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Abstract

MIMO radar with widely separated antennas enhances detection and estimation resolution by utilizing the diversity of the
propagation path. Each antenna of this type of radar can steer its beam independently towards any direction as an
independent transmitter. However, the joint processing of signals for transmission and reception differs this radar from the
multistatic radar. There are many resource optimization problems which improve the performance of MIMO radar. But
power allocation is one of the most interesting resource optimization problems. The power allocation finds an optimum
strategy to assign power to transmit antennas with the aim of minimizing the target tracking errors under specified transmit
power constraints. In this study, the performance of power allocation for target tracking in MIMO radar with widely
separated antennas is investigated. Therefore, a MIMO radar with distributed antennas is configured and a target motion
model using the constant velocity (CV) method is modeled. Then Joint Cramer Rao bound (CRB) for target parameters
(joint target position and velocity) estimation error is calculated. This is utilized as a power allocation problem objective
function. Since the proposed power allocation problem is nonconvex. Therefore, a SQP-based power allocation algorithm is
proposed to solve it. In simulation results, the performance of the proposed algorithm in various conditions such as a
different number of antennas and antenna geometry configurations is examined. Results affirm the accuracy of the proposed
algorithm.

Keywords: MIMO radar; Power allocation; SQP; Target tracking.

kind of radar structure that uses a combination of antennas
as transmitter and receiver and each of them emits its own
waveform apart from others [9]. Widely separated antennas
The RADAR is a short form of Radio Detection And and collocated antennas are two famous categories for
Ranging. Radar utilizes electromagnetic waves to detect, MIMO radar. In collocated MIMO radar, the antennas are
locate and measure the speed of reflected objects. It close to each other. The antennas in MIMO radar with

transmits the electromagnetic waves into space and receives ~ Widely separated antennas are far from each other. In other
the echo signals [1-2]. In recent years, radar network words, the transmit and receive antennas are located in a

systems such as multi-static radars and multi-input multi- wide area. Therefore, the target is seen from different angles

output (MIMO) radars have become an attractive and by antennas. In this type of radars, each receiver should

improtant problem [3]. Spatial diversity [4], waveform receive all signals from all transmitters and then emit them
diversity [5], and multiplexing gain [6] over common to the central processor. This means that each receiver does

monostatic radar [7] are some positive characteristics of npt process or make a decision individually an.d sends 'FS
networked radar systems. This structure of radars helps to signals to the central processor to process all signals. This
raise tracking accuracy in multiple target tracking scenarios feature is the main difference between multi-static and

with radar, sonar, and video sensors [8]. A MIMO radarisa ~ MIMO radar with widely separated antennas. Power
allocation is usually performed in radar networks to find the

1- Introduction
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best strategy to assign power among various transmit
antennas, aiming at minimizing the estimation error under
specified transmit power constraints or its converse [10].
Power allocation is an important section of military
operations in a hostile environment to obtain a low
probability of interception [11]. Power allocation in radar
networks is studied in last researches. For example, in [12]
power allocation in widely separated multi-input multi-
output (MIMO) radar for range-only target tracking is
evaluated. This is performed by maximizing the Bayesian
Fisher information matrix (B-FIM). B-FIM is derived for
the predetermined signal model and then the problem is
modeled as one cooperative game. [13] Shows the
commercial application of power allocation in radar
networks. In fact, it puts a cognitive radar network in an
urban environment and this network tracks cars and
vehicles. The power allocation problem for radar networks
in a cooperative game-theoretic structure is considered in
[14] to enhance the low probability of intercept (LPI)
performance. In addition, by considering transmit power
constraint and minimum signal to noise and interference
ratio (SINR) for each radar, a cooperative Nash Bargaining
power allocation game based on LPI is expressed. The radar
network in [15] consists of unmodulated continuous wave
(UCW) radars. This network utilizes a power allocation
algorithm for Doppler-only target tracking. This algorithm
minimizes the mean square error of target state estimation
with a power budget constraint. [16] Investigates power
allocation for radar networks to increase the performance of
low probability of intercept. Two power allocation strategies
are stated in this reference. One is for optimizing transmit
power allocation with predetermined mutual information
(MI) threshold and another is for finding optimal power
allocation with minimum mean square error (MMSE)
threshold. In [17], power allocation and target assignment in
radar networks is mentioned to improve LPI performance.
The target geometrical method is used to fuse information
for measuring target localization by different radars.
Authors in [18] propose joint antenna selection and power
allocation for localization in distributed MIMO radar
networks. The sensor management is performed by solving
a constrained problem which is expressed to minimize the
error in estimating target position, while it is constrained by
transmitter number and power budget. [19] Talks about
sensor selection in radar networks and for target tracking,
the number of radars are selected. This problem is just for
one target tracking. In this reference, sensor selection is
performed by information theory. Joint transmitter and

receiver selection in target tracking in distributed MIMO
radar is described in [20]. Due to resource restriction in
radars, it is necessary to select some radars in the MIMO
radar network at each time and also keep the system
performance in the best condition. So, lower bound PCRLB
is U as an optimization criterion for an optimization problem
in this literature. In [21], a joint power allocation and sensor
selection algorithm for multi-target tracking in an LPI radar
network with N monostatic radars is introduced. This
algorithm can minimize the total transmitted power of a
radar network based on predefined mutual information
threshold between reflected signal and target impulse
computed predictively with the estimation of the target state
is needed for estimation of target parameters. [22] Describes
the joint beam selection and power allocation strategies for
multi-target tracking in collocated MIMO radar. Each radar
works based on a multi-beam working mode, in which
multiple simultaneous transmit beams are synthesized. This
strategy applies an optimization technique to control the
limited beam and power resource of each radar to obtain
accurate target state estimation. Therefore, Bayesian Cramer
Rao Lower Bound is extracted, normalized, and utilizes as
the optimization criterion. To increase the system
performance and resource utilization of widely separated
MIMO radar, a joint resource allocation for velocity
estimation problem in multi-target tracking is proposed in
[23]. The authors chose one target as a key target and then
examined their strategy by this target. They considered a
Mean Square Estimation of velocity estimation of the key
target as a minimization problem criterion. With limited
resources and requirements for velocity estimation for
targets, a joint optimization model with the selection of
numbers of receivers and transmitters and allocation of
transmit power and signal time is introduced. The Authors
in [24] claims that since transmitters in MIMO radars with
widely separated antennas emit waveforms with different
powers and bandwidths, therefore these two parameters are
limited. In this reference, they offer power allocation,
bandwidth allocation, and joint power and bandwidth
allocation problems. They compute Cramer Rao for target
localization accuracy and utilize it as optimization criteria.
In [25], a solution for joint beam and power scheduling in
the netted Collocated MIMO radar systems for distributed
multi-target tracking is suggested. An adaptive sensor
scheduling integrated with power and bandwidth allocation
is presented for centralized multiple target tracking in the
netted collocated MIMO radar in [26].
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By investigating the above references, we understand that
power allocation for target tracking in MIMO radar with
widely separated antennas is very essential and the
performance of this problem should be improved. With our
reviews, there are some challenges in the power allocation
problem for target tracking in MIMO radar with widely
separated antennas which are not investigated in other
papers and we consider them in this paper.

1. In this paper, for the calculation of target tracking errors,
joint target velocity and position estimation is used to
improve tracking performance. Although someone works on
this issue for MIMO radar, this is not used in power
allocation problems in MIMO radar with widely separated
antennas. For example, in [25] and [7], joint estimation is
considered but certain power is determined for the transmit
power and power allocation strategy is not performed. And
also, in [25], it does not exactly specify its MIMO radar
structure (distributed or collocated). In other researches
about power allocation for target tracking in MIMO radar
with widely separated antennas, joint estimation is not
worked. For instance, in [12], range-only estimation for
target tracking in MIMO radar with widely separated
antennas is performed and it is not considered velocity.
Whereas, in [23], velocity estimation is utilized to compute
target tracking for power allocation problem in distributed
MIMO radar. These are just some papers which we
investigated and we concluded that joint estimation for
target tracking in power allocation problem for MIMO radar
with widely separated antennas is not used yet. Although it
may be performed for collocated MIMO radar. Thus , joint
target velocity and position estimation is the first novel idea
for our power allocation strategy in MIMO radar with
widely separated antennas.

2. Using random mathematical statistics for target RCS is
another unique characteristic of this paper. Because in other
researches, or a deterministic model for target RCS is
considered [7, 24, 18, 22, 23], or if they supposed a random
target RCS, they neglected it in their next calculations for
simplicity [20, 21]. Therefore, none of the previous
researches did contribute a power allocation strategy for
target tracking in MIMO radar with widely separated
antennas by considering random complex Gaussian target
RCS. They usually neglected it or put a deterministic
number instead of variance of Gaussian distribution. But in
this paper, in all calculations, random complex Gaussian
with random variance in different transmit-receive paths is
considered. Note that assuming random RCS is necessary
for MIMO radar with widely separated antennas. Because

each antenna sees the target in a specified angle and target
reflections in different transmit-receive paths are different
with respect to each other.

The main contributions of this paper are as follows:

1. The system model for MIMO radar with widely separated
antennas is introduced. Then CV model is considered for
target motion. Considering a complex Gaussian random
model for target RCS and using this feature in the next
calculations, Cramer Rao bound for target parameters
estimation error, is one of the prominent aspects of this
paper.

2. Maximum likelihood (ML) estimation for unknown target
parameters which were target position and velocity is
calculated and then joint CRB for target position and
velocity estimation is computed. Output of joint CRB is
considered as an objective function for power allocation
problem.

3. A power allocation strategy is formed. In fact, joint CRB
for target position and velocity estimation function (target
tracking errors) subject to some constraints such as
limitation in total transmit power and transmit power of
each transmit antenna is the power allocation problem of
this paper. Our goal is to minimize tracking errors by using
the mentioned constraints.

4. For solving the previous section problem, since it is
nonconvex problem, SQP* based power allocation algorithm
is proposed. This algorithm is formed based on the SQP
algorithm and it can allot optimal power to each transmit
antenna to satisfy the constraints in the problem. The rest of
the paper is structured as follows:

The system model is mentioned in Section 2. Section3
exhibits the ML estimation calculations. Joint CRB for
target parameters is computed in section4. Section 5 forms a
power allocation problem to minimize target tracking error
by considering total power limitation. And also, a proposed
SQP-based algorithm is presented in this part to solve this
problem. Simulation results are shown in section 6 and
finally in part 7, concluding remarks are addressed.

2- System Model

Consider a MIMO radar with widely separated antennas
with M transmitters and N receivers. Denote the location
of mth transmitter in (x,,, y1,), Wwhere m = 1,2, ....., M and
the coordinates of nth receiver in (x,,y,), Wheren =
1,2,.....,N. Target is in initial location (x4, y,) with initial
velocity of (x,,y,). A set of low pass equivalent
orthogonal waveforms,s,, (t), is transmitted.

'sequential quadratic programming



24 Darzikolaei, Mollaei & Najimi, SQP-based Power Allocation Strategy for Target Tracking in MIMO Radar Network ...

(melsm(t)lzdtzl). period, effective bandwidth and

transmit power of mth transmit waveform are shown as
Ty:Bm, Bn. Target RCS corresponding to mnth path is
modeled as a zero-mean complex Gaussian random
variable §,  ~CN (0, 05,). Where o, is the variance of
mnth path and it is known. Fig.1 shows the structure and
location of antennas in MIMO radar with widely separated
antennas with respect to the target.

Target

aaaaaaaaa

Transmission
Center

Reception
Center

Fig. 1 configuration of a MIMO radar with widely separated antennas

We suppose the below assumption to simplify our
problem.
1. w,,, (Noise of mnth path with a zero-mean complex

Gaussian random variable and variance of o;;) and ¢, in

different paths are mutually independent.
2. Transmit waveforms are orthogonal.

1 ifm=m

0 ifm=m @)

[ 5m(® st = |

This orthogonality also remains for time delays t,,, T,
and Doppler shifts f;,,, and fun [26]:

+0oo .
f Sm(t — Tp) 8, (t — ‘rmr)eﬂ”(f"m_fdm’)td t=
—00

{1 ifm=m'

0 ifm=m )

3. Set g2 = 1 without loss of generality.
4. The antennas are adequately separated [27]. Therefore,
each path provides an independent observation of the

targetand ¢, is independent for different m and n paths.
The time delay of (i, n)th channel in kth time slot is:

dm,k"'dn,k (3)

Tmnk — .

Where,

dm,k = \/(xq,k - xm)z + (Yq,k - ym)2 (4)

dn,k = \/(xq,k - xn)z + (Yq,k - Yn)z

In the above equations, c is light velocity. d,, x is distance
from target and mth transmitter and d,, ;. is distance from a
target and nth receiver.

With these assumptions, the received signal from mth
transmit antenna at nth receive antenna at time k is given
by:

Tmn,k(t) =4/ amn,kPm Emn,k (5)

Sm(t - Tmn,k) ejznfmn’kt + Winnk (t)

In the above equation, wi,,,~CN'(0,02) represents a
zero-mean complex Gaussian noise with the variance of
o, Power variations due to path loss is shown as @, x =

1 1 1 - .
G By Where f_ is the carrier frequency.

Doppler frequency in mn path and time k is given by:

fmn,k =
xq,k(xm—xq,k)+37q,k(J’m—J’q,k) + xq,k(xn_xq,k)+37q,k(yn_yq,k)
ﬂ.dm,k 2'dn,k

(6)

A is wavelength.

2-1- Target Dynamic Model

Target tracking in a MIMO Radar with widely separated
antennas is the favorable problem of this paper. The target
motion model is the constant velocity (CV). This model is
as below[7]:

9k+1 = erk + W;( (7)

Target state vector is described as

0, = [xq_k,xq,k,yq,k,yq_k]T. This parameter is considered
as unknown parameter in this paper and it should be
estimated. The noise wj, is a zero-mean Gaussian matrix
as V' (0,X,). Where Fy is state transition matrix and X, is
the covariance matrix [27]:

F = (8)

cooR
oo R
oORr oo
N oo

And
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(T2 T?
— — 0 0
3 2
TZ
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L, =| 2 ! 9
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0 RN —
3 2
TZ
0 0 — T
2

Where T denotes sample intervals and ¢ is the density of
process noise.

In next section, we compute ML estimation of @, to use it
in calculation of joint CRB.

3- Maximum Likelihood Estimation

ML estimation of the unknown parameter (0,) [28] can be
achieved by testing of the likelihood ratio for two
hypothesis pair, H, is corresponding to target existence
hypothesis modeled in (5) and H, corresponding to noise
only hypothesis:
Amn (ek; Tmn,k (t))
_ 1
C 02,Pn,+1
0-1?’1an
e |

(10)

+00
f rmn,k (t) S:n(t
2}
Where 7,,,,, . (t) denotes observation signal in nth receiver

corresponding to mth transmitter.
Log-likelihood ratio based on (10) is as:

X exp{

— Tmn’k)e—lznfmn,kt dt

Limn (ek; Tmn (t))
Ln Ay (0 ®) _Ornbn
mn k) 'mnk Ur%um +1
+ o0
. 11
f rmn,k (t) Sm(t ( )
2
— T Je 2 mukt del + Cop

Where C,,, = —In(¢2,, P, + 1) and it does not depend to
ek.

According to problem assumptions, noise and reflection
coefficients (RCS) are independent, the joint time delay
and Doppler likelihood ratio term are obtained by:

A, (Bk; r(t))

M N
=[] ] 2w (0usrmnsc®) (12)

m=1n=1

Where r(t) collects all observed signals from all antennas
set and it is introduced as:

r(t) = [r11(8), 112(t), oo, T ()] (13)

In the following part, joint Cramer Rao bound of target
parameters is derived.

4- Joint Cramer Rao Bound

In this section, Bayesian Fisher Information and joint CRB
for target position (x4,y,) and target velocity (x4,¥,)
under our problem assumptions are provided.

Bayesian Fisher Information provides a lower bound on
the target tracking Mean Square Error (MSE) for the
estimation of target state. The Cramer Rao bound
represents a lower bound on the accuracy of state
estimates. If ©, be the estimation of target state, the
Cramer-Rao bound is stated as [7]:

E{(8c—00) (8. - 00)} = J5'(8) (14)

Where E is expectation operator and Jz(0,) is the Bayesian
Information Matrix (BIM).

According to [29], Bayesian Information Matrix for
unknown parameter vector 0, is as:

Jg(8) = [Ex—1 + FJ5" (8,_,) FT]™* (15)
+ E[Jp(61)]

Where J,is Fisher Information Matrix (FIM).
The first step in CRB calculation is computing FIM which
is a 4 X 4 matrix corresponding to the second derivatives
of joint log-likelihood [26]:

Jo(8y) =

Er(t);ek{vﬂk InA;(r(t); 04)[Ve, In A (r(D); 0,)1"} (16)
= —Ery0,{Vo, [Vo, InA; (r(t); 6,)]"}

Where E denotes the expected value operator.

By considering (10) which is the function of 7, and
fmni, @ new parameter as below is described:

9, a7

T
= [T11,k yT12,kr = TNMk 'fll,k 'f12,k ) e 'fNM,k]
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Based on Chain rule, a new FIM is introduced as:

First, by using (17) and 0y, we calculate (VekﬂkT):

T
]D(Bk) - (Vek k ) ]D(ﬂk) (Vek k ) (18)
[0T11k  OT12k 0tymr  Ofire 9fiz2k 0 fum ]
Oxqr O0Xqr  0Xqr O0Xqp OXqp 0xg
0Ty OTyzk 0tymr  Ofire 9fi2k 0 fumk
Vo 9 T _ ayq,k ayq,k ayq,k a.’Yq,k ayq,k aqu (19)
O Ofirk Ofizk Ofnmi
0 0 0 ) -
0Xg O0Xqp 0Xq
d d a
0 0 0 f:ll,k f:12,k fI.VM,k
a.’Yq,k ayq,k ayq,k dax2aNm
Therefore, the above matrix parameters are defined as:
a _ armn,k _
kT - T
mn,k axq,k (20) Vekﬂk = A B (26)
1 X —x Xgp — X 0 D
- q.k m + q.k n)
¢ A,k dnk A,B,D are 2 x NM matrices and 0 is 2 X NM zero matrix.
Jp(¥9, ) is also obtained as:
a":mnk 1 Yak —Ym | Ygk — Yn
P e € dpe e @D p(8,) = ~Ere, Vs, [V, In 4, x@; 00T} (27)
of . . . Where itisa 2ZNM x 2NM matrix.
mnk xq_k 4 H .
emnie = e ( it dﬂ) + Ip(®9,)is re;l)eresenlt]id as:
D
% [qu (xm xq,k) + yq,k (ym - yq,k)] + (22) ]D(ﬂk) ]LL ]BR:| (28)
(% mx’;k) Where J5E, JYR JEL and JER are NM x NM matrices. In
()’ Pas (= x01) + Yase On =yl fact, J5* includes all second-order derivatives terms with
respect t0 Ty, for all m and n in time slot k. J3~, J5*
g _ fmnk _ contains second-order derivatives with respect t0 7,
" 0y and frnx for all m and n in time slot k. J5® contains
_Yak (LJFL)JF second-order derivatives with respect t0 fp,,, for all m
( A d"s" e (23) and n in time slot k.
M A% (om = %qx) + Vare m — Yar)] + Therefore,
2 (dmk)
B2t (5 500 + e 00 = COUy ® diag (€1, €5, ) (29)
nk
Where I, is an N x N identity matrix, ® is Hadmard
v, = fmnk  Xm = Xok | Xn T Xk (24) product operator, and ® is Kronecker product operator.
' axq,k A dm,k A dn,k P 0.4- PZ
C = 8r? dlag{z11 o ZMNM 1 (30)
0 fmnk ochP + 1 gy Py + 1
Qmnk = Z= = In fact, C isan NM X NM matrix.
a (25)
Ym —Yqk Yn —Yqk ]UR _ ]LL —
Adpe A dng > P (31)
As shown in the above equations, the parameters of a,,, . « COdiag {Yivk Vizk - Ynm)
brnk €mni <Imnk Vmnk «qmni are determined by target = COdiag {7711 oo 12k oo Tt k} (32)

position and velocity and c is light velocity.
If VekﬁkTis divided into matrix blocks as:

Where €y, Ymnr and 0, depend on receive waveform
characteristics and they are defined as:
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e =f F2 IS (P2 df

oo 2 (33)
[ risarar
Ymnk = %
+00 Kl _
F f t s (t = Tmni) Smgr T:‘""‘) dt}— (34)

+00

FISnHIdf f £ s (£ = Tons)| e

7’)mn,k =

+ o0
f_oo

.

|

£2 |5, (€ = Tyunse)|” dt

+o0 )
f t |sm(t = Trnp )| dt
—00

Therefore, By considering the right-hand matrix as Hyy,
which is the function of target position and velocity in
each mn path and in different frames (although this matrix
is not the function of transmit power), (36) can be reform
as:

(3%)

2

2
Gman

37
man +1 37)

(Hmn)4x4

M N
In(®0) = Z Z

In fact, Jp(0y) is a 4 x 4 matrix that is the function of
transmit power.

Note that CRB for unknown parameter estimation is
achieved by the diagonal elements of the inverse of FIM :

var (fq,k) = []151(91() ]1,1 (38)
var (JA’q,k) = []Bl(ek) ]2,2 (39)
var (Xq) = 1570 133 (40)
var (}é’q,k) = [J5 (8 laa (41)

In above equations var (£, ),var (9, ), var (%,,) and
var (y,,) respectively show the variance of target
position in axis of x and y and also target velocity in axis
of x and y in kth frame.In next section, our power
allocation problem is formed.

5- Power Allocation Problem

In this section, we present power allocation strategy for a
MIMO radar with widely separated antennas. In this
problem and in the formulation of objective function, we
consider a random RCS for target. This is rarely done in
other papers and for simplicity, they consider deterministic
reflection coefficients for target in MIMO radar with
widely separated antennas. So this assumption make our
main part of our objective function (equation (37))
complex.

5-1- Problem Formulation

In definition of our power allocation problem, we consider
trace of CRB matrix as target tracking error and it is
shown as:

F(6y,P) = trace(Yy J5'(8,) (42)
Where P = [P, ...., Py] is a transmit power vector, Y, is
the normalization matrix and IF is considered as the target
tracking error.

Note that in equation (15), the first term (left-hand term) is
approximately constant, therefore the second part, J(0y),
is utilized for the calculation of the Another notable point
is about diagonal elements of J;(@,), since the first and
third diagonal elements are corresponding to the target
position and second and fourth diagonal elements are
corresponding to target velocity and their scales are
different, so it is important to change them with no loss of
generality to have the same scale. Fisher information
matrix.Therefore we introduce Y;, as:

1 0
Y=L, . (43)
Where I, is 2 x 2 identity matrix and ® is the Kronecker
product operator.

In the above equations, S,,,(f) is a Fourier transform of s, (t). Therefore, (36) is obtained.

2 amn m
Jo(81) = Z 28 02, P + 1x

m=1n=1

€ @anic T 2Vmn ke Gmnk €mne + TnnkcCn i
U T Vmn,k€mn, k)bmn kt (ymn,kamn,k + N, kemnk)gmnk
(Vi @i + Mo k€ ) Vinn i
(an kO + NMmnic emn,k)qmn K

(36)

(Emamn,k + VnkCmnie) bmnic + Vo e @mnie + Mo eCmmie) mmie - Vo e @mn e + MonneCmmie) Vimse - (Vinse @ e + T e i) G
Embrznn,)( + 2Ymn ke Dn ke Gmn e + Mnn e Grm e

(Vo seDmnic + Mo jeGmn e ) Vimn

(}’mn,kbmn,k + Umn,kgmn,k)qmn,k

(ymn,kbmn,k + M Gmn, k)an K (an kD F Mk Grmn, k)an g
N iV i M jeVimn e Gman, e J
N jeVimn e Grmn e NmnkTinn i
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Therefore, the power allocation problem for target tracking
in MIMO Radar with widely separated antennas by
considering random radar cross-section (RCS) is defined
as:

T;lrl;ln F(0y, P) (44)
M
s.t. Z P, < Pr (45)
m=1
Poin <Py < Pray m=12,..,M (46)

In the above problem, the first constraint represents that
total transmit power is less than a predetermined value, Py.
In fact, it says that this value does not exceed Py, because
MIMO radar tries to use the least power for target tracking
and it is not intercepted by other radars. The second
constraint shows that each antenna also has power
limitation.

5-2- Problem Solving

The problem (44) is nonlinear and it is nonconvex, So we
propose the sequential quadratic programming (SQP)
algorithm to solve it.

5-2-1 SQP Method

Sequential quadratic programming methods are famous to
be affective for solving a series of related nonlinear
optimization problems because of favorable hot and warm
start properties—a solution for one problem is a good
estimate of the solution of the next.

SQP applies Newton’s method (or quasi-Newton methods)
to directly solve the KKT conditions for the original
problem. As a result, the accompanying subproblem turns
out to be the minimization of a quadratic approximation to
the Lagrangian function subject to a linear approximation
to the constraints. Therefore, this kind of process is also
known as a projected Lagrangian, or the Newton-
Lagrange, approach. By its nature, this method produces
both primal and dual (Lagrange multiplier) solutions.The
procedure of SQP for constrained nonlinear problem as
below [28]:

Minimize: f(x) (47)
Subjectto: g;(x) <0, i=1,..,n4 (48)
h;(x)=0, i=1,..,n, (49)
xl < x < x¥ (50)

Where, f is an objective function, g and h represent
inequality and equality function and f, g, and h are twice
continuously differentiable. x shows the desirable variable
matrix and it is limited by lower and upper bound x* and
x*.

Given an iterate (x*, Ak, v¥), where A* and vk > 0 are the

Lagrange multiplier estimates for the equality and

inequality constraints, respectively, consider the following
QP subproblem as a direct extension of QP(x*, 2%):

min e f(x*) + VF (69)Td* + 2 d* V2 L(x*, 2%, vF) d*
s.t. g;(x) + Vg;(x*)Td*k=0,
hi(x) + Vhi(xk)TdRZO,

i=1,...,ng
i= 1,...,nh

(51) is named as QP( x*,2%v¥) and L(x*, Ak, vK) =
f(x) +vig(x) + ATh(x).

Note that in above equations, for simplicity the constraint
is not considered and also note that the KKT

Conditions for QP(x*, A*,v¥) need that, in addition to
primal feasibility, Lagrange multipliers Ak*1 v*+1 pe
found like that:

VF(x*)+ V2 L(x*, Ak, vF)dk+ (54)
Vg(xk)Tvk+1 + Vh(xk)Tﬂk"'l =0
[g(x)+ Vg(x*)Td v+t =0 (55)

With v¥*1 > 0 and 2¥** unrestricted in sign. Clearly, if
d“=0, then x*¥ and A*¥*! and v¥*! yields KKT
conditions to original problem. Otherwise, we should set
x**1 = xk + d¥ as before, increment k by land repeat the
procedure.

5-2-2 Proposed SQP-based Power Allocation
Algorithm

As mentioned before, Problem (44) subject to (45-46) is
nonconvex and it should be solved by nonconvex suitable
algorithms. In this section, we proposed SQP-based power
allocation algorithm for our desired problem. In our
scenario, problem (44) is our objective function and B, is
our desired variable . In fact, (44) is f in (47) and P in our
problem is x in (47). By considering ¥ _, P, —P; <0 ,
we can claim that g(x) in (48) is equal to ¥¥_, P, — Pr
in our problem.

There is not constraint (49) is our problem and x! = P,,;,,
and x* = Pax-

Therefore, our proposed algorithm is based on previous
section and it is proposed as:

Algorithm1: allocation
algorithm
Initialization step

Set the number of decision variables (Transmit Power

( P, )), determine lower and upper bound of

Pm(Pminr Pmax)

Consider V2.L(x*, 2k, v*) as H* for simplicity.

Set x = P (transmit power vector)

Choose an initial primal/dual point (x%, 1°,v®) with v° > 0
And a positive definite matrix H°.

proposed SQP-based power
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Choose the relative tolerance (6).

Set step size (), a is chosen to ensure the decrease in the
objective function.

Let k = 0 and go to main step.

Main step

1. Solve the quadratic subproblem QP(xk, Ak, v¥), with
V2.L(x* 2%, vK) replaced by H*, to obtain a direction
d* along with a set of Lagrange multipliers (Ak+1, vk+1),

2. ifd* =0, then (xk, A¥*1 vk+1)  satisfies the KKT

conditions for problem (44-46), stop.

3. if the previous section conditions are not satisfied, choose

a new ay, find x* = x* + akd*. Update H* to H**1,

Replace k < k + 1 and go to step 1.

Our proposed SQP-based power allocation algorithm
flowchart is shown in Fig.2.

Start
Initializations: x = P, (k = 0)
x°,2°v%, P in, Prnasr 8, at, H®)

A 4

By considering f(x*) = F(8,, P) and
9(x*) = (Xh=1Pn — Pr)
At x*, evaluate
(VF(xF), Vg (x"))
L 2
Update Hk

L%
Solve QP to determine d*
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Carrier frequency is 1GHz. Target RCS variance, 2, is
random and it is different for any transmit-receive path
(for simplicity, it is usually considered one in other
papers). The power spectral density [ = 0.1 and T = 0.2s.
Target primary location and velocity in direction of x and
y axis is equal to [500m 1000m 50~ 307]. Set Py =

0.02P; (watt) and P,,,, = 0.8P;.
Casel

[ 7 posion
‘

R Rx Antenna position

o

™2

™

(km)

Rx3 —— Rx1

Y-axis

Xeaxis (km)

Case2

o A=
™

2

Y-axis (km)

Rx3 Rx2

0 8 6 4 2
Xaxis (km)

Fig. 3 MIMO radar antenna geometry deployment configurations
(M =4,N=4)

The evaluation of proposed SQP-based power allocation
algorithm is performed in these 2 Cases. Then this
proposed algorithm is compared with uniform power
allocation and Random power allocation and PSO-based
algorithm. The values of the proposed SQP-based

2 % s 8 10

Set xk = xk + a*d*
Andupdate k =k +1

dk < é&or
KKT
condition?

algorithm are shown in Table 1.

Table 1: proposed SQP-based parameters

Set new a*

parameter value

) 10°°

a 10°°
Maximum iteration 10000

Fig. 2 the proposed SQP-based power allocation algorithm flowchart

6- Simulation Results

In this part, we consider some scenarios to investigate our
proposed SQP-based power allocation algorithm. All
simulations are executed in MATLAB. In this section, two
various geometrical antenna deployment configurations
are considered to illustrate the effect of antenna
deployment on target tracking performance. These two
configurations are shown in Fig. 3. Consider a MIMO
radar with M = 4 and N = 4. Each antenna has 10 km
distance from origin. Total power (P;) is 10000 watt.

Fig.4 shows the transmit power of each transmit antenna
for two cases (Casel, Case2).Note that all results of this
section are achieved by the proposed SQP-based power
allocation algorithm)

Casel

7

Transmiter index
T

I 1
2 0
timeslot(K)
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Case2

Transmiter index

L L L L
2 4 5 s

1 12 1 m 1 B
timeslot(K)

Fig. 4 Transmit power of each transmit antenna (%) for two cases with
respect to timeslot

By attention to Fig.4, we can realize that by closing the
target to the transmitter, more power is assigned to the
transmitter. Therefore, in Casel, the transmitter 1 and 4, in
Case2, the transmitter 1and 2, take more power to perform
better target tracking performance.

Fig.5 exhibits that the proposed SQP-based power
allocation algorithm has better performance than other
strategies (Random and uniform power allocation) and
PSO-based algorithm. it shows that the CRB of target
tracking error is the least when the proposed SQP-based
algorithm is used to perform the power allocation strategy.
This priority is seen in all cases (Casel (Fig.5 (a)), Case2
(Fig.5 (b))). Therefore, we can conclude that the proposed
strategy has the best performance.

Caset
T T T

T T
=@—Random PP
=#=Uniform PP
—+—PS0-based PP
Proposed SQP-based PP

A ——
1 L L 1 L L

[
time slot ()

=@ Random PP

—s—Uniform PP

—+—P50.based PP Il
Proposed SOP-based PP

CRB (m)

] 7 ] 5 0

[0 ] " 1 " El
fime siot (K)

Fig.5. the comparison of the proposed SQP-based power allocation
algorithm with uniform and random power allocation strategies in all two
cases.

Table 2 illustrates the time duration which SQP-based and
PSO-based algorithm need to run the simulations of our
scenarios. Note that all the simulations are performed in
system with intel(R) core(TM)i7-3612QM CPU @2.1GHz
and 6 GB RAM.

Table 2: time cost of the proposed SQP-based and PSO-based algorithm

SQP-based PSO-based .
- - Maximum
Cases algorithm algorithm - .
iteration
) (s)
Casel 45.904317 505.183312 1000
Case2 45.512462 504.914239 1000

The above table shows that the proposed algorithm has
more efficiency in real time scenarios. It is very crucial in
target tracking scenarios because target is moving quickly
in environment and the radar should track it
simultaneously.

To show the impact of the number of antennas on MIMO
radar target tracking performance, we consider another
scenario, Case3, with M =6,N =6 for geometry
deployment like Casel. Fig.6 demonstrates that increasing
the antennas improves the performance of target tracking.

T T T T T

T T
—+— Case3 (M=
700 —8— Casel (M

zz
T

10
timeslot(k)

Fig.6. impact of the number of antennas on MIMO radar target tracking
performance (with SQP-based algorithm)

To prove the use of the proposed tracking procedures,
Fig.7 shows the target tracking RMSE and CRB in for
Cases. The RMSE is computed as:

RMSE,

Nmc

_7 ~i\T
D trace(¥,(0, — 8]) (8~ 8)) Y

i=1

(56)

NMC

Where Ny is the number of Monte Carlo trials and ﬁ{;
denotes the state estimate of the target in the jth trial.

Casel

-©-- RMSE-Casel
RMSE-Case2

Fig.7. the evaluation of target tracking errors in two cases with proposed
SQP-based target tracking algorithm
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The proximity of CRB and RMSE results in Fig.7, exhibits
that the proposed target tracking procedure is very near to
actual conditions.

We consider random RCS model for target. Therefore we
compare deterministic RCS and random RCS in
performance of power allocation in target tracking in
MIMO radar in Fig8. Fig 8 shows that by considering
random RCS for power allocation strategy in MIMO radar,
the target tracking error is decreased. This experiment is
performed for Casel.

T T T T T T

T T T
—+— determistic RCS =05
—0—determistic RCS =0.7
—e—proposed Random Gaussian RCS

0 2 4 6 8 10 2 by 16 18
timeslot(k)

Fig.8. impact of deterministic and proposed random Gaussian RCS model
on target tracking error

7- Conclusions

In this paper, a MIMO radar with widely separated
antennas is considered to investigate power allocation
strategy performance. A zero-mean random complex
Gaussian with random variance in different transmit-
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