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SELF-COHERENCE RESTORAL: A NEW APPROACH TO BLIND ADAPTATION
OF ANTENNA ARRAYS

Brian G. Agee, Stephan V. Schell, William A. Gardner!

Department of Electrical Engineering and Computer Science
University of California, Davis, CA 95616

ABSTRACT

A new approach to blind adaptation of antenna arrays is
presented that has the capability to extract cyclostationary (e.g.,
PCM, FDM-FM and AM) signals from co-channel interference
environments using only known spectral correlation properties (e.g.,
known baud-rate, pilot-tone frequency, or carrier frequency) of those
signals. The new class of Self-COherence REstoral (SCORE) objec-
tive functions is introduced, and algorithms for adapting sensor
arrays to optimize these objective functions are developed. It is
shown analytically and by computer simulation that these algorithms
will maximize the SINR at the output of a sensor array when a single
desired signal with spectral correlation at a known value of frequency
separation (e.g., baud-rate) and an arbitrary number of interferers
without correlation at that frequency separation are impinging on the
array.

1. INTRODUCTION

The fundamental problem facing any adaptive
receiver designer is how to distinguish signals of interest
(SOIs) from the surrounding noise and interference in
order to train the receiver processor. This is a particu-
larly important problem in mobile and satellite communi-
cation systems, where unknown SOIs and interference
may be impinging on the receiver from unknown or
rapidly-changing directions. In these environments, it
may be impossible or too costly for the receiver to employ
conventional adaptive techniques that exploit knowledge
of the signal direction of arrival [1], digital modulation
format [2], or waveform (e.g., if a known preamble or
pilot signal [2] is transmitted with the SOI). Techniques
that perform blind signal extraction, i.e., that exploit
simpler and/or more general properties of the SOI or
interference waveforms, must be developed before adap-
tive receivers can be used in these applications.

The mnew Self-COherence REstoral (SCORE)
approach has the potential to provide this capability. A
property shared by most communication signals is that
they are self-coherent or conjugate self-coherent at discrete
nonzero values of frequency separation ([3], [4]). Self-
coherence is commonly induced by periodic switching, gat-
ing, mixing or multiplexing operations at the transmitter.
For instance, self-coherence is induced at multiples of the
baud-rate in PCM signals and at multiples of the pilot-
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tone frequency in FDM-FM signals. Conjugate self-
coherence is commonly induced by unbalanced in-phase
and quadrature carrier modulation at the transmitter.
For instance, conjugate self-coherence is induced at twice
the carrier frequency in DSB-AM, VSB-AM and BPSK
signals.

The self-coherence (or conjugate self-coherence) of a
received signal degraded if it is corrupted by additive
interference which does not share that coherence, e.g., if a
PCM SOI is corrupted at the receiver by a PCM interfer-
ence signal modulated at a different baud-rate. This
paper presents a development, analysis and experimental
verification of the new class of SCORE algorithms, which
adapt a receiver processor to restore the SOI self-coherence
(or conjugate self-coherence) to the receiver output signal.

2. SELF-COHERENCE CONCEPT

A waveform z(t) is said to be self-coherent at fre-
quency « if the cross-correlation between z(t) and z(¢)
frequency-shifted by « is nonzero at some lag 7, i.e., if

R2(1) & < z(t+71/2) [z(t—1/2)e ™" >,
= < z(t+7/2)z (t—=1/2)e 7% > % 0 (2-1)

at some lag 7, where < ->_ denotes infinite time-
averaging. A waveform z(t¢) is said to be conjugate self-
coherent at frequency « if the cross-correlation between
z(t) and the conjugate of z(t) frequency-shifted by « is
nonzero at some lag 7, i.e., if

RY(1) & < z(t+7/2)[z"(t—7/2)e 2™ )" >,

= < z(t+47/2)z(t—7/2)e ™ > % 0 (2-2)

at some lag 7. The functions R(7) and RS- (7) are
referred to here as the cyclic autocorrelation function
(cyclic ACF) and the eyelic conjugate-correlation function
(cyclic CCF), respectively. The cyclic ACF and CCF gen-
eralize to the cyclic autocorrelation matriz and cyclic con-
Jugate correlation matriz

R(r) 2 < x(t+7/2)x!(t—7/2) e 712" > (2-3)
RE.() & < x(t+r/2)xT (t=1/2) %2 > (2-4)
when x(t) is a multidimensional waveform, e.g., the out-
put of an antenna array. These functions are developed

detail in the new theory of spectral correlation for model-
lingv of  cyclostationary and  almost-cyclostationary




waveforms ([3], [4]). In [3] and [4], it is shown that com-
plex cyclostationary and almost-cyclostationary
waveforms exhibit self-coherence and/or conjugate self-
coherence at one or more discrete nonzero values of fre-
quency separation, viz., at multiples of the time-
periodicity (or periodicities) of the waveform statistics.

A useful measure of the strength of the self-coherence
that a given signal exhibits at some value of frequency
separation « is the correlation coefficient between z(t)

and z(t—7)e jemat
< z(t+7/2)z"(t—7/2) e ITH >
\/< r f+ /2)!2> < I (t_7/2)612ﬂ01 Iz

palr) &

= Rz’z‘(T)/Rzz (0) (2-5)
This function is referred to here as the self-coherence
function (SCF) of z(t) at frequency-separation o and lag
7. An analogous conjugate self-coherence function (CSCF)
can also be defined to measure conjugate self-coherence,

2 '(T) & R" . (T)/Ru (0) (2_6)

The SCF (and CSCF) can be used together with the
Orthogonal Projection Theorem to derive the useful rela-
tionship

20t —r)ed?mt = /;u',)(r)'e”mz(t)—f- 1- {pu(.)(r) ,26“(,)()5) (2-7)

where the conjugation in parentheses "(+)" is applied if
and only if conjugate self-coherence is being measured,
and where z(t) and €,,(.)(¢) are equal-power uncorrelated
waveforms.

The utility of the self-coherence concept can best be
seen in interference environments. Consider the environ-
ment where a scalar waveform z(t) is equal to a scaled
SOI plus independent additive interference (noise and co-
channel interference), z(t) = a s(¢) + ¢(t). Assume that
SOI s(t) is self-coherent at frequency o, but that interfer-
ence 7(t) is not self-coherent at that frequency separation.
Then the cyclic ACF of z(t) at frequency separation o is
given by

Ri() = le PRI() + Ri(7) = |a PR2(7) (2-8)

i.e., the cyclic ACF is unchanged (after infinite time-
averaging) by the addition of arbitrary interference, pro-
vided that interference is not self-coherent at frequency-
separation a.

A useful interpretation of (2-8) is that the frequency-
shift (and conjugation) operation inherent to the cyclic
ACF (or cyclic CACF) computation completely decorre-
lates the interference, but only partially decorrelates the
SOL if the SOI and interference are not self-coherent (or
conjugate self-coherent) at the same frequency separa-

tions.  This interpretation can be mathematically
expressed by using (2-7) to show that
z(')(t-r)eﬂr“' =ads(t)+ {(t) (2—9)

where
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(2-10)
(2-11)

1(t)

i = a‘\/lf f/)';

i=apn(r) el

)P e t) + i (t=r)e 2

i.e., where 1(t) is uncorrelated with both s(t) and
(and therefore z(t)).

3. LEAST-SQUARES SCORE ALGORITHM

The first class of SCORE algorithms can be
developed using equation (2-9). Consider the environment
where a multisensor antenna array is excited by a single
SOI with self-coherence at a known value of frequency
separation o and by noise and co-channel interference
without self-coherence at «. Further assume that no far-
field multipath is present in this environment, i.e., that no
significantly-delayed replicas of s(t) are also received by
the array, and that the SOI and interference are nar-
rowband with respect to the RF frequency of the array re-
ceivers. Then the complex baseband or analytic represen-
tation of the multisensor received signal x(t) can be
modelled by

x(t) = As(t) +1(1) (3-1)

Vector A, referred to here as the SOI aperture vector,
models the polarization and direction-of-arrival (DOA)
dependent sensor antenna gains, cross-sensor phase-
mismatches, and near-field multipath effects, e.g., due to
scattering off of receiver structures and mutual coupling
between array elements. Interference field I(¢) models the
remaining signals and background noise received by the
array.

The goal here is to linearly combine the elements of
x(t) to enhance the SOI and suppress the noise and
interference received by the array, without using
knowledge of the SOI waveform, SOI aperture vector, or

interference autocorrelation matrix to train the linear
combiner weights. As a performance benchmark, the
mazimum-SINR linear-combiner output signal ic given by

V(1) = WhaX(t), Wi % Rpy(0) 1A x Ry (0) T A R, (0) (3-2)

These weights can also be interpreted as the optimal solu-
tion to least-squares cost function

FLS("V)é

where 4 is an arbitrary (nonzero) scalar constant (which is
assumed to have no effect on the output signal quality).
The goal is therefore to find a method for adapting w to
approximate the maximum-SINR processor, using only
knowledge of the self-coherence or conjugate self-coherence

of the SOL

Define control signal u(t) =c x(t),
arbitrary control vector. Use of (3-1) and

u(t) = cT{As(t)+ I(t)]

=)t —7)ei?et = 5 s(t) + 3(t)

< ly()—as(t) P>, y(t)=wix(t) (3-3)

where ¢ is an
(2-9) yields

(3-1)
(3-5)

as(t)+1(t)

where 1(¢) and @ are given by (2-10) and (2-11), and
where ;(t) is uncorrelated with s(¢) and 7(¢) (and there-



fore z(t)) if I(t) is not self-coherent (or conjugate self-
coherent) at . Define the least-squares SCORE cost func-
tion

Fscopp(w) & < ly(t) = r(t)I°>1 (3-6)
where reference signal r(t) is defined by

(t) 2 ul e ) it (3-7)

and where the conjugation is applied iff SOI conjugate
self-coherence is being restored by the processor. Substi-
tution of (3-5) and (3-8) into (3-6) yields
Fscorp(w) = < |y(t) = [as(¢)+1(t)] >

= < lyt)—as(t)* >0+ < i) P> (3-8)
as the averaging time T goes to infinity. Since (¢) is not
a function of w, (3-6) is therefore asymptotically
equivalent to the true least-squares cost function (3-3).

This result can also be obtained by solving for the
optimum processor weight vector w in (3-6), yielding

wscore = < x(t)x'(t) > <x(t)r'(t) >, (3-10)
— /™ R (0) T R ((7) 1) (3-11)
— [(ATe)) p215(7) /™ ] [Ryx(0) " A R,, (0)]
— Woax (3-12)

if I(¢) is not self-coherent (or conjugate self-coherent) at
«. Note that wgoopp converges to the maximum-SINR
solution for arbitrary control vector c, as long as ¢ is not
orthogonal to A. Equation (3-10) is referred to here as
the least-squares SCORE algorithm.

The least-squares SCORE processor is shown in Fig-
ure 1. It is implemented using an RLS algorithm to
adapt the processor weights, with the reference signal
given in (3-7) used as the desired signal input. The only
control variables required for the reference generation are
the control vector ¢, lag value 7, frequency-shift value o
and conjugation control; however, only o and the conju-
gation control are critical to the operation of the proces-
sor. In practice, the use of exponentially-decaying win-
dows in the RLS algorithm allows some tolerance in o [6].

x(t)

w
RLS Algorithm

1
c J——U(—)-| Delay

T

Figure 1: Least-Squares SCORE Processor
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4. CROSS-SCORE ALGORITHM

An obvious way to improve the performance of the
least-squares SCORE algorithm is to adapt the control
vector as well as the processor vector. To accomplish this,
we consider the alternative of mazimizing the cross-
SCORE  objective function, defined here as the
magnitude-square of the correlation-coefficient between
the processor and reference signals,

[wIRZ ((7) el |2
[W! Ry (0) w ] [/ Ry (0) ]

where again the conjugation is applied iff conjugate self-
coherence is being restored. The cross-SCORE objective
function measures the cross-coherence (or conjugate cross-
coherence) between the processor output signal and the
control signal, and is maximized when w and c¢ are
adjusted to remove the interference from the processor

Fscorg (wie) & [0, (0) % = (4-1)

output signal. ﬁSCORE' also has the same optimal solu-
tion (for fixed control vector) as the least-squares SCORE
cost function, i.e., ﬁSCORE is maximized for fixed ¢ by set-
ting w equal to (3-10).

Full optimization of the cross-SCORE objective func-
tion can be accomplished by maximizing FSCORE first
with respect to w and then with respect to c. Substitut-
ing (3-11) into (4-1) yields
e [R (1) Rux(0) R (1) | e

'R (0)c

Fscozzs(wsco;w; c) = (4'2)
Equation (4-2) is maximized with respect to ¢ by solving
the generalized eigenvector equation

{R;i(.)(T)T Rux(0) 'R (7)) escors = X Rex(0) escope  (4-3)

for the maximum-eigenvalue eigenvector. The maximum
of Fscopg is then equal to the maximum eigenvalue of
(4-3).

It is easy to show ([5], [6]) that the optimal processor
and control vectors will converge to the maximum-SINR
solution in the environment modelled in Section 3, and
that the optimum cross-SCORE objective function will
converge to

| Pi(.)(l’) |2

ﬁscons (WscorE; €scors) = m (4'4)
where SINR . is the maximum obtainable SINR,
SINR 4. = A'R;((0)7' A R, (0) (4-5)

5. SCORE ALGORITHM SIMULATIONS

The simulated receiver geometry is as follows. A
four-element circular array with a 20.48 MHz bandwidth
and a half-wavelength diameter is excited by white Gaus-
sian thermal noise, a BPSK SOI incident at a 60° DOA,
an MSK interferer incident at a -110° DOA, and two CW




interferers incident at -45° and 30° DOAs. The SOI has
a 5.12 Mb/s baud-rate, 2 0 MHz carrier offset, and a 20
dB input signal-to-white-noise ratio (SWNR) on each an-
tenna element. The MSK interferer has a 10.24 Mb/s
baud-rate, a 0 MHz carrier offset, and a 30 dB input
SWNR. The CW interferers have 1 MHz and -2.5 MHz
carrier offsets, and 40 dB and 33 4B input SWNRs,
respectively.

Two experiments are performed. In the first experi-
ment, the SCORE processor is set to restore self-coherence
at the SOI baud-rate: the frequency-shift is set to 5.12
MHz, the delay is set to 98 nsec (one-half baud), and the
conjugation is not used in (3-7). In the second simulation,
the SCORE processor is set to restore self-coherence at
twice the SOI carrier offset: the frequency-shift and delay
are set to zero and the conjugation is used in (3-7). Per-
formance measures are obtained for the least-squares
SCORE algorithm with the control vector set to [1000]7
and the processor vector exactly optimized using (3-10)
over averaging interval [0, T] at each time T in the simu-
lation run, and for the cross-SCORE algorithm with the
processor and control vectors exactly optimized using (3-
10) and (4-3) (or equivalent if conjugate self-coherence is
being restored).

The performance measure used to judge the quality
of the processor output signal is the output SINR, defined
by

SINR £ |w'A |*R,,(0) / w' Ryy(0) w (5-1)

where A, R (0) and R;4(0) are the true SOI aperture, SOI
power and interference autocorrelation matrix, respec-
tively. As a benchmark, the SINR of the true least-
squares processor which uses 7(t) = s(¢) is also computed
and displayed with the SCORE SINRs in both simula-
tions. Simulation results are shown in Figures 2 and 3.

These Figures verify the theoretical results derived in
Sections 3 and 4. In both experiments, the least-squares
SCORE processor SINR converges to within 3 dB of the
maximum attainable SINR within 1000 SOI bauds (200
usec), using only the knowledge of the SOI baud-rate
(Figure 2) or carrier frequency offset (Figure 3). This con-
vergence time is dramatically improved when the cross-
SCORE algorithm is used to adapt the processor: the
baud-rate restoring SCORE SINR converges to within 3
dB of the maximum attainable SINR within 100 SOI
bauds (20 usec), while the carrier-restoring cross-SCORE
algorithm converges in under 10 SOI bauds (2 psec).
These results compare to the true processor SINR, which
converges in this environment in about 5 SOI (1 psec),
using knowledge of the entire SOI waveform.

The relatively slow convergence of the least-squares
SCORE algorithm is due the large uncorrelated interfer-
ence component 7(t) present in the reference signal r(t)
used in (3-10). Until ¢(¢) is averaged out by the correla-
tion process, it will have a strong effect on the adaptation
of the processor weights. This effect is greatly reduced in
the cross-SCORE algorithm, which adapts the control
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Figure 2: Baud-Rate Restoring SCORE SINRs
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Figure 3: Carrier Restoring SCORE SINRs

vector to cancel the received interference i(t) before it
reaches r(t). The primary corruption remaining in r(¢)
after the control vector is optimized is the nonremovable

/1= [p&(7) | €,4(t) component of i(t) given in (2-

11). This explains the very fast convergence of the
carrier-restoring cross-SCORE algorithm, since the CSCF
of a BPSK SOI has unity magnitude at o equal to twice
the SOI carrier offset ([3], [4]).

6. CONCLUSIONS

A new class of algorithms for blind adaptation of an-
tenna arrays, the self-coherence restoral or SCORE algo-
rithms, have been introduced. Two SCORE algorithms,
the least-squares SCORE algorithm and the cross-SCORE
algorithm have been developed, analyzed and simulated.
It has been analytically shown that a SCORE-adapted an-
tenna array will converge to the maximum-SINR solution
when a single SOI with self-coherence at a known value of
frequency separation and arbitrary noise and interference
without self-coherence at that frequency separation are re-
ceived by the array. These results have been verified via
computer simulation for a four-element circular antenna
array excited by white noise, a BPSK SOI and strong ton-
al and MSK interferers, and adapted using the least-



squares SCORE and cross-SCORE algorithms. The out-
put SINR of the least-squares SCORE processor was
shown to converge to within 3 dB of the maximum at-
tainable SINR in 1000 SOI bauds, using only the
knowledge of the baud-rate or carrier frequency offset.
This convergence time was improved to 100 SOI bauds
and 10 SOI bauds, respectively, when the baud-rate res-
toring and carrier-restoring cross-SCORE algorithms were
used to adapt the antenna arrays.

These results motivate continued investigation and
development of this new class of adaptive algorithms.
Additional analysis is needed to determine the conver-
gence characteristics of these algorithms. Additional work
is also required to determine the behavior of these algo-
rithms in environments containing far-field multipath
(e.g., in ground-based cellular telephone systems), or in
environments containing multiple independent signals
with self-coherence at the same value of frequency separa-
tion (e.g., in multiple-access communication systems).
Development of efficient algorithms for optimizing the
cross-SCORE objective function is also a topic of immedi-
ate concern.
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