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Abstract—Small cell networks (SCNs) have emerged as a
promising solution to meet the demand for increasing data
traffic for the sixth generation and beyond wireless networks.
However, power consumption and two-tier interference issues
are two bottlenecks that hinder further development. This paper
proposes a novel reconfigurable intelligent surface (RIS)-based
SCN in which an RIS serves multiple micro users as a small
cell base station while assisting the macro user’s transmission.
Compared to the conventional SCNs, the RIS-based SCN can
achieve significant power reduction. Meanwhile, the reflected
signal can be regarded as a multipath component instead of
interference to the macro user. We propose two transmission
schemes and formulate the design of the phase shift matrix
at the RIS and the beamforming vector at the macro base
station as an optimization problem. The alternating optimization
algorithm is developed to optimize the phase shift matrix and the
beamforming vector to minimize the total power consumption
under the user rate and phase shift constraints. Simulation
results show that the total power consumption can be reduced
significantly by deploying the RIS in the SCN when the number
of reflective elements is sufficiently large.

Index Terms— Reconfigurable intelligent surface, small cell
networks, alternating optimization, time division multiple access,
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space division multiple access, power consumption minimization,
successive convex approximation.

I. INTRODUCTION

CCORDING to a forecast published by the Interna-

tional Telecommunication Union, mobile data traffic will
expand at a 55 percent annual rate from 2020 to 2030, reaching
607 exabytes (EB) in 2025 and 5016 EB in 2030 [2]. The
small cell network (SCN) is considered as a promising solution
to accommodate such enormous traffic. SCNs can achieve
improved coverage of blind areas and reduce traffic burden
in each cell by densely deploying self-organized, low-power,
and low-cost micro base stations (mBSs) [3]. The reduced cell
size and densification of network cells will reduce the number
of users in each cell, and thus boost the bandwidth available
to each user. In the meantime, the smaller cell size reduces
the distance between the user and the mBS, which improves
the users’ channels [4]. However, there are two key challenges
to the mass deployment of small cells. First, the deployment
of small cells brings additional co-tier and cross-tier inter-
ference to the conventional macro base station (MBS) only
networks, resulting in network performance degradation. Such
interference is challenging to manage with due to the random
deployment and the lack of macro-micro backhaul link [5].
It is critical to develop effective interference management
techniques to control two-tier interference [6]. Second, dense
deployment of mBSs leads to high energy consumption. It is
critical to reduce the power consumption and cost of deploying
the densified small cells out of economic and environmental
considerations.

Existing research attempts to address the interference chal-
lenge in SCN from different dimensions, such as time division
multiple access (TDMA) scheduling in the time domain [7],
[8], orthogonal frequency-division multiple access (OFDMA)
scheduling [9], fractional frequency reuse [10] in the fre-
quency domain, interference alignment in the space domain
[11], [12], and power control in the power domain [13]. Fur-
thermore, a distributed interference management scheme from
a multi-domain perspective was proposed in [14], in which
OFDMA scheduling, interference alignment, TDMA schedul-
ing, and power optimization were implemented. However,
these research works mainly consider avoiding interference
instead of harnessing it. An effective approach to address the
power challenge is to put several base stations into sleep while
maintaining the quality of service (QoS) of users [15], [16],
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[17], [18]. It was demonstrated in [15] that with the sleep mode
mechanism, the operational energy could be reduced 50 to
90 percent when the cell size is small and the traffic is light.
However, the power reduction is negligible in micro and macro
cells or for heavy traffic. A strategic sleeping mechanism
for SCNs was proposed in [16]. The range-expanded small
cells were used to cover the area of the sleeping small
cells which are far from the MBS while the macro cell
was used to serve the users from the sleeping cells close to
it. It was shown that the proposed repulsive scheme could
significantly reduce the power consumption of the network.
A joint energy-saving and interference-coordination design
problem was considered in [17], and a two-level online learn-
ing approach was utilized to obtain the most energy-efficient
control actions. An energy-saving scheme with joint user
association, clustering, and on/off strategies was proposed
in [18]. Despite the development of power-saving approaches,
SCNs continue to face a power bottleneck since active mBSs
consumes much power due to the utilization of active compo-
nents including the local oscillator, up-converter, and power
amplifier.

The reconfigurable intelligent surface (RIS) has recently
been proposed by the academic community as another viable
technique for improving coverage [19], [20], [21], [22]. With
low-cost and low-power reflective elements, the RIS can
achieve real-time control of amplitude and phase changes
to adapt to the dynamic requirements under diverse channel
environments [23], [24], [25]. The RIS does not need to
actively generate new signals but only passively reflects the
incident signals, and thus the power-hungry active components
are not required. The roles of small cell and RIS deployment
for coverage enhancement was compared in [26]. It was
shown that with sufficient small cells, the deployment of
RIS can notably reduce the network cost while maintaining
the same network coverage. Besides operating as a passive
relay to assist traditional communication systems, the RIS
can also transmit its information by reconfiguring its phase
shifts [27], [28], [29], [30], [31], [32], [33]. Specifically,
an RIS-based multiple-input multiple-output (MIMO) trans-
mitter was proposed in [27], which consists of a single radio
frequency (RF) emitter that provides a dedicated unmodulated
RF signal and an RIS that carries out the modulation and
beamforming. This novel RIS-based transmitter architecture is
more energy-efficient than the conventional MIMO transmitter
due to the use of single-RF and RIS. An RIS-based quadrature
phase shift keying (QPSK) prototype system was implemented
in [28], in which the phase modulation was achieved by elec-
trically controlling the RIS phase shifts. Besides the dedicated
signal source, RIS can also transmit its information by riding
on the RF signals in the environment. This type of system
is called a symbiotic radio (SR) network. The RIS-assisted
MIMO SR network, the multiuser multiple-input single-
output (MISO) SR network, and the RIS-assisted unmanned
aerial vehicle SR network were investigated in [29], [30],
and [31], respectively. It was demonstrated that not only did
the RIS gain an opportunity to transmit its information, but
that the primary transmissions could also be considerably
improved.
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Due to the transmission capability of the RIS, we pro-
pose an RIS-based SCN, in which an RIS is employed to
replace the conventional mBS to serve multiple micro users
in an SCN. In the proposed system, the MBS transmits the
signal to the macro user, and the RIS transmits information
received from the wired backhaul to micro users by embed-
ding it over the incident MBS signals. Deploying the RIS
instead of conventional mBSs can provide several benefits.
First, as it passively reflects the incident signals, the RIS
consumes less power than a conventional mBS, making it
a more energy-efficient solution, especially for large-scale
deployment. Second, since the RIS signal can be considered as
a multi-path component, the transmission rates of macro users
can be improved. In this way, it addresses the interference
problem in traditional SCNs since the interference relationship
is transformed into a mutualistic one. Finally, since it has a
large number of reflective elements, the RIS can accommodate
more users simultaneously than a conventional mBS, which
usually has a limited number of antennas. In this paper,
we propose two transmission schemes to support multi-user
information transmission in the RIS-based SCN, namely, space
division multiple access (SDMA) and time division multiple
access (TDMA) schemes. This paper aims to minimize the
total power consumption by jointly optimizing the phase
shift matrix at the RIS and the beamforming vector at the
MBS under the transmission rate and phase shift constraints.
We develop alternating optimization algorithms to solve the
optimization problems under two transmission schemes. The
contributions of the paper are summarized as follows:

o To the best of the authors’ knowledge, this is the first
paper to propose the RIS-based SCN in which the RIS
serves multiple micro users in the SCN. The proposed
system can achieve lower power consumption, avoid
interference to the macro user, and support more simulta-
neous micro users transmission, making it more appealing
for massive small cell deployment.

e We propose two transmission schemes, SDMA, and
TDMA schemes, to realize multi-user information trans-
mission in the RIS-based SCN. We jointly design the
phase shift matrix at the RIS and the beamforming vector
at the MBS to minimize the total power consumption
under the transmission rate and phase shift constraints.
Two optimization problems are formulated under the two
transmission schemes correspondingly.

e The formulated problems are non-convex since the
optimization variables are coupled. We apply alter-
nating optimization to solve the problems iteratively.
Several optimization techniques, such as successive con-
vex approximation (SCA), semi-definite programming
(SDP) and Gaussian randomization procedure are used
to address the problems.

o Simulation results show that the total power consumption
can be reduced significantly by deploying the RIS in the
SCN, which validates the superiority of the RIS-based
SCN and the effectiveness of the proposed algorithms.

The rest of this paper is organized as follows. Section II
first introduces the system model for the proposed RIS-based
SCN and formulate the total power consumption minimization
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problem for both SDMA and TDMA transmission schemes.
The proposed algorithms are presented in Section III.
In Section IV, the conventional SCN system is introduced
as a benchmark transmission scheme. Section V shows the
simulation results to verify the advantages of the RIS-based
SCN over the conventional SCN and validate the effectiveness
of proposed algorithms. Finally, Section VI concludes the
paper.

Notations: For complex vector v, vH Re(v), v; and diag(v)
denote the conjugate transpose, the real part, the ith element
and the diagonal matrix with its diagonal elements given by v,
respectively. a ® b denotes the Kronecker product of vector a
and b. vecA denotes the vectorization operation for matrix A.
tr(A) and rank(A) denote the trace and rank of the matrix
A, respectively. A* denotes the optimal value of variable A.
A[m,n] and A[m,:] denote the (m, n)th element and the mth
row vector of matrix A, respectively. A > 0 denotes that A
is a semi-definite matrix. I € RE*X is the identify matrix.
CN (11, 0?) denotes the distribution of a circularly symmetric
complex Gaussian (CSCG) random variable with mean p and

variance o2.

II. SYSTEM MODEL FOR RIS-BASED SMALL
CELL NETWORK

In this section, we present the system model for the
RIS-based small cell network, including the system description
and signal models for SDMA and TDMA schemes.

A. System Description

As shown in Fig. 1(a), we consider an RIS-based SCN in
which an MBS achieves wide area coverage while multiple
RISs are deployed to serve small cells. Suppose that different
small cells utilize different resource blocks to transmit infor-
mation, and thus there is no interference between them. The
scenario is reduced to the system shown in Fig. 1(b). The
MBS is equipped with a uniform linear array (ULA) with M
antennas, and the RIS is equipped with a uniform rectangular
array (UPA) with N = N, x N, reflective elements, where
Ny, and N, denote the numbers of reflective elements along
the horizontal and vertical axes of the RIS. The MBS serves
a single-antenna macro user (denoted as user 0), and the
RIS serves K single-antenna micro users (denoted as user
kk=1,...,K).

The channels from the MBS to the RIS, from the RIS to the
macro user, from the RIS to micro user &, from the MBS to
the macro user, and from the MBS to micro user k are denoted
by = (CNXM,hQ c (ClXN,hk c (C“N,go c (Clxj\lhgk) c
C'*M respectively. Similar to [20], [29], we consider a block
flat-fading channel model in this paper.! The large-scale path
loss is set as follows [34]:

Gy + G, — 35.95 — 22log, (d),
Gy + G, — 33.05 — 36.7log, ().

LoS,
NLoS.

(1

B(d)[dB] = {

'To simplify the model, we consider flat fading channels. However, the
proposed methodologies can be readily extended to the frequency selective
fading channels where OFDM-based transmitter and receiver are used.
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User 0

(b)

Fig. 1. (a) Application scenario for the RIS-based SCN; (b) The system
model for RIS-based SCN, consisting of an MBS, an RIS, a macro user, and
K micro users.

Here, G; and G, denote the antenna gains (in dBi) at the trans-
mitter and receiver, respectively. The channels L, {hy }/ | are
modeled as Rician channels while the channels ko, {g, }_,
are modeled as Rayleigh channels due to extensive scatters.
In particular, the small-scale channel from the MBS to the RIS

is denoted as
1
LLOS LNLOS 2
+ \/71 K ; (2)

L — KL
1+ Kp,

where K, is the Rician factor for L, L™ is the deterministic

line-of-sight (LoS) components, and LN is the non-LoS

components following the standard complex Gaussian distrib-

ution CN (0, 1). The LoS component can be expressed by the

steering vector model, given by

LY = afj (Oa0a ks Pa0A R) @B (0a0D,B), )

where 0aoa r and Yaoar denote the center azimuth angle
of arrival (AoA) and elevation AoA, respectively, at the RIS,
Oaop,B denotes the angle of departure (AoD) at the MBS. The
steering vectors can be further defined as

ag (HAOA,Rv onA,R)
= @y (BroA R, VaoAR) @ @p (BAoA R, YAoAR)

c (Cl><N7 (4)
ap (GAOD,B)

= [17 e_j¥sin(9AnD,B), o ,e—j¥(M—1)sin(9AnD)B)]

c (CIXM, )

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:04:10 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: RIS AS A mBS: A NOVEL PARADIGM FOR SCNs

Pilpts Data

Data

Pilots Data Pilots Data Pilots Data Pilpts Data Pilots Data

U
O symbol ! ! ! |

k Data

T
K+1 symbols

(a) MBS

transmission frame:

(b) RIS
transmission frame:

One symbol

T
Two symbols

Fig. 2. The transmission frame structure of the RIS-based SCN. The blue
shaded part denotes pilots for channel estimation. The MBS sends pilots while
the RIS reflects the MBS signal with known phase shift matrices. The red
shaded part denotes the pilots of the MBS and the RIS with the optimized
beamforming vector and phase shift matrix.

where

[ah (ng)]n _ e—j@(n—l)cos(w)sin(é‘)’

Yn € {1,2,...,Nn}, (6)
[av (971/))] _ ej@(n—l)cos(i/;)cos(@)7

vne{1,2,...,N,}. (1)

Here, d is the antenna element separation and A is the
wavelength. We set d = %)\ for simplicity. The small-scale
path losses for other channels are similarly defined, and thus
omitted.

Fig. 2 shows the transmission frame structure of the RIS-
based SCN, which is a generalization of the one proposed
in [29]. In the first two RIS symbols, the MBS sends pilots
while the RIS reflects the MBS signal with known phase
shift matrices for the macro and micro users to estimate the
instantaneous CSI. The channels can be estimated by using
the methods in [35], [36], [37], and [38]. After obtaining the
CSI, the transmit beamforming vector and phase shift matrix
can be optimized. In the following K + 1 RIS symbols, the
BS transmits with the optimized beamforming vector and the
RIS reflects the MBS signal with the optimized phase shift.
The users can then obtain the optimized beamforming vector
and phase shift. After K + 3 pilot symbols, the RIS starts to
transmit data to the micro users. Similar to [29], we assume
that the MBS sends pilots during each RIS symbol to eliminate
the ambiguity between the MBS information and the RIS
information when the direct link is blocked. Note that with
the MBS pilots, the knowledge of the CSI as well as the
optimized beamforming vector and phase shift matrix, the
users can estimate the composited channel and decode their
information accordingly.

The micro users can be served by the RIS simultaneously or
one by one, and the corresponding transmission schemes are
the SDMA and TDMA schemes, respectively. In the follow-
ing, we present the signal models of these two transmission
schemes.
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B. Signal Model for SDMA Transmission Scheme

Under the SDMA transmission scheme, the RIS serves the
micro users simultaneously. The MBS transmits the signal
s(q) with beamforming vector wy € CM*! (o the macro
user, where s(q) follows the distribution of CN(0,1). The
RIS receives the signal from MBS, and then the information
that needs to be sent to the K micro user is loaded onto
the MBS signal by adjusting the phases of the reflection
elements. The corresponding phase shift matrix for user k& is
denoted as ®; = diag{0x1,0k2,...,0kn} € CV*N, where
0,n denotes the phase shift of the n-th element for user k.
We assume that the RIS applies a phase shift keying (PSK)
modulation scheme for information transmission. Denote ¢y,
as the information that the RIS sends to user k. Similar to
the conventional mBS, we assume c¢;, comes from the wired
backhaul link. While designing the phase shift {<I>k}kK=1, the
overall phase shift matrix introduced by the RIS is given as
@(C) = Efil ®D;c; € (CNXN, where C £ {Cl, C2ynny CK} is
the symbol set for micro users. Denote the symbol period for
the MBS and the RIS as 7§ and T, respectively. It is assumed
that T, = QTs, where () is an integer.

The signal received by the macro user is written as

Y0(q) = gowos(q) + ho®(C)Lwos(q) +uolg).  (8)

where the additive complex Gaussian noise ug(g) follows the
distribution CN(0, 03).
The SNR at the macro user is given by
_ |gowo + ho®(C) Lw,|?
= - :
90

70(C)

©)

The reflected signal from the RIS is no longer an inter-
ference to the macro user, but a multipath component, which
leads to the increase in the SNR. In (9), the SNR contains C.
Similar to [29], we assume that ¢, changes fast compared with
the channel variation. Therefore, the corresponding rate needs
to take expectation over C', which is written as [29]

Ry = Ec (log, (1 4 70(C))). (10)
According to Jensen’s inequality, we have
Ry <log, (1 +E¢ (70(0))). (1D

Denote m; = ho®; Lw and a = gywy. 70 (C) is rewritten
as (12), shown at the bottom of the page.

Since E(cx) = 0,E(|ck|?) = 1, Vk, we take the expectation
over C and obtain

K
a2+ S pf?

Ec (7(C)) 2
99
_ Zszl |ho®; Lwo|? + |gowol? (13)
— . )
<)

K
10(C) = o Ei:zl mieil

99

la)? + a* Zfil mic; + azszl mic; + Zfil Zjil mic;mict

J

(12)

2
99
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Hence, the upper bound of the achievable rate is given by

K
e [ho®; Lwo | + |90w0|2>. (14)

2
)

Ry <log, (1—!— 2

The signal received by user k is written as

K
yk(q) = grwos(q) + hy Z ®;c; Lwos(q) + uk(q). (15)
i=1
User k first decodes s(q), performs successive interference
cancellation (SIC) and then decodes c;, similar to [39]. The
upper bound of the achievable rate for user k to decode s(q)
is given by

K 2 2
By, < log, <1 4 2 m®iLwoP + lgywol ) 6
Tk

After decoding s(q), the SIC technique is utilized to remove
the direct link interference. Since the symbol period of cy
covers () symbol period of s(g), there are () relatively inde-
pendent paths for decoding ¢, and maximal ratio combining
(MRC) is applied to combine ) symbols of y. The signal-to-
interference-plus-noise-ratio (SINR) for user k to decode cy,

with MRC is written as
|hk(I>kLw0|2

e K o (17)
[P 21':1717,% P, Lwy|? + 6
The achievable rate for user k to decode cj, is given by
! hk(I)kL'LUO 2
fike = Qlosa | 1 - | —r |- (9
(e 3 2im ipr, RiLwo|* + 3

The power consumption model of different types of BSs is
given by [40]
P
Pps = A (—S + MPC), (19)
n
where 7 is the power amplifier efficiency, Pg is the BS transmit
power, M is the number of the transmit antennas, P, is the
circuit power consumption, and A denotes the influence of
cooling, direct current to direct current (DC-DC) and main
supply. For different types of BSs, the exact values of 7, P,

and A\ can be different. The power consumption model of RIS
is given by [41]

Prrs = NPy (b), (20)

where N is the number of reflective elements, and P, (b)
denotes the power consumption of each phase shifter with
a resolution of b bits. The total power consumption of the
proposed RIS-based SCN under SDMA transmission scheme
is given by

1
Pspyma =M (77_|w0|2 + MPC,MBS) + NP, (b). (21)
1

Remark 1: The motivation of considering the total power
consumption is as follows. By deploying the RIS instead of
mBS, the consumed circuit power used to serve the micro
users can be reduced. Meanwhile, the signal from the RIS is a
multipath component to the macro user and the SNR seen by
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the macro user can be increased. Therefore, the transmit power
consumption at the MBS can also be reduced. For the above
two considerations, in order to have a holistic comparison from
a system level, we consider the total power consumption in this

paper.

C. Signal Model for TDMA Transmission Scheme

Under the TDMA transmission scheme, micro users are
served one by one by the RIS. In each RIS symbol, only one
micro user transmits, and thus we can design the beamforming
vector and phase shift matrix for each user separately.” Denote
the beamforming vector at the MBS and phase shift matrix
at the RIS for user k as wp; € CM*1 and ®, € CV*V,
respectively. The overall RIS phase shifts for user k is ®cy.
The received signal at the macro user is given by

Y0(q) = gowo k5(q) + ho®rex Lwo xs(q) +uolq).  (22)
The resulting SNR is given by
ho®ici L 2
~vo(cn) = |Qo’w0,k + ho Py ’wo,k| . (23)

2
99
The corresponding rate needs to take expectation over cg,
which is written as

Ry = Ee, (logy (1 +70(ck)))- (24)
According to Jensen’s inequality, we have
Ry < log, (1 + Eec, (70(cx))), (25)
where
Ec, (vo(ck)) = E, (|gow0,k ha hokakLwM'Q)
90
_ lgowo il + [ho®i Lwo i |* 26)

a3
Hence, the achievable rate of the macro user is upper-bounded
by

n lgowo.k|? + L’;oq’kL’wo,kF ) @7
0

Ry < log, (1

The received signal at user k during its transmission slot is

given by

yr(q) = grwo,ks(q) + hx®rer Lwo ks(q) + ur(q),
¢g=(k-1)Q+1,....kQ.

User k first decodes s(q), performs SIC, and then decodes cy.
The SNR for micro user & to decode s(g) is written as

(28)

|grwok + hi®rcr Lwo i |?

'Yk,s(ck) = 2
Ok

(29)

Then the upper bound of the achievable rate of user & is given
by

wo k|? + |hp®p Lwo |
n |9, wo k| LQk rLwo 1| ) (30)
k

Ry s <log, (1

2 Alternatively, we can use the same beamforming vector at the MBS for all
micro users while optimizing the phase shift matrix individually. However,
such a design is inferior to our considered scheme.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:04:10 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: RIS AS A mBS: A NOVEL PARADIGM FOR SCNs

Similarly, since the symbol period of c; covers () symbol
periods of s(g), by applying MRC, the SNR for user k to
decode ¢}, is written as

Q|hy. @ Lwo 1. |?
oy = LA &

Tk
The corresponding rate is given by

Q|hk‘I>kLw0,k|2)
).

O}

1
Ry, = =log, (1 + (32)
Q
The total power consumption of the proposed RIS-based SCN
under the TDMA transmission mode is given by

K
D k=1 HwO,k”2

Prpma = A
TDMA 1( mK

+ MPc,MBS) + NP, (b).

(33)

D. Problem Formulation

This paper aims to minimize the total power consumption
by jointly optimizing the beamforming vector at the MBS and
phase shift matrix at the RIS, subject to the user transmission
rate constraints and RIS phase shift constraints.?

1) SDMA Transmission Scheme: Note that circuit power is
fixed while the transmit power can be controlled by design-
ing the beamforming vectors. The total power consumption
minimization problem is reduced to the transmit power min-
imization problem. Mathematically, the optimization problem
can be formulated as

(P—-S): min [wol? (34a)
{®i}E_ | wo

s.t. Ry > R, (34b)

Rys > Ry, VEk, (34c)

Ry, > Re, Vk, (34d)

|®(C)[n,n]| <1, Vn, VC. (34e)

where R, and R, denote the desired transmission rate of
the macro user and micro users. (34b) denotes the macro
user transmission rate constraint. (34c) and (34d) ensure that
both s(¢q) and ¢, can be decoded successfully at micro users.
The constraint (34e) indicates that the phase shift constraints
should be met for all combinations of {c;} X ;.

2) TDMA Transmission Scheme: The total power consump-
tion minimization problem can be tackled separately for dif-
ferent micro users since the subproblems for different micro
users are independent. For user k, the problem is reduced to
the transmit power minimization problem, formulated as

(P—T): min |wol? (35a)
P, wo

s.t. Ry > R, (35b)

Rk,s > RS; (35C)

3We consider the ideal reflection model in this paper, in which the reflection
phase and amplitude can be adjusted independently. The ideal model can be
extended to the practical model similar to existing works [42], [43]. Note that
the performance by assuming the ideal model can serve as an upper bound
of the performance that the practical model can achieve. The RIS phase shift
design considering practical model in the proposed RIS-based SCN system is
worth further investigation.

2343
1 _
ERk,Ck Z RC7 (35d)
[®)[n,n]| <1, Vn, (35e)

Similar to Problem (P — S), (35b), (35¢), (35d), and (35e)
represent the macro user rate constraint, micro user rate
constraints, and phase shift constraints, respectively. Note that
the factor + in (35d) is due to the TDMA time-sharing
principle since each user can only transmit once every K time
slots.

The optimization variables {®;} | and w, are coupled
in problem (P —S) and (P —T) and cannot be tackled
separately, resulting in non-convex optimization problems.
In the following, we will transform the problems into a more
tractable form.

III. PROPOSED ALGORITHMS
A. Proposed Algorithm for SDMA Transmission Scheme

Since the optimization variables {®;}5 | and w, are
coupled in the constraints, we apply alternating optimization
to optimize them alternatively [20].

1) Beamforming Optimization: For given {®;}< | the
beamforming vector w, can be optimized by solving the
subproblem as follows:

(P—S1): min H'wOH2
wo

s.t. (34b), (34c) and (34d). (36)
The subproblem can be transformed into
(P —-S2):
min tr (wowgl) (37a)
wo
hi®) Lw|? .
s.t. K' kP Lo — >29F 1w,
(g D imy i PiLwol® + 5
(37b)
K 2 2
. |ho®; L P
90
K
Ei:l |hk’@iLu2)0|2 + |gk’w0|2 2 2R5 _ 1’ V.
Tk
(374d)

By denoting Wy = wow{!, the problem (P — S2) can be
recast as

(P —S3): min tr (W) (38a)
Wo
st tr(JpWo) — (298 — 1)tr(M, W)
_ 2
> (2QRe _ 1)%, VE, (38b)
(VW) > (28 —1)02, (38¢)
(VW) > (28 — 1)o?, Vk, (38d)
Wy =0, (38e)
rank(Wy) = 1, (38f)
where
Jp = L"® hi'h,®,L, (39)
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K K
My =L" Y @nfln, Y &L,

(40)
i=1,i#k i=1,i#k
K
Vo= L"®hiho®,L+g{ g, (41)
zKl
Vi=> L"®hh.® L +gfg,. (42)

i=1

We solve the problem (P — S3) with the SDR technique.
Specifically, the rank constraint (38f) is first relaxed and a
solution to the rank-relaxed optimization problem is obtained
with CVX [44]. Gaussian randomization procedure is then
performed to obtain a rank-one solution [45].

2) Phase Shift Optimization: For a given Wy, the phase
shift {@k}le can be optimized by solving the subproblem
as follows:

(P —S4): find {®;,}5,

s.t. (34b), (34¢), (34d) and (34e). (43)
Denote ¢, = (Ok1,0k2,---,0kn) € CVN e =
(c1,¢2,...,cr) € C*E_ By letting
011 O 01,n ¢4
W — Oo1 oo Oov | _ | &2 c CEXN
01 Orp Ok, N P
(44)
the constraint (34¢) can be rewritten as
|c®e,| <1, Vn,c, (45)

where e,, is the canonical vector, in which the n-th element
is 1 while other elements are 0. Meanwhile, we can obtain

hk<I>kL'w0 = (ﬁkdlag(hk)Lwo

= el Wdiag(hy) Lwo, (46)
K K
hi Y ®Lwo= Y ¢,diag(hy)Lw,
i=1,i#k i=1,i#k
= (1 — e )Wdiag(hy)Lwo.  (47)
The problem (P — S4) can be transformed into
(P —S5):
find ¥ (48a)
.t leH Wwdiag(hy)Lwy|?
(1 - eff)Wdiag(hy) Lwol? + %
> 9QRe _ 1 v, (48b)
Si, el wdiag(ho) Lwo[* + |gowol?
g
> ofts _ 1 (48¢c)
Siv, el wdiag(hy,) Lw > + |gjwo|*
>ofts 1 vk, (48d)
|cPe,| <1, Vn,c (48¢)
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We can rewrite the numerator in (48b) as
|e,€IlIIdiag(hk)L'wo|2
=tr (\IIHekekH\Ildiag(hk)LwowglLHdiag(hk)H)

= (vec®)" vec (ekekH\Ildiag(hk)LwongLHdiag(hk)H)
" T
= (vec®)H <<diag(hk)Lw0w(I){L diag(hk)H) ® ekekH)

X vecW

T
= (vec®) <(diag(hk)LWOLHdiag(hk)H) ® eref )

x vecW
£ v ELv, (49)
. T
where E;, = (diag(hk)LWOL diag(hk)H) ® exef! and

v = vecW. Similarly, for the first item of the denominator
in (48b), we have

1 — e’)Wdiag(hy)Lwo|* £ 'vHFk'v, (50)
k g
T
where Fj) = (diag(hk)LWOLHdiag(hk)H) ® (1 —
efl) (1~ eff)
For (48c¢), (48d) and (48e), we have
K
Z lef Wwdiag(ho)Lwo|? £ v Gyw, (51)
i=1
K
Z lef Wwdiag(hy) Lwo|? £ v¥ Gy, (52)
i=1
lc¥e, > = v ((enel )T @ cfe) v, (53)

T
where Go = (diag(ho) LW oL diag(ho)" ) ® Irc, Gy =

T
(diag(hk)LWOLHdiag(hk)H) ® I'x. By integrating (49),
(50), (51), (52) and (53), the problem (P — S5) can be
rewritten as the following problem:

(P —S6):
find v (54a)
_ 2
o > (228 1) (w4 %
s.t. v Ekv_(Z 1) ('v Fk’U+Q),
vk, (54b)
v Gov + |gowo|* > (f‘s - 1) o2, (54¢)

v Grv + |gwo|* > (213”-“ - 1) o2, Yk, (54d)

v (e e )T @ce)v <1, Vn,e (54e)

Since Fj, Gy and G}, are semi-definite matrices, we can
apply the SCA approach to tackle the non-convex constraints.
Specifically, for (54b) we will apply the first order expansion
to v Eyv at a given point v, resulting in the following
inequality

v Epv > 2Re ('vak'v) — vf[Ekvt. (55)
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We can tackle (54¢) and (54d) in a similar way. Hence, the
problem (P — S6) can be further transformed into

(P—S7):
find v (56a)
s.t. 2Re (vf[Ekv) — vf[Ekvt
> (zQRc — 1) <'vHFk'v n g) . Vk, (56b)
2Re (UflGov) — v Gov; + |gowo|?
> (2%~ 1) a3, (56¢)
2Re (UHGkv) — v G + |gwol?
> (235 — 1) o2, Vk, (56d)
v ((enelNT ®@ce)v <1, Vn,e (56¢)

We then introduce the rate residuals {ay }1- p and {5k}K+1
to transform the feasibility problem (P — S7) into a rate
residuals maximization problem, written as:

(P —8S8):
K+1
max o + Ok (57a)
{an i, {0 o Z Z
S.t. 2Re( v} Ekv) —v; Ekvt

0_2
Hp v+ 5) +ag, VE,

> (zQRc - 1) <'v

(57b)
2Re (v Gv) — v} Gy + |gwol?

> (zés — 1) o2 + 6, Yk, (57¢)
2Re (v’ Gov) — v{! Govy + |gowol?

> (21?5 - 1) o6 + 0K 11, (57d)
v ((enef )T @ ce)v <1, Vn,e, (57e)
ap >0, 6.>0, Vk. (57f)

The problem (P — S8) is convex with respect to v and can
be solved with CVX. The detailed steps are summarized in
Algorithm 1.

Remark 2: The motivation for introducing the rate residuals
is as follows. The problem (P — S7) is a feasibility problem
and there may be multiple feasible solutions. If (P — S7) is
solved, we may end up with a feasible but low-quality solution.
By introducing the rate residuals, the solution of (P — S8)
can always ensure that the achieved rate is higher than the
rate requirement, which leaves room for further improvement
of Wy in the next iteration.

B. Proposed Algorithm for TDMA Transmission Scheme
The problem (P — T') can be written explicitly as

(P-T1):
(I)min | wo . |? (58a)
k WO,k
2+ |ho®,L 2
st log, [ 1+ [gowo.k|” + [ho®r Lwo x|
a5
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Algorithm 1 Proposed Algorithm to Solve (P — S)

- O 0) . .
1: Initialize {<I>k } , wy and e (a relatively small posi-
k=1

tive value).

2. Compute v and W
3: Lett =0.
4: repeat

5. Solve (P — S3) for given {<I>( )}k , and obtain the
=1

optimal solution as W(Hl)
6: Solve (P — S8) for given W( T with v, = v®, and
obtain the optimal solutlon as 'u(t“).

7. Compute {<I>(f+1) with v(t+1),
8:  Update iteration 1ndex t =t+1.
9: until tr (W(f) — W(f 1))

10: Obtain the optlmal solution W} = W(() ), and v* = v®,

11: Recover {<I>k}k 1 with v*

12: Perform Gaussian randomlzation procedure for W and
obtain the optimal wg [45].

13: Return the optimal solution w¢ and {@k} PR

> R, (58b)
wo |? + |hp®rLwo |
log, (1+ |gk O,k| |2k k O,k| )
Ok

> R, (58¢)
1 h,®, L 2 _
—log (1+ M > KR., (58d)
Q Ok

|®[n,n]| <1, Vn. (58e)

The optimization variables ®; and wo are coupled in
the problem (P — T1). We split the problem into two sub-
problems and solve them with alternating optimization. The
beamforming matrix and phase shifts are optimized in each
subproblem with the other one is fixed, respectively.

1) Beamforming Optimization: For given ®y, the subprob-
lem is written as

(P —T2) : min |jwg > (59a)
wo,k
s.t. |gowo,k|? + [ho®x Lawo 1|
> (zés - 1) o2, (59b)
|grwo k| + [hy,@y Lwo k|
> (21?-; - 1) o2, (59¢)
Qlhi®i Lwo 1> > (2QKRC—1) o2, (59d)
The problem can be transformed into
(P —T3):
min tr (wo pw(;) (60a)
Wo, k
s.ttr (w07k,w07k (g0 9o+ Zok))
> (st - 1) o2, (60b)
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tr (wo rw'y (97 gk + Enk))
2 (2}?S - 1) U(Q)a

Qtr (woﬁkwé{kEkﬁk) > <2QKR“ - ].) O’]%,

(60c)
(60d)

where EO,k = LH(I)th(I)_Ih()@kL, Ek,k =
LY ®h{ h),®, L. Denote W, = wo w{'}, the problem
(P — T3) can be recast as

(P—-—T4):
$(1)ri tr (Wo.x) (61a)
sttt (Woy (gt gy + Zo)) > (f‘s - 1) o2, (61b)
o (Wor (g7 gy + Ei)) > (235 - 1) o2, (61c)
Qtr (W 1) > (ZQKRC . 1) o2, 61d)
Wor =0, (61e)
rank (Wo ) = L. (61f)

The problem (P — T4) can be solved by using the SDR
technique, similar to problem (P — S3).

2) Phase Shift Optimization: For given wy i, the subprob-
lem to optimize ®j, is given by

(P—T5): find &,

s.t. (35b), (35¢), (35d) and (35e). (62)

Denote Y, = ¢1 ¢,., the problem (P —T5) can be trans-
formed into

(P—-T6):
find Y, (63a)
S.ttr (rk,diag (ho) LW L diag (hO)H)
> (2Rs - 1) 02 —tr (gl goWo), (63b)
r (rk,diag (hi) LW o, L™ diag (hk,)H)
> (2Rs - 1) o2 —tr (gflg,Wox), (63¢)
Otr ('I‘kdiag (hi) LW . L™ diag (hk)H)
> (2QKRc — 1) o2, (63d)
Yin,n] <1, Vn, (63e)
rank(Y) = 1, (63f)
Y. > 0. (63g)

The problem (P — T6) is a feasibility problem. Similarly,
by introducing rate residual variables {ﬁk}}i:l and dropping
the rank-one constraint, the problem can be recast as:

(P—T7):

3
max Z O (64a)

{Br}i_1, s 1

st tr (Tk,diag (ho) LW o L™ diag (hO)H)

> (213”-“ - 1) of —tr (gf'goWok) + 1, (64b)
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Algorithm 2 Proposed Algorithm to Solve (P — T)

1: Initialize <I>,(€0), w(()olz

and e (a relatively small positive

value).
2: Compute T;CU) and W),
3: Let?t =0.
4: repeat
5. Solve (P — T4) for given Tg), and obtain the optimal

solution as W(()tzl) .

6:  Solve (P — T7) for given Wéf;rl), and obtain the opti-
mal solution as T,(f'H).

7:  Update iteration index ¢t =t + 1.

8: until tr (W(()tgC — ng;l)) <e

9: Obtain the optimal solution W, = Wg:;l), and Y =

T(t) /

P

10: Perform the Gaussian randomization procedure for W7 ;.

and Y7, and obtain the optimal w} , and ®;.
11: Return the optimal solution w{ , and ®;.

r (Tk,diag (hi) LW o, L™ diag (hk)H)
> (21?-; - 1) o2 —tr (gl g Wox) + s, (640)
Our (deiag (hi) LW . L™ diag (hk)H)

> (zQKRc - 1) o2 + B,

(63e) and (63g). (64d)

The problem (P —T7) is an SDP problem that can be
solved directly. We note that X', and W ;, are alternatively
solved during each iteration. To reduce the computational
complexity, Gaussian randomization procedure is performed
to obtain the rank-one solution after the convergence of the
alternating optimization. The overall algorithm is summarized
in Algorithm 2.

C. Convergence and Complexity Analysis

1) Convergence Analysis: The convergence performance of
the proposed algorithms is presented in Theorem 1.

Theorem 1: Algorithm 1  generates a  sequence
{(Wét), v(t)) } of improved points of problem (P —S),

which converges to a Karush-Kuhn-Tucker (KKT) point.

Proof: ~ For algorithm 1, We have the following
inequalities:
P (W) ()

(65)

The inequality (a) holds since the transmit power only
depends on W while the inequality (b) holds since
W(()t) is the optimal solution of (P — S3) for given v(").
Therefore, {(W(()t),v(t)

} is a better solution to prob-
lem (P —S) than {(Wétil),v(t_l))}. Furthermore, the
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» E Macro user

E Micro user 1

> E Micro user 2

D Micro user K

Fig. 3. The system model for conventional SCN, consisting of an MBS,
an mBS, a macro user and K micro users.

sequence {(Wét), v(t))} is bounded by the constraint (34e)

and due to the fact that the objective function is to minimize
tr (Wy). According to Cauchy’s theorem, there is a convergent

subsequence {(W(()t“), v(tv))} with a limit point (W7, v*).

Following the proposition 2 in [46], we can obtain that
{P (W(()t),'u(t)) -

Notice that W, and v* are the optimal solutions of the convex
optimization problems (P — S3) and (P — S8), respectively.
According to [47], each accumulation point (W, v*) of the
sequence (Wét), v(t)) is a KKT point. [ ]

The convergence proof of algorithm 2 is similar and is thus
omitted here.

2) Complexity Analysis: The computational complexity
of the proposed algorithms is analyzed in this part.
According to [45], the computational complexity for
solving (P —83) is O (max 2K +1,M}! Mélog(é)),
where €, denotes the predefined accuracy of the
solution. For solving (P —S8), the complexity is
0 ((2KN+2K+ 1)4(KN+2K+1)%1og(§S)). The
complexity of randomization procedure is O (N 2). Let
I, and I, denote the required iteration number for the
SCA approach and the alternating optimization algorithm,
respectively. Therefore, the total computational complexity

o (Ia(max (2K +1,M}' Mz +

lim
t—o0

P(W§5v5)| =0.  (66)

of algorithm 1 is

LEKEN + 2K + DYKN +2K +1)* Jog(&) + N2>.

Similarly, the computational complexity for solving
(P-T4) is O (M21og(§)) while the complexity
s O ((N + 3)4M%10g(§)) for solving (P —T7).

The total computational complexity of algorithm 2 is
o (Ia ((N +3)*M2 + M2) log(+) + N2)

IV. CONVENTIONAL SCN

In this section, we review the conventional SCN as a
benchmark transmission scheme. As illustrated in Fig. 3, the
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conventional SCN consists of an MBS with M; antennas,
an mBS with M antennas, a single-antenna macro user served
by the MBS, and K single-antenna micro users served by the
mBS. The baseband equivalent channels from the MBS to the
macro user, from the MBS to micro user k&, from the mBS to
the macro user, and from the mBS to micro user k are denoted
by go € (Clxj\ﬁ’gk c (ClXMl,ho c (Clng,hk c (ClXM2,
respectively. The MBS transmits the signal s(g) to the macro
user with beamforming vector wg € C1*! and the mBS
transmits the signal c;(¢),k = 1,..., K to K micro users
with beamforming vector wj; € CM2*! It is assumed that
s(q) and ck(q) follow the distribution of CA/(0,1) and cx(q)
comes from the wired backhaul. The signal received by the
macro user is given by

+h02w Cz

where ug(q) is the additive white Gaussian noise at the macro
user with zero mean and variance o2. The rate for macro user
decoding s(gq) is given by

Y0(q) = gowos(q q) +uolq),  (67)

lgowol?
Ry =log, | 1+ : (68)
2 ( Efil |h0wi|2+08
For micro user k, its received signal is given by
yk(q) = grwos(q) + i Zw ci(q) +ur(q),  (69)

where wuy(q) is additive white Gaussian noise at user k
following CN(0,07). The micro user k first decodes s(q).
The corresponding rate is written as

|£lk'll?()|2
Ry =logy | 1+ .
S lhiw; ]2 + o7

After decoding s(g), user k cancels the interference and then
decodes ¢y (q). The rate to decode cx(q) is given by

(70)

hrwy|?
e (L — .
Dimtik [Pewil? + of
The total power consumption in this SCN consists of the
power consumed by both the MBS and mBS, which is given
by

1

Py =M (77—|’wo||2 + M1PC,MBS>

1

| X

+)\2 <_Z|wi|2+M2Pc,mBS>v (72)

252

where \; and 7; are the corresponding parameters for MBS
while Ay and 72 are those for mBS.

To minimize the total power consumption in SCN under

user transmission rate constraints, the following problem can
be formulated:

(P—-—C): min —||w & —|— — Z [|w]| (73a)
{wi}S, 2 i=1
s.t. Ry > Ry, (73b)
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Micro users

(0m,800m) - Macro user =400m

(1000m,400m)

(0m,0m) (1000m,0m)

X

Fig. 4. The simulated RIS-based SCN comprising of one MBS, one
N-element RIS, multiple micro users and one macro user.

Rk’,s > R57 Vki,
Ri.> R., Vk.

(73¢)
(73d)

Such a problem can be transformed to a rank-constrained
SDP problem and solved with semi-definite relaxation (SDR)
approach [45].

V. SIMULATION RESULTS

In this section, simulation results are presented to validate
the benefits of using an RIS to serve multiple micro users in
an SCN. In the simulations, as shown in Fig. 7, the MBS is
located at (O m, O m), and the RIS is located at (1000 m, 0 m).
The micro users are uniformly and randomly distributed in a
circle centered at (1000 m, 400 m) with radius R = 400 m.
The macro user is located at (0 m, 800 m). N = 64 (N}, =
16, N, = 4). We assume that the RIS and the MBS have a
gain of 5 dBi, and users have a gain of 0 dBi. The Rician
factors for all Rician fading channels are set to 10.

We assume that the RIS applies binary phase shift keying
(BPSK) modulation, i.e., ¢, = {+1,—1}. The symbol period
of the RIS is ten times longer than that of the MBS, i.e.
@ = 10. The operating frequency is set to 2.5 GHz. The
bandwidth is B = 180 kHz and the noise power is set to be
0? = —174 + 10log,,(B) dBm. The parameters in the power
consumption model for MBS and mBS are set to A\; = 1.25,
m = 0.388, P.yps = 207 W, Ay = 1.15, 2 = 0.285,
Pe..mps = 14.4 W, which are identical to those in [40]. The
power consumption value of each phase shifter is 7.8 mW for a
6-bit resolution phase shifting. Simulation results are averaged
over 10% random channel realizations.

First, we study the convergence performance of the two
transmission schemes, which are depicted in Fig. 5 and Fig. 6,
respectively. For both algorithms, the transmit power under
various R, values decreases monotonically as the number
of iterations increases. Furthermore, the proposed algorithms
converge in three iterations for the TDMA scheme and
9 to 10 iterations for the SDMA scheme, which validates
that the proposed algorithms can achieve fast convergence.
A few iterations are sufficient to achieve a large portion of the
converged transmit power, demonstrating the proposed algo-
rithms’ effectiveness and potential to be applied in practical
scenarios.
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Fig. 5. Transmit power vs. Iteration number for TDMA transmission scheme,
K =2,M =3,M> =2, R. = 0.2 bit/s/Hz.
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Fig. 6. Transmit power vs. Iteration number for SDMA transmission scheme,
K =2,M =3,M2 =2, Rc = 0.5 bit/s/Hz.
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Fig. 7. Total power consumption Vvs. Re, K = 2, M =3, My = 2.

Next, the total power consumption versus the micro user’s
minimum transmission rate requirement R, is plotted for
different schemes with K = 2, M = 3 in Fig. 7 and
K = 3,M = 4 in Fig. 8. As shown in these figures, the
total power consumption increases as R. increases for the
SDMA scheme and TDMA scheme. When R, is low, for
example, R. < 0.3 bit/s/Hz, the TDMA scheme is slightly
better than the SDMA scheme, but the performance gap is
negligible. When R, is high, the SDMA scheme presents
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much better performance over the TDMA scheme. Hence,
when the rate requirement of micro users is not stringent,
we choose the TDMA transmission scheme to serve the
micro users one by one, while SDMA is preferable when the
requirement is strict. In addition, the proposed TDMA and
SDMA schemes significantly outperform the C-SCN scheme.
By employing the RIS in the SCN to serve multiple micro
users, the total power consumption of the RIS-based SCN
becomes drastically lower than the conventional SCN. For
instance, when R, = 0.5 bit/s/Hz, the power consumption of
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the SDMA scheme, TDMA scheme, and C-SCN scheme are
84.37 W, 90.58 W, and 110.9 W, respectively. With K = 2,
the reduction ranges of total power consumption in the SDMA
scheme and TDMA scheme are 24 percent to 29 percent
and 18 percent to 29 percent, respectively, compared to the
C-SCN scheme. With K = 3, the reduction ranges are
25 percent to 30 percent and 1 percent to 32 percent. These
results verify that introducing the RIS into the SCN to serve
multiple micro users is a promising technique to reduce the
total power consumption and realize more energy-efficient
communication. Furthermore, comparing Fig. 7 and Fig. §,
we observe that the total power consumption of the TDMA
scheme with three micro users increases faster than that of the
TDMA scheme with two micro users. This can be explained
as follows. The transmission rate requirement of each micro
user under the TDMA scheme is scaled up by K due to the
reduction in transmission time. A larger K value will lead to
a more stringent rate requirement for micro users under the
TDMA scheme. In contrast, the performance of the SDMA
scheme is not affected by K as much as the TDMA scheme.

In Fig. 9, we study the impact of the macro user rate
requirement R, on the performance of different transmission
schemes. It is seen from this figure that the total power con-
sumption achieved by all the transmission schemes increases
as R, increases, because more power is required to support
faster data transmission. In addition, for the three transmission
schemes, a higher R, calls for higher total power consumption.
Again, the TDMA scheme and SDMA scheme both outper-
form the C-SCN scheme. We also observe that the total power
consumption of the C-SCN scheme increases more rapidly
than those of the TDMA and SDMA schemes.

Fig. 10 plots the total power consumption versus the number
of reflective elements. As expected, with the increase in the
number of reflective elements, the total power consumption
of the proposed scheme decreases since a larger degree of
freedom can be utilized to optimize the system. When N is
not large, for instance, N = 16, the power saving benefit by
deploying the RIS cannot be ensured. When N is larger than
48, the total power consumption of the proposed RIS-based
SCN is lower than that of the conventional SCN, which shows
the benefit in power saving by deploying the RIS instead of
an mBS. Meanwhile, the total power consumption approaches
a constant value when N is sufficiently large.

VI. CONCLUSION

In this paper, we have proposed a novel RIS-based SCN
by replacing the mBS in the SCNs with the RIS. Compared
with deploying mBSs, the proposed system can achieve higher
energy efficiency since the RIS transmits messages by reflect-
ing the incident signal passively. The interference challenge
faced by the conventional SCN can also be solved since
the interference relationship is transformed to a mutualistic
one. The SDMA and TDMA transmission schemes have been
developed to support multi-user information transmission.
A joint beamforming and phase shifts design problem has been
formulated to minimize the total power consumption under
the user transmission rate and phase shift constraints. For the
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two problems under SDMA and TDMA transmission schemes,
alternating optimization algorithms have been proposed to
solve two subproblems iteratively, one to optimize the phase
shifts and the other to optimize the beamforming vector.
Simulation results have shown that the power consumption can
be reduced significantly by deploying the RIS, which validates
the advantages of the RIS-based SCN and the effectiveness of
the proposed algorithms.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

REFERENCES

J. Wang, Y.-C. Liang, Y. Pei, and X. S. Shen, “Reconfigurable intelligent
surface for small cell network,” in Proc. IEEE Global Commun. Conf.
(GLOBECOM), Madrid, Spain, Dec. 2021, pp. 1-6.

F. Tarig, M. R. A. Khandaker, K.-K. Wong, M. A. Imran, M. Bennis,
and M. Debbah, “A speculative study on 6G,” IEEE Wireless Commun.,
vol. 27, no. 4, pp. 118-125, Aug. 2020.

X. Ge, J. Yang, H. Gharavi, and Y. Sun, “Energy efficiency challenges
of 5G small cell networks,” IEEE Commun. Mag., vol. 55, no. 5,
pp. 184-191, May 2017.

H. Claussen, D. Lopez-Perez, L. Ho, R. Razavi, and S. Kucera, Small
Cell Networks: Deployment, Management, and Optimization. Hoboken,
NJ, USA: Wiley, 2017.

S. M. Cheng, S. Y. Lien, F. S. Chu, and K. C. Chen, “On exploiting
cognitive radio to mitigate interference in macro/femto heterogeneous
networks,” IEEE Wireless Commun., vol. 18, no. 3, pp. 40—47, Jun. 2011.
H. Zhang, Y. Wang, and H. Ji, “Resource optimization-based interference
management for hybrid self-organized small-cell network,” IEEE Trans.
Veh. Technol., vol. 65, no. 2, pp. 936-946, Feb. 2015.

Z. Zhang, L. Song, Z. Han, and W. Saad, “Coalitional games with
overlapping coalitions for interference management in small cell net-
works,” IEEE Trans. Wireless Commun., vol. 13, no. 5, pp. 2659-2669,
May 2014.

A. Liu, V. K. N. Lau, L. Ruan, J. Chen, and D. Xiao, “Hierarchical radio
resource optimization for heterogeneous networks with enhanced inter-
cell interference coordination (elCIC),” IEEE Trans. Signal Process.,
vol. 62, no. 7, pp. 1684-1693, Apr. 2014.

D. Lopez-Perez, A. Valcarce, G. De La Roche, and J. Zhang, “OFDMA
femtocells: A roadmap on interference avoidance,” IEEE Commun.
Mag., vol. 47, no. 9, pp. 41-48, Sep. 2009.

N. Saquib, E. Hossain, and D. I. Kim, “Fractional frequency reuse
for interference management in LTE-advanced hetnets,” IEEE Wireless
Commun., vol. 20, no. 2, pp. 113-122, Apr. 2013.

W. Shin, W. Noh, K. Jang, and H.-H. Choi, “Hierarchical interference
alignment for downlink heterogeneous networks,” IEEE Trans. Wireless
Commun., vol. 11, no. 12, pp. 4549-4559, Dec. 2012.

L. Liu, J. C. Zhang, Y. Yi, H. Li, and J. Zhang, “Combating interference:
Mu-MIMO CoMP and HetNet,” J. Commun., vol. 7, no. 9, pp. 646-655,
2012.

V. Chandrasekhar, J. G. Andrews, T. Muharemovic, Z. Shen, and
A. Gatherer, “Power control in two-tier femtocell networks,” IEEE
Trans. Wireless Commun., vol. 8, no. 8, pp. 43164328, Aug. 2009.

J. Xiao, C. Yang, A. Anpalagan, Q. Ni, and M. Guizani, “Joint interfer-
ence management in ultra-dense small-cell networks: A multi-domain
coordination perspective,” IEEE Trans. Commun., vol. 66, no. 11,
pp. 5470-5481, Nov. 2018.

W. Guo and T. O’Farrell, “Green cellular network: Deployment solu-
tions, sensitivity and tradeoffs,” in Proc. Wireless Adv., Jun. 2011,
pp. 42-47.

R. Tao, W. Liu, X. Chu, and J. Zhang, “An energy saving small cell
sleeping mechanism with cell range expansion in heterogeneous net-
works,” IEEE Trans. Wireless Commun., vol. 18, no. 5, pp. 2451-2463,
May 2019.

J. A. Ayala-Romero, J. J. Alcaraz, A. Zanella, and M. Zorzi, “Online
learning for energy saving and interference coordination in HetNets,”
IEEE J. Sel. Areas Commun., vol. 37, no. 6, pp. 1374-1388, Jun. 2019.
L. Tang, W. Wang, Y. Wang, and Q. Chen, “An energy-saving algorithm
with joint user association, clustering, and on/off strategies in dense
heterogeneous networks,” IEEE Access, vol. 5, pp. 12988-13000, 2017.
C. Liaskos, S. Nie, A. Tsioliaridou, A. Pitsillides, S. Ioannidis,
and I. Akyildiz, “A new wireless communication paradigm through
software-controlled metasurfaces,” IEEE Commun. Mag., vol. 56, no. 9,
pp. 162-169, Sep. 2018.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

Q. Wu and R. Zhang, “Intelligent reflecting surface enhanced wireless
network via joint active and passive beamforming,” IEEE Trans. Wireless
Commun., vol. 18, no. 11, pp. 5394-5409, Nov. 2019.

S. Zeng, H. Zhang, B. Di, Z. Han, and L. Song, ‘“Reconfigurable
intelligent surface (RIS) assisted wireless coverage extension: RIS
orientation and location optimization,” IEEE Commun. Lett., vol. 25,
no. 1, pp. 269-273, Jan. 2020.

P. Wang, J. Fang, X. Yuan, Z. Chen, and H. Li, “Intelligent reflect-
ing surface-assisted millimeter wave communications: Joint active and
passive precoding design,” IEEE Trans. Veh. Technol., vol. 69, no. 12,
pp. 14960-14973, Oct. 2020.

Y.-C. Liang, R. Long, Q. Zhang, J. Chen, H. V. Cheng, and H. Guo,
“Large intelligent surface/antennas (LISA): Making reflective radios
smart,” J. Commun. Inf. Netw., vol. 4, no. 2, pp. 40-50, Jun. 2019.

J. Wang, Y.-C. Liang, J. Joung, X. Yuan, and X. Wang, “Joint beam-
forming and reconfigurable intelligent surface design for two-way relay
networks,” [EEE Trans. Commun., vol. 69, no. 8, pp. 5620-5633,
Aug. 2021.

M. Jung, W. Saad, and G. Kong, “Performance analysis of active
large intelligent surfaces (LISs): Uplink spectral efficiency and pilot
training,” [EEE Trans. Commun., vol. 69, no. 5, pp. 3379-3394,
May 2021.

Z. Li, H. Hu, J. Zhang, and J. Zhang, “Enhancing indoor mmWave
wireless coverage: Small-cell densification or reconfigurable intelligent
surfaces deployment?” IEEE Wireless Commun. Lett., vol. 10, no. 11,
pp. 2547-2551, Nov. 2021.

A. Bereyhi, V. Jamali, R. R. Miiller, A. M. Tulino, G. Fischer, and
R. Schober, “A single-RF architecture for multiuser massive MIMO via
reflecting surfaces,” in Proc. IEEE Int. Conf. Acoust., Speech Signal
Process. (ICASSP), May 2020, pp. 8688-8692.

W. Tang et al., “Wireless communications with programmable meta-
surface: Transceiver design and experimental results,” China Commun.,
vol. 16, no. 5, pp. 46-61, May 2019.

Q. Zhang, Y.-C. Liang, and H. V. Poor, “Reconfigurable intel-
ligent surface assisted MIMO symbiotic radio networks,” [EEE
Trans. Commun., vol. 69, no. 7, pp.4832-4846, Jul. 2021, doi:
10.1109/TCOMM.2021.3070043.

J. Hu, Y-C. Liang, and Y. Pei, “Reconfigurable intelligent surface
enhanced multi-user MISO symbiotic radio system,” IEEE Trans. Com-
mun., vol. 69, no. 4, pp. 2359-2371, Dec. 2021.

M. Hua, L. Yang, Q. Wu, C. Pan, C. Li, and A. L. Swindlehurst,
“UAV-assisted intelligent reflecting surface symbiotic radio system,”
IEEE Trans. Wireless Commun., vol. 20, no. 9, pp. 5769-5785,
Sep. 2021.

L. Zhang et al., “A wireless communication scheme based on space-
and frequency-division multiplexing using digital metasurfaces,” Nature
Electron., vol. 4, no. 3, pp. 218-227, Mar. 2021.

Y.-C. Liang, Q. Zhang, E. G. Larsson, and G. Y. Li, “Symbiotic radio:
Cognitive backscattering communications for future wireless networks,”
IEEE Trans. Cognit. Commun. Netw., vol. 6, no. 4, pp. 1242-1255,
Sep. 2020.

Q. Nadeem, A. Kammoun, A. Chaaban, M. Debbah, and M.-S. Alouini,
“Asymptotic max-min SINR analysis of reconfigurable intelligent sur-
face assisted MISO systems,” IEEE Trans. Wireless Commun., vol. 19,
no. 12, pp. 7748-7764, Dec. 2020.

C. Hu, L. Dai, S. Han, and X. Wang, “Two-timescale channel estimation
for reconfigurable intelligent surface aided wireless communications,”
IEEE Trans. Commun., vol. 69, no. 11, pp. 7736-7747, Nov. 2021.

A. L. Swindlehurst, G. Zhou, R. Liu, C. Pan, and M. Li, “Channel esti-
mation with reconfigurable intelligent surfaces—A general framework,”
Proc. IEEE, vol. 110, no. 9, pp. 1312-1338, Sep. 2022.

B. Zheng, C. You, W. Mei, and R. Zhang, “A survey on channel estima-
tion and practical passive beamforming design for intelligent reflecting
surface aided wireless communications,” /IEEE Commun. Surveys Tuts.,
vol. 24, no. 2, pp. 1035-1071, 2nd Quart., 2022.

J. Chen, Y.-C. Liang, H. V. Cheng, and W. Yu, “Channel estimation
for reconfigurable intelligent surface aided multi-user MIMO systems,”
2019, arXiv:1912.03619.

G. Yang, Q. Zhang, and Y.-C. Liang, “Cooperative ambient backscatter
communications for green Internet-of-Things,” IEEE Internet Things J.,
vol. 5, no. 2, pp. 1116-1130, Apr. 2018.

W. Liu, S. Han, C. Yang, and C. Sun, “Massive MIMO or small cell
network: Who is more energy efficient?” in Proc. IEEE Wireless Com-
mun. Netw. Conf. Workshops (WCNCW), Shanghai, China, Apr. 2013,
pp. 24-29.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:04:10 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1109/TCOMM.2021.3070043

WANG et al.: RIS AS A mBS: A NOVEL PARADIGM FOR SCNs

[41] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and
C. Yuen, “Reconfigurable intelligent surfaces for energy efficiency in
wireless communication,” IEEE Trans. Wireless Commun., vol. 18, no. 8,
pp. 4157-4170, Aug. 2019.

S. Abeywickrama, R. Zhang, Q. Wu, and C. Yuen, “Intelligent reflecting
surface: Practical phase shift model and beamforming optimization,”
IEEE Trans. Commun., vol. 68, no. 9, pp. 5849-5863, Sep. 2020.

W. Cai, H. Li, M. Li, and Q. Liu, “Practical modeling and beamforming
for intelligent reflecting surface aided wideband systems,” IEEE Com-
mun. Lett., vol. 24, no. 7, pp. 1568-1571, Jul. 2020.

M. Grant and S. Boyd. (Jan. 2020). CVX: MATLAB software for
disciplined convex programming, version 2.2. [Online]. Available:
http://cvxr.com/cvx

Z.-Q. Luo, W.-K. Ma, A. M.-C. So, Y. Ye, and S. Zhang, “Semidefinite
relaxation of quadratic optimization problems,” IEEE Signal Process.
Mag., vol. 27, no. 3, pp. 20-34, May 2010.

A. A. Nasir, H. D. Tuan, T. Q. Duong, and H. V. Poor, “Secrecy
rate beamforming for multicell networks with information and energy
harvesting,” IEEE Trans. Signal Process., vol. 65, no. 3, pp. 677-689,
Feb. 2016.

B. R. Marks and G. P. Wright, “A general inner approximation algo-
rithm for nonconvex mathematical programs,” Oper. Res., vol. 26,
pp. 681-683, Jul. 1978.

[42]

[43]

[44]

[45]

[40]

[471

Jun Wang (Graduate Student Member, IEEE)
received the B.S. degree in communication engineer-
ing from the University of Electronic Science and
Technology of China (UESTC), Chengdu, China,
in 2018, where he is currently pursuing the Ph.D.
degree with the National Key Laboratory of Science
and Technology on Communications. His research
interests include symbiotic radio, reconfigurable
intelligent surface, and convex optimization.

Ying-Chang Liang (Fellow, IEEE) was a Profes-
sor with The University of Sydney, Sydney, NSW,
Australia, a Principal Scientist and a Technical
Advisor with the Institute for Infocomm Research,
Singapore, and a Visiting Scholar with Stanford
University, Stanford, CA, USA. He is currently a
Professor with the University of Electronic Sci-
ence and Technology of China, Chengdu, China,
where he leads the Center for Intelligent Networking
and Communications (CINC). His research interests
include wireless networking and communications,
cognitive radio, symbiotic communications, dynamic spectrum access, the
Internet of Things, artificial intelligence, and machine learning techniques.
He is a Foreign Member of the Academia Europaea. He received the Pres-
tigious Engineering Achievement Award from The Institution of Engineers,
Singapore, in 2007; the Outstanding Contribution Appreciation Award from
the IEEE Standards Association in 2011; and the Recognition Award from the
IEEE Communications Society Technical Committee on Cognitive Networks
in 2018. He was a recipient of numerous paper awards, including the IEEE
Communications Society Advances in Communication Prize Paper Award in
2022, the IEEE Communications Society Stephen O. Rice Prize in 2021,
and the IEEE Vehicular Technology Society Jack Neubauer Memorial Award
in 2014. He was the Chair of the IEEE Communications Society Technical
Committee on Cognitive Networks. He has served as the TPC Chair and the
Executive Co-Chair for the IEEE Globecom’17. He was a Guest/Associate
Editor of the IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, the
IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, the [EEE
Signal Processing Magazine, the IEEE TRANSACTIONS ON VEHICULAR
TECHNOLOGY, and the IEEE TRANSACTIONS ON SIGNAL AND INFORMA -
TION PROCESSING OVER NETWORKS, and an Associate Editor-in-Chief of

2351

the Random Matrices: Theory and Applications (World Scientific). He is also
the Founding Editor-in-Chief of the IEEE JOURNAL ON SELECTED AREAS
IN COMMUNICATIONS: COGNITIVE RADIO SERIES and the Key Founder and
the Editor-in-Chief of the IEEE TRANSACTIONS ON COGNITIVE COMMU-
NICATIONS AND NETWORKING. He is also serving as an Associate Editor-
in-Chief for China Communications. He was a Distinguished Lecturer of the
IEEE Communications Society and the IEEE Vehicular Technology Society.
He has been recognized by Thomson Reuters (now Clarivate Analytics) as a
Highly Cited Researcher since 2014.

Yiyang Pei (Senior Member, IEEE) received the
B.Eng. and Ph.D. degrees in electrical and electronic
engineering from Nanyang Technological Univer-
sity, Singapore, in 2007 and 2012, respectively.
From 2012 to 2016, she was a Research Sci-
entist with the Institute for Infocomm Research,
Singapore. She is currently an Associate Profes-
sor with the Singapore Institute of Technology,
Singapore. Her current research interests include
reconfigurable intelligent surface, dynamic spectrum
access, and application of machine learning to wire-
less communications and networks. She was a recipient of the IEEE Com-
munications Society Stephen O. Rice Prize Paper Award in 2021. She is
an Editor of the IEEE TRANSACTIONS ON COGNITIVE COMMUNICATIONS
AND NETWORKING.

Xuemin (Sherman) Shen (Fellow, IEEE) received
the Ph.D. degree in electrical engineering from Rut-
gers University, New Brunswick, NJ, USA, in 1990.

He is currently a University Professor with the
Department of Electrical and Computer Engineering,
University of Waterloo, Canada. His research inter-
ests include network resource management, wireless
network security, the Internet of Things, 5G and
beyond, and vehicular networks. He is a registered
Professional Engineer of Ontario, Canada, an Engi-
neering Institute of Canada Fellow, a Canadian
Academy of Engineering Fellow, a Royal Society of Canada Fellow, a Chinese
Academy of Engineering Foreign Member, and a Distinguished Lecturer
of the IEEE Vehicular Technology Society and Communications Society.
He received the Canadian Award for Telecommunications Research from
the Canadian Society of Information Theory (CSIT) in 2021; the R.A.
Fessenden Award from IEEE, Canada, in 2019; the Award of Merit from the
Federation of Chinese Canadian Professionals (Ontario) in 2019; the James
Evans Avant Garde Award from the IEEE Vehicular Technology Society
in 2018; the Joseph LoCicero Award in 2015; the Education Award from
the IEEE Communications Society (ComSoc) in 2017; and the Technical
Recognition Award from the Wireless Communications Technical Committee
in 2019 and the AHSN Technical Committee in 2013. He has also received
the Excellent Graduate Supervision Award in 2006 from the University of
Waterloo and the Premier’s Research Excellence Award (PREA) from the
Province of Ontario, Canada, in 2003. He has served as the Technical Program
Committee Chair/Co-Chair for IEEE Globecom’16, IEEE Infocom’14, IEEE
VTC’10 Fall, and IEEE Globecom’07, and the Chair for the IEEE ComSoc
Technical Committee on Wireless Communications. He is the President of
the IEEE ComSoc. He was the Vice President of Technical and Educational
Activities and the Publications. He was a Member-at-Large on the Board of
Governors, the Chair of the Distinguished Lecturer Selection Committee, and
a member of IEEE Fellow Selection Committee of the ComSoc. He served
as the Editor-in-Chief of the IEEE INTERNET OF THINGS JOURNAL, IEEE
NETWORK, and IET Communications.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:04:10 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


