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Joint Active and Passive Beamforming for
IRS-Assisted Radar

Fangzhou Wang

Abstract—Intelligent reflecting surface (IRS) is a promising tech-
nology being considered for future wireless communications due to
its ability to control signal propagation. This paper considers the
joint active and passive beamforming problem for an IRS-assisted
radar, where multiple IRSs are employed to assist the surveillance
of multiple targets in cluttered environments. Specifically, we aim
to maximize the minimum target illumination power at multiple
target locations by jointly optimizing the active beamformer at
the radar transmitter and the passive phase-shift matrices at the
IRSs, subject to an upperbound on the clutter power at each
clutter scatterer. The resulting optimization problem is nonconvex
and solved with a sequential optimization procedure along with
semidefinite relaxation (SDR). Simulation results show that addi-
tional line-of-sight (LOS) paths created by IRSs can substantially
improve the radar robustness against target blockage.

Index Terms—Intelligent reflecting surface, radar, non-line of
sight, beamforming, optimization.

1. INTRODUCTION

N RECENT years, intelligent reflecting surface (IRS) has
Iattracted significant attention for wireless communica-
tion [1]-[5]. IRS is a planar array consisting of dozens of
low-cost passive elements, which are capable of changing
the phase and polarization of the impinging signals, thereby
collaboratively achieving controllable signal reflection. Unlike
existing approaches that modify the wireless link at the trans-
mitter/receiver, IRS can be employed to realize programmable
wireless channels between them, thus offering additional de-
grees of freedom for system design [6].

Although the use of IRS was firstly proposed for com-
munication purposes, it has recently gained significant at-
tention within the radar research community. One group of
works examined the integration of IRS for cooperative radar
and communication systems [7]-[10]. Specifically, the IRS
was used to mitigate multi-user interference by joint wave-
form design and passive beamforming for a dual-functional
radar-communication (DFRC) system [7], and respectively,
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spectrum sharing between multi-input multi-output (MIMO)
radar and multi-user multi-input single-output communication
systems [8]. In [9], the IRS was utilized in a DFRC system
to improve target detection in environments with severe path
loss, while [10] proposed to adaptively partition the IRS to
enhance the radar sensing and communication capabilities of
a millimeter-wave DFRC system. Another group of recent
works, e.g., [11]-[14], focused on exploiting IRS to enhance
the sensing performance in radar. Specifically, the phase-shift
matrix of the IRS was optimized for colocated MIMO radar
[11], and respectively, distributed MIMO radar [12] to improve
the estimation and detection performance. Target detection was
also considered in cases when the radar is aided by a single IRS
[13] or multiple IRSs [14].

Detection and localization of moving targets such as pedes-
trians and vehicles in urban environments is a challenging
radar problem [15]. Conventional radar applications usually
assume that targets are in line of sight (LOS) with the radar.
In practice, the LOS path may be blocked by buildings in
urban environments. One way to handle the problem is to
use a radar network. For example, [16] proposed a distributed
radar to create continuous coverage in urbanized environments.
A different and more economic way is to employ the IRS
technology. Along this direction, [17] analyzed the effect of
IRS on radar equations for surveillance in non-line of sight
(N-LOS) scenarios. In [18], a single IRS is employed to
illuminate a mobile user in the context of localization when
the LOS between the base station and the user is not available.

In this paper, we consider a radar system assisted by mul-
tiple IRSs for target surveillance in a cluttered environment,
where the LOS paths from the radar transmitter to prospective
targets may be blocked by clutter scatterers. Target blocking
is frequently encountered in an indoor setting when a single
radar TX is unable to cover the entire surveillance area. A
joint beamforming design is formulated, which maximizes the
minimum target illumination power of multiple targets with
respect to the active transmit beamformer and the passive
phase-shift matrices of the IRSs, while imposing a total trans-
mit power constraint as well as an upperbound on the tolerable
clutter power at each clutter scatterer. The proposed design
results in a nonconvex constrained optimization problem. We
propose a sequential optimization procedure which employs
semidefinite relaxation (SDR) to find the active and passive
beamformers in an iterative manner. Simulation results show
that our proposed joint design for the IRS-assisted radar can
significantly decrease the probability of blockage for targets
over conventional radar system that is not equipped with an
IRS, or the IRS-assisted radar system that employs only the
active or passive design.
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II. PROBLEM FORMULATION

Consider an IRS-assisted radar system, where a multi-
antenna transmitter tracks multiple targets with the help of
multiple IRSs. The transmitter (TX) is equipped with M an-
tenna elements. A beamforming vector t € C**! is designed
to transmit a common waveform. A total of K IRSs, each
comprising N reflecting elements, are deployed to assist the
illumination of multiple prospective targets. Each element on
the IRS combines the impinging signals with a certain phase
shift [19]. By denoting 0, ,, € [0, 2] as the phase shift associ-
ated with the n-th element of the k-th IRS, the diagonal matrix
accounting for the phase response of the k-th IRS can be ex-
pressed as @, = diag(e’?*1, ..., e/ N). Suppose there are L
targets and () clutter scatterers located in the surveillance area.
Then, the signals from the radar TX and K IRSs superimposed
at the (-th target are (h, + S hl ,©fDy)t, and, like-
wise, the signals from the TX and IRSs superimposed at the
g-th clutter scatterer are (g7, + > g7}, ,©F Dj,)t, where

® h,ecC Mx1 denotes the channel between the TX and the
¢-th target, h; ;. » € CV*! the channel between the k-th
IRS and the /-th target, and D;, € CN*M the channel
between the TX and the k-th IRS.

* g, € CM*landg;; , € CV*! denote the channel from
the TX, and respectively, the k-th IRS to the ¢-th clutter
scatterer.

The problem of interest is to jointly design the TX beam-
former t and IRS phase-shift matrices { @, } by maximizing the
minimum illumination power at the target locations, subject to
atotal radar transmit power constraint as well as an upperbound
on the clutter power for each clutter scatterer. Specifically, our
joint design can be formulated as:

2

K
K B 2
sttt < &, (ggq + ngkyquHDQ t| <y, Vg,
= (1b)
Oy, = diag (¢!, ..., e/ N) | VK, (lc)

where x denotes the maximum transmit power and 7, is the
upperbound of the tolerable clutter power for the g¢-th clutter
scatterer. In this paper, since our goal is to illuminate the target,
the exact channel information is not needed and only the LOS
channel is required. According to the standard radar equation
[20], the channel can be modeled as a function of the target
position. Here, we assume that the target position is known
since it can either be estimated from the previous tracking
or be a pre-specified illumination aim, i.e., radar sequentially
scans potential surveillance areas to determine whether the
area/location of interest has a target or not.

III. PROPOSED SOLUTION

In this section, a solution to the joint design is presented.
Note that problem (1) is nonconvex with respect to (w.r.t.) the
design variables. Our approach is to decompose the original
problem into two simpler subproblems by fixing either t or
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®;, and solving them sequentially and iteratively, which leads
to an alternating optimization procedure. Specifically, during
the (j + 1)-st iteration, problem (1) can be simplified to a

subproblem w.r.t. only t by fixing ®;, as @,(cj ).

2

K
max 1 71“111,L (ha + thk’z (@,(Cj))HDk> t (2a)
k=1
sttt < &, (2b)
K N H E
‘ (ggq +) el (61(3)) ch) t| < ng Vg 20
k=1

This is a nonconvex quadratically constrained quadratic
programming (QCQP) problem and can be solved by using
the semidefinite relaxation (SDR) technique. Specifically, by
letting T = tt and dropping the rank-one constraint, prob-
lem (2) can be rewritten as

max | min tr (A,T) (3a)
s.t.tr(T) < &, tr(B,T) < ny, Yq, (3b)

where A, =aafl, afl =h{, + 3/, b} (©])Dy,

B, = b,b!, and b7 =g, + Y1 gl (©{")"D;. Note
that problem (3) is convex and can be solved with numerical
solvers, e.g., CVX [21].

The SDR solution TUTD to (3) needs to be converted
into a feasible solution t7*1 to (2), which can be achieved
through a randomization approach [22], [23]. Specifically, we
can use TU*Y to generate I Gaussian random vectors, i.e.,
& ~CN(0,TU*Y) i =1,...,]1, to conduct the randomiza-
tion procedure. Note that the random vectors £, are not always
feasible for (2), but we can apply a scaling to turn them into
feasible solutions. Specifically, £; can be normalized w.r.t. the

largest value of {&€7¢;/r, €FB1&;/m, -+, € BoE, /ol
= & .
Vmas (€18, /n, €1B1&,/m, -, €1 Bk, /1)
“4)

After randomization, a feasible rank-one solution is obtained
. ~H ~
as tUt) = arg maxz ming—1,.z & A,
Next, we find ©,, by fixing t to the value obtained from the
latest updates, tU+D) in which case the optimization problem
(1) becomes

2

K
i h’ !, ,0fD, | tU+h 5
?gﬁ £=I{l,l.].[.1,L ( t,€+; ik, 0Ok Dk (5a)
K 2
s.t. (gfﬁngk,q@kHDk) tUTD] <, Vg, (5b)
k=1
©), = diag (¢,... "% N) | Vk. (5¢)

Let hi g = hig 0 (DytUtD), 8ik,q = Bik,q ©
(DptUtD), @y = [e?%1, ... %N, where o denotes
the Hadamard (elementwise) product. Then, problem (5) can
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be rewritten as
2

K
max min |h7t0Ut) 4+ OHE 6a
mex  min - h[, ;k,w (6a)
% 2
st gl tUT > 00 iy < Ve, (6b)
k=1
|0k (n)| =1, Vk, Vn. (6¢)

To write the above cost function and constraints in a

more compact form, we define h, = [hfl,g, cee th,@]T’ 8¢ =

81,: -+ 8l ]"-and @ = 07, OF]". Hence, (6) canbe
simplified as

mgx R mln |az + 0Hhe| (7a)

s.t. |bq + 0ng| < g, Vg, (7b)

0()|=1,1=1,...,NK, (7c)

where a; = h/, t0 ) and b, = g tU ). Note that the above
problem is nonconvex because of the unit modulus constraint
(7c). However, by observing that the objective function and
constraint (7b) can be transformed into quadratic forms, we can
apply the SDR technique to approximately solve (7) efficiently.

Specifically, an auxiliary variable ¢ can be introduced to
convert the non-homogeneous QCQP problem (7) into a ho-
mogeneous one:

max min 9HH49 + |ag|2 (8a)
6  (=1,..L
5..0"G,0 + |by|* <y, Va, (8b)
o) =1,1=1,...,NK + 1, (8¢)
where 8 = [87¢]” and

hzhf h/aj gng g, b’
H, = ', G, = |88 Ba%a| (g
‘ [hgfag 07 |glb, 0 ©)

Similarly, problem (8) can be solved through the SDR tech-

nique, i.e., define ® = 66" and drop the rank-one constraint.
Then, problem (8) can be rewritten as

. 2
max er?,l..r.l,L tr(OH,) + |ay| (10a)
s.t.tr (@G,) + [by|? < ny, Vg, (10b)
©(,1)=1,1=1,...,NK +1, (10¢)

which is a convex problem and can be solved by CVX. A
similar randomization procedure as in (4) can be employed to
obtain a solution #Y Y from ®U*Y) except that the scaling
becomes

P 3
\/maxq 1.0 E78G &,/ (n,

which makes €i to satisfy the constraint (8b). In addition, El
should meet the unit modulus constraint (8c), which means

;3D

= [bq]?)

Algorithm 1: Proposed Solution to (1).

Input: h ¢, h; ;. ¢, he ¢, hi 1 ¢, Di, &, 14, and tolerance e.
Output: Transmit beamformer t and phase shift matrices

O.
Initialization: Initialize (95@0) and j = 0.
repeat _
1: Fix @,(f ) Use (3) and randomization (4) to obtain
G+
2: Fix tU+D, Use (10) along with randomization (11) to
find 9U 1),

3: Use 8UTY to formulate ).
4 Setj—j+1.
untilconvergence.

return t = tUtD and O, = (_),(CJ'Jrl).

Ei
arg( =
¢’ g(fi(NK+1))’

the final solution can be recovered by é, =

where EI(N K + 1) denotes the (VK + 1)-st element of €.

Then, a feasible rank-one solution is obtained as é(j D _

arg maxg ming1,.r E?Hgéz + |a¢|*. The alternating pro-
cess is repeated until the improvement of the objective func-
tion between two iterations is smaller than a tolerance e.
Algorithm 1 summarizes our proposed alternating algorithm
for the joint design problem.

The computational complexity of the proposed solution is
mainly determined by the iteration number .J and the SDR ran-
domization trials /. Specifically, inside each iteration, two con-
vex problems are solved with a total complexity of O(2JN35)
by using an interior-point method [24]. In addition, for each
iteration, two randomization procedures are required with a
computational complexity of O(IM?) for (4), and respec-
tively, O(I(NK + 1)?) for (11). Thus, the overall complex-
ity of the proposed approach is O(2JN3-%) + O(JIM?) +
O(JI(NK + 1)?). Numerical results show that Algorithm 1
usually converges within 20 iterations and a sufficiently large
number of randomization, e.g., I = 5000, is required to yield a
good solution. Although the overall complexity is polynomial,
more computing resource is required for large /V and real-time
updates of designs.

IV. NUMERICAL RESULTS

In this section, numerical results are provided to demonstrate
the performance of the proposed scheme. In the simulation,
there are one radar TX and two IRSs, where the TX is a uniform
linear array (ULA) with M = 64 antennas while each IRS
consists of NV = 100 reflecting elements. The channel vectors
hi ¢, hi 1 ¢, ¢, and g; ;. ¢ are generated as [25] (here we take
h; ¢ as an example and the other channel vectors are similarly
generated): hy, = \/Mat,mh(qﬁt,g), where «y ¢ is a complex
coefficient accounting for the channel gain from the TX to the
{-th target, ¢y ¢ is the look direction of the corresponding target,
h € CM*1 denotes the normalized steering vector, and vy €
{1, 0} isabinary variable to specify if this path is blocked or not
(more discussion on this in the next paragraph). The channel
coefficient is generated as [26]: a o ~ CN'(0,107°1*), where
L =a+ 10blogo(d) + &, a =64, b=2, and & ~ N(0,0?)
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Fig. 1. Simulation setup.

with ¢ = 5.8dB. Note that d represents the distance between
the TX and the target. These parameters are selected according
to the real-world LOS channel measurements [26]. In addition,
the channel matrix between the transmitter and the k-th IRS
is characterized by Dy, = \/MtNakdr,kd{){k, where «, is the
complex gain and can be similarly generated as oy ¢, d;,, and
d, ;; are the normalized steering vectors.

Fig. 1 shows simulation configuration, where the (x,y)-
coordinates of the TX are (0,0) and those of the two IRSs
are (—130m,75m) and (130m, 75m). The locations of the
targets are randomly distributed within a square box speci-
fied by z € [-75m75m] and y € [150 m 250 m]. To simulate
the effect of blockage, we use the 3 dB beamwidth of the
TX [20]. Specifically, if the TX beam simultaneously covers
multiple objects (targets or clutter scatterers) within the 3 dB
beamwidth, then the near object will block the far object, which
is simulated by setting v = 0 for the far path. Other system
parameters are set as follows: e = 1073, n, = 0.5 uW, Vg,
I = 5000. All results are averaged over 100 random channel
realizations (also the randomization of the target locations).

In the simulation, the performance of the following four
design approaches are included: The joint (exact), passive
(exact), and active (exact) are the proposed joint active and
passive beamforming (design t and ®y), the passive-only
beamforming (design ®; by fixing t so that the TX illumi-
nates toward the first IRS), and respectively, the active-only
beamforming (design t by fixing ®, as identity matrix) for the
IRS-assisted radar system; no IRS (exact) is the conventional
radar system that has the TX but no IRS (design t). Note that
in practice the exact channel information is not available and
estimated channels have to be employed for the design. To
demonstrate the impact of channel estimation errors, we also
include results obtained by using estimated channels, which
contain an estimation error in an average of 5% for the channel
amplitude coefficient o, and an estimation error in an average
of £3° (3 dB beamwidth) for the looking angle ¢, , (we take
h; ¢ as an example and the errors in the other channel vectors are
similar). The results of using estimated channels are denoted
as estimate instead of exact.

Fig. 2 depicts the performance for the four design ap-
proaches versus the total transmit power x when Q = 3 and
the clutter scatterers locate at (—75m,125m), (0,125m),
and (75m, 125 m), respectively. In Fig. 2(a), which shows
the minimum target illumination power, it is seen that the
three IRS-assisted radars outperform the conventional radar
system because additional LOS paths are created by the IRSs
to illuminate the targets and thus substantially improve the
radar’s robustness against blockage. This can also been seen
in Fig. 2(b) where the probability of blockage (Pb) is plotted,
where blockage occurs when the target illumination power is
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Fig. 2. Performance versus x when @ = 3: (a) minimum target illumination
power, (b) probability of target blockage.
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Fig. 3. Performance versus x when Q = 9: (a) minimum target illumination
power, (b) probability of target blockage.

sufficiently small. In our simulation, the blockage power level
is set to 0.5 pW. It is observed that although also assisted by
IRSs, the active- and passive-only designs are significantly less
effective than the joint design.

Fig. 3 depicts the results for a more densely cluttered envi-
ronment with (Q = 9 clutter scatterers, where the clutter scat-
terer locations are (—75m, 100 m), (0, 100 m), (75 m, 100 m),
(=75m,125m), (0,125m), (75m,125m), (—75m, 150 m),
(0,150 m), and (75m, 150 m). Similar behaviors among the
four designs can be observed except that the performance
of all decreases. This is because more clutters means that
the targets have a higher possibility of being blocked, which
reduces the propagation paths. However, the joint design for
the IRS-assisted system still outperforms the other designs.

Fig. 2 and Fig. 3 show that the performance of all designs
degrades when estimated channels are employed for the design.
However, even with estimated channels, our proposed joint
design still provides significant performance gains over the
other designs in terms of both illumination power and blocking
probability.

V. CONCLUSION

We proposed an approach to reducing the target blockage in
radar systems in cluttered environments by leveraging passive
IRSs. Under a total transmit power constraint as well as an
upperbound on the tolerable clutter power at each clutter
scatterer, the active transmit beamforming vector at the radar
and the passive phase-shift matrices at the IRSs were jointly
optimized to maximize the minimum target illumination power
at multiple target locations. The resulting nonconvex prob-
lem was solved by applying the alternating optimization and
SDR techniques. Simulation results have shown that the IRS-
assisted radar system is more robust against target blockage
over conventional radar system.
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