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Abstract—This paper considers the downlink of a cloud radio
access network (C-RAN) consisting of a central processor (CP)
and a network of connected radio units (RUs). We propose
a novel resource allocation solution for the scenario with full-
duplex (FD) self-backhauling RUs connected through hybrid
radio-frequency (RF)/free-space optical (FSO) links to the CP
for improved network throughput. This enables us to study the
feasibility of the FD mode in terms of required self-interference
cancellation to outperform the benchmark half-duplex hybrid
RF/FSO transmission. Since the derived optimization problem
for the design of the linear precoders and quantizers subject
to the fronthaul capacity, zero-forcing, and power constraints,
is non-convex and intractable, we develop an algorithm to solve
it via an alternating optimization approach. In the simulation
results, the proposed hybrid RF/FSO policy is assessed in terms
of achievable rate, and we highlight the parameter range for
which FD transmission is more rewarding than the time-division
approach, under different weather conditions and selected RF
bandwidth.

Index Terms—Hybrid radio-frequency (RF)/free-space optical
(FSO), full-duplex communication, resource allocation, cloud radio
access network (C-RAN).

I. INTRODUCTION

Fifth-generation (5G) cellular networks are supposed to
support the three main objectives of massive machine-type
communications (mMTC), ultra-reliable low-latency commu-
nications (URLLC), and enhanced mobile broadband (eMBB).
Given these requirements and with the enormous increase in
the number of devices and data rate demand, 5G cellular
networks should be designed to be more efficient. It means
5G networks need a more structured and optimized way of
managing resources such as spectrum, capacity, and energy. The
cloud radio access network (C-RAN) concept helps to manage
resources more efficiently by providing an intelligent structure
to apply the state-of-the-art techniques [1].

The fronthaul links between the central processor (CP) and
remote radio units (RUs) in a C-RAN are often the throughput-
limiting connections. There are several strategies for downlink
transmission in C-RANs that deal with this limitation differ-
ently, including data-sharing and compression-based methods
[1]-[3]. In the data sharing method, each user is assigned to
a cluster of RUs and its data is shared with the RUs in that
cluster. Then, using coordinated multi-point (CoMP) technique,
each user is served by all RUs of the cluster via joint beam-
forming [2]. The bigger the cluster is, the more RU cooperation
happens, and a more efficient sum-rate can be achieved. In a

compression-based scheme, the CP compresses the transmitted
signals to the RUs and the capacity restriction is handled
through data quantization, which leads to quantization noise
[3]. The resolution of the compressed signals is specified by the
fronthaul capacity, and therefore, for larger fronthaul capacity,
higher-resolution compression can be adopted. According to
[4], for medium to the high capacity fronthaul links, which is
the case for 5G, the compression-based approach outperforms
the data-sharing method. Therefore, in this paper, we consider
the compression-based transmission approach.

When available radio frequencies (RF) bandwidth become
insufficient to meet the data rate requirements in 5G cellular
networks, free-space optical (FSO) communication is regarded
as an effective complementary technology to address this capac-
ity deficiency [5]. In FSO, data is transmitted through optical
carriers such as laser or light-emitting diodes (LEDs), and thus,
FSO deployment is more cost-efficient than the deployment of
optical fiber links. It can be integrated with the RF transmission
into a hybrid RF/FSO solution, which combines the benefit
of both transmission modes. Compared to RF, FSO achieves
generally larger data rates, such as 10 Gbps per wavelength [5].
FSO benefits from the availability of license-free spectrum for
which transmission is only restricted by the safety constraints.
However, the FSO’s optical signal is quite sensitive to weather
condition, in particular to rain, fog, and air contamination.
Therefore, since the RF transmission is barely sensitive to
weather conditions, the concurrent use of RF and FSO is a
reliable solution [6], [7] suitable for the fronthaul links in C-
RAN [8].

In [8], we proposed a time-sharing scheme for C-RAN in
which the RF resources are shared between the fronthaul and
radio access links. More specifically, a dual-hop half-duplex
(HD) RF/FSO downlink C-RAN is considered in which the
same frequency band is exploited by the fronthaul and access
links in a time-multiplex manner to prevent interference. The
RF transmission in the fronthaul is aided by FSO depending
on the weather condition. Unlike HD, full-duplex (FD) com-
munication exploits the same frequency band at the same time
for transmitting and receiving the signal. Although, the system
will suffer from self-interference at the receiver node, unlike the
time-sharing method, FD can use the capacity of RF links at any
given time. The challenge lies in the fact that the transmission
power is much larger compared to the received power, and thus
even a small residual interference can mask the intended signal
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in the receiver. It has been shown that with a combination of
self-interference cancellation (SIC) methods, e.g., propagation,
analog, and digital SIC, sufficient interference suppression
and nearly double the spectral efficiency can be achieved
[9]-[15]. Also, it is shown in [15] that FD communication
scheme operates on a lower power budget compared to the HD
scheme. Hence, in-band full-duplex (IBFD) communications
is an effective means for self-backhauling in C-RAN, which
means that the same RF spectrum can be used in fronthaul and
access channels simultaneously [13].

It has been shown in [4] that in compression-based C-RAN,
performance can be profoundly affected by the lack of high
fronthaul capacity. This obstacle can be addressed by the added
quantization noise, which affects the quality of the received
signal at the user nodes. In HD, the fronthaul RF capacity is
shown to be much more restricted than FD self-backhauling
[16]. Therefore, the compression-based approach performs bet-
ter when coupled with FD communication compared with HD
transmission. Inspired by this fact, in this paper, we propose
a novel resource allocation to maximize the user sum rate
in the downlink of C-RAN with hybrid RF/FSO fronthaul
links and FD RUs. In the optimization problem, we consider
the transmit power constraints at the CP and RUs, a zero-
forcing requirement for eliminating the multi-RU interference,
and the fronthaul capacity limitation. More specifically, our
contributions in this paper are as follows:

o We extend the state-of-the-art HD hybrid RF/FSO ap-
proach introduced in [8] to a FD hybrid RF/FSO trans-
mission scheme with self-backhauling RUs.

o We show that the derived optimization problem is non-
convex and intractable, and thus, we transform it into
a weighted sum mean-square error (MSE) minimization
which is a semi-definite programming. We propose an
algorithm based on the alternating optimization approach
to solve the weighted MSE minimization.

o In the simulation results, we study the feasibility of the
proposed FD scheme in terms of required SIC to out-
perform the benchmark HD hybrid RF/FSO transmission.
The results show that the proposed IBFD self-backhauling
system with typical SIC levels (e.g., 80 dB) can effectively
improve the sum-rate performance compared to [8].

The organization of the rest of the paper is as follows. The
system and channel models are introduced in Section II. In
Section III, the optimization problem is formulated, and our
proposed resource allocation scheme is proposed. In Section IV,
we discuss some numerical results. Section V concludes the

paper.
II. SYSTEM AND CHANNEL MODELS

We consider a C-RAN network composed of one CP, M RUs,
and K users. The CP is assumed to apply the compression-
based method [3] to transmit /K independent data streams to
users via M RUs, as illustrated in Fig. 1. The fronthaul links
connect the CP to the RUs with a multi-input multi-output
(MIMO) RF link with bandwidth BRF and one FSO link
with bandwidth B¥SC. The number of antennas for downlink
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Processor

Figure 1: Illustration of the downlink C-RAN. The CP is
connected to two self-backhauling RUs with a hybrid RF/FSO
fronthaul. The RUs serve four users cooperatively via IBFD RF
access links.

transmission at the CP is denoted NP, and the number of
transmit and receive antennas at the RU is N®U. It is assumed
that the CP has access to the complete channel state information
of both the fronthaul and access links. Each RU acts as
an FD relay between the CP and users, and thus, both the
access and fronthaul links transmit on the same frequency band
simultaneously. The RUs linearly precode and jointly transmit
the data symbols intended for each user.

Let s = [s1,...,5k]T be the vector of normalized Gaussian
data symbols intended for users {1,..., K}, W,, € CN""xK
denotes the precoding matrix of the m-th RU toward users
and q,, ~ CN(0,Q,,) denotes the quantization noise with
covariance matrix Q,, at the m-th RU due to data compression.
The transmitted signal from the m-th RU to the users is denoted
by x,, € CV " and can be formulated as

Xm = Wms+qm- ()

In the following sections we will introduce the constraints of
our problem in detail.

A. Fronthaul Capacity Constraint

In this subsection, we will compute the minimum rate
required for the fronthaul links. Assume that the RU is equipped
with an IBFD transceiver, which receives the signals from the
CP and transmits simultaneously to users in the same RF band.
We can formulate the RF received signal at the m-th RU as

yirfl = ngcp + Ii:L + Ny, )

where n,,, ~ CN(0,021) is the additive white Gaussian noise,
I is the residual self-interference, and x., € CN s the
transmitted signal by the CP. Also, G, € CN“" XN ig flat-
fading MIMO fronthaul RF channel. The self-interference sig-
nal is proportional to the transmitted signal, and therefore, the
residual self-interference power at the m-th RU is proportional
to the RU’s transmit power. That is,

E{I, ()"} = aP;), 3)
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where Pi,il = WmWEL + Q... We define o as a unit-less
constant and it depends on RU’s capacity in suppressing the
self-interference [16], [17]. Hypothetical ideal SIC makes each
transmission node mutually orthogonal and results in aP,, =
0, while practical IBFD results in residual self-interference [18],
[19].

The signal components intended for different RUs are sepa-
rated by precoding at the CP. To do this, we assume that there
is enough distance between the RUs to have a full rank MIMO
channel and that the number of antennas at the CP is more
than the total number of RU antennas, i.e., N¥ > MNRU,
Then, we can eliminate interference between different RUs by
imposing the zero-forcing constraint [20]

j#m, “4)

where V,, is the covariance matrix of the transmitted signal
intended for the m-th RU. The corresponding maximum com-
munication rate in the RF link between the CP and the m-th
RU can be approximated in the high signal-to-noise ratio (SNR)
regime as

Cylzr{lF(Vma QWH Wm)
= Indet (I + (CYP:,II + Uil)_ngvam)

G]'V,,G; =0,

. 5
~In <det (aP% + 021)~ " det(Gr, Vme)) ©)

=Indet(G;, V" G,,) — Indet (aP%} + o21),

and the data rate is BRFCRF,

For the FSO links, it is assumed that commonly used on-off
keying (OOK) modulation is applied [21]. The CP is assumed
to be equipped with M OOK transmitters, and each RU has
one optical receiver. For a given B¥SC as FSO signaling
rate, channel gain hpso, optical power budget Prpgo, and
thermal noise and background illumination J%SO, the maximum
communication rate under OOK modulation can be calculated
as [8]

Crs0 = — / p(y) Inp(y)dy — In (2meopgo),  (6)
where

FSO 2
—(y—2hy," "~ Prso)

20850 ). (7)

2
(e 2050 +e

Py © 2V2re?

The corresponding data rate in the m-th FSO link is equal to
BFSOCFESO Tt is worth noting that due to the directional nature
of FSO, they do not interfere with each other.

The fronthaul link between the CP and the m-th RU needs
to be able to support the transmission of the signal x,, in (1),
which is the quantized version of the signal X,, that would
ideally be transmitted from the m-th RU in the absence of
fronthaul capacity limitations. The required communication rate
to encode X,, into X,, with covariance matrix Q,, of the
quantization noise is given by [22]

det(E{XmXy, } + Qm)
det(Qum) ’

®)

I Sfta =In

where X,,, is the uncompressed transmitted signal from the m-
th RU in the absence of fronthaul capacity condition. Assuming
the same transmission bandwidth for the RF fronthaul and user
links, this leads to the capacity constraints

BRF plrte < BFSOCTSO 4 BRFCRF, yme M. (9)
Thus, we have
BRF 1 det(WmW}q{@ + Qm) — BRF |y det(Qm)
SBFSOCELSO + BRF Iy det(GELVme) (10)

—BR Indet(aPs 4 1),
which is non-convex. We will deal with non-convexity in

Section III.

B. Power Constraints
The RF beamforming transmitters at both CP and RUs

operate under power constraints that can be written as

M
Tr(B{xcpxty,}) = Tr( Y | Vi) < Pey, (11
m=1

Tr(E{x,,x1}) = Trt(W,,WH +Q,,) < P,, (12)

in which P, and P, are the CP and RUs’ power budgets,
respectively.

III. PROBLEM FORMULATION AND PROPOSED METHOD

Given the setup described in the previous section, our ob-
jective is to maximize the user’s sum-rate. While the type of
objective and the capacity and power constraints by means of
linear precoders and quantizers are alike those considered in our
previous work [8], because of the FD self-backhauling, we are
facing a different objective function and capacity constraints.
In particular, our optimization problem is formulated as

maximize Rgum (13a)
VT’VL7Wm7Q’VYL
st (4),(10),(11),(12) Vi 7 0,Qum = 0.

(13b)

The objective function is the weighted sum of maximum
communication rate of users

Rsum -
K
hHW]C|2
BRF vilogs | 1+ by, ,
; ’ > ier 1B W12 + 0l Qhy, + 02
(14)
where
hy = [hi,, .. by, ]t we = [wig,.owi]t, (15)

and h,, ;, and w,, j are channel gain and beamforming vectors
from the m-th RU to the k-th user, respectively, and Q =
diag(Q1, ... Qas). Also, 7, is the weight of k-th user. This
problem is non-convex and generally hard to solve. To deal
with the non-convexity, we first transform it into a weighted
sum-MSE minimization problem as suggested by [8], [23], and
then approximate the capacity constraint by a convex subset.
Then, we use alternating convex optimization to find a sub-
optimal solution, which will be shown to be superior to its HD
RF/FSO counterpart from [8].
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A. Transforming the Optimization Problem

It has been shown in [23] that maximizing the non-convex
sum-rate objective function is equivalent to a weighted sum-
MSE minimization problem. Our new semi-definite objective
function can be written as

K
R=3 2w (ol (B WW Q) ) ~2Re(gihifws) ).

k=1

(16)
where
W =[wy,...,wWgk]. (17
For a fixed set of optimization variables, we have
hilw
g = e (18)

hil(WWH + Q)hy, + 02’

in which gy, is the scalar linear receive filter applied by k-th
user and the corresponding optimal MSE weight is 8, = 1/Ey,
where Ej, = E{|g}yx — sk|*}. This objective function is convex
with respect to the individual optimization variables.

B. Convex Approximation of Capacity Constraint

Another source of non-convexity in the problem formulation
is the constraint in (10). Following the approach in [8], we
deal with the non-concave function on the left-hand side of
the inequality by employing conjugate function definition and
Fenchel’s inequality

Indet(WWHY + Q) "' > ~Tr(Z,,(WWE + Q)

19
+Indet(Z,,) + N?Y, (19

for some positive definite NRV x NRY matrix Z,,. It has been
shown in [8] that with Z,, = (W,,WH + Q,,)~!, we can
replace the non-convex inequality in (10) with

— To(Zp(WWE + Q) + Indet(Z,,) + NBY >
BFSO
— ﬁciso —1In det(GngGm)

+ Indet(aPs! 4 021) — Indet(Q,,,).

(20)

The term In det(aPS + 021) on the right hand side of (20) is
non-convex. To deal with this term, assume that the power of
loop-back interference is less that or equal to the RU’s transmit
power, i.e. Tr(W,,WH +Q, ) < P,,. For simplicity, we resort
to the worst case scenario with the residual self-interference
power being equal to «P,,. Thereby, we achieve a lower bound
on the maximum achievable user’s sum-rate. According to [16]
and [24], we assume that I; ~ CA(0,0%I), and thus

) S1

Tr(0ZI) = aTr (W, Wik + Qun) < aPp, 21

and therefore, O'S2i < %};’{j. So in the worst case scenario we
will have
» obP,,
aP? = I (22)

- NRUT

Hence, we can write the inequality in (20) as

— Tr(Z(WW1, + Qpn)) + Indet(Z,,) + NRY >
BF‘SO

- SRF CFSO _Indet(GEV,,G.)

(23)
Py, 9

This inequality provides a convex set with respect to the design
parameters, W,,,, V.. Q,,, when Z,, is fixed and vice-versa.
We can easily show that the inequality (23) is a subset of
the non-convex inequality (20), and therefore, it will not cause
infeasible solutions. For a given Z,,, the following problem is
a convex semi-definite programming and can be solved using
alternating convex optimization [8]

maximize R’ (24a)
Vi, Wi ,Qm
st (4),(11), (12), (23), Vo 3= 0, Qu 3= 0. (24b)

In this method, for fixed Z,,, gk, and [, we optimize
W,., V.., and Q,,, via alternating approach until convergence.
An efficient algorithm is introduced in [8, Algorithm 1] for a
different scenario to solve the inner loop. We employ a similar
approach, which for clarity is summarized in Algorithm 1.
It is worth noting that the optimization problem in (24) is
a convex semi-definite programming and using the interior-
point method it has the worst-case computational complexity
of O(max{n,m}*y/nlog(1)), where n is the number of vari-
ables, m is the number of constraints, and € is the solution
accuracy [25]. Hence, with the assumption of ¢ = 0.01, the
computational complexity of Algorithm 1 is O(2n*5).

Algorithm 1
Input: SIC level, Output: R,
1: Initialize W,,,, Q.
to satisfy the RUs power constraints and to calculate g for the
first time [8, (31), (32), (33)]
2: Set i =0 do
3: Calculate g from (18) and S = 1/E4
4: Calculate Z,, = (W,,WHl +Q,,)"!
5: Update W,,,, Q,,,, V,,, via (24)
6: Calculate RY,,, via (14)
7: Update 1 =1 + 1
while (Ri, — RUnY > )

sum

IV. RESULTS AND DISCUSSION

In this section, we provide numerical results from system
simulations to examine our algorithm and compare its perfor-
mance against the state-of-the-art time-division hybrid RF/FSO
method proposed in [8]. In the simulations, the same setup as
in [8] is adopted. The C-RAN scenario uses M = 2 RUs each
equipped with N®Y RF transmit and receive antennas and one
optical receiver. The CP node is equipped with N°F = 10
RF transmit antennas and two FSO transmitter each dedicated
to one RU. We consider K = 4 users, and all have same
contribution in our weighted sum-rate objective function in
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Table I: FSO channel weather parameters [26, TABLE I]

Atmospheric loss GG parameters
ID | Weather | o4 (dB/km) | Turbulence (a, b)
L1 clear 0.43 Strong (8.05, 1.03)
L2 Haze 4.2 Moderate (2.23, 1.54)
L3 Fog 20 Weak (17.13, 16.04)

Table II: Simulation Parameters

Simulation Setup
Parameter Symbol Value
Number of antennas at the CP NCP 10
Number of RUs M 2
Number of antennas at RU NRU 4
Number of users K 4
Distance from the CP to the RUs den 1 km
Distance from the RUs to the users da) 100 m
Parameters of the FSO links
Parameter Symbol Value
Transmit power of FSO transmitter Prso 10 dBm
FSO signaling rate BFSO 1 Gbps
Divergence angle of the laser beam ol 2 mrad
Radius of the receiver aperture r 10 cm
Responsivity of the photodetector R 0.5 A/'W
Noise variance at the receiver 02ao 10~13A2
Parameters specific to the RF fronthaul link
Parameter Symbol Value
Transmit power of the CP Pep 33 dBm
Breakpoint distance for the FH link dg;cak 100 m
Line-of-sight pathloss exponent NLoS 2.5
Rice factor (Rician fading factor) K, 5dB
Antenna gains for the FH link (Gep,Gru)| (3dBi, 3dBi)
Parameters specific to the RF downlink
Parameter Symbol Value
Transmit power of the mth RU P 23 dBm
Breakpoint distance for the downlink dglreak 10 m
Non-line-of-sight pathloss exponent NnLoS 35
Antenna gains for the downlink (Gru,GMmu) (3dBi, 3dBi)
RF parameters
Parameter Symbol Value
Carrier frequency fe 3.6 GHz
Bandwidth of the RF signal BRF 20,40,80 MHz
Noise power spectral density Ny -170 dBm/Hz
Noise figure of the receivers Ng 7 dB

(14). Three weather conditions are investigated for the FSO
channel, referred to as L1, L2, and L3, and shown in Table I.
According to [8], with ¢ as the divergence angle of FSO,
and r as the radius of optical opening, the FSO channel gain
is hfso = hihshgR, where h; = e%ddm ig the atmospheric
loss model, hy = GG(a,b) is the Gamma-Gamma distribution
of scintillation and h, = [erf(v/77/v/2ds,$)]?, in which
erf(.) is the error function. The fronthaul RF link is modeled
as Rician fading and RF access with Rayleigh fading. The
system parameters are summarized in Table II, with the channel
specifications and link models as in [8]. According to [9], we
consider SIC levels of between 45 dB to 113 dB for IBFD at
the RUs. In the following, we show results as a function of the
SIC level to account for different IBFD solutions.

First, Fig. 2 shows the sum-rate of the proposed approach
as a function of SIC under different weather conditions and
various RF bandwidths. The most stable performance occurs
in the L1 weather condition where FSO is fully functional.
We further observe that for this weather condition and RF
bandwidths of 20 MHz and 40 MHz, the sum-rate does not

40 50 60 70 80 90 100
SIC (dB)

Figure 2: Average sum-rate versus SIC level for different
weather conditions and RF bandwidths.

change much with the SIC level. This is because the FSO
link provides sufficient fronthaul capacity and highly accurately
SIC is not required. In case of the 80 MHz bandwidth, we
note that the extra fronthaul capacity provided by the RF link
improves the user’s sum-rate even in the L1 weather condition.
This emphasizes the importance of hybrid RF/FSO for very
high data-rate communication. Next, in Fig. 3 we highlight the
benefits of the FD transmission compared to HD considered in
[8] in terms of sum-rate. For the HD case, we show the results
achieved under the best time allocation between RF fronthaul
and user links. We observe that the proposed FD-based method
outperforms the HD transmission given a sufficient SIC level.
The intersection point between the respective curves is at fairly
benign SIC levels of 60-70 dB, and independent of the RF
signal bandwidth. Better weather conditions (i.e., L1 vs L2 and
L2 vs L3) render the FD solution beneficial at lower SIC levels,
as the FSO link can provide more of the fronthaul capacity in
the hybrid RF/FSO system. Finally, Fig. 4 demonstrates the
interplay between signal attenuation in the fronthaul link due
to CP-to-RU distance and SIC levels. Clearly, highly effective
interference cancellation in IBFD at levels of 90 dB or more
provides fairly robust sum-rate performance as the fronthaul
link distance increases. On the other hand, systems with low
SIC levels experience significant degradation due to the effect
of the RU transmit signal on its received signal in the more
attenuated RF fronthaul link.

V. CONCLUSIONS

In this paper, we studied the problem of IBFD hybrid
RF/FSO in a C-RAN architecture containing multiple RUs
and users. We formulated the problem of designing the CP
and RU beamforming as well as quantization vector at RU
as a sum-rate maximization problem. We approximated the
derived non-convex optimization problem by a semi-definite
convex optimization problem through manipulating objective
function and capacity constraint. We solved this problem by
alternating convex optimization and provide a lower-bound for
the user’s sum-rate. The proposed method was simulated under
different weather conditions and bandwidths and it is shown
to outperform the state-of-the-art time-division hybrid RF/FSO
approach provided sufficient SIC.
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