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Abstract—In the paper, we study the robust beamforming
design in cloud radio access networks where remote radio heads
(RRHs) are connected to a cloud server that performs signal
processing and resource allocation in a centralized manner. Dif-
ferent from traditional approaches adopting a concave increasing
function to model the utility of a user, we model the utility
by a sigmoidal function of the signal-to-interference-plus-noise
ratio (SINR) to capture the diminishing utility returns for very
small and very large SINRs in real-time applications (e.g. video
streaming). Our objective is to maximize the aggregate utility of
the users while taking into account the imperfection of channel
state information (CSI), limited backhaul capacity, and minimum
quality of service requirements. Because of the sigmoidal utility
function and some of the constraints, the formulated problem
is non-convex. To efficiently solve the problem, we introduce a
maximum interference constraint, transform the CSI uncertainty
constraints into linear matrix inequalities, employ convex relax-
ation to handle the backhaul capacity constraints, and exploit
the sum-of-ratios form of the objective function. This leads to an
efficient resource allocation algorithm which outperforms several
baseline schemes and closely approaches a performance upper
bound for large CSI uncertainty or large number of RRHs.

Index Terms: C-RAN, beamforming design, imperfect CSI, sig-
moidal utility function, capacity-limited backhaul.

I. INTRODUCTION

Deploying base stations (BSs) densely is a viable approach
to meet the tremendous data traffic demands in the fifth gen-
eration (5G) wireless communication networks [2]. However,
this may also increase the capital and operational expenditure
of mobile network operators (MNOs) and the user equipments
(UEs) may suffer from severe multicell interference caused by
simultaneous transmissions in adjacent cells [3]. The recently
proposed cloud radio access network (C-RAN) architecture is
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considered to be a promising architecture to overcome these
problems in 5G wireless networks [4]. In C-RAN, the radio
signal transceiver module and the baseband signal processing
module of conventional BSs are detached. The baseband signal
processing module is located at a cloud server and is referred
to as baseband unit (BBU). The BS, which is only composed
of radio signal transceivers in C-RAN, is referred to as re-
mote radio head (RRH). Ideally, the backhaul communication
between the RRHs and the BBUs is implemented by optical
fibers. Multiple BBUs running on a cloud server can form
a computationally powerful BBU pool, where the baseband
signals are processed in a centralized manner. Thus, not only
the cost of deploying a new BS can be significantly reduced,
but also coordinated multipoint (CoMP) transmission can be
seamlessly applied to mitigate the interference caused by
nearby BSs.

Due to these advantages inherent to C-RAN, coordinated
beamforming design has been studied for C-RAN in the
literature [5]-[9] to improve system performance. The authors
in [5] formulated an optimization problem for the beamform-
ing design in CoMP networks with the objective of minimizing
the backhaul data traffic. Beamforming design for reducing the
energy consumption and increasing the energy efficiency of C-
RAN was studied in [6]—[8] for various network scenarios. The
work in [6] assumed imperfect channel state information (CSI)
for beamforming design for downlink data transmission. The
work in [7] investigated beamforming design for both uplink
and downlink for minimization of the energy consumption
in C-RAN. Maximizing the energy efficiency via cooperative
beamforming was proposed in [8]. The authors in [9] formu-
lated a multi-objective optimization problem to jointly reduce
the backhaul data traffic and the energy consumption of the
RRHs. However, it was assumed in [6]-[9] that an unlimited
amount of control signals, user CSI, and precoding data can
be exchanged over the backhaul.

In practice, the backhaul capacity is limited. Taking this
constraint into account for beamforming design is crucial in
C-RAN. In the literature, there are two strategies to limit
the amount of backhaul data traffic in C-RAN, namely, the
compression strategy and the data sharing strategy [10]. For
the compression strategy, the backhaul data traffic is reduced
by adopting source coding techniques. Specifically, the res-
olution of the compressed signals is adjusted according to
the backhaul capacity. The compression strategy has been
investigated for both uplink and downlink transmission in C-
RAN. In particular, the authors of [11] and [12] assumed that
the quantization noises at different RRHs are uncorrelated and



used independent compression for uplink data transmission.
By exploiting the correlation of the quantization noises at
different RRHs, distributed compression schemes have been
proposed for uplink data transmission in [13]-[18]. On the oth-
er hand, the authors of [19] studied downlink data transmission
employing independent compression. Independent compres-
sion for downlink data transmission with imperfect CSI was
studied in [20]. Furthermore, the authors of [21] investigated
distributed compression for downlink data transmission in C-
RAN. However, different mobile applications running on the
UEs may require different resolutions for the received signals,
which increases the complexity of the baseband signal pro-
cessing if the compression strategy is employed. For the data
sharing strategy, the amount of backhaul data traffic of an RRH
is determined by the data traffic of the UEs that are associated
with the RRH. The association problem between UEs and
RRHs can be solved either by a clustering approach [22]
or a user-centric approach [10]. The former approach allows
multiple RRHs to form a cluster for serving multiple UEs.
However, geographic boundaries exist between adjacent RRH
clusters. The UEs located at the boundaries of RRH clusters
may suffer from strong co-channel interference. The latter
approach, in contrast, dynamically selects suitable RRHs to
serve individual UE by exploiting the benefits of interference
management. In fact, the user-centric approach can effectively
reduce the co-channel interference by associating each UE to
multiple RRHs and employing an appropriate beamforming
design. Thus, different from [19]-[21], in this paper, we adopt
the data sharing strategy and use the user-centric approach for
the association of UEs and RRHs.

Mobile applications running on UEs require different
amounts of network resources to achieve the desired quality
of service (QoS). For example, the signal-to-interference-plus-
noise ratios (SINRs) needed for online video and audio stream-
ing applications to ensure smooth video and audio services are
different. With the C-RAN architecture, the MNO can allocate
the limited network resources efficiently via cooperative beam-
forming. Although many existing works [23], [24] target the
maximization of the system sum rate characterized by a sum
of concave increasing functions of the SINRs, sigmoidal func-
tions with the received SINR as the input parameter constitute
better models for the utility achieved by mobile users [25],
[26]. However, sigmoidal functions are non-convex and thus
determining the optimal beamforming vectors is a challenging
task. Furthermore, due to the channel noise, interference, and
time varying nature of wireless channels, only imperfect CSI
can be obtained and exploited for beamforming design in
practice. Note that the baseband signal processing in C-RAN
is performed by the BBU pool on a cloud server. Thus, the
CSI estimated by the RRHs needs to be first conveyed to the
cloud server via the capacity-limited backhaul links. Then,
the precoded signals are transmitted from the BBU pool to
the RRHs. The resulting round trip delay in the backhaul
and the associated signal processing delay further add to the
imperfection of the estimated CSI used for resource allocation.
If the actual link quality between the RRHs and a UE is worse
than the estimated value, then the UE may not be able to
decode the signal received from the RRHs. In this case, the

utility of the serving UE may be significantly reduced.

To address above issues, in this paper, we focus on the
utility based beamforming design in C-RAN where we take
into account both the imperfection of the CSI and the capacity-
limited backhaul. To the best of our knowledge, beamforming
design for aggregate utility maximization of mobile users in C-
RAN with imperfect CSI and capacity-limited backhaul links
has not yet been studied in the existing literature [5]-[10],
[18], [21], [22]. We first formulate the robust beamforming
design as an optimization problem. The problem is generally
intractable since it has a non-convex objective function, non-
convex combinatorial constraints due to the limited backhaul
capacity, and infinitely many constraints due to the channel
uncertainty. To strike a balance between system performance
and the computational complexity of solving the problem, we
focus on the design of a computationally efficient resource
allocation algorithm. In particular, we first introduce an addi-
tional robust maximum interference constraint for each mobile
user to simplify the considered problem. Subsequently, we
transform the infinitely many constraints in our problem to a
finite number of linear matrix inequality (LMI) constraints. We
then adopt the convex relaxation technique to handle the non-
convex combinatorial constraints, such that the transformed
problem can be solved in an iterative manner. In each iteration,
we introduce an inner loop that exploits the sum-of-ratios form
of the objective function to decompose the problem into two
subproblems and tackles them with semidefinite programming
(SDP) and the damped Newton’s method iteratively. Simula-
tion results show that the beamforming design obtained with
our proposed algorithm can increase the aggregate utility in
C-RAN compared with existing beamforming designs that
either maximize the weighted system sum rate (WSSR) or
the weighted sum of SINRs of the users.

The remainder of this paper is organized as follows. In
Section II, we introduce the system model and present the
problem formulation. In Section III, we transform our problem
and propose an iterative algorithm to obtain an efficient subop-
timal solution. Simulation results are provided in Section IV.
Conclusions are drawn in Section V.

Notations: In this paper, the following notations are adopted:
XT, XM, Tr(X), and Rank(X) represent the transpose, con-
jugate transpose, trace, and rank of matrix X, respectively;
C is the set of complex numbers, C"*" represents the set
of m x n complex matrices, H" denotes the set of n X n
Hermitian matrices; | - | is the absolute value. || - ||, is the
{-norm. In particular, ||-||p is the ¢y-norm of a vector and
denotes the number of non-zero entries in the vector; E[-]
denotes statistical expectation, R {«} denotes the real part of
complex number x; x >~ 0 means that each element in vector
x is non-negative, X > 0 (or X > 0) means that matrix X
is positive semidefinite (or positive definite), Xp;,.,,] returns a
vector containing the m'™ to the n'" elements of vector x; I,,
is the n x n identity matrix, O,, is the n X n all-zero matrix, 0,
denotes the n x 1 all-zero vector; ® stands for the Kronecker
product, and CN(0,0?) is the zero-mean complex Gaussian

distribution with variance o2.



Q uE

'ﬁ' RRH

— optical fiber

Fig. 1. An example of a C-RAN, where four UEs are served by six RRHs
via cooperative beamforming. A BBU pool is hosted by a cloud server. The
RRHs communicate with the BBU pool on the cloud server over backhaul
links implemented by optical fibers having limited capacities denoted by
C1,Ca,...,Cs. The MNO can control the RRHs and allocate network
resources to UEs in a centralized manner.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We now present our system model and formulate the prob-
lem. We consider downlink data transmission in a C-RAN. An
example of the considered system is shown in Fig. 1.

A. System Model

Let M = {1,..., M} denote the set of RRHs in the C-
RAN. Each RRH is equipped with N > 1 antennas. We
assume that each mobile user has one UE. Therefore, in the
sequel, we use the terms “mobile user” and “UE” interchange-
ably. Let L={1,..., K} denote the set of UEs. We assume
that each UE in set KC is equipped with a single antenna to
limit the receiver complexity.. As beamforming and CoMP
are employed, a UE can be associated with multiple RRHs
simultaneously. The precoded signal transmitted from RRH
meE M to UE k€K is given by W, x5, Where w,,, € CN*1
is the beamforming vector for UE k& employed by RRH m and
sk € C denotes the data symbol for UE k. Without loss of
generality, we assume that E [|s;|*] = 1, Vk € K. We note
that when w,, , # On, UE k is associated with RRH m.
Otherwise, w,,, , = On holds. Therefore, the signal received
at UE k € KC can be written as

H H
Y b Wiksk+ Y > hb WS+,

mem wek\{k} meMm (D)

desired signal interfering signals

where h,,, € CN*1 denotes the instantaneous channel vector
from RRH m to UE k and nj ~CN(0,0%) denotes the noise
at UE k with power o7. The received SINR at UE k is given
by
H 2
‘ZmGM hm,kwm«,k ‘
> uek\{k} ’ZmeM b Wl + 07,

Due to the non-negligible round-trip delay in the backhaul
and the imperfection of CSI estimation, the actual CSI, h,, ;,
from RRH m € M to UE k € K in (1) may deviate
from the estimated CSI used by the BBU pool for resource
allocation. Similar to [27], [28], we adopt a deterministic

model to capture the CSI uncertainty. Let ﬂm,k c chx1
denote the estimated CSI from RRH m to UE £k that is
used for the beamforming design at the cloud server. For
notational simplicity, we introduce h; = [hli',k"'hll-lVI,k]H
and h, 2 [ﬁ'{'kﬂ]@”@]H In the following, we assume
h; # Opn and ﬂk # Oypn, VEk € K. According to the
deterministic model in [27], [28], we can capture the CSI
uncertainty as follows:

h;, = i’\lk + Ahy,
Q £ {Ahy, : Ahj]Ahy, < 7},

VkeKk, 3
Vkek, )

where Ah;, € CMN*1 denotes the CSI uncertainty of the
channel from the RRHs in set M to UE k. Constant e
is the radius of the uncertainty region 2, which depends
on the degree of imperfection of the channel estimation, the
coherence time of the wireless channels from the RRHs to user
k, and the round-trip delay of the backhaul from the BBU pool
to the RRHs.

We assume that each UE executes a single mobile applica-
tion'. In general, for mobile users running real-time applica-
tions, the utility increases with the received SINR. However,
when the SINR achieved by a user is either very small or very
large, the marginal utility benefits for increasing SINR may be
negligible. For example, when the SINR achieved by a user
using an online video application is lower than a threshold
value such that the video cannot be smoothly played for the
user even with the lowest possible quality, the utility of the
user will not be notably increased until the SINR achieved
by the user is greater than that threshold value. On the other
hand, when the SINR achieved by the user is high enough
such that the video can be smoothly played with the highest
possible quality, allocating additional network resources to this
user cannot further increase his utility. In some cases, users
may always achieve higher utility when their received SINRs
are increased, such as when downloading a file or buffering
a video. Nevertheless, even in these cases, the improvement
in data rate will be limited as the received data rate is a
logarithmic function of the SINR [29]. Besides, as buffering
a video for a period of time can avoid video freezing and
interruptions, the shorter the amount of time that a user has
to wait for buffering before the video can be played smoothly,
the higher the utility that the user may obtain. However, when
the SINR is sufficiently large such that the downloading data
rate is high enough, the amount of time required for buffering
becomes negligible. Hence, even in this case, the room for
further improving the user’s utility by further reducing the
time of buffering is limited. Therefore, based on the above
analysis, the utility of a user may saturate or have little room
for improvement at high SINR. Thus, it is of fundamental
importance to incorporate the sigmoidal behaviour of the
users’ utility into the resource allocation algorithm design [25],

IThe case that a UE is running multiple mobile applications can be modeled
by defining multiple virtual UEs at the same location where each of them runs
a single application. We note that this approach may not be efficient when
the compression strategy is used to overcome the capacity-limited backhaul,
as, in this case, the correlation of the channels of the virtual devices should
be exploited to improve performance [21].



[26]. In this paper, we adopt the weighted sigmoidal function
to model the utility of UE k£ € K experiencing SINR ~; as
follows?:

Ui
1+exp (—ap(y —br))’ ©®)

where constant parameters ay, by > 0 depend on the applica-
tion running on UE £k, and constant parameter 7, > 0 is the
weight factor of UE k. Parameter aj, controls the steepness of
9k (k). The larger ay, is, the faster gx (i) increases with .
It is reasonable to assume that the utility of UE k approaches
0 if 75 — 0. Thus, we need gi(0) ~ 0, which holds if the
product axby is sufficiently large. We assume that parameters
ay, b, and n; are known once the considered application is
launched on UE k.

grx(k) =

B. Problem Formulation

We aim to maximize the aggregate utility of the mobile
users in set K. However, in the considered system, the actual
CSI is not perfectly known when the precoded signals are
transmitted from the RRHs to the UEs. Thus, the actual SINR
of each UE is not known at the transmitters. Furthermore, the
transmit signals are precoded by the BBU pool and transmitted
to the RRHs via the capacity-limited backhaul. Therefore, each
RRH in set M may only be used to serve a subset of UEs
in set /C due to the limited backhaul capacity. Moreover, the
beamforming design has to guarantee that the precoded signals
transmitted to the RRHs can be successfully forwarded from
the RRHs to the UEs over the wireless channel. Otherwise, if
the serving UEs cannot decode the received signals, the utility
of the mobile users will be reduced. We thus formulate the
following optimization problem for the beamforming design:

maxumze 6
Xim ng 23] (6a)
kek
<
subject to @y, A}]gn}enm%, Vke K, (6b)
Y lwinkllzflyBloga(1 + @1) < Cin,
kek
VYm e M, (6¢)
> AW kl3 < pm, VmeM, (6d)
kek
J < k
eq,k A}Ilmenm% Vkel, (6e)
where vectors w £ [wil | .. whl o owl o WR[,K]H and

@ 2 (¢1,...,pK) are the optimization variables. The aux-
iliary optimization variable ¢y in constraint (6b) serves as
an SINR lower bound for UE k € K given the channel
uncertainty. The auxiliary optimization variable ¢y is then
used to evaluate sigmoidal function gx(py) in the objective
function for UE k. In constraint (6¢), B denotes the bandwidth
of the wireless channel. Moreover, we have H||Wm,;€||2H0 =0
if and only if w,, , =O0pn, Vm € M,k € K. Thus, the left-
hand side (LHS) of constraint (6¢) is the aggregate data rate

2We note that the resource allocation algorithm developed in this paper for
the utility function given in (5) is also applicable for other sigmoidal utility

Nk ag (v —bg) :
b=tk kS +1), cf. Section III-C.
2 \V1+(ar (v —br))? )

functions such as g (vx) =

of the UEs associated with RRH m. Hence, constraint (6¢)
accounts for the limited backhaul capacity, where constant
C,,, denotes the backhaul capacity of RRH m. Constraint (6d)
restricts the total power used by RRH m for beamforming not
to exceed the maximum transmit power p,,. Constant I'req 1
in (6e) is the minimum required SINR for UE k. Constraint
(6e) is introduced to ensure that the minimum signal strength
required for signal detection is achieved or/and the QoS of
basic wireless communication services is sufficiently high.
Problem (6) is difficult to solve due to the following reasons:
objective function (6a) is in a non-convex sum-of-ratios form;
constraints (6b) and (6e) involve infinitely many inequality
constraints due to the continuity of the CSI uncertainty region
Q, Vke€C; and constraint (6¢) is a combinatorial constraint.
In general, there is no systematic and efficient approach to
solve this kind of non-convex optimization problem. Besides,
finding the globally optimal solution for problem (6) via a
brute-force approach entails a prohibitively high computation-
al complexity. Therefore, solving problem (6) directly is a
challenging task. Hence, we propose an iterative algorithm to
obtain an efficient suboptimal solution in the following section.

III. PROBLEM TRANSFORMATION AND SUBOPTIMAL
SOLUTION

In this section, we will transform problem (6) into a

tractable problem. For notational simplicity, we first introduce

A [oH H H ;
wi = [wi, ... wh ] to represent the beamforming vector

from all RRHs in set M to UE k& € K. The beamforming
vector of RRH m € M for UE k can be expressed as
Wk = BpWyg, where By, is a constant matrix defined
as B,, £ (0] _,,1,0],_ ) ® Iy. Problem (6) can be
equivalently rewritten as follows:

max1mlze Z g (o) (7a)
VP kex
Tr(hyh!! H
subject to ¢, < }rlnmﬂ r(T kh }vlvkwk) m
KEQU Y e\ [k} r( hlw, wh ) —l—ak
Vkek, (7b)
ST [T (B Brawiwl) ||, Blogs (14+61) < Con,
ke
VmeM, (7¢)
Z Tr (BB, wiwl) <pn, YmeM, (7d)
keK
r < Tr (hkhgwkwg)
re min ,
LN = o ZueK\{k}Tr (hghfw,wi) +07
Vke K. (Te)

In the following, we transform problem (7) into a tractable
form.

A. Interference Decoupling and Constraints Transformation
To handle the non-convexity of constraint (7b), inspired
by [30], we introduce the following robust maximum inter-
ference constraint for each UE in set K:
> Tr(hghiw,wh) <1, VEkeK,
we\{k}

max
Ahy€Qy

®)



where [ is a predefined upper bound on the interference expe-
rienced by each mobile user despite the channel uncertainty.
That is, I is not an optimization variable. Introducing the
additional constraint in (8) has three benefits. First, the C-
RAN can control the amount of interference experienced by
UEs. Second, the interference is decoupled from the objective
function. A suitable value of I can be obtained by offline
simulations, cf. Section IV. Third, by replacing the power of
the interference signals in the SINRs by their upper bound 1,
we can obtain a lower bound on the aggregate utility of all
UEs. Assuming a suitable value for I, we solve the following
problem to obtain a suboptimal solution for problem (7):

maximize Z 9x (k) (9a)
¥ ek
i o TIr (hkh,':wkwg)
< - N N7
subject to ¢ < AIIE:,IEHQ;C T U]% , Ykek, 9b)
Tr (hkhgwkwg)
< min — kR TPTE)
Coas < i, — gz VREK 60
> H H
IiAgiae%k > Tr (hyhf'w,wl) , VE€ K, (9d)
uek\{k}

constraints (7¢) and (7d).

Constraints (9b), (9¢), and (9d) involve infinitely many
inequality constraints. We handle constraints (9b), (9¢), and
(9d) by transforming them into LMI constraints by exploiting
the following lemma:

Lemma 1 (S-procedure [31, pp. 655]): Let A1, As € HMN |
dy,dy € CMN*1 and g1, y, € R. Consider the following two
functions of vector x € CMNx1.

fi(x) =x" A x + 2R{d'x} + 41,
f2 (X) = XHAQX =+ 2%{d|2—|x} + Y.

(10a)
(10b)

The implication f1(x) < 0 = fa(x) < 0 holds if and only if
there exists a § > 0 such that

0[A1 dl] - [A2 ds an

>0,
dl{‘ Y1 dlz—l yz]_

provided that there exists a point X that satisfies f;(x) < 0.
We first apply Lemma 1 to constraint (9b). We obtain the
following implication:
AhRTyyAhy, + 2R {05 yAh} — e <0
—h} (WkWZ)flk + o (I + 07) <0,

12)

if and only if there exists a ¥/ > 0 such that the following
LMI holds:

VN 0N H H
-
Ot~ (I +02) — Vel + Qi wWirw Qi = 0, (13)
Sk.1(ek,9k)

where Q. = [IMN ﬁkL Vk € K. This is because we have
0N € Qp such that f1 (OJWN) = —52 <0,Vk e K. Similar-

ly, for constraint (9¢), we have the following implication
Ah{TyyAhy + 2R {05y Ahy} — e <0
= — Ah,';' (wsz)Ahk — 2§R{ (Wkw,t,| }Alk)HAhk}
— fl? (Wkwg)ﬁk + 'y (I + 02) <0,

if and only if there exists a g > 0 such that the following
LMI holds:

(14)

orlyn 0rv y !
+ Qpwiw =0,
OwlN _Freq,k (I + O']%) — ngz Qk: k ka
Sk,2(0k)

Vke K. (15)
Finally, applying Lemma 1 to constraint (9d) yields:
Ah}TynAby, + 2R {0%,yAh} — €} <0
= A} (3 e pyWuwh ) Aby
+ 25}3{( (Zueic\{k}quE)ﬁk)HAhk}
+ lAl,';' (ZueK\{k}wuwZ‘)ﬁk —1<0,

if and only if there exists a & > 0 such that the following
LMI holds:

(16)

Slun  Oun ] H H
- W, W, = 0,
[ Oy I —&ed Q (ZUEK\{H )Q
Sk.3(€x)
Vke K. (17)
Thus, problem (9) can be equivalently rewritten as follows:
. |
maximize > gr(en) (18a)
ke
subject to Sy, 1(iox, U1,) + QWi wiQr = 0,k € K, (18b)
Skolon) +QiwwiQy, =0,  VEkek, (18c)
§k73(§k)_QI|: (Zuelc\{k}wuwzl)Qk =0,
Vk e, (18d)
I > 0,01 > 0,8 >0, Vkek, (18)

constraints (7c¢) and (7d),

where functions Sg 1(¢k, V%), Sk2(ok), and Sy 3(&) are
defined in (13), (15), and (17), respectively; ¥ = 0, o = O,
and & = O are auxiliary optimization variable vectors whose
elements Y, o, and &, V k € K, are introduced in (13), (15),
and (17), respectively.

B. Convex Relaxation for Backhaul Constraint

Next, we handle the combinatorial constraint (7c) by ap-
plying the convex relaxation technique. We note that this
technique has also been used in [10] for the design of a com-
putationally efficient resource allocation. We first approximate
the LHS of (7c) as follows:

Z HTr(BEanwkw?) HoB log,(14+¢k)

ke

~ Z ”CIm,kTr(BIy—'anka]:') ||1Rk (19a)
ke

=" GmaRTr (BEB,wiwl), VmeM,  (19)
kex



where ¢, > 0 is a weight factor, which corresponds
to the transmission power from RRH m to user k,
and R = DBlogy(1 + ¢i) denotes the downlink data
rate of user k, Ym € M,k € K. In (19a), the {o-
norm is approximated by its convex hull given by
the ¢y-norm. This approximation is commonly used in
compressed sensing to handle problems with ¢y-norm [5],

[32], [33]. In particular, for Tr(BTH,LBmwkw,';') £ 0
and Gk = (Tr(BY, Bmwkwk))_l, we  have
||q,,L7kTr(BmBmka;|) ||1 HTr(B Bmwkwk)”o -
1. For Tr(BngkaW) = 0, we have
[ Te (B Bwiewh) [, = [Tr(BEBwiwt) |, =
0,Y gm.k € [0,00). Thus, by letting ¢mir =
(Tr(BYE.B,wiw})) + 7-)_1 with a small regulation
factor 7 > 0, we have qu,kTr(ByHanwkw?) Hl
~ HTr(B,Hanwkw;') || o suboptimal solution of
problem (18) can thus be obtained by solving a

transformed problem in an iterative manner. Specifically, let
wil )H] and go( " denote the beamforming
vector and the guaranteed SINR of UE k£ € K in the
solution of the transformed problem in the i*" iteration
(2=0,1,2,...), respectively. The transformed problem in the
(i + 1)*" iteration is given as follows:

P(iJrl) . 20
i 2 o0 0
subject to Z qfq?’kR,(f)Tr (BE B, wiwl) < Cp,

keK

Vm e M, (20b)
constraints (7d), (18b)—(18e),

where qin)k (Tr(BH Bmwé) ()H)+T) ! ,VmeM, kek,
and R£)3B10g2 (1+¢), Vk € K. Hence, qfnk and R\

are constants in problem P+ We note that we omit the
superscript (i+1) for the other constants and the optimization
variables in problem P(+1) for notational simplicity.

The rationale behind handling constraint (7c) by solv-
ing problem PO+ is as follows. Without loss of gen-
erality, we consider problem PU*1 after solving prob-

lem P and obtaining the intermediate solution =(*) £
(W, @ 90 o) ¢@) for problem P(). We have
Tr(B'ﬂanwk wi™) = |wl 13, vm € Mk € K, so

(@)

the value of g, ’, is inversely proportional to the transmission

power from RRH m to UE k. Since wfq?  is obtained by
solving problem P (), if the transmission power from RRH m
to UE k is smaller than the transmission power from RRH m
to UE u € KK\ {k}, ie., [w'?, |13 < [lwSull3, Vu € K\ {k},
this indicates that the channel quality from RRH m to UE
k is worse than the channel quality from RRH m to the
other UEs; so that the aggregate utility would decrease if
a higher transmission power was assigned to RRH m for
serving UE k. In other words, if the quality of the channel
from RRH m to UE k is poor compared with the quality
of the channels from RRH m to the other UEs, letting RRH
m serve UE k with a high transmission power will increase
the interference to other UEs and the resulting total loss of

the aggregate utility at other UEs will outweigh the utility
increment at UE k. Meanwhile, the smaller the value of
||w£:L) .||3 obtained by solving problem P(¥) is, the larger the
value of weight factor qg)k that is used in problem PC+1).

Therefore, solving problem PU+1) will force |w H_1)H2 to

decrease further in the intermediate solution Z(+1. As the
iterations continue, a subset of UEs with relatively poor
channel conditions compared to other UEs from a given RRH
will be eliminated from bemg served by this RRH. Second,
we note that the term R in the first constraint of problem
PG+ s the downlink data rate obtained by UE k € K after
problem P is solved. Moreover, if UE k is not served by
RRH m € M, we have Tr(B} B,,w;,w}!) = 0. Thereby, only
the downlink data rate of the UEs that are served by RRH m
is taken into account for the backhaul capacity constraint at
RRH m. The proposed iterative procedure generates sparsity
in the beamforming vectors and guarantees that the obtained
solution after iteratively solving problem P(+1) fulfills non-
convex combinatorial constraint (7c). It is worth noting that
qg)k, Ym € M,k € K, and R,(;)), Vk € K, are required
for problem P() in the first iteration. In Section IV, we will
present a method to determine an initial vector w(%), so as to
obtain suitable values for qu?k and R,io)

C. Non-convex Objective Function Transformation

We note that the values of qfri) ,, and R,(f) in (20b) are known
and fixed in problem P*1) . Thus, the constraints in problem
PG+ are either convex or LMI constraints. However, problem
PG+ s still difficult to solve because of the non-convexity
of its objective function. We now transform problem P(+1
to an equivalent problem based on the following theorem:

Theorem 1: If 2011 is the optimal solution to PU+D,
there exist two vectors B0+ = (ﬁ(iﬂ),..., %H)) and
vt — (V{hLl), el V%H)) such that Z20tD s also an
optimal solution of problem (21) which is given as follows:

maximize ZV(Z+1)( k—ﬁ,iiﬂ)(l—kexp (—ar(ek —l%))))

w0 e 8
subject to constraints (7d), (18b) —(18e), and (20b).

21

Meanwhile, vector ¢(t1) in solution E(*+1) satisfies the
following system of equations:
,(:’Ll)(l +exp (— ak(cpiﬂ) — bk))) -y =0, Vk €K,
(22a)
ag (ol b.))) —1=0, VkeKk.
(22b)

(z+1) (1 +exp (-

Proof: Please refer to Appendix A for a proof of Theorem 1. B

Remark 1: Theorem 1 can be extended to other objective
functions in sum-of-ratios form. As long as each ratio has a
concave numerator and a convex denominator, we can obtain
a similar proof as in Appendix A and arrive at conclusions
similar to those in Theorem 1. For example, gi(vx) =
L ( o (ye —bi) 2+1) can also be used to define the utility
1+ (ak (ve—bk))
of UE k € K with received SINR ~4. Moreover, for this



new utility function, our proposed problem transformation still
applies and leads to a similar algorithm as the one presented
in Section III-E.

Vectors BU+1) and (1) used in Theorem 1 to solve
problem PE+D are not known a priori. However, these
two vectors can be determined in an iterative manner. Since
problem P(+1) is solved in the (i+1)* iteration of a loop, we
refer to this existing loop as the “outer” loop and to the new
loop used to determine vectors (1) and v(*1) for problem
P(+1) a5 the “inner” loop. For notational simplicity, we refer
to the j*" (j = 1,2,...) iteration of the inner loop in the
(i-+1)™ iteration of the outer loop as iteration (i+1,5) or the
(i+1, )™ iteration.

In iteration (i+1,7), two subproblems need to be solved.
Specifically, before the appropriate vectors 3(“+1) and (i +1)
are found, we denote vectors ﬁ(”l’j) and v(L9) as the
intermediate values of 3¢*1) and v(*+1) in iteration (i + 1, ),
respectively. Then, we refer to the problem obtained after sub-
stituting vectors BU+17) and p(i+1:9) for BUi+1) and v+ in
problem (21) as the primary subproblem in iteration (i+1, 7).
Let =(+1.5) & (W(iJrl,j)7 plit1d) 9lit1g) Q(iHJ)’g(iHJ))
denote the solution of the primary subproblem. To facilitate
the presentation, we first define the following 2K functions
of BU+13) and v(+1.9) with vector ¢(*t1:7) given in solution
=(+1.9).

(z+1 7) (ﬂ(i+1,j)) (23a)

*B(H_L]) <1 + eXp B ak(ng-ﬁ-l,j) _ bk))) — Nk, Vk ek,

X (37) @3b)

:V]gz+1 J)(l Jrexp(iak((pgﬂ,j) _ bk))) 1, Vkek.

We then define a 2K x 1 vector x(1+1:7)(8(1+1.9) (i+1’j)2 =
)

i+1,5 i+1,5 i+1,5 i+1,5 i+1 i+1,5
(TP BTy X (B ) (g

GHLEI))) . Now, we can use the damped
Newton’s method to update the parameter vectors 3(+17) and
v(+19) (o reduce the £o-norm of x(+1:9)(BU+14), p(i+1.5)),
This is referred to as the secondary subproblem in iteration
(i+1,7). Problem PU+1) is solved when B0+17), p(it1.i)
and @(+19) satisfy X (HLI(BEHLD p(H1D) = 0y, Tt
should be noted that solving problem P(+1) does not lead
to the solution of problem (18). We need to continue solve
problems P2 P(i+3) ... in the outer loop. The proposed
algorithm to tackle problem (18) is explained in detail in the
following subsections.

)

D. Subproblems for the Inner Iterations

Without loss of generality, we present and solve the primary
and secondary subproblems in the (i + 1,5)'" iteration.

1) Primary Subproblem: For given parameter vectors
BU+13) and v(+19) in the (i41,5)™ iteration, the primary
subproblem is given as follows:

ﬁl(ci+17j)(1+exp(—ak(80k _bk))>)

(24)

o oy
maximize V,(CHr ’J)<le—
w, P, ’g’skelc

subject to constraints (7d), (18b) —(18e), and (20b).

We transform problem (24) into an equivalent rank-
constrained SDP problem. We define Hermitian matrix W, =
wwH Vk € K, so problem (24) is equivalent to the follow-
ing problem:

(i+1,5) (i+1.,5) - -

maximize > ( —By (1+eXP( ar(x bk))))
ke

(25a)

subject to Z Tr(BHmBka) <Pm, VmeM, (25b)
ke

Sk1 (08, k) + QR WiQyp, = 0, VE € K, (250)

Siolon) +QIWLQr =0, VkeKk, (25d)

§k,3(§k) _Czll;I (Zuel(j\{k}wu>Qk: = Oa Vke ’C7

(25e)
S ROTH(BY B, W) < O Vm e M,
ke

(251)
W, =0, Vke K, (25¢g)
Y > 0,0 >0,& >0,VE €K, (25h)
Rank(Wy) =1,Vk € K, (251)

where optimization variable Wy is defined as Wi £
{Wk | Wy, € HMN, kJEIC}. Problem (25) is still non-convex
due to constraint (25i). To arrive at a tractable problem, we
relax problem (25) by removing constraint (25i) and obtain
the following problem in SDP form:

V](Ci+17j)(77k_ I(:+1,j)(1 +exp (—ax(pr— bk))))

keK
(26)

maximize
Wi, v, 9,0,€

subject to constraints (25b) —(25h).

Problem (26) can be efficiently solved by convex programming
solvers (e.g., CVX [34]) to obtain a numerical solution. In
Fig. 2, we briefly summarize the transformation and relaxation
steps that we have used from problem (6) to problem (26). In
Fig. 2, a bidirectional arrow represents a transformation into
an equivalent problem. A unidirectional arrow represents a
transformation involving approximations.

Remark 2: The proposed problem transformations can also
be applied if the objective function of problem (6) is replaced
by a mixture of sigmoidal and concave functions. With such
an objective function, we can, for example, jointly maximize
the users’ utility and the received data rate. Specifically, for
each concave function added in the objective function of
problem (6), e.g. f(pr) = Blog, (1+¢k), we can introduce
an auxiliary optimization variable zj, to substitute for f(yx)
in the objective function and include a constraint f(¢x) >k
in the problem. Then, using the same steps as shown in Fig. 2,
we can obtain an SDP problem similar to problem (26).

We denote the solution of problem (26) as
(W’%HJ),(p(i+1,j)7,9(i+1,j)’ oliH1d) | ¢+ If  the

Hermitian matrices in set W,(éﬂ’j ) are all rank-one matrices,
then problems (25) and (26) have the same optimal solution
and the same objective values. Otherwise, the optimal
objective value of problem (26) is an upper bound for the
objective value of problem (25), since problem (26) has a



Objective function Rank

W, =B,w,  Interference Convex relaxation transformation Wk,:w,‘,wﬁ constraint
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(6) )] ® (8) (20) 24 25) (26)

Fig. 2. The transformation and relaxation steps taken from problem (6) to problem (26).

larger feasible set. We now reveal the tightness of the SDP
relaxation adopted in problem (26) in the following theorem:
Theorem 2: Assuming problem (26) is feasible, an optimal

solution (W%HJ) li+1.9), Ut Gty glithd)
for problem (26), where W,(éﬂ 9 - {W (i+1, J)|
Wl(clﬂj) € HMN k € iC}, can always be constructed
such that Rank(WSH’j)) =1,Vkek.

Proof: Please refer to Appendix B for a proof of Theorem 2. B

That is, after solving problem (26), if the solution
to problem (26) does not satisfy the rank-one constrain-
t (25i), as outlined in the proof of Theorem 2, we
can solve the SDP problem given in (32) in Appendix
B to obtain the optimal beamforming matrices WECH )
for problem (25) that satisfy the rank-one constraint®.
Eventually, the solution to problem (24) is given by
=6+1,5) — gw(iJrl,j)’ plH19), 6(z+1,a)7 Bli+1), E(H—LJ))

(i+1,5

where ‘E‘_’[(k 1)MN4 : kMN]

is the principal eigenvector of ma-
wix Wo P e WO vk e k.

2) Secondary Subproblem: We now update parameter
vectors BU+17) and v(+1J) by using vector ¢p(it1)
given by solution Z(+17). The updated parameter vec-
tors, denoted by BUtLitD and pU+Li+D " will be used
in the (i + 1,5 + 1) iteration. Recall the definition
of vector x(F19)(B0+13) p(i+1.9)) By Theorem 1, if
XHLI(BEHLD), Y1) Z 0y, then BO+19) and p (1)
are the appropriate parameter vectors B+ and p(+1)
employed in Theorem 1, respectively. Otherwise, i.e., if
XHLA(BEHD), DY 2 0y, we update B019) and
v(+1.7) by the damped Newton’s method to determine a new
pair of parameter vectors for the (i+1, j+1)*" iteration. Specif-
ically, let ' (B8(*19), p(i+1.9)) denote the Jacobian matrix of
x(1+19) (BUH1) [y (+1.9))  We first introduce the following
2K x 1 vector:

WD) (27)
L _ (X’(I@(i“’lvj)’ V(i-&-l,j)))‘ X(i+1,j) (I@(H‘Lj)’ V(H‘Lj))_

The first half and the second half of vector w(+1:9) (ie.,

w[(lzJ;(l]’J ) and [(IZ;EJQ)K]) are the directions for updating pa-

rameter vectors 3Ut17) and v (19 respectively. We then

3S_ince_ we have shown in Theorem 2 that a set of optimal matrices
W,(é-H’J) with Rank(W,(cH—l’])) =1, Vk € K, always exists, we can find
these matrices also by a low-rank matrix completion based on Riemannian
optimization [35]. To do so, for UE k£ € K, we first need to determine
the approprlate subset of indices, ®;, from the complete set of indices
{1,...,MN}2. We then need to tackle the low-rank matrix completion
problem to determine W( ), where W“+1 J>( c) = VV(H'1 J>(r c)
if (r,c) € Py, and W(H_1 J)(r, c¢) = 0, otherwise. Here, X(r,c) denotes
element (r, ) in matrix X.

determine a proper updating step size ¢(**17) which is the
largest value of ¢¢ that satisfies the following inequality:

[ (B S )
< (1—et!) 1D (B L)

(28)
where t¢,e € (0,1) are predefined parameters, ¢ € {1,2,...}.
We update the parameter vectors as follows:

—

UL+ — gli+1.d) 4 ¢(i+1.9),, 5}1{,]]»>7 (29a)

i+1,5)
K+ :]2K]' (29b)

—~ —

PUHLIHD) ) G415) 4 (1),

The steps in (27)—(29) are repeated after problem (24) has been
solved in the (i+1, j+1)*" iteration by substituting @+1.7+1)
and pUTLI+D for Bi+17) and p(+1.9) | respectively, and so
forth. It has been shown that the damped Newton’s method
converges and vectors B30+ v+ and p(+D that satisfy
the system of equations in (22) are obtained, cf. [36].

E. Outer Iterations and the Overall Algorithm

1) The Outer Iteration: In the outer iteration, we aim to
create solution sparsity for wy in problem (7). Based on the
analysis that we provided after formulating problem P(+1)
in Section III-B, we solve problem (7) in an iterative manner.
Specifically, by iteratively solving the subproblems introduced
in Sections III-D1 and III-D2, we obtain the solution =(+1)
for problem PU"1) in the (i+1)*" outer iteration. We note that
w,(?rl) = w[((lljl)l) MN41: k) 1 the principal eigenvector of

the optimal beamforming matrix W,(C H+1.9) € W%H’j), Vke
and

KC. We then continue to solve problems P(i+2) P(i+3) ...
obtain solutions Z(t2) =Z(+3) ... respectively. The outer
iteration stops when either the solutions converge or the
maximum number of iterations has been reached. We define
AwltD £ w0+ _w(@) and Aplith) & p+1) fcp( i) The
outer iteration stops if ||[[Aw(FTDUH Apli+D) H] I, < €.
where €' >0 is a predefined small constant.

2) The Overall Algorithm: The proposed algorithm to solve
problem (7) is Algorithm 1. We denote the maximum number
of inner and outer iterations as L.x and l.x, respectively.
Let €’ < 1 denote the maximum tolerance for satisfying the
system of equations in Theorem 1. The values of Ly ax, lmax,
€, €, €', t, and 7 as well as the maximum interference I,
vectors w0, (0 Aw(©) A and the iteration index i
are 1n1t1ahzed in Step 1. In each iteration of the outer loop, we
determine qu,Vm e M,k € K and R ,Vk € K (Steps 3,

4). We then initialize V](CZJFI Y and 5,;“ 1 (Step 5). We solve
problem PG+ in an iterative manner in the inner iteration. In
the (i+1, 7)™ iteration, we solve the relaxed SDP problem in
(26) with parameter vectors Bt1:7) and v(“+1.9) and obtain

solution Z(+1:7) (Step 7). Thus, vector @i +1:7) in Z(+17) jg



Algorithm 1: Algorithm to solve problem (7).

1 Initialize Liax, lmaxs € €, €', t, 7, I, w9, 0@, Aw(®
Acp<0), 7:=0.
//Outer Iteration v -
2 while (i < Imax) and || [AwH Ap@H]"|| > ¢ do
3 Set
qr(n)k = (Tr(Bt{anW,?)w‘,(;)H)—&—T)il
4 | Set RY) := Blog, (1+ ¢\, Vk € K.

5 Set j :=1, 1/('+1’]) =

,Vme M,k e K.

o 1+8XP( ak(‘f’;(‘) bk))
nkv,glJrl’J), Vke kK.

//Inner Iteration

6 while (j < Lmax) do

ﬂ](cz+1d) =

7 Solve problem (26) with parameter vectors 3017 )
and v t19) by SDP to obtain solAutionAE(lAH’J).
8 Determine vector x (719 (8(+17) 1 (i+1.0)

according to (23).

9 if HX(7,+1) I@(z+1 ]) (i+1,j))H2 < ¢ then
10 | break
1 else
12 Set BUi+1I+1) .= Ig(ﬂrl,j)+<(i+1,j)w[(liff{1]1j)’
i+1,54+1) . ., (i+1,5 i+1,5), ,(i+1, '5
pUtLith) = (41 4 (41) [K+1:J2K]'
13 Set j:=j5+1.
1 | Set BUTD = GUFLY) LGHD) _ p(+1),
QUHD = 1)
15 Solve problem (32) for solution
(W(Hl) 90(i+1)7 5<i+1)7 i+, E(iﬂ)) with
Rank(Wy ™) =1,vkek. _
16 Find the optimal solution £+ for problem P¢+1),
1 . .
where WEU:F i> MNA41:k MN] is given by the principal

elgenvector of matrix W, oy € W(ZH)

17 Set AwlHD .= w(tD) _ @ Ay (+1) =
i :=1+1.
18 Set wj, 1= w[((]i iy emn VR €K,

*)[(m—l)NJ,-l mN]s Vme M, kek.

Employ beamforming vector w;,, ; for RRH m to serve UE F,

Vme M, kek.

(1) _ 00,

* .
Wk 1=

[
b=

found. We then determine vector x(“+1:7) (3041 1 (i+1.4))
(Step 8). If the £o-norm of vector x (1) (B(H14) 1 (i+1.0))
is smaller than threshold ¢” (Step 9), the appropriate pa-
rameter vectors B0+ and v(+1) employed in Theorem 1
have been found. We thus break the inner loop (Step 10).
Otherwise, we update BUt%7) and v(+19) to obtain pa-
rameter vectors BUt1ITY and p(+1.3+1Y) for the next in-
ner iteration (Step 12). When the inner loop stops, we set
BUHLI) | p(i+1d)  and pli+10) o BEHD| p(i+1) and (i+1),
respectively (Step 14). We then construct the optimal solu-
tion (VV;(CZ+1 D plit1) D Gt E(Hl’])) that satis-
fies the rank-one constraint (Step 15) and obtain optimal solu-
tion 2+ for problem P(+1), where w’™)

[(k—1) MNH : Ic]V[N]
1 i+1
the principal eigenvector of matrix W;i i W,(CJr ) ,Vke

KC (Step 16). At the end of each iteration of the outer loop, we
update vectors Aw (1 Ap(+1) and i (Step 17). The outer
loop stops when either i =155 Or H [Aw(i) H Aso(“ H] HH2 <
€¢’. When the outer loop stops, we have beamforming vector
w(®) outside the outer loop. We recover beamforming vector

TABLE I
SIMULATION PARAMETERS

25x 10T m?2

Square wireless service area
Reference distance 15m

User and RRH distribution Uniformly distributed in a square area
Path loss exponent 3.8

Fading distribution Rayleigh fading

Bandwidth B 20 MHz

Number of antennas per RRH N |2
Lmax and lmax in Algorithm 1 |30 and 30

€, €, €, 7, and t in Algorithm 1[0.1, 0.01, 0.01, 1x10~5, and 0.97
ng, Vk € K Uniformly distributed in [1, 10]

Pm, Vm € M 400 mW

w, i, and employ it for RRH m € M to serve UE k € K (Steps
18, 19). We note that the output of Algorithm 1 may depend
on the initial vector w(9). In the next section, we will show the
performance of Algorithm 1 by using the initial vector w(®)
that maximizes the WSSR.

For the complexity of Algorithm 1, we find that solving the
SDP problem in Step 7 in the inner loop is the computationally
most intensive task. The SDP problem with optimization vari-
ables W, ¢ HMN | k€ K can be solved with the interior-point
method with a computational complexity of O(M 6N 6) [37].
Thus, the complexity of each iteration of the outer loop is
O((Lmaz +1)MONS). Therefore, the overall complexity of
Algorithm 1 is O((Limaslmaz + lmaz) MON®). We note that
the (i+1)*8/5'1 iteration of the outer/inner loop of Algorithm
1 takes the output of the previous iteration as the input. Thus,
parallelization of Algorithm 1 does not seem possible.

IV. PERFORMANCE EVALUATION
A. Simulation Parameters and Initial Beamforming Vectors

We assume that several RRHs and a number of mobile
users are located in a square wireless service area. Unless
otherwise stated, the simulation parameters shown in Table I
are adopted. In particular, we assume that each mobile user
experiences the same noise power given by 07 = —174dBm+
10log;o (20MHz) = —101dBm = o2, Vk € K. To deter-
mine parameters aj and by, we assume that the value of the
SINR at which a mobile user achieves m x 100% =
99.33% of its maximum achievable utility (i.e., 7y) is uniform-
ly distributed in [10, 100] (i.e., [10dB, 20 dB)). In other words,
we assume that the mobile users use different applications and
the SINRs required by these applications to achieve 99.33%
of their maximum achievable utility is uniformly distributed
n [10,100]. This assumption is based on the fact that the
quality of wireless services for playing online videos and video
streaming is considered to be excellent in the Long Term
Evolution (LTE) network if the received SINR is greater than
or equal to 20 dB, which is expected to be the case when a user
is close to the base station [38]. In this case, typical online
videos can be played smoothly and users using video stream-
ing applications can achieve their maximum possible utility.
On the other hand, the quality of wireless service is regarded
as good if the received SINR is greater than 12dB but less
than 20 dB [38]. Within this range, web pages can be smoothly
downloaded by UEs, so users using web browsing applications
can achieve their maximum possible utility. Since different
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Fig. 3. Aggregate utility for different system parameters versus the normal-
ized maximum interference constraint /o2

applications (e.g. video streaming, web browsing) are used by
mobile users, it is reasonable to assume that [10dB, 20 dB] is
the range of the SINR at which a given user achieves 99.33%
of his maximum possible utility. We thus set a;, via a random
variable that follows an inverse uniform distribution on [0.1, 1]
and set b, = % Vk € K. Besides, vector cp(o) as well as
vector w(® that comprises K initial beamforming vectors (i.e.,
w,go), Vk € K) are determined as follows. We first solve the
optimization problem after replacing the objective function
in problem (25) by >, i mxBlogy (14 @) and retaining
constraints (25b)—(25e), (25g), and (25h). That is, we first
determine the optimal beamforming matrices that maximize
the WSSR without considering the backhaul capacity and the
rank-one constraint. We denote the corresponding solution as
(W,(CO), P 9O o ¢©) Thus, the initial vector ¢(® is
determined. We then apply the approach used in Theorem 2
to determine another set of rank-one matrices, denoted by

W;CO) = {Wf), k € IC}, which achieves the same WSSR.
(0)
k

The beamforming vector w,’ is initialized by the principal
eigenvector of beamforming matrix W,(CO), V ke K. By doing
so, we not only can check the feasibility of our original
problem for the given (I'teq,1;- - req,x) and (p1,...,p0m),
but can also obtain the appropriate qfi?k, VmeM,kek, and

R,(CO)7 YV k € IC, required in the first iteration of the outer loop
of our proposed Algorithm 1. To simulate the imperfectness
of the CSI estimation, we introduce the normalized maximum
channel estimation error 25 £ ¢2/||hy |3,V k € K. The CSI
uncertainty region of user k is Qi = {Ahy : Ah',;'Ahk <

§k||l?1k||§} Our results are obtained by averaging the perfor-

mance of multiple path loss and small scale fading realizations.

B. Simulation Results

In Fig. 3, we show the impact of the maximum interference
constraint, I, in (8) on the aggregate utility. We conduct-
ed simulations for network scenarios with different system
parameters, such as different numbers of users, backhaul
capacities, minimum SINRs required by mobile users, and
normalized maximum channel estimation errors. For each
network scenario, we plotted the aggregate utility versus the
maximum interference constraint given in multiples of noise
power o2, That is, I was changed by tuning the ratio I/o2.

We find that the aggregate utility first increases and then
slightly decreases as I /02 increases. Thus, a suitable I can be
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obtained by running offline simulations. Even though setting
I too high (i.e., I > 3402) or too low (i.e., I < 160?) may
degrade the aggregate utility, the aggregate utility is not very
sensitive to the choice of I /02 in the considered interval. We
use I = 2502 for the following simulations.

In Fig. 4, we illustrate the convergence of the proposed
algorithm for different numbers of RRHs (i.e., M) and users
(i.e., K). We set Cp, = 150Mbps, Vm € M, and [yeqr =
3dB and g; =0.05, VEk € K. The maximum iterations Lmax
and [, for the inner and outer loops in Algorithm 1 are set to
40, respectively. The aggregate utility obtained by Algorithm 1
after each iteration 7 of the outer loop is shown in Fig. 4. We
observe that depending on the system parameters the aggregate
utility has converged to the maximum value after about 20 to
33 iterations. In particular, the larger the numbers of RRHs
and users in the network, the larger the number of iterations
are required for convergence.

In Fig. 5, we present the performance of the proposed
resource allocation algorithm as a function of the number of
users in the network for six RRHs. For comparison, we also
solve problem (6) without backhaul constraint (6¢). The result-
ing problem has a larger feasible set compared to problem (6).
The corresponding optimal value constitutes an “upper bound”
for the proposed suboptimal solution of problem (6). We also
evaluate the aggregate utility of three baseline schemes. In
baseline schemes I and II, we maximize the WSSR and the
weighed sum of SINRs by solving problem (6) for objective
functions ), - nx logy(14-7%) and >, - Mk Yk respectively.
Both problems can be solved with similar approaches as
that developed in this paper. We then use the beamforming
vectors obtained for the two baseline schemes to determine
the corresponding aggregate utility for the sigmoidal utility
function. In baseline scheme III, we adopt the compression
strategy proposed in [21] to solve the WSSR maximization
problem with backhaul constraints, where similar to [21], the
CSI imperfection is handled by the S-procedure [31]. We then
employ the users’ received SINRs to determine their aggregate
utility. From Fig. 5, it can be observed that the aggregate utility
increases with the number of users. When the number of users
is increased from 4 to 6, the aggregate utility of Algorithm 1
increases almost linearly. The reason for this behaviour is that
if only few users are in the system, the degrees of freedom in
the network are sufficient and all users can be properly served.
However, when the number of users gets large, the co-channel
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interference as well as the limited backhaul capacity hinder
the RRHs in steering the information beams accurately. Thus,
the aggregate utility grows sublinearly. The performance gap
between Algorithm 1 and the upper bound increases with the
number of users, since the upper bound neglects the limited
capacity of the backhaul links. Compared with the baseline
schemes, we observe that Algorithm 1 achieves larger gains
in the aggregate utility as the number of users grows. This
is because the baseline schemes may cause mismatches in
resource allocation due to the nonlinear relationship between
the WSSR and the considered aggregate utility given by the
weighted sum of sigmoidal functions. In particular, for the
baseline schemes, an exceedingly large amount of system
resources are allocated to a small set of users causing satu-
ration in the sigmoidal functions, which limits the achievable
aggregate utility. Moreover, a comparison of baseline schemes
I and II shows that maximizing the WSSR results in a higher
aggregate utility than maximizing the weighted sum of SINRs
since the concavity of the logarithmic utility function in WSSR
maximization alleviates the resource allocation mismatch to a
certain extent. We also observe that for large numbers of users,
the data sharing strategy in baseline scheme II outperforms the
compression strategy in baseline scheme III. This is because
when there are more users are in the C-RAN, a coarser
compression is needed introducing more quantization noise
to accommodate all users with the capacity-limited backhaul.
The received SINRs of the users in baseline scheme III are
thus limited by the quantization noise.

In Fig. 6, we show the aggregate utility as a function of
the numbers of RRHs for 7 mobile users. We find that the

aggregate utility increases with the number of RRHs for both
the proposed algorithm and the baseline schemes. Although
the upper bound also increases with the number of RRHs, the
gap between the upper bound and Algorithm 1 shrinks as the
number of RRHs increases. This is because the number of
backhaul links increases with the number of RRHs and the C-
RAN can support higher data rates for the mobile users. Thus,
the negative impact of the limited capacity of each backhaul
link on the aggregate utility is alleviated when the number of
RRHs is large. Furthermore, for M =4, the difference between
the aggregate utility achieved by Algorithm 1 and the baseline
schemes is relatively small. This is because when M = 4,
the data traffic in the network is limited by the capacity-
limited backhaul in all cases. This is especially true for
baseline scheme III, as its performance is limited by the large
quantization noise introduced by the compression strategy to
accommodate all users in the network. Besides, the limited
number of antennas also restricts the available degrees of
freedom for accurately steering the information beams towards
the mobile users while satisfying their SINR requirements.
However, as the number of RRHs increases, the gap between
Algorithm 1 and the baseline schemes widens. This is because
Algorithm 1 can make better use of the additional antennas and
backhaul links than the baseline schemes. The performance of
baseline scheme III improves fast as the number of RRHs
increases. This is due to the increased degrees of freedom.
Specifically, the quantization noises introduced at different
RRHs for a UE are different. An RRH which has a good
CSI estimate for a UE, introduces little quantization noise
and employs high transmission power for the UE to increase
its SINR. On the other hand, an RRH which is not in a
good position to serve the UE, introduces large quantization
noise for the UE to satisfy the capacity-limited backhaul
constraint and decreases its transmission power for the UE.
Thus, baseline scheme III achieves good performance as the
number of RRHs increases.

In Fig. 7, we investigate the impact of CSI uncertainty on
the aggregate utility. We not only compare Algorithm 1 with
the baseline schemes, but also with a non-robust beamforming
design for aggregate sigmoidal utility maximization. Specifi-
cally, the non-robust beamforming design treats the estimated
CSI as perfect information for resource allocation. Then, we
optimize w and ¢ for the maximization problem in (6). In
other words, robustness against CSI errors is not provided
by this scheme. If the resulting resource allocation does not
satisfy the constraints for user k£ in (6) due to the channel
estimation errors, the system is in outage and the utility of
user k is set to zero for that channel realization to account for
the penalty of violating the constraints. We observe that the
aggregate utility severely decreases when the normalized max-
imum channel estimation error increases. This is because when
the channel estimation error increases, it is more difficult for
the RRHs to accurately steer the information beams towards
the desired users. Besides, the RRHs become less capable of
mitigating the multiuser interference. We further observe from
Fig. 7 that compared to the baseline scheme, our proposed
resource allocation algorithm can significantly increase the
aggregate utility in C-RAN. Moreover, the proposed scheme
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achieves a significantly higher aggregate utility compared
to the non-robust beamforming design, especially for large
maximum channel estimation errors. In fact, the non-robust
resource allocation scheme assumes that the available CSI
is perfect and causes saturation in the utility function of
some users and under-utilization of other users. Besides, the
upper bound on the aggregate utility decreases dramatically
when the channel uncertainty increases. Although Algorithm
1 performs better than the baseline schemes, the achieved
gain in terms of the aggregate utility decreases as the channel
uncertainty increases. This is because the aggregate utilities
shown in Fig. 7 are determined based on the SINR lower
bounds taking into account the channel uncertainty. When the
normalized CSI uncertainty increases, the achievable aggregate
utility and also the possible aggregate utility gain obtained by
Algorithm 1 are reduced. For baseline scheme III using the
compression strategy, the aggregate utility severely decreases
as the maximum channel estimation error increases. This is
because the robust beamforming design has to accommodate
the worst case after the quantization noise is transmitted over
uncertain wireless channels. The lower bound of the user
received SINR in the compression strategy is thus significantly
reduced for the compression strategy.

In Fig. 8, we show the aggregate utility as a function of
the backhaul capacity. The performance upper bound is thus
shown as a horizontal line. We observe that the aggregate
utility increases with the backhaul capacity of the RRHs. This
is because a higher backhaul capacity can support higher data
rates and the SINR received by each user also increases due to
the beamforming enabled by Algorithm 1. In other words, as

the backhaul capacity increases, the spatial degrees of freedom
offered by multiple RRHs can be more efficiently utilized
to increase the aggregate utility of the C-RAN. Compared
with the baseline schemes, Algorithm 1 can significantly
improve the aggregate utility. This is because of the resource
allocation mismatch due to the nonlinear relationship between
the WSSR/weighted sum of SINRs and the aggregate utility.
Moreover, the aggregate utility of baseline scheme III, where
the compression strategy is adopted, improves significantly
when the backhaul capacity increases. This is because when
the backhaul capacity is increased, less compression is needed
and thus less quantization noise is introduced.

V. CONCLUSIONS

In this paper, we studied utility-based cooperative beam-
forming design in C-RAN. We used a weighted sum of sig-
moidal functions to model the aggregate utility and formulated
the beamforming design as a non-convex optimization problem
for the maximization of the aggregate utility. Our problem
formulation took into account both the imperfect CSI and
the capacity-limited backhaul. Due to the complexity of the
problem, we introduced maximum interference constraints to
simplify the optimization problem. Subsequently, an efficient
iterative algorithm was proposed to obtain a good subop-
timal solution. In each iteration, we tackled a non-convex
optimization problem with infinitely many constraints. By
exploiting the sum-of-ratios form of the objective function,
we transformed the non-convex optimization problem into
an equivalent rank-constrained SDP problem which could be
solved optimally. Simulation results unveiled that the aggre-
gate utility can be significantly improved by our proposed
resource allocation algorithm compared to baseline schemes
where either the WSSR or the weighted sum of SINRs is
maximized. Furthermore, for large CSI uncertainty and a
large number RRHs compared to the number of users, the
proposed suboptimal resource allocation algorithm approached
the performance upper bound determined in the backhaul
capacity unconstrained case.

APPENDIX A: PROOF OF THEOREM 1

We present a constructive proof. We first introduce the
following optimization problem:

maximize 30a
Jmaximize ,;fk (30a)
subject to ng > B (1 + exp (—arpr + akbk)), Vk ek,
(30b)

constraints (7d), (18b)—(18e), and (20b),

where B = (Bi,...,BK), Br is the auxiliary optimization
variable for the utility of user k& € IC, and constraint (30b)
is obtained from the definition of gx(pk), Vk € K. Problem
(30) is equivalent to problem P(+1) in the sense that if
Z0+D is the solution of problem P(+1), the solution of
problem (30) is (B(+1, E+D), where B = gi(plI D).
The Lagrangian of problem (30) is CSLH (ﬁ, =, v, \Il) =

Srer Be + Siexc Vi (e — Be (1 + exp (—arpr + arbi))) +



©, where v 2 (vy,...,vg) (v = 0) comprises the
Lagrangian multipliers for constraint (30b), = collects all
optimization variables of problem (30) except vector 3, ¥
contains the Lagrangian multipliers of all constraints in (30)
except constraint (30b), and ® denotes the sum of all terms
which are not related to vectors 3 and v. Given solution
(B E+D) of problem (30), the following Karush-Kuhn-
Tucker (KKT) conditions are obtained for »(*+1) and g0+1):

- (H )(1 +exp (— akgo,(fﬂ) + akbk)) =0,Vk ek,

(31a)
17V,(€i+1)(1+exp( ak¢2+)+akb )):O, VkeK,

(31b)
where u,(jﬂ) = (V,(CHI),...,V,(;H)) is  obtained
from the solution of the dual problem of (30).
On the other hand, given BU+D and v+ the
Lagrangian of problem (21) is 2&’:31) (E, lII) =

S vl (m — BYTD (1 4 exp (—axpy, + akbk))> + O,
where 2 collects the optimization variables in (21), T contains
the Lagrangian multipliers for the constraints in (21), and ©
denotes the sum of all terms related to & and . It is easy to
see that E=Z2, W =W, and ©® = O. Thus, the KKT conditions
for 2(+1) and w0+ for the solutions of the primary and
dual problems of problem (30), respectively, are exactly the
KKT conditions for problem (21). Since (ﬁ(”l),E(”l)) is
the solution to problem (30) which is a convex optimization
problem for given B0+ and vV, the KKT conditions
of problem (21) are sufficient for the optimality of Z(+1)
in problem (21). Thus, if E¢*+Y is the solution to PU+1),
there exist two vectors B0+ = (BYH),...,B%H)) and
vt = (uf”l),...,vﬁ“)) such that Z0+1) is also an
optimal solution of problem (21). Moreover, vector ¢(*1)
in 20+ satisfies the system of equations given in (31),
which is the same as the system of equations in (22). This
completes the proof. |

APPENDIX B: PROOF OF THEOREM 2

For the proof, we follow a similar approach as [39].
If the optimal solution (W;é+1’])7<p(i+17-7), YUt olit1d),
£(H+19)) of problem (26) is obtained and Rank(W,(fH’J)) >
1,3k € K, we can construct another optimal solution that
comprises rank-one matrices as follows. For a given p(i+1.7)
obtained from the solution of problem (26), we solve the
following problem:

minimizeg > rer Tr(Wi)

K, 9,0,

(32a)

subject to Sg1 (") 9p) + QFWLQL = 0, VE €K,

(32b)

constraints (25b), (25d) —(25h).
Problem (32) is in SDP form. Let
wlithi)  a

(W(z-‘rLJ) 5(i+1’j)’7(z+1 7) 5”1’)), where W

{W z—H’J)| k € IC}, denote the optimal solution of
problem (32). It is easy to show that (W%H’]),cp(”l’j),

UL Slit1a) g(i+171))

satisfies the constraints in problem
(26) and yields the same objective value as solution
(W’(CZ+17J>, (p(i+17j)’ 119(‘+17.7) Q(i+17j)7£(i+17j)> for problem

(26). We now show Rank(W,(;H’J)) =1,Vk € K. To this

end, the Lagrangian of problem (32) is given as follows:
LGS (Wi, 9, 0, &, A)

= > T (Wi (L + Y Ot + B A 20 ) BB
ke meM

—Qi(Li 1 +Le2)Q + > QuLu,3Qg—Vk))

wek\{k}
) T (S (o7, 04) L)

keK
= Tr(Ska(or)Li2) = Tr(Ska(ék)Li.s)
kek ke
- Z (/\m,lpm + Am,ZCm) - Z Pk,ﬂ?k
meM kek
= praok— Y prake, (33)
keK keK
where A £ (A1, A2, p1,p2,p3, L1, L2, L s, Vi)
contains the dual variables. Specifically, A, =

()\1,”,...,/\1\/[,”) = 0,Vn € {1,2}, are the vectors of the
dual variables for constraints (25b) and (25f) in problem (32),
respectively; p, 2 (p1,n, .-, pr,n) = 0, Vn € {1,2,3}, are
the vectors of the dual variables for the constraints in (25h)
in problem (32); Lic., £ {Ly,n | Ly, € HM k€K}, Vn €
{1,2,3}, with L ,, = 0,Vk € KC,n € {1,2, 3}, are the sets of
dual variable matrices for constraints (32b), (25d), and (25e) in
problem (32), respectively; Vi £ {V, |V, € H™N ke K}
with V, = 0,Vk € K, is the set of dual variable matrices
for constraint (25g) in problem (32). The dual problem of
problem (32) is given as follows:

mini/{nize sup L’&L}Q’j)(wn, Y, 0 & A).

34
Wi, 9, 0, € (34)

We focus on the following KKT conditions that are relevant
for our proof:

(i+1,5) =
vwk[’theo; (WIC7 9, 0, &, A‘)’T(i+1,j)7A(i+1’j) = O,
Vkek, (35a)
V(z+17j)w(l+17]) OMNa Vk e ’C, (SSb)
— 1+1 i+1, ) j
(Sealel 9+ QIWT QLT = O,
VkeK, (35¢)
_ i i+1,; i+1,5
(Sealef ) + QW QUL — O
Vke K, (35d)
LT - o, VkeK, (35e)
W/(:HJ) =0, Vke K, (351
FUHD g gL = o, ) g, (359)
AYJFL]) i 07 A271+17]) t 0’ (35h)

where TH9) & (L) HOHLI) Gty gL

Al+1.9) A ()\giﬂvj)’ )\éﬂrl,j)7 pgiﬂ’j)

and

)



i+1,7 i+1, i+1, i+1, i+1, i+1,
pé+ J)7pg+ 7) LSCJ; J) L(+1J) L(+ 7) V(+ J))

represent  the optlmal solutlons of the  pri-
mal and dual problems in (34), respectively;
v ‘681:012’]) (WK:’ 19, Q, 67 A) |T('i+1,j)_ AG+1,9) denotes

the gradient of the Lagrangian function in (33) with respect
to Wy at YO and AGHL), By jointly considering (35a)
and (35b), we have the following equality:

X}(€i+1,j)W](:+1,j) :Qk( (z+1,J)+L(z+1,J))Qk W(ZHJ),
Vkek, (36)
where (i+17j) = Iuv  + Xem(Ay, (Hl D4

RO N1y <z)

m,2

)BH B,, + ZueK\{k}QuL(Z+1 \J QH
Moreover, we have qfn)k > 0 by definition and R,(C)

due to the lower-bounded SINR I'reqz, VE € K. Further
considering (35e) and (35h), we have X;j“’j) > 0, ie.,
Rank(X,(fH’j)) = MN. Thus, we have

Rank 7(i+1’j))

— Rank(X(H_1 9 W(H_l’j))
_ Rank(Q z+1 ,7) + L(z+1 7) )Qk szJrl J))
L(Z+17])+L(1+17J))Qk)’

(37)
< min {Ra

Rank(W, ")}, ek

To evaluate Rank(Qx(L{7"" +L{3")QY), vk € K, we
post-multiply Q! to (35¢) Vk€EK, so
7 ’L+1) 1
Sk (S%HJ Iy, j) HJ Qy

(38)
z+1
n Qk: 2J7)

QLY ’“J Q'=0uy, VEeK.

We then pre-multiply the LHS of (38) by [Innv Opn|. By
noting that Qx = [I MN hk} , we have
[IMN OMN]Sk (4! (i+1,5) 19(1+17J))L(i+1,j)Q]|:

1+1, %
+ [Tan Oav | QW 2 Qk L H’J Qi =0y

(a) 19k2+1j [IMN OMN}LEJILJ)QIC
+ II\/[NW](gH_ j)Q L(iTLj)QE:OMN 39)
L3 QLT + Wi QL g
= ﬁsz’J [OMN hk]
(ﬁszrl J) N+ W,(:H’j))Qkaﬂl’j)Qg
_ 19““’” [0y By, VkeK.
In step (a), we substituted ¢ (Hl’j) and E(H_l’j) for ¢ and

Ik in Sk.1(ok, Uk, respectlvely Note that [IMN OMN]Q,~c =

In. Step (b) follows by adding 19,5 L.7) [OMN hk] on both
sides of the equation. Following similar steps in (38) and (39),

we post-multiply and pre-multiply the LHS of (35d) by Q,';'

and [I mn 0 MN], respectively, and obtain another equality:

(gk, ( (H—l,]))_'_Qk Q )L(H—l J) —Oun

(i i+1, %
— (QEC‘FLJ)IIMN ( ]))Q L( +17J)Q]|;|
Vk e K.

= ?;(fﬂ’j) [Omn hk],

Without loss of generality, for UE k, we can distinguish
—(i+1,5) _(i+1,5).
and o, :

three cases for ﬂk
#0 and gt £ 0. According to (35)

(i+1,5)
<(i+1,5) o (+1.9) and

Case I: O &
and (35g), the inverse of matrices ﬁk Lyunv+W,

Q,(:H’J )I —|—W](C ’J)emst. Further considering (39) and (40),

we have
Rank QUL + L))
:Rank(QkL(”l’J)Qk fq L3 Q)

(z+1,y)

(40)

=Rank( (7" (M’J)IMN+W(Z+U)) @1)
+ o0 (@ L+ W ) ) [0 ﬂk])
< Rank([Oy hyi]) =
By substituting (41) into (37), we have Rank(W,(jJr 9) )< 1.

On the other hand, we have W;CH_ 9) # O v due to g 1, > 0.
(1+17])) -1

Thus, for Case I, we have Rank(W),

Case II: 9, (L) =0,0 Hl 940 or (Hl’j);é 0, @SHJ): 0.
For 19(Z+1 j);téO *(H_l])f() we have
Z+1 ])Q L 2+1 ])QE _ OMN (42)
Further, considering (35a) and (35b), we have
WI(€1+1,J)<X(i+1,j) Q. L(z+1,; QZ) — Ou. (43)
Since 19,(:+1’J #£0, (19(H_1 ])IMN +W,(:+1’J)) exists due to

(35f) and (35g). From (39), we have

Rank(Q:L{/ 7" Q})

— Ran k(ﬁkl-i-ld) (19(1+17J)IMN + W(’LJrl,J)) [OMN ﬁk})
(44)

< Rank([Oay By]) =

We now introduce the following lemma that facilitates our
proof:

Lemma A.l: For matrices C; and Cs5 of the same size,
Rank(C;—C;) > Rank(Cy) — Rank(Cg).

Proof: As Rank(Ci) + Rank(C3) > Rank(C; + Ca), it
follows that Rank(C;—C3) 4+ Rank(Csz) > Rank(Cy). Thus,
we have Rank(C; — C3) > Rank(C;) — Rank(C;), which
completes the proof. ]

Applying Lemma A.l to the second term of the LHS of
(43), we have

Rank(X{ "7 —Qu(L{T")QY) (45)
> Rank (X)) —Rank (Qi (L T)QY) > MN —1.

Thus, W5€+ ) lies in the null space of matrix X,

Q. L(Z'H’”Q,C which has at least rank MN — 1 Thus,

Rank (W *7) <1 for UE k. We also have Wi 20,y

(i+1,5) _



(i+1,5

for I‘lreq k >0. Thus Rank(Wk —(i+1,5)

))_1 for case 1), #0

and 3™ = 0. A similar approach can be applied for
19(1+1’] =0 and o (Hl’J # 0 in Case II, and we conclude
that Rank(W,(;Jr1 )) =1 for Case II.

Case IIIL: 19(1+1’j) 0 and g(H_l’j) = 0. We show by

contradiction that 19( i+1.4) =0 a =0 cannot occur.
Assume UE k € K such that 79(L+ D_0a nd ’(HLJ) =0. We

substitute 19( L) g and o (ZH’]) =0 into (39) and (40) for
UE £, respectively. We have

(H—LJ)
O

1+1J +1,
Qx L T7Q) = Omw,

QiL l+1’J)Q2 = Oun.

x (i+1.4)
Xy

sz+1u) (46)

Wit = O, cf. (36). Since X190,

s, Wy
we have W,(:—H’J)— O~ . However, W,(:—H’])— O N cannot
be in the optimal solution of problem (32) due to the minimum

SINR requirement of UE k. This is a contradiction. Thus,
19(1+1’])—0 and D (IH’]) =0 cannot occur.
Thus, each UE k ek belongs to either Case I or Case II.

For both cases, Rank(W(lH’j ) =1 has been proven, which
completes the proof. ]
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