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Abstract

Reconfigurable intelligent surfaces (RIS) can adjust the

phases of the incoming signals and properly re-focus them,

which has raised a vibrant interest from communications

and radar engineers. In radar applications, however, a ma-

jor performance-limiting factor is the reverberation from

surrounding clutters. In the present paper, we introduce

a detailed signal model that accounts for the range-gate

shift effect due to RIS, and propose a clutter-invariant sub-

space detection approach based on partial clutter charac-

teristic information. This approach aims to reduce the im-

pact of clutter on radar detection. We also derive a theo-

retical relationship between the probabilities of false alarm

and detection, providing a key metric for system optimiza-

tion. Our numerical experiments validate the theoretical

models and demonstrate significant performance improve-

ments with RIS integration in radar systems. Furthermore,

a use case is also provided with optimized RIS phase set-

tings, highlighting the potential of RIS in target localization

within jamming scenarios.

1 Introduction

A Reconfigurable Intelligent Surface (RIS) consists of sev-

eral low-cost meta-material elements, each capable of inde-

pendently adjusting the phase of the incoming signal. This

unique capability enables reshaping the radiation beam pat-

terns - thus modifying the radio propagation channel - and

is thereby recognized as a promising technology for next-

generation wireless applications [1]. While RIS’s were

originally proposed and extensively investigated in wireless

communications, the capability of RIS’s to influence signal

propagation suggests their potential value in radar.

With this background, there has been a growing research

interest in RIS exploitation for radar performance enhance-

ment. The study [2] introduces a RIS to establish a Non-

Line Of Sight (N-LoS) path for radar to work in scenar-

ios with a blocked Line of Sight (LoS) between the radar

and target. In [3], a preliminary analysis of RIS-aided

radars is provided, accounting for factors like signal band-

width, carrier frequency, and the spatial relationships be-

tween the RIS, radar, and targets, offering insights into RIS

deployment for detection tasks. The study in [4] builds
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Figure 1. Considered scenario for the RIS-aided radar.

upon [3], adapting its findings for the MIMO radar con-

text and highlighting the benefits of positioning RIS close

to MIMO radars. In addition, the potential of RIS deploy-

ment in target parameter estimation has also been recently

explored in [5]. Note that early studies on RIS-aided radars

regard an RIS as a mirror able to re-focus an impinging

pre-determined signal to a given point of the space. A more

attractive approach is to regard the radar transmitter and the

RIS as a unique system so that the transmitted waveform

and the RIS phase shifts are jointly designed to optimize

the chosen figure of merit [6].

Note that many studies utilize SINR or SNR to gauge the

performance of RIS-aided radar, under the basic assump-

tion that the radar receiver is only noise-limited. However,

in clutter-limited scenarios, RIS’s inevitably introduce ad-

ditional clutter, which may result in FAR increase and re-

duced detection capabilities. Consequently, the need arises

for detection structures explicitly accounting for the pres-

ence of clutter, to establish performance bounds in clutter-

limited scenarios. The present contribution aims to present

and analyze a statistical test, derived in the framework of

Generalized Likelihood Ratio Test (GLRT). The test per-

formance is given in closed form theoretically, showing

that it achieves CFARness concerning the clutter and noise

statistics. A sensitivity analysis is also offered to study the

test sensitivity to deviations of the clutter statistics from the

nominal ones. Furthermore, we provide a case study of tar-

get localization based on RIS-aided radar, where the RIS

phases are set as suggested by the previous findings. This

application highlights the unique potential of RIS in jam-

ming scenarios.

Notations: (·)T , (·)∗, (·)H denote transpose, conjugate and



conjugate transpose, respectively. C
N is the set of N-

dimensional complex space. A � 0 means A is positive

semi-definite. I denotes the identity matrix. fX (x) and

FX (x) denote the probability density function (PDF) and

cumulative distribution functions (CDF) of a random vari-

able X . R (A) represents the subspace spanned by A, and

P⊥
A represents the orthogonal projector onto the orthogonal

complement of R (A).

2 System Model of RIS-Aided Radar

As depicted by Fig. 1, we consider a monostatic radar

assisted by an N-element RIS for target detection amidst

strong scatters. The radar emits a signal encoded by the

length-L waveform vector s. It has uniform gain GT for

both transmission and reception towards the target, while

the gain towards the n-th RIS element is GRIS,n. Distances

between the radar and target, radar and n-th RIS element ,

and target and n-th RIS element are denoted as dR,T , dR,n ,

and dT,n , respectively.

With reference to the starting range gate receiving the target

LoS return, the delayed starting range gate for the N-LoS

path (through the n-th element of the RIS) is

rT,n =

⌈
(dR,n +dT,n +dR,T ) fs

c

⌉
−
⌈

2dR,T fs

c

⌉
,∀n

where �·� is the ceiling function, fs is the fast time sampling

frequency of the radar system and c is the speed of light.

To ensure that all target echos from both LoS and NLoS

paths are received, we set the length of range cells as R =
max

n
{rT,n}+ L. Accordingly, the received vector can be

expressed as:

y = yT +yC +n ∈CR, (1)

where yT and yC are the returns from the target and clutter,

respectively, while n ∼ C N
(
0,σ2I

)
represents the noise.

Introducing the shift matrices Jr ∈ C
R×L

Jr (m,n) =
{

1,m−n− r = 0

0,m−n− r 
= 0
. (2)

the target signal yT , consisting of both the LoS and N-LoS

returns, is easily shown to be expressed as:

yT = δT HT (φ)s ∈ C
R, (3)

where δT is the target complex backscattering coefficient

- that we assume to follow a Swerling-I model, i.e. δT ∼
C N (0,PT ), while HT (φ) is the channel matrix:

HT (φ) = αT e jϕL,T J0 +
N

∑
n=1

αT,nφne jϕNL,T ,nJrT,n .

In the above equation, φ = [φ1,φ2, . . . ,φN ]
T ∈C

N is the Re-

flection Coefficient Vector (RCV) of the RIS with each el-

ement being unit-modulus. The channel propagation co-

efficient of LoS and N-LoS path are, αT =

√
PG2

T λ 2

(4π)3d4
R,T

and

αT,n =

√
PGT GRIS,nλ 2σRIS,T ,n

(4π)4d2
R,T d2

T,nd2
R,n

, respectively. σRIS,T ,n stands for

the RCS of the n-th element of RIS radiated from the target

direction, ϕL,T =−4π dR,T
λ and ϕNL,T ,n =−2π dR,T+dR,n+dT,n

λ
are the distance-dependent phase shift with λ being the

wavelength of the transmit waveform. All of these quanti-

ties are assumed known, whereby the channel matrix itself

is assumed known.

The signal-dependent clutter from K (assume K ≤ R) scat-

terers the target is embedded in has obviously a similar

model and can be expressed as

yC =
K

∑
k=1

yC,k =
K

∑
k=1

δkHC,k (φ)s ∈ C
R, (4)

where yC,k is the k-th scatter return, δk is the complex scat-

tering coefficient of the k-th scatter,

HC,k (φ) = αC,ke jϕL,C,k JrC,k +
N

∑
n=1

αC,k,nφne jϕNL,C,k,n JrC,k,n .

The parameter meanings being the same as those defined

when deriving the target echo model. Note that the complex

reflection coefficients {δk} of the scatterers contributing to

clutter are assumed unknown.

3 Clutter-Invariant Subspace Detection

In this section, we will derive a clutter-invariant detector,

by which RIS’s improvement is theoretically revealed. For

the sake of notational simplicity, the system model in (1) is

rewritten as

y = δT u+HCβ +n, (5)

where HC = [HC,1 (φ)s, . . . ,HC,K (φ)s] ∈ C
R×K , u =

HT (φ)s ∈ C
R, β = [δ1, . . . ,δK ]

T ∈ C
K .

The hypothesis test to be solved is{
H0 : y = HCβ +n
H1 : y = δT u+HCβ +n.

(6)

Following the Generalized Likelihood Ratio Test (GLRT)

tGLRT =

max
δT ,β ,σ2

p(y|H1)

max
β ,σ2

p(y|H0)

H1

≷
H0

η , (7)

where p(y|H0) = 1

(πσ2)
N exp

(
− 1

σ2 ‖y−HCβ‖2
)

, and

p(y|H1) = p(y−δTu|H0).

Under the null hypothesis H0, the Maximum Likelihood

Estimates (MLE’s) of the unknown parameters are⎧⎨
⎩

β̂ 0 =
(
HH

C HC
)−1 HH

C y

σ̂2
0 =

∥∥∥y−HCβ̂ 0

∥∥∥2
=
∥∥∥(I−HC

(
HH

C HC
)−1 HH

C

)
y
∥∥∥2

.

(8)



Under the alternative hypothesis H1, the MLE’s of β , σ2

and δT can be obtained by solving

minimize
β ,σ2,δT

1

σ2
‖y−Hϖ‖2 +N lnσ2

with H = [u HC] and ϖ =
[
δT β T

]T
. The MLE’s are

⎧⎨
⎩

ϖ̂1 =
(
HHH

)−1 HHy

σ̂2
1 = ‖y−Hϖ̂1‖2

=
∥∥∥(I−H

(
HHH

)−1 HH
)

y
∥∥∥2

.

(9)

Substituting Eq. (8) and (9) into (7) we obtain, after

straightforward manipulations, the GLRT statistic

t̃GLRT = (tGLRT)
1/N =

‖P0y‖2

‖P1y‖2
=

∥∥∥P⊥
HC

y
∥∥∥2

∥∥P⊥
Hy

∥∥2

H1

≷ η
H0

,

where P0 = P⊥
HC

= I−HC
(
HH

C HC
)−1 HH

C is the orthogonal

projector onto the orthogonal complement of R (HC), and

P1 = P⊥
H = I−H

(
HHH

)−1 HH is the orthogonal projector

onto the orthogonal complement of R (H).

Assume that u is linearly independent of the columns of HC,

the relation between the probability of detection Pd and the

probability of false alarm Pf a will be derived. Wheny =
HCβ +n, then the test statistic becomes

t̃GLRT =
‖P0y‖2

‖P1y‖2
=

‖(P1 +PS)y‖2

‖P1y‖2
= 1+

‖PSn‖2

‖P1n‖2
.

The random variable X0 = ‖PSn‖2

‖P1n‖2 under H0 follows an F-

distribution. Therefore, Pf a is expressed as

Pf a = 1−FX0
(η −1) =

1

ηr−1
.

For a fixed Pf a, the corresponding threshold is

η = P
− 1

r−1

f a . (10)

Note that Pf a becomes constant when η is fixed. Moreover,

the threshold value ensuring a design Pf a is invariant to the

clutter coefficients β , thus achieving CFARness.

When y = δT u+HCβ +n, the test statistic becomes

t̃GLRT =
‖P0y‖2

‖P1y‖2
=

‖(P1 +PS)y‖2

‖P1y‖2
= 1+

‖PS (δT u+n)‖2

‖P1n‖2
.

Similarly, X1 =
‖PS(δT u+n)‖2

‖P1n‖2 also follows an F-distribution.

Therefore, the probability of detection by Pd is

Pd = 1−FX1
(η −1) =

1(
1+ η−1

1+ρ

)r−1
. (11)
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Figure 2. Invariant Pd to clutter characteristics. SNR=5 dB.

Substituting Eq. (10) into (11), we have

Pd =

⎛
⎝1+

P
− 1

r−1

f a −1

1+ρ

⎞
⎠

1−r

. (12)

The probability Pd could be improved by increasing ρ .

Given that ρ = PT
σ2 sHHH

T (φ)PS (φ)HT (φ)s, it indicates

that by properly setting the RIS RCV φ , we can increase

ρ and thereby improve Pd .

4 Numerical Experiment and Use Case

In this section, we validate our theoretical models with

simulations and analyze performance in different settings.

We also showcase the unique benefits of RIS in an anti-

jamming scenario.

4.1 RIS-enabled detection improvement

The radar center frequency and bandwidth are 3 GHz and

25 MHz, respectively. The transmit energy is set to be

et = 0.01 with 1.28 μs pulse length (leading to L = 32).

The radar beam gains towards the target and N = 64 RIS

elements are set all identical as GT = GRIS,n = 1. The ge-

ometry parameters utilized for simulation are: dR,T = 7km,

dR,pc,x = 10m, dR,pc,y = 10m, dRIS = 0.05m. K = 12 unde-

sired scatters are uniformly distributed to both sides around

target. The target RCS is chosen as 0 dBm.

Figure 2 illustrates the stability of Pd against variations in

the scattering coefficient β . By generating 1,000 instances

of β and performing 5,000 Monte Carlo trials for each, we

observe that Pd maintains a consistent level for a given Pf a,

irrespective of changes in β . This behavior underscores the

detector’s limited dependency on precise clutter character-

istics and its adherence to the CFAR criterion. Furthermore,

in Fig. 3, we present the ROC curves of Pd versus Pf a
under various settings. Compared with the No-RIS cases,
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Figure 3. ROC curves of Pd versus Pf a.

RIS-aided cases demonstrate an improvement in Pd . This

enhancement is based on a proper setting of the RIS phase.

Additionally, we can see that Pd remains at a level relatively

close to the counterpart of accurate Hc, and the degenera-

tion of Pd is amplified as SNR increases.

4.2 Use case: Anti-jamming detection

We analyze a target detection scenario (Fig. 4) where the

target emits jamming signals to interfere with radar opera-

tion. By comparing range-angle profiles of RIS-aided and

No-RIS radars in Fig. ??, we leverage the range-angle point

introduced by RIS and Radar-RIS positions to discern the

true target.

5 Conclusion

This paper investigates the detection performance of a RIS-

aided radar in the presence of clutter. We introduce a test

statistic based on the GLRT principle. From this test, we

derive the probabilities of false alarm and detection, re-

vealing that the proposed detector essentially functions as

a CFAR detector, remaining invariant to clutter characteris-

tics. Simulation experiments validate our theoretical find-

ings and underscore the superiority of our proposed detec-

tor for the RIS-aided radar.
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