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Abstract—In this work, joint design of fronthaul compres-
sion and precoding in cloud radio access networks (C-RANs)
is studied for full-duplex (FD) multiple-input multiple-output
(MIMO) underlay cognitive radio networks. In this system,
multiple secondary uplink (UL) and downlink (DL) users equip-
ped with multiple antennas communicate with a control unit
(CU) in the “cloud” through a set of multi-antenna secondary
FD radio units (RU) which are connected to the CU through
limited capacity links. We address the sum-rate maximization
problem subject to UL and DL fronthaul rate constraints at
each RU, power constraints at each RU and UL users, and
maximum allowed interference at the primary users. Casting
this non-convex problem as a difference of convex (DC) problem,
an iterative algorithm based on the Majorization Minimization
(MM) approach that guarantees convergence to a stationary point
is proposed. Numerical results demonstrate the advantage of the
proposed algorithm.

Keywords—Cognitive radio, full-duplex, MIMO, multi-user,
self-interference.

I. INTRODUCTION

In current wireless communication systems, downlink (DL)
and uplink (UL) channels are designed to operate in half-
duplex (HD) mode, i.e., orthogonal channels. Full-duplex (FD)
communication, which enables UL and DL communication
at the same time slot on the same frequency, is a promising
technique to double the spectral efficiency [1]. Although there
are several designs to deal with the self-interference inherent
in FD radios, due to the imperfections of radio devices, the
self-interference cannot be canceled completely in reality [2].

On a parallel avenue, cloud radio access networks (C-
RANS) have emerged as a novel mobile network architecture
for next-generation wireless cellular systems that migrate the
baseband operations of a cluster of radio units (RUs) to
a centralized control unit (CU) via finite-capacity fronthaul
links [3]. Since the fronthaul links typically have limited
capacity and are known to impose a formidable bottleneck
to the system performance, it is important to carefully design
precoding and fronthaul compression strategies to achieve a
high spectral efficiency [3].

Furthermore, cognitive radio system is another promising
technology that can enhance spectrum efficiency [4]. In an
underlay cognitive radio system, unlicensed secondary users
can access the spectrum owned by the licensed primary users
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as long as the interference level from secondary to primary
users is under a predetermined level.

In this work, we combine these three promising techno-
logies, and consider an C-RAN system where underlay se-
condary RUs operating in FD mode serve multiple secondary
UL and DL users simultaneously within the service range of
multiple primary users, and connect to a CU via finite-capacity
fronthaul links to transfer the interference management task to
be done by the centralized baseband processing effectively.
The significant potential advantages of FD in the C-RAN
architecture with sufficient fronthaul capacity and appropriate
scheduling was analyzed in [5]. Combining the benefits of FD
transmission at RUs with the FD fronthaul leads to efficient
reuse of RAN spectrum, alleviates the need to obtain dedicated
spectrum for fronthaul, and facilitates hardware implementa-
tion by enabling the use of same hardware for access links and
fronthaul links. While the FD operation can ideally double
the spectral efficiency in a link, the network-level gain of
exploiting FD transmission in the fronthaul remains unclear
due to the complicated interference environments, e.g., self-
interference, co-channel interferences (CCI) at the fronthaul
and access links. Therefore, the use of FD fronthaul is not
immediately evident over the popular HD fronthaul [6].

This paper studies the sum-rate maximization on the UL
and DL channels subject to finite fronthaul rate constraints
at each RU, power constraints at the RUs and ULs, and
the interference power constraint from the secondary to the
primary users, to find the optimal transmit beamformers and
quantization noise covariance matrices. With the observation
that this non-convex problem can be cast as a difference-of-
convex (DC) problem [7], we employ an iterative algorithm
converging to a stationary point based on the majorization
minimization (MM) approach, which solves a sequence of
convex problems obtained by linearizing the non-convex parts
in the original problem [7], [8]. The simulation results show
the enhancement of the spectral efficiency, thanks to the FD
operation of radio units, compared to a HD C-RAN system.
Moreover, the coordination of RUs result in a better coexis-
tence with a primary network in the downlink, and enhances
the performance of the cognitive radio system.

Notation: Matrices and vectors are denoted as bold capital
and lowercase letters, respectively. (-)7 is the transpose, and
() is the conjugate transpose. Iy is the N by N identity
matrix, and Oy s iS the N by M zero matrix. tr{-} is the
trace, |-| is the determinant. CM*¥ denotes the set of complex
matrices with a dimension of M x N, CN (u,0?) denotes

complex Gaussian distribution with mean p and variance o2,
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Fig. 1. Full-duplex cognitive cloud radio access network. The solid and
dashed lines refer to uplink and downlink transmission, respectively.

and diag{ay,---,a,} denotes a diagonal matrix with the
diagonal elements given by ai,- - , ay,.

II. SYSTEM MODEL

We consider an C-RAN system, similar to the model
in [8], where a CU is connected to Kpy secondary FD
RUs through wired finite-capacity fronthaul links as shown
in Fig. 1. The RUs serve Ky;, UL and Kpr DL secondary
users simultaneously within the range of K py; primary users.
The kth FD RU is equipped with M, transmit and N, receive
antennas with a total of MPL = SRV AL transmit and
NUEL = ZKRU Ny, receive antennas at the RUs. The number
of antennas at the kth UL and DL users are 73 and R,
respectively, and the Ath primary user has Py, receive antennas.
Let us denote SUL, SPL SEU and SPVY as the set of all UL,
DL users, RUs, and primary users, respectively.

A. Downlink System

In the DL system, the transmit signal vector at the CU

T
xPL — {(S(lDL)T,. (% QQU)T} € CM”"x1 ig expressed
as

Kpr

Z VDL DL (1)

Here VPL ¢ CcM PExd™ denotes the precoding matrix for
DL
€

the data symbol of the kth DL user represented as si
CIEXL o N <O,Idka>, where dPL is the number of data

streams destined to the kth DL user, k¥ € SPL. The vector
transfered from the CU to the ¢th RU is the ith subvector of
xPL denoted as xPL = EExPL, where E; is defined as

T
E, = [0l | EPANEY .
i ST Myx M TMix Mo Zk RU My x M;

The CU compresses the baseband signal X% by quantizing
and forwards on the fronthaul links to the corresponding RUs.
The received signal at the ith RU is given as

xPt =xPl + qPt, i e S, 2)
where q”L ~ CN (0, TZ-D L ) is the quantization noise at the

ith RU in the DL channel. Given (2), the DL fronthaul rate
and power constraints at the ith RU are given, respectively, as

Kpr

log [EX S_QPYE, +YPY ~ log (Y{?L’ < CPL, je SPY3)
k=1
Kpr,

tr{Eff > QPFE; + T?L} < PPL e SEY, “4)
k=1

where QL = VPL (VP Lg is the source covariance matrix
of the kth DL user, and C; L and PiD L are the DL fronthaul
rate and power constraints at the ith RU, respectively.

The received signal at the kth DL user is expressed as

Kur

ychL Z HDU UL + nk k c SDL, (5)

where HDL € CH*Mi represents the channel matrix from
the ith RU to the kth DL user, and the stacked matrix HP €
CRMP" s denoted as HPL = [HPL,. .. JHPE . Mo-
reover, HOV € CRxxTi denotes the co-channel interfe-
rence (CCI) channel from the [th UL user to the kth DL

user. The stacked transmijt vector is denoted as xPL =

T T DL

[(lejL) s (xBE) c CcMPEx1 UL ¢ ¢Tix1

is the transmit signal vector of the /th UL user. Finally,
n;" ~CN (0, 0%, I, ) denotes the additive white Gaussian

noise (AWGN) at the kth DL user.

Given (5), the achievable rate at the kth DL user, k € SPL
is given as

, and x;

RkDLzlog‘HkDL L (P! DL‘—log‘EkDL

{(6)

where EkD L is the interference-plus-noise covariance matrix at
the kth DL user, k € SPT, and is expressed as
Kpr, Kur
st =upPr > QPt (HY +ZH vrmpy)”
=1,k
+ HPLdiag {T?L B KRU} (HPH 402, 15, .

B. Uplink System

In the UL channel, the received signal at the ith RU is
given as

KUL KRU
UL UL UL UuD DL
Yi :ZHi +ZH

k=1

where VUL € CToxdi" denotes the precoding matrix for
the data symbol of the kth UL user represented as sy €

dVEXT N (O,IdgL), where d{” is the number of data

n?L i e SBY7)

C%

streams of the kth UL user. Here, H%L € CNixTe represents



the channel matrix from kth UL user to the ith RU, and
H%D € CN*M; represents the channel matrix from the jth
RU to the ith RU. Note that when ¢ = j, H%D is the residual
self-interference channel at the ith RU obtained after canceling
the downlink signal at the uplink channel. Finally, the vector
n/t ~ CN (0, o, Iy,) denotes the AWGN at the ith RU.
The power constraint at the kth UL user is given as

w{Q{"} <Pt kesSUF, )

H
where Q% = VIE(VUE)" and PUL are the source
covariance matrix and the maximum allowed transmit power
at the kth UL user, respectively.

Upon receiving the signal (7), the ith RU forwards the
compressed version of the signal (7) to the CU, given as

it =yt e S ©)

where qVF ~ CN (0, YU ) is the quantization noise at the

ith RU in the UL channel. Given (9), the CU can recover the
signal of the ith RU only when the following UL fronthaul
rate condition is satisfied:

1og‘«1>§“ +'r?L| —log‘TZUL‘ <CVL e SRV (10)

where CUT is the UL fronthaul rate constraint at the ith RU

and <I>ULZ is the covariance matrix of the received signal y!'”
in (7) given as
Kur
#t =3 HQY () 4o
Kpr [ Kru Kru
UDpH UD
3 (Somey o (3w, miz))
k=1 j=1 m=1
Kru
+ Z HUP Y P (HYP)! (11)

Stacking the received signal vectors at the CU as yVL =

~UL\T cun \T1"
(697 55,
squared error decoding with successive interference cancella-
tion (MMSE-SIC), the achievable UL sum-rate is given as [9]:
Kurp -
> HRQUH(HEF) T+

k=1

and applying the minimum mean

RV = log SUL| log ‘ZUL )(12)

where $UL is the interference-plus-noise covariance matrix
and is expressed as

Kpr [ Kru

Kru
k=1 \ j=1 i=1
Kru I
+ > HYPYPE (YD) + o Iy
j=1
+ diag {T[{L TKRU} .

The stacked channel matrices in (12) and (13) are deno-

ted as HYL = {(H({kF)T,...,(H%ﬁUk)T} and HUD —

[(EP)" . (D

T
ivel
Ki) } , respectively.

Since the secondary and primary networks coexist under
the same spectrum, secondary network infers interference on
the primary network. The interference power constraint from
the secondary UL users and RUs projected to the /th primary
user is written as

. Kor L \H
wd HPE( Y QPF 4 diag {PE, L YRE L) (BPF)
k=1
Kur

+ > HRE
k=1

where the stacked matrix HPL ¢ CPixM”"
HPE = {Hﬁfﬁ e ,Hﬁ(LRUL, and HRF € CP Mk represents
the channel between the Ith primary user and the kth RU.
Moreover, Hj L € CP*Tk is the channel between the [th
primary user and the kth UL user. Here, \; in (13) is the
upper limit of the interference allowed to be imposed on the
[th primary user.

- H
L (Hlf{f) <\, leSPY,  a3)

is denoted as

III. JOINT DESIGN

In this section, we jointly optimize the source and quantiza-
tion noise covariance matrices to maximize the sum-rate of the
FD C-RAN system subject to power constraints in (4) and (8),
fronthaul rate constraints in (3) and (10), and interference
power constraints in (13). The problem is formulated as:

Kpr
DL UL
max ; RPE LR (14a)
s.t. (3), @, (3), (10), (13) (14b)
YX -0, ieS, X e{UL DL}, (l4c)
QF =0, keS*, X c{UL,DL}. (14d)

Here, the variables Q = {Qff : Vk € SX, X € {UL,DL}}
and T 2 {Y¥.vieSRU, X¢ {UL,DL}} denote the

set of all source and quantization noise covariance matrices,
respectively.

Observing that the objective function (14a), and the front-
haul constraints (3) and (10) are in DC form, we can apply
an iterative MM based algorithm, which solves a sequence
of convex problems by linearizing the original non-convex
functions in the optimization problem (14) at each iteration [7],

[8].

To that end, by applying the first-order Taylor series ap-
proximation on the non-convex terms in the objective function
and the constraints, at iteration n+ 1, the convex problem (15)
given at the top of the following page is solved. In (15), the
function f(A,B) is the first-order Taylor approximation of
log-det function, and is given as

A 1 .
f(A,B) = log |B| + mtr{B '(A-B)}.

The steps of the proposed algorithm is illustrated in Algo-
rithm 1.
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DL
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Algorithm 1 Sum-Rate Maximization Algorithm

1: Set the iteration number n = 1 and initialize the source covari-
ance Q[ and the quantization noise covariance matrices Y™,

2: repeat

3 Update Q™+ and Y™+ by solving the problem (15).

4: n<+<n-+1.

5

6

: until convergence or maximum number of iterations is reached.

. Calculate the precoding matrices Vi from the source covari-
ance matrices QiX via rank reduction method [10] as Vi =
Mg (Vi,dY), vk € 8%, X € {UL,DL}, where the
function g (V, d) is a unitary matrix containing the d eigenvectors
as columns corresponding to the largest d eigenvalues of the semi-
positive definite matrix V, and ;. is the normalization factor
computed from the power constraints.

Remarks:

1) Quality of Service (QoS) Constraint: In addition to the
sum-rate maximization design in (14), we can also include a
target rate for each UL/DL user as a constraint. The motivation
behind this design is that even if FD outperforms HD in terms
of total throughput, this does not guarantee that all UL/DL
users are served evenly in every time slot. In some instances
an UL user may achieve a lower rate in order to reduce the
amount of interference present in the system. To that end, QoS-
constrained optimization problem is reformulated as

Kpr
DL UL
max ;Rk +R (15a)

s.t. (3), (4, (8), (10), (13), (14¢), (14d) (15b)

RPE > pPL k=1, Kpp, (15¢)
RUVL > UL, (15d)
where rP% and Ul are the minimum data rates required

by the DL and UL users, respectively. The key difficulty in
solving the problem (15) is the rate constraints (15¢) and (15d).

However, we can use the local approximation used in (15a) to
approximate these nonlinear and non-concave functions and
then solve the problem (15) successively using MM, which
we will not repeat due to space limitations.

2) Channel state information acquisition: It is challenging
to obtain an accurate estimate for the channel state information
(CSI) between the secondary and primary networks, as the
primary network is usually not willing to cooperate with the
secondary network [11]- [14]. In this regard, few methods
have been suggested to combat this problem. Firstly, in case
the primary system adopts the time-division-duplex (TDD)
scheme, the secondary network can obtain the CSI to the
primary nodes by taking advantage of the channel recipro-
city, and overhearing the transmissions from the primary
network [15]- [19]. Secondly, a partial CSI can be obtained
via blind environmental learning [20], [21]. Third, an estimate
of CSI can be obtained via the realization of a band manager
with the ability to exchange the CSI between the secondary
and primary networks [16], [17], [22], and finally, if possible,
the primary and secondary networks can cooperate for the
exchange of channel estimates [15]. Note that in the proposed
algorithm, the transmit and receive filters are designed at a
central scheduler design with the help of CSI feedbacks at the
secondary network [18]

IV. SIMULATION RESULTS

In this section, we compare the sum-rate performance of
the proposed FD C-RAN scheme with that of the HD C-RAN
scheme, under various system conditions. Unless otherwise
stated, the following parameters are used in our simulations:
Kr=4, M, = N, =2, Vk € SBYU, Kp; = Kyp = 4,
Kpy =1 with P, = 3, Vk € SPU, and T, = Ry = 2, Vk.
Moreover, we assume that every RU and every UL user have
the same power constraints, i.e, PiDL = PPL — 96dBm,
i € SRV and PVL = PUL = 23dBm, k € SYL, and
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Fig. 2. The simulated setup. RUs are located at the center of each small
square (50 x 50), where the position of the UL and DL users are chosen
randomly.
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Fig. 3. Sum rate [bits/sec./Hz] vs. Algorithm iterations.

the noise powers in both UL and DL channels are equal
0%, = o}, = —107dBm. The fronthaul constraints are
assumed to be the same for all RUs in both UL and DL
channels, i.e., C* = 107bits/sec, Vi € SFU, X € {UL, DL},
and the wireless system operates on the bandwidth of 10 MHz.
The users are randomly located in a square area of side length
100m. Dividing this square into 4 equal small squares with a
side length 50m, each of Kr = 4 RUs is located at the center
of these 4 small squares, see Fig. 2. The position of the UL and
DL users within each square area is chosen randomly for each
channel realization. For the self-interference channel, we adopt
the model in [1], in which the self-interference channel HY P

2
at the 7th RU is distributed as Rician with mean Ufﬁ: and

variance f _%; , where x and 0?3 ; represent the Rician factor and
the residual self-interference power, respectively. The rest of
the channel matrices follows a complex Gaussian distribution
with path-loss defined as PL = 22.9 + 37.5log;,d in dB
where d is the distance in meters between relevant entities.
Unlike the FD setup, where UL and DL users can be active
simultaneously, a TDD scheme is considered for an equivalent
HD setup to connect the UL and DL users in the subsequent
time slots.
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Fig. 4. Sum rate [bits/sec./Hz] vs. tolerable interference threshold at the PUs
A [dBm].

Due to the iterative nature, the convergence behavior of the
proposed algorithm is of interest, both as a verification of the
algorithm operation and as an indication of the computational
complexity. In Fig. 3, the average convergence behavior of
the algorithm is depicted. A monotonic increase is observed,
where convergence is achieved in around 10 iterations.

In Fig. 4, the sum rate performance of the proposed FD
C-RAN system is studied as a secondary system, co-existing
with a primary network. It is observed that as the tolerable
interference threshold decreases, the system sum rate degrades
for both FD and HD scenarios. Moreover, it is observed that
the sum rate of the DL users hold a higher level of robustness
as the interference threshold decreases. In particular, a small
value of A results in a close-to-zero sum rate in UL users.
This is perceivable, as the coordinated beamforming in the DL
enables the arrangement of transmit beams in the null-space
of interference channels to the PUs.

The impact of the residual self-interference intensity, i.e.,
0%, is depicted in Fig. 5. It is observed that as the 0%,
increases, the overall performance degrades. In particular, for
a system with a large 0%, the co-existence of UL and DL is
not feasible, due to the severe impact of the self-interference.
This leads to a clear performance degradation as 0%, increases.
On the other hand, for a system with a small 0%, and a large
A, a significantly higher performance is observed, due to the
successful co-existence of DL and UL communications.

It is worth mentioning that due to the consideration of
system sum rate as the evaluation metric, the FD system
outperforms the HD setup for any residual self-interference,
or interference threshold conditions. This stems from the fact
that for any optimal HD network operation, the set of all
UL or all DL communications can be exclusively enabled in
the FD setup, resulting in a superior sum rate performance.
Nevertheless, this leads to the unfair rate distribution among
the UL and DL users' The fairness can be further improved by
enabling the FD operation jointly with TDD capability [23],
or by explicitly imposing the rate requirements as additional
constraints.

'For instance, for a strong residual self-interference condition, a single
directional communication can be established in the preferred direction, i.e.,
UL or DL, as a result of an optimized FD system design, following the sum
rate maximization approach.
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V. CONCLUSION

In this work, joint design of fronthaul compression and
precoding in cloud radio access networks is studied for FD
MIMO underlay cognitive radio networks. Combining the
benefits of FD transmission at RUs with the FD fronthaul
leads to efficient reuse of RAN spectrum, alleviates the need
to obtain dedicated spectrum for fronthaul, and facilitates
hardware implementation by enabling the use of same har-
dware for access links and fronthaul links. While the FD
operation can ideally double the spectral efficiency in a link,
the network-level gain of exploiting FD transmission in the
fronthaul remains unclear due to the complicated interference
environments, e.g., self-interference, co-channel interferences
(CQI) at the fronthaul and access links. Numerical simulations
verify a significant gain due to the additional coordinatioin
among the radio units and the FD operation, in terms of the
spectral efficiency, via the proposed design.
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