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Abstract

Antenna array-based joint radar-communication (JRC) system employs the
beamforming strategy to steer the transmit signals in different directions such
that different beamforming weight vectors are exploited which perform the cor-
responding radar-communication objectives. Such functionality has been provi-
sioned in the spectrally congested environments where both systems are destined
to coexist. The transmit antenna selection has become an increasingly inter-
esting topic as the antennas become significantly cheaper and smaller relative
to the up-conversion chains. In this paper, we address the problem of antenna
selection for the JRC system by employing a re-weighted [;-norm minimiza-
tion naturally yielding the low-complexity solution compared to the exhaustive
lp-norm-based optimization. We present the mathematical framework for the
proposed approach in the context of the individual as well as grouped beam-
forming weight vectors and analyze the practical applicability of the proposed
approach for both cases. We argue that the grouped approach for optimizing the
JRC antenna selection is hardware-efficient compared to the antenna selection
for individual beamforming weight vectors. Simulation results illustrate that
the proposed technique significantly reduces the number of required antennas
while simultaneously satisfying the radar and communication system objectives.
Keywords: Antenna selection, Beamforming, Convex optimization, Joint
radar-communication, Sparse antenna array, Spectral congestion, Spectrum

sharing.
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I. Introduction

Spectrum sharing has gained significant attention of researchers due to the
ongoing increase in the demand of spectral resources [2H6]. In this context,
extensive efforts have been invested to discuss the co-existence of the multi-
ple platforms within the same spectral bands [[H29]. Successful deployment
of co-existing radar-communication systems within the same spectral and time
resource can only be realized when both systems cooperate to mollify the inter-
ference between them. Such an objective can be significantly simplified if both
systems are controlled by the same control entity that carries out both radar
and communication tasks. Joint radar-communication (JRC) systems are the
examples of such systems which exploit the same physical platform to satisfy
the objectives of both subsystems [6] 10} 12} T3] [15] 17H22] 24] 29].

In a JRC system, the dual-purpose transmit waveforms serve both radar and
communication objectives and are transmitted using the same physical plat-
form. The radar and communication operations are respectively considered to
be the primary and secondary tasks of the JRC system, i.e., the radar task
is given the supreme precedence. Several configurations of JRC systems have
been discussed in the literature. Single antenna transmitter-based JRC systems
usually employ waveform diversity to transmit the communication information
where the same waveforms serve the radar objectives [2] [, 12, 22]. The notable
sidelobe control-based JRC strategies developed so far include the sidelobe am-
plitude modulation (AM) method [10], multi-waveform amplitude shift keying
(ASK) method [I5], 18], phase shift keying (PSK) method [I6], and sidelobe
quadrature amplitude modulation (QAM) method [25]. In the sidelobe AM
method [I0], an antenna array is employed to transmit most of the power for
the radar mission, whereas the communication operation is enabled in the radar
sidelobe region by changing the sidelobe amplitude levels in the directions of
the communication users. In such a technique, each sidelobe level is mapped to

a unique communication symbol. Multi-waveform ASK-based method [15] [I8]
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exploits multiple orthogonal radar waveforms along with the sidelobe amplitude
modulation which increases the communication data rate by employing wave-
form diversity. Matched filtering is used at the communication receivers which
extracts the transmitted sidelobe amplitudes to decode the transmitted com-
munication information. In PSK-based JRC schemes [I6], the communication
information is embedded in the radar waveforms by employing a dictionary of
beamforming weight vectors having the same beampattern but different phase
response towards the communication receivers. The sidelobe QAM modulation
[25] enjoys further flexibility by changing both transmit amplitudes and phases
towards the communication user directions, resulting in an enhanced commu-
nication data rate. On the other hand, the distributed JRC systems exploit
waveform diversity and spatial diversity to carry out concurrent radar and com-
munication operations [25].

In a JRC transmitter, a radio transmission chain, which consists of a digital-
to-analog converter, a mixer, and a power amplifier, is often much more expen-
sive than the transmit antennas. Therefore, to achieve a high system perfor-
mance at a low cost, a recent trend is to place more antennas than the available
number of expensive radio transmission chains. Ideally, it is desirable to au-
tomatically switch the available chains to the best subset of antennas which
provides the optimized performance for the whole system. Therefore, optimal
antenna selection has a crucial importance in the modern systems. Several
research efforts have been made in this direction for different radar and com-
munication applications. In [30], antenna selection has been discussed for a
distributed multiple-input and multiple output (MIMO) radar to achieve the
radar’s objective in terms of desired mean-squared error. For the communi-
cation systems, [31H33] discuss the antenna selection strategies using convex
optimization and sparsity-aware techniques. Distributed JRC systems also en-
joy optimal transmit antenna selection such that the desired communication
capacity and radar performance are achieved [25]. For antenna array-based
JRC systems, an array partitioning-based approach is employed in [34] where

the functional antennas are split into two subarrays respectively performing the
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Figure 1: Basic principle of the joint radar-communication system.

radar and communications operations. Similarly, [35] addresses the optimal
antenna selection at the receiver side of JRC systems to maximize the signal-
to-interference-plus-noise ratio. Iterative optimization-based optimal antenna
selection for array-based JRC schemes was discussed in [36, [37]. Note that
the existing antenna array-based JRC antenna selection schemes employing the
sidelobe modulation principle select different antennas for different beamform-
ing weight vectors. Such a scenario results in frequent and unavoidable antenna
switching during the JRC operation, complicating the hardware implementation
and degrading the applicability in practice.

In this paper, our focus is on antenna array-based JRC system which exploits
beamformers to perform radar operation whereas the communication operation
is enabled in the radar sidelobe region by employing QAM-based sidelobe mod-
ulation. The waveforms responsible to perform the radar task are also utilized
to satisfy the requirements of the communication system. An example of such
a system is illustrated in Fig. The radar objective in this JRC system is
to maintain a specific beamforming gain in the sector of radar interest. The
communication information is transmitted by varying the transmit amplitudes
as well as the phases towards the communication user directions located in the

sidelobe region of the radar. The objective of our optimization approach is to
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select the minimum number of antennas which satisfy the required radar and
communications operations. We present the convex optimization-based mathe-
matical formulation which addresses this objective in two different ways. First,
we present an optimal antenna selection strategy for individual beamforming
weight vectors employing the QAM-based sidelobe modulation approach. As
the selected antennas for different beamformers are generally different, the re-
sulting solutions can result in frequent antenna switching. To tackle this prob-
lem, we also develop a group sparsity-based approach in which the same set of
antennas is used for all beamformers without any antenna switching.

The rest of the paper is organized as follows. Section II presents the JRC
system model. In Section III, we present the proposed optimal antenna selection
strategy for the JRC system. Comparative analysis of the proposed approaches
is provided in Section IV. Simulation results are presented in Section V, and
Section VI concludes the paper.

Notations: Lower-case (upper-case) bold characters are used to denote vec-
tors (matrices). (-)*, (-)T and (-)! represent the conjugate, transpose and the
Hermitian transpose operators, respectively. |-, |||y, ||-l;, and |||, denote the
absolute value, lp-, I1- and [o-norms, respectively. Moreover, 1«1 denotes the
K-length column vector of all ones, ® represents the Hadamard product, and

C is the combination operator.

II. Signal Model of JRC system

We consider an antenna array-based JRC system consisting of M-element
transmit linear array of an arbitrary configuration. The JRC system employs
the antenna array beamformers to satisfy the transmit gain objective within the
radar main beam. The same beamformers are responsible to transmit commu-
nication information within the sidelobe region such that the radar operation is
not perturbed.

Consider the radar surveillance region, the sidelobe region, and the transition

region from main beam to sidelobe denoted by O.q, O, and Oyirans, respec-
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tively. There are a total of C communication users located within the sidelobe
region of the radar. The objective of JRC antenna array is to maintain the
transmit gain Gi,q in the main beam of the radar, whereas the sidelobe region
of the radar should be lower than a threshold 5. The communication operation
should be enabled by transmitting distinct phases and amplitudes towards the
communication receivers. The beamforming weight vector w,, which satisfies

these objectives can be extracted using the following optimization [0, [15] 20]:

min Héax ’Gradejtp(er) - W};Ia(gr) ) 0, € erad7
subject to fwga(9€)| < &g, 0. € O, (1)
wia(g,.) = ejd’“AmC, c=1,---,C.

where w,, achieves the sidelobe level A,, . and the phase eI%n.c towards the cth
(¢c=1,---,C) communication receiver located at angle 6. such that 6. € ©.
The parameter /#(?r) represents the phase profile of the radar in the main beam.
We use the phase profile e79(?) as a free parameter in the above optimization
in order to achieve better approximation of the desired beampattern [36]. Such
phase response can be first extracted by designing a beamforming weight vector
which only satisfies the radar objective within the main beam. Also, there are
other phase adjustment techniques as in [36, [38]. The array response vector of

the JRC transmit system at the angle 6 is given by

a(e) _ [ej27rd1 si1r1(9)/>\7 ej27rd2 sin(a)/)\’ el ej27rdM sin(@)/)\]T

)

where d,, is the location of mth (m = 1,--- , M) antenna and A is the transmit
signal wavelength.

The optimization can be exploited to extract a dictionary of N beam-
forming vectors where each vector transmits a specific phase and magnitude
towards different communication receivers. Note that the optimization en-
ables multiple-access communication as the values of A, . and eln.c can be
different for each communication receiver for the same beamformer. If L and
P respectively denote the desired possible number of amplitudes and phases at

each communication receiver, we will require N = (LP)¢ unique beamforming
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weight vectors. Note that if ©,,4 contains only one angle, the optimization
corresponds to the focused beampattern design. On the other hand, if ©,,4 con-
tains multiple angles corresponding to a sector, the optimization corresponds
to the flat-top beampattern synthesis.

The JRC system exploits dual-purpose waveforms, i.e. the same waveforms
which serve the radar purpose are also utilized to perform the communication
operation. Consider that the JRC system exploits K possible orthogonal dual-
purpose waveforms 1 (t),¥a(t), ...,k (t) such that:

T
%/ Ui, @) Yy E — ATt =0 (k1 — ko — AT), 1<k, k<K, (2)
0

where t denotes the fast time, T is the time duration of each radar pulse,

k1 and ko are the positive integers, d(:) is the Kronecker delta function, and

¥y, (t — AT) denotes the time delayed version of vy, (t) such that AT < T.
When the beamforming vector w,, is selected, the transmit signal from the

JRC antenna array takes the following form:
x(t) = Wi (1). (3)

The above beamforming vector satisfies the gain criteria of the main beam
and projects the QAM symbols of amplitude A,, . and phase e/®»< towards
the communication directions. The JRC system can change the transmitted

communication information by changing the beamforming vectors [20].

ITI. Transmit Antenna Selection Strategy for JRC System

We propose the antenna selection strategy for transmit beamforming-based
JRC system as illustrated in Fig. Our objective is two-fold: Design the
beamforming weight vector for the JRC system which (a) use the least possible
number of antennas, (b) exploit minimum transmit power. As both objectives
can be conflicting, we give more precedence to the first objective. In this context,
two cases are discussed. In the first case, transmit antennas are selected for

each beamforming weight vector separately. This strategy might result in the
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Figure 2: The proposed antenna selection strategy for joint radar-communication system.

activation of different antennas for different beamforming weight vectors. On the
other hand, the second approach discusses the joint antenna selection strategy
for multiple beamforming weight vectors which exploits the same antennas for

all the beamforming weight vectors without any antenna switching.

A. Transmit Antenna Selection for Individual Beamformers

For a given JRC antenna array, beamforming weight vector which minimizes

the total transmit power ||Wn||§ can be expressed as follows:

: 2
min ||Wn||2
Wn
subject to  |Graae’? ) —wila(6,)| < vio1, 6 € Orad, "
|WSa(95)| < &g, 0. € Oq,
W5a<ec> = An,c€j¢n’c7 c=1,---,C,

where 701 is the tolerance illustrating the maximum possible deviation from the
desired main beam profile. Although the above optimization achieves the min-
imum power for the JRC system, it does not ensure the best antenna selection
for the JRC operation because lo-norm does not encourage sparsity. We can

modify the above optimization to select the best M (< M) or fewer antennas in



the antenna array as follows:
. 2
min w2

W

subject to \Gradeww") - wEa(Qr)| < Yiol, Oy € Orag,

‘Wga(as)‘ < &ql, 0. € @Sl, (5)
Wga(GC) = An,cejd)n’c, c=1,---, O,
[whlly < M.

Instead of enforcing the hard sparsity constraint which allows the selection of a
maximum of M antennas, lp-penalty can be employed in the objective function

165 to promote sparsity as follows:
. 2
min [wWally + 7 l[wallo

SubjeCt to ‘Gradejtp(er) - wEa(Qr)| é Ytol, 07“ S 6rad»
‘Wga(as)‘ < &g, 05 c @Sl,
Wga(oc) = An,cejd)n’c, c=1,---,C,

where 7 is the tuning parameter which controls the balance between the de-
sired power optimization and the number of utilized antennas in the above
multi-objective optimization. In optimization (@, the constraint handling the
number of active antennas in optimization is shifted to the objective func-
o tion, i.e., @ is a relaxed version of . In optimization (6), the value of M
tends to decrease as the value of 7 increases. If n takes a very high value, the
optimization problem @ will only minimize the number of selected antennas
irrespective of the power utilized by the antenna array. Note that for each se-
lection of 7, @ provides a corresponding solution of M as well as the selected
s antennas for the beamforming vector w,,. If this value of M obtained from @
is used in the optimization problem , it will also potentially yield the same
selected antennas for the beamforming weight vector. In this paper, we will
only emphasize the optimization of problem @
Unfortunately, due to the non-convex nature of ly-norm, the optimization

180 @ requires an exhaustive combinatorial search over all C% possible sparsity
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patterns of w,,, where the optimization must be solved for each of these
patterns. We can exploit /;-norm which offers a close convex approximation of
lo-norm, albeit a weaker and indirect measure of sparsity [39], resulting in the

following relaxed version of the optimization @:

. 2
I‘I}vln ”Wn”Q +77||Wn||1

n

subject to \Gwdej“"(e” — W,I;Ia(QT)| < Yol, Or € Orad,
lwla(6,)| < eg, 0. € Og,
wha(0.) = A, .e7%e, c=1,---,C.
Here, it is important to consider the crucially defining difference between the
lp- and [;-norm for our problem. The larger weights in w,, are penalized more
heavily than the smaller weights in [;-norm-based penalty. On the other hand,
lp-norm enforces democratized penalization which results in better sparse solu-
tions because it penalizes all the non-zero weights of w,, equally. Therefore, the
optimization is not an ideal formulation for antenna selection problem as the
resulting solution might select more antennas than the exhaustive search-based
optimization @ To mollify this disparity, we exploit the re-weighted [;-norm
minimization, originally developed in the context of compressed sensing [39], to
penalize the non-zero entries in w, more democratically. Contrary to /;-norm-
based relaxation where absolute values of all the beamforming coefficients are
added, we must consider each coefficient as an independent parameter whose
value, if selected, significantly improves the beamforming performance.
In order to enforce the democratic selection of antennas, we introduce a
weighting function, inspired by [39], which counteracts the influence of beam-

forming coefficient magnitude in [;-norm-based penalty as follows:

1 .
. if |wpm| >0,
Unn = { [Wnml (8)
E, lf |wn,m‘ = O7
where Wy, is mth (m = 1,..., M) coefficient in w,, and ¢ is a very small

number. Thus, the weighting vector corresponding to the beamforming weight
vector w,, can be represented as W, = [Un 1,Un,2,- - .,un,M]T. If the optimal

10
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solution wSP' of the optimization @ is M-sparse, i.e. |[woP|, = M, the follow-
ing optimization will tend to obtain the correct solution analogous to lp-norm

penalty in the optimization @:

. 2 i
min Iwall} + 7w @ w, |

n

subject to \Gradej“”(er) - wf}a(@r)| < Yol, Or € Orad,

[wha(0:)| < eq, 0. € O,

WE&(@C) = An,cem"*c, c=1,---,C.

The above optimization is executed iteratively and u(® denote the weights for
the ith iteration. Such type of weighted optimization strategy is known to
have a quick convergence [39]. We have observed the convergence of the algo-
rithm in very few steps through simulations. The weighting vector u,, forces the
small entries of the beamforming vector w,, to zero in the subsequent iteration.
The small parameter e, which should ideally be slightly smaller than the ex-
pected smallest non-zero magnitude of w,,, provides stability and ensures that
a zero-valued entry does not prohibit a non-zero estimate of the corresponding
beamforming coefficient in the next step. The detailed algorithm for extracting
the beamforming weight vectors is listed in Table[[] This algorithm is employed
for extracting all the desired N beamforming weight vectors individually.
Minimizing the total number of antennas for JRC may result in some spare

hardware up-conversion chains which can be further used for other tasks. There

Table I: Transmit Antenna Selection for Individual Beamformers

Algorithm I: Transmit Antenna Selection for Individual Beamformers

1. Initialize the iteration count as ¢ = 0 and the initial weight vector as

ul” = Lo

2. Solve the multi-objective re-weighted [;-norm optimization problem (EI)
3. Increment i@ and update the weighting vector uﬁf) using Eq. .

4. Terminate on convergence or if the maximum number of iterations for ¢

has reached; Otherwise, go to step 2.

11
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are several ways to fully utilize all the available up-conversion chains. For ex-
ample, a concurrent communication-only operation can be realized by the spare
hardware chains to increase the communication data rate. Alternatively, as the
final solution results in fewer than M activated antennas, we may turn on the
remaining antennas based on the magnitude of the weighting coefficients. Note
that the importance of each antenna is inversely proportional to the respective
weighting u, ,,,. If the optimal solution is achieved in the ith iteration, the
most important antennas correspond to the elements of vector ugf ) which have
the smallest amplitudes. Therefore, the M most important antennas can be
identified by determining the M smallest elements in |u§f )\ and regenerating the
beamforming weight vectors using the array manifold of those antennas by ex-
ploiting optimization . Another possible solution is to suspend the iterative
optimization process once the desired number of antennas is achieved.

Our proposed iterative technique also falls in the general class of Majoriza-
tion Minimization [40] algorithms where a surrogate function is exploited to
achieve the optimal result. In our case, |ju, ® wy||; serves as the surrogate
objective function of ||wy||,. In this sense, a wide variety of re-weighting tech-

niques can be employed.

B. Joint Transmit Antenna Selection for Multiple Beamforming Vectors via

Group-sparsity

The optimal selection of antennas discussed in Subsection [[IT{A] results in
different antenna array configurations for different beamforming weight vec-
tors. This is a serious disadvantage because frequent electronic switching of
antennas needs to be performed using the fast switching circuitry whenever the
beamforming weight vector is changed. For high data rates, this switching will
become more frequent, resulting in an added complexity for the JRC system. It
is also possible that although the antennas used by each beamformer are very
less, practically all the antennas are being used. This happens when each an-
tenna is used by at least one of the N beamformers. In such a scenario, the

spare antennas cannot be used for any other purposes which is not an optimal

12



250

255

260

265

strategy when the additional radio transmission chains are still available.

We propose a joint optimal antenna selection strategy which optimizes the
total number of transmit antennas used by all the beamformers for the JRC
operation. For this purpose, the well-known group-sparsity concept [41] can be
employed.

We define the mixed /; ,-norm as:

M N 1/q
||W||17q = Z <Z wn,m|q> 5 (10)

m=1 \n=1
which induces group-sparsity for ¢ > 1 [42]. Recall that w, ,, denotes the mth
beamforming coeflicient of w,. The most extensively used norms to enforce
group-sparsity are I o- and Iy o-norms. For more detail, see [42].
Similar to the previous section, our proposed antenna selection strategy for

grouped beamforming vectors takes the form of the following joint optimization:

N
. 2
r‘rilvlnn E ||Wn||2+77||w||1,q
n=1

subject to |Gradej‘/’(0” - wSa(Gr)| < Yiol, Or € Oraq; n=1,..., N, (11)
|wha(0.)| <eq, 0- €Og; n=1,...,N,

wila(6,) :Amcem"»C, c=1,---,C;n=1,...,N.

Note that contrary to the optimization which is exploited for each beam-
forming weight vector separately, the optimization jointly solves all the
beamforming vectors simultaneously. Moreover, the optimization yields
the beamforming weight vectors which exploit the same antenna elements for
the JRC operation but have different weights depending on their sidelobe com-
munication profile.

In continuation of our discussion in the previous section regarding sparsity

enhancement, the group-sparsity can also be significantly enhanced democrati-

13



cally by exploiting a similar weighting function as in as follows:

1 N
. il Zl|wn,m\ >0,
a "=
U = (; [tn,m| ) (12)
1 N
R f n.m| — 0

a0 The resulting optimization employing group sparsity which enables optimal an-
tenna selection jointly for all the beamforming weight vectors can now be ex-

pressed as follows:

N M N 1/q
) 2 ;
TR SIVACERD ol € o)
n=1 n=1

m=1
subject to |Gradej“’(er) — W,Ifa(HT)| < Yiol, Or € Orag; n=1,...,N, (13)
|W§a(6‘5)| <eg,0.€04q;n=1,...,N,

wia(f,) = An,ce-jqﬁ”»c7 c=1,---,C;n=1,...,N,

where the above optimization is solved iteratively and %) denotes the weighting
coefficient for the ith iteration. This multi-objective optimization strategy tends
a5 to provide the antenna array design for the JRC operation which ensures the
selection of the least number of transmit antennas and minimizes their power
utilization. The detailed algorithm for extracting the beamforming weight vec-
tors using this approach is listed in Table [T}
It is interesting to note that both proposed iterative algorithms for optimal
20 antenna selection and power optimization iteratively solve a convex optimiza-
tion problem, whereas the overall algorithm does not. Instead, the overall iter-
ative strategy forces one part of the objective function to find a local minimum
of a non-convex penalty function that resembles [y-norm for antenna selection
through re-weighted /1-norm. Moreover, the other part of the objective function
s tends to minimize the power utilization of the selected antennas.
Group sparsity-based approach will utilize more number of antennas than

individual beamforming weight vector at a given fast time. However, due to an-

14
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Table II: Transmit Antenna Selection for Grouped Beamformers by Employing
Group Sparsity

Algorithm II: Transmit Antenna Selection for Grouped Beamformers

1. Initialize the iteration count as 7 = 0 and the initial weight vector as
117(79) =1.

2. Solve the multi-objective re-weighted I 2-norm-based joint optimization
(L1).

3. Increment i and update the weighting ol using Eq. .

4. Terminate on convergence or if the maximum number of iterations for ¢

has reached; Otherwise, go to step 2.

tenna switching, the total number of antennas used by individual beamforming

weight vectors are generally more than group sparse version in slow time.

IV. Comparative Analysis of the Proposed Strategies

Let us compare the antenna selection by individual beamformer design @D
and group sparsity-based beamformer design . The most important differ-
ence between the two schemes lies in that the group sparsity-based approach
(13) extracts the optimal antennas for all beamformers which not only satisfy
the radar tasks but also enable transmission of all the given set of communi-
cation symbols to all communication users. On the other hand, the individual
beamformer design strategy only selects the optimal antenna positions which
satisfy the radar tasks and can transmit only one respective communication
symbol to each communication receiver, i.e., only one beamformer is designed
at a time @

Note that the constraints of the maximum allowable sidelobe level and the
radar main beam tolerance are common for both schemes @D and . The
only difference lies in the communication constraints. The optimization @
has C equality constraints corresponding to the communication operation be-

cause this approach designs only one beamforming weight vector at a time which

15
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serves one communication symbol to each communication receiver. On the other
hand, has NC' communication constraints as this approach designs all the
N beamforming weight vectors simultaneously which can further be used to
deliver all the possible communication information to the communication users.
Since has more constraints than @, it will generally tend to select more
antennas than @ to satisfy all those constraints. However, to deliver all the
possible communication information to all the communication users, optimiza-
tion @D is executed N times to generate N beamforming weight vectors which
can achieve such task. Optimization @ generally results in different antenna
selections for different beamforming weight vectors. In this case, the overall
number of antennas used by @ to produce all the desired beamforming weight
vectors will likely exceed the number of antennas selected by . Moreover,
@ will require frequent antenna switching for different slow times whenever
communication information being transmitted is changed. Therefore, the pro-
posed group sparsity-based approach is preferred for antenna selection as
it requires fewer number of antennas and prevents frequent antenna switching,
thereby easing the hardware implementation.

For a given number of hardware chains M, the total number of feasible

antenna configurations is given by:
Ucount = C]\A_gu (14)

Therefore, an exhaustive search will require us to evaluate the feasibility of
Ucount number of array configurations to achieve the optimal solution. On the
other hand, if the antennas are randomly selected, the probability to achieve

the optimal solution will be:

1 1

—_ = . 15
Ucount C% ( )

Popt =

Note that the array configuration obtained from random antenna selection may
not satisfy the radar and communication objectives. Therefore, it is imprac-
tical to use random selection or exhaustive search to obtain the desired array

configuration.

16
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V. Simulation Results

In this section, we present simulation results to illustrate the performance of
the proposed antenna selection strategy for the beamforming-based JRC system.
In all the simulations, we consider a uniform linear array (ULA) consisting of
M = 30 transmit antennas to optimize the radar main beam objectives and serve
two (C' = 2) communication users located in the sidelobe region of the radar at
angles 30° and 40°, respectively. We set the inter-sensor spacing of the ULA at
0.25X and the tuning coefficient 7 for all the multi-objective optimizations is set
to unity. The maximum allowable sidelobe level for all the cases is considered
to be lower than g = —20 dB. We use the open-source SDPT3 solver [43]
integrated with the open-source version of CVX toolbox [44] to solve all the
optimizations. For the simulations involving the focused beampattern, the JRC
radar objective is to focus the main beam with a gain of 0 dB at 6, = 0°. For
flat-top beampattern synthesis experiments, the radar objective is to project
the main beam with a gain of 0 dB for angles from —7° to 7°. For this purpose,
we consider Oy consisting of a grid of angles with a grid spacing of 0.5°. The
value of ¢ = 2 for the group-sparse optimization 7 i.e. mixed l; >-norm is

used.

A. Convergence analysis for individual beampattern synthesis

First, we consider the beampattern synthesis for the radar main beam fo-
cused at 0, = 0° using Algorithm I. In this scenario, the JRC system aims to
project an amplitude of —20 dB towards both communication receivers. Fig.
a) demonstrates the power distribution profile of the beamforming weight
vector synthesized using Algorithm I. The corresponding number of selected
antennas during each iteration of Algorithm I is illustrated in Fig. [3(b). More-
over, Fig. c) shows the spatial selection profile during each iteration of the
Algorithm I for the first 4 iterations.

17
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Figure 3: Focused beampatterns synthesis using the optimal antenna selection strategy in Al-
gorithm I (M = 40, O;aq = 0°, Otrans = [—6° 0°)U(0° 6°], O = [—-90° —6°)U(6° 90°], Graq =
1, %0l = 1073,64 = 0.1 (20 dB below Graq): (a) Transmit power distribution pattern, (b)
Total number of selected antennas w.r.t the number of iterations, (c¢) Spatial antenna selection

profile for each iteration.
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It can be observed that the algorithm converges very fast, i.e. only 4 iter-
ations were enough to achieve the final solution. It can also be observed that
the spatial profile of the selected antennas does not change after the conver-
gence. Moreover, we also ran the Algorithm I for up to 100 iterations but did
not observe any change in the spatial antenna selection profile.

Fig. [ illustrates the similar results for flat-top beampattern synthesis. In
Fig. a), we observe the synthesized beampatten derived from Algorithm I
and note that it achieves both radar and communication objectives. The cor-
responding number of selected antennas during each iteration is shown in Fig.
b). It can be observed that the Algorithm I converged within 4 iterations.
We extended the iteration count up to 100 iterations and noted that the spatial
antenna selection profile, as shown in Fig. [f|c) illustrating the selection of 14
antennas, did not change after the first 4 iterations.

If the optimal number of antennas is known to be 14, an exhaustive search
will require us to evaluate C7J ~ 2 x 10 different configurations of antennas
which is impractical. If the optimal number of antennas is unknown, exhaustive

. . 40 . .
search will require us to evaluate Y~ " Ci0 possible array configurations.

B. Antenna selection for individual beamforming weight vectors

Now we discuss the set of beampatterns that have the same main beam
profile but transmit different communication information. Without loss of gen-
erality, we consider the 2-ASK multiple-access signaling scheme where the JRC
transmit array has an objective to transmit two (same or different) amplitude
levels towards both communication receivers. This results in four different com-

binations of possible beampatterns.
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Figure 4: Flat-top beampattern synthesis using the antenna selection strategy in Algorithm
I (M = 40,004 = [~7° 7°], Otrans = [~17°
(17° 90°], Gyaa = 1,
tion pattern, (b) Total number of selected antennas w.r.t the number of iterations, (c) Spatial

antenna selection profile with increasing number of iterations
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Figure 5: Focused beampattern synthesis using the antenna selection strategy in Algorithm
I for different communication objectives (M = 40,054 = 0°, Otrans = [—6° 0°) U (0° 6°],
Oq1 = [-90° —6°) U (6° 90°],Graa = 1,701 = 107%,6q = 0.1 (20 dB below Graq) : (a)
Transmit power distribution pattern, (b) Final antenna selection profile for each beampattern,
(c) Overall antenna selection profile containing the antennas selected at least once by any of

the beamforming weight vectors.
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Using Algorithm I, we synthesized the focused beampatterns for the JRC
system as illustrated in Fig. a). The final spatial optimal antenna selection
profile for these respective beamformers is shown in Fig. b). It can be observed
that the number of antennas used for each beampattern is not the same. Note
that a maximum of 17 antennas will be exploited by any of the beamformers
at a given time. Fig. c) shows all the individual antennas which are selected
at least once by the respective four beampatterns. It shows that the overall
number of antennas collectively used by all the beamformers is 24. This means
that 24 antennas will remain in operation by the JRC system, which is more than
the number of antennas individually required by each beamformer. Extensive
antenna switching will be also be required inviting hardware complexity.

Similar results have been obtained for the flat-top beampattern synthesis,
shown in Fig. @(a), using the Algorithm I by exploiting 2-ASK signaling strategy.
It can be observed from Fig. @(b) that the four beamformers exploit 21, 21, 20,
and 23 antennas, respectively. However, the total number of antennas used
by all the beamformers collectively is 36 as shown in Fig[6} This signifies our
previous analysis that the antenna array utilization might be sub-optimal if the

beamforming weight vectors are synthesized individually.

C. Antenna Selection by Employing Group Sparsity

The simulation results from Subsection motivate to inspect the opti-
mal antenna selection performance for a group of beamforming weight vectors
collectively. We exploit the same scenario as in Subsection [VH[B] where 2-ASK
signaling strategy is exploited. We find the optimal antenna selection for a
group of four beamforming weight vectors using the group-sparsity Algorithm

IT which satisfies radar and communication objectives simultaneously.
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Figure 6: Flat-top beampattern synthesis using the antenna selection strategy in Algorithm
I for different communication objectives (M = 40, 0,,q = [—=7° 7°], Otrans = [—17° —7°) U
(7° 17°], O = [—90° —17°) U (17° 90°], Graq = 1, Y01 = 1073, &5 = 0.1 (20 dB below Graq):
(a) Transmit power distribution pattern, (b) Final antenna selection profile for each beam-
pattern, (c) Overall antenna selection profile containing the antennas selected at least once

by any of the beamforming weight vectors.
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Figure 7: Focused beampattern synthesis by employing the group-sparsity for antenna selec-
tion Algorithm II (M = 40,059 = 0°, Ograns = [—6° 0°) U (0° 6°], Og = [—90° — 6°) U
(6° 90°], Grad = 1,0l = 1073, 65 = 0.1(20 dB below Graq) : (a) Transmit power distribu-
tion pattern, (b) Number of selected antennas with increasing number of iterations, (c) Spatial

antenna selection profile for the first 5 iterations.
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Fig. a) shows the power distribution pattern of the four beamforming
weight vectors for the focused main beam synthesized by using Algorithm II.
Note that in this approach, all the beamforming weight vectors exploit the same
antenna array elements. Contrary to the results using Algorithm I in Fig. c),
where an overall 24 antennas of the JRC transmit array are used, Figs. (b)—(c)
show that the grouped approach exploits only 15 antennas. Fig. b) shows
the number of selected antennas with the increasing number of iterations. Note
that the Algorithm IT converged within 3 iterations.

A similar result has been observed for the flat-top beampattern synthesis in
Fig. |8l using group-sparsity Algorithm II. Fig. a) shows the power distribution
pattern for the four beamforming weight vectors resulting from Algorithm II. It
can be observed that all the beampatterns satisfy the radar and communication
objectives. Contrary to Fig. [} where 36 antenna elements were selected at
least once by the beamforming vectors, Fig. [8| shows that only 21 antennas are
exploited when all the beamforming vectors were extracted simultaneously as a
group using the Algorithm II. Fig. b) shows the number of selected antennas
with the increasing number of iterations. It can be observed that the Algorithm
IT converged within 4 iterations. The corresponding spatial antenna selection
profile is illustrated in Fig. c).

It has been observed that when the beamforming weight vectors are de-
rived simultaneously as a group, they exploit overall fewer number of antennas
compared to the case when the beamforming weight vectors are synthesized in-
dividually. These results show a significant advantage of utilizing Algorithm II.
In such a scenario, the additional antennas can be exploited to perform other
objectives. Moreover, the grouped antenna selection-based strategy prevents
frequent antenna switching when the beamforming weights are changed, which
eases the implementation of the JRC system. The fast convergence of the pro-

posed algorithms also emphasizes their importance.
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Figure 8: Flat-top beampattern synthesis by employing the group-sparsity based antenna
selection Algorithm II (M = 40,0;,q = [-7° 7°], Otrans = [—17° — 7°) U (7° 17°],
Oy = [-90° — 17°) U (17° 90°],Grad = 1,vt01 = 1073,e4 = 0.1 (20 dB below Gaq): (a)
Transmit power distribution pattern, (b) Number of selected antennas with increasing number

of iterations, (c) Spatial antenna selection profile for the first 5 iterations.
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Figure 9: Flat-top beampattern synthesis by employing the group-sparsity based antenna
selection Algorithm II using QAM-based sidelobe modulation (M = 40,0,,q = [-7° 7°],
Otrans = [~17° —T0) U (7° 17°], O = [~90° — 17°) U (17° 90°], Graq = L, 701 = 103,24 =
0.1 (20 dB below Gyaq): (a) Transmit power distribution pattern for the first four beam-
patterns, (b) Number of selected antennas with increasing number of iterations, (c) Spatial

antenna selection profile for the first 5 iterations.
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Figure 10: Computation time required to compute the beamforming weight vectors using the

proposed approaches.

D. Computation Time

Now we compare the computation time for both proposed antenna selec-
tion algorithms outlined in Tables I and II. Fig. [I0] illustrates the run-time of
generating all the required beamforming weight vectors in Figs. For these
simulations, we used a computer equipped with Intel(R) Core(TM) i7-6700 pro-
cessor, 16 GB DDR3 (1600 MHz) RAM, 64-bit Windows 8.1 Enterprise, and
MATLAB R2017b (64-bit). It can be observed that the group sparsity-based
antenna selection strategy takes longer computation time as compared to the an-
tenna selection strategy developed for individual beamformers. This is expected
from the formulation of both strategies as the group sparsity-based approach
exploits lo-norm of all the beamforming weight vectors during the optimization

as well as for computing the weighting coefficients.

E. Antenna Selection for QAM-based Sidelobe Modulation

Now we modify the parameters used in Fig. [§| to investigate the antenna
selection performance for QAM-based sidelobe modulation by employing two
possible phases for each communication user. We find the optimal antenna
selection for a group of sixteen beamforming weight vectors using the group
sparsity-based Algorithm IT which satisfies radar and communication objectives

simultaneously.
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Fig. @(a) shows the power distribution pattern of the first four beamforming
weight vectors for the flat-top main beam synthesized by using Algorithm II.
All the beamformers exploit the same antenna array elements. Contrary to
Fig. [8] where 21 antenna elements are selected, Fig. [J] shows that 22 antennas
are exploited. Although the QAM-based signaling increased the number of
required beamforming weight vectors from 4 to 16, only one additional antenna
was required to satisfy the radar and communication objectives compared to

2-ASK signaling.

F. Antenna Selection for Randomly Located Communication Users

In this simulation, we investigate the performance of the group sparsity-
based antenna selection approach for the case where communication users are
randomly located in the sidelobe region. We use the same simulation parameters
as in Fig. [0] but communication user locations are randomly selected such that
they do not lie within the radar main beam and their angular separation is at
least 10°. We perform 500 Monte Carlo trials for this case and the simulation
results are presented in Fig. Note that the antenna utilization count is very
low for most of the simulation experiments. High antenna utilization is observed
for the cases when the communication users are either very close to the radar
main beam, or very close to 90° or —90°. This is because the JRC transmit
array requires more degrees-of-freedom to satisfy all the constraints for those

cases.
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VI. Conclusion

In this paper, we present a novel antenna selection strategy for JRC opera-
tion. We formulate a multi-objective optimization framework that aims to select
the least possible number of antennas for the beamforming-based JRC system
and minimize their respective power consumption. We show that the desired
sparsity levels for antenna selection can be achieved for individual beamform-
ers, as well as for the group of beamformers by using the same set of antennas.
Simulation results illustrate that the proposed approach significantly reduces
the number of antennas required to meet the prescribed service level for radar
and communication operations. Furthermore, the performance of the proposed
approach is analogous to that of [p-norm-based exhaustive search optimization

at a significantly reduced computational complexity.
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