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Abstract. The main drawback of closed-form solution of
linearly constrained minimum variance (CF-LCMV) beam-
former is the dilemma of acquiring long observation time
for stable covariance matrix estimates and short observa-
tion time to track dynamic behavior of targets, leading to
poor performance including low signal-noise-ratio (SNR),
low jammer-to-noise ratios (JNRs) and small number of
snapshots. Additionally, CF-LCMYV suffers from heavy com-
putational burden which mainly comes from two matrix in-
verse operations for computing the optimal weight vector.
In this paper, we derive a low-complexity Robust Adaptive
LCMV beamformer based on an Iterative Suboptimal solu-
tion (RAIS-LCMYV) using conjugate gradient (CG) optimiza-
tion method. The steepest descent weight updated strat-
egy is adopted to obtain a simple iteration process. The
merit of our proposed method is threefold. Firstly, RAIS-
LCMYV beamformer can reduce the complexity of CF-LCMV
remarkably. Secondly, RAIS-LCMV beamformer can ad-
Jjust output adaptively based on measurement and its conver-
gence speed is comparable. Finally, RAIS-LCMV algorithm
has robust performance against low SNR, JNRs, and small
number of snapshots. Simulation results demonstrate the su-
periority of our proposed algorithms.
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1. Introduction

Linearly constrained minimum variance (LCMV)
beamformer is a conventional and powerful tool for signal
enhancement in multiple sources cases. The conventional
LCMYV beamformer is a kind of closed form LCMV (CF-
LCMYV) beamformer which is obtained by directly using
Lagrange multipliers and is discussed extensively in many
works, such as [1, 2, 4]. As a generalized minimum vari-
ance distortion-less response (MVDR) beamformer, the con-
ventional LCMV beamformer minimizes the array output
power while maintaining a constant response in the direction
of the signal of interest (SOI). However, CF-LCMV beam-
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former requires inversions of the input data covariance ma-
trix R, and C¥ C (C is a constraint matrix), causing the main
computation burden of CF-LCMYV algorithm. Additionally,
the robustness of CF-LCMV is poor when small number of
snapshots, low SNR and JNRs, are present [16].

Numerous adaptive versions of LCMV were reported
in the last decades to overcome the above listed drawbacks
of CF-LCMYV, including LMCV with stochastic gradient
(LCMV-SG) algorithm [13], LCMV with recursive least
squares (LCMV-RLS) algorithm [6], and so on. Among
these algorithms, the LCMV-SG algorithm is a low complex-
ity method but converges slowly with correlated data inputs
[9]. The LCMV-RLS algorithm has a fast convergence speed
but suffers from high complexity numerical instability. To
reduce the computational complexity and improve the sta-
bility of CF-LCMYV algorithm, a low-complexity constrained
affine-projection (CAP) algorithm is proposed to update the
weight vector of linearly constrained adaptive filters [12] re-
cently. The performance of CAP beamformer is robust but
the complexities of CAP and its derivations are still high.

Comparatively speaking, conjugate gradient (CG) tech-
nique shows an attractive trade-off between performance and
complexity and has been adopted in many related works,
such as [10, 9, 11]. Among them, [10] is a convex opti-
mization framework. In each iteration, the algorithm in [10]
needs to solve a constrained least square problem, which
leads to a more heavy computational burden. Based on the
conventional MVDR criterion, [11] proposed a stronger con-
straint set to constrain the magnitude of array output and
the so-called set-membership )(SM) technique is adopted
to specify a bound on the magnitude of the estimation er-
ror or the array output, which can reduce the computational
complexity because of data selective updates. While [9] is
based on a constrained constant modulus (CCM) criterion
and a modified conjugate gradient (MCG) and a conven-
tional conjugate gradient (CCG) methods are used to drive
the optimal weight vector. The weight update strategies of
the two approaches are recursive least squares (RLS), which
is more complicated than steepest descent technique.The
two approaches can improve the performance to some ex-
tent with a more complicated iteration process. Addition-
ally, their performances are affected by too many parame-
ters, which degenerates their performance if these parame-
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ters are not given accurately. In this paper, by using CG
technique and steepest descent technique, we derive robust
adaptive LCMV beamformer based on iterative suboptimal
solution (RAIS-LCMYV) to improve the performance of CF-
LCMYV beamformer. Compared with the aforementioned ap-
proaches, our approach is only based on the conventional
LCMYV framework, we needn’t other constraints to our cost
function. Hence, it only needs several simple iteration steps.
Firstly, we derive the updating procedures of RAIS-LCMV
by using CG technique. The way to determine the param-
eters to be used in RAIS-LCMYV is addressed subsequently.
Furthermore, we discuss the convergence speed and compu-
tational complexity of RAIS-LCMYV algorithm. Compared
with some existing LCMV beamformers, our proposed al-
gorithm has a low complexity and achieves better perfor-
mance with small number of snapshots and low SNR and
JNRs cases.

2. Problem Formulation

Consider D point source signals (including signals and
interferences) impinging on an array comprising M sensors
with an arbitrary geometry from directions 01,0,,---,0p.
The output y(k) of array beamformer can be expressed as

y(k) = wx(k), (1)

where k = 1,2,---,K is the time index and K is the number
of snapshot, w is a M x 1 complex vector of beamformer
weight to be estimated, and (-)’ stands for Hermitian trans-
pose.

For a minimum-variance distortionless-response
(MVDR) beamformer, the objective is to minimize the array
output energy, subject to a linear constraint on the desired
direction-of-arrival (DOA), i.e.,

minimize J(w) = sw/Rw
2

subjectto  w'a(0;) =1,

where Ry = E {x (k) x¥ (k)} is the covariance matrix of the
received signal x with E {-} being the expectation operator.

For LCM V-type beamformers, w is the solution to the
following multiple linearly constrained optimization prob-
lem:

minimize J(w) = Jw/R,w
3

subjectto CHw =f,

where C is the aforementioned constraint matrix and f is
a constraint vector. For example, if we need to generate unit
gains in L DOAs 0; (i = 1,2,---, L) while forming nulling in
other DOAs, the constraint matrix and constraint vector can
be expressed as

C= [a(el)""aa(eL)’a(eL+1)7'"’a(eD)] (4)

and
T

...7107...70 , (5)
S—— —

respectively. Based on (3), (4), and (5), by using Lagrange
multipliers technique, one can obtain a closed-form solution
of the optimal weight vector w as follows [13]

Wopt = RIC(CHRC) 't ©6)
Equation (6) is the well-known optimal weight vector of
LCMYV beamformer and it is a closed-form solution to (3).
The closed-form solution of (6) can constrain the interfer-
ences and keep simultaneous response of multiple expected
signals. To obtain the optimal weight vector, we need to
compute two matrix inversions from (6), i.e., one is the in-
verse operation of covariance matrix Ry, with size M x M,
the other is the inverse operation of matrix CHR_,!C, with
size D x D. For large arrays or adaptive phase array radar
(APAR) [18], the number of array sensors is very large, so
the computational complexity of covariance matrix inversion
is very high. So how to decrease the computational bur-
den of CF-LCMV is a serious problem. Additionally, the
main drawback of the aforementioned two beamformers is
the dilemma of acquiring long observation time for stable
covariance matrix estimates and short observation time to
track dynamic behavior of targets, leading to poor perfor-
mance including low SNR, low JNRs, and small number of
snapshots.

In [1], Breed and Strauss derived an equivalent gener-
alized sidelobe canceller (GSC) structure of LCMV (GSC-
LCMYV). GSC-LCMV s obtained by splitting the applied
filters into two components, i.e., w = w, — w,. The com-
ponents of w, and w; lie in the column-subspace of the con-
straint matrix C and its component null-subspace, respec-
tively. The GSC-LCMYV formulation of the problem can be
expressed as following

W =W, — Wy, (7a)
W, = CQ 'wy,, (7b)
wy = Cow,, (70)
w, = (CIR,C,) ' CHRw,, (7d)
Q=C"c, (Te)

where the matrix C, € C?*(P~1) is composed of the ortho-
complement vectors of constraint matrix C. It should be
noted that GSC-LCMV also requires two matrix inversions
and its computational complexity will be slightly decreased
when number of signals is far less than that of array ele-
ments. Overall speaking, the computational burden of GSC-
LCMV is still heavy and its performance is still poor with
small number of snapshots, low SNRs and JNRs.

In order to ease the computational burdens of CF-
LCMV and GSC-LCMYV and obtain a better performance
under small number of snapshots, low SNRs and JNRs, we
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derive a low-complexity RAIS-LCMYV algorithm using con-
jugate gradient (CG) optimization technique. The proposed
RIAS-LCMYV beamformer does not require matrix inversion
in each iteration and the suboptimal weight vector is com-
puted iteratively given small number of iterations. Com-
pared to CF-LCMYV, GSC-LCMV beamformers, and some
other existing iterative methods, RAIS-LCMV beamformer
has lower computational complexity and shows great robust-
ness to SNR, JNRs, and number of snapshots.

3. Robust Adaptive LCMV
Beamformer Based on

an Iterative Suboptimal
Solution (RAIS-LCMY)

Consider the objective optimization function of (3)
which is based on the typical least mean square (LMS) cri-
terion. One can obtain a solution of weight vector by using
conjugate gradient (CG) optimization algorithm [7, 8, 14].
In order to derive an iterative suboptimal solution of weight
vector w, the proposed RIAS-LCMV beamformer is de-
signed using the following optimization problem in real val-
ued form:

J(w) = %WHRXXW+Real {M(Cw—1)}, ®)

where Real{-} is an operator of taking real part and A € CP*!
is a Lagrange multipliers vector. Calculating the conjugate
gradient of J(w) with respect to w, we have

d (Real {kH (Cwa f) })

Vwl (W) =Ruw+ ow* ) )
in which
0 (Real {\* (CHw—1)}) 0 (Real {A#CHw})
- . (10)
ow* ow*

It is noted that A C”w is a complex scalar, thus we have
1
Real{?»HCHw}:E(kHCHw—i—wHC?»). (11)

Based on (11), (10) can be expanded to

dReal (0 (CHw—1)})  12((CV)"w)
ow* T2 ow*
13 (whCh)
S a2)

Since A CH = (CL)H and CA € CM*!, using the rule of gra-
dient derivation, the first item of right side of (12) is zero, and
the second item of right side of (12) is CA, so we have

0 (Real {A# (Cw —1)})

s = CA. (13)

Based on the results above, we can calculate the derivation
of VyJ (W) as

VJ (W) = Ruw — C. (14)

The following updating formulation is used to compute the
weight vector w (n+ 1)

w(n+1) = w(n)+ul-Val (W), (1)

where u is a non-negative step size parameter, which decides
the convergence of our method. Substituting (14) into (15)
and using A (n) instead of A as the n index, we have

w(n+1) =w(n) —u[Ruw(n) - CA(n)], (16)

where A (n) varies with index n. We constrain that the weight
vector w (n+ 1) must satisfy the following constraint condi-
tion in each iteration

Clwin+1)=t. (17)
Premultiplying both sides of (15) by C yields
Clw(n+1)=CHw(n)—uC” [Ruw(n) — Cr(n)]. (18)

Combining (17) and (18), we can obtain the following equiv-
alent form

f = CHw(n) — uC” [R.,w (n) — CA(n)]. (19)

Consequently, the expression of A (n) is given as follows

n) = Lcneyte Ve on n
A(n) H(C C) f y(c C) C'w(n)
+(c”c) PR w(n). (20)

Substituting (20) into (16), we can obtain the iterative equa-
tion of weight vector w (n+ 1) as follows

W (n) — uR W () +C (CFC) 't
—c(cc)” cw(n)
+uC (€)' CHRyw(n).  21)

wn+1) =

Simplifying (21) further yields

wn+1l) = [I—C (ctc)™! CH] 1 iR w(n)
+c(cfo)'r, (22)
Denoting
P—[1-c(cc) '], 23)
and
G=c(ctc) ', (24)

we can rewrite the iterative process of weight vector
w (n+ 1) as the following compact form

w(n+1)=P(I—uR,)w(n)+G. (25)
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Equation (25) is the updating formulation of estimated sub-
optimal weight vector. Because the covariance matrix is not
an iterative form, the beamformer constructed by (25) is not Ry (k) = PRy (k— 1) + (1 - B)x (k) x" (k) (31

an adaptive one. For simplicity, we denote the updating
procedure of (25) as a simple iterative suboptimal solution
of LCMV (SIS-LCMYV) beamformer. Note that the covari-
ance matrix of R,, is unavailable in real time, so SIS-LCMV
beamformer is still torn between the need of long observa-
tion time for stable covariance matrix estimates and the need
of short observation time to track dynamic behavior of tar-
gets.

Generally speaking, an available approximation of Ry
is

K
Ro=—Y x(k)x" (k), (26)
K k=1

in which K is the total number of snapshots. Hence, the
weight updating formula of SIS-LCMV should be substi-
tuted by

w(n+1)=P(I—uRy)w(n)+G. (27

The drawback of SIS-LCMYV is that it needs long ob-
servation time for stable covariance matrix estimate. In order
to solve the problem of long observation time and to improve
the dynamic behavior of beamformer, the approximation of
covariance matrix (26) can be substituted by the instanta-
neous estimate of covariance matrix as follows

R =x(k)x? (k). (28)

In this case, the suboptimal weight updating process of
our proposed iterative adaptive LCMV beamformer can be
rewritten as

y (k) =w" (k)x (k) (29)
and
w(k+1)=P{w(k)—uy(k)x(k)} +G, (30)

in which the iteration index k = 1,2,---,K with k being the
index of measurement number. The scalar y (k) is the in-
stantaneous output of beamformer in kth observation time.
Using the updating formulae (29) and (30), we can obtain
an adaptive iterative suboptimal solution of LCMV (AIS-
LCMYV) beamformer.

It should be noted that the updating process of AIS-
LCMV beamformer can improve the dynamic behavior of
SIS-LCMV beamformer remarkably. However, one can
imagine that the error will be large due to the poor approx-
imation of covariance matrix. In order to improve the per-
formance of AIS-LCMYV, we adopt the recursive strategy of
covariance matrix as follows

where B is a forgetting factor, and R, (k) and R, (k — 1) are
the estimates of covariance matrix in the kth and (k— 1)th
observation time, respectively. Based on the recursive esti-
mate of covariance matrix of (31), we obtain RAIS-LCMV
algorithm as follows

w(k+1)=P(I—-puR, (k) w(k)+G. (32)

Obviously, the smooth technique used here can reduce the
estimating error of covariance matrix effectively.

It should be noted that AIS-LCMV and RAIS-LCMV
are the special cases of SIS-LCMYV algorithm. Among them,
AIS-LCMV is just the case of K = 1 in the estimation of co-
variance matrix in (26), while RAIS-LCMV adopts a data
reusing strategy to improve the estimation precision of co-
variance matrix. We believe that RAIS-LCMYV has a better
performance in both tracking speed and estimation of stable
covariance matrix than AIS-LCMV beamformer. Addition-
ally, the computational complexity of RAIS-LCMV is lower
than that of SIS-LCMV because the latter needs more ob-
servation time to compute the approximation of covariance
matrix and the robustness of RAIS-LCMV will be superior
to that of SIS-LCMYV and AIS-LCMYV with small number of
snapshots, low SNRs and JNRs cases.

Now we summarize the three listed algorithms: SIS-
LCMYV, AIS-LCMYV, and RAIS-LCMYV in Tab. 1, Tab. 2 and
Tab. 3, respectively. In Tab. 1, N is the total number of iter-
ation in SI-LCMYV and ¢ is the weight vector difference be-
tween two adjacent estimated weight vectors. 178 is a small
threshold we set. In Tab. 2 and Tab. 3, the termination con-
dition of iterative process is determined only by the number
of snapshots K.

SIS-LCMYV Algorithm
Initialization

Step 1)

(@ w(0), 4, N(8);
(b) Calculate P using (23);
(c) Calculate G using (24);

(d) Calculate Ry, using (26);
Step 2) Forn=1,2,....N
(a) Update weight vector using (27);

Step 3)
Step 4)

n<n+1;
If n > N or iterative error € < 179, return;
else, go to (a) in Step 2).

Tab. 1. The proposed SIS-LCMYV algorithm.
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AIS-LCMYV Algorithm
Initialization

Step 1)

(@ w(0), 1 K;
(b) Calculate P using (23);
(c) Calculate G using (24);

Step 2) Fork=1,2,....K

(a) Update the instantaneous output of
beamformer using (29);

(b) Update weight vector using (30);

Step 3)
Step 4)

k+—k+1,
If k > K, return; else, go to (a) and (b) in
Step 2).

Tab. 2. The proposed AIS-LCMYV algorithm.

RAIS-LCMYV Algorithm
Initialization

Step 1)

(@) w(0), u, K, R (0), and B;
(b) Calculate P using (23);
(c) Calculate G using (24);

Step 2) Fork=1,2,....K

(a) Recursive estimation of covariance ma-
trix using (31);
(b) Update weight vector using (32);

Step 3)
Step 4)

k<« k+1,
If k > K, return; else, go to (a) and (b) in
Step 2).

Tab. 3. The proposed RAIS-LCMYV algorithm.

4. Parameters Selection

The parameters to be considered here are the step size
parameter y, the initial weight vector w (0), the total itera-
tive number N or equivalently speaking, the iterative error
8, the initial covariance matrix Ry, (0), and the forget fac-
tor B. Among them, the initial covariance matrix R, (0) is
usually set to be identity matrix with size of M x M and the
forget factor B is always selected as a constant close to one,
e.g., p=0.998. Note that AIS-LCMV and RAIS-LCMV
are just the special cases of SIS-LCMYV, for the sake of sim-
plicity, we only take SIS-LCMYV algorithm as an example to
demonstrate the selection of some parameters. Such conclu-
sions can be applied to AIS-LCMV and RAIS-LCMYV algo-
rithms directly.

4.1 The Step Size Parameter u

The first parameter to be determined is the step size pa-
rameter y. In order to determine the range bound of u, we

substitute (17) and (24) into (25), which yields
wn+1) = PI—-uRy)w(n)
+C(ChC) ' Clw(n+1).  (33)

Further simplifying (33), we obtain a compact form about w
as follows

Note that P is a full-rank matrix if all signals and interfer-
ences are not coherent.

Premultiplying both sides of (34) by P~! yields
w(n+ 1) = (I iRu) W (). (35)
Recall that the eigen-decomposition of Ry, is given as
M
R =QAQ" = Y Naiq/, (36)
i=1

where Ai, Ay, -+, Ay is the eigenvalue of Ry, q1,q2, -, qu
is the normalized eigenvector, Q is a unitary matrix whose
columns are composed of all eigenvectors.

Q:[QIJIZW"’(]M]; (37)

and the diagonal matrix A is composed of its eigenvalues
A:diag{ll,kz,“',;\,M}. (38)

Substituting (36) into (35), we have

w(n+1) = (I-uQAQ”)w(n). (39)
Because of Q7Q = QQ =1, (39) can be rewritten as
w(n+1)=QI—uA)Qw(n). (40)

Premultiplying both sides of (40) by QY and denoting
b (n) = Q¥w (n), we have

b(n+1)=(I—uA)b(n). 1)
Assume that b (n) = [by (n),ba (n), -+, by (n)]", we can ex-
pand (41) as
by(n+1)
by (n+ 1) 1=
by (n +1) 1= pihy
by (n)
ba (n)
X : . (42
b (n)

Equivalently, each row of (42) has the following recursion
form

bi(n+1) = (1—uh)bi (n). 43)
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If the initialized value of b; (n) is b; (0), then the following
relationship holds

bi(n) = (1 —pr;)" b; (0). 44)
Obviously, if |1 —uA;| < 1,i.e., =1 < 1 —ph; < 1. Or equiv-

alently, if the following condition is satisfied,

2
— 4
0<,u<;i, (45)

we can always have liln bi(n)=0,i=1,2,---,M.

To ensure the step size parameter u satisfies (45) for all
Aiyi=1,2,--- M, the step size parameter u should satisfy

O<u< , (46)

7\‘1'[121)(

where Amax iS the biggest eigenvalue of Ryy.

4.2 The Initialized Weight Vector w (0)

The second parameter to be determined in our proposed
algorithm listed in Tab. 1, Tab. 2, and Tab. 3 is w (0). Recall
that G in (25) is a fixed part in each iteration and note that
the expression of G is just a min-norm solution to (3), if we
choose the initialized condition of w (0) = 0, then

w(l) =G, “7)

that is to say, w (1) is the min-norm solution of LCMV. In
other words, the expected weight vector will be the min-
norm solution after only one iteration. Meanwhile, setting
w (0) = 0 can ensure the constrain condition in each itera-
tion due to

cig=c’c(cic) 't=t. (48)

Based on w (0) = 0, we can calculate w(n+ 1) by
wn+1)=P"I-—pRy)"+---+1)G. (49)
Because P is the orthocomplement matrix of C, we have
CipP'=0,n=1,2,---,N. (50)

Premultiplying both sides of (49) by C¥, we find that the
weight vector in each iteration satisfies the following con-
strain condition

Clw(n+1)=t (51)

From the analysis above, we find that the choice of w (0) =0
is reasonable and it can give a good suboptimal solution of
weight vector.

4.3 The Iteration Number N and /0

The third parameter to be determined is the iteration
number N. The iteration number N can be set preliminarily

and the value of N must be big enough for obtaining the op-
timal weight vector wop. Based on our experiences of many
simulations, the iteration number N must be big enough to
obtain a reasonable suboptimal weight vector. Empirically,
any N > 20 is appropriate because a suboptimal weight vec-
tor can be acheived after several iterations in most cases.
Such selection of N is justified subsequently by convergence
analysis in Section 5 and simulation results in Section 6.

As a candidate parameter, the iterative error of weight
vector 570 is also an efficient way to control the termina-
tion condition of our proposed SIS-LCMYV, AIS-LCMYV, and
RIAS-LCMV algorithms. The iterative error 78 can be
computed in the following way

V= |W(n+1)—W(n)|3, (52)

where W (n) is the estimate of the nth iteration and | - ||3 is
the />-norm. We set 78 = 1073 in our simulation unless
stated otherwise. A smaller 78 will take much time to get
stable point.

5. Discussion

In this section, we evaluate the performance of our pro-
posed algorithms from two aspects, i.e., convergence perfor-
mance and computational complexity.

5.1 Convergence Analysis

It is obvious that the orthocomplement matrix P of C
has the following properties

P'=Pn=12,-. (53)

Based on (49) and (53), with w(0) = 0, the relationship
between weight vectors w(n+ 1) and w(n) can be further
rewritten as

P (- uRe)" w(0)
+P(I—R,)"G+---+G. (54

wn+1) =

Hence, (54) can be rewritten as

wn+1)=
P ((If,qux)”Jr (I—pRy)"! +~~+I) G+G. (55

Note that the formula of finite sum of matrix can be ex-
pressed as

iA" = (I-A"@-A)" (56)
i=1

Let A =1—uR,, in (56), and (55) can be equivalently ex-
pressed as

w(n+1)= iP(I—(I—nyx)")R;XlG—&—G. (57)

The first term on the right side of (57) is the transient
component of the vector x (), and the second term is the
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steady-state component. Equation (55) shows that the es-
timated suboptimal weight vector of our proposed algo-
rithm includes two parts: fixed part and adaptive part. The
fixed part is known as the aforementioned min-norm solu-
tion of constraint condition C#w = f. The adaptive part is
ll—lP(I— (I—uR.)")R,!G, which is related to the covari-
ance matrix of the receiving data. To prove the convergence
performance of our proposed methods, we only require to
. 1 -1
consider the extreme value of ;P(I—(I— uR)"RLG
2

}\tmax '

From the step size selection of (46), we know that if
n — oo, item (I — uR,,)" — 0 for any p lies in 0 < u < )Lnix.
Therefore, (57) can be rewritten as

when pliesin 0 < u <

1
w(n+1)~ -PR_'G+G. (58)
u

Equation (58) tells us that the stable point of suboptimal
weight vector is iPR);Cl G + G when the step size lies in the

range of 0 < u < ﬁ That is to say, our proposed algo-
rithms are stable when finding the suboptimal weight vector.

5.2 Complexity Evaluation

In this section, we compare the computational com-
plexity of our proposed algorithms, i.e., SIS-LCMYV, AIS-
LCMYV, and RIAS-LCMYV, with the aforementioned CF-
LCMYV [19], GSC-LCMV [1], and two other iterative al-
gorithms, i.e., constrained affine-projection (CAP) algo-
rithm [12], and low-complexity addition or removal of sen-
sors/constraints in LCMV beamformers [17]. The compu-
tational analysis is based on the complexity of basic oper-
ations defined in Tab. 4. For the convenience of compari-
son, we summarize the computational complexities of them
in Tab. 5. Among them, the computational complexities of
CF-LCMV and GSC-LCMV can be derived directly from
the closed-form solution of optimal weight. It should be
noted that here we considered is only L = 1 case in CAP
algorithm because it has the lowest computational complex-
ity among all the cases of L > 1 (L is the data reuse number,
refer [12] for details) to justify the fairness of the complex-
ity comparison. Despite of multiple different updating al-
gorithms proposed in, we only consider the typical sensor
update incremental LCMV (SUI-LCMYV) algorithm for the
sake of simplicity. For the listed iterative algorithms, we
only consider the computation in each iteration. Note that
for our proposed algorithms, we do not need compute P and
G in each iteration because they are computed in initializ-
ing step. Hence, the computation number of our proposed
algorithms have nothing to do with D. Compared with other
algorithms in Tab. 5, it is obvious that our proposed algo-
rithms have lower computational complexity compared with
other listed algorithms. Among them, AIS-LCMYV has the
lowest computational complexity.

Operation Computations
Matrix mult. (m X n) X (n X p) mnp
Matrix inversioin n X n %n3
Tab. 4. Complexity of basic operations.
Different LCMV Computations
algorithms
CF-LCMV 3M3 + 3D +2M>D — MD + D?
GSC-LCMV | 953D%+4M*D+9MD? — MD +D?
CAP 2D%+D? +D+4MD+2M?
SUI-LCMV | 4M*+2MD+5D* —6M +11D+2
SIS-LCMV M2 —Im
AIS-LCMV M?+2M+1
RAIS-LCMV am?

Tab. 5. Computational complexity of five listed LCMV algo-
rithms.

6. Simulation and Results

In this section, we compare the performance of our pro-
posed algorithms with CF-LCMV, GSC-LCMYV, CAP, and
SUI-LCMV algorithms from calculations, robustness and
convergence.

6.1 Comparison of Computational Complexity

In this section, the computational complexity of five
aforementioned algorithms is validated by simulation data.
From Tab. 5, we note that CF-LCMYV and GSC-LCMYV are
direct solutions without any iteration process and the com-
putational complexities of them exceed the other listed algo-
rithms by far. We do not plot the calculations of CF-LCMV
and GSC-LCMV algorithms in the following simulations
due to their heavy computation burden. We only compare
the calculations of our proposed algorithms with other two
existing iterative adaptive LCMV algorithms, named CAP,
and SUI-LCMY, for the convenience of comparative.

Considered that the source number D is usually much
smaller than the number of sensors M. So we only consider
the case of D < M without loss of generality. To test the re-
lationship between the computational complexity of listed
LCMV algorithms and the number of sensors, we fix the
number of sources D and only change the number of sen-
sors M. Fig. 1 gives the results of different number of sen-
sors versus calculations of listed LCVM algorithms when
the number of source D is five. Here the number of sensors
varies from 20 to 100 with increment of 10. To test the rela-
tionship between and computational complexity of listed al-
gorithms and the number of sources, we change the number
of sources D from 5 to 15 and keep the number of sensors M
varying as before to show the relationship between the cal-
culations and the number of sources D. Figures 2 gives the
results of calculations of listed LCMV algorithms when the
number of sources D is 15.
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From Fig. 1 and Fig. 2, we observe that our proposed
SIS-LCMYV, AIS-LCMY, and RAIS-LCMYV algorithms have
competitive computational complexity in both cases. For the
three proposed LCMV algorithms, the calculations of AIS-
LCMV are smaller than that of the other two algorithms. In
the former case, the calculations of AIS-LCMYV are a bit
smaller than that of SUI-LCMYV while the calculations of
RAIS-LCMV are close to that of CAP. In the latter case,
the calculations of AIS-LCMYV are smaller than that of SUI-
LCMYV and the calculations of RAIS-LCMYV are smaller
than that of CAP. As the number of sources increases, the
superiority of our proposed algorithms is remarkable.

50
45

40

Caculations(10log10)

< cAP
== SUI-LCMV
=B sis-LcMv
—©—AIS-LCMV
—O—RAIS-LCMV

28
20 30 40 50 60 70 80 90 100

Fig. 1. Number of calculations versus different M for different
LCMYV algorithms with D = 5.

50

Caculations(10log10)

== SUI-LCMV
—B-sis-L.cmv
—©—AIS-LCMV
—O— RAIS-LCMV

20 30 40 50 60 70 80 90 100

Fig. 2. Number of calculations versus different M for different
LCMYV algorithms with D = 15.

6.2 Accuracy in Beamforming and Inter-
ference Constraining

This experiment is carried out in a beamforming appli-
cation. In this scenario, a uniform linear array with M = 8§
antennas with element spacing equal to a half-wavelength
was used in a system with D = 4 users. The signal of
one user whose look-direction is 0° is of interest, and the
other three signals whose incident angles are —20°, —40°,
and —50°, respectively, are treated as interferences or jam-
mers. In order to show the performance of our proposed
algorithms, we also compare the performance of our algo-
rithms with a constrained affine-projection (CAP) algorithm
[12]. Because GSC-LCMYV is only a different version of
CF-LCVM and they have the same performance in beam-

forming ability, we omit GSC-LCMYV in this simulation. Ad-
ditionally, SUI-LCMV is a sensor update incremental algo-
rithm and it is not appropriate for fixed sensor case, hence
we do not consider its performance in this experiment. The
parameters used in CAP algorithm in this experiment are,
L=1,8=10"% and 1= 0.05, respectively. The forget fac-
tor 3 used in RAIS-LCMV is 0.998 and the initial covari-
ance matrix used in RAIS-LCMYV is set to identity matrix,
i, Ry (0) =M™,

Firstly, we consider the performance of different algo-
rithms against snapshot number. The signal-to-noise ratio
(SNR) is set to 0 dB, and jammer-to-noise ratios (JNRs) of
10 dB are used. The beamforming performances versus the
number of snapshots with fixed SNR, JNRs, and the number
of sensors are depicted in Fig. 3 and Fig. 4, respectively. It is
evident that the listed iterative adaptive algorithms, including
our proposed algorithms and CAP algorithm, are more ro-
bust to small number of snapshots, while CF-LCMYV is very
sensitive to the number of snapshot and its performance is
poor when fewer snapshots are available.

Secondly, we fix that the number of snapshots N is 20
and the number of sensors M is 8. Fig. 5 shows the beam-
forming performance of listed algorithms with SNR being
10 dB, and JNRs being 20 dB. Fig. 6 plots the beamforming
performance of listed algorithms with SNR being —10 dB,
and JNRs being —20 dB. It is evident that our proposed al-
gorithms and CAP algorithm are robust to low SNR and
JNRs, while CF-LCMYV shows degraded performance in low
SNR and JNRs case, as demonstrated in Fig. 6. From the
four listed figures, we observe that our proposed algorithms
have a competitive performance in both cases. Among SIS-
LCMYV, AIS-LCMYV, and RAIS-LCMV, RAIS-LCMV has
a better performance in trade-off robustness and tracking
speed of LCMV beamformer. It is noted that the sidelobe
level of RAIS-LCMYV is lower than other algorithms, includ-
ing CAP, in the four listed simulation cases. AIS-LCMYV has
the lowest computational complexity but is more sensitive to
low SNR, JNRs, and small number of snapshots and sensors.
SIS-LCMV is not an adaptive beamformer but it has a better
performance than CF-LCMYV in the same condition.
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Array Gain (dB)

----- CF-LCMV
- --CAP
““““ SIS-LCMV

= RAIS-LCMV

-150

-80 -60 -40 -20 0 20 40 60 80
Azimuth Angle (degree)

Fig. 3. Beamforming patterns of five listed algorithms with
snapshot number N = 20, SNR =0 dB, JNRs = 10 dB.
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Fig. 4. Beamforming patterns of five listed algorithms with
snapshot number N = 200, SNR =0 dB, JNRs = 10 dB.
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Fig. 5. Beamforming patterns of five listed algorithms with
snapshot number N = 20, SNR = 10 dB, JNRs = 20 dB.
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Fig. 6. Beamforming patterns of five listed algorithms with
snapshot number N = 20, SNR =-10 dB, JNRs =-20 dB.

Finally, we also compared the performance of RAIS-
LCMV with CMV-CCG (constrained minimum variance-
conventional conjugate gradient) [9], CCM-MCG (con-
strained constant modulus-modified conjugate gradient) [9],
and SM-CG (set membership-conjugate gradient) [11] algo-
rithms. The number of snapshots, the number of sensors,
SNR, JNRs and the directions of sources are all the same as
the above case. The parameters of CMV-CCG, CCM-MCQG,
and SM-CG algorithms are listed in Tab. 6. These parame-
ters are used in the simulations of [11] and [9]. It is worthy to

point out that we just consider the fixed bound case of d for
the sake of simplicity. And the results are shown in Fig. 7.
From the figure, we observe that our proposed RAIS-LCMV
has a competitive performance in beamforming with respect
to the other listed algorithms. Our proposed algorithm can
work well with small snapshots number, while the CCM-
MCG, CMV-CCG, and SM-CG need more snapshots num-
ber to obtain a good performance (more than 3000 in the sim-
ulation parts of the original literatures). Hence the speed of
convergence of RAIS-LCMYV is better than the above three
algorithms because the steepest descent strategy is adopted.

Algorithms Parameters

CMV-CCG | K=M/2,8=0.002,L=0.998,y=1

CCM-MCG Sy =0.002, Ay =0.998, 1 =0.5,y=1
SM-CG 6=08,1n1=0.51y=1

Tab. 6. The simulation parameters of three algorithms.
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Fig. 7. Beamforming patterns of four listed algorithms with
snapshot number N = 20, SNR =-10 dB, JNRs =-20 dB.

6.3 Convergence Speed

In this scenario, we fix the number of sensor element
as eight. Four sources are the aforementioned directions-of-
arrival. The number of snapshots is set to 1000 in order to
test the ability of convergence of our proposed algorithms
under different SNR and JNRs cases. We compare the con-
vergence speed of our proposed algorithms with CAP al-
gorithm. Fig. 8 and Fig. 9 show the convergence speed of
our proposed algorithms and CAP algorithm under differ-
ent SNR and JNRs. Note that the vertical axis in Fig. 8 and
Fig. 9 is {>-norm of the difference of weight vectors between
two adjacent iterations, i.e., || Aw (k)|| is given by

law (k)| = [|% (k) — W (k1) |3, (59)

where W (k) and W (k— 1) are the estimates of the kth and
(k—1)th snapshots, respectively. We observe that, from
both figures, our algorithms present a better performance in
terms of convergence speed for both SNR and JNRs cases.
Among them, the convergence performance of AIS-LCMV
is slightly poorer than that of CAP algorithm due to adopt-
ing poor approximation of covariance matrix. The conver-
gence performance of SIS-LCMV and RAIS-LCMV is su-
perior to that of CAP algorithm no matter what SNR and
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JNRs are in both cases. Also we see from the two figures
that our proposed algorithms performs very similarly to the
CAP algorithm in convergence speed: they all obtain a stable
point after only several iterations, as demonstrated in Fig. 8
and Fig. 9. In other words, our algorithm needs only sev-
eral snapshots to obtain the suboptimal weight vector under
lower and higher SNR and JNRs cases.
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Fig. 8. Convergence performance of our proposed algorithms
and CAP versus different JNRs, N = 1000, SNR = 10 dB,

JNRs =20 dB.
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Fig. 9. Convergence performance of our proposed algorithms
and CAP versus different JNRs, N = 1000, SNR =0 dB,
JNRs =10 dB.

7. Conclusion

In this paper, we derive a low-complexity RAIS-
LCMV algirithm using conjugate gradient (CG) optimiza-
tion method. Our proposed algorithms can, in certain ap-
plications, substantially improve the robustness to low SNR,
JNRs, and small number of snapshots.

Through theoretical analysis and simulation results, we
show that our proposed algorithms can effectively overcome
the dilemma of acquiring long observation time for stable
covariance matrix estimates and short observation time to
track dynamic behavior of targets. Parameters used in our
algorithm are easily determined and the performance of our
proposed algorithms are superior to existing iterative adap-
tive algorithms, such as CAP, SUI-LCMYV, etc., in inter-

ference suppression, computational complexity, and robust-
ness. Simulation results show the efficacy of our proposed
algorithm.

Acknowledgments

This work was supported by the National Natural Sci-
ence Foundation of China under Grant (61201277).

References

[1] BREED, B., STRAUSS, J. A short proof of the equivalence of
LCMV and GSC beamforming. [EEE Signal Processing Letters,
2002, vol. 9, no. 6, p. 168-169. DOI: 10.1109/LSP.2002.800506

[2] WERNER, S., APOLINARIO JR, J. A., DE CAMPOS, M. L. R. On
the equivalence of RLS implementations of LCMV and GSC proces-
sors. IEEE Signal Processing Letters, 2003, vol. 10, no. 12, p. 356—
359. DOLI: 10.1109/LSP.2003.818861

[3] DEMIRCIOGLU, E., SAZLI, M. Behavioral modeling of a C-band
ring hybrid coupler using artificial neural networks. Radioengineer-
ing, 2010, vol. 19, no. 4, p. 645-652.

[4] BENESTY, J., CHEN, J., HUANG, Y., DMOCHOWSKI, J. On
microphone-array beamforming from a MIMO acoustic signal pro-
cessing perspective. IEEE Transactions on Audio, Speech, and
Language Processing, 2007, vol. 15, no. 3, p. 1053-1065. DOI:
10.1109/TASL.2006.885251

[5] HAGER, W., ZHANG, H. The limited memory conjugate gradi-
ent method. SIAM Journal on Optimization, 2013, vol. 23, no. 4,
p. 2150-2168. DOI: 10.1137/120898097

[6] RESENDE, L., ROMANO, J. M. T., BELLANGER, M. G. A fast
least-squares algorithm for linearly constrained adaptive filtering.
IEEE Transactions on Signal Processing, 1996, vol. 44, no. 5,
p. 1168-1174. DOI: 10.1109/78.502329

[7] DAL Y., KOU, C. A nonlinear conjugate gradient algorithm with
an optimal property and an improved Wolfe line search. SIAM
Journal on Optimization, 2013, vol. 23, no. 1, p. 296-320. DOI:
10.1137/100813026

[8] AL-BAYATI, A., AL-KAWAZ, R. A new hybrid WC-FR conjugate
gradient-algorithm with modified secant condition for unconstrained
optimization. Journal of Mathematical and Computational Science,
2012, vol. 2, no. 4, p. 937-966.

[9] WANG, L., DE LAMARE, R. C., Constrained adaptive filtering
algorithms based on conjugate gradient techniques for beamform-
ing. IET Signal Processing, 2010, vol. 4, no. 6, p. 686-697. DOI:
10.1049/iet-spr.2009.0243

[10] LANDAU, L., DE LAMARE, R. C., HAARD, M., Robust adaptive
beamforming algorithms using the constrained constant modulus cri-
terion. [ET Signal Processing, 2014, vol. 8, no. 5, p. 447-457. DOL:
10.1049/iet-spr.2013.0166

[11] WANG, L., DE LAMARE, R. C., Set-membership constrained con-
jugate gradient adaptive algorithm for beamforming. IET Signal
Processing, 2012, vol. 6, no. 8, p. 789-797. DOI: 10.1049/iet-
spr.2011.0324



582 XIANSHENG GUO, LEI CHU, BAOCANG LI, ROBUST ADAPTIVE LCMV BEAMFORMER BASED ON AN ITERATIVE ...
[12] WERNER, S., APOLINARIO, J. A., DE CAMPOS, M. L. R., DI- [21] ZHANG, Y., ZHOU, Y., GUO, H. An iterative approach to MVDR
NIZ, P. S. R. Low-complexity constrained affine-projection algo- beamforming with multi-cycle optimisation. International Jour-
rithms. [EEE Transactions on Signal Processing, 2005, vol. 53, nal of Electronics, 2013, vol. 100, no. 5, p. 616-625. DOI:
no. 12, p. 4545-4555. DOIL: 10.1109/TSP.2005.859348 10.1080/00207217.2012.720940
[13] FROST, O. L. III. An algorithm for linearly constrained adaptive ar-
ray processing. Proceedings of the IEEE, 1972, vol. 60, no. 8, p. 926—
935. DOI: 10.1109/PROC.1972.8817 About the Authors...
(141 MERAD, L., BENDIMERAD, F., MERIAH, S., DJENNAS, S. Neu-  Xjansheng GUO is an associate professor in Dept. of Elec-
ral networks for synthesis and optimization of antenna arrays. Radio- . . . . . . .
e tronic Engineering, University of Electronic Science and
engineering, 2007, vol. 16, no. 1, p. 23-30. > . .
Technology of China. He received his B.S. degree at An-
[15] GOLUB, G., VAN LOAN, C. Matrix Computations, 4th ed. Balti- ~ hui Normal University in 2002, M.S. Degree at Southwest
more (USA), JHU Press, 2012, vol. 3. University of Science and Technology in 2005, and Ph.D.
[16] GUO, X., WAN, 0., CHANG, C. LAM.E. § ocalizati ) degree at University of Electronics Science and Technology
5 Lhey , s , Lo,y , B.odSource localization using . .
a sparse representation framework to achieve superresolution. Mul- of China (UESTC) in 2008. From Septe.mbe.r 2008 to Au-
tidimensional Systems and Signal Processing, 2012, vol. 21, no. 4, gust 2009, he served as a research associate in the Depart-
p. 391-402. DOIL: 10.1007/511045-010-0119-y ment Electrical and Electronic Engineering at the Univer-
sity of Hong Kong. From March 2012 to February 2014,
[17] NGIAM, J., COATES, A., LAHIRI, A., PROCHNOW, B., LE, Q., . ; .
o . . he worked as a research fellow in Dept. of Electronic Engi-
NG, A. On optimization methods for deep learning. In Proceedings . . . . K . .
of the 28th International Conference on Machine Learning (ICML- neering, Tsmghua Univer sity. His research interests include
11),2011, p. 265-272. array signal processing, wireless localization, spectrum esti-
mation, and software radio design.
[18] MEIER, J., KELLEY, R., ISOM, B., YEARY, M., PALMER, R.
Leveraging software-defined radio techniques in multichannel dig- Lei CHU was born in Hefei, China, in 1989. He is work-
ital weather radar receiver design. IEEE Transactions on Instrumen- ing towards his Master’s degree in Electrical Engineering at
tation and Measurement, 2012, vol. 61, no. 6, p. 1571-1582. DOI: University of Electronics Scien nd Technol £ Chin
10.1109/TIM.2011.2178670 Jniversity of tlectronics science and lechnology o 3
since September 2012. His research interests are in the radar
[19] SCOTT, L., MULGREW, B. Sparse LCMV beamformer design for ~ signal and data processing, wireless sensor networks and in-
suppression of ground clutter in airborne radar. JEEE Transactions door localization.
on Signal Processing, 1995, vol. 43, no. 12, p. 2843-2851. DOI:
10.1109/78.476428 Baocang LI is currently pursuing the M.Sc. degree in Elec-
trical Engineering at University of Electronics Science and
[20] MARKOVICH-GOLAN, S., GANNOT, S., COHEN, I. Low-

complexity addition or removal of sensors/constraints in LCMV
beamformers. [EEE Transactions on Signal Processing, 2012,
vol. 60, no. 3, p. 1205-1214.

Technology of China, since September 2013. His research
interests include signal processing, wireless communication
and indoor localization.



