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Abstract—Joint device-to-device (D2D) and cellular commu-
nication is a promising technology for enhancing the spectral
efficiency of future wireless networks. However, the interference
management problem is challenging since the operating devices
and the cellular users share the same spectrum. The emerging
reconfigurable intelligent surfaces (RIS) technology is a potentially
ideal solution for this interference problem since RISs can shape
the wireless channel in desired ways. This paper considers an
RIS-aided joint D2D and cellular communication system where
the RIS is exploited to cancel interference to the D2D links and
maximize the minimum signal-to-interference plus noise (SINR)
of the device pairs and cellular users. First, we adopt a popular
alternating optimization (AO) approach to solve the minimum
SINR maximization problem. Then, we propose an interference
cancellation (IC)-based approach whose complexity is much lower
than that of the AO algorithm. We derive a representation for
the RIS phase shift vector which cancels the interference to the
D2D links. Based on this representation, the RIS phase shift
optimization problem is transformed into an effective D2D channel
optimization. We show that the AO approach can converge faster
and can even give better performance when it is initialized by the
proposed IC solution. We also show that for the case of a single
D2D pair, the proposed IC approach can be implemented with
limited feedback from the single receive device.

I. INTRODUCTION

With the proliferation of mobile users and devices, joint
device-to-device (D2D) and cellular communication has been
envisioned as a promising technology for enhancing spectral
efficiency in future wireless networks [1]. In this technology,
devices and cellular users operate on the same spectrum, and
therefore significantly improve the network spectral efficiency.
However, the interference management problem is very chal-
lenging due to spectrum sharing between the operating devices
and cellular users [2]-[4]. Fortunately, the D2D interference
problem can be effectively addressed by reconfigurable intel-
ligent surfaces (RISs)-a recent innovative technology capable
of shaping the wireless channel in desired ways [5], [6]. For
example, the works in [7]-[9] show that an RIS can be used
to effectively null out or mitigate interference in D2D systems.
While the work in [7] considers a conventional passive RIS
structure which can only change the phase of the incoming
signal, the authors in [8], [9] show that a hybrid RIS structure
with the capability of simultaneously changing the phase and
amplitude of the incoming signal can provide better interfer-
ence cancellation performance. However, these prior works all

This work was supported by the National Science Foundation under grants
CNS-2107182 and ECCS-2030029.

consider systems with only D2D links, i.e., there were no active
co-channel cellular users present.

RIS-assisted joint D2D and cellular communication has
been studied in several recent papers. For example, the works
in [10] and [11] perform analyses for RIS-assisted D2D
communications under Rician and Nakagami-m fading chan-
nels, respectively. The study in [10] investigates the effective
capacity and performs mode selection to determine whether
the D2D communication is established through an RIS or a
base station (BS). The authors of [11] derived closed-form
expressions for the outage probability of the D2D links and
the resulting diversity order. Unlike [10], [11] which perform
system analysis, some other recent papers focus on system
design and optimization [12]-[17]. In particular, the sum-rate
maximization problem was considered in [12]-[15] and deep
reinforcement learning was used in [12], [14]. However, the
works in [12], [14] assume that the BS is equipped with only
one antenna and only one D2D pair is allowed to share the
spectrum with a single cellular user. Multiple D2D pairs sharing
the same spectrum with a cellular user were considered in [13],
[15], but it was still assumed that the BS has only one antenna.
The sum-rate maximization problem for systems with a multi-
antenna BS was studied in [16], [17], but again they assume
only one D2D pair sharing the spectrum with one cellular user.

Unlike the aforementioned works which consider the sum-
rate maximization problem with relaxed system assumptions,
we study a different problem that takes into account the
fairness by maximizing the minimum signal-to-interference-
plus-noise ratio (SINR) over the cellular users and devices. We
also consider a more challenging RIS-assisted joint D2D and
cellular communication system where multiple cellular users
share the same spectrum with multiple D2D pairs and the BS
is also equipped with multiple antennas. The contributions of
our paper is summarized as follows:

o First, we adopt a popular alternating optimization (AO)
approach and the semi-definite relaxation (SDR) technique
to optimize the combining matrix at the BS and the RIS
phase shift vector that maximize the minimum SINR over
the cellular users and devices.

« Next, we propose an interference cancellation (IC)-based
approach whose complexity is much lower than that of the
AO algorithm. More specifically, we first derive a repre-
sentation for the RIS phase shift vector that cancels the in-
terference to the D2D links. Based on this representation,
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TABLE I: Channel description and notation.

Channel Notation Size
RIS — BS HEE M x N
CU — RxD H" L x K
TxD — RxD HP LxL
CU — BS HY £ W%, hiE] M x K
TxD — BS H £ [hDE, .. hi®) M x L
RIS — RxD HP £ [, hi0jH LxN
CU — RIS H® 2 W hiR) N x K
TxD — RIS H™® £ [hR . hOY NxL
cascaded TxD—RxD (g?Dé,)H (W) diag (h2}) | 1x N
cascaded CU—RxD (gl ) = (hf)H diag (h¥*) | 1x N
cascaded CU—BS GYF = H™® diag (h{") M x N
cascaded TxD—BS GDB H"® diag (hD?) M x N

we transform the RIS phase shift optimization problem
into an effective D2D channel optimization problem. We
show that the AO approach can converge faster and can
even give better performance when it uses the proposed
IC solution as its initial point.

o We also show that for the case of a single D2D pair, the

where SINRE and SINR% given in (2) and (3) denote the SINR
of the /-th device pair and the SINR of user-k, respectively.
ITI. ALTERNATING OPTIMIZATION APPROACH

This section develops an AO approach to solve the joint
D2D and cellular communication problem in (1). We alternately
optimize the BS combiners {wy} and the RIS phase shift ¢.

A. Optimizing {wy} given ¢

Let f® £ h¥® + G and f?® £ h® + G®¢ define the
effective channel from user-k to the BS and from the transmit
device-¢ to the BS, respectively. The optimal linear minimum
mean squared error (LMMSE) combiner at the BS for user-k
is given as

K
Wy, = ( Z pu E (£

-1
+ZPD 7B fDB +UBIM> 2.
k'=1

4)
B. Optimizing ¢ given {wy}

Let ( I,fk,)H 2 Wy G
express the term |wil (h%8 + GV?

A UB
and 0% = Wi hk, then we can

)|2 in (3) as follows:

proposed IC approach can be implemented with limited \wf (b + GP )|2 \Il S B = tr(‘i"Ilz?k,) ®)
feedback from the receive device. Finally, we numerically _ L
show the gains and benefits of the proposed approaches.  where ¢ = [¢T7 17, ® = ¢)d)
II. SYSTEM MODEL AND PROBLEM FORMULATION - ‘,in,( ‘,in,)H agBk,quBk, 6
A. System Model A I T (@B ) a2 | ©
We consider an uplink RIS-assisted MIMO system where Similarly, by defining
an M-antenna base station serves K users with the help of A
an N-element RIS. There are also L device pairs sharing the (Y E)H wHG™ and o = Wk Hnb® @)
same spectrum with the cellular system. We assume that the . DB DB .
users and devices are all equipped with a single antenna and we can write the term [wi (h" + G¢)|? in (3) as
the transmit power of user-k and device-¢ are denoted as pj |W£I(h23 + G ¢)|2 _ &H ‘Ilng 7 tr((ilIlgBé) (8)
and p), respectively. The BS employs a combining matrix ) ' ’
W = [wy,...,wg]? to recover the cellular users’ data. Where DB /DB K B DB
The receive devices have only one antenna, so they directly DB ot (Vi) Qe ¥k e )
detect data from their received signal. The RIS is defined by ’ ( 23)11 (%) a3 [?
— T , :
a vector ¢ = 01, &n]" where ‘(b.z‘ s L Table'I provides Using (5) and (8), the SINR of user-% in (3) is written as
a description of all channels and their corresponding mathe- _
matical definition. We assume perfect channel state estimation Y tr((I’\IlU.B )
SINRY = k kb
information (CSI) at the BS and the .rec.eiye devices. However, - Zk’;ﬁk Y, tr(@@i}gk,) 3, Rt ‘i>‘I’2Be) ¥
we do not assume knowledge of the individual channels to and ' ' (10)
from the RIS but their cascaded versions, the estimation of  yhere (), = ||wy||202. We also have
which has been intensively studied in the literature e.g., [18]- D& DD
[20]. The receive devices feedback their CSI to the BS for  qynpp _ Pyt (@)
optimizing W and ¢. It is also assumed that the noise at the ¢ Zé,# Dy tr(&)\IIIZ?Z,) +> .0 tr(‘i"lll,f?k.) + o2
BS and at the receive devices is distributed as CA/ (07, 0215s) (11)
and CN (0, o3), respectively. where
B. Problem Formulation o, — g%'(g%)H he z'ge 1% (12)
The problem of interest is to maximize the minimum SINR: ' (ge z/) (b l, te)" Ihg ‘, " 2
maximi}ze I%ln {SINR}, SINR}} o g (g D) H YR (13)
o M S @B RS |
subject to |¢;| <1, Vi=1,...,N.
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SINRD =

Pelhi% + (g0%) " ol

SINRY =

25
D0 Do |5y + (805 ) T @12 + 3oy pIRG, + (875%) 7 @I + op

il (P + G o)

2

L
ke PR W (03 + GRRO)P + 32, phwil (0 + GPP@) [ + [l wi |20

3

Therefore, problem (1) can be written as

maximize &
{&, @=0}

subject to (10) > ¢ VEk
Iy >¢we
;] <1,Vi=1,...,N

(14)

Py v =1

This is a fractional programming problem and thus can be
solved by the Dinkelbach algorithm [21]. Given a solution P
of (14), we need to convert & into a feasible solution gf), which
can be done by the Gaussian randomization approach [22].
Specifically, we first generate a set of Gaussian random vectors
as ¢; ~ CN(0,®), i = 1,...,I. Since the elements of ¢;
may not satisfy the constraints \¢~>M| <lforn=1,...,N
and ¢; y+1 = 1, we need to first normalize @, to obtain
o, = <Z~52 /éi,N-ﬁ-ly then we can obtain a feasible candidate
b = [Qz;i,ly--w(lgi,N]T where ¢;, = e/4<(@in) if |pin| > 1,
otherwise ¢?m = q~5m Finally, a solution ¢3 of problem (14)
can be obtained as

¢ = arg max min {SINR}, SINR} }.
{¢1 7777 ¢I}

IV. INTERFERENCE CANCELLATION APPROACH

15)

The AO approach presented above is efficient but its compu-
tational complexity is high because the BS combiners and the
RIS phase shift vector are alternately optimized. In addition,
each AO iteration requires use of the Dinkelbach algorithm
which is an iterative algorithm itself, and each of its iterations
also requires the solution of an SDR optimization problem.
Here, we propose an IC approach whose computational com-
plexity is significantly lower than that of the AO algorithm
since the proposed IC approach only needs to solve one SDR
problem. Details of the proposed IC approach are presented as
follows.

Let F € CE*E be the effective channel from the transmit
devices to the receive devices, and define

G

20 = vec (F™)") = vec (H™)") + | : | ¢
GDD
L

(16)

=h" + G, (17)

where G = [gP?, ..., g% ]#. We use a permutation matrix

P to separate the vector f* into two sub-vectors f3) and
"2 which contain the diagonal and off-diagonal elements of

FP, respectively. The diagonal elements of F"® represent the
useful channels for the D2D pairs, while the off-diagonal
elements represent the interference channels from other D2D
pairs. Hence we use the subscripts ‘sig” and ‘itf’ to indicate
the D2D signal and interference, respectively. This means we

can write
lfzz,} _ lhz?g . G;’?g] o 8
fie] |bir| |Gi
where
DD DD DD
lié] = Pf™, 1111D§ = Ph™, [Gni =PG™. (19

Similarly, let F®® € CE*K be the effective channel from the
cellular users to the receive devices, so we can also write

GP
£ = vec (FP)") =vec (H®)")+ | : | ¢ (20
G?
— hUD + GUD¢, (21)
where GP* = [g}", ... 8]
Combining (18) and (21), we have
lier! hi | |G
fir | = |higp| + | Giir | ¢ 22
fUD hUD GUD
——
A

where A € CEK+L)XN ig 3 matrix representing the RIS-aided
channel. Assuming that N > L(K + L), then using (22) we
can write the phase shift vector ¢ in the following expression:

f3a| |hS
o= AYAAT) | |62 — ik @3
fUD hUD

Let [B,C] 2 AH(AAH)~! where B € CN*L and C €
CN*L(K+L)=L "then decompose the right-hand side of (23) as

2] [0

The representation above shows a relationship between the RIS
phase shift ¢ and the effective device-related channels includ-
ing the useful D2D channels f3) and the other interference
links £ and f. If we let 12 = 0 and f = 0, the RIS

follows:

¢Bf§i%BhE?g+C<
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solution (24) reduces to an IC ¢ solution expressed in terms
of f22 a

sig
hDD
DD DD itf
¢IC - fmg hhlg C hUD

= Bf> +d (25)

where d = —Bh, — C[(h{})”, (h*™)7]". This means that if

we could design the RIS phase shifts with (25), the interference
to the receive devices will be completely cancelled. In this case,
the SINR at the receive device-¢ would simplify to SINR) =
polfs
With the quC representation in (25), we can use the
Cauchy-Schwarz inequality to find the following upper bound
for the SINR of user-k:

SINR} < pi|h}? + GP ol /oh (26)
= pi b + GE (B + d)|* /o3 27)
= PPl Zef + akll*/ o3, (28)

where Z;, = GP*B and q; = h)® + G{®d. Therefore, we
propose the following IC-based optimization problem
maximize £
{& 20}

subject to p[,i||Zka'fé +qil|?/o2 > € Vk

p£| 51g€| /Ug 2£V€

b2 +d;|> <1Vi=1,...,N,

(29)

where the constraint |bf'f2) + d;|* < 1 is equivalent to the
constraint |¢;|? < 1. Hence, we have transformed the RIS phase
shift ¢ optimization problem into an effective D2D channel
optimization (29) by exploiting the IC representation (25).

The problem in (29) can also be easily solved using SDR.
Specifically, let

77y, Zf b;b!l b;d
Q= |TESF SRR g, = |12 2 (30
a; Ze  |laxll b d;  |d;
so that
1Z1 22 + qi||? = tr(F22,Q) (31)
b0 + d;[* = tr(FX,Y,), (32)
where F2, = f20 (£22)7 with f22 = [(fgg)T 1]7. Problem (29)
can be now relaxed to a convex optimization problem:
maximize &
{¢, F, =0}
subject to Y tr(FEPng)/Ug > EVEk
(33)

%{Fmgfé}/ag > gvg
tr(F2Y,)<1Vi=1,...,N

sig
Fsig,L+1,L+1 =1,
which again can be solved using SDR. Finally, we need to

recover an IC solution quc from Fglg, which can also be done

using the Gaussian randomization method. Given a qA&IC, the
corresponding LMMSE combiner at the BS can be computed.
It can be seen that unlike the AO approach which needs to
solve a series of SDR problems, the IC approach involves only
one SDR optimization and therefore significantly reduces the
computational complexity. We will show later that if the AO
approach is initialized with J)IC, it converges more rapidly with
better performance compared to using a random initialization.
Limited feedback for single D2D pair: To implement the
IC method for the case of multiple device pairs, it is required
that each receive device-¢ forwards its estimated CSI including
two cascaded channel matrices G2 € CL*N, GIPP € CEXN
and two direct channel vectors HDD € CtxL, HUD € CixK
via a control link to the BS, which results ina total number of
(L+ K)(N + 1) complex coefficients to be fed-back.
However, for the case of a single device pair, the represen-
tation in (23) can be obtained at the receive device as follows:

¢ =A"(AAT)! QH - lﬁD

where A = [(g™)7
index ¢ since there is only D2D pair here. By setting
0, the ¢;- representation that cancels the interference at the
device is

(34)

, G™] and we have dropped the device
fUD —

¢1c = b +d,

where b is the first column of A#(AAH)~1 and d =
—AT(AAT)=HAP (h"™)T)T, This means the receive device
can calculate the matrix A (AA)~! using its local CSI, then
obtain the two corresponding vectors b and d, which will be
forwarded to the BS to solve the RIS phase shift optimization
problem:

(35)

maximize &
{&, ™}

subject to  ph||zrf*° + qil|? /o > € Vk
pD|fDD‘2/U§ Z 5
lbif® +d;|><1Vi=1,...,N.

(36)

Thus, instead of forwarding the (K + 1)(NN + 1) complex
coefficients from g™ € CN*1, G ¢ CEXN_ pPP and h' ¢
CE*1 the receive device finds b and d and forwards these
two vectors to the BS. This only requires transmission of 2N
complex coefficients, but still guarantees that the BS can solve
the RIS phase shift optimization problem.

V. NUMERICAL RESULTS

In this section, we present numerical results to show the
superiority and benefits of the proposed IC and IC-AO ap-
proaches where IC-AO indicates the AO approach that uses the
IC solution ¢A>IC as an initialization. For the regular AO method,
we use a random initial solution for ¢. We consider K = 2
users, L. = 2 device pairs, and M = 8 antennas at the BS. If
not specifically stated, the number of RIS elements is set to 64.
We position the BS and the RIS at the locations (z,y) = (0,0)
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Fig. 1: Performance and computational complexity comparison versus transmit
power with N = 64 RIS elements.

and (z,y) = (100,30), respectively. The cellular users and
transmit devices are randomly located within a circular area
whose center is (x,y) = (200, 0) with a radius of 25 m, and we
also locate the receive devices randomly also within a circular
area centered at (z,y) = (50,0) with the same radius. The
transmit power of the cellular users and the transmit devices
are set to be the same. The noise power is set to —169 dBm/Hz
and a bandwidth of 1 MHz is assumed. The large-scale fading is
modeled as 8 = By(d/dy) ™", where 7 is the path loss exponent
and d is the distance. We set 5y = —30 dB as the path loss
at the reference distance dy = 1m. The path loss exponent of
the user-RIS, TxD-RIS, RIS-RxD, and RIS-BS channel links
is set to 2.2. However, the path loss exponent of the user-BS
and TxD-BS channels is set to 4 and the path loss exponent
of the user-RxD and TxD-RxD channels are set to 5, to model
their weak propagation.

In Fig. 1, we show a comparison of the minimum SINR
performance and computational complexity as the transmit

30
;
o 25+ b
S
&~
Z
%)
g
| 20 b
¢
—a— AO
——1C-AO
—o—1IC
15 \ | \
40 50 60 70 80
# of RIS elements N
(a) Minimum SINR performance
60 T
[ A0
[ IC-AO
50 - |[EE01C

40

30

20

average # of iterations

40 50 60 70 80
# of RIS elements N

(b) Computational complexity comparison

Fig. 2: Performance and computational complexity comparison versus number
of RIS elements N at 30-dBm transmit power.

power changes. It can be seen from Fig. la that the AO and
IC-AO approaches give the same minimum SINRs, which are
about 2.5 to 3 dB higher than that of the IC approach. However,
the computational complexity of the IC approach is much lower
than that of AO and IC-AO since the IC approach requires only
one iteration while AO and IC-AO require many more iterations
as seen in Fig. 1b. It is also observed that although the AO
and IC-AO approaches give the same SINR performance, IC-
AO has a lower computational complexity since it requires a
smaller number of iterations.

Next, in Fig. 2, we also show a comparison for the minimum
SINR performance and computational complexity but with
a fixed transmit power of 30 dBm and the number of RIS
elements IV is varied. The minimum SINRs for AO and IC-
AO are still about 3-dB higher than that of the IC approach.
However, it is interesting that as the number of RIS elements NV
increases, the IC-AQO approach tends to perform better than AO
even though IC-AO still requires a smaller number of iterations.
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Fig. 3: Minimum SINR performance versus maximum number of iterations.

This indicates that IC-AO not only converges faster than AO
but also converges to better local solutions.

Finally, we show an SINR performance comparison between
the AO and IC-AO approaches in Fig. 3 as the maximum
number of iterations changes. It is clear that IC-AO converges
much faster than AO because IC-AO utilizes the IC solution
as the initial point, which already gives a relatively good
performance. If we set a small maximum number of iterations,
the performance of IC-AO will be significantly higher than
that of AO. For example, if we set the maximum number
of iterations to 5, the IC-AO approach has already nearly
converged and its minimum SINRs are about 4-dB, 3.5-dB, and
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