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Abstract Most blind source separation algorithms are
only applicable to real signals, while in communication
reconnaissance processed signals are complex. To solve this
problem, a blind source separation algorithm for commu-
nication complex signals is deduced, which is obtained by
adopting the Kullback-Leibler divergence to measure the
signals’ independence. On the other hand, the performance
of natural gradient is better than that of stochastic gra-
dient, thus the natural gradient of the cost function is used
to optimize the algorithm. According to the conclusion
that the signal’s mixing matrix after whitening is orthog-
onal, we deduce the iterative algorithm by constraining the
separating matrix to an orthogonal matrix. Simulation
results show that this algorithm can efficiently separate
the source signals even in noise circumstances.

Keywords communication reconnaissance, blind source
separation, complex signal

1 Introduction

Communication reconnaissance is one of the key technolo-
gies in electronic warfare. The process of analyzing and
recognizing enemy communication signals without any
prior information is called blind reconnaissance. To that
end, we must separate source signals from mixed signals,
that is, we need to estimate every source signal in time
domain, which is called blind source separation (BSS).
Recently, BSS is applied in wireless communication, image
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processing, seismic signals processing, array signal proces-
sing and biomedicine signal processing. While only few
researches [1-3] applied the BSS technology into commu-
nication reconnaissance. Furthermore, many known algo-
rithms are applicable to real valued signals [4] only instead
of complex signals. However, in communication reconnais-
sance, processed signals are often complex signals. Thus, a
blind source separation algorithm for communication with
complex signals is presented. The simulation results prove
the validity of the algorithm.

2 Problem presentation

Assume the vector x(7) =[x1(f) x2(f) -+ x,(¢)]" is the
observed signals from »n antennas and the vector
s(2) = [51(2) s2(f) -+ s,,(0)]" is the source signals from m
sources, where x,(¢) denotes the observed signal of ith
(i=1, 2,...,n) receiving antenna at ¢ time and s,(¢) is the
transmitted signals of the ith source at 7 time. Here x(¢)
and s(7) are complex vectors. Assume that every source
s{t) (i=1, 2,...,m) is independent. If the mixing matrix is
He C"™, then x(¢) = Hs(t)+ v, where v is white Gaussian
noise. We assume 7 = m.

The blind source separation technology is, according to
the observed signal vector x(¢), finding a separating matrix
W and making every component of the separating signals
y(t) = Wx(¢) as independent as possible. The paper studies
the linear instantaneous mixing model of communication
signals. Therefore, for the convenience of description, we
will omit the parameter . And the circumstance noise is
considered so faint that it can be omitted.

3 Algorithm deduction
3.1 Selection of cost function
To get the good estimation y = Wx of the source signal s,

we introduce an object function or loss function p(y; W)
about the separating signal vector y and the separating
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matrix W. The expectation of this function is called risk
function (or cost function): R(W) = E{p(y;W)}, which is
the measurement of independence of the components of
the separating signal vector y. When the components of
the vector y is independent of each other, the risk function
R(W) will be minimized. The Kullback-Leibler (K-L)
divergence is used to measure the independence, where
py(y;W) denotes the probability density function of the
random variable y = Wx, and ¢(y) is the other kind of
probability density function of y, then the risk function is
(5]
ROV)=E{p(y: W)} =K, (W)

=K [p,(y; W)||q(»)]

_ o 1 py(y; W)
Jp;(v, W)loglr )

The K-L divergence gives the difference measure-
ment of two probability density function. When ¢(y)
is the true probability density function py of the source
signals, if W= H"', then y= Wx = WHs=s, and p,(y;
W) = py(y). Therefore, K,,(W) is an appropriate cost
function. From Eq. (1), for the generic ¢(y), we can
have

dy. (1)

ROW)=E{p(y; W)} = jpyu; % log%dy

——H)- > Eflog(a(n)}, @
i=1
where

Hiy)=— pr<y; W) log py(v; W)dy

denotes the differential entropy of y. Assume that the prob-
ability density function of z is p(z). Because

y =Wz, p,(y)=pA(W y)detW|,

then
H)= | pe(W=19) det W [log(p: (W17))
+ log |det W~ |]d(Wz)
=— J p2(2)[log(p-(2)) + log | det W] dz
= H(z)+ log | det (W)).

Because H(z) is independent of W, it can be omitted. Then
the final cost function is

R(W)=Ky(W)=E{p(y; W)}

= — log|det(W)|— ZE{log(q,-(yi))}. 3)
i=1
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3.2 Whitening reprocessing of observed signals

The spatial decorrelation plays an important role in signal
processing. It is considered a necessary (but not sufficient)
condition of random independence rule. After pre-whiten-
ing, blinding source separation often becomes easier and
the characteristics are more excellent. If the covariance
matrix of rand vector z with zero mean is an identity
matrix, i.e., R, =1, then we say the vector z is white.
Whitening the observed signal vector x aims to find a
whitening matrix Qe C"*" and make the covariance
matrix of the vector z= Qx an identity matrix. The
whitening matrix @ can be found by singular value
decomposition [5]. Assume the number of source signals
m is known or has been estimated, and then the whitening
matrix @ is as follows:

Q=UA_;"?VH, (4)

where U is an arbitrary unitary matrix, A, is the four-
square matrix consisting of the first m rows and first m
columns of the matrix A,, and V is the matrix consisting
of the first m columns of V. It can be proven that the
vector z = Qx is white. Because the matrix U is an arbi-
trary unitary matrix, the whitening matrix @ is not an
exclusive matrix. Besides, it can be seen from Eq. (4) that
after whitening, the dimension of the observed vector is
reduced from n into m.

3.3 TIteration algorithm of blind separation

After pre-whitening the observed signal vector, we can
find the separating matrix W by whitened signal vector z
and obtain the separated signal vector y. Because
z= Qx = QHs, the global mixing matrix B is equal to
QH and B is a non-singular square matrix. We assume
that the covariance matrix of the source signal vector is
identity matrix, ie., Ry=1,. For R_ = E{zz"}=
E{Bss"B"} =1,, BB" =1,. Therefore, the total mixing
matrix Bis orthogonal. Under the condition, it only needs
to find an orthogonal matrix W (W~ ! = WY) to estimate
the source signals from the signals y = Wz. Certainly, the
covariance matrix Ry, of the source signal vector is not
equal to I, but R, = D =diag(d,,d>,...,d,,). Here the
source signal vector s can be decomposed into s=D'/?§
and Ry =1,,. If we can regard 5 as a source signal vector
and B=QHD'/? as B, then we can obtain the same con-
clusion. Thus in the following sections, we always con-
sider Ry, =1,,.

To accurately separate source signals, the object func-
tion p(y;W) should be minimized. Therefore, the relative
gradient learning algorithm is adopted. Then

opy; W)

AW (k)=W(k+1)—W(k)= —n(k) W

whw.  (5)
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From Egs. (3) and (5), we have

AW () = (k) [6log|det W (k)|

oW (k)
"L /01 i(;(k))) oy (k
It can be deduced from y(k) = W(k)z(k) that
AW (k) = (k) (I —f [y(k)]y" (k) W (ko) (7)

where fly(K)] = [fi(y1), /2(2) ..., fu(¥)]'. Equation (7)

denotes the iterative algorithm without any restriction
on W. As mentioned before, after pre-whitening, the total
mixing matrix is an orthogonal matrix. Therefore, we sup-
pose the separating matrix W is always orthogonal in the
iterative process. Assume the matrix W(k) is orthogonal
(the matrix W(k) can be initialized as the identity to satisfy
the orthogonalization), for AW =¢W(k), where ¢ is a
small variational matrix, then

W(k+1)= W(k)+eW(k)
and

Wk+D)W(k+ )" =I+e+e"+0() =1 = ¢= —&".

Therefore, the matrix ¢ must have skew symmetry to main-
tain the matrix W(k) orthogonal. Combining Eq. (7), the
matrix ¢ can be selected as

& = n(k)y(f [yk)] = L)y (k)]

The iterative equation of the orthogonal separating matrix
W is as follows:

Wk +1)= W (k) +n(k) [y(k)f  [y(k)]
—f (YR ()| W (k), (8)
y(k)=W(k)z(k).

We can also substitute the time average value for
instantaneous value, and obtain the batch algorithm as
follows:

W (k +1)= W (k) +n(k) [<r()f M [p (o))
— S > W k), ©)
y(k)=W(k)z(k),

where the symbol (-} denotes the time average value of
the variable.

From the deduction, we know that the function fJy;) is
only related to the distributed function ¢(y). The optimal
selection of the function ¢(y) is the real probability density
function of the source signal, which cannot be obtained.
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Thus we must select a function approximating to the real
probability density function. From the whole deduction
process, we find that we just use the function f{(y,)
(i=1,2,...,m). Therefore, the selection of f{(y;) is very
important.

3.4 Selection of function f(y;)

The selection of the function f(y,) relates to the stability of
the separated algorithm. The stability of the iterative algo-
rithm in Egs. (8) and (9) has been analyzed in many papers
[5-7]. Here we just give the conclusion. The stable con-
dition of the algorithm is as follows:
%i+1>0, (10)
where z;= E{f (i)} — E{fi(y:)y:}, and f] (y;) is the deriv-
ative function of fi(y;). If the equation y,> 0 is true for
any y;, the algorithm is stable. Because the communica-
tion signal is sub-Gaussian signal where the kurtosis is
negative, i.e., E(|s]*) —3E(s]?)*<0, we can select the
function as f{y;) =fv) = lyf?yi+oay; (@=0). It can be
proven that this function satisfies the stable condition
of Eq. (10).
The blind separation for complex communication can
be concluded as follows:

Step 1 Pre-whitening the observed signal z= Qx,
where whitening matrix Q can be obtained according to
Eq. 4).

Step2 Using Eq. (9) to separate the whitening data z.

4 Simulation results and conclusions

We define the following performance index P to evaluate
the separating effect of the separate algorithm [5].

B |G (i)
P=—3" { (Zmax,(G(u)D _1>

i)}

6.0
! (; ma; (G0

where G(i, j) is the (i, j) element of the global system
matrix G= WQH. ldeally, there is only a nonzero ele-
ment in each column and each row of the matrix G,
which is called quasi-identity. If the matrix G is quasi-
identity, the separating system can effectively separate
every source signal. The characteristic of the separated
signals is just the same as the source signals up to the
order and the scale of ambiguity. The performance index
P evaluates the comparability of the matrix G and quasi-
identity. Ideally, P = 0.

The algorithm researched in the paper is designed for
communication signals, thus we use the mixing model of
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uniform circular array which has six elements [8] when we
simulate the algorithm. At the same time we process the
analytic signals. The radius R of the circular array is half
of the minimum wave length.

Assume there are three source signals, 2ASK signal
(carrier frequency is 610 kHz), 4ASK signal (carrier
frequency is 690 kHz), and 8PSK signal (carrier fre-
quency is 770 kHz) respectively. It needs to explain that
the carrier frequency of the signals is decreased because
of the limitation of computer computation ability. But it
does not affect the evaluation of the algorithm. On the
other hand, we ignore the noise during the deduction of
the algorithm. To validate the efficiency of the algorithm
in noisy circumstance, we add the white Gaussian noise
to the observed source during simulation. The power of
the noise is 0.01, and that of the source signal is 1 (i.e.,
signal to noise ratio (SNR) is 20 dB). The rate of data is
70 kBd/s, and the sampling rate is 560 kHz. The angles
of incidence of three sources are 40°, 60°, and 80°
respectively.

Figure 1 shows the P variation of the algorithm in the
paper. The learning rate n(k) = 0.08. It can be seen from
Fig. 1 that the P is about 0.025 when the algorithm starts
converging, which is very close to zero. The global matrix
Gis:

0.9830 0.0025 0.0050
G=0.0164 0.0077 0.9933

0.0194 0.9847 0.0101

00 10 20 30 40 50 60 70 8 90 100

iterative numbers

Fig. 1 System performance index

From the above equation, we can see that G'is very close
to quasi-identity. Therefore, the blind separation algo-
rithm of complex signals deduced in the paper can sepa-
rate the source signals from the observed signals. The
waveforms of source signals, separated signals and
observed signals are shown in Figs. 2-4 respectively.
The algorithm can preferably resume the waveform of
the source signal and the algorithm is stable and credible.

s, amplitude/V s, amplitude/V

53 amplitude/V

y; amplitude/V  y, amplitude/V  y, amplitude/V

x; amplitude/V  x, amplitude/V ~ x, amplitude/V
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