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Abstract—In this paper, we use a reconfigurable intelligent
surface (RIS) to enhance the radar sensing and communication
capabilities of a mmWave dual function radar communication
system. To simultaneously localize the target and to serve the
user, we propose to adaptively partition the RIS by reserving
separate RIS elements for sensing and communication. We design
a multi-stage hierarchical codebook to localize the target while
ensuring a strong communication link to the user. We also
present a method to choose the number of times to transmit the
same beam in each stage to achieve a desired target localization
probability of error. The proposed algorithm typically requires
fewer transmissions than an exhaustive search scheme to achieve
a desired target localization probability of error. Furthermore,
the average spectral efficiency of the user with the proposed
algorithm is found to be comparable to that of a RIS-assisted
MIMO communication system without sensing capabilities and
is much better than that of traditional MIMO systems without
RIS.

Index Terms—Dual function radar communication system,
joint communications and sensing, mmWave MIMO, reconfig-
urable intelligent surfaces.

I. INTRODUCTION

Modern systems envisioned to jointly implement sensing
and communication functionalities are gaining significant at-
tention for 6G communications [1]–[3]. Such systems are
referred to as joint radar communication (JRC) systems. The
main objective of a JRC system is to enable coexistence
between the communication and sensing functionalities by
ensuring reliable communications with the users while using
the same spectrum for sensing and localizing targets. Usual
techniques to enable JRC include the design of beamformers
to reduce interference between the radar and communication
signals, embedding information symbols in radar waveforms,
or using conventional communication symbols to carry out
radar sensing [1]–[4], to name a few.

A dual function radar communication base station (DFBS)
is a type of JRC system that consists of a base station that
can simultaneously communicate with users (UEs) and receive
as well as process echo signals reflected from radar targets.
A major challenge in operating at the mmWave and higher
frequencies is the extreme pathloss. Achieving reasonable
radar sensing and communication performance in mmWave
DFBS systems thus require techniques to combat such harsh
propagation environments.

A new technology called reconfigurable intelligent surfaces
(RISs) has emerged as a popular choice for mmWave com-
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munications to favourably modify the wireless propagation
environment between the transmitter and receiver [5]. RIS
is a fully passive two-dimensional array consisting of sub-
wavelength elements, which can be tuned remotely from the
DFBS to introduce certain phase shifts to the electromagnetic
waves incident on it and focus the signal energy in desired
directions.

In this work, we consider a JRC system with a DFBS that
communicates to the UE and performs radar sensing with
assistance from an RIS.

A. Major contributions

We present an algorithm to enable simultaneous DFBS-UE
communications and localization of a point target, which is not
directly visible to the DFBS. To do so, we use RIS to obtain
a non-direct path between the DFBS and target, and carefully
choose the phase shifts at the RIS to beamform towards both
the UE and target. During routine surveillance operations,
we propose to use a small part of the RIS to transmit wide
beams while using the majority of the RIS elements for
communications. For target localization, we design a multi-
stage hierarchical codebook from which we transmit beams
that progressively get sharper as the stage progresses by
reserving a larger portion of the RIS for localization. The
echo signals from the target act as feedback due to which
the proposed algorithm requires fewer transmissions than
exhaustively searching over the entire region of interest. We
also present a strategy to choose the number of snapshots
to be used in each stage to compensate for the varying
array gain and to achieve the desired performance in terms
of the probability of target localization error. The average
spectral efficiency of the UE with the proposed algorithm
is found to be comparable to that of a RIS-assisted MIMO
communication system without sensing capabilities and is
much better than that of MIMO systems without RIS.

II. SYSTEM MODEL

Consider a setup with one DFBS, which simultaneously
serves a user equipment (UE) and localizes a radar target
with assistance from a fully-passive RIS. The DFBS and UE
have uniform linear arrays (ULAs) with, respectively, Nb and
Nu elements that are half a wavelength apart. The RIS is a
uniform planar array (UPA) with Nr phase shifters that are
spaced less than half a wavelength.

Let us denote the array response vectors of the ULAs at
the DFBS and UE towards an angle θ as b(θ) ∈ CNb and
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u(θ) ∈ CNu , respectively. The nth entry of the steering
vectors b(θ) and u(θ) is ej(n−1)π sin θ. For an azimuth angle
φ and elevation angle ψ, we can define the direction cosines
vx = sin ψ sin φ and vy = sin ψ cos φ, and collect them
to form the direction cosine vector v = [vx, vy]T. The array
response vector of the RIS in the direction v, denoted by
r(v) ∈ CNr , admits a Kronecker product structure r(v) =
rx(vx) ⊗ ry(vy) with rx(vx) ∈ C

√
Nr and ry(vy) ∈ C

√
Nr

being the array steering vectors of the RIS along the horizontal
and vertical directions, respectively. Here, ⊗ denotes the
Kronecker product. Let us collect the RIS phase shifts in
ω ∈ CNr . We assume that the RIS phase shifts can also be
factorized as ω = ωx⊗ωy , where each entry of ωx ∈ C

√
Nr

and ωy ∈ C
√
Nr is unit modulus. We refer ωx and ωy as the

RIS phase shifts corresponding to the horizontal and vertical
directions, respectively.

Let us denote the DFBS-UE, DFBS-RIS, and RIS-UE
MIMO channels as Hbu, Hbr, and Hru, respectively. These
channels are assumed to be known (or estimated [6]). In
addition, they are assumed to have only the line-of-sight
(LoS) component due to the severe pathloss at the mmWave
frequencies [7].

A. The downlink transmit signal

The DFBS transmits two data streams collected in S =
[sr, su]T ∈ C2×Ts with Ts symbols towards the RIS and UE
using a precoding matrix F = N

−1/2
b [b(θr) b(θu)] ∈ CNb×2,

where θr and θu are the angles of departure of the paths from
the DFBS towards the RIS and UE, respectively. The data
stream sr for the RIS is allocated a power pr and the data
stream su for the UE is allocated a power pu such that P =
pr + pu. Then the signal transmitted from the DFBS is given
by X = FPS =

√
pr
Nb

b(θr)s
T
r +

√
pu
Nb

b(θu)sT
u , where P =

diag(
√
pr,
√
pu) is the power allocation matrix.

B. The DFBS-RIS-target radar link

We assume that there is no direct path between the DFBS
and target, which we model as a far-field point scatterer.
We use the RIS to scan the scattering scene by forming
focused beams based on the signals from the DFBS. The
signal reflected from the scatterer is focused back to the DFBS
via the RIS for radar processing.

Let vb = [vbx, vby]T be the direction cosine vector of the
path from the DFBS at the RIS. The channel matrix Hbr is
given by

Hbr = gbrr(vb)b
H
(θr), (1)

where gbr = βbr
√
η

br
is the path attenuation with βbr

and ηbr being the small-scale fading and large-scale fading,
respectively. The target response matrix (or the RIS-target
channel) for a scatterer in the scan direction vt = [vtx, vty]T

with respect to the RIS is given by

T(vt) = γr̄(vt)r
H
(vt), (2)

where γ = ρηrt is the scattering coefficient with ηrt and
ρ ∼ CN (0, 1) denoting the large-scale fading and the radar

cross section of the scatterer, respectively. The signal reflected
by the scatterer in the direction vt and received at the DFBS
via the RIS is given by

Yr = H
T
brΩ

T
T(vt)ΩHbrX + Nr, (3)

where Ω = diag(ωx ⊗ ωy) and Nr is the noise matrix at
the DFBS whose entries are assumed to be i.i.d. complex
Gaussian with zero mean and variance σ2

b. Using (1) and
(2), and exploiting the Kronecker structure of the RIS UPA,
(3) can be simplified to Yr = γcx(vtx)cy(vty)B(θr)X +
Nr, where the squared spatial responses of the RIS to-
wards the scan directions vtx and vty for the DFBS sig-
nal impinging on the RIS in the direction vb are, respec-
tively, cx(vtx) = [rH

x(vtx)diag(ωx)rx(vbx)]2 and cy(vty) =
[rH

y (vty)diag(ωy)ry(vby)]2, and B(θr) = g2
brb̄(θr)b

H(θr).

C. The DFBS-UE and DFBS-RIS-UE communication links

The signal received at the UE, from the DFBS, is given by

Yu = (Hbu + HruΩHbr)X + Nu, (4)

where Nu is the noise matrix at the UE whose entries are
assumed to be i.i.d. complex Gaussian with zero mean and
variance σ2

u. The channel matrices are defined as Hbu =
gbuu(ζb)bH(θu) ∈ CNu×Nb and Hru = gruu(ζr)r

H(vu) ∈
CNu×Nr , where ζb and ζr denote the angles of arrival of the
paths from the DFBS and RIS at the UE, respectively, and
vu = [vux, vuy]T is the direction cosine vector of the UE at
RIS. The received signal is beamformed using the combiner
C = N

−1/2
u [u(ζr) u(ζb)] ∈ CNu×2.

The main aim of this paper is to localize the target by
estimating the direction cosine vector vt at the DFBS while
ensuring a rank-2 communication channel Hbu + HruΩHbr

between the DFBS and UE.

III. CODEBOOK DESIGN FOR LOCALIZATION

In this section, we present the proposed algorithm that
includes the design of RIS phase shifts to form a codebook
and select beams from the codebook to localize the target.
We design the RIS phase shifts to simultaneously scan the
target while ensuring a rank-2 channel towards the UE. To
enable this coexistence, we propose to adaptively partition and
allocate the RIS elements for communications and sensing by
operating in one of the two modes, namely, the surveillance
mode or localization mode. The proposed partitioning scheme
is illustrated in Fig. 1(a).

We are interested in designing two-dimensional beams with
a URA at the RIS for simultaneous localization as well as
communications. Typically used one-dimensional beams with
ULAs (e.g., the codebook design from [8]) are not suitable
for passive RISs because of the unit modulus constraints on
the RIS phase shifts.

In the surveillance mode, to detect the presence of a target,
we use widebeams formed using a small number of RIS
elements to scan large sectors. The remaining elements are
used to serve the UE. If the target is not always present, then
we mostly operate in the surveillance mode. In the localization
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Figure 1: (a) Illustration of the partitioning of the RIS for localiza-
tion and communications. (b) Beam patterns of the first 4 stages of
the codebook for localization (horizontal direction). (c) Partitioning
of the vx − vy grid for the first two stages.

mode, instead of exhaustively searching in different scan
directions with fine pencil beams, we start with a widebeam
and progressively make the beams narrower using a larger
number of RIS elements to localize the target precisely.

Partitioning the RIS elements for sensing and communica-
tions results in a fundamental tradeoff between the localization
accuracy and the communication spectral efficiency. A disad-
vantage of allocating fewer RIS elements for localization in
the initial stages is the limited array gain, which, nonetheless,
can be compensated by performing multiple transmissions
using the same beam within an observation window in which
the target is assumed to be stationary.
A. Codebook design

Let us assume that the target direction cosines lie on a
discrete grid of D points V = {v1, v2, . . . , vD}, i.e., vx, vy ∈
V . The beams for the hierarchical codebook are designed
such that a certain portion of the (vx, vy) direction cosine
grid is illuminated. We partition the RIS and design separate
beams for localization and communication. From the assumed
Kronecker structure of the RIS phase shifts ω = ωx ⊗ ωy ,
we adopt a simple design procedure to design ωx and ωy
independently. Next we discuss the procedure to design a unit
modulus phase shift w ∈ C

√
Nr that represents either ωx

or ωy .
Let Ls and Cs denote the number of elements of w used for

localization and communications in the sth stage, respectively,
such that Ls + Cs =

√
Nr. At each stage, we partition V

into disjoint sets and design the beam to scan a specific
angular sector. Particularly, for the sth stage, we have 2s

partitions with the ith partition corresponding to the grid
indices Is,i =

{
D
2s (i− 1) + 1, D2s (i− 1) + 2, . . . , D2s i

}
for

i = 1, 2, . . . , 2s. Let ws,i =
[
gT
s,i hT

s,i

]T
∈ C

√
Nr denote

the ith beam in the sth stage with gs,i ∈ CLs and hs,i ∈ CCs ,
being the part of the beamformer corresponding to the radar
and communications, respectively. To design the beamformer

to scan a certain partition of the direction cosine space, we
choose gs,i such that

r
H

x(vj)diag(gs,i)rx(vbx) =

{
Ls for vj ∈ Is,i
0 otherwise

, (5)

where j = 1, 2, . . . , D. Defining the RIS array re-
sponse corresponding to the directions in V as R =
[rx(v1), . . . , rx(vD)] ∈ CLs×D, (5) can be written as

R
H
diag(gs,i)rx(vbx) = Ls1s,i, (6)

where 1s,i ∈ {1, 0}D is an indicator vector with ones at the
indices corresponding to Is,i and zeros elsewhere. Using the
property vec(Adiag(g)B) = (BT ◦A)g, we have (rT

x (vbx) ◦
RH)gs,i = Ls1s,i. Here, ◦ denotes the Khatri-Rao product.

Now, the design of gs,i can be stated as the solution to the
following optimization problem

minimize
gs,i∈CLs

‖(rT
x (vbx) ◦R

H
)gs,i − Ls1s,i‖2

subject to |[gs,i]m| = 1, m = 1, 2, . . . , Ls, (7)

where we have unit modulus constraints because the RIS has
only passive elements. The above problem can be iteratively
solved using updates of the form [9, Algorithm 1]

g
(k+1)
s,i = exp

(
j angle

{
g

(k)
s,i + µA

H
(Ls1s,i −Ag

(k)
s,i )
})

,

where A = (rT
x (vbx) ◦ RH) and µ is the step size. The

beampatterns corresponding to the horizontal direction cosine
space for first few stages are shown in Fig. 1(b), where we
use (L1, L2, L3, L4) = (4, 8, 16, 16). We can observe that
the beams become narrower as the stage index increases. By
reserving only a small number of RIS elements, we obtain
sufficiently wide beams in the initial stages, albeit a smaller
array gain.

The design of the phase shifts for the communication
part of the RIS, i.e., hs,i, to form a pencil beam to-
wards the UE to ensure a rank-2 communication channel
Hbu + Hrudiag(ws,i)Hbr, is relatively straightforward. Us-
ing the Kronecker factorization of w, the gain offered by
the RIS elements reserved for communication to the UE
in the horizontal direction can be computed as cux =
rH

xc(vux)diag(hs,i)rxc(vbx), where rxc(.) ∈ CCs denotes the
last Cs elements of the RIS array response vector rx(.) ∈
C
√
Nr . To focus the entire signal energy impinging on the RIS

from direction vbx to the direction vux, we choose the phase
shifts such that cux is maximized. It can be shown that cux at-
tains its maximum value Cs when hs,i = r̄xc(vbx)�rxc(vux),
where � is the Hadamard product.

Let us denote the possible beams in the sth stage as Ws =[
ws,1 ws,2 . . . ws,2s

]
∈ C

√
Nr×2s

. Then the desired set
of two-dimensional beams in the sth stage, which illuminates
a certain partition of the (vx, vy) grid while forming a pencil
beam to the UE is given by Ωs =

[
ωs,1 . . . ωs,4s

]
=

Ws ⊗Ws ∈ CNr×4s

, where ωs,i ∈ CNr denotes the RIS
phase shifts corresponding to the ith beam in the sth stage.
Since each beam ws,i essentially scans a certain partition in
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the vx (or vy) space, each column of Ωs scans a certain
partition of the (vx, vy) grid. For example, since w1,1 covers
the range −1 ≤ vx ≤ 0 (or −1 ≤ vy ≤ 0), ω(1,1) =
w1,1 ⊗w1,1 covers the range −1 ≤ vx, vy ≤ 0, as illustrated
in Fig. 1(c). Using the designed beams, we now discuss the
target localization algorithm.

B. Target localization

In the first stage, we transmit four beams corresponding
to the four columns of Ω1 and compare the power of the
received signal at the DFBS. The partition of the (vx, vy)
space corresponding to the largest received power is selected
and that is further divided into four more parts. In the second
stage, we then transmit four beams corresponding to this
partition. For example, if the 3rd beam in the first stage
results in the largest received power, we next select beams
{9, 10, 13, 14} for the second stage as illustrated in Fig. 1(c).
This process is then repeated for other stages.

In general, let Ps = {ps1, ps2, ps3, ps4} be the indices of
the beams to be transmitted during the sth stage. Then the
signal received at the DFBS related to the ith beam is given
by Y

(s,i)
r = HT

brdiag(ωs,psi)
TT(vt)diag(ωs,psi)HbrX+Nr

for i = 1, 2, 3, 4. This signal is then beamformed using
b̄(θr) and correlated with the transmitted signal sT

r to obtain
zT
s,i = bT(θr)Y

(s,i)
r diag(s̄r) ∈ C1×Ts , i = 1, 2, 3, 4. We now

identify the partition of the (vx, vy) space with the largest
received power by computing the average power received for

each beam as τs = arg max
i

∣∣∣ 1
Ts

∑Ts

m=1[zs,i]m

∣∣∣2. Based on

the value of τs, we then choose the set of indices for the
(s + 1)th stage, Ps+1, and so on. We finally estimate the
target direction v̂t from the partition chosen at the last stage
Ns = log2Nd.

Due to the limited array gain for localization in the initial
stages of the codebook, an appropriate selection of Ts is
crucial for the performance of the proposed algorithm. Next,
we present as a theorem a way to select the number of snap-
shots Ts in each stage to achieve a desired target localization
probability of error.

C. Design for the desired probability of error

Let (i, j) and (̂i, ĵ) denote the position of the partition in
the (vx, vy) grid corresponding to the true direction cosine vt

and the estimated direction cosine v̂t, respectively. The target
localization probability of error is defined as E = Pr((̂i, ĵ) 6=
(i, j)). Similarly, let (is, js) and (̂is, ĵs) represent the true and
estimated partitions of the (vx, vy) grid in the sth stage of the
proposed algorithm. Then the probability of error in the sth
stage is defined as Es = Pr((̂is, ĵs) 6= (is, js)).

Theorem 1. Let us assume that the horizontal and the vertical
beamformers satisfy (6). Then the probability of error at each
stage, Es, is less than or equal to δ if the power allocated
towards the RIS, pr, and the number of transmissions Ts
satisfies

prTs =

(
κ

1− κ
2

)
σ2
b

N2
bL

8
sη

2
brη

2
rt

, (8)

where κ = 2(1− 2
3δ).

Proof. Using the results from [8, (31)-(40), Theo. 1] and [10,
(22), (24)-(35)], we can obtain an upper bound on the average
error probability for the sth stage, Es. When the horizontal
and vertical codebook satisfies (6), the beams designed in each
stage partition the (vx, vy) plane into 4s non-overlapping parts
as shown in Fig. 1(c). This allows us to obtain a simplified
expression for Es similar to the one obtained in [8, Corollary
2]. To ensure that the probability of error in each stage is
bounded, we can set the upper bound obtained to δ. 2

Since the probability of error in each stage is upper bounded
by δ, we can show that the overall probability of error is upper
bounded by Nsδ using the union bound. Hence, given pr,
Theorem 1 allows us to select Ts to achieve a desired target
localization performance, when the target is stationary in this
observation window.

IV. NUMERICAL EXPERIMENTS

In this section, we illustrate the performance of the pro-
posed target localization algorithm through numerical simu-
lations. An inter-element spacing of λ/2 and λ/4 are used
for the ULA and RIS, respectively, where λ is the signal
wavelength. The search grid V is obtained by choosing
D = 32 equally spaced points from [−1, 1]. We choose
vtx = −0.4127, and vty = 0.5397, with corresponding angles
being ψrt = 42.790 and φrt = −37.400. Pathloss for each
path is modeled as ηxy = ( η0dxy

)αxy , where η0 = −30 dB
is the reference path loss at 1 m, αxy is the path loss
exponent and dxy is the distance between the considered
terminals in metres (m) with x, y ∈ {b, r,u}. The number
of elements reserved for localization in each stage is selected
as (L1, L2, L3, L4, L5) = (4, 8, 16, 16, 16). Details of the
parameters used for the simulation are summarized in Table I.
Since the SNR at the DFBS and UE vary with different stages
of operation, we present the simulations results as a function
of P = pr + pu with P = 0.5I, i.e., pr = pu = 0.5P .

In Fig. 2(a), we present the probability of error for the first
two stages of the proposed algorithm when we use 1 snapshot
for all stages (i.e., Ts = 1, ∀s, indicated as simulated,
Ts = 1) and when we choose Ts based on (8) (indicated as
simulated, proposed) to achieve a desired stagewise
error probability of δ = 0.05 for a specific P .

We can observe that it is not possible to achieve the desired
error probability with a single snapshot, especially for the first
stage due to the limited array gain for localization. Fig. 2(b)
shows the value of Ts for the first two stages computed
using (8). As expected, the second stage requires fewer
snapshots due to the increased array gain. Specifically, for

(Nb, Nu, Nr, D) (64, 16, 64× 64, 32)
(θr, θu, ζb, ζr) (450,−250,−300, 250)
(vux, vuy, vbx, vby) (0.105,−0.343, 0.133,−0.112)
(dbu, dbr, dru, drt) (20 m, 10 m, 10 m, 5 m)
(αbu, αru, αrt, αbr) (3.5, 2.8, 2.8, 2.5)
(σ2

b , σ
2
u) (−94 dBm,−80 dBm)

Table I: Parameters used in the simulations.
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Figure 2: (a) Stagewise error probability. (b) Required number of snapshots to achieve δ = 0.05. (c) Error probability. (d) Spectral efficiency.

the considered range of P , we found that T3 = T4 = T5 = 1
would already achieve the desired error probability, and the
total number of snapshots

∑5
k=1 Tk is comparable to T1.

Probability of error for the proposed algorithm after Ns

stages is presented in Fig. 2(c). We can observe that the
proposed power-snapshot allocation presented in (8) ensures
that the probability of error is within the tolerance. For
reasonable levels of target detection SNR, the number of
snapshots required to perform localization using the proposed
codebook is much less than what is required by the exhaustive
search. For example, with P = 6 dB and L1 = 4 and
for the values of the receiver noise and path loss given in
Table I, we get an approximate target detection SNR of 2 dB
at the DFBS. Total number of transmissions required by the
proposed codebook is (36+1+1+1+1)×4 = 160. However,
an exhaustive search scheme, where the space is scanned
using pencil beams corresponding to each of the D = 32
directions in the horizontal and vertical directions, requires
32× 32 = 1024 transmissions.

Impact of the localization operation on communications
with the UE is characterized by computing the average spec-
tral efficiency (SE) of the UE, which is defined as SE =

E
[
log2 det

(
I2 + 1

σ2
u
HeffHH

eff

)]
, where Heff = CH(Hbu +

HruΩHbr)FP, and the expectation is carried out over differ-
ent realizations of the small-scale fading coefficients, which
are assumed to be Gaussian distributed with unit variance. The
best SE is obtained when the least number of RIS elements
are allocated for localization.

The SE of the UE for the proposed JRC system is presented
in Fig. 2(d). We can observe that the best case average SE ob-
tained during Stage 1 is comparable to the benchmark scheme,
which is a conventional RIS-assisted MIMO communication
system without radar sensing capabilities. This also means that
the SE achievable by the UE is on par with that of a system
without sensing capabilities when the DFBS is operating in the
surveillance mode. Similarly, we can observe that the worst
case SE obtained in Stage 5 is about 3 dB less than what is
achieved by the benchmark scheme and is much better than
the SE of a MIMO system without RIS.

V. CONCLUSIONS

In this paper, we used RIS to enable the coexistence
between communication and radar sensing in a mmWave
DFRC MIMO system. To simultaneously serve the UE and

to localize the target, we dynamically partitioned the RIS
into two parts for localization and communication. We de-
veloped a two-dimensional hierarchical codebook for target
localization and presented a method to choose the number
of snapshots to be used in each stage to achieve a desired
target localization probability of error. For reasonable SNRs
and target localization errors, the proposed algorithm requires
fewer transmissions than an exhaustive search scheme. The
average SE of the UE for the proposed algorithm is found to be
comparable to that of a RIS-assisted MIMO communication
system without sensing capabilities and is much better than
that of traditional MIMO systems without RIS.
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