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Abstract—Dynamic time-division-duplexing (DTDD) and re-
configurable intelligent surfaces (RISs) have been proposed
recently as solutions to meet the small cells traffic fluctuations
and to tune the wireless propagation channels in real-time,
respectively. However, to the best of the authors’ knowledge,
there has been no work so far considering the integration of
both techniques. Therefore, we consider in this paper an RIS-
aided DTDD wireless system and propose two non-iterative
methods to design the RIS reflection vector with the objective
of maximizing the system spectral efficiency, while reducing the
cross-link interference. Numerical results are presented showing
the efficiency of the proposed methods as compared to some
baseline schemes. It is shown that the integration of RIS in
DTDD systems has great potential in improving communication
efficiency while reducing the impact of cross-link interference.

Index Terms—Dynamic TDD, MIMO communications, small
cells, reconfigurable intelligent surface.

I. INTRODUCTION

Ultra-dense small cells network deployment is one of the
key techniques to meet the exponential growth of traffic
demands for 5G and future wireless networks. Small cells
using low-power nodes are meant to be deployed in hot spots,
where the number of users varies strongly with time and
between adjacent cells [1]. As a result, small cells are expected
to have burst-like traffic, which makes the static time division
duplex (TDD) frame configuration strategy, where a common
TDD pattern is selected for the whole network, not able to
meet the users’ requirements and the traffic fluctuations. This
inadvertently leads to a high drop rate for the small cells.
Dynamic TDD has been proposed as a solution to satisfy the
asymmetric and dynamic traffic demand of small cells [2].
In DTDD, each cell is allowed to dynamically reconfigure its
TDD pattern based on its instantaneous traffic demand and/or
interference status. In [3], the DTDD system performance was
evaluated with different performance metrics, and it was found
that the DTDD system provides a significant improvement in
throughput as compared to the static TDD.

The main challenge brought by DTDD is the cross-link
interference issue, because adjacent cells may use at a given
time different TDD frame configurations according to traffic
needs, thereby giving rise to opposite transmission directions
among neighboring cells. There are two kinds of cross-link

interference: base station-to-base station (BS-to-BS) and user
equipment-to-user equipment (UE-to-UE) interference, which
may degrade the system performance significantly. Among the
two, the BS-to-BS interference is extremely detrimental due
to the large transmit power and line-of-sight (LOS) propaga-
tion characteristics. Therefore, there is a need to develop an
efficient cross-link interference management scheme.
Recently, reconfigurable intelligent surfaces (RISs) have
gained significant attention as a cost-effective solution to
improve the current and future wireless networks [4]-[8]. In
a passive RIS-aided communication system, where the RIS
has no radio-frequency chains, the phase shifts of the RIS
elements can be adjusted to meet a certain cost function, e.g.,
the reflected signals add constructively at the intended users
and/or destructively at the unintended users [6]. Due to these
potentials, RIS-aided communication systems have received
significant attention in the last few years, where various RIS-
aided communication systems have been studied, such as
millimeter-wave (mmWave) communications, cognitive radio,
and unmanned aerial vehicle (UAV) communications [9]-[12].
In this paper, we consider an RIS-aided DTDD system
controlled by a central processing unit (CPU) with the aim
of investigating the potential benefits of employing the RIS to
improve communication efficiency, while reducing the impact
of cross-link BS-to-BS interference. To the best of the authors’
knowledge, this is the first work that considers the integration
of an RIS in a DTDD system. Our main contribution is
in the design of the passive RIS reflection vector, where
two low-complexity and non-iterative methods are proposed
to design the RIS reflection vector with the objective of
maximizing the system spectral efficiency (SE), while com-
pletely eliminating the cross-link BS-to-BS interference. On
the other hand, we adopt the classical zero-forcing (ZF) and
minimum mean squared error (MMSE) schemes for the design
of active transmit and receive beamforming vectors at the
BSs, respectively. Moreover, we assume that the small cells
directions are optimized a prior, e.g., using the proposed
cell reconfiguration method in [13], and are known at the
CPU. Detailed simulation results are provided showing the
efficiency of the proposed RIS reflection design methods as
compared to some baseline methods. Specifically, it is shown
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that the integration of RISs in DTDD systems has a great
potential in improving communication spectral efficiency by
providing alternative and extra communication links, while at
the same time reducing the impact of the cross-link BS-to-BS
interference.

II. SYSTEM MODEL

In this paper', we consider an RIS-aided mmWave DTDD
system consisting of () small cells, where each cell has a BS
with a uniform linear array (ULA) of N antennas serving a
single UE? that is equipped with a single-antenna. As shown
in Fig. 1, we assume that the communication is aided by an
RIS with M passive reflection elements, where the BSs and
the RIS are controlled by a central processing unit (CPU) via
backhaul connections. Let @ = {1,--- ,Q} denote the set of
BSs (cells). At the considered time instant, we assume that
there are |Q"!| cells operating in the uplink (UL) direction
and |le| cells operating in the downlink (DL) direction, such
that |Qul| + |le| — Q and Qulﬂle =0

Let H, € CM*¥ be the channel matrix from the gth BS
to the RIS, h, € CM be the channel vector from the gth UE
to the RIS, G, , € CN*N be the channel matrix from the gth
BS to the rth BS, g, , € CV be the channel vector from the
gth BS to the rth UE, and g, , € C be the channel scalar from
qth UE to the rth UE. Then, the received signal by the UE in
the gth DL cell, i.e., ¢ € Q%, can be expressed as

yl(zdl) _ Z (nES; VBT o + Z RUEVE /i 4 20 (1)
VkeQd YreQu

where h35F = (W] OH,, +g/ )7, hJ5YE =h]Oh, + g,
0 = d1ag(0) is the RIS reflection dlagonal matrlx 6 =
[e”’l, s edtMT e CM with ¢, € [0,27], £ € CV s
the transmit precoding vector with ||f||3 = p{, zy, is the unit-
norm transmit symbol, z, is additive white Gaussian noise with
variance o, and p) is the transmit power at the X € {dl, ul}
direction. Therefore, the signal-to-interference-plus-noise ratio
(SINR) of the gth UE, ¢ € Q% is given as

b
@) _ |(hg5s ™) £y o
! > IMEETETE2 + 3 RGP + 0f
vkeQ" vreQu
k#q

On the other hand, the received signal at the rth UL BS,
i.e., 7 € Q, after the receive combining, can be expressed as

D DR INZD i M

vieQ! vgeQd
where HB%BS = HT(-)H + G, g Wy € CV is the receive
decoding vector with ||vvr||2 =1, 2, = whz, with z, €

! Notation: Vectors and matrices are written as lowercase and uppercase
boldface letters, respectively. The notation ¢ is used to denote the Khatri-
Rao product. The transpose and the conjugate transpose (Hermitian) of X
are represented by X7 and XH, respectively. The diag(x) forms a matrix
by placing x on its main diagonal, and vec(X) vectorizes X by stacking its
columns on top of each other. The following property is used: Property-1:
vec(Adiag(b)C) = (CT o A)b.

2The extension of our proposed solution to multi-user scenarios is straight-
forward.

RIS

Backhaul connection

Backhaul gonnection

Fig. 1: An RIS-aided DTDD system comprising ) = 4 cells.

C being the additive white Gaussian noise with variance o2.
Therefore, the SINR for the rth UE, r € Q" is given as

| hBS UE|2 ul
= W L@
X wHRRSERpY + 3T |WHHREP 2 + o7
Vj c Q“] \-/qe le
J#T

From the above, the system SE is given as

SE= 3 log, (1 + rgd”) + 3 log, (1 + r&“”) NG
vgeQd vreQul
In this paper, we assume that the above defined channel

matrices {Hy, hy, G, ¢, 8¢, grq} are modeled according to
the well-known mmWave Saleh-Valenzuela geometric channel
model [14], where every channel is modeled as a summation
of L <« max{M, N} paths, each has a distinctive direction-
of-departure (DoD) and/or direction-of-arrival (DoA) and a
complex path gain. Under this assumption, we have that
rank{H,} < L,Vq and rank{G, ,} < L,¥r,¢. Due to space
limitations, we omit the channel modeling here and refer
to [8]-[10] for more details. Moreover, we assume that the
channels are static and known at the BSs through the CPU.
III. PROBLEM FORMULATION

Our main goal is to design the passive reflection vector
of the RIS and the active transmit and receive beamforming
vectors of the BSs to maximize the system SE, which can be
formulated as

max SE
fq,VqeQd, w,. vreQu 0

st (C: |15 =pG, Vo€ Q" ©

C2): [[0)m)* =1, m=1,---, M,
where (C1) is the DL transmit power constraint and (C2) are
the constant modulus constraints (CMCs) for the RIS reflec-
tion coefficients. Problem (6) is non-convex due to its joint
optimization and the CMCs in (C2). To obtain a solution, we
propose in the following non-iterative solutions by decoupling
the optimization between the problem variables. Specifically,
given the channel matrices, we propose two solution methods
for the design of the RIS passive reflection vector 8 € CM.,
After that, for a given 6, we design the BSs’ transmit and
receive active beamformers f;,Vq € Q%, and w,.,Vr € Q"

using the classical ZF and MMSE methods, respectively.
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IV. PROPOSED RIS REFLECTION DESIGN METHODS

From Property 1, we first note that the vectorized form of
the above defined effective channels can be expressed as

b " = HE"E0 + gy @
Vec{HE‘Z'BS = H]isq'BSO + vec{G, 4} (8)
hg " =h TR0 + gy, )

where we define H}S"" = (Hj o hy) € CN*M HPSPS =
(H] o H) € C¥"*M_ and hUUF = (h] o h]) € CI¥M,
Note that rank{Hg’_Sk'UE} < L, rank{H]ffz‘Bs} < L2, and
rank{h{"-UF} = 1. Moreover, from the signal models in (1)
and (3), we know that the effective channels {h}3""} carry the
desired signals (DS) and the inter-cell interference (ICI) signal,
while {HS?,C'BS, hg'"UF} carry the cross-link (CL) interference
signals. Therefore, we define the following matrices

D" = stack{H2% "1y (10)
CpLict = stack{Hg 3" by gc 0t kg (11)
Citiict = stack{Hg 3" hvk ge ov hzg (12)
Cprier, = stack{H}% 5 by, gu vge oo (13)
Curer = stack{h{ "}y, qu vee ou, (14)
where we define A = stack{A;}vier = [A], - ,A‘Tzl]T,

i.e., a function that stacks the input matrices over each other.
From the above, we propose to design the RIS reflection vector
0 € CM as a solution to

max [ DESUE6)3
st (C):|[0)>=1, m=1,--- .M (U5

(C3): Cicrcl0 =0

in which Cierc = stack{CBSUE CBSUE CBSBS QUEUEY
The problem in (15) is non-convex due to CMCs in (C2). In
the following, we propose two non-iterative solutions to obtain
a feasible and efficient RIS reflection vector.

Remark 1: Given the above mmWave channel modeling,

then the following inequality holds true:

rank{CicrcL} < Ltic + Lotac + Loter + Luter,  (16)

where LESYE < (10%% —|1QY))L, from (11), LEVE < (@)% -
|Q")L, from (12), LETe < [Q"[|Q"|L?, from (13), and
Lyter < 1Q%[Q", from (14).

Method 1: In this method, we relax (15) and write it as

max [|DES VP63
st (C3): CicLcL =0 (17)
(C4) - [|0]3 =1.
A direct solution to (17) is given as
01 = Vi vl € O, as)

where V%‘ICSI_CL holds the basis for the null-space (NS) of
CicrcL, which can be obtained from the singular value de-
composition (SVD) of Cycrcr [15] and vDS s the right
singular vector corresponding to the maximum singular value

of DESVEVRS . . Therefore, a solution to (15) is given as
0CMC71 « P (QFDJ) , (19)

where P(z;) = 124 is the element-wise projection function.

Method 2: In this method, we propose to solve (17) by first
assuming that @ is decomposed into () sub-vectors as

0=0,+06,+---+ 00, (20)
where [0,]|3 = 1,Vg. Given the above decomposition, we
propose to design the gth sub-vector 8, as

max [i: A
st (C4):[10,]3=1 2n
(C5): "6, =0,
where ITNT = stack{DE$ ¥, Cicr.cL} and
Dpgine = stack{H5 byreq.rq, (22)

i.e., a matrix containing all blocks of DB$VE in (10) except for

the gth sub-block. Note that rank{HszT} < rank{CjcrcL} +
LBSE . where LBSYE. < (Q — 1)L. A solution to the gth
sub-problem in (21) is given as

0107 = VNt o Veacs € CY, (23)
where V)% . holds the basis for the null-space (NS) of

ITNT, and vE3UE is the right singular vector corresponding to

the maximum singular value of HESVEVIE, . Let @2 =
02, ... 98)'2] € CM*Q_ Then, it can be easily shown that
e . 0
DgngEGFDfZ — : c (CQNXQ, (24)
0 . eqQ

GI;D-Z_,'_“._"_HFD-Z
_ Q
= o reT then we have,

- eqQl, (25)
Finally, to satisfy the constant

where e, € RV. Let 9P
DBESVEQFD2 — stack{e, . .
€q
HOIIJD—Z_,'_H._,'_GFD—ZH .
modulus constraints of ((%2) in (15), we apply the projection
function as

where e, =

oM — P (6™7). (26)

V. TRANSMIT AND RECEIVE BEAMFORMING DESIGN

For a given 0, e.g., 8 € {§MC! 9MC2Y " we design the
transmit and the receive beamforming vectors f,,Vg € Q9
and w,., Vr € Q. Specifically, the gth transmit vector f.q €
Q4. is designed to satisfy the following interference condition

Y, f, =0,Yg € Q% 27
where Y, = stack{Y|", YESP5} is a matrix collecting the
direct interference channels relative to the gth UE, where

T;CI = stack{glq}Weley#q (28)

YE5BS = stack{ G, ¢ vregu- (29)

which satisfies rank{Y,} < (|]Q¥| — 1) + |Q"!|L. Given Y,
the gth transmit vector f;,q € Q4 is given as

f
f = 4 pd17
) A
where £,=V®Viay g, in which VI holds the basis for the

null-space of Y, while v 4 is the right singular vector cor-
responding to the maximum singular value of (h5%UE)TVIS,

(30)
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Fig. 2: SE versus DL SNR, assuming M = 256 and N = 16.

On the other hand, we design the rth decoding vector
W, T € o, using the MMSE scheme [16], which is given as
B, 'hry "

ul
WMMSE,r = ~——q1peon VT € Q0 (31)
B "hi5VE ||
where
Boo D ARSI S HS G () oy
viegl vgedl

Complexity analysis: Since the complexity of computing
the SVD of a m x n matrix, with m > n, is in the order of
O{n?}, then the complexity of calculating @M is in the
order of O{M?}, 8MC2 is in the order of O{QM?}, and
the transmit precoding vectors f;,Vq € Q% is in the order
of O{|QY|N?}. Moreover, the complexity of calculating the
decoding vectors w,., Vrr € QU is in the order of O{|Q"| N3},
since the complexity of computing the inverse of a n xn matrix
is in the order of O{n3}.

VI. NUMERICAL RESULTS

In this section, we show simulation results to evaluate the
performance of our proposed methods as compared to baseline
schemes. We consider a system with @@ = 4 cells, as shown
in Fig. 1, where |QY| = 2 and |Q"| = 2. We set p¥ =
23dBm and assume that the number of channels paths L = 4,
where the corresponding DoDs and/or DoAs are uniformly
distributed with [0, 27]. We normalize every channel path gains
so that E{|H, |2} = NM. E{||G, 4|2} = N2 E{|[h, |2} =
M, and E{||g, ||2} = N. We include results for the following
two baseline cases: 1) Random, where the entries of the RIS
reflection vector are designed randomly as [0](,,] = €7%™, Vm,
with ¢,,, € [0,27], and 2) No RIS, the case where no RIS is
deployed, i.e., 0]}, = 0,Vm.

In Fig. 2, we show the SE versus the DL SNR, while
assuming that the RIS has M = 256 passive reflecting
elements and each BS has N = 16 antennas. We plot the
achievable SE of the DL and the UL cells separately and
then combined to better understand the difference between the
proposed and the baseline methods. From the figure, we can
clearly see that Method 2 has better SE performance compared
to Method 1 and the other two baseline schemes, while both
the proposed methods have significantly better performance
compared to the Random RIS scenarios. Moreover, we can
see from Fig. 3 that the performance advantage of Method 2
compared to the other methods increases as the number of
antennas /N and the number of the RIS elements M increases.

30 e
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Fig. 3: SE versus number of antennas N for M = 252 and
SE versus number of RIS elements M for N = 16, assuming
DL SNR =10 dB

VII. CONCLUSIONS

In this paper, we have considered the active and passive
beamforming design problem in an RIS-aided DTDD wire-
less network to maximize the system spectral efficiency. We
have proposed centralized low-complexity and non-iterative
solutions for the design of the RIS reflection vector. The
provided simulation results have shown that the integration
of RISs in DTDD systems has a great potential in improving
communication spectral efficiency by providing alternative and
extra communication links, while at the same time reducing
the impact of the cross-link BS-to-BS interference.
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