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In this paper, we study a novel transmission framework based on statistical channel state information (SCSI) by incorporating
edge caching and beamforming in a fog radio access network (F-RAN) architecture. By optimizing the statistical beamforming
and edge caching, we formulate a comprehensive nonconvex optimization problem to minimize the backhaul cost subject to the
BS transmission power, limited caching capacity, and quality-of-service (QoS) constraints. By approximating the problem using
the I,-norm, Taylor series expansion, and other processing techniques, we provide a tailored second-order cone programming
(SOCP) algorithm for the unicast transmission scenario and a successive linear approximation (SLA) algorithm for the joint
unicast and multicast transmission scenario. This is the first attempt at the joint design of statistical beamforming and edge

caching based on SCSI under the F-RAN architecture.

1. Introduction

5G is being commercially deployed, while the mobile
communication networks still face some challenges. Spec-
trum resources are scarce, network services are emerging,
and the costs of operation are surging. These dilemmas have
stimulated the industry and academia to explore novel
network technology and wireless technology to support
diversified scenarios [1].

From the network technology perspective, exploring a
new intelligent wireless access network architecture is
sustainable for solving the huge capacity demand of
wireless networks. The fog radio access network (F-RAN)
architecture is a promising network architecture in next-
generation mobile communications [2]. In the F-RAN, the
edge nodes, which have functions of storage and CRRM,
are collectively evolved to fog access points (F-APs). It is
critical that the upgraded F-APs [3] equipped with

functions of storage and cooperative radio resource
management (CRRM) can be used to store part of the
contents sent by the cloud server [4], which shortens the
distance between the content data and the users and re-
lieves the pressure of large data transmission on the
backhaul link in the F-RAN [5]. In a word, the F-RAN can
achieve better network performance gains by deploying
more functions at the F-APs [6]. Users can finally receive
the required services in the F-RAN architecture at a faster
speed as well as by consuming less power. The technologies
deployed in the F-RAN architecture involve edge caching
allocation, resource scheduling, and advanced technologies
such as massive multiple-input multiple-output (MIMO)
and caching strategy. Current corresponding research
topics based on the F-RAN architecture are generally
reflected on two timescales: delivery-level design from a
short timescale or caching-level design from a long
timescale.
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From the wireless technology perspective, beamforming
technology based on multiple antennas can improve the
energy efficiency and spectrum efficiency. The existing
beamforming problems are generally NP-hard. The corre-
sponding algorithms suffer from poor scalability and high
computational complexity in large-scale wireless systems
[7]. Even in a basic single-cell single-group multicast
transmission scenario, the multicast beamforming design
problem is NP-hard. Sidiropoulos et al. [8] obtained a high-
quality approximate solution based on Gaussian randomi-
zation and semidefinite relaxation (SDR). Wang et al. [9]
proposed a global beamforming algorithm named second-
order cone programming (SOCP) in multiuser two-way
relay systems, while the application scenarios of using this
algorithm are limited. Later, Lu and Liu in [10] proposed a
global algorithm named the branch-and-bound (BB) algo-
rithm for a multicast beamforming scenario. However, the
complexity of these beamforming algorithms usually in-
creases when the network scale increases.

Recently, the team of Tao in [11] studied a content-
centric physical layer beamforming framework under the
cloud radio access network (C-RAN) architecture. It is
aimed at overcoming dilemmas of repeated content trans-
mission in connection-oriented traditional communication
architectures. Tao et al. [11] considered only a multicast
beamforming design under the C-RAN architecture. From a
different research perspective, Chen et al. [12] studied a
similar problem but proposed a joint beamforming and BS
clustering framework for nonorthogonal unicast and mul-
ticast scenarios. They adopted a two-layered-division-mul-
tiplexing structure to concurrently achieve unicast and
multicast services with different beamformers. Although
[11, 12] involve the design of both cache-level and delivery-
level strategies, neither works consider the joint optimiza-
tion of caching and beamforming. The main difficulty is that
the optimizations over the caching allocation and traditional
beamforming strategy generally occur on different time-
scales. Traditional beamforming adapts to short-term in-
stantaneous channel information, while caching is generally
optimized at the cache allocation phase, which is in the
context of a long timescale [13]. Thus, it remains challenging
to simultaneously optimize the mixed-timescale beam-
forming and caching strategy in the F-RAN architecture.

In this article, we present a compromise scheme based on
statistical channel state information (SCSI) to address this
mixed-timescale deployment problem in the F-RAN archi-
tecture. The major contributions are concluded as follows:

(i) Joint Framework Based on SCSI. We first propose a
joint framework based on SCSI under the F-RAN
architecture. Moreover, our research includes the
unicast scenario and the joint nonorthogonal uni-
cast and multicast transmission scenario.

(ii) Problem Formulation. A multiobjective optimiza-
tion problem is further formulated. Then, we
reformulate the nonconvex problems by introduc-
ing the /;-norm, the approximation of the smooth
function, and some other mathematical processing
techniques.

Security and Communication Networks

(iii) Tailored Algorithm. To solve these problems, we
provide a tailored SOCP algorithm for unicast
transmission scenarios and a successive linear ap-
proximation (SLA) algorithm for the joint unicast
and multicast transmission scenario.

(iv) Simulation. Simulation experiments illustrate the
effectiveness of the algorithms and show that the
joint beamforming-caching is better than the single
scheme.

2. System Model and Problem Formulation

2.1. Network Architecture. We study a content-centric
transmission framework based on SCSI in the F-RAN.
Consider the downlink transmission with K single-an-
tenna users and N multiple-antenna BSs. Each BS has L
antennas and a limited-capacity cache with storage Q,, for
ne N ={1,...,N}. There are two paths for F-APs to ac-
quire the requested information: the central processor
(CP) through the backhaul links or its local cache. BSs can
dynamically provide mixed multicast and unicast services.
Each user can subscribe to group-specific multicast ser-
vices and a dedicated unicast request. The users who re-
quest the same file can be considered as a group. Each
group is served by a BS cluster. The system model is shown
in Figure 1. Different transmission mechanisms are shown
in Figure 2.

We denote ®,, to represent the users of group m,
m e M ={1,2,...,M}. Inaddition, s, , = 1 denotes that the
nth BS serves the mth group, and s,,,, = 0 denotes that the
nth BS does not serve the mth group. Similarly, s, =1
denotes that the nth BS serves for the kth user; otherwise,
Skn = 0.C g ), = 1 denotes that the kth-user-requested file z
has been cached in advance,in the nth BS; otherwise,
C(kz)n = 0. Correspondingly, C,, ), = 1 denotes that the
mth-group-requested file z has been cached in advance in
the nth BS; otherwise, C,, ), = 0. The BS cluster serving
group m is marked by ¥,,,, m € /. The channel vectors from
all BSs to user k can be written into a wide vector
h, = [h h,, . b 17 e VP Similarly, v, € CVP,
keX2{1,2,...,K}, and w,, € CN? m e {0}u., are
the network-wide beamforming vectors for the unicast
message and multicast message, respectively. Note that A =
A Ay, .. Ak] and y = [Yes V1 V2 - - -»> Y] are the SINR
vectors, where each element is the minimum required by
user k and group m. Correspondingly, the transmission rate
is set as R, = B log(1+A;) or R,, = B log(1 +v,,), where B
denotes the total available bandwidth. The database of Z
contents is denoted as Z £{1, 2, ... Z}, and each file’s size is
normalized to 1. The popular files can be cached in BSs in
advance according to the popularity of the zth content file,
which follows a Zipf distribution: p, = 2"/ Z]il i

2.2. Cost Model. The system cost consists of two parts:
backhaul cost and transmission power consumption. The
backhaul consumption is generally proportional to its
transmission capacity and related to the cache, user’s re-
quest, and matching service between RRHs and the user. It is
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worth remarking that if the file has been cached in advance K N
in the BS, it can access the file directly and will not produce Py = Z Z Sk’,,(l -C (k)z),n)Rk. (1)
the backhaul link cost. Otherwise, it will produce extra k=1n=1

backhaul cost. Thus, we use these variables to formulate the
objective function on the backhaul cost. Specifically, for the
unicast scenario, the system backhaul cost can be modeled as

For the hybrid unicast-multicast scenario, the system
backhaul cost consists of Ty and Ty, where



4
1 Z Z—zx K N
B, _K Z Z - z Zskn(l _C(kz)n)Rk’
z=1 Z]:1J k=1n=1
(2)
1 i z " f NoA A
TB = — <7 o S <1 C( 2), >R
M z:IZj:IJ = e ey

Additionally, the total BS transmission power can be
expressed as a function of beamforming w or v. In the
unicast scenario, it can be written as

K N ,
Pp = Z Z ”Vk,n"r (3)

k=1n=1

In the hybrid unicast-multicast scenario, it can be
written as

m=1n=1

K N 5 M N )
Py, = kZ Zl Vil + 2 2 Wl (4)
=1n=

The maximum of all BSs available power is limited to P .

2.3. Problem Formulation. The joint design of beamforming
and edge caching is deployed based on statistical channel
state information. We focus on a cost goal aimed at mini-
mizing the backhaul cost limited to the transmission power,
the SINR constraints, and the limited caching capacity. It is
different for the transmission modes between the unicast
scenario and the joint unicast-multicast scenario. In the joint
unicast-multicast scenario, there are both unicast and
multicast modes as shown in Figure 2.

(1) In the unicast scenario, we first study a special case;
suppose that there is only one user in each group
which is named as a unicast scenario. The received
message of the kth user can be written as follows:

K
Vi = thvkxk + Z thvjxj +m, VkeZH, (5
j=Lj#k

where n, ~ €4 (0, 012() represents the white Gauss-
ian noise, k € #. Accordingly, user’s SINRs can be
defined as follows:

g2
v

K H_ |? 2
S ek V| + ok

SINR, = , VkeX.  (6)

We make an average operation on the channel state
information. Then, we get the SINR expression of the
kth user:

E(SINR;) > A, (7)
and it can be written approximately as follows:

VkH[E(hkth)Vk
% 7 T 52> A (8)
ijl’#kvj [E(hkhk )v]- + 0y
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The system backhaul cost is written as

K N
Py = Z Z Sk,n(l - C(k,z),n)Rk- (9)

k=1n=1

The total transmission power consumption is
K N 5
Pr=Y Vil (10)
k=1n=1

In the unicast scenario, the optimized problem based
on statistical channel state information can be for-
mulated as follows:

U 1 i z ¢
P min = 2~z =B (11a)
{kmsknC teoyn} K pt Z]Z:l j @
K N ,
st. ) Y WVial, <Py (11b)
k=1n=1
H H
v, E(h, h; )v
K kH( : k)Hk 52 A VkeF, (11c)
Ty ox vy E(bby)v; + 0
Z Chon<QpVne . (11d)
(k,z)

(2) Hybrid unicast and multicast scenario: users
requesting the same file can be regarded as a small
group and served using multicast beamforming as
shown in Figure 2. We next study the joint non-
orthogonal unicast and multicast transmission
scenario. Suppose that the multicast message is
first decoded, and then the unicast message is
decoded by subtracting the multicast message in
advance. We can successively decode the mixed
multicast and unicast signal based on statistical
channel state information. The signals from other
users and groups are treated as interference. The
SINRs of the unicast and the multicast are defined

as follows:
g 2
SINR} = — - 2|th1';| s, Vked,
Zi:l,i#m|hk Wz" +Zj=1,j#k|hkvj| + 0
H 2
SINRY = ———— |hzk w'"'K 5, Vkeo,
Zi:l,i¢m|hk Wi' +Xin |thj| + 0
(12)

The system backhaul cost consists of T and Ty , where
Ty is
1
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1 —Ot K N
TB] = K Z — Z Z Sk,n(l - C(k,z),n)Rk (13)

z=1 ZF1 J 7 idin

Z —tx

Ty, = IZ ,aiiﬁ <1— mM)Rm. (14)

z1Z]1J m=1n=1

The optimized problem based on statistical channel state
information is formulated as follows:

pM.
min . Ty + T, (15a)
{Vk,n MWonoStSminC 2y C s }
K N 5 M N 5
s t.kz 2 ||vk)n||2 + zl z‘i ”wm,n”2 <Py, (15b)
=1 n= m=1 n=
E(SINRY )2, Vk € %, (15¢)
E(SINR}')>y,, Vke®,, (15d)
A
Z C(k,z),n + z C(m,z),n SQn’ VneJ. (156)
(k,2) (m,z)

Due to the combinatorial nature of different variables
from multiple levels, to solve the above problems PY, PUM is
still a challenge.

3. Proposed Algorithms for Different Scenarios

To address the aforementioned challenges, we explore a
tailored second-order cone programming (SOCP) algorithm
for the unicast transmission scenario and a successive linear
approximation (SLA) algorithm for the mixed unicast and
multicast transmission scenario. In this section, we first
reformulate problems as an edge caching and statistical
beamforming optimization problem by introducing [,-norm
approximation, Taylor approximation, and some other
techniques. Then, we provide the detailed algorithms in the
next section.

For one thing, we reformulate a sparse and tractable
beamforming problem equivalently. Denote

A
S = 0 ifC(m)ZA))n " (16)
0 orlifC,,,=1
/S\m,n can be substituted by the [j-norm:
S = |l (17a)
Similarly, we have
St = [l (17b)

By substituting (17a) and (17b) into (11a) and (15a), the
corresponding problems can be transformed into two
equivalent sparse problems with sparsity from the /,-norm.

For another thing, the discontinuous [,-norm in the
objective functions can be taken place by a continuous
function. Specifically, we choose the next frequently used
smooth logarithmic concave function:

Fal) = log(x/0+1)

log(1/60 + 1)’ (18)

Here, 0 is a parameter that characterizes the smoothness.
Its first-order Taylor expansions f,(x) can be written as
follows:

Folx) = log (x(/6 + 1) Lt 1

log(1/6+1)  x,+6 log(1/6+1)

< (x = xp).
(19)

In addition, we denote E (hh,') = %;; if the condition
rank(Z;) =1 is satisfied, we have the decomposition
formula X, = H,H!. Based on the above processing, the
formulated optimization problems can be, respectively,
solved by using different optimization algorithms.
The details of the tailored algorithms are described as
follows.

3.1. SOCP-Based Optimal Algorithm for the Unicast Scenario.
Considering nonconvex SINR (11c), without loss of opti-
mality, there always exists a phase shift version making the
formula Hf v, to be real as well as positive; that is, multi-
plying a phase shift transformation e/% will not affect the
value of the objective function and still keep the constraints

satisfied, and we can get HEv,>.\/y/y + 1

Z;{:l H{v, > + 0, S{H'v;} = 0, Vk € {1,2,...,K}. This
formula can be further written as a standard second-order
cone (SOC) constraint form: |Ax +b||<c’x +d. In addi-

tion, we denote Cp = Ffo(lL,(EX)H(1-C k.2 Ri- Then,
the problem PY can be written as follows:
Py:
i —a Z Z (203)
min — — Cg,
{XCuan} K H J 1] P ”
K N ,
st. Y YL EX)|, <P, (20b)
k=1n=1
|AX +b,<CiX,  Vk, (20¢)
Y Cean<Qw n (20d)
(kz)
where E, = [OYDNE QYN QNINL oL



H yqH H 1H NLx1 Lx1
H, = [H! H, .. H ]  ec™, H, eC™,

In _ [Ofo’OéxL’ o 1£XL, o rOJL\]XL]’
1+
cl = —y"[OHfO]
Yk

b, =[0,0,0,...,0,]" e CO*XY

[H;',0,0,...,0,0 ]
0, H{,0,...,0,0
Ak:
0,0,0,...0,H;
[ 0,0,0,...0,0,0 |

(21)

Based on the above series of transformations over the
nonconvex SINR constraint, approximations, and other
techniques, it is shown that the original problem can be
equivalently transformed into a standard SOCP paradigm.
We can finally use the mature optimization algorithm to
efficiently solve this SOCP via the available software package
solver.

3.2. Generalized Algorithm for the Nonorthogonal Unicast and
Multicast Scenario. SINR constraints (15¢) and (15d) are
nonconvex. Firstly, we perform an expected value calcula-
tion over the nonconvex SINR constraints. For nonconvex
unicast SINR constraint (15¢), similar to the aforementioned
processing techniques over (11c), we can transform (15c)
into SOC constraints as follows:

M 2 K 2
H H H 2
Hiviz i \[ Y [Hiw| + Y [Hv| + o,
i=L,i#m j=1j#k

S(Hy'v,) =0, VA,
(22)

Different from the unicast SINRs, for given y,, in the
multicast scenario, since there is more than one user sharing
a multicast beamforming w,, and the channel matrices {H,}
are linearly independent, only one of users’ SINRs can be
rewritten as a SOC constraint; let us assume that it is the Kth
user; we have

H v H_ |2 S H |2, 2
Hyw,, >v,, Z ‘HKW,-' + Z |Hva' + 0%
i=Lim j=1,j#k

S(Hgw,,) =0, Kea,.
(23)

Others of the multicast SINR constraints are still non-
convex. By introducing the auxiliary variables and letting the
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FIGURE 3: Backhaul cost against the number of users in the pro-
posed SOCP algorithm.
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FIGURE 4: Backhaul cost against the number of users (the number of
groups M =2) in the proposed SLA algorithm.

tth interaction point to be {gi’m € IRZ}, Vk € @,,/{K}, the
nonconvex multicast constraint can be transformed into

19l +2(m)” (G = i)

S d HY 2 KHH 2 2’
>y, Z e Wi +Z KVi| ok

i=1,i#m j=1
(24)

Based on the above series of approximation transfor-
mations on nonconvex SINR constraints (15¢) and (15d), by



Security and Communication Networks

140 T T T

120

100

o
(=)

Backhaul cost
[*}
(=}

b
(=)

20

0 1 1 1
2 3 4 5 6

Number of users

—— Single beamforming optimization scheme
—— Joint beamforming & caching optimization scheme

FIGURE 5: Performance comparison between the single beam-
forming scheme and joint beamforming-caching scheme for the
SOCP algorithm.

substituting the formulas /;-norm and smooth logarithmic
function into the objective function of PY™, we can finally
reduce PYM to the following problem as follows:

Py

min Ty +Tp, (24a)
{Vk.wwm,n»c k2 wCman }
s.t.(15b), (15e), (22), (23), and (24).  (24b)

Using the SLA method, problem Py, can finally be
solved. The main step of the SLA method is to solve a series
of convex subproblems as conducted in (24a) and (24b).

4. Simulation Results

4.1. Performance Comparison under Different Setups.
Figure 3 demonstrates the backhaul cost against the number
of users under different setups of BS antennas. It shows that
the backhaul consumption increases with the number of
users increasing. Moreover, the more the BS antennas in the
network are, the less the backhaul cost the system consumes.

Figure 4 demonstrates the backhaul cost against the
number of users under different numbers of BS antennas
with three setups. As is shown, the more the antennas of the
BS, the less the consumption of the backhaul link. Moreover,
the backhaul consumption becomes higher with the number
of users increasing. In addition, we can observe that the gap
becomes smaller with the number of antennas increasing,
which further illustrates the feasibility and effectiveness of
the proposed framework.

Figures 3 and 4 separately demonstrate the backhaul cost
against the number of users under different setups of BS
antennas. Here, the backhaul consumption increases when
the number of users increases. Moreover, when there are

20 ¢ R

Backhaul cost

3 4 5 6 7
Number of users

—— Single beamforming optimization scheme

—— Joint beamforming & caching optimization scheme

FIGURE 6: Performance comparison between the single beam-
forming scheme and joint beamforming-caching scheme for the
SLA algorithm.

more BS antennas in the network, the system consumes a
lower backhaul cost. The explanation for this phenomenon is
that when the BS is equipped with more antennas, there is
more antenna cooperative transmission. As a result, under
the limited number of BSs and caching capacity, the
transmission pressure on the backhaul link decreases, which
reduces the backhaul consumption.

4.2. Performance Comparison between the Single Transmission
Scheme and the Joint Beamforming-Caching Scheme.
Figures 5 and 6 demonstrate the performance comparison
between the single beamforming framework and the joint
beamforming-caching framework for the SOCP algorithm
in the unicast scenario and SLA algorithm in the joint
unicast-multicast scenario, respectively. We observe that the
joint beamforming-caching scheme performs better than the
single beamforming scheme, which illustrates that the in-
troduction of local caching can effectively reduce the
backhaul consumption. Using the F-APs’ caching function,
part of the contents can be cached in advance, which
shortens the actual distance between the user and content
data and effectively alleviates the transmission pressure of
the backhaul link.

5. Conclusion

In this article, we study a novel framework which is based on
SCSI by incorporating beamforming and edge caching in a
content-centric F-RAN architecture. A novel design on joint
beamforming, edge caching, and dynamic F-AP clustering
strategy with respect to SCSI is first explored. We formulate
a mixed nonconvex problem aimed at minimizing backhaul
consumption subject to the limited caching capacity, the BS
power constraints, and SINR requirements. Accordingly, we
provide a tailored second-order cone programming (SOCP)



algorithm for the unicast transmission scenario and a
successive linear approximation (SLA) algorithm for the
joint unicast and multicast transmission scenario. It is the
first attempt about the joint design on beamforming and
edge caching based on SCSI under the F-RAN architecture.
Simulation results demonstrate the advantages of our
framework based on SCSI compared with conventional
schemes. In addition, it also makes sense to continue the
study for the multicast scenario in the F-RAN architecture
based on SCSI.
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