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Abstract—We investigate the problem of reconfigurable in-
telligent surface (RIS)-aided monostatic sensing of a mobile
target under line-of-sight (LoS) blockage considering a single-
antenna, full-duplex, and dual-functional radar-communications
base station (BS). For the purpose of target detection and
delay/Doppler/angle estimation, we derive a detector based on the
generalized likelihood ratio test (GLRT), which entails a high-
dimensional parameter search and leads to angle-Doppler cou-
pling. To tackle these challenges, we propose a two-step algorithm
for solving the GLRT detector/estimator in a low-complexity
manner, accompanied by a RIS phase profile design tailored to
circumvent the angle-Doppler coupling effect. Simulation results
verify the effectiveness of the proposed algorithm, demonstrating
its convergence to theoretical bounds and its superiority over
state-of-the-art mobility-agnostic benchmarks.

Index Terms—Reconfigurable intelligent surfaces, monostatic
sensing, non-line-of-sight (NLoS) sensing, angle-Doppler coupling.

I. INTRODUCTION

Reconfigurable intelligent surfaces (RISs) have emerged as
a transformative technology towards 6G with the promise
of significantly boosting communication rates and expanding
coverage through the ability to overcome signal blockages,
especially in mmWave and sub-THz systems [[1]-[3]]. RISs also
have benefits to improve sensing capabilities [4], [S]], thereby
supporting integrated sensing and communications (ISAC) [|6]—
[8]. Applications include monostatic [9]], bistatic [10] and
multistatic [[11]] sensing, as well as simultaneous localization
and mapping (SLAM) [12]]. RIS-aided sensing brings several
important advantages over conventional sensing without RIS,
such as RIS phase profile design for illumination of desired
sectors [13]], [[14], non-line-of-sight (NLoS) sensing in the
presence of obstacles [15]—[17]], signal-to-noise ratio (SNR)
enhancement [[18]] and high-accuracy angle estimation via large
aperture of RIS [[19], [20].

In the context of RIS-aided sensing, several studies have
focused on monostatic configurations [[10], [[15], [17], [20]—
[23]], particularly due to their attractive properties, including
ease of synchronization and utilization of the entire signal
(i.e., not only pilots). When the line-of-sight (LoS) path exists
between the monostatic radar transceiver and the target, RIS
can serve to boost the SNR via an extra, controlled path
towards the target by judicious design of RIS element phases
[18], [20], [23]. Under LoS blockage conditions (as shown
in Fig. [[), RIS can act as an additional anchor to pro-
vide high-resolution angle-of-departure (AoD)/angle-of-arrival
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Fig. 1. RIS-aided monostatic sensing scenario under LoS blockage, where
a dual-functional BS communicates with a user equipment (UE) in downlink
(DL) while detecting a mobile target using the backscattered signals over the
RIS path.

(AoA) measurements of potential targets [15], [24]. Given
sufficient bandwidth (e.g., via orthogonal frequency-division
multiplexing (OFDM) transmissions [25]], [26]]), the monostatic
radar can combine angular information with round-trip delay
measurements over the RIS-induced NLoS path to perform
high-accuracy localization of targets in a surveillance area
blocked by obstacles [[17], [24].

A particular challenge arising in RIS-aided NLoS mono-
static sensing pertains to detection and parameter estimation
of mobile targets. In particular, target angle information can
only be acquired through the RIS, which induces beamspace
measurements at the radar receiver due to its passive nature
(i.e., no sampling mechanism at the RIS), in turn requiring
several non-parallel RIS beams [27]). In parallel, target Doppler
is measured from slow-time phase shifts across transmis-
sions. Consequently, the impact of mobility and RIS beam
sweeping on slow-time phase shifts cannot be disentangled
from each other, leading to the angle-Doppler coupling effect
[28]. The few studies that considered RIS-aided sensing of
mobile targets [16], [17], [22], [25], [26] focused mainly on
RIS phase profile optimization and waveform design, omitting
the algorithmic aspects. Hence, the two compelling problems
remain unexplored in RIS-aided NLoS monostatic sensing
research: (i) detection and four-dimensional (range-Doppler-
azimuth-elevation) estimation of mobile targets, and (ii) the
accompanying problem of angle-Doppler coupling.

In this paper, we tackle the problem of RIS-aided NLoS



monostatic sensing of a mobile target using the echoes of
downlink signals transmitted by a dual-functional ISAC base
station (BS). We derive the corresponding generalized likeli-
hood ratio test (GLRT) detector, which involves computation-
ally complex four-dimensional parameter search over range-
Doppler-azimuth-elevation domains due to angle-Doppler cou-
pling inherent to RIS-aided angle estimation under mobility.
To address this challenge, we propose to employ repetitive RIS
phase profiles and devise a novel low-complexity two-step esti-
mator that exploits the proposed temporal design to circumvent
the angle-Doppler coupling effect, enabling separate estimation
of delay-Doppler and azimuth-elevation. Simulation results
reveal the effectiveness of the proposed phase profile design
and the low-complexity algorithm in mobile target sensing.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we describe the RIS-aided NLoS sensing
scenario, derive the signal model at the BS, and formulate the
problem of detection/estimation of a mobile target.

A. Scenario

We consider the RIS-aided monostatic sensing scenario
under LoS blockage as shown in Fig. [T} where a full-duplex
dual-functional radar-communications BS with a known lo-
cation performs monostatic sensing using the echoes of DL
transmissions through the RIS-induced NLoS path [29], [30].
The aim is to detect a mobile target in the environment and
estimate its parameters (delay, Doppler, angle). The BS is
equipped with a single transmit (TX) and a single receive (RX)
antenna, while the RIS has NRig elements. In addition, the RIS
is assumed to have a known location and orientation.

B. Signal Model

For DL communications with a UE, the BS transmits an
OFDM signal with N subcarriers and M symbols, with z,, .,
denoting the complex data/pilot on the n'" subcarrier of the
m'™ symbol. The subcarrier spacing and the symbol duration
are defined as Ay =1 /T and T, = T + T¢p, respectively,
with T denoting the elementary symbol duration and T,
the cyclic prefix (CP) duration. We assume the existence of
a single target in the environment. To prevent intersymbol
interference (ISI), the CP duration is assumed to be larger than
the round-trip delay of the target over the RIS path [31[|-[34].
In this setup, the backscattered OFDM signal at the monostatic
sensing receiver of the BS on the n'" subcarrier of the mt"
symbol (after removing the CP and switching to frequency-
domain) can be written as [[15]], [[16]]

Ynm = O aT(Obr)Qma(O) aT(H)Qma(Gbr)

Target-RIS-BS path BS-RIS-Target path

x [e(D)]nld(V)]mTn,m + 2nm (D
where
o 0" = [0Pr OPF]T is the known AoA from the BS to the
RIS.

o 0 =[0, 9e1]T is the AoD from the RIS to the target.

e « is the complex channel gain including the effects of (i)
two-way attenuation over the forward BS-RIS-target path
and the backward target-RIS-BS path, and (ii) radar-cross-

section (RCS) of the target, which can be calculated as
(170

| . PtGgGQFQ(O)FQ(ebr)d%di/\2O'Rcs
of = (4m)5dE '

2

Here, P, is the transmit power, GG}, is the BS antenna
gain, G is the antenna power gain of an RIS patch,
F(0) = (cosf)"?® is the normalized RIS power
radiation pattern 35|, Eq. (3)], d; and d,, represent the RIS
element spacing along the local horizontal and vertical
axes, respectively, A denotes the carrier wavelength, ogrcs
is the target RCS, and, d,, and d denote the BS-RIS and
RIS-target distances, respectively.

e 7 = 2(dy, + d)/c and v denote the round-trip delay and
Doppler shift of the BS-RIS-target path, respectively, with
c denoting the speed of propagation.

e a(f) € CNris*1 denotes the array steering vector at the
RIS, given as follows [36]:

[0(0)]1 —JIE COS@el(CoseazP:c,i+Sineazpy,i), 3)

where p,.; and p,; denote the position of the i*" element
in the horizontal and vertical axes of the RIS with respect
to its center, respectively.

e Q,, = diag(w,,) € CNrisxNrs jg the RIS phase profile
for the m'™ symbol, containing RIS phase shifts w,, €
CNris*1 on its diagonal.

o c(7) € CN*1 is the frequency-domain steering vector as
a function of delay 7, given by

T
C(T) = {1’ @—jZﬂAfT, - e_jQTI'(N—l)AfTi| @

e d(v) € CM*1 is the time-domain steering vector as a
function of Doppler v, expressed as

aw) = [1, o, o )T )

o Znm ~ CN(0,NgNAy) is the additive complex Gaus-
sian noise, with Ny denoting the noise power spectral
density (PSD).

To provide a more compact representation of (I), we define

b(0) £ a(8) ® a(8") € CNrsx1 | (6)

where ® denotes the Hadamard (element-wise) product. Ac-
cordingly, we have

Ynam = (b7 (0)wn)[e(T)]u[AW)]mnm + 2ngm - (D)
We further introduce the collection of RIS phase profiles
W =[wo - wp_q] € CNrisxM (8)

Using (@) and stacking over N subcarriers and M symbols,
the model in can be expressed in compact matrix form as

Y = X ac(r) (dT(zx) ObT(OW © bT(e)W) +Z, 9

where Y € CV*M with [Y],m = Yn.m» X € CVXM with
[ X)n.m = Tnm and Z € CNXM g the additive noise matrix
with vec (Z) ~ CN(0, NoNA(I). For ease of exposition, we
assume that all the symbols are 1, i.e., X is an all-one matrix.
In this case, (9) becomes

Y = ae(r) (dT(u) ObT(OW & bT(e)W) +Z. (10)



C. Problem Formulation

Given the frequency/slow-time observation matrix Y in
(10), our goal is to detect the presence of the target and
estimate its delay 7, Doppler v and azimuth-elevation angles 6.
Due to the angle-Doppler coupling over the slow-time domain
(manifested through the terms d' (v) and b (@) W), this poses
a computationally complex problem. To tackle this challenge,
in Sec. we derive a generic GLRT detector and propose
a tailor-made RIS phase profile design, along with a low-
complexity detector/estimator, to resolve the angle-Doppler
coupling.

III. Low-COMPLEXITY DETECTOR/ESTIMATOR DESIGN
UNDER ANGLE-DOPPLER COUPLING

In this section, we first derive the GLRT detector for the
sensing problem stated in Sec. which leads to a high-
complexity optimization. Then, we propose a low-complexity
two-step estimator that avoids high-dimensional parameter
search in solving the GLRT, by exploiting the structure of a
tailor-made RIS phase profile matrix W in (T0).

A. GLRT Detector
To derive the GLRT detector, we re-cast (I0) as

Y=Y(n)+2Z cCV*M (11)

where
Y(n) 2 ac(r)(d () 0BT OW 0BT (OW),  (12)
with n = [a, 7,7,0]7 being the unknown parameter vector.

Note that the RIS phase configuration matrix W is under
our control; hence, we have degrees of freedom to design
W according to our needs for radar detection and estimation.
The hypothesis testing problem for the model in (TI) can be
formulated as

)z, under Hg (13)
|\ Y(m)+ 2, under H,
and the corresponding GLRT can be written as
Y|n) ®

po(Y) o

where v is a threshold determined by a preset false alarm
probability. In (T4), the likelihood function for the no-target
case H, is given by

1 1Y ]I%
po(Y)Z(WUQ)MNeXP(— 952 )

where || - || denotes the Frobenius norm and 0% = NgNAy,
while the likelihood function for the target-present case H; is
expressed as

5)

Y - Y ()%
- 202) . (16)

P 1) = v oo

Substituting (I3) and (I6) into (I4) and simplifying, we ob-
tain the log-likelihood ratio up to an additive and multiplicative
constant as follows:

LOY) = min ¥ — Y()llE - 1Y% (17)

In (T7), the optimal channel gain can be estimated in closed-
form as a function of delay, Doppler and angle parameters
[37]I:

- tr ((C(T)hT(V, 0))H Y) )
R P T ) TP ‘
where
h(v,0) 2 d(v) o WTb(0) o WTb(8). (19)

Plugging into yields
tr ((C(T)hT(V, 0))H Y)

L°8(Y) =min |Y — c(t)hT (v, 0)
700 le(r)h" (v, 0)]
— Y%, (20)
which can be simplified into (up to additive constants)
2
’cH(T)Yh*(V, 9)
L£°8(Y') = max 5 (21)
0 h(v, )]

In general, no further simplification is possible; hence, a 4D
search is needed to estimate delay, Doppler, and 2D angle.

B. Low-Complexity Estimator

To avoid the 4D search, we harness the possibility of
designing the RIS phase profile W in (I2)). With the proposed
design, the observation model can be expressed in a form
that allows disentangling angle-Doppler coupling. Then, the
delay-Doppler estimation is described, followed by 2D angle
processing. Finally, a refinement of the estimates and target
detection are presented.

1) Repetitive RIS Phase Profile Design
The RIS phase profile is adjusted at each symbol duration:

N; x M
W = [wg (.«J]w,l] € C'ris s

bT(G)W = [bT(B)wo s bT(e)UJ]\/[,l} S (ClXM.

(22)
(23)

From (12), we can see that the time-domain part of the signal
depends on d(v) and b"(0)W. We will try to eliminate the
effects of coupling between 0 and v. To this end, we can repeat
RIS profiles consecutively. In that case, we use L profiles and
repeat each phase profile M /L times:

WiW] ... W] WolWsg ... Wy ... WL, ...W[, . 24)

M /L times M /L times M/ L times

With this design, during each time interval (i.e., M/L times),
the phase shift caused by the angles is constant since the RIS
profile is constant. Hence, we can eliminate the coupling effect
during each time interval.

2) Observation Model with Repetitive RIS Phase Profiles

We will again use the signal model given in (I2). But, to ex-
ploit the repetitive RIS phase profile on parameter estimation,
we will use another form of For that reason, we define

g (@) =b"(O)W b ()W, (25)
leading to

Y =ac(t)(d"(v) 0 g"(0)) + Z. (26)




Using the RIS phase profile with repetition, we can rewrite
g'(0) as

g'(0) = (b"(O)[w:...wL])* @1}, - (27)
29} (9)eCI*L
Therefore,
Y =ac(r)[d"(v) © (9,(0) © 13,.)]+ Z.  (28)
Next, we define
dM/L(V) ry il ef2mvTe ej2nu(M/L-1)Ts]T c cM/Lx1

dr(v) s 1 ei2m ETe ej27ru%(L71)T3]T c Clx1,

which allows us to write
d(V) = dL(V) ® dM/L(”) .
Plugging into yields
Y =ac(r) [(92(0) @ 1p/1) © (dp(v) ® dM/L(V))]T +Z,
= OéC(T) [(gL(H) ® dL(I/)) ® (1M/L O] d}u/L(I/))]T + Z,
— ac(7) [(gr(0) © dr()) @ (dyr/L(W))]" + 2. (30)

With this, we are now ready to introduce B3 = agr(6) ®
dr(v) € CEX!, which will be a key to break down the 4D
problem. With 3, we have that

(29)

Y = ac(r)(B @ dyn(v) + Z. 31)

By breaking up Y = [Y; --- Y7 ], we have that ¥; =
Blc(T)dXI/L(V) +Z, e CN*M/L 1 —1 . L.

3) Delay-Doppler Estimation

We estimate 7 and v from {Y;}/, by treating 3 =
[ﬁl, e, ﬁL]T as nuisance parameters. Due to the indepen-
dence of noise across [, the maximum-likelihood (ML) esti-
mator is expressed as

L
min » | Y; — Bre(r)d L (v)lI% - (32)
=1

V.08

Here, 3 can be obtained in closed form as a function of 7 and
v, leading to

(33)

For a fast implementation of @ we can first obtain a
coarse estimate and then refine it via gradient ascent. To
obtain the coarse estimate, we can evaluate the objective
function in by performing IFFT over the frequency
domain and FFT over the time domain for each Y;, and
integrating non-coherently across I, which can be written as
Y., = Zle |[FFT(IFFT(Y;,2),1)|%. Afterwards, we obtain the
initial estimates for (7,v) as the argument that maximizes
Y- .. Note that since the range-Doppler map is quantized, one
should perform fine tuning for better approximation. Therefore,
in our application, we first apply the aforementioned fast
implementation and then perform gradient ascent over the
objective function in (33)) by employing the initial estimates.

4) Angle Estimation

Given delay-Doppler estimates (7,7), we now wish to
estimate azimuth and elevation angles 8 = [0, 0]’ from
the observations (see (30), repeated RIS phase profiles). We
find that

Y = ac(?) [(90(0) © dr(9)) @ (dyy(@)] " + 2. (34)

Again, « can be solved in closed form, so that the ML
estimator becomes

; HEY ((92(0) © du (7)) @ darn (7))
= arg max
*% lar(0)]?

which involves a 2D search over 6.

’ 2

)

(35)

5) Refinement and Target Detection

We use the estimates 7, 7, 0 to initialize a 4D gradient ascent
on (21), after which we plug the refined estimates into the
original GRLT expression in (2I), which then becomes

@Y (90) 0 a)|
ls@ o am|

2.
IV. SIMULATION RESULTS

*

(36)

A. Scenario and Parameters

In the simulation setup, the center of the RIS is located at the
origin, pointing towards the z-axis. We consider a point target
10m away from the RIS with angle 8 = (45°,60°), corre-
sponding to py = [3.5355 3.5355 8.6603]T in Cartesian
coordinates. The target has a velocity vector of v = [30,0, 30]
m/s, which results in a relative speed of ¥ = —36.59
m/s with respect to the RIS. The BS is located at pgs =
[—3.0618 3.0618 2.5]", 5m away from the RIS with angle
6P = (135°,30°). We generate RIS phase profiles to scan
the region behind the obstacle (see Fig. [T), which is a quarter
sphere. In other words, we create equally spaced angular beams
in the region of 6,, € [—90°,90°] and 0, € [0°,90°). In
addition, A\ = 1.07cm, ores = 2m2, Npig = 21 x 21,
RIS element spacing A/4, G, = 18.06dB, G = 0dB,
N = 1024 subcarriers with spacing Ay = 120kHz and
M = 1120 symbols. The noise power spectral density is
Ny = —174dBm/Hz and the receiver noise figure is 8 dB.

We vary the BS transmit power P, and the number of
RIS phase repetitions M /L for the considered scenario and
perform the following analyses. We run 1000 Monte-Carlo
tests for a given P; and M /L to evaluate the performance of
the proposed algorithm (termed ‘Joint’) in Sec. To study
detection performance, we also need the probability of false
alarms. Therefore, we perform the same procedure for noise-
only signals with the same number of tests. As a benchmark,
we consider an estimator that ignores the Doppler (denoted by
‘DI’ for Doppler-ignorant), similar to the studies [8|]-[[10]. The
DI estimator is similar to the proposed estimator, but simply
assumes v = 0.

B. Results and Discussion

To evaluate the performance of the proposed joint estimator,
we calculate the RMSE based on Monte Carlo trials and
compare it with the CRB. The results for range, Doppler,
azimuth, and elevation are given in Figs. 2H5]
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1) Analysis of the Joint Estimator

It is clear that the proposed joint estimator shows a waterfall
behavior and converges to the CRBs at high SNR, as expected.
We see that the RMSE of the range behaves similarly for both
M/L = 2 and M/L = 5. This is because the frequency-
domain steering vector remains unaffected by RIS phase pro-
files. However, for Doppler and angle estimation, we observe
that the RMSE for M/L = 2 converges to the CRB later
than that for M/L = 5 in Figs. This results from the
nature of our estimator and can be explained by contrasting
the original 4D objective functions (ZI)) for the studied M /L
values, obtained by the repetitive RIS phase profiles. The
Doppler cuts of both 4D and 2D objective functions (21)) and
(33) are shown in Fig. |§| for different M /L. The 4D objective
function has several local maxima that are closer and has
smaller amplitude when M /L is higher. In other words, the
sidelobes are higher and are at a larger distance when M /L is
smaller. Hence, the other local maxima can exceed the main
lobe in the presence of noise, and the estimates can converge to
these points, resulting in some outliers, hence, large RMSEs.

2) Comparison with Doppler-Ignorant Approach

When applying the DI estimator, we see that range estima-
tion in Fig. [2]is slightly degraded, due to biases induced by the
Doppler. On the other hand, the RMSE of angle estimation in
Fig. [AH3] shows a different trend and is more severely affected
by the Doppler effect. This is due to angle-Doppler coupling,
as both parameters are estimated by exploiting phase variations
across time. When we compare the impact of M/L, the
joint and Doppler-ignorant algorithms show different trends:
joint estimation benefits from larger M /L, while Doppler-
ignorant estimator is better at smaller M /L. Normally, it is
expected that the performance of angle estimation would be
enhanced for smaller M/L since we have more degrees of
freedom (i.e., more diversity in RIS phase profiles), as in the
case of the DI estimator. However, in Figs. @3] we have
the opposite situation for the joint estimator since the angle
error is affected by the error of Doppler estimation, which is
shown in Fig. [3] It is observed that for high transmit powers,
the Doppler estimation error is higher for M/L = 2. This
is expected since for M/L = 2, the 4D objective function
has higher sidelobes at larger distances as shown in Fig.
[l Therefore, the joint estimator leads to larger RMSEs on
angle estimation for smaller M /L, resulting from the poor
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Doppler estimation in (33) (which in turn deteriorates the angle
estimation performance in (33) and affects the initialization
point of 4D gradient ascent in (36)).

3) Detection Performance

Besides the estimation performance, we investigate the
detection performance with respect to the transmit power for
several false alarm rates, which is shown in Fig. m For a
specified false alarm rate, we choose a threshold that ensures
the same false alarm rate on the noise-only measurements.
We observe that the detection performance is around one for
transmit powers higher than 25 dBm. Additionally, it is seen
that the joint estimator outperforms the Doppler ignorant one.
Hence, we can conclude that it is crucial to account for the
Doppler effect.

V. CONCLUSION

In this work, we addressed the time-domain coupling of
Doppler-angle in an NLoS RIS-aided monostatic sensing sce-
nario. To solve the coupling, we designed repetitive RIS phase
profiles. Using the repetitive RIS phase profiles, we provided
a low-complexity target parameter estimator that estimates
delay, Doppler, and angles. Then, we derived the GLRT for
target detection. We generated a simulation environment for
a specified single-target case to analyze its performance. We
evaluated the RMSE performance of the proposed GLRT-based
low-complexity estimator and demonstrated its superior perfor-
mance over the state-of-the-art Doppler-ignorant baseline. In
addition, the detection performance was investigated to show
that with higher transmit powers, we can detect the presence
of the target with a reasonable false alarm rate. Future research
will focus on multi-target scenarios.
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