSPRAOIHO

k=1

1 X o
= ,/p,,l Pp,Cie, Cyyy Cic; Coyi%% + ¥ 3" \/Pp,Cye, Coy, 7% N} (K)
k=1

1 N —j0; R+ 1 & - T 1 ad N/ N *
+ N‘ Z vV PD{CSCiC-syie 'N1 (k) + YV_ ZNI(I")Nz (k) - ’N Z Nl(k)Ni (k)
k=1 k=1 k=1
= +/Pp,Pp,Csc, Cogy Cac; Cags€%% + N (B.1)
where N is the number of symbols averaged over, given by N = T, /Tsym, and

the noise term N has zero mean. The statistics of this noise can be analyzed in
the same manner as before; here, the effective correlation bandwidth for both the
lowpass and the bandpass correlation is R,ym/2. Using the definition given by (4.18),
the correlator SNR can be shown to be equal to

2 2
P, D1 Tcm-rcsq Csm C’sc.-2 Csy.-z
N,
Now CZ, %, + CZ, CF, (L) + 222Roym

SNRcorr,csc = (B2)
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The density function for the phase estimation error can be found in an analogous
manner as applied in Appendix A. The only difference is in the expression for the
correlator SNR; otherwise, both problems are governed by the same mathematics.
The density function for the phase estimation error A¢,; is thus given by (A.15),
with SN Reorr,f5c replaced by SN Reorr cse. |
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