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The process of combining telemetry signals received at multiple antennas, com-
monly referred to as arraying, can be used to improve communication link perfor-
mance in the Deep Space Network (DSN). By coherently adding telemetry from
multiple receiving sites, arraying produces an enhancement in signal-to-noise ratio
(SNR) over that achievable with any single antenna in the array. A number of differ-
ent techniques for arraying have been broposed and their performances analyzed in
past literature [1,2]. These analyses have compared different arraying schemes un-
der 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in the array, however, the assumption of independent noises is no longer applicable.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 article analyzes the effects of correlated noise on two
arraying schemes currently being considered for DSN applications: full-spectrum
combining (FSC) and complex-symbol combining (CSC). A framework is presented
for characterizing the correlated noise based on physical barameters, and the impact
of the noise correlation on the array performance is assessed for each scheme.

l. Introduction

Arraying spacecraft telemetry has a number of desirable applications in the Deep Space Network. By
combining signals from multiple antennas, arraying has the benefit of increasing the signal-to-noise ratio

increase in the supportable data rate for stronger signals. Several different schemes for performing arraying
have been proposed and analyzed in past literature (1,2]. These schemes differ in the synchronization
processes that are used to combine and demodulate the signals. Thus, a benchmark used to compare
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Previous analyses that have compared arraying techniques in terms of symbol SNR degradation have
used an additive white Gaussian noise (AWGN) model to describe the deep-space channel and have
assumed the noise waveforms received at distinct antennas are independent. However, if a strong radio
source is within the antenna pattern of multiple antennas in the array, the noise observations at different
antennas become correlated. For a substantial fraction of Galileo’s encounter with Jupiter, for example,
the planet will have an angular separation from the spacecraft that is less than the beamwidth of a
70-m antenna at S-band (2.3 GHz).! Further analysis is thus needed to characterize the performance of
arraying schemes in cases where correlated noise is present.

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 planetary 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 a case
of uncorrelated noise is then analyzed. The results obtained are applied to observation of the Galileo
spacecraft from a four-element array in the DSN’s Australia complex. However, Dewey’s study does not
take into account the effects of imperfect synchronization 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 article is to analyze the effects of correlated noise on the full-spectrum combining
(FSC) and complex-symbol combining (CSC) arraying schemes. In Section II, background material needed
to understand the physics underlying background noise in receiving systems is presented. Parameters used
to characterize the noise correlation properties will be introduced and explained. Sections 111 and IV then
apply this model to the FSC and CSC techniques and compute the symbol SNR degradation for each
scheme. Section V applies the results of the previous sections to the Galileo mission. Predicts for the
signal and noise parameters are used to evaluate the performance of both arraying schemes in this scenario.
Finally, Section VI summarizes the main results of the work.

il. Background Noise Properties

Here we present basic terminology used to describe broadband sources that will be used for the
remainder of the analysis. The discussion that follows is included only to summarize major results from
previous work; readers interested in a more thorough treatment of the subject material may refer to a
text on radio astronomy, such as 4], or the work performed by Dewey alluded to earlier [3].

Consider first the effect of a background source on a single receiving system. The noise observed at
an antenna consists of both thermal noise due to front-end receiver electronics and radiation due to any
radio sources in the antenna’s field of view. Such sources typically have an emission spectrum that varies
very slowly with frequency and can, therefore, be considered white over the bandwidth of interest.?2 The
increase in total system temperature due to the background source is found by integrating the source’s
brightness distribution over the antenna’s reception pattern, i.e.,

T, = %//B(é)PN@) ds (1)

where A, is the effective receiving area of the antenna in m?; k is Boltzmann’s constant, 1.379 % 1072
W/K/Hz; B(3) is the brightness of the source in W /m?/Hz /sr (sr stands for steradian, a measure of solid
angle); Pn(8) is the normalized antenna reception pattern; and § is a unit vector specifying direction.

1 G. Resch, “Jupiter’s Contribution to the Total System Temperature at S-Band During the Galileo Mission,” JPL Interoffice
Memorandum 335.3-92.02 (internal document), Jet Propulsion Laboratory, Pasadena, California, June 23, 1993.

2 Ibid.
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The one-sided power spectral density of the noise due to the source is then given by N, = kT,. Note that
in the upper limit, when the source is concentrated in the peak of the antenna’s reception pattern, the

temperature increase is given by
A, 5 s
T,, = ﬁ//B(S) ds (2)

Ao
=258 (3)

where S is the total flux density of the source in W/m?/Hz. Asthe angular separation between the source
and the spacecraft increases, the background source moves out of the peak of the antenna pattern, and
its temperature contribution diminishes, In addition, the flux density for a particular source is dependent
on its distance to Earth; the greater the range, the smaller the observed flux is. Thus, the temperature
contribution for a body depends on both its strength and its position.

Now consider a pair of antennas physically separated by a baseline vector B‘ik observing a common
source. The cross-correlation function for the baseband (BB) noise processes ni(t) and fg(t) can be
written as

sin(2w BT)
T

R (1) 2 Els(t)fif(t — 7)) = @ )

where B is the one-sided bandwidth of the noise waveforms, and « is their cross-power spectral density.
If the bandwidth B is wider than the telemetry bandwidth, then the cross-spectrum is white over the
bandwidth of interest, and the “sinc” function sin(2rB7)/(77) can be approximated by an impulse
function, i.e.,

Rii (7)) = a é(7) (5)

It can be shown [3,4] that the cross-power spectral density level is given by

VA A s
@ = L5575 [ [ BV Pl Pa e se g5

\/Ae,AEk IV[6j¢" (6)

2

where f, is the observation frequency, and ¢ is the speed of light, 3 x 108 m/s. In radio interferometry
applications, the quantity |V|e’® is known as the complex visibility of the source. A few important

observations regarding Eq. (6) are made here. First, note that the exponential term e727foBix-3/c produces
a sinusoidal variation over the spatial extent of the source. This variation is known as the fringe pattern
formed by a particular pair of antennas. The period of these fringe oscillations is given in radians/cycle
by ¢/ foBix,, where Bik, is the projected baseline length in the direction of the source. If a source has
an angular size much greater than the fringe period, the cross-correlation magnitude then tends to zero
due to the averaging effect of the sinusoid. Thus, in the long baseline limit (i.e., Bik, > ¢/(foR,), with
R, being the angular radius of the source), |a| — 0, and the noise observations due to the source become
uncorrelated. By contrast, for Bik, < ¢/(f.R,), the magnitude of the cross-power spectral density
achieves its upper limit, namely
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A, A,
o — —-—2—"5 (7)

Thus, the degree of noise correlation observed by an array of antennas 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 a background body on the array.

Finally, we introduce the correlation coefficient, describing the degree of correlation that exists between
the noise at two antennas, defined as

a_lal ®)

Pik = ,————Nm N,

Note that in the upper limit (i.e., source size small compared to fringe period), the correlation coefficient
becomes

TsiTSk

T, (9)

Pik —

where T;,,T,, are the source temperatures at antennas i,k, and T}, Ty are the total system temperatures
at the two antennas. Thus, the greater the contribution of the source to the total system temperature,
the higher the correlation coefficient, as is intuitively expected.

Combining Egs. (5), (6), and (8), the cross-correlation function for the noise observed at two antennas
can be expressed as

Ra, 7 (T) = Pik vV NOiNOk ej¢?k 6(7) (10)

where ¢7, is used to express the correlation phase, denoted by ¢, in Eq. (6).

fil. Full-Spectrum Combining Performance

Given a mathematical description of noise correlation properties, we now apply the model to analyzing
correlated noise effects on arraying. Full-spectrum combining is described in detail in 2] and summarized
here briefly. Assume the array consists of [ antennas, where antenna 1 is taken to be the “master”
antenna (i.e., the antenna with the highest G/T.) As shown in Fig. 1, each signal is first downconverted
to baseband?® by local oscillators in phase quadrature. Each signal pair, which can be thought of as a
single complex signal, is then shifted in time by some amount #; to compensate for differing arrival times
of the spacecraft signal at the various antennas. The complex baseband signals are then aligned in phase,
multiplied by prespecified weighting factors, and added. Finally, the combined signal is processed by a
single carrier, subcarrier, and symbol loop.

Two quantities used to describe arraying performance are the ideal arraying gain, denoted by Ga,
and the symbol SNR degradation, denoted by D. The arraying gain is defined as the ratio of the ideal
symbol SNR of the arrayed signal to the ideal symbol SNR of antenna 1 [1]. Here, “ideal” means the

3 Analysis presented in (2] actually assumes all processing is done at an intermediate frequency, rather than at baseband.
A baseband system was assumed here to simplify the analysis. This represents no loss of generality, since final results are
not dependent on what frequency processing is done at.

214



RF/BB ==

T s T s e e e e e e _ -

—»| RF/BB =2> I INTEGRATED DEMODULATOR 1

ALIGN |, |
cﬁro ! CARRIER SUBCARRIER SYMBOL MATCHED : Vi

COMBINE [ |

BASEBAND| ™} LOOP [P tooP ™™ “Loor ™| FLTER H—>

SIGNALS | i :

' i

S e ___ J

L
RF/BB j——p»

Fig. 1. Full-spectrum combining.

symbol SNR that would be achieved in the absence of synchronization errors (i.e., perfect signal combining
and perfect carrier, subcarrier, and symbol references.) Note that the arraying gain G4 is independent
of which arraying technique is used, since synchronization losses are ignored. Thus, G4 describes the
maximum SNR enhancement that can be achieved by arraying, but is not useful for evaluating the relative
performance of one arraying scheme over another. The ideal arraying gain is computed in (1] for a set of

Degradation is defined as the ratio of the actual SNR of the arrayed telemetry to that achieved with
perfect synchronization (i.e., the ideal SNR). Clearly, degradation is dependent on which arraying scheme
is used, since synchronization losses depend on the specific processing used to combine and demodulate
the signals. Degradation for full-spectrum combining and complex-symbol combining was computed in
(2], also under the assumption of independent noises. Thus, the second step in analyzing correlated noise
effects will be to derive degradation expressions for the two schemes.

A. Ideal Arraying Gain

The signal format for deep-space telemetry is binary phase shift keyed (BPSK) employing a squarewave
subcarrier. After time alignment, the IF signal from the ith antenna can be expressed as [1]

wilt) = si(t) +ni(t)

V2Pr, cos(wirt + 6; + Ad(t) Sr(wset + Gc)) + ny(t)
= /2P, cos (wrpt + 6;) — V2Pp,d(t) sqr(wg.t + Byc) sin(wypt + ;) + n;(t) (11)

where Pr. is the total signal power in watts; w;r is the intermediate frequency in radians/s; 6; is the
carrier phase in radians; A is the modulation index in radians; d(t) is the binary data, taking on values
of +1; sqr(z) is the squarewave function, given by sqr(z) = sgn(sinz); w,. is the subcarrier frequency
in radians/s; 6,. is the subcarrier phase in radians; Pe, is the carrier power in watts, given by Pe, =
Pr, cos? A; Pp, is the data power in watts, given by Pp, = Pr sin® A; and n;(t) is an additive white
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Gaussian noise process with one-sided power spectral density N,, W/Hz. The corresponding complex
baseband signal is given by

§:(t) = 8i(t) + ni(t) (12)
= /Po.e@tt8) 4§ /Pp d(t) sqr(wsct + B,0)ed@rttO) 4 7 (t) (13)

where wp is the baseband frequency (which, by definition, is close to zero), and 7;(t) is the complex
baseband noise, the real and imaginary parts of which each has one-sided power spectral density N, -
The spectrum of the baseband telemetry is shown in Fig. 2.

fp, =BASEBAND CARRIER FREQUENCY
fsc = SUBCARRIER FREQUENCY

fp+ fsc fp+3 fse

WA N

Pe
fp—-3fsc fp—1sc 0 fy
Fig. 2. Spectrum of the baseband telemetry signal.

Note that the bandwidth needed to transmit the signals §;(t) to a common location for combining is
determined by the subcarrier frequency, fsc = Wsc /2%, and is much greater than the actual data rate.
As an alternative to the method described in [2], a version of FSC that only transmits portions of the
spectrum containing signal energy can be used to reduce this bandwidth requirement. Each signal can
be passed through a bank of matched filters separately, passing the subcarrier harmonics with the data
modulation; the total transmission bandwidth is then proportional to the data rate. This alternative
is mentioned briefly in (1]. However, the drawback of such a system is that the processing required
is dependent on the subcarrier frequency and data rate and must be modified for each mission. For
simplicity, we will focus on the more basic implementation of FSC described in [2], keeping in mind that
a more bandwidth-economizing option also exists.

Let the phase difference between the 1st and ith signal be denoted by ¢1: =61 — 6;. In the algorithm
described in [1], signals 2 through L are phase rotated by an estimate of this quantity, g{)u, to align them
with signal 1. The aligned signals are then multiplied by prespecified weighting factors, fi, and summed.
The combined signal is thus given by

'gcomb(t) = §comb(t) + ﬁcomb(t) (14)
L A L R
= S et E() + 3 Bieri(t) (15)
=1 =1

L
- Zﬁiejtﬁu ( /Pclej(wa+9-) + j+/Pp.d(t) sqriwset + gsc)ej(w;)HGt))
i=1

L
+3 Biei®i(t) (16)

i=1
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where the weights 3; are chosen to satisfy the condition

_ PT,‘ Ny
b=\ 3 a7)

for i = 1,.--,L. It is shown in [1] that these weights maximize the combined SNR when the noises
7;(t) are independent. Note that this is not necessarily the optimal choice of weights for the correlated
noise case, as pointed out in [3]. Furthermore, the optimal choice of phases used to array the signals is
not necessarily the relative signal phases, ¢,;. 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 (5], 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, aj e,
for all 7, j pairs. A scheme can be devised to estimate the required parameters in 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, Pr, is given by
Pr 2 E (Scoms(t)] E [83pmp(t)] (18)

If the relative signal phases are estimated perfectly (i.e., bri = ¢1; for i = 2,-.., L), the combined signal
power becomes

L L

L
Pr=Pr [ Y v2+Y 5wy (19)
i=1

i=1 i=1
i

where v; 2 [(Pr,)/(Pr,)){(Noy)/(No,)]-

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

Ny 2 2 E [ficomp(t) 5% (0] (20)

where B is the one-sided bandwidth of the noise waveforms. Note that the factor of two in the denominator
of Eq. (20) 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

En:(t)a](t)] = 2N, B (21)
E [fi(t)73(t)] = 2046’5 B (22)

7

Equations (20), (21), and (22) can be combined to find the power spectral density of the combined noise,
yielding
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The Pr/N, of the combined signal is thus given by

Pr _ Pr, (EiL=1 'Yi)2

= T 7 _
No Nol Zi:l Yi + zi:l ZL{:; m Pij eJ‘l’u

(24)

where ;5 = T — bij- The parameters p;; and ¥;; 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

2PD1 (Zf;l 71')2

SNRgear = :
o Noy Rsym Zf:l%‘ + ZiL=1 Zg:! (7i7j)l/zpij ed¥is
i#i

_ 2Pp,
= N, Ropm Ga (25)

where G 4 is the ideal arraying gain due to combining the signals. Note that setting all the noise correlation
coefficients p;; to zero results in G4 = Zf:l ~i, 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 ;;. This point can be understood by considering
an array of two equal antennas (i.e., 1 = y2 = 1.) Figure 3 shows values for G4 for two equal antennas
as a function of p and %. 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 v = 0 deg,
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 ¥ = 180 deg, phase aligning the signal results in combining the correlated component of the
noise 180 deg 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 ¢, the arraying gain varies continuously from its
minimum value at 1 = 0 deg to its maximum at ¥ = 180 deg.

B. Symbol SNR Degradation

In practice, perfect phase alignment and ideal carrier, subcarrier, and symbol references are not avail-
able. 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
Ay 2 (f;u — ¢1iy + = 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 matched-
filter output can be computed. Finally, comparing the actual symbol SNR to the ideal symbol SNR given
by Eq. (25) yields the degradation for full-spectrum combining.
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Fig. 3. Ideal arraying gain G4 for various p,y.
1. Antenna Phasing. A set of phase estimates $1; 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 5:(t) and
51() is estimated by filtering the two signals to some lowpass bandwidth B, Hz, multiplying them, and
averaging their product over T,,, s. 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

Fig. 4.

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

1

=T / (tps (£) + gy () (57, (1) + 25, (1)) alt

1

= (\/PCHPC« + \/PD1PD¢H)6j¢1‘ +

[ oty + 7y, 03, 0) e

corr
where H is given by
2 M
4 1
H=[= —_
(}) %

i=1
i odd

(26)

(27)

and M is the highest harmonic of the subcarrier passed by the lowpass filter. The term fign(t) is
composed of signal-noise terms in the product and has zero mean. Note, however, that the noise-noise
term, iy, (t)7ip, (t)*, 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 7;(t) and 7;(t); thus,

Elz] = (\/Pc,Pc, + \/Pp, Pp, H)el® + 2p1,i7/Noy Ny, Bped?i

(28)

Since ¢7; is not necessarily equal to $1i, the noise product introduces a “bias” to the estimate of the
relative signal phase. This situation is represented pictorially in Fig. 5. The complex quantity E|z| can
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be thought of as a vector sum of a signal-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

|_§__ 1 f)Cll_D_C'_1 1/2+H PDIED_i 1z (29)
| —" - 2,011' Blp N01 NO.‘ 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 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 Eq. (29)
equal to 0.5. The phase estimates are then influenced more by the relative noise phases ¢7; than the
desired quantities ¢1;, leading to a high amount of degradation in combining the signals. If the alternative
method described in Section IIL.A is used, where the subcarrier harmonics are filtered individually prior to
combining, the effective correlation bandwidth can be lessened, thus reducing the impact of the noise bias.
Nevertheless, a practical implementation of full-spectrum combining requires a modified phase estimation
algorithm if correlation levels encountered will generate significant biases.

The method of phase estimation shown in Fig. 6 can be used for this purpose. Here, each signal is
filtered to some bandpass bandwidth By, and an additional complex correlation is performed between
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the resulting waveforms. The center frequency of this filter is chosen so as to not capture any energy
from the telemetry; this can be 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 |N|. The compensated correlation can thus be expressed as

1

corr

Z = (\/Pcl Fc, + \/PD1 Pp, H) el + /(ﬁs,n(t) + Tip, (t)ﬁ;‘p‘_ (t)) dt

B, 1 . -
- _B_b:,m /nb,,1 &)y, (t) dt

= (V/Pc,Pc, + \/Pp, Pp H)e'* + N (30)

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 Eq. (30), i.e.,

1 | (/Pey Po, + \/Pp, Pp,H)sin ¢y, + Ng
(v/Pc,Pe, + \/Pp, Pp,H) cos ¢y; + Ny

$1:; = tan~ (31)

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

A¢1,‘ é ¢Zli s ¢11‘ is derived.

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

E|Z)E*|Z]
E[ZZ*| ~ E[Z)E*(Z]

SNRopr = (32)

The correlator SNR is a measure of the spread of the phase error density Py(Agy;) and is inversely related
to the variance of the phase error. In [1], where FSC is analyzed for independent noises, it is shown that
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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 1.

Figures 7 through 9 show the density function ps(A¢) for various values of p and 1. The signal
parameters chosen for these curves are (Pr/No)1 = (Pr/No)2 = 25 dB-Hz, A = 90 deg, with seven
subcarrier harmonics included in the correlation. The correlator parameters are Bip = Bpp = 15 kHz,
and Tyorr = 3 5. 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 Fig. 10.

P (9)
20

1 ] | 1
-75 -50 25 0 25 50 75

¢ (deg)

p=0
Fig. 7. Phase estimate density.

2. Arrayed Symbol SNR and Symbol SNR Degradation. Using the set of estimated phases to
align the signals, the combined signal becomes

gcomb(t) = §comb(t) + ﬁcomb(t) (33)
L . L .
= Zﬁ1 ejd’“.'s'i(t) + Zﬁl 6j¢”1”'l,'(t) (34)
i=1 i=1

L L
Z'B" (\/Pc_ — j+/Pp, sqr(wsct + 930)) gl wpt+614+801) 4 Zﬁiejd’“ﬁi(t) (35)
i=1

i=1

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

P’E‘ =F [gcomb(t)] E [§:omb(t)] (36)
L L L -
— PT1 Z’Y’Z + Z Z.-n,yjeJ(A(bu—A%j) (37)
i=1 i=1 =1

i#d
Similarly, the conditional noise power spectral density is given by
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(38)

(39)

Taking the ratio of Eq. (37) to Eq. (39) yields the conditional Pr/N, of the combined signal, ie.,

Pr,

Zf:l 7+ ZiLzl ZI{J;; yiysel (Ao =adn)

(%)

After carrier and subcarrier demodulation and matched filtering,

arrayed signal is given by

Vo o v+ 2E, S5 ()2 pyy e%u er(Bon=54)
it

(40)

the conditional symbol SNR of the
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Fig. 9. Phase estimate densities: (a) p = 0.8, y =0deg, (b)p = 0.8, y =45 deg, (c)p =0.8,
v =90deg,{(d)p =08,y = 135 deg, and (e) p = 0.8, y = 180 deg.

L .2 L L o oi(Bd1i—Bd15)
2P zi:l Y+ Z':l ZF‘_ YiYi€ ?
SNR = —— T CICLCy (41)

NotRoym S35 + Soicy Xt (07)! 2puge? eI (Adr—A;)
i#£]

where C.,C,., and C,y are the carrier, subcarrier, and symbol reduction functions, respectively. The
unconditional symbol SNR is obtained by integrating Eq. (41) over the density functions for Po1,- b1
and the loop errors ¢, ¢sc, and @sy- In order to simplify this computation, the loop errors and phase
estimates are generally assumed to be independent. Taking expectation with respect to each of these
quantities separately yields an expression for the unconditional symbol SNR, namely

Y ——
SNR = ————C2? C? C2
Noleym c sc sy
L L L ; Ay
T T PO HE D D] Z{:; riyjed (A= adi)

X [ oo . . p(A¢ri) - p(AdiL
_/,r _/n Yhmt T Z%? (17 12 pi €% ed(Adr=a01) (Aw) 2! )

x dAdyz - dAd1L (42)
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Fig. 10. Phase estimate densities with simulation points: (a) p = 0.0, (b)p = 0.8, y =0 deg,
(c)p = 0.8, y =45 deg, and (d)p =0.8, y =90 deg.

where the density functions Ps(Ad1;) are as given in Appendix A. Finally, taking the ratio of Eq. (42) to
the ideal SNR, Eq. (25), yields the degradation for full-spectrum combining:

L L L (AdrimAby,

/7r /« L+ Eg‘:} Yiyel (Be1i=Ad;) (Bé3)-p(Abns)

x .. - - p 11’ .. -p lL
ZiL=1 Y+ 21'1;1 Zf:,’ (7:75) 1/ 2pij €% ei(Bé1i-A41)

X dAd1z---dAg1y Gt (43)

Note that Dy, is equal to one in the upper limit, where A¢;; = Qfori = 2,---,Land c_g = C—SZC = E*g =1.
The second moments of the reduction functions C—E, Z‘Z, and C_;"y- can be expressed in terms of the loop
SNRs of the three loops, and are given in [1].

C. 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 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, Rsym = 200 symbols per second (sps), and A = 90 deg.
The carrier, subcarrier, and symbol loops were operated with bandwidths of 3.5, 0.75, 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 11 shows simulation values along with curves describing analytical results for a “high” correla-
tor SNR. The correlation bandwidths and integration time were chosen so that degradation resulting from
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Fig. 11. FSC degradation, high correlator
SNR—theory and simulation.

imperfect phasing is negligible compared to the carrier, subcarrier, and symbol losses. The curves show
that more degradation is incurred with increasing noise correlation for ¥ = 0 deg, and that degradation
decreases as p increases for 1 = 180 deg.* This can be explained by noting the effect of varying p and ¢ on
the arraying gain. For ¢ =0 deg, increasing p causes a decrease in arrayed symbol SNR, as explained in
Section IIL.A. The loop SNR of the three loops, therefore, decreases, resulting in more carrier, subcarrier,
and symbol loss. By contrast, when ¥ = 180 deg, 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 Fig. 11 is thus explained.

Figure 12 shows the same results performed for a relatively “low” correlator SNR. Here, the degradation
curve for 1 = 180 deg actually lies below the curve for ¥ = 0 deg. This result, although seemingly counter-
intuitive, can nevertheless be explained qualitatively. Note from Eq. (41) that the phase error terms Adii
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 A¢; since the noises are uncorrelated, the choice
of phases used in combining them does not affect their arrayed power. The phase errors A¢y; always
decrease the arrayed signal power, but can decrease or increase the arrayed noise power, depending on
the phase parameter V. For ¢ = 180 deg, the noise power is increased by errors in estimating ¢1i,
since phasing the array perfectly results in maximum noise cancellation. 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 imperfect phase alignment. On the other
hand, when ¥ = 0 deg, phase misalignment decreases the arrayed noise power. Since $1i = ¢, in this
case, aligning the signals imperfectly also lessens the constructive addition of the noise. The reduced
noise power due to phasing errors, therefore, has a mitigating effect on the degradation incurred.

It should be noted that the fact that the 1 = 180-deg case has more degradation than the ¥ = 0-deg
case in this example does not mean that the overall performance of the array is worse for ¢ = 180 deg.
Recall that degradation is defined as the deviation from the ideal arraying gain, G 4. In the above example,

4 The phrase “decreasing degradation” is used loosely to mean decreased synchronization losses; in actuality, numerically
lower degradation implies greater losses incurred.
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although the degradation for ¥ = 180 deg is slightly higher, the ideal gain is substantially higher than it
is for ¢ = 0 deg. 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.

IV. Complex-Symbol Combining Performance

A block diagram of the complex-symbol combining arraying scheme is shown in F ig. 13. Fach signal
is open-loop downconverted to baseband with quadrature tones and tracked by separate subcarrier and
symbol loops. Since the carrier is not tracked coherently, each signal consists of both an “I” and “Q”
component, which can be thought of as a single complex signal. Furthermore, since subcarrier and symbol
tracking are performed in the absence of carrier lock, the loop SNRs of these loops are different from the
case where the carrier is tracked first. 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.

The matched filter outputs consist of data modulated by complex baseband tones. These complex
symbols are transmitted to a central location for combining. As in the case of 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.

Since the ideal arraying gain G4 is independent of which arraying technique is used, the expression
computed in Section III.A is valid for complex-symbol combining also. Thus, it is only necessary to
evaluate the degradation for CSC, taking into account combining and demodulation losses. Once again,
the presence of correlated noise creates complications in phasing the array. A technique similar to the one
used for FSC can be employed to reduce the biases in estimating the relative signal phases, as discussed
below.

A. Antenna Phasing

The complex-symbol stream from the ith antenna is given by

Yi(k) = /Pp, Coc,Coy, d(k) e?Tek+8:) | Ni(k) (44)
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Fig. 13. Complex-symbol combining.

where C,., and Csy, are the subcarrier and symbol reduction functions for the ith receiver, T is the
symbol time, and N;(k) is the noise output from the ith matched filter. Taking the complex product
between the 1st and ith streams yields

Z =Yi(k)Y: " (k) = /P, Pp,Csc; Csc;Cayy Coyi + Ny n (k) + Ny (K)N? (k) (45)

where the signal-noise term N, (k) has zero mean. Once again, the complex-noise product N (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, Y;(k), does 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 exrcess 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[Nz(k)ﬂ/;(k)]

Consider the block diagram of Fig. 14, which shows the processing for complex-symbol combining up
to the matched filter outputs. The signal s;(t) is the subcarrier reference from the ith subcarrier loop,
given by

si(t) = sar(wsct + Osc + Psci) (46)

where 8, is the instantaneous subcarrier phase and ¢sc, is the instantaneous phase error in the ith loop,
fori =1,---, L. The limits of integration for the ith matched filter are given by

L, = kT, + 7 (47)

ty, =(k+1)Ts+7 (48)
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where 7; is the timing error in the ith symbol loop. The matched-filter noise samples are, therefore, given
by

(k+1)Ty 47
- 1 -
N,(k) = F Tli(t) sqr(wsct + esc + ¢sci) dt (49)
’ kT, +7;
(k+1)T,+7;
- 1 N
N;(k) = T 75(t) sqr(wect + 6, + Bsc;) dt (50)
s
’CT, +T]‘

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.,

R,y (w,v) = B [:(u)i} (v)] = oy €795 6(u —v) (51)

yielding

(k+1)T, +7; (k+1)T, 47,

E[N.0)R; ()] TE / / fia(w)si () 753 (v)s;(v) du do
L Y

(k+1)To47, (k+1)Tot1;

a,vjejd’?l
=~ 6(u — v) si(u)s;(v) du dv
° kTo+re KT, +r,
tona.
edoh TR
= au;z / si(v)s;(v) dv (52)
S
tmin
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where the limits of integration of v are given by
toin = max(kTy + 7, KTs + T5) (53)
tmgz = min((k + 1T + 75, (k+1Ts+75) (54)

Finally, integrating with respect to v yields

. . ii L )
E [Ni(k)N;(k)] _ @ 1;2 (1 ~ ~[dse, — $sc, \) (T, — |7 — 751) (55)
i‘ejrb?j 2 1
= a_]ﬁ_ (1 - ;“bsc,‘ - ¢SC]‘ ‘> (1 - 2_7T|¢sy.— - ¢sy,- ‘) (56)
= at’jejd’?j Rsym CSCij Csy.-, (57)

Note that, in the absence of phase errors in any of the loops, Eq. (57) reduces to aj,jej¢?1 Rsym, which is
simply the cross-power spectral density of the noises #1;(t) and 71;(t) times the effective bandwidth of the
matched filter. Thus, in addition to reducing the effective signal power at the matched filter output, the
subcarrier and symbol phase errors also reduce the noise correlation at this point.

Calculating the unconditional covariance of the matched filter noises requires taking the expectation
of Eq. (57) with respect to the phase errors Bscir Psc;r Psyes and @gy,. 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, the phase errors of all loops are assumed to be mutually independent. This statement 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 ¢sc, — Psc; and @gy, — Psy, aT€ then Gaussian-distributed with known mean and variance,

and the unconditional expectation E [Ni(k)N +(k)) becomes

- - n o 2 /2
E [Ni(k)Nf (k)] = aijequ" RyymCiscy; Coyi; = Pis V No.No, e’ Raym (1 - ;\/;(adzhc. + oi"lj )1/2>
1 [2/, ) 1/2
()

Equations (58) and (45) can be combined to calculate the ratio of the signal-to-noise correlation magni-
tude, analogous to that computed in (29):

18] _

\ | Pij Nm No;Rsym CSCij Csy,-, Pij

(59)

\/E] PD.‘ CSC1 Csy1 CSC,‘ Csy, ~ 1 Eﬂ-g’.‘_ 1/2
N,, No,

where E,/N, = PpTs/No is the bit SNR. In making the approximation of Eq. (59), the effects of synchro-
nization have been ignored for simplicity. This result provides a useful rule of thumb for determining if the
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noise correlation is a significant bias in estimating the relative signal phase. If |§]/|N| is much less than
1, then an extra correlation is needed to compensate for the noise vector, as mentioned earlier. On the
other hand, if this quantity is much greater than 1, then it is unnecessary to add the extra matched filter
channel to perform the noise-only correlation. Note that collapsing all the data sidebands to baseband
and performing matched filtering before the correlation takes place substantially decreases the correlation
bandwidth relative to that of the FSC scheme described in [2]. The full-spectrum combining scheme can
optionally be modified to employ a similar strategy by using a series of matched filters for each subcarrier
harmonic, as discussed earlier. 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 an additional correlation.

Here we briefly describe how the extra matched-filter outputs can be used to measure the noise cor-
relation: 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, i.e.,

gj:(t) — ( /Pc1ej(w1,t+0v.‘) +j /PD. d(t) sqr(wsct + gsc)ej(wbHol) + ﬁi(t)) eI Nwaet _ 5;(t) + ﬁ;(t) (60)

where N is an even integer. The shifted signal can then be multiplied by the subcarrier reference from
the ith antenna and passed through a matched filter using timing from the ith symbol loop, as shown in
Fig. 14. Thus,

- 1 (k+ )T+
N(t) = —/ 7 (t) sqr(wgct + e + Pacy) dt {(61)
k

T, Ts+7:

From the above analysis, it is clear that E[N! (k)NJ’(k)] will be given by Eq. (58). Correlating 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.

B. Arrayed Symbol SNR and Symbol SNR Degradation

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

L
Ycomb(k) = 51comb(k') + Ncomb(k) = Zﬂieﬂ)“ (\/ PD.’ CSC"Csy;d(k)ej(waSk-’_oi) + N1(k')) (62)

i=]

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

L L L
Peomb = Pp, | S 42C%.C2 + 33 17jCic, Cac, Cay, Cay, €B%17891) (63)
=1

i=1 j=1
i#j
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where, as before, A¢y; is defined as the error in estimating the phase difference between the 1st and ith
signal, ¢1; — ¢1;. The one-sided power spectral density of the real and imaginary parts of Neomp(k) is
given by

L N L N
No=T, Var (Neoms(k)) =T E (Z ﬁ,—emﬁ,-(k)) x | SC B34 K3 (k) (64)
i=1

Jj=1

Using the relations

N NT* N, i
E[R((WN; (R)] = =2 (65)
S
e Piy/FoNg €%
E[Ni(k)Nj (k)] = T Caci, Csy.'j (66)
Eq. (64) can be shown to be equal to
L L L o
Ny = Noy | 3%+ 303 VA75515Cses, Cog 703 /(245 065) (67)

=1 =1 i=1
i#j

Taking the ratio of Eq. (63) to Eq. (67) 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

L L L i -
2Pp, Zi:l V?CfciCEyi + 21-:1 21:; ’y,")’jcsc,.Csch,y‘CsyjeJ(Ati’), Adyj)

—— c: (68)
NoRoym S0y 7% + Sy D1t /T3P Crc, Cuy ei¥seiBnmton) ¢

SNR' =

Computing the unconditional symbol SNR requires taking the expectation of the above quantity with
respect to the phase errors ¢, and ¢gy, for i = 1,---, L, the phase estimates ¢1: fori = 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 consid-
ering the carrier reduction function C? separately. However, unlike the case of full-spectrum combining,
the subcarrier and symbol phase errors appear in both the numerator and the denominator. The expec-
tation 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 fifth-
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 the expectation with respect to the ¢, and ¢,,, terms, we apply the approximation

-5

to the ratio of Eq. (68), yielding

232



2Pd1

SNR=_—""2
Noleym

L L L ; fy— ,
Eq>mq:,y|ni> [21':1 71‘20.92::.- nyi + Zi=1 Ef;‘ Y75 Clse CSC;‘ Csyucsyj el (At Ad’ﬂ)] —

x E‘i’ L L L . ] Cg (70)
E'q,mq,wﬁ, [Zi:l Y + Zi:l Zf:,l \ /’Yi’YjPistc,-j Csy‘,j ei; eJ(A¢1.-—A¢1jJ]

where @, is the set of subcarrier phase errors ¢, fori =1,-.. y L, @,y is the set of symbol phase errors
Py, for i = 1,--- L, and & is the set of phase estimates ¢;; for i = 2,-++,L. The approximation of
Eq. (69) is reasonable if the mean of y squared is much greater than the variance of y (ie., 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 Cse,,; and Csy,,, 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, ro7)

SNR=—-1_ (2
Noleym

L L L i . .
] ] 21 1202 Ca. +3, Zg:; ViYiCse, Cse; Coy, Coy, €3 (Bb1:-2815)
x . e
L L L A AT i 4 L .
A Zi:l Y+ lel Zf:; VYi75Pij Cse.,; Csy”,eﬂbu eI (Ad1i—Agyj )

K

X p(Ap12) - - 'P(A¢1L)J dA¢ys---dAgy, (71)

The ideal symbol SNR for complex-symbol combining is identical to that for full-spectrum combining;
since SNR,geq is defined as the SNR that would be obtained in the absence of synchronization errors,
its value is independent of the order in which combining and demodulation occur. Thus, the degradation
for complex-symbol combining is found by combining the results of Eq. (71) with Eq. (25), yielding

Dcsc = CT?

L —~o o L L P - ,
/7r /"{Zizl 71’2032c,- Cszy.- + Zi:l Z{:]l 71"7st0¢ Cst- Csy, Csyj el (Bdu-29;)
x ..
L L L i (AT, — AT
Ei:l ¥ + Zi:l ZZ:; ,/"/{7]'/)2']'036”. Csy‘_j el od (BT —AgT)

- -

X p(Ap12) - - 'P(A¢1L)J dA¢ry- - dAdyy, G} (72)

C. Simulation Results

Simulations of a two-antenna complex-symbol combining system were performed. The signal pa-
rameters used were the same as those used for the full-spectrum combining simulations: Pr, /N, =
Pr,/N,, = 25 dB-Hz, Ryym = 200 sps, and A = 90 deg. The loop bandwidths were also set as before; the
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carrier, subcarrier, and symbol loop bandwidths were 3.5, 0.75, and 0.15 Hz, respectively, with a symbol
window of 1/2. Both the compensating and noncompensating methods of estimating the signal phase
difference were implemented. In Figs. 15 and 16, simulated and analytical degradation values are shown
for various values of p and ¥.

For the uncompensated case, the degradation curve drops down sharply for ¢ = 90 deg and ¢ =
180 deg. 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 Eq. (59), 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 deg, the noise correlation phase is equal to the relative signal phase (¢ = ¢™), and the
vectors S and N are colinear (see Fig. 5). 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-deg curve still
drops down with increasing p. Recall from Section IV.A 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 ¢ = 0 deg, this has a beneficial effect on the arrayed
SNR, since it reduces the coherent addition of the noise. By contrast, when ¢ = 180 deg, a high degree
of correlation between the noises is desirable, so that the noise cancels maximally. Thus, decreasing
this correlation lessens the arrayed SNR and causes more degradation. This explains the fact that the
¥ = 0-deg curve tends upwards with increasing p, while the 1 = 180-deg 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
4 = 180 deg, but only 0.46 dB for 1 = 0 deg.
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Fig. 15. CSC degradation, phase uncompensated: Fig. 16. CSC degradation, phase compensated:
theory and simulation. theory and simulation.

V. Example: Galileo Scenario

In order to illustrate the major concepts presented in this article, 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, predicts for physical parameters describing the signal strength and degree of noise correlation are
developed. These quantities are then used to calculate the arraying gain and degradation for each of the
two schemes.
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A. 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 I, 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
from ephemeris information for the Galileo tour. For the purpose of this example, we select values that
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 J upiter-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 T,, = 6.6 K and T,, = 1.4 K, 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: (Pr/N,)1 = 22.0 dB-Hz and (Pr/N,)2 = 11.6 dB-Hz
for the 70- and 34-m antennas, respectively; A = 90 deg; and Rsym = 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 J upiter. The total system temperatures predicted for
DSS 14 and DSS 15 are 22.6 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° Hz,
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 10~4 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 I). However, for
the purpose of determining the impact of the correlated noise in the most extreme case, we overestimate
the degree of noise correlation using the upper bound on p, given by

_ TSITS
=V71r
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2 % 0.1 (73)

B. Arraying Performance

Using the two Pr/N, levels and correlation coefficient p found above, the ideal arraying gain G4 can
be computed as a function of ¥ using Eq. (25). A graph showing this relationship is shown in Fig. 17.
Note that the arraying gain in this example is much smaller compared to our previous examples of two
equal antennas, since the signal level of one antenna is approximately 10 dB lower than the other. For
1 = 0 deg, the correlated component of the noise adds maximally in phase, thus decreasing the arraying
gain. By contrast, the background noise interferes destructively for 1 = 180 deg, resulting in greater
arraying gain. Since the correlation coefficient is relatively low in this example, the difference between
the best-case and worst-case scenarios is only about 0.45 dB.

Representative values for the carrier, subcarrier, and symbol loop bandwidths were chosen as 1.5, 0.4,
and 0.07 Hz, respectively. For full-spectrum combining, a correlation bandwidth of B,,,, = 2 kHz was
used, with a correlation time of 15 s. The total degradation for FSC as a function of ¥ is shown in Fig. 18,
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 o ranges from 0 to 180 deg; thus, the loop SNRs of the three loops also do not
change much, and synchronization losses remain essentially constant,

5 Predicts for noise and signal parameters were obtained from the Galileo S-Band Analysis Program (GSAP).
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Fig. 18. FSC degradation for Galileo
signal parameters.

The same signal parameters and loop bandwidths were used to simulate the complex-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 (59) can be applied to determine whether or not the “noise-only” channel is needed to phase
the array. Substituting in values from above, we find

(B En\" _1_1 (Pn P\ (74)
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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 uncompensating method for estimating the relative signal phase. In
Fig. 19, we show the degradation for CSCA for these two cases. The correlation time used to estimate
the relative signal phase was 2 s. Note that a shorter estimation interval than the full-spectrum combining
case can be used here since the effective correlation bandwidth 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 Fig. 5, where the complex-signal and noise
correlations are represented as vectors.
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VL. Conclusion

The effects of correlated noise on the full-spectrum combining and complex-symbol combining arraying
schemes have been analyzed. As seen in Section II, accurate modeling of the noise correlation properties
for a given antenna pair requires detailed analysis of factors such as the source structure and position,
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.

Describing the correlation between the various antenna pairs in an array by the parameters pi; and
¥ij, expressions for the ideal arraying gain and arraying degradation were derived. Several important
differences from the uncorrelated noise case were noted. For a given set of signal levels (Pr, /N,,), the
ideal arraying gain when the noise is correlated may be higher or lower than when the noise waveforms
are independent. This reflects the fact that the noise may add constructively or destructively, depending
on the relative signal and noise phases (i.e., the y;; parameters).

In addition, correlated noise can have a significant impact on the synchronization processes used to
combine and demodulate the signals, which vary with the specific arraying technique used. Most notably,
a bias due to the noise correlation is present in the conventional method of estimating the relative signal
phases. Since the magnitude of this bias is proportional to the correlation bandwidth used, full-spectrum
combining is potentially more sensitive to this problem than complex-symbol combining, depending on
the specific method used to correlate the signals. A modified method of phase estimation, 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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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 II1.B. After being filtered to some lowpass
bandwidth, By, Hz, the signals from antenna 1 and antenna i are given by

[ M

_ . 4 sin kw;.t it 461 -

s (t) = v Pe, +Jv Pp, d(t) <;> Z _—k—:_j| eUett ) 4 fup, (t) (A-1)
I Ko

~ . 4\ & sin kwsel | (Gut+0) |, =

Gip (1) = |VPe, +3v/Podt) (=) Y | €T+ up (8) (A-2)
L kk:éd

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

Jop, (t) = Tiop, () (A-3)
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Yop: (t) = ﬁbﬂi (t) (A'4)
The complex quantity used to estimate the relative signal phase ¢1; = 6; — 6, is given by

Z =1+3Q

1 /~ - B, 1 /~ -
= 1py Ui, dt — =2 —— bpy Uon. At
Tcorr Yip: ylp’ Bbp Tcorr Yor: ybp.
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(\/Pc1 Pe, ++/Pp, PDI»H) el 4 /(ns‘n + fup, fify,,) dt — - /n,,,,ln;;pl dt
corr Bbp corr

(VPeiPe, + V/Po, P H) v 1 K (A-5)

In most cases, the contribution of the signal-noise term 7, ,,(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 Teorr 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

1 B}

Ar = Var(Ny) = T (Blp + ——B:”> (No, N, + afi cos 2¢7;) (A-6)
corr D
1 l;£7 2 n

Ag = Var(Ng) = T By, + —Bb (Noy Ny, — aj; cos 2¢7;) (A-7)
corr D

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 Blzp 2 n
Arg = Cov(Ny, Ng) = By + == | af, sin2¢7, (A-8)
corr Bbp

Furthermore, it is clear from Eq. (A-5) that the means of the real and imaginary parts of Z are given by

3
J

(VPerPe, +v/Po, Po, H) cos (A-9)

mg = (\/PCI PCi + \/PD1PD.H) sin ¢y, (A-lO)

Equations (A-6), (A-7), (A-9), and (A-10) can be combined to compute the correlator SNR as defined in
[1], ie.,

239



E[Z)E*(2)

SNRcorr,fsc = E[ZZ*] — E[Z]E*[Z]
_mi+ md
- Ar+ )\Q
T Pg, P Py P :
corr C, £C; D, ID;
= S0 Gy [CDy Dy A1l
2(Blp + (Blzp/Bbp)) (\/?Vm No.' \/;m No.' > ( )

Equations (A-9), (A-10), and (A-6) through (A-8) can be used to determine the joint density function
p1.o(I,Q). Since the density of ¢1; = tan"}(Q/I) is the desired quantity, we express the joint density
function in terms of polar coordinates, using the variable definitions

r 2 VE+Q? (A-12)
¢ = tan”? (EI)-) (A-13)

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

.
fre(19) = e — Q)

Ar(rcosd — mp)? — 2hq(rcos ¢ — my)(rsing — mo) + Aq(rsing — mg)?
e (_ 2(MAq — A1q) >

(A-14)

Integrating Eq. (A-14) with respect to 7 yields the marginal density of ¢ alone. Expressing the phase
estimate density in terms of the estimation error A¢p = ¢y; — ¢1; yields

1 — p? cos 2
Fo(Ad) = Gyexp (—SNRCW, fsc—T”_“—p‘f—d’> [1 + /7 Ga eCrerf Gy + 1)] (A-15)
where
1-p*
G = 27 (1 — p?cos(2y — Ag)) (A-16)
— p2 _
Gy = /SNReoroe cos Ag — p? cos(2y) — Ag) (A-17)

(1 - p)(1 — p?cos(2¢ — Ad))
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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 algorithm; using the extra correlation to compensate for the noise bias, the
complex correlation can be expressed as

1N - LA
A dRACIACEE > M0 (1
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where N is the number of symbols averaged over, given by N = T¢orr/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 Ryym /2. Using the definition
given by Eq. (32), the correlator SNR can be shown to be equal to

2 2 2 2
PD1 TcorrC.sq Cay1 Csc‘- C.!y.'

N01 Cszc.' Cszy,- + Cszcl Cs2y1 (1/71) + (Noi/PDi)2R3ym

SNRcorr,csc =

(B-2)

The density function for the phase estimation error can be found in a manner analogous to that applied
in Appendix A. The only difference is in the expression for the correlator SNR; otherwise, both problems
are inherently governed by the same mathematics. The density function for the phase estimation error
Agy; is thus given by Eq. (A-15), with SN Rcory, fsc replaced by SN Reorr csc-
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This article presents a study of seismic data compression techniques and a com-
pression algorithm based on subband coding. The algorithm includes three stages:
a decorrelation stage, a quantization stage that introduces a controlled amount of
distortion to allow for high compression ratios, and a lossless entropy coding stage
based on a simple but efficient arithmetic coding method. Subband coding methods
are particularly suited to the decorrelation of nonstationary processes such as seis-
mic events. Adaptivity to the nonstationary behavior of the waveform is achieved
by dividing the data into separate blocks that are encoded separately wi th an adap-
tive arithmetic encoder. This is done with high efficiency due to the low overhead
introduced by the arithmetic encoder in specifying its parameters. The technique
could be used as a progressive transmission system, where successive refinements of
the data can be requested by the user. This allows seismologists to first examine
a coarse version of waveforms with minimal usage of the channel and then decide
where refinements are required. Rate-distortion performance results are presented
and comparisons are made with two block transform methods.

l. Introduction

A typical seismic analysis scenario involves collection of data by an array of seismometers, transmission
over a channel offering limited data rate, and storage of data for analysis. Seismic data analysis is
performed for monitoring earthquakes and for planetary exploration, as in the planned study of seismic
events on Mars. Seismic data compression systems are required to cope with the transmission of vast
amounts of data over constrained channels and must be able to accurately reproduce both low-energy
seismic signals and occasional high-energy seismic events.

We describe a compression algorithm that includes three stages: a decorrelation stage based on subband
coding, a uniform quantization stage, and a lossless entropy coding stage based on arithmetic coding.
Rate-distortion performance results are presented and comparisons are made with two block transform
methods: the discrete cosine transform (DCT) and the Walsh-Hadamard transform (WHT).

Subband coding methods are particularly suited to the decorrelation of nonstationary processes such as
seismic events. For most seismic data, signal energy is more concentrated in the low-frequency subbands,
which suggests the use of nonuniform subband decomposition. The decorrelation stage is implemented
by quadrature mirror filters using a lattice structure. Adaptivity to the nonstationary behavior of the
waveform is achieved by dividing the data into blocks that are separately encoded.
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