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ABSTRACT

his paper explores the use of reconfigurable intelligent surfaces
(RISs) for moving target detection in multi-input multi-output
(MIMO) radar. Unlike previous related works that ignore the propa-
gation delay difference between the direct path and the RIS-reflected
path, we examine the detection problem in RIS-assisted MIMO
radar by taking into account the effect of asynchronous propagation.
Specifically, we first develop a general signal model for RIS-aided
MIMO radar with multiple asynchronous RISs and arbitrary wave-
forms. Next, we formulate the RIS design problem by maximizing
the overall received signal energy. The resulting optimization prob-
lem is non-convex, which is solved with semidefinite relaxation
(SDR) techniques. A coherent detector is introduced for target de-
tection. Finally, numerical results are presented to demonstrate the
performance of the RIS-aided MIMO radar in comparison with the
conventional MIMO radar.

Index Terms— Reconfigurable intelligent surfaces, MIMO
radar, asynchronous propagation.

1. INTRODUCTION

Reconfigurable intelligent surfaces (RIS) are smart devices that en-
able realization of programmable RF propagation environments, and
are emerging as a promising wireless technology for next generation
systems [1-6]. Initially proposed for communication purposes, RISs
have also recently received considerable attention within the radar
community [7-11], as they can be leveraged to enhance target de-
tection and localization performance [12-15]. The large number of
degrees of freedom (DoFs) provided by an RIS also facilitates spec-
trum sharing between radar and communication systems [16—19].
Meanwhile, multi-input multi-output (MIMO) radar has been
widely recognized as a vital radar technology with diverse applica-
tions [20,21]. A MIMO radar transmits multiple waveforms to probe
the environment and at each receiver (RX), a set of matched filters
(MFs), each matched to one of the transmitted waveforms, is em-
ployed to separate the information carried by different waveforms.
The transmitted waveforms are frequently assumed to be orthogonal
to each other with zero cross-correlation, such that the target echoes
originating from different transmitters (TXs) can be separated by the
MFs. However, it is infeasible to maintain strict orthogonality, in
particular in distributed systems, where different propagation paths
experience difference delays and Doppler shifts [22]. This has led to
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several studies on MIMO radar with general non-orthogonal wave-
forms [23-25].

MIMO radar assisted by RIS has recently been considered in
[12], covering both monostatic and bistatic radar configurations with
or without a line-of-sight (LOS) view of the prospective target. The
model therein assumes that different transmitters send distinct and
orthogonal waveforms, which propagate through direct and RIS-
reflected paths before synchronously arriving at the receiver. An
RIS-aided radar is in general a distributed sensing system since the
RIS is usually positioned separately from the radar transmitter and
receiver locations to provide spatial diversity. Consequently, the tar-
get signal reflected by the RIS may reach the radar receiver at a
different time compared with the direct path, and hence the RIS-
reflected signal will be asynchronous.

In this paper, we consider moving target detection using a
MIMO radar aided by multiple asynchronous RISs. Specifically,
we first develop a general signal model for the considered system,
assuming arbitrary non-orthogonal waveforms and asynchronous
signal propagation. Then, the phase shifts of the RIS elements are
designed by maximizing the overall received signal energy at the
RX. Finally, the detection performance of the RIS-aided MIMO
system is evaluated via numerical simulation and compared with a
conventional MIMO radar.

2. SIGNAL MODEL

Consider a bistatic MIMO radar system with M closely spaced TXs
and N closely spaced RXs, where the TXs employ pulsed transmis-
sion and a succession of K periodic pulses are transmitted during a
coherent processing interval. Each transmit antenna emits a different
baseband signal wu., (t) = fo;ol pm (t — KT), where p., (t) is the
complex envelope of a single pulse for the m-th TX and 75 is the
pulse repetition interval (PRI). Thus, at the m-th TX, the transmitted
signal is given by s, (t) = wm (t)e’?™ /<!, where f. is the carrier
frequency. The pulse waveform p,,(¢) has unit energy and is of a
duration 7p.

To enhance the surveillance of an area of interest, L RISs, each
consisting of @) reflecting elements, are deployed to assist the RX.
Suppose there is a moving target at a distance R, to the TX, a dis-
tance Ry, to the /-th RIS, and a distance R; to the RX. The noise-
free signal observed at the n-th RX can be expressed in complex-
equivalent form as

M

5.(t) = a Z (Eoum(t — )2 et =T g o) (1)

m=1
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where « is the target radar cross section, 79, &0, and fo are the prop-
agation delay, the channel coefficient, and Doppler frequency for the
TX-target-RX path, and 7¢, &, and f; are the corresponding param-
eters for the /-th RIS. The variable a;(¢) is the relative phase shift of
the i-th array element, where ¢ is either the angle of departure (AoD)
or angle of arrival (AoA) at the array. As an example, for a uni-
form linear array with elements separated by one half-wavelength,
we have a;(¢) = e ™= e The angles ¢r.0, ¢r.0, ¢r,¢ TESpEC-
tively represent the AoD towards the target at the TX, the AoA at
the RX due to the direct target reflection, and the AoA at the RX
due to the signal reflected from the ¢-th RIS. The angles ;¢ and
@y, are the AoA and AoD at the ¢-th RIS corresponding to the target
reflected signal, respectively. The phase shift employed at the g-th
element of the /-th RIS is given by e?%¢.a.
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Next, the baseband signal passes through a set of matched filters
(MFs) matched to the radar waveforms along with delay and Doppler
compensation. In particular, M MFs, i.e., g (t) = pi, (—t)e?*™ /0,
m = 1,---, M, each matched to one of the M transmitted wave-
forms, are convolved with the received signal s, (¢). Then, the out-
put of the m-th MF at the n-th RX can be written as

dp = / {a i am (¢o)

m=1
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, f) is defined as

w7 f) 2 / P ()P (1 — 7)™ dp. )

The continuous-time signal z,,,(¢) is sampled at the pulse rate,
leading to K slow-time samples obtained at time instants ¢ = 7o +
kT, k = 0,--- , K — 1, which yields the discrete-time received
signal

where the ambiguity function m,m (7
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Next, we stack the K slow-time samples and form X,,, =
[€m,n(0), -+, Zm,n (K — 1)]F, which can be expressed as

L
Xm,n — agn,Ohm,Os(fO) + azgnlhm,lﬁés(.ﬁ@)a (7)

(=1

where

2 2
o hpy=e"? mfeTe o927 fo(T0—Te) Zm L Xm, (1o — e, fo —

fo)am(¢io) and &np = &an(qﬁ,,g) for ¢ = 0,1,---,L.
Note that for ¢ = 0, i.e., hm,o and &0, are the channel co-
efficients corresponding to the direct path from the TX to the
target and then to the RX (denoted as the direct-propagation
path in the rest of the paper) while A, ¢ and &, , when £ # 0
are the channel coefficients of the RIS-assisted indirect paths.

° s(f) _ [17 eJ%T.J7 . 76327T(K*1)Tsf]T
steering vector.

o B = S0, e ag(pne)ag(pue) for £ =1,
overall phase shift at the /-th RIS.

Note that the output sample =, » (k) consists of L + 1 terms,
the first of which is due to the direct path, while the remaining L
terms are the RIS-assisted paths. In addition, it can be seen that all
of the channel coefficients h,, o and h, ( have M components, i.e.,
the auto-correlation term, which is the MF output matched to the
desired waveform (e.g., m = m), and M — 1 cross terms, which
are filtered echoes from the undesired waveforms (e.g., m # m).
The auto- and cross-correlation terms may add constructively or de-
structively depending on their relative phases. Under the condition
that the waveforms are orthogonal across all delays and Dopplers of
interest with zero cross-correlation, a frequently used assumption in
the literature, the coefficients contain only the auto- and none of the
cross-correlation terms, which results in ideal waveform separation,
i.e., Xm,m (70 —7¢, fe— fo) = 0 when m # m. However, such strict
orthogonality is infeasible in practice. Moreover, even with ideal or-
thogonal waveforms, the auto-correlation terms for the RIS-assisted
paths are sampled off the peak location of the auto ambiguity func-
tion, i.e., Xm,m (70 — Te¢, fe — fo) for 7o # 7¢ and f¢ # fo. This
means there could be considerable energy loss for the RIS-assisted
paths due to asynchronous propagation.

is the Doppler

, L is the
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3. PROPOSED METHODS

3.1. RIS Design

The problem of interest is to design the RIS phase shifts /%4 by
maximizing the received signal energy, i.e.,

M N

max 30 3 el ®)

m=1n=1

where the scaling factor |«|? is ignored in the cost function since it
does not affect the optimum solution of the optimization problem.

To solve the above nonlinear problem, we first rewrite the prob-
lem in a constrained optimization form. Specifically, define

by L[, Q)T (%a)
=1, b1, (9b)

ar 2 [a1(ere)ar(pue), -+ ag(ere)ag(end)]”,  (9c)
dyn,n 2 &n0him,08(fo), ©d)
dunnt 2 Enthm.os(fo). (%e)

Then the optimization problem (7) becomes

M N
I’Ing Z Z Hdm,n + Dm,n¢H2
m=1n=

1
st o] =1,

(10a)

(10b)
where D, ,, is a K x QL matrix defined as Dy, », = [don n 187, - -
Note that the above problem is nonconvex because of the unit mod-
ulus constraint (9b). It can be recast as a unit-modulus constrained
quadratic program and solved by the semidefinite relaxation (SDR)
technique.

Letting ¢ = [¢>T, l]T, the non-homogeneous quadratic cost
function in (9) can be converted to

2 ~H ~
”dmm + Dm,nqu =¢ Fnno, (11
where Fy, p isa (QL + 1) x (QL + 1) matrix given by

H
Dm,ndm,n

H
F Dm,an,n
m,n H
dm,nd’m,n

" drI;IL,an,n (12)

Thus, let F = Eif:l 25:1 F.,n. The optimization problem in
(9) can be rewritten as

max &FZ&
@

st. o] =1, p(QL+1) = 1.

In the following, we apply SDR to convert (12) into a convex prob-

(13a)

(13b)

lem by dropping the rank-one constraint. Specifically, let & = &&H
so that the SDR form of problem (12) becomes

max tr(®F) (14a)

st|®(,i)=1,i=1,-,QL+1, (14b)

which is a convex problem and can be solved by CVX [26].

The optimum SDR solution b 10 (13) needs to be converted
into a feasible solution (2) to (12), which can be achieved through a
randomization appraoch [27]. Specifically, given the optimum b a
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Fig. 1. Waveform ambiguity function when 5 = 1 MHz.

set of Gaussian random vectors are generated, i.e., §; ~ CN(O0, <i>)
3 =1,---,J, where J is the number of random trials. Note that the
random vectors &; do not always satisfy the unit-modulus constraint
and the constraint ¢(QL 4 1) = 1 in (12). Thus, we need to first
normalize them as §; = &,/£,(QL + 1) to satisfy the constraint
&(QL + 1) = 1. Then, to meet the constraint |¢| = 1, the feasible
solution can be further recovered by &;(i) = e?4& @) for =

,am}ﬁ;i éEQL, FiAnally, the rank-one solution can be obtained as q?) =

H_ A~
arg maxg &, FE,.

3.2. Target Detection

For target detection we employ a coherent detector, which can be
derived using a generalized likelihood ratio test framework, similarly
to [25]:

2

Hi
27, (15)
Ho

M N
DD bua¥mn

m=1n=1

T =

where ~ denotes the threshold and b, , is a weighted sum of the
channel coefficients and Doppler steering vector [cf. (6)]

L
bm,n = fn,Ohm,OS(fO) + Z fn,lhm,eﬁfs(ff)‘ (16)

=1

4. NUMERICAL RESULTS

In this section, simulation results are presented to demonstrate the
performance of the RIS-aided MIMO radar system. The signal-to-
noise ratio (SNR) is defined as SNR = %’;‘2}, where the noise
variance is chosen as o = 1. The target RCS is randomly generated
as a ~ CN(0, ol ), where o2 is determined based on the specific
SNR.

In the simulations, linear frequency modulation (LFM) based
waveforms, also known as chirps, are employed as test waveforms.
Specifically, a set of multi-band chirps are utilized [28]:

1 2
t) = 76371'[3@ /Tp+ﬁmt)70<t<T’ 17
pm() \/Tp — — =P ( )
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Fig. 2. Probability of detection versus SNR.

where [ is the bandwidth of the waveform and 7 is a bandwidth gap
parameter that is selected to keep the frequency bands of different
waveforms from overlapping. Fig. 1 shows the ambiguity functions
defined in (4) when using the chirp in (16) for M = 3, n = 3, and
[ = 1 MHz. It can be observed that the multi-band chirps are ap-
proximately orthogonal with low autocorrelation sidelobes and low
cross-correlation levels. The non-zero cross-correlation is caused by
leakage.

We consider a co-located MIMO radar system with M = 3 TXs
and N = 3 RXs. The TX is located at (0, 0)m and the RX is located
at (400, 0)m. Unless otherwise stated, there are two RISs located at
(350, 100)m and (200, —50)m, respectively. The number of ele-
ments in each RIS is Q = 64. The carrier frequency is f. = 3
GHz, the pulse duration is T, = 10~ °s, and the pulse repetition fre-
quency (PRF) is 500 Hz. The target velocity is 30 m/s and the target
is located at [100, 200] m. The number of pulses within a CPI is
K = 12 unless otherwise stated and the probability of false alarm is
P =10""

The performance of a conventional MIMO radar system without
an RIS is included as a benchmark for comparison. Fig.2 depicts
the probability of detection versus SNR. It can be observed that the
RIS-aided MIMO radar system outperforms the conventional MIMO
radar without RIS. This is because the MF output (6) contains L + 1
terms and the RIS propagation related terms are also non-zero and
can provide additional energy for target detection, which is not pos-
sible for the scenario without RIS.

Next, we evaluate the impact of the RIS location on the target de-
tection performance. Fig. 3 shows the performance of the RIS-aided
MIMO radar system for various RIS locations, where a single RIS is
deployed either near the radar RX at (400, 10)m or far away from
the radar RX at (400, 150)m. It can be observed from Fig 3 that the
RIS-aided MIMO system outperforms the MIMO system without
RIS for both RIS locations. The benefit of the RIS is more signifi-
cant when it is deployed close to the radar RX. There are two reasons
for this. First, when the RIS is deployed closer to the RX, the delay
offset between the direct path propagation and the RIS-assisted path
is smaller, which means the waveform ambiguity functions can be
sampled closer to the peak value. Second, when the RIS is deployed
far away from the RX, this leads to longer propagation distances,
which in turn causes bigger attenuation and a weaker RIS-assisted
channel strength.

1
gos/
g3
3
A8 06f
o
=}
2
= 04r
Q
E ——— With RIS at [400, 10] m
S With RIS at [400, 150] m
A 027 e Without RIS
0 . .
-30 -20 -10 0 10

SNR (dB)

Fig. 3. Probability of detection versus SNR under various RIS de-
ployment locations.

5. CONCLUSION

We developed a general signal model to account for asynchronous
propagation in RIS-aided MIMO radar systems. An RIS phase shift
design problem was formulated that maximizes the received signal
energy, and an SDR approach was proposed to solve the problem.
We studied the impact of the non-negligible propagation delay be-
tween the direct path and the RIS-reflected path on the target de-
tection performance. Our results indicate that the propagation delay
difference needs to be accounted for to benefit from the ability of the
RIS to improve target detection performance.
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