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Abstract—The cooperative multiple-input multiple-output
(MIMO) radar and MIMO communications system is investi-
gated with the objective of complexity reduction in the presence of
radar hardware limitation. A combined transmitter selection and
receiver deployment (TSRD) problem is formulated to minimize
the Cramer-Rao bound (CRB) on target parameter estimation,
where the transmitters can be chosen from a discrete set and
the receivers can be deployed over a continuous region. A
genetic algorithm (GA)-based method is developed for solving
this mix-integer nonlinear programming problem efficiently and
approximately. The result shows that the TSRD is capable of
assisting in the complexity reduction for receiver processings.

Index Terms—Cramer-Rao bound, joint radar and communi-
cations system, receiver deployment, transmitter selection.

1. INTRODUCTION

The coexistence of radar and communications [1], [2] is
a well-known prototype for the joint radar and communica-
tions (RadCom) system [3]-[5]. Interference mitigation is a
significant issue with coexisting RadCom systems. Instead of
treating signals from the other system as interference, the work
in [6] proposes an idea of cooperative RadCom system. By
cooperating properly to share information with each other,
both the multiple-input multiple-output (MIMO) radar and
MIMO communications may achieve performance gains.

The reduction of system complexity has garnered great
interest in the study of RadCom systems. Some works focus
on reducing the computational complexity [7]-[11]. While to
further reduce the hardware cost in possibly radio frequency
chains and processors etc, some works attempt to reduce
the number of antenna elements [12], [13]. Nonetheless,
the majority of research on the reduced-complexity RadCom
system is focused on the dual-function RadCom system, not
the cooperative RadCom system [6], [10], [11], [14], [15].

This paper discusses the design of a reduced-complexity
system for estimating target parameters in a cooperative Rad-
Com system with widely separated antennas. In this case, the
system complexity is mainly determined by the selection of
transmitted signals to process at each of the radar receivers.
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The CRB is derived to assess the performance of the coop-
erative system in estimating target location and velocity. We
develop a combined antenna selection and receiver deployment
(TSRD) problem and show that it is a mix-integer nonlinear
programming (MINLP) problem. The GA is a power tool
for the MINLP, and it is a robust global optimizer [16].
Thus, a GA-based algorithm is proposed to approximately
and efficiently solve the TSRD problem. The performance of
the cooperative system designed by the proposed method is
analyzed through numerical examples.

Notations: Throughout this paper, we use the following
notations. The symbol ® means the Hadamard product, ® the
Kronecker product, (-)7 and (-)" the transpose and conjugate
transpose respectively, Ix denotes a Kx K identity matrix, ||-||o
the £yp-norm and diag{-} the diagonal operator.

II. SiGNAL MoODEL

Assume that the cooperative radar and communications
system owns a MIMO radar system with Mg single antenna
transmitters and a MIMO communications system with M¢
single antenna transmitters in a two-dimensional Cartesian
coordinate system. The mgth, mg = 1,..., Mg radar trans-
mitter and the mcth, mc = 1,..., Mc communications trans-
mitter are transmitting signals, whose baseband forms are
VERme SRmg (kKT 5) and /E¢ . Sc.mq (KT ) respectively, where T’
is the sampling interval, Eg,,, and Ec,,. denote the trans-
mitted power, all waveforms have been normalized such that
i IR KT = 30 Iseme RT)IP = 1/T;, and Mg+ M =
M. The radar has N receivers, where the nth, n = 1,...,N
single antenna radar receiver locates at (x,,,y,). Suppose
there is a target at (x,y) moving with speed (v,,vy). Thanks
to cooperation, the communications and radar signals are
assumed to have been perfectly estimated or known to the
receivers, so the cooperative system is able to estimate the
target parameters by utilizing signal returns from both systems
[6]. At the kth, k = 1,..., K sampling instant at the nth radar
receiver, the received signal contributed from all transmitters
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is [6]

Mg
/ 270 fR g KT
= Z ER,ngR,nmR SR,mg (kT — TR,nmR)ej ™ from

mg=1
Mc
+ Z A\ EC,mcgc,nmc sC,mc (kTs - TC,nmc)eﬂﬂfCﬂmckT
mC:I
+ wylkl, (1)

where the time delay, Doppler frequency shift and target
reflection coefficient associated with the radar system are
denoted by Trumg, frRamz and {rm, respectively, while these
terms for the communications system are denoted by T¢m,,
Jcame and {cum. respectively, and w,[kT] is the clutter-plus-
noise. Assume that {g s, and {c . from all paths are constant
over the observation interval, and they have been estimated
through preprocessing.

Receiver’s radio frequency chains and processors may be
costly. Confronted by such hardware limitation, receivers may
only process a certain amount of signals. However, M and M¢
in the cooperative system could be large, it may be impractical
to process all their transmitted signals. This creates a critical
issue with the selection of transmitters to enable good target
parameter estimation performance.

Define dgum, € {1,0} as an equivalent variable for radar
transmitter selection, implying that the nth receiver selects
(dram, = 1) or rejects (drum. = 0) the signal transmitted
from the mgth radar transmitter. Similar definition can be
given to dcnm. € {1,0} for the communications transmit-
ter selection. Define dg, = [dral,--- anMR]T and d¢, =
[dcnts- - -»dcam, 1", then d, [dITen,dT 1" implies the selec-
tion strategy of the nth receiver. Assume that the receiver
hardware limitation is ||d,|[p < W,. The equivalent received
signal of (1) under d,, for the nth receiver is

ralkl | d, =
Mg
Z dR,nmR VER,mkgR,nmR sR,mR (kTs - TR,mnR)e]znfR'”mRkT
mr=1
Mc
+ Z dC,nmC VEC,mcé,C,nmc SCme (kTv - TC,nmC)ejznfC’”mckT
me=1
+ wylk]. 2
Let  ug, = [VER1{Rats - - - » NERMeLRomte) s

uc, = [VEcileats--s NEcmucleam)'s  sralkl =

[sr1 (KT s — TR e o kTs - s ago (KT s —TR gy )@/ Rtk 1T
and sc,[k] = [sci(kTs — tea)e e o se e (KT
Tenme)e P Iemck T Then, (2) can be rewritten as

I'n [k] | dn =
(drn ©ur,)" Sralkl + (den ©ucy) scalkl + Wikl (3)
Stacking K snapshot observations for r,[k] leads to

= [ral11,..., ralK1T"
= DR,n © UR,nsR,n + DC,n © UC,nsC,n + Wy, (4)

r,|d,

where DR,n = IK ® (dR,n)T» DC,n = IK ® (dC,n)Ts UR,n = IK ®

(ur)", Ucp = Ig®ey)’, spa = [(Sral1DT ... (SraKDTTT,
SC,n = [(SC,n[l])T, sy (SC,H[K])T]T’ and wn =
[walll,...,w,[K]]T. The observations from all receivers
under the selection strategy d = [d],...,d}]" form
r|id= [rIT,...,rZT\,]T

=FrOUgsg + Fc O Ucsc +w

=Xr+Xc+wW, &)
where Fr = diag{Dr1,...,Drn}, Fc = diag{Dc,,....Dcn}s
UR = diag{UR,l, ey UR,N}s UC = dl'Clg{Uc,l, ey UC,N}»
R = [sr)7 .o Se)T1, sc = [se)Ts. oo (sen)' 1, w =
(wl,...,wh]" is assumed to be zero mean Gaussian white

with known variance matrix Q = 0-?Iyk, and g = Fgr © Ugsg
and X = Fc ©Ucsc represent the contribution from the radar
and the communications end respectively.

III. COMBINED TRANSMITTER SELECTION AND RECEIVER PLACEMENT

In the cooperative system, the radar task is to jointly
estimate the target location and velocity gathered into a vector
0 = [x,y, vx,vy]T. For certain selection strategy d, the log-
likelihood function is

L(r|0,d) «
—r - Er+Z)" Q7 (r = (Bg + Z¢)) — In(det (Q)).  (6)
The maximum likelihood (ML) estimate of 0 is

Oy = arg mglx L(r|6,d). 7

According to [17], the Fisher information matrix (FIM) con-
ditioned on d is

J(0) =
dsl! ast!
2R {[AR% (FroUp) + BRgFR oul

H
+Ac(ac)

osH
FcoU Bc—FcoUH
(FcoUo)? + 3fc cO
aSR

+ (FroUg) — 6f
AT +(FcoUp) FBT}} (®)

where R {-} represents taking the real part of a matrix, the
block matrix are

x Q! [(FR o Up o 2 p

+(Fc0 Uc)

OtR11 OtRiMg  Otrol OTR NMy
ox cee ox Ox cot Ox
IR Otrivg  Itrar OrNM
Ar=| 9o dy y vy |, O
0 ... 0 0 ... 0
0 . 0 0 0
dtci1 Otc ime dtcon Ote N
“ox ox Ox ox
dten dtcime  drcan Otenme
Ac=|"> ay ay v |, (10
0 0 0 0
0 0 0 0
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Iy e Ay Oy e Oy
dfr11 Ofrimg  Ofr Ofr NMy
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ox ox ox Ox
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vy vy Oy Oy
dfci dfcime  Ofcm Ofcnme
vy v, vy vy

The CRBs for the estimation of elements in @ are CRB, =
[J'(®)]11. CRB, = [J7'(@)2. CRB,, = [J7'(0)]33, and
CRB,, = [J‘1(0)]4,4, where [-],, denotes taking the pth row
and gth column element of the matrix. For any unbiased
estimator 6, the mean square error (MSE) matrix satisfies [17]

z{(6-0)(6-0)"}=1"®) (13)
where A > B means (A — B) is positive semidefinite. Thus,
the CRBs can be used to evaluate the cooperative system
target parameter estimation performance after the transmitter
selection. To quantify the total performance of localization and
velocity estimation, the weighted CRB (WCRB) is calculated,

WCRB £ o,CRB, + @,CRB, + @, CRB,, + , CRB,,, (14)

where a, = wiAy, @y = wA,, @, =w, A, and @, = w, A, .
The factor Ay normalizes the CRBs for the location and
velocity estimation in different base unit, while the weight
w¢, specifies the emphasis on specific parameters according
to user needs.

For simplicity, suppose the communications and radar trans-
mitters are fixed. It is assumed that the communications part
has been well-designed to ensure the requisite performance,
and this paper’s primary focus is on optimizing the radar’s
performance. The FIM in (8) is a function of the transmitter
selection variable d and all receiver locations. Thus, a joint
optimization for the transmitter selection and receiver deploy-
ment (TSRD) can be formulated as followed,

min WCRB (15)
B
S.t. /6 = {dT»xr,l»yr,lw'-axr,N,yr,N}» (]Sa)
d=ld.....d}|" .d, =[d},.dL,| . (15b)
dr = [drats - - drane]” (15¢)
de,, = [deps- . deame] (15d)
dR,nmR € {O’l}st = 1’~--’MR’ (156)
depme €10, 1), me = 1,..., Mc, (15f)
”dn”()smlsvn: 17"'5N9 (ISg)

(xr,n’ yr,n) € ny,m ny,n C Rz» Vn = 1, ey N7 (15h)

where ||d,|lp < W, restricts each receiver to process W, trans-
mitted signals at most, and D, is a two-dimensional feasible
region to place the nth receiver. The optimization variables 3

in (15a) takes discrete (15e)(15f) and continuous (15h) values.
The objective (15) is a nonlinear function of 3 from (14).
The problem (15) turns out to be an MINLP [18], which is
generally difficult to solve. The MINLP is a combinatorial
problem that can be efficiently solved using GA [19]. When
the problem is MINLP, many popular GA solvers (e.g., [20])
can offer a convenient way to find the solution. Here we use
GA to solve the problem approximately. In initializing, the
feasible regions for all variables in 3 are passed to the GA
solver. Next the WCRB can be computed from the CRBs
under a given 3. Finally, the GA solver is called to find the
approximate solution 3* = [d*,x’;,l,yjl,...,xj’N,yj’N] to (15).

The procedure is summarized in Algorithm 1.

Algorithm 1: GA-based TSRD algorithm.
Input: SCNR, wy, wy, w, ,w, ,Wi,..., Wx, Dy, ...
1 Set the feasible region of d, 'x,.,l, Vrls v s XeNs ViN
according to (15e), (15f) and (15h).
2 Compute J(0) | d using (8).
3 Compute CRB,, CRB,,CRB,, and CRB,,.
4 Derive the WCRB in (14). ’
5 Use GA to approximately solve arg ming WCRB in
(15).
Output: 3* = [d*,x’;,l,y’;l, ..

,Dy.

* *
4 'xr,N’yr,N]'

IV. NumEericaL EXAMPLES

x10*

u RTx3

RTx2
n

o 4 M w & O © N ®

W Radar Tx (Pulsed sinusoidal signal) () Dy(N, =3)
Communications Tx (OFDM signal) D,

Fig. 1: System setup.

Assume in the cooperative system, there are Mg = 3 radar
transmitters and M¢ = 3 communications transmitters. A set
of frequency spread pulsed sinusoidal signals are employed by
the radar transmission, whose baseband waveform is sg ,[k] =
1/ \NT exp{j2rmrAfrkT}, where Afg is the frequency oft-
set between adjacent radar transmitters, and 7 is the pulse
width. The communications system uses the OFDM signals,
whose baseband waveform sc . [k] = 2720 SmeikTs — iT")
is composed of s, [kT,] = quvi_zN_“l/z A (1] AT b (KT ),
where a,,.[n] is the data symbols, pr/(kT) is the rectangular
pulse with unit amplitude and width 77, Af is the frequency
space between successive subcarriers, and N, is the number of
subcarriers. Configurations of the radar and communications
signals are Afg = 1KHz, T = 85ms, Af = 125Hz, N, = 6,
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T' = 10ms, and Eg; = -+ = Ecy., = E. Assume the
cooperative system has N = 2 radar receivers. The receiver
hardware limitation is the same for all receivers, such that
W, = W, = W. Let W = 4, and the receiver feasible regions
are D1 = Dy = D.

Two types of receiver feasible regions are used, where
the first region O; is composed of N, randomly generated
discrete points, and the second region is a continuous set D, =
{(Xrn,¥r) | X € [10000,70000],y,, € [10000,50000],n =
1,..., N}. Suppose the target presents at (30186,20097)m with
speed (20, 20)m/s, the target reflection coeflicient for all paths
are identical to be 0.1 +0.6. The variance of the clutter-plus-
noise is o> = 0.01. Define the signal-to-clutter-plus-noise ratio
(SCNR) as SCNR:IOlogIO(ME/O'Z). Set the user specified
weights to w, = wy, = w, = wy, = 1/4. The system setup is
illustrated in Fig. 1.

A. Verification of the CRBs

10%% T T
3 &— CRB 4
N ML z
10% N —A—CRBy
MLy
—-6-—CRB
2 ML
10%¢- N,
S ML
1 ——
w 10 S
%} T — =,
=
[
10%
107" s
welb o TR
‘0'3 L L L L
-10 -5 0 5 10 15 20
SCNR(dB)

Fig. 2: The CRB versus the RMSE of the ML estimate for a
given transmitter selection and receiver deployment.

First, we verify the correctness of the derived CRB. Suppose
in the system setup in Fig. 1, the points Rx1=(37000, 13000)m
and Rx3=(44000,50000)m in PD; are chosen to place the
receivers. Arbitrarily allocate the receivers using d; =
[1,1,1,1,0,0]",d, = [1,1,0,1,1,0]7, which indicates that
Rx1 selects all radar transmitters and CTx1, and Rx2 selects
RTx1, RTx2, CTx1 and CTx2. The root-mean-square errors
(RMSEs) of the ML estimates and the corresponding CRBs
are compared in Fig. 2. The ML estimator is asymptotically
unbiased, whose variance can be numerically derived from (7).
The CRB is calculated from (8), which is the achievable lower
bound of any unbiased estimators. When SCNR approaches
infinity, the ML estimates can attain the CRB asymptotically.
By comparing the RMSE of the ML estimates and the corre-
sponding CRBs, it can examine the correctness of the CRB
[17]. Fig. 2 shows that the RMSESs of the location and velocity
estimation asymptotically approach the corresponding CRBs,
which verifies the correctness

B. Effectiveness of Algorithm 1

With the scenario in Fig. 1, the TSRD problem is solved
over D = Dy, where the set has N, = 400 randomly generated
discrete points. In this case, 3 is feasible over a discrete set.

Algorithm 1 is used to solve the TSRD problem in (15), where
the GA solver is employed. For comparison, an exhaustive
search is conducted to determine the optimal solution to the
problem (15). The normalized WCRBs of the result obtained
by Algorithm 1 and the exhaustive search are illustrated in Fig.
3. Results by Algorithm 1 appears to be capable of achieving
almost the same WCRB as the exhaustive search, indicating
that Algorithm 1 can approximately solve the TSRD problem.
Additionally, Algorithm 1 is faster than the exhaustive search.
In the sequel, we will focus exclusively on Algorithm 1 for
approximate solution of the TSRD problem.

9 —&— GA-based algorithm
09 \\ — + —Exhaustive search

Normalized WCRB
o o o
X o o

o
w

o o
S
—

?,‘/

|

5 10 15 20 25 30
SCNR(dB)

Fig. 3: The normalized WCRB obtained using exhaustive
search and Algorithm 1.

C. System complexity reduction by TSRD

This section shows the TSRD’s ability in system complexity
reduction for the cooperative RadCom system. A continuous
receiver feasible region O = 9, with the setup in Fig. 1
is adopted. In this case, the search space is infinite. Due
to the difficulty of performing an exhaustive search, we use
Algorithm 1 to solve the problem.

The solutions are given in TABLE I. It shows that the
antenna selections and receiver deployments change in dif-
ferent SCNR regions. In the results by TSRD, we see that
all receivers only need to pick 2 transmitted signals at SCNR
=10dB, which is much smaller than W = 4. In this case, it
is also noticed that the second and the third radar transmitter
RTx2 and RTx3 are not elected by any receivers, they can be
turned off. It indicates that the TSRD can guide the coexisting
system designs to decrease the system complexity by reducing
the radar transmissions and/or receiver processings.

SNR (dB) -10 0 10
X1 (m) 39984.478 40045412 39895.457
yrq (m) 30029.652 29975.621 30200.896
X2 (m) 14950.356 14911.864 14866.163
Yo (m) 30606.843 30564.019 30137.846
d [0,0,0,1,1,01" [0,1,0,1,1,007  [0,0,0,1,1,01"
d; [1,0,0,0,1,0]"  [0,0,1,0,1,00"  [1,0,0,0,1,0]"
CRB; (m) 363.989 41.403 36.398
CRB,, (m) 234214 33.941 23.422
CRB, . (m/s) 0.312 0.061 0.0312
CRB,, (m/s) 0.279 0.0559 0.028

TABLE I: Solutions of the TSRD by Algorithm 1.
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D. Cooperation versus Non-cooperation

Finally, the estimation performance of the coexisting system
using the GA-based TSRD is investigated for the cooperative
and non-cooperative MIMO radar and MIMO communications
systems in the system setup in Fig. 1 with feasible region D,.
In the non-cooperation case, the receiver can only use the radar
transmitted signals. Two cases are considered for comparison:
Case-1: w, = wy, =w, =w, = 1/4 (Equal weights); Case-2:
wy = wy = 1/2, w,, = w,, = 0 (All weights on location).

Fig. 4 plots the normalized WCRBs for the cooperative and
non-cooperative coexisting system in the two cases designed
by the TSRD using Algorithm 1. For Case-1, within the SCNR
region of interest, the WCRB of the cooperation coexisting
system is always lower than the non-cooperation counterpart.
This indicates that the TSRD is able to retain the estimation
performance gain [6] inherited from the cooperative coexisting
system. Case-2 supports a similar conclusion.

@ 107 R
@ 10 L
g o Saa
2 -
2
g 10 e Axg
T ~ =3
£ &
5 S
Z 10° ~_ P

4| [ Cooperative (Case-1)
10 Cooperative (Case-2) ~
— A —Non-cooperative (Case-1) B
Non-cooperative (Case-2)

-10 -5 (; 5‘ 1‘0 1‘5 20

SCNR(dB)
Fig. 4: The normalized WCRBs for the cooperative and the
non-cooperative coexisting system designed by the proposed
TSRD.

V. CONLUSION

The estimation of target parameters in a cooperative MIMO
radar and MIMO communications system was investigated.
The CRB for the joint localization and velocity estimation
in presence of radar hardware limitations for the cooperative
system was derived. A TSRD problem was formulated to de-
termine the transmitter selection and receiver deployment that
minimize the WCRB. The problem was solved approximately
by a GA-based Algorithm. Through numerical examples, we
showed that the proposed TSRD can reduce the complexity
on radar transmissions and/or receiver processings. The TSRD
can retain the performance advantage brought by cooperation
over the non-cooperative systems.
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