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ABSTRACT

Dual-function radar-communications (DFRC) systems generally em-
ploy reconfigurable intelligent surface (RIS) as a reflector in the
wireless media to enable non-line-of-sight (NLoS) sensing and com-
munications. Different from RIS, reconfigurable holographic surface
(RHS) are the surfaces with an embedded feed. These surfaces are
deployed at the transceiver thereby leading to a lightweight design
and greater control of the radiation amplitude. In this paper, we
propose a novel frequency-selective RIS-assisted wideband DFRC
system that is also equipped with a RHS at the transceiver. Our
goal is to jointly design the digital, holographic, and passive beam-
formers to maximize the radar signal-to-interference-plus-noise ratio
(SINR) while ensuring the communication SINR among all users.
The resulting nonconvex optimization problem involves maximin
objective and difference of convex constraint. We develop an alternat-
ing maximization framework to decouple and iteratively solve these
subproblems. Numerical experiments demonstrate that the proposed
method achieves better radar performance than non-RHS, non-RIS,
and randomly-configured RIS-aided DFRC systems.

Index Terms— DFRC, frequency-selective beamforming, frac-
tional optimization, RHS, RIS.

1. INTRODUCTION

A reconfigurable intelligent surface (RIS) consists of several passive
or near-passive sub-wavelength metasurface elements [1]. In general,
RIS is deployed as a reflector in the wireless media. By exploiting
the non-line-of-sight (NLoS) paths, the RIS-aided sensing [2, 3] and
communications [4, 5] systems extend their coverage [6, 7], suppress
interference [5], and secure the information transfer [8]. Lately, these
benefits are also shown to be useful [9, 10] for the emerging dual-
function radar-communications (DFRC) [11], wherein sensing and
communications jointly utilize the spectral and hardware resources.
Different from RIS, another metamaterial antenna called recon-
figurable holographic surface (RHS) [12] has been proposed. The
RHS is equipped with numerous metamaterial radiation elements
that are integrated with the transceivers. The RHS provides a greater
control of the radiation amplitude while also leading to compact and
lightweight transceiver hardware [13, 14]. Initial RHS investigations
were limited to wireless communications applications for flexible
beam steering [15, 16]. Recently, it has been successfully deployed
in the dual-function radar-communications (DFRC) system, which
aligns the holographic beam towards the target and ensures the com-
munication signal-to-interference-plus-noise ratio (SINR) [17]. How-
ever, even with the improved beam control, the RHS-aided systems
yield poor performance in the absence of a stable line-of-sight (LoS)
link thereby precipitating the need of also employing an RIS [18, 19].
Further, most of the prior research considers RIS-assisted
wireless solutions for narrowband signaling that leads to frequency-
independent passive beamformers. However, future DFRC systems
are likely to operate at millimeter-wave or higher frequencies, where

wideband processing is a necessity to harness the advantages of large
bandwidths [11]. Narrowband RIS beamformers are not usable for
such wideband systems, where the resulting beam-squint effect [20]
could no longer be ignored.

To overcome the above-mentioned limitations, in this paper, we
jointly exploit the advantages of both RIS and RHS in a wideband
DFRC. We deploy the frequency-selective RIS [21] in the channel
as a reflector while equipping the base-station (BS) with the RHS
transceiver. We consider the problem of jointly designing the digital,
holographic, and passive beamformers for the digital DFRC, RHS
transceiver, and RIS, respectively. The objective is to maximize the
radar SINR while also ensuring a minimum communications SINR
over different users. The resulting optimization problem involves
nonconvex quadratic constraint quadratic programming (QCQP) with
coupled variables. We solve this challenging problem by first decou-
pling it into several subproblems which are solved via an alternating
optimization (AO) algorithm.

Throughout this paper, we denote the vectors and matrices by
boldface lowercase and uppercase letters, respectively. The nota-
tions (-), (-)* and (-)* denote transpose, conjugate, and Hermitian
transpose, respectively; ® is the Kronecker product; I, is the L x L
identity matrix; diag(-) and blkdiag(-) denote the diagonal and block
diagonal matrix, respectively; | - | is the amplitude of complex-value;
and || - || and || - || 7 are the ¢2 and Frobenius norms, respectively.

2. SYSTEM MODEL

Consider an RIS-assisted wideband DFRC system (Fig.1), which em-
ploys orthogonal frequency-division multiplexing (OFDM) signaling
with K subcarriers. The coverage area comprises of a radar target,
Q clutter patches, and U mobile users. The BS is equipped with an
RHS fed by Ngr radio-frequency (RF) chains. The antenna elements
at BS (RIS, user) along the x- and y-axes are NEB (NE, NU) and
Nf (NE, N;J ), respectively. The frequency-dependent (wideband)
steering vectors of BS, RIS, and user are, respectively,

ap(fie, 0,9) = [1, - e /A (T (W =omDyr g
an(fi,0,) = [1,--- ¢ IR VE DRI g
av(fr, 0,9) =[1,--- efj%((Ngfl)”gﬂzvgil)ug)]T 3)

where 6 € [0, 27] and ¢ € [0, §] are azimuth and elevation angles,
respectively, Ay is the wavelength of k-th subcarrier, fj denotes the
central and k-th subcarrier offset frequency, puz = d cosfcos,
Hy = dysinfcosp is the directional cosines, and d. (dy) is the
inter-element spacing along the x- (y-) direction.

Assume 0pr, 0pu, and 0p¢, OBq (VBR, VBu, ¥VBt, and Ppq)
are the azimuth (elevation) angles from dual-function base station
(DFBS) to the RIS, u-th user, target, and g-th clutter, respectively.
Similarly, denote the azimuth (elevation) angles from the RIS to
DFBS, u-th user, target, and g-th clutter by 6rp, O ru, Ort, and Orq
(YRB, YRu, YR, and Y rg), respectively.
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Fig. 1. Illustration of RIS-aided wideband DFRC with RHS.

Wideband RHS Transmitter: The transmit symbol vector at the
k-th subcarrier is s, = [sk,1, -+ ,s%,0]T € CY*L. The frequency-
domain signal at k-th subcarrier after the digital beamforming is

Xr(fi] = Fisp € CVRF =1, | K, @

where F';, denotes the frequency-dependent beamformer to mitigate
the beam-squint [22]. Aplying Nrr K-point inverse fast Fourier
transform to (4) yields

K .
xp(t) = Zklekskeﬂ“fkt eCVrrXt it e (0,T.], (5

where 7’5 denotes the OFDM duration (excluding the cyclic prefix
(CP)). The RHS has Npr feeds and N2 x Nf discrete elements'.
At the k-th subcarrier, its electromagnetic response is [15]

VIfi] = MV € CNe Ny xNrr ©)

where Vi (p, q) = e~ 2™Pp.a/ Ak the matrix M = diag [mai,--

My NBy S TNE 7mN§7N1113], 0 < mgy < 1is the
amplitude-control beamformer of (x,y)-th RHS element, D, 4
denotes the distance between the p-th RHS element and g-th feed,
p=1,--- ,Nfo,q = 1,---, Ngrr, and = is the refractive
index of the RHS material. Hence, if the structure of holographic
surface is fixed, the matrix Vi, k = 1,---, K is known. Hence,
after the digital and holographic beamformer and upconversion, the
transmitted signal of RHS excluding CP becomes

K .
x(t) = MY ~ ViFpspel /e, )

Received signal at the u-th communications user:Subsequent to
baseband conversion, CP removal and K-point FFT, the received
signal of u-th user on the k-th subcarrier is

veulfe] =He, s MV Fisk + ne,, [ fx]
=(HE +HED, 8,.G)MV, Fisi+nc, [fi], (8)

where Hc,, 1 denotes the composite channel between BS and u-th
user, ®;, denotes the frequency-dependent phase-shift matrix [21],
nc, [fx] denotes the receiver front end noise at the k-th subcarrier

Note that the number of feed should be great or equal to the number of
active data symbols in order to guarantee the decode performance but less
than the number of RHS element to reduce the hardware cost.

with zero mean and covariance 03 I, and the wideband channel is
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where g., 5 = Pk( ﬁ)e is the free-space path loss, r is the distance
of the corresponding path and Py, is the maximum power assigned
to the k-th subcarrier, T denote the Rician factor, H%‘ik is the
direct BS-user, Hgf & is the RIS-user channel, and Gy, is the DFBS-
RIS channel in which only the LoS component is considered. The
aforementioned channels are estimated a priori [23, 24].

To estimate the symbol of u-th user, the digital combiner wy, ,, is
utilized to filter the received signal as

gk,u :Wli{uycu [fk}

H
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Based on (12), we can define the average SINR of wu-th user as
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where A, denotes the selection matrix with u-th diagonal element is
one and the others are zero and Ku =Iyp—A..
Received signal from the radar target: Similarly, for the radar
receiver, the echo signal on the k-th subcarrier

Yr[fk]= (HRt,k+ZqQ:1HRq,k)MVkaSk+nR[fk]7 (14)

where the composite channels across DFBS-target-receiver and
DFBS-clutter g-receiver are, respectively,
_ T T T
Hg, r = (hg, k + G, ®rbr, k) (hk, ; + bR, xPrGk), (15)
Hp, r = (hr,« + Gi ®xbr, k) (hE, 1 + bR, 1 PcGr). (16)
where hr, v = gBt,kaB(fk,0B¢,1¥B:) denotes the channel from
target to DFBS and bg, x = grt,kar(fk,Ort, ¥re) denotes the
channel from target to RIS. Based on (14), define the radar SINR as
e Wit He, MV Fy I3
S X W He oMV Fyl[3 + 02wl wi .
amn

SINRp, =

where wy ; denotes the radar receive filter at the k-subcarrier. In
order to enhance the target detection performance, the corresponding
SINR should be maximized, and the impact of echo signal from
clutter needs to be simultaneously minimized.



Beamformers design: Our goal in a radar-centric DFRC is to maxi-
mize the radar SINR while guaranteeing the communication SINR
over all users. We formulate this optimization problem as

maximize SINRR, (18a)
Wit Wh,u:F Pk

subjectto SINR¢,, > n, Vu, (18b)

MV Fr||5 < P, VE, (18¢)

0< MyB nB < 1,Vi,|®x| = 1,Vk, (18d)

where m,,, n, =0 denotes the (n., ny)-th RHS element is disabled
and My, n, = 1 denotes the (n., n,)-th RHS element is fully uti-
lized, and 7 denotes the threshold of communication user. Note that
the above optimization problem involves the maximin objective func-
tion, difference of convex (DC). and unimodular constraints. It is
highly nonconvex and thus difficult to directly solve.

3. ALTERNATING OPTIMIZATION

We first decouple the nonconvex QCQP into four subproblems of de-
signing the receive filter along with digital, holographic, and passive
beamformers. Then, we resort to AO to solve these problems.

Update of receive filter w ;: We first define the communi-

cation filter w,, [w{u, e ,WITQu]T and radar filter w; =
Wi, -+ ,wik]" for all subcarriers. Then, for fixed ®,F and

M, the subproblem with respect to wy, ; and Wy, ,, is

- wislw
maximize = o
Py (2wt otwilwy (19)
1 Hzpl Wa
subject to >n,Vu
2 1Vvu + U(‘Wu Wy
where the block diagonal matrix w.r.t Py is given by
¥t = blkdiag[ST, -, X1, (20a)
7" = blkdiag[ST}, -, BR1], (20b)
S0t = blkdiag[BT%, -+ B u=1,---,U, (20c)
=7 = blkdiag[ST,, - SR Ju=1,--- ,U. (20d)
and
o0, =He, s MV, FLAF ViMTHE ., (2la)
7 = He, MV, F AFY VIMYHE (21b)
S04 = Hg, «MV,FF{ VIMHj, 2lc)
= Q
o= ZqzlﬂRq,kakaFkvaMng,k (21d)

To simplify the design process, we fix the digital combiner of user as
all one vector and the related optimization problem will be discussed
in the full version of this work. Then, P; can be tackled by solving
HsP
2 1
maximize = t e Wi . (22)
wi wHY w4+ o2wHwy

Notice that Problem (22) is composed of a set of generalized Rayleigh
quotient programming in which the closed-form solution can be given
by

wi = p(Z7 + 0l ysg) 'S0, t=1,---,T, (23)

where p(-) denotes the operation of principal eigenvector.

Update of digital beamforming F':

. fxreg
maximize =P
f fES2f + o2wlw,
P24 subjectto ||SxEf||3 < Pi, VE, (24)
fExP:f

> n, Vu,
FERT2f 4 o2wHw,

where f = [vec(F1)T, -+ vec(Fx)T]"
tion matrix to extract k-th interval of vector, 2 = blkdiag[(Iy ®
MV,), -, (Iy ® MV )], and the block diagonal matrices 37 2,
flfz, >72 and f]fz are similarly defined as (20) and we omit it
herein due to the space limitation.

Note that P is highly nonconvex due to the fractional quadratic
objective function and second constraint. Hence, we simplify it via
the first-order Taylor approximation as

, Sk denotes the selec-

2R(FO T mP2£) O P25
FERT2f 4 o2whw,

P21 { subjectto ||SLEF||3 < Pk, VE, (25)

2R(FD T mP2 ) O T P25 1)

fHST2f + o2wlw,

maximize
f

>, Vu,

This is a standard fractional maximization problem that can be solved
using Dinkelbach-based method [25, 26].
Update of holographic beamformer M:

. m”R(Z73)m
maximize =5
0Xm=1 mMTR(E?)m + o2w w,
P34 subjectto ||diag(m)ViFy|% < Py, Vk, (26)
m”R(E7?)m

== >, Vu,
mTR(X,%)m + o2wilw,

where m = M1y, ~, and the matrices »7s, 2P, 5P and B78
are similarly defined as (20) which are omitted it herein. Similar to
P, reformulate P3 as

2m® " R m - m® RSP )m
m”R(E7?)m + o2wi w,

P31 subject to ||diag(m)VyFy||3 < Py, Vk,

omO R(ZP ) m—m® R(ZP)m®
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0=<m=1

>n, Yu.

27
This subproblem is similar to the previous P-.1 and Dinkelbach-based
method is applicable here.
Update of passive beamformer ®;: With the fixed wi, ¢, Wi v, Fi,
M, the subproblem w.r.t phase-shift design is

maximize SINRRg,

P,
P4 SUbjeCt tO |¢| = 1’ |‘P‘ = 15¢ = ‘107 (28)
IsPip* +oR(pTdl)+d)
¢ = " +2R(p du )+~7: >n,Vu,
¢Tzu4¢>*+2§}%(¢Tdu4)+du4
where d74 Seidit, dbt = [T dRA L dLt =

Sedi + Ucwfwu, drs = [d7’4

1,

P4 P. s P.
adK,u]a 21/,4 and 211.4
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Fig. 2. Radar SINR versus number of iterations.

are similarly defined as (20) and hence we omit it here due to limited
space. For the unit-sphere programming, it is solved by Riemannian
steepest decent (RSD) algorithm [27]. The, P4 is reformulated as

ft(d)a )
maxnmze
b.p gt(¢7 )
Paq { subjectto|@]=1,|p|=1,¢—-¢ =0, (29)
TPy 4% T 3Py Py
7RG LIRS AT
¢T254¢* +2§R(¢Td54)+d54
where
f(p,0) = ¢ 7 (@)d" +2R($7d} () +di " (9)  (30a)
= 0" Z (D)@  +2R( A} () +d7 (¢), (30D)
9:(d,0) = TE] ()" +2R(d7dT () +d] () (30c)
:soTEP(¢)<p*+2%(sonP4(¢))+JZ’4(¢) (30d)
Rewrite the problem P4.1 as
maxXimize fe(@, ) — Ag9:(d, )
Pio subjectto [p| = 1,|p| =1,¢ —p =0, 3D
TP +oR(pTdl4)+dl4
BT SD G ORGP
PTI r +2R(PTdu?) +du*
where A\ = £ :gi 2) denotes the Dinkelbach parameter. Utilizing

the first-order Taylor approximation, we simplify problem P4 2 as

fi(®, )
Pas § subjectto |¢| =1,|¢| =1,¢ —p =0, (32)
2R(p" pl*) < const.,Vu.

minimize Agpg:(p, @) —
P,

where ft (¢, ) is a lower bound function of f; (¢, ) and p}* is the
reconstructed vector to linearize the SINR constraint. Then, problem
‘P4.3 is solved by the C-ADMM algorithm as the previous work [28].

4. NUMERICAL EXPERIMENTS

In the simulations, RHS, RIS, and MU are equipped with the UPA
with N2x NP =5x5, NFx N =6x6,and N x N/ =2x2
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Fig. 3. Radar SINR versus Communication SINR.

elements, respectively. Meanwhile, BS has Nrr = 4 feeds which are
connected with RHS. We deploy a BS at the 3-D position [0, 0, 0] and
a RIS at [100, 100, 100]. A single target is located at [200, 150, 50],
two clutters are at [300, 250, 60], [100, 125, 60], respectively, and
two user are located at [400, 350, 30] and [430, 260, 30]. The central
frequency of the wideband DFRC is f. = 10 GHz and the frequency
step of OFDM is set to A f = 20 MHz. The total number of subcarri-
ers is K = 32. The inter-element spacing for the RHS, RIS, and MU
are set as \¢/6, A\c/2 and A./2, respectively. The transmit power
at each subcarriers is set to P, = 15 dB, Vk. The noise variances
are 0% = —5dB and o0& = —35dB. We set the SINR threshold
1 = 10dB for all users. The maximum iteration for C-ADMM and
AM are set as 20 and 30 times.

Fig. 2 shows the achievable radar SINR versus the number of iter-
ations. It is seen that the proposed algorithm converges within around
15 iterations. Obviously, if we optimize the receive filter, digital, holo-
graphic and passive beamformer, simultaneously, the highest radar
SINR is achieved compared with non-RHS, non-RIS and random RIS.
Fig. 3 illustrates the radar SINR versus the communications SINR.
In DFRC system, the increase in communications SINR leads to the
performance loss for radar SINR. A higher communications SINR
exacerbates this loss. Hence, RHS-aided DFRC system requires a
performance trade-off between radar and communications.

5. SUMMARY

We considered joint use of the RHS and RIS to assist a wideband
DFRC system. Our design of digital, holographic, and passive beam-
formers shows improvement in the performance of the DFRC system
when compared with non-RIS and non-RHS systems. The key chal-
lenge to the design problem arises from coupling of various parame-
ters and nonconvexity. We showed that our alternating optimization
approach facilitates not only decoupling but also a tractable design.
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