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Abstract—In this paper, we study joint interference can-
cellation and resource allocation for full-duplex (FD) cloud
radio access networks (C-RAN) with antenna correlation.
The target is to maximize the capacity of downlink (DL) user
equipments (UEs) with guaranteed quality of service (QoS)
of UL UEs under the constraints of DL and uplink (UL)
transmit power. Intractability of the considered problem
involves non-convexity and coupling between postcoding and
remote radio head (RRH) selection. To deal with the high
coupling between system variables, an estimation-free self-
interference (SI) cancellation (EFSC) scheme with merit
of significantly reducing signaling overhead for channel
estimation is proposed. The reduced signaling overhead is
also derived in closed form expression. Furthermore, we
propose a generalized Benders decomposition based resource
allocation (GRA) algorithm, which separates the continuous
and discrete variables to solve the optimization problem.
With the design of a flexible utility function, the tradeoff
between DL capacity and co-channel interference (CCI) can
be achieved. Moreover, we identify the scenario in which
antenna correlation will be beneficial for both UL and DL
communications in FD C-RAN with the implementation of
EFSC scheme. The effectiveness of proposed methods and
theorems are verified via simulation results.

Index Terms—Full-duplex, cloud radio access networks,
interference cancellation, resource allocation, antenna cor-
relation.

I. INTRODUCTION

The feature of full-duplex (FD) communication sys-
tems is to transmit and receive signals on the same
frequency band at the same time slot. Thus, it can
theoretically double the spectral efficiency (SE) of half-
duplex (HD) systems. In practice, the major challenge
of FD systems is the strong power of self-interference
(SI) from the intended downlink (DL) signals to its
own uplink (UL) transmission. The SI from DL can
be exceedingly large compared to the received power
of UL information. The huge power difference prevents
the feasibility of FD communications [1]. Fortunately,
several breakthroughs in signal processing design for SI
suppression have been proposed and FD prototype has
been successfully presented [1, 2]. Nevertheless, owing to
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the existence of residual SIs, the potential of FD systems
has not been fully explored.

In order to promote the effectiveness of FD systems,
several literatures [3–6] investigated channel estimation
schemes for SI cancellation. In [3], a factor graph ap-
proach is proposed to jointly solve the SI cancellation and
decoding problems. To further reduce the overhead of SI
channel estimation, a compressed sensing based two-stage
technique is developed in [4] to reduce SI power from
overloading the receiver’s low-noise amplifier (LNA) and
ADC. Moreover, the impact of estimation error of SI
channel also draws a lot of attention in recent years [5, 6].
A channel-aware multi-hop canceller is designed in [5] to
jointly consider the effect on imperfect channel estimation
and reconstructed errors on the estimated SI channel. In
[6], the performance of an FD maximum ratio combining
multiple-input multiple-output (FD-MRC-MIMO) system
based on equalize-and-forward (EF) relaying with SI
cancellation is analyzed under imperfect channel state
information (CSI). Even though imperfect CSI on SI
channel has been studied in existing literatures [3–6],
how to perfectly estimate the SI channel is still an open
problem and it is difficult to eliminate the residual SI
completely.

To further alleviating the SI problem, several methods
have been proposed to address the SI problem from the
perspective of resource allocation. It has been shown
that the performance of FD systems can be enhanced
with efficient resource allocation algorithms [1, 2, 7, 8]
by employing the cloud radio access networks (C-RAN)
architecture [9–13] and adopting proper antenna selection
algorithms [14, 15]. In [7], the loop interference effect in
FD system is reduced by using a massive receive antenna
array based on either MRC or zero-forcing (ZF) process-
ing in multi-pair decode-and-forward relay channel. A
joint beamformer design is proposed in [8] to maximize
the SE subject to power constraints is considered for FD-
based small cell networks, which results in higher gain
over HD system. Even though various network architec-
tures such as relay and small cells have been discussed for
FD system with performance enhancement, [9] indicates
that SI can be naturally suppressed with the distributed
manner of remote radio head (RRH) in C-RAN. In other
words, the transmitting RRH and receiving RRH can be
distantly located to avoid SI in FD system. The work in
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[10, 11] derived analytical expressions to compare the
average sum rate among cell association schemes as a
function of both the number of RRH’s antennas and the
density of UL and DL RRHs.

Except for resource allocation design and C-RAN ar-
chitecture, antenna selection has been shown in [14] to
be an efficient method to suppress SI by avoiding the
strongest components of SI channel. However, the major
challenge of antenna selection is its high computational
complexity when the number of antenna is increased.
A computational-efficient antenna selection algorithm is
proposed in [15] based on greedy approach for FD
MIMO system, which can achieve almost the same system
capacity as the exhaustive search algorithm. Furthermore,
the impacts of antenna correlation to FD system have been
discussed in [16, 17] to consider practical communication
phenomenon. In [16], the performance of FD two-way
massive MIMO relay systems is analyzed considering
antenna correlation at both the relay and users. A closed-
form expression for ergodic capacity with antenna cor-
relation has been derived in [17] for FD system, which
indicates that higher capacity can be achieved with larger
cross correlation between two communication links.

In this paper, we will investigate and design joint
interference cancellation and resource allocation for FD
C-RAN with antenna correlation. An optimization prob-
lem is formulated to maximize the capacity of DL user
equipments (UEs) by guaranteeing the quality of service
(QoS) of UL UEs under the constraints of DL and UL
transmit power. The formulated problem involves non-
convexity and coupling between postcoding and RRH
selection, which makes resource allocation design hard
to be tractable. In this paper, we develop an estimation-
free SI cancellation (EFSC) scheme along with a resource
allocation algorithm based on the generalized Benders de-
composition (GBD) [1]. Moreover, although some works
discussed the outage probability and ergodic capacity
of FD systems with existence of antenna correlation, it
is still unclear how antenna correlation will affect the
performance of resource allocation. We will investigate
the scenario where antenna correlation is beneficial for
both UL and DL communications, and provide signifi-
cant insights on resource allocation policy when antenna
correlation exists for FD C-RAN.

Furthermore, the data traffic in practical communi-
cation systems in general possesses asymmetric trends
[18–21]. The asymmetric traffic would waste the radio
resources and degrade its utilization in the communication
networks with symmetric resource allocation. In this
paper, we take asymmetric traffic property into consider-
ation, which has been ignored in aforementioned works.
The main contributions of this paper are summarized as
follows.

• Without the need to perform SI channel estimation
via pilot sequences, we propose the EFSC scheme by
extracting the SI channel information directly from

the received signals. Thus, the signaling overhead
required for channel estimation can be significantly
reduced by adopting the EFSC scheme. Moreover,
the reduced signaling overhead is derived in closed
form, which allows us to explicitly observe how
much improvement is achieved by implementing the
proposed EFSC scheme.

• Based on the EFSC method for SI cancellation, we
develop a GBD-based resource allocation (GRA)
scheme which optimizes continuous and discrete
variables separately. The bisection search method
and the difference of convex function (DC) approach
are adopted to solve the optimization of continuous
variables. On the other hand, a flexible utility func-
tion associating a penalty term is applied for acquir-
ing the discrete variables with the consideration of
co-channel interference (CCI). The proposed GRA
algorithm is designed to maximize the utility func-
tion by selecting a feasible set of RRHs considering
the tradeoff between DL capacity and CCI.

• We identify the scenario in which antenna correlation
will be beneficial for both UL and DL communi-
cations in FD C-RAN with the implementation of
proposed EFSC scheme. The number of UL UE that
can be served and the number of RRH that can
be allocated for DL communications in FD C-RAN
are inversely proportional to the rank of SI channel
matrix. Consequently, the capacity of both UL and
DL communications will be improved by increasing
the number of UL UE for DL communications when
antenna correlation occurs at DL RRHs due to its
ability to reduce the rank of SI channel matrix.
Moreover, consider the specific case with broadcast
channel, by the fact that DL capacity of broadcast
channel is proportional to the singular value of chan-
nel matrix, antenna correlation can still improve DL
capacity in broadcast channel based on the property
that correlation matrix has larger singular value than
non-correlated matrix.

II. SYSTEM MODEL

A. System Scenario

Fig. 1 shows the network scenario for FD C-RAN
with multiple users. The system consists of NS single an-
tenna RRH (SA-RRH), NM multiple antenna RRH (MA-
RRH), K mobile users and a baseband unit (BBU) pool
containing several BBUs. Each MA-RRH is equipped
with λ antennas. The K users employ single-antenna
HD mobile communication devices to ensure low hard-
ware complexity and will be scheduled for either UL
or DL transmissions. In particular, the numbers of DL
and UL UEs are denoted by KD and KU respectively.
On the other hand, RRHs are connected to one of the
BBUs via fronthaul links. Noted that BBU is a power-
ful computational unit, which is capable of computing
the resource allocation policy for C-RAN based on the
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Fig. 1. Full-duplex systems in cloud radio access networks.

CSI and network environments. For the convenience of
comparison, we assume that the BBU possesses full CSI
information of the network except for the SI CSI. In order
to acquire the SI CSI, the BBU employs minimum mean
square error (MMSE) estimator. Thus, the estimated error
of SI CSI will be modeled as a Gaussian distribution
random variable. Furthermore, the BBU will assign either
the DL transmission (DL RRH) or UL reception (UL
RRH) tasks to RRHs after the resource allocation policy
is determined, i.e., DL transmission and UL reception
cannot be implemented on the same RRH simultaneously.
Specifically, each RRH receives the control signals for
resource allocation from BBU via fronthaul links. After-
wards, DL RRHs will transmit data to the KD DL users
while UL RRHs will transfer the received UL data signals
via fronthaul links to the BBU to decode the information.

B. Signal Model

The received signal for the k-th DL UE yDk
can be

written as

yDk
= dS,k + dM,k + IS,k + IM,k + ICCI,k + nk, (1)

where dS,k ∈ C and dM,k ∈ C are the desired signals
from SA-RRHs and MA-RRHs to the k-th DL UE
respectively, and are given as

dS,k =

NS∑
i=1

αSip
1/2
Si,k

gH
Di,k

vi,kxDk
, (2)

dM,k =

NM∑
i=1

αMip
1/2
Mi,k

gH
Di,k

vi,kxDk
. (3)

The parameters αSi , αMi ∈ {0, 1} in (2) are binary
indicators, where 1 indicates that the corresponding RRH
implements DL transmission and 0 denotes UL reception
for the RRH. pSi,k

and pMi,k
=
∑λ

j=1 pMAj,i,k
/λ are

respectively the allocated power from the i-th SA-RRH
and i-th MA-RRH to the k-th DL UE, where pMAj,i,k

is the allocated power of the j-th antenna on the i-th
MA-RRH to the k-th DL UE. It is considered that MA-
RRHs allocate equal power to each antenna. gDi,k

∈ C

and gDi,k
∈ Cλ are channel gain and channel vector from

the i-th SA-RRH and i-th MA-RRH to the k-th DL UE,
respectively. xDk

indictes the data symbols transmitted to
the k-th DL UE, where the power of data symbol satisfies
E
{
|xDk

|2
}

= 1. Maximum ratio transmission (MRT)
precoding at the i-th SA-RRH an i-th MA-RRH to the
k-th DL UE are respectively denoted by vi,k ∈ C and
vi,k = [v1,i,k, · · · , vλ,i,k] ∈ Cλ. It can also be written
as vi,k = gDi,k

ψSi,k
and vi,k = gDi,k

ψMi,k
, where

ψSi,k
∈ C and ψMi,k

∈ C ensure that vi,k and vi,k satisfy

E
{
vH
i,kvi,k

}
= E

{
vH
i,kvi,k

}
= 1. (4)

Moreover, the parameters IS,k and IM,k in yDk
are the

inter-user interference (IUI) from SA-RRH and MA-RRH
to the k-th DL UE respectively, and can be expressed as

IS,k =

NS∑
i=1

KD∑
j=1,j ̸=k

αSip
1/2
Si,j

gH
Di,k

vi,jxDj , (5)

IM,k =

NM∑
i=1

KD∑
j=1,j ̸=k

αMip
1/2
Mi,j

gH
Di,k

vi,jxDj . (6)

The CCI in yDk
from UL UEs to the k-th DL UE is

written as

ICCI,k =

KU∑
i=1

p
1/2
Ui
hH
Ci,k

xUi , (7)

where pUi is the transmit power from the i-th UL UE
and hCi,k

∈ C is the channel gain from the i-th UL UE
to the k-th DL UE. nk ∼ CN (0, σ2

k) in yDk
represents

the additive Gaussian noise (AWGN) at the k-th DL UE.
The achievable capacity of DL transmission for the k-th
DL UE in the considered scenario can be written as

RDk
= log2(1 + γDk

), (8)

where the received signal-to-interference-plus-noise ratio
(SINR) for DL UE k (γDk

) is

γDk
=

|dS,k|2 + |dM,k|2

|IS,k|2 + |IM,k|2 + |ICCI,k|2 + σ2
k

. (9)

Note that the parameters in (9) can be obtained from yDk
.

Furthermore, the received signals of UL transmission for
SA-RRH yS and for MA-RRH yM can be respectively
obtained as

yS = dU,S + cS,S + cM,S + n1, (10)
yM = dU,M + cS,M + cM,M + n2. (11)
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dU,S and dU,M are the received UL signals at SA-RRHs
and MA-RRHs, respectively, and are expressed as

dU,S =

KU∑
k=1

dUk,S =

KU∑
k=1

NS∑
j=1

(1− αSj )p
1/2
Uk
gUk,j

xUk
,

(12)

dU,M =

KU∑
k=1

dUk,M =

KU∑
k=1

NM∑
j=1

(1− αMj )p
1/2
Uk

gUk,j
xUk

,

(13)

where dUk,S, and dUk,M respectively indicates the re-
ceived UL signals at SA-RRH and MA-RRH from the
k-th UE. gUi,j ∈ C and gUi,j ∈ Cλ are the channel gain
and channel vector from the i-th UL UE to the j-th SA-
RRH and j-th MA-RRH. xUk

represents the data symbols
sent from the k-th UL UE with the power satisfying
E
{
|xUk

|2
}

=1. cS,S , cM,S, cS,M, cM,M in yS and yM

denote the SI from SA-RRHs to SA-RRHs, MA-RRHs
to SA-RRHs, SA-RRHs to MA-RRHs, and MA-RRHs to
MA-RRHs repectively as follows
cS,S = ΣS,SαSi(1− αSk

)p
1/2
Si,j

hH
Si,Sk

vi,jxDj ,

cM,S = ΣM,SαMi
(1− αSk

)p
1/2
Mi,j

hH
Mi,Sk

vi,jxDj
,

cS,M = ΣS,MαSi(1− αMk
)p

1/2
Si,j

hSi,Mk
vi,jxDj ,

cM,M = ΣM,MαMi(1− αMk
)p

1/2
Mi,j

HMi,Mk
vi,jxDj ,

(14)

where Σx,y =
Nx∑
i=1

KD∑
j=1

Ny∑
k=1,k ̸=i

with x and y denoting

either S or M. hxi,yk
or hxi,yk

are the SI channel gain
from i-th xA-RRH to k-th yA-RRH. HMi,Mk

∈ Cλ×λ

is the SI channel matrix from the i-th MA-RRH to k-
th MA-RRH. Furthermore, n1 and n2 in yS and yM are
written as 

n1 =
NS∑
i=1

(1− αSi)nSi ,

n2 =
NM∑
i=1

(1− αMi
)nMi

,

(15)

where nSi ∼ CN (0, N0) and nMi ∼ CN (0, N0Iλ) are
AWGN at SA-RRH and MA-RRH respectively. Note that
both large-scale and fast fadings are considered in this
work. The effect of antenna correlation incurs at the MA-
RRHs. For the purpose of illustration, the channel gain
and channel vector in (2) are taken as an example, which
can be decomposed as{

gDi,k
= s

1/2
i,k ρi,k,

gDi,k
= s

1/2
i,k R

1/2
i,k ρi,k,

(16)

where si,k ∈ C is the pathloss effect. ρi,k ∈ C and
ρi,k ∈ Cλ are the scalar and vector accounting fast
fading respectively, and are usually modeled as Rayleigh
distribution. Ri,k ∈ Cλ×λ is the matrix that characterizes

the antenna correlation effect at the MA-RRH as

Ri,k =

 1 · · · (e−jθik)λ−1

...
. . .

...
(ejθik)λ−1 · · · 1

 , (17)

where θik is randomly generated from a uniform distribu-
tion over [0, 2π), ∀i, k. When linear postcoding process-
ing is implemented after the UL signals are received, yS
and yM can be rewritten as

wSyS = wSdU,S + wScS,tot + wSn1, (18)

and

wH
MyM = wH

MdU,M +wH
McM,tot +wH

Mn2, (19)

where cS,tot = cS,S + cM,S and cM,tot = cS,M + cM,M.
wS and wM are respectively the postcoding processing
for the SA-RRHs and MA-RRHs. Thus, the achievable
capacity of k-th UL UE can be obtained as

RUk
= log2(1 + γUk

), (20)

where

γUk
=

|wSdUk,S|
2
+ ∥wH

MdUk,M∥2

|wScS,tot|2 + ∥wH
McM,tot∥2 + |wSn1|2 + ∥wH

Mn2∥2
,

(21)

with dUk,S and dUk,M acquired from (12) and (13).

C. Problem Formulation

In this subsection, a non-convex resource allocation
problem with the consideration of asymmetric traffic
characteristics in the wireless networks is formulated.
The system objective is to maximize the DL capacity
and guarantee QoS of UL UEs under the transmission
power constraints of the DL RRHs and UL UEs. The
optimization problem is expressed as follows:

max
αS,αM,pS,pM,pU,wS,wM

RD (22a)

subject to
KD∑
k=1

pSi,k
≤ pSmax , ∀i

(22b)
KD∑
k=1

pMi,k
≤ pMmax , ∀i

(22c)
pUi

≤ pUmax
, ∀i

(22d)
RUk

≥ Rreq, ∀k
(22e)

αSi , αMj ∈ {0, 1} , ∀i, j
(22f)

where RD =
∑KD

k=1 RDk
and αS, αM, pS, pM, pU are

symbolic notations of design variables representing SA-
RRH selection, MA-RRH selection, transmission power
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of SA-RRH, transmission power of MA-RRH, and trans-
mission power of UL UEs, respectively. wS and wM are
the postcoding coefficients for the SA-RRHs and MA-
RRHs, respectively. (22b), (22c), (22d) are transmission
power constraints of SA-RRH, MA-RRH, and UL UEs.
(22e) is the QoS constraint of k-th UL UE, and (22f) are
binary indicators of RRH selection, which were explained
in (2). Note that asymmetric traffic property is reflected
in the optimization problem formulation, which aims
to maximize capacity of DL UEs while guaranteeing
minimum capacity of UL UEs. This formulation implies
higher DL capacity over UL and signifies that the system
will allocate resources only to DL UEs once minimum
capacity requirement of UL UEs is satisfied.

III. INTERFERENCE CANCELLATION METHOD AND
RESOURCE ALLOCATION ALGORITHM DESIGN

The formulated problem in (22a) is a mixed integer
non-linear problem (MINLP) with non-convex objective
function (22a) and non-convex constraint (22e). The com-
binatorial nature is due to the binary indicators in (22f).
Also, the RRH selection variables αS and αM are coupled
with postcoding coefficients wS and wM from RDk

in
(22a) and RUk

(22e). In the following subsections, we
will first present the proposed EFSC scheme in closed-
form for SI cancellation with reduced signaling overhead.
Then, the GRA algorithm is implemented by decom-
posing the original problem into two subproblems. The
bisection search method and DC programming approach
are adopted to solve the subproblem. Moreover, a utility
function is designed with the consideration of the impact
from CCI. It will be shown that the proposed GRA
scheme can achieve tradeoff between DL throughput and
CCI.

A. Proposed Estimation-Free SI Cancellation (EFSC)
Scheme

Our main goal is to design a feasible postcoding
scheme for receive antennas at RRHs in order to perfectly
eliminate the SI as well as keeping the desired signals un-
changed. For the convenience of illustration, the numbers
of transmit antenna and receive antenna are represented by
Nt and Nr respectively after RRH selection. Nt and Nr

can be determined by initialization procedure of proposed
GRA algorithm, which will be mentioned in Subsection
III-B. The received signals at RRHs can be rewritten from
yS and yM as

y = GxUL +HxDL + n, (23)

where G ∈ CNr×KU and H ∈ CNr×Nt are UL channel
matrix and SI channel matrix respectively. xUL ∈ CKU

and xDL ∈ CNt can be represented as

xUL =
[
p
1/2
U1
xU1 , · · · , p

1/2
UKU

xUKU

]H
, (24)

with pU1 , · · · , pUKU
sharing the same definition as pUk

in dU,S and dU,M.

xDL =

KD∑
j=1

p
1/2
D1,j

vD1,j
xDj

, · · · ,
KD∑
j=1

p
1/2
DNt,j

vDNt,j
xDj

H

,

(25)

where {
pDi,k

= pSi,k
, ∀i ∈ S

pDi,k
= pMAj,i,k

, ∀i ∈ M
(26)

with i ∈ S indicating that the antenna is from SA-RRHs
and i ∈ M meaning that from MA-RRHs. vDi,j ∈ C is
the MRT processing of the i-th DL antenna to j-th UE.
n ∼ CN (0, N0INr ) is the AWGN. After processed by
the postcoder, the received signals can be rewritten as

Wy = WFx̃+Wn, (27)

where F =
[
G H

]
, and x̃ =

[
xT
UL xT

DL

]T
. The

desired W is expected to satisfy the condition

WF = [G 0], (28)

which means that the SI can be perfectly nulled. The
postcoding design in proposed EFSC scheme is provided
in the following theorem.

Theorem 1 Given UL CSI G matrix, the SI in the FD
C-RAN can be completely eliminated by the proposed
EFSC scheme with postcoder W constructed as

W = G(GHR†
FG)−1GHR†

F, (29)

where RF = Ry −N0INr = E[yyH]−N0INr .
Proof : Please see Appendix A. �
Notice that concept of the proposed EFSC scheme

is to project the received signal to the direction of UL
channel’s subspace. SI can be effectively eliminated after
projection when the subspaces of UL channel and SI
channel are disjoint with each other by the fact that
the received signal y at UL RRHs is comprised of the
components from subspace of UL channel and subspace
of SI channel. Hence, the proposed EFSC method is
only slightly affected by the accuracy of UL CSI, which
will be demonstrated in Section V since the subspace
of the obtained UL CSI does not overlap with sub-
space of SI channel. The disjoint between these two
subspaces means that the column spaces spanned by G
and H should be linearly independent with each other.
To ensure linear independence of column spaces, the
number of rows of matrix F should be greater or equal
to the number of columns of matrix F [22]. Thus, the
condition Nr ≥ Nt + KU should be satisfied, where
KU represents the number of UL UE. Moreover, pilot
sequence is well-adopted to implement channel estimation
[7, 23] in practical systems. When W is constructed
from GḠ = G(GHQ⊥

HG)−1GHQ⊥
H, with Q⊥

H = I −
H(HHH)−1HH, both UL CSI and SI CSI estimation will
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Fig. 2. Illustration of coherence interval.

be implemented via the transmission of pilot sequences
among DL RRHs and UL RRHs which will occupy a
portion of coherence interval for data transmission as
shown in Fig. 2. Note that τDL, τUL and τSI in Fig. 2
are the lengths of coherence interval for DL, UL and
SI CSI estimation respectively. When W is constructed
as G(GHR†

FG)−1GHR†
F, on the other hand, SI CSI

estimation via the transmission of pilot sequences is not
required since the proposed EFSC scheme is able to
obtain R†

F, which is equal to Q⊥
H in Ḡ. Due to the fact

that EFSC scheme enables the construction of W without
occupying any part of coherence interval, the EFSC
method can effectively reduce the signaling overhead of
CSI estimation. The coherence interval originally used for
SI CSI estimation, i.e., τSI in Fig. 2, can be utilized for
data transmission. Hence, the capacity improvement can
be achieved by employing the proposed EFSC scheme.
Calculation of the reduced pilot sequence overhead τSI
by adopting the EFSC method is provided as follows.

Theorem 2 Let τSI denote the length of pilot sequences
(in symbols) saved by proposed EFSC scheme when
adopting channel estimation method in [7, 23], the fol-
lowing inequality will be satisfied:

τSI ≥ NS (Nλ +NM) , (30)

where NS and NM are the numbers of SA-RRH and MA-
RRH, respectively, λ is the antenna number in each MA-
RRH and Nλ = NMλ.

Proof : As shown in Fig. 2, a part of coherence interval
will be used for channel estimation where τDL, τUL and
τSI are the intervals for DL channel, UL channel and SI
channel estimation respectively. With the implementation
of EFSC scheme, the overhead for SI channel estimation
can be reduced and the interval for data transmission will
be increased. Thus, only the length of τSI will be focused
in this proof. Moreover, the length of τSI can be further
decomposed as τSI = τSIS,S + τSIS,M + τSIM,S + τSIM,M ,
where τSIx,y means the length of interval for SI channel
estimation between xA-RRHs and yA-RRH with x, y
denoting either S or M. However, SI channel estimation
during τSIS,S and τSIM,M requires concurrent transmission
and reception of pilot sequences, which indicates that
existing channel estimation methods [7, 23] cannot be
directly applied. Since SI channel estimation procedure in
τSIS,S and τSIM,M are out of scope of this paper, only the
length of τSIS,M and τSIM,S will be discussed here. Hence,
the length τSIS,M

+ τSIM,S
is recognized as lower bound

of original signaling overhead for SI CSI estimation. In
addition, since the proposed EFSC scheme allows FD C-
RAN to estimate SI CSI without occupying any part of
coherence interval, τSIS,M+τSIM,S can also be regarded as
lower bound of saved overhead by the proposed scheme.

During interval τSIS,M , all SA-RRHs will transmit their
pilot sequences of τSIS,M symbols to MA-RRHs. After the
transmission of pilot sequence, the received pilot matrices
at the i-th MA-RRHs can be written as

yS,Mi
=
(
τSIS,MppS,M

)1/2
HS,Mi

ΨS,Mi
(31)

+
(
τSIS,MppS,M

)1/2 NM∑
j=1,j ̸=i

HS,Mi
ΨS,Mj

,

where ppS,M is the power of pilot sequence, ΨS,Mi
∈

CNS×τSIS,M is the pilot sequences received by the i-
th MA-RRH, and HS,Mi

∈ CNM×NS is the channel
matrix between the i-th MA-RRH and other SA-RRHs.
Since all pilot sequences should be pairwisely orthogonal,
i.e., ΨS,Mi

ΨH
S,Mi

= INS , ΨS,Mj
ΨH

S,Mj
= INS , and

ΨS,Mi
ΨH

S,Mj
= 0NS , the number of column of each

pilot sequences in yS,Mi
should be large enough to

provide rank for the satisfaction of pairwisely orthogonal
condition [22]. Hence, the following inequality must be
satisfied:

τSIS,M ≥ NSNM. (32)

Moreover, the received pilot sequences at the i-th SA-
RRHs during τSIM,S can be written as

yM,Si
=
(
τSIM,SppM,S

)1/2
hH
M,Si

ΨM,Si
(33)

+
(
τSIM,SppM,S

)1/2 NS∑
j=1,j ̸=i

hH
M,Si

ΨM,Sj
,

where ppM,S is the power of pilot sequence, ΨM,Si
∈

CNMλ×τSIM,S is the pilot sequences received by the i-
th SA-RRH, and hS,Mi

∈ CNM is the channel vector
between the i-th SA-RRH and other MA-RRHs. By
similar derivation techniques, τSIM,S should satisfy the
inequality

τSIM,S ≥ NSNMλ. (34)

The proof is completed by the fact τSI ≥ τSIM,S+τSIS,M =
NS (NMλ+NM) = NS (Nλ +NM). �

With the derivation of saved signaling overhead for SI
channel estimation, we can provide capacity improvement
by adopting EFSC scheme as follows.

Corollary 1 Let the total capacity of FD C-RAN when
proposed EFSC scheme is used and not used as C1 and
C2, respectively, the following equality will be satisfied:

C1 =
T − τDL − τUL

T − τSI − τDL − τUL
C2, (35)

where T is the length of coherence intervals. τDL and
τUL are the intervals for DL channel and UL channel
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estimation, respectively. τSI is the saved length of pilot
sequence from EFSC scheme.
Proof : As shown in Fig. 2, during each coherence

interval, τDL + τUL + τSI symbols are spent for channel
estimation and the remaining interval is used for payload
data transmission [7]. Thus, the total capacity of FD C-
RAN when EFSC scheme is not adopted (C2) and adopted
(C1) can be written as

C2 =
T − τDL − τUL − τSI

T
(RU + RD) , (36)

and

C1 =
T − τDL − τUL

T
(RU + RD) . (37)

Result of Corollary 1 can be obtained by combining C2

and C1, which completes the proof. �

B. Proposed GBD-based Resource Allocation (GRA) Al-
gorithm

Different approaches, including branch-and bound and
outer approximation [24, 25], for solving MINLP can be
adopted to obtain solution for our considered resource
allocation problem in (22). In this paper, we proposed
the GRA scheme based on the concept of GBD method
[1]. The benefit of GBD is that it exploits the particular
problem structure and leads to simple subproblems in
each iteration. GBD can be used to handle the constraints
involving binary optimization variables, i.e., (22e), (22f)
in (22), by decomposing the problem into two sub-
problems: (a) primal problem, which is a non-convex
problem involving continuous optimization variables; and
(b) master problem, which is the mixed integer linear
programming (MILP) involving the discrete variables.
Specifically in our case, the primal problem is solved for
a given set of αS and αM and will yield the upper bound
for problem in (22). On the other hand, the solution of
master problem will provide a lower bound of the original
problem. The proposed GRA algorithm will solve the
primal and master problems iteratively until the difference
of two subproblems converges, which is described as
follows.

1) Solution of Primal Problem in the i-th iteration:
With the implementation proposed EFSC scheme and
given the result of RRH selection, the primal problem
can be formulated as

max
pD,pU

R′
D (38a)

subject to (22d)
KD∑
k=1

pDi,k
≤ pSmax , ∀i ∈ S (38b)

KD∑
k=1

pDi,k
≤ pMmax , ∀i ∈ M (38c)

R′
Uk

≥ Rreq, ∀k (38d)

Algorithm 1: Bisection Search Method
1: Initialization:

1) Set iteration index k
2) Set the threshold of convergence ϵ1
3) Initialize paUi

(0) = pUmax , pbUi
(0) = 0,

pUi(0) =
pa
Ui

+pb
Ui

2 , ∀i = 1, · · · ,KU

2: repeat
3: if (38d) is satisfied then
4: paUi

(k) = pUi(k − 1),
pbUi

(k) = pbUi
(k − 1),

∀i = 1, · · · ,KU

5: else
6: paUi

(k) = paUi
(k − 1),

pbUi
(k) = pUi(k − 1),

∀i = 1, · · · ,KU

7: end if
8: k = k + 1
9: until |paUi

(k)− pbUi
(k)| ≤ ϵ1

where R′
D =

∑KD

k=1 R
′
Dk

=
∑KD

k=1 log2(1+ γ′Dk
). For the

brevity of illustration, γ′Dk
is written as

γ′Dk
=

∣∣∣∑i∈T p
1/2
Di,k

gDi,kvDi,k

∣∣∣2
ξ̄h + |ICCI,k|2 + σ2

k

, (39)

with

ξ̄h =

∣∣∣∣∣∣
∑
i∈T

KD∑
j=1,j ̸=k

p
1/2
Di,j

gDi,k
vDi,j

∣∣∣∣∣∣
2

. (40)

T is the set of DL antennas after RRH selection. The cor-
responding channel gain between the i-th DL antenna and
k-th DL UE is denoted by gDi,k

. The achievable capacity
of the k-th UL UE in (38d) is R′

Uk
= log2(1 + γ′Uk

),
where γ′Uk

is written as

γ′Uk
=

∣∣∣∑j∈R p
1/2
Uk
gUk,j

∣∣∣2
∥W∥2∥nU∥2

. (41)

Note that R in γ′Uk
is the set of receive antennas after

RRH selection. nU ∼ CN (0, N0I|R|) is the AWGN at re-
ceive antennas. The corresponding channel gain between
the k-th UL UE and the j-th UL antenna is denoted by
gUk,j

. Notice that gDi,k
and gUi,k

represent channel gain
between antenna and UE after RRHs are selected, which
is different from the definition of gDi,k

and gUi,k
. Since

γ′Uk
is only a function of UL UE’s transmission power, the

constraint (22d) can be satisfied by adjusting pUk
through

the bisection search method, which is summarized in
Algorithm 1. The bisection search method has been shown
to be a solution-finding method with short convergent
time and improved accuracy [26, 27]. The concept of
bisection search method is to repeatedly bisect an interval
and then select a subinterval, where a feasible solution

IT 8.1
Typewritten text
IEEE Transactions on Wireless Communications Volume: 18 , Issue: 6 , June 2019 



8

must lie in the subinterval. Consequently, the primal
problem in (38) can be simplified as

max
pD

(38a)

subject to (38b), (38c).

Since (38a) is a non-convex function, the DC approach
will be applied to transform the problem. Note that the DC
scheme has been widely adopted to tackle the non-convex
problem with more robust and efficient manner compared
to other methods [28, 29]. By adopting the DC approach
and let βi,j = log pDi,j , the achievable DL capacity R′

D

in (38a) can be transformed into

R′
D = f(β)− h(β), (43)

where

f(β) =

KD∑
k=1

log2

(
ξf + |ICCI,k|2 + |σk|2

)
, (44)

and

h(β) =

KD∑
k=1

log2

(
ξh + |ICCI,k|2 + |σk|2

)
, (45)

with

ξf =
∑
i∈T

KD∑
j=1

eβi,j
∣∣gDi,jvDi,j

∣∣2 , (46)

and

ξh =
∑
i∈T

KD∑
j=1,j ̸=k

eβi,j
∣∣gDi,jvDi,j

∣∣2 . (47)

Thus, the optimization problem can be expressed as

max
β

f(β)− h(β) (48a)

subject to
KD∑
k=1

eβi,k ≤ pSmax , ∀i ∈ S (48b)

KD∑
k=1

eβi,k ≤ pMmax . ∀i ∈ M (48c)

It can be observed that the optimization problem in
(48) becomes convex with the log-sum-exp function by
adopting the DC structure. Hence, the problem can be
solved by approximating f(β) in the β domain through
the sequential convex approximation based on first-order
Taylor expansion as

f(β) ≈ f(βj) +∇fT(βj)(β − βj), (49)

where βh is an approximate solution at the h-th iteration,
and ∇f(βh) is the gradient of f(β) at β as

∇f(βj) =

(
∂f(βj)

∂βl,k

)T

, ∀l, k. (50)

Algorithm 2: Iterative DC Algorithm
1: Initialization:

1) Set iteration index h
2) Set the threshold of convergence ϵ2
3) Initialize β0

2: repeat
3: Solve (52) and denote the optimal solution as β∗

4: Update β∗ = βh+1

5: h = h+ 1
6: until |βh+1 − βh| ≤ ϵ2

Note that ∇f(βh) is a column vector with |T |KD ele-
ments, where |T | is the cardinality of set T . Each element
of ∇f(βh) can be computed as

∂f(βh)

∂βl,k
=

eβ
h
l,k

∣∣gDl,k
vDl,k

∣∣2(
Ψf + |ICCI,k|2 + |σk)|2

)
ln2

. (51)

By substituting f(βh), ∇fT(βh) and (51), the optimiza-
tion problem in (48) can be written as

max
β

f(βh) +∇fT(βh)(β − βh)− h(β) (52a)

subject to (48b), (48c).

Notice that (52a) is a concave function since it is the
addition of a line and a concave functions, whereas
(48b), (48c) are convex. Thus, the problem in (52) can be
solved by standard optimization solvers, e.g., CVX. The
proposed iterative DC algorithm for solving the problem
in (52) is summarized in Algorithm 2.

2) Solution of Master Problem in the i-th iteration: We
are ready to formulate the master problem, which utilizes
the solution of primal problem as stated in previous
subsection. The master problem in the i-th iteration is
given as

max
αS,αM

US + UM (53a)

subject to (22f),
NS∑
i=1

(1− 2αSi) +

NM∑
i=1

(1− 2αMi)Λ ≥ KU,

(53b)

where the utility functions US and UM areUS = χS

(∑KD

k=1

∣∣gDi,k

∣∣− V1
∑KU

k=1 pUk

∣∣gUk,i

∣∣) ,
UM = χM

(∑KD

k=1 ∥gDi,k
∥ − V2

∑KU

k=1 pUk
∥gUk,i

∥
)
.

(54)

χS =
∑NS

i=1 αSi and χM =
∑NM

i=1 αMi The utility
functions can be considered as the tradeoff between DL
capacity and CCI through the adjustment of parameters
V1, V2 ≥ 0. Specifically, if V1 and V2 are both with
larger values, the resultant UL channel will possibly
possess better quality. The constraint (38d) will be easily
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satisfied without transmitting too much power from UL
UEs. On the other hand, if both parameters are small, the
resultant UL channel might have poor quality. UL UEs
will have to increase their transmission power to fulfill
the requirement in (38d) in the next iteration, which will
result in large CCI. (53b) is obtained from the inequality∑NS

i=1(1 − αSi) +
∑NM

i=1(1 − αMi)Λ ≥
∑NS

i=1 αSi +∑NM

i=1 αMiΛ+KU, which is a variant of Nr ≥ Nt+KU.
This constraint ensures that the subspaces spanned by
the UL channel and SI channel are disjoint and limits
the number of DL/UL RRH and transmit/receive antenna.
after RRH selection. The parameter Λ can be regarded as
the multiplexing gain provided by MA-RRHs to the UEs.
Λ = 1 corresponds to the existence of antenna correlation;
while Λ = λ indicates that there is no antenna correlation
at MA-RRHs. The master problem in (53) is a MILP
and can be solved by standard numerical solvers such as
Mosek [30] and Gruobi [31].

3) Proposed GRA Algorithm: The proposed GRA al-
gorithm is summarized in Algorithm 3 and is imple-
mented in a repeated loop. After the basic parameters
and the result of RRH selection are initialized, the pri-
mal solution is solved via Algorithms 1 and 2. Then
an intermediate resource allocation policy Φ′(i) and an
intermediate objective function value f(i) are obtained.
Moreover, the performance upper bound UB(i) will be
updated if the computed objective value is the lowest
across all iterations. On the other hand, another inter-
mediate resource allocation policy Φ̃(i) and performance
lower bound LB(i) are acquired after the master problem
is solved by the standard MILP solver. The algorithm
will stop when the difference between the i-th upper
bound and i-th lower bound is smaller than a predefined
threshold ϵ ≥ 0. Notice that when both primal and master
problems can be solved in each iteration, the proposed
GRA algorithm is guaranteed to converge to the optimal
solution [1, 24].

4) Convergence Analysis: According to [1], the GBD
method can achieve global optimum when the proposed
algorithm converges. Hence, we will illustrate optimality
of proposed GRA algorithm by discussing the conver-
gence of each algorithm in primal and master prob-
lems. For Algorithm 1, it terminates when the difference
|paUi

(k) − pbUi
(k)| is smaller than an arbitrarily small

threshold ϵ1. It can be seen that the difference |paUi
(1)−

pbUi
(1)| and |paUi

(k) − pbUi
(k)| are smaller than pUmax

2
and pUmax

2k
respectively after the first and k-th iteration of

Algorithm 1. Due to the fact that maximum transmission
power of UL UE pUmax is finite and |paUi

(k)−pbUi
(k)| → 0

when k → ∞, the proposed Algorithm 1 will always
converge when k is sufficiently large. For Algorithm 2,
it can be seen that after the p-th iteration, the objective

Algorithm 3: Proposed GRA Algorithm
1: Initialization:

1) Set iteration index i, threshold of convergence ϵ
and the maximum number of iterations Lmax
2) Initialize the upper and lower bounds of the
objective function UB(0) = ∞, LB(0) = −∞
3) Initialize the result of RRH selection αS,αM by
randomized selection under the constraint (53b)

2: repeat
3: Solve the primal problem (38) according to

Algorithms 1 and 2
4: Obtain intermediate resource allocation policy

Φ′(i) = {pU,pD} and intermediate objective
function value f(i)

5: The upper bound UB(i) is updated with
UB(i) = min {UB(i− 1), f(i)}

6: Solve the master probelm (53) and obtain obtain
intermediate resource allocation policy
Φ̃(i) = {αS,αM}

7: Obtain the value of lower bound LB(i)
8: if |UB(i)− LB(i)| ≤ ϵ then
9: return {Φcurrent} =

{
Φ′(i), Φ̃(i)

}
10: else
11: i = i+ 1
12: end if
13: until i = Lmax

function (48a) can be written as

f(βp)− h(βp) (55)

= f(βp) +∇fT(βp)(βp − βp)− h(βp)

(a)

≤ f(βp) +∇fT(βp)(βp+1 − βp)− h(βp+1)

(b)

≤ f(βp+1)− h(βp+1),

where the inequality (a) follows from the fact that βp+1

is the optimal solution of problem (52a) at the p-th
iteration. Inequality (b) follows from the convexity of
f(β). Specifically, for any given β, f(β) ≥ f(βp) +
∇fT(βp)(β − βp). From the above inequalities, the
objective value of (48) is improved after each iteration.
Hence, βh in Algorithm 2 always converges because the
objective value of (48) is finite and monotonically increas-
ing sequences with upper bounds. For master problem,
since total number of RRH in FD C-RAN is finite, it can
be seen that combination of RRH selection result is also
finite. Hence, there exists a unique RRH selection for each
allocation result of primal problem that will maximize
utility functions US and UM. This unique RRH selection
result ensures the convergence of master problem.

IV. IMPACT OF ANTENNA CORRELATION

In this section, we will evaluate the impact from
antenna correlation to system performance by comparing
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correlated and non-correlated MA-RRHs. The scenario in
which antenna correlation is beneficial for UL and DL
communications is identified via mathematical derivation.
We will firstly define four extreme scenarios of RRH se-
lection to illustrate the impact from antenna correlation on
DL and UL communications by discussing the maximum
number of UL UE that can be served in each scenario
as follows. (1) SDSU: Only SA-RRHs are selected as
DL RRHs and UL RRHs. (2) MDSU: MA/SA-RRHs
are selected as DL/UL RRHs respectively. (3) SDMU:
SA/MA-RRHs are selected as DL/UL RRHs respectively.
(4) MDMU: Only MA-RRHs are selected as DL RRHs
and UL RRHs.

The following two assumptions are made to provide fair
comparison with the consideration of antenna correlation.

Assumption 1 Antenna correlation happens at MA-
RRHs with correlation matrix represented as Ri,k. Thus,
antenna correlation will exist in MDSU, SDMU and
MDMU scenarios.

Assumption 2 Let the number of DL RRHs and UL
RRHs in SDSU, MDSU, SDMU, and MDMU be denoted
by NT1 , NR1 , NT2 , NR2 , NT3 , NR3 , NT4 and NR4

respectively. The number of total transmit antenna are
equal in four scenarios, i.e., NT1 = NT2λ = NT3 =
NT4λ. The number of total receive antenna are also equal
in four scenarios, i.e., NR1 = NR2 = NR3λ = NR4λ.

With the above definitions and assumptions, the compar-
ison of the four RRH selection results is provided as
follows.

Theorem 3 Under Assumptions 1 and 2, the MDSU
scenario can serve the largest number of UL UEs among
these four scenarios.

Proof : Let the number of UL UE that FD C-RAN can
serve in SDSU, MDSU, SDMU and MDMU be denoted
by KU1 , KU2 , KU3 and KU4 respectively. To effectively
eliminate the SI in the FD C-RAN, the subspace spanned
by the SI channel H and UL channel G has to be disjoint
to each other. Thus, the following inequality should be
satisfied KUm + NTm ≤ NRm , ∀1 ≤ m ≤ 4. Based
on Assumption 2, the following relationships can be
obtained: NR2 = NR1 ≥ NR3 = NR4 , and NT1 =
NT3 ≥ NT2 = NT4 . Compared with the other three
scenarios, it can be seen that Scenario 2 MDSU with the
largest NR2 and the smallest NT2 can serve the largest
number of UL UE KU2 . This completes the proof. �

Note that if Assumption 1 does not hold, i.e., when
the antenna correlation does not exist at MA-RRHs, in-
equality for MDSU, SDMU, MDMU should be modified
as KUn ≤ NRn − NTnλ, ∀2 ≤ n ≤ 4. From the above
description, it can be seen that when scenario changes
from SDSU to MDSU with the existence of antenna cor-
relation, the condition KU2 ≥ KU1 holds due to the fact
that NR2 = NR1 and NT2 ≤ NT1 , i.e., the occurrence
of antenna correlation at DL RRHs makes MDSU able to

serve more UL UE than SDSU. On the other hand, when
scenario changes from SDSU to SDMU with antenna
correlation, the condition KU3 ≤ KU1 holds owing to
the fact that NR3 ≤ NR1 and NT3 = NT1 , i.e., antenna
correlation at UL RRHs provide SDSU to serve more
UL UE than SDMU. In other words, the occurrence of
antenna correlation at DL RRHs will be beneficial for en-
hancing system performance; while that at UL RRHs will
be detrimental which should be avoided. Consequently,
the following discussion will focus on MDSU scenario by
comparing system performance with and without antenna
correlation at MA-RRHs, which is defined as follows
(1) MDSU-NC: There is no antenna correlation at MA-
RRHs and the corresponding correlation matrix becomes
an identity matrix in MDSU scenario. (2) MDSU-C:
There exists antenna correlation at MA-RRHs and the
corresponding correlation matrix is represented as Ri,k

in MDSU scenario.

A. Improvement of UL Capacity

First of all, the number of UL UE that the entire
FD C-RAN can serve in MDSU-NC and MDSU-C are
compared and summarized in the following theorem.

Theorem 4 Consider equal number of DL RRH for
MDSU-NC and MDSU-C (ND), and equal number of
UL RRH (NU) in both cases. The maximum number
of UL UE can be served by FD C-RAN in MDSU-C
scenario (KUC ) is larger than or equal to that in MDSU-
NC scenario (KUNC ), i.e., KUC ≥ KUNC

Proof : It is assumed that the number of DL RRH
is equal in both MDSU-NC and MDSU-C; while that
UL-RRH is also equal in both cases. From the proof of
Theorem 3 under MDSU scenario, it can be seen that
KUNC ≤ NU−NDλ and KUC ≤ NU−ND. With λ ≥ 1,
it can obviously be obtained that KUC ≥ KUNC , which
completes the proof. �

As can be seen from Theorem 4, the total number of
UL UE is increased in MDSU-C compared to MDSU-NC.
Consequently, the total UL capacity is improved when the
antenna correlation exists.

B. Improvement of DL Capacity

On the other hand, the asymmetric traffic property
of the optimization problem in (22) allows the system
to allocate the remaining RRHs as DL RRHs once the
QoS requirement in (22e) is satisfied. The comparison
of maximum number of DL RRH that the system can
allocate when constraint (22e) is satisfied in both MDSU-
NC and MDSU-C is provided as follows.

Theorem 5 Assuming the QoS requirement of UL UEs
can be satisfied with N req

U UL RRHs. The maximum
number of DL RRHs that FD C-RAN can allocate for
DL UEs in MDSU-C (NDC ) is larger than or equal to
that in MDSU-NC (NDNC

), i.e., NDC
≥ NDNC

.
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Proof : According to inequality (53b), the maximum
number of DL RRH that FD C-RAN can allocate to the
DL UEs in the MDSU-NC and MDSU-C are limited by
the number UL RRH and UL UE and can be written as
NDNC ≤ N req

U −KU

λ , and NDC ≤ N req
U −KU. Since λ ≥ 1,

it is obvious that NDC ≥ NDNC , which completes the
proof. �

In addition to comparing the number of DL RRH in
MDSU-NC and MDSU-C, the capacities of k-th DL UE
in these two cases are also compared and the result is
provided as follows.

Corollary 2 Under high SNR condition, the capacity of
k-th DL UE in the MDSU-C (CCk

) is higher than that in
MDSU-NC (CNCk

), i.e., CCk
≥ CNCk

.

Proof : Based on Theorem 5, the capacity of k-th DL
UE in the MDSU-NC and MDSU-C can be respectively
written as

CZk
= log2(1 +

∑NDZ
i=1 pMi,k

∥gH
Di,k

∥2∑NDZ
i=1

∑KD

j=1,j ̸=k pMi,j∥gH
Di,k

∥2 + σ2
k

),

(56)

with Z ∈ {C,NC}. By using the parallel decomposition
formula [32, p. 301], CZk

can be rewritten as

CZk
=

NDZ∑
i=1

log2(1 +
pMi,k

ρ2i,k∑KD

j=1,j ̸=k pMi,jρ
2
i,k + σ2

k

) (57)

(a)
≈

NDZ∑
i=1

log2(1 +
pMi,k

ρ2i,k∑KD

j=1,j ̸=k pMi,jρ
2
i,k

),

where ρi,k = ϕNCi,k
in MDSU-NC and ρi,k = ϕCi,k

in
MDSU-C scenario respectively, which are singular values
of the channel vector between i-th MA-RRH and k-
th DL UE in the MDSU-NC and MDSU-C. Note that
the approximation (a) and are based on the high SNR
assumption. Thus, the denominator of (57) is dominated
by the IUI. Since NDC ≥ NDNC , the proof is completed.

�
Furthermore, when the number of DL RRH in the

MDSU-NC and MDSU-C is the same, antenna correlation
is still possible to be a beneficial factor for the system per-
formance. The comparison of such scenario is provided
as follows.

Theorem 6 Consider the data symbol is transmitted
through broadcast channel, i.e., DL RRHs transmit the
same data to DL UEs, and the number of DL RRHs
in both MDSU-C and MDSU-NC are equal (Nd). The
capacity of k-th DL UE in MDSU-C (C ′

Ck
) is higher

than that in MDSU-NC (C ′
NCk

), i.e., C ′
Ck

≥ C ′
NCk

.

Proof : When DL RRHs transmits same data to DL
UEs, the capacity of k-th DL UE in both MDSU-NC and
MDSU-C will not be affected by the IUI. The achievable

capacity RDk
can be rewritten as

C ′
Zk

= log2(1 +

∑Nd

i=1 pMi,k
∥gH

Di,k
∥2

|ICCI,k|2 + σ2
k

). (58)

Since the power of CCI and noise will not be different in
MDSU-C and MDSU-NC scenario, it can be seen that

C ′
Zk

∝
Nd∑
i=1

log2(1 + pMi,k
ρ2i,k), (59)

by using the parallel decomposition formula [32, p. 301].
ρi,k is defined in the same manner as that in Corollary
2, i.e., ρi,k = ϕNCi,k

in MDSU-NC and ρi,k = ϕCi,k
in

MDSU-C scenario respectively, which are singular values
of the channel vector between i-th MA-RRH and k-th DL
UE in the MDSU-NC and MDSU-C. Since the singular
value of the correlation matrix has the property that [33,
Theorem 2] ϕCi,k

≥ ϕNCi,k
, ∀i, k. Therefore, it is obvious

to acquire from expression of C ′
Zk

and singular value
property of correlation matrix that MDSU-C can achieve
higher capacity than that in MDSU-NC scenario, which
completes the proof. �

V. PERFORMANCE EVALUATION

In this section, we evaluate the system performance
of both proposed EFSC and GRA algorithms along with
impact of antenna correlation via simulations. Parameter
setting is adopted from [1, 8, 34] in this paper. Con-
sidering the FD C-RAN system with a square cover-
age area of 1 × 1 km2 where all the RRHs and UEs
are uniformly distributed within the serving area. The
maximum transmission power of RRHs and UL UEs are
pMmax = 46 dBm, pSmax = 40 dBm and pUmax = 23
dBm. The pathloss effect in gDi,k

and gDi,k
can be written

as si,k = 10−PLNLOS/10 where pathloss model for non-
line-of-sight (NLOS) PLNLOS (in dB) is PLNLOS =
145.4 + 37.5 log10 di,k. di,k is the distance between the
i-th SA-RRH or MA-RRH and k-th DL UE (in km).
Moreover, the main system parameters such as system
bandwidth, carrier frequency noise power are set to 10
MHz, 2 GHz and N0 = −174 dBm respectively. Note
that there are KU = 2 UL UEs, KD = 2 DL UEs, 8
SA-RRHs as UL RRHs and 4 SA-RRHs as DL RRHs in
the system unless otherwise specified.

A. Performance of EFSC Scheme

In Fig. 3, we study the SINR of UL UEs versus
the SI power under two different transmission power of
UL UEs, i.e., pUi = 18 and 20 dBm. For the sake
of performance comparison, EFSC under imperfect UL
CSI with estimation error ratio 0.3 and two additional
interference cancellation methods are also implemented
as follows. Perfect cancellation of SI (PCSI) is set as an
upper bound, which means that the SI can be completely
eliminated while the power of intended signals from UL
UEs and noises remain unchanged. Furthermore, singular
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Fig. 4. SINR (dB) versus the SI channel estimation error ratio.

value decomposition (SVD)-based null space projection
(NSP) coding scheme [35] is also compared and assumed
to have SI channel estimation error ratio equal to 0.1.
Note that definition of estimation error ratio is provided
in Section II. It can be observed that when the trans-
mission power pUi is increased, the SINR will also be
enlarged, i.e., higher capacity can be achieved for UL
UEs. Moreover, the SINR provided by the proposed EFSC
will remain unchanged as SI power increases, which is
mainly due to its advanced interference nulling procedure.
The performance gaps between EFSC under perfect UL
CSI and PCSI only come from noises amplified by
postcoding, which cannot be eliminated. In addition, the
proposed EFSC scheme can effectively eliminate SI as
long as the subspace of estimated UL CSI and SI CSI are
disjoint with each other. Hence, it can be seen that the
proposed EFSC scheme only suffers slight performance
degradation with imperfect UL CSI due to additional
noise amplification and imperfect UL channel recovery.
On the contrary, the SINR of NSP coding scheme will
severely be degraded as SI power increases, which shows
that the SVD-based coding scheme is not robust enough
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Fig. 5. Convergence of proposed GRA algorithm under different UL
QoS requirement.

against interference. The robustness of designed EFSC
scheme over NSP method lies in its ability of extracting
essential information RF = Ry −N0INr in the received
signals to acquire RF

† for the construction of postcoder
W = G(GHR†

FG)−1GHR†
F which only requires the

statistical information of AWGN N0. In comparison, the
NSP method requires accurate estimation of Gaussian ran-
dom variable for effective SI cancellation instead of only
statistical information, which makes NSP method suffer
from performance degradation when channel estimation
error is induced by MMSE estimator.

In Fig. 4, we investigate the SINR of UL UEs versus
the SI channel estimation error ratio with SI power fixed
at 40 dBm. It is observed that when estimation error ratio
increases, the SINR provided by NSP coding scheme
will decrease rapidly. Even when the estimation error
ratio is less than 0.05, the proposed EFSC method can
outperform the NSP coding scheme for more than 5 dB.
Furthermore, the EFSC scheme can maintain the same
SINR even with imperfect UL CSI as the estimation
error ratio increases since it is not required to obtain the
SI channel information while establishing the postcoding
matrix. The reason for performance gaps between EFSC
and PCSI schemes is similar to that in Fig. 3 from the
noises amplified by postcoding.

B. Performance of GRA Algorithm

In Fig. 5, the algorithm convergence of proposed GRA
scheme under different UL QoS requirement is illustrated
by studying the throughput of DL UEs versus iteration
number. The distances between DL UEs and UL UEs are
70 m. Note that dramatic throughput decrease happens
in the case that the algorithm found the new antenna
selection result when solving the master problem. More-
over, with higher QoS requirement, UL UE will have to
transmit more power to achieve QoS requirement, which
will lead to more CCI to DL UEs. Thus, the throughput
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of DL UEs will be decreased. It can be observed that the
GRA algorithm can be converged within 50 iterations,
which will be adopted by proposed GRA scheme in the
remaining performance comparisons.

Fig. 6 shows the DL throughput performance of pro-
posed GRA algorithm versus QoS requirements of UL
UEs under different distances between UL UEs and DL
UEs. Note that the parameter V1 is defined in the utility
function in US considering the tradeoff between DL
capacity and CCI, i.e., V1 = 0 assumes non-existence
of CCI while V1 = 5 denotes certain level of CCI in the
network. It can be observed that with higher UL QoS re-
quirement, UL UE has to transmit more power to achieve
the guaranteed QoS, which will lead to increasing power
of CCI and degrade throughput of DL UEs. Moreover,
since the designed utility function considers the quality
of DL channel and influence of CCI simultaneously, the
proposed GRA method with parameter V1 = 5 achieves
higher throughput than that with V1 = 0 under different
QoS requirement.

In Fig. 7, we study the distance between UL UEs and
DL UEs versus the throughput of DL UEs under different
QoS requirement Rreq with V1 = 0 and 5. It can be seen
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Fig. 9. Average spectrum efficiency versus number of MA-RRH.

that with decreased distance, the CCI caused from UL
UEs to DL UEs will be augmented, which consequently
degrade the DL throughput. Moreover, when the distance
between DL UEs and UL UEs are more than a certain
value, e.g., 80 m with Rreq = 2.5 dB, the antennas
selected to maximize DL channel quality (V1 = 0) will
have better throughput than that considering the influence
of CCI (V1 = 5). On the contrary, when the distance is
less than 80 m, the power of CCI from UL UEs to DL UEs
will significantly increase and dominate the throughput of
DL UEs. Consequently, the GRA algorithm with V1 = 5
achieves higher throughput than that with V1 = 0. This
flexibility to adjust parameter V1 allows our proposed
GRA algorithm to provide balance of tradeoff between
DL throughput and CCI under various scenarios.

C. Impact of Antenna Correlation

Fig. 8 shows the improvement of UL capacity from
antenna correlation by illustrating the average spectrum
efficiency of UL UE versus number of UL UE KU

for MDSU-NC and MDSU-C cases. The total number
of antennas is fixed and the ratio between number of
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transmit antenna and receive antenna is compared in
three different patterns, i.e., the number of antenna on
the MA-RRH and the number of SA-RRH are chosen
as (λ,NS) = (6, 30), (4, 26) and (2, 22). The number
of MA-RRH and number of DL UE are NM = 4 and
KD = 4, respectively. The transmission power of UL UE
is fixed at 20 dBm. To ensure that subspaces spanned by
UL and SI channel are disjoint with each other, constraint
(53b) should be satisfied. It means that the maximum
number of UL UE the FD C-RAN can serve is limited
by the rank of UL channel (NU), rank of SI channel
(NDλ in MDSU-NC and ND in MDSU-C) as shown
in Proof of Theorem 4. It can be seen from Fig. 8 that
when number of UL UE exceeds a certain value, which
violates constraint (53b), the subspaces of UL channel
and SI channel will overlap such that SI cannot be elim-
inated completely. Consequently, the average spectrum
efficiency drops dramatically. Moreover, since the rank
of SI channel is reduced by antenna correlation from
NDλ to ND, the MDSU-C scenario will be able to serve
more UL UE than that for MDSU-NC. For example,
when (λ,NS) = (6, 30), the rank of SI channel is 24
in MDSU-NC scenario, which means the number of UL
UE should not exceed 6 in order to eliminate SI. Hence,
the average spectrum efficiency for MDSU-NC case is
severely decreased at KU = 7. On the contrary, the rank
of SI channel is reduced to 4 by antenna correlation in
MDSU-C scenario, which indicates the number of UL UE
should not exceed 26. Therefore, the average spectrum
efficiency in MDSU-C scenario does not suffer from
degradation until KU = 27. The correctness of Theorem
4 can therefore be verified by Fig. 8.

In Fig. 9, the improvement of DL capacity from an-
tenna correlation is shown by studying the average spec-
trum efficiency of DL UE for MDSU-NC and MDSU-C
versus the number of MA-RRH NM. Different antenna
numbers, λ = 2, 4, and 6, on each MA-RRH are also
compared when QoS requirement of UL UEs is satisfied

by N req
U = 18 SA-RRHs. Similar to the reason as stated

in Fig. 8, the maximum number of RRH that FD C-RAN
can allocate for DL communications is limited by the rank
of UL channel (N req

U ), the rank of SI channel (NDNCλ in
MDSU-NC and NDC in MDSU-C) and the number of
UL UE (KU) as shown in Proof of Theorem 5. Hence,
the average spectrum efficiency will remain constant after
the number of MA-RRH exceed a certain value to satisfy
constraint (53b). Moreover, since the rank of SI channel
is reduced by antenna correlation from NDNCλ to NDC ,
it can be seen that the number of RRH that the entire
C-RAN can allocate in MDSU-C case is larger than that
in MDSU-NC. Verification of Theorem 5 is consequently
attained in this figure.

Fig. 10 shows the improvement of DL capacity from
antenna correlation when the DL RRHs transmit same
data to the DL UEs by observing the average spectrum
efficiency of DL UEs versus number of antennas on
the MA-RRH λ. Both for MDSU-NC and MDSU-C
cases are compared under different transmission power
of MA-RRH with NM = 1. It can be seen that when
λ is increased, the system can achieve higher average
spectrum efficiency for DL communications. Moreover,
the MDSU-C case can provide higher spectrum efficiency
compared to MDSU-NC since the channel in MDSU-
C possesses larger singular value [33, Theorem 2]. The
feasibility of Theorem 6 is verified by Fig. 10.

VI. CONCLUSIONS

In this paper, we study joint interference cancellation
and resource allocation for FD C-RAN with antenna
correlation. The optimization problem is formulated with
consideration of asymmetric traffic type in practical sys-
tem. To deal with high coupling between variables for
RRH selection and postcoding, we first propose an EFSC
method with the advantage of reducing signaling overhead
for channel estimation to tackle the SI problem in the
considered system. The reduced signaling overhead and
capacity improvement is derived in mathematical formula
explicitly. Moreover, the proposed GRA scheme considers
the tradeoff between DL capacity and CCI by separately
optimizing the continuous and discrete variables and a
well-designed utility function. Furthermore, we identify
the scenario in which antenna correlation is beneficial for
UL and DL communications along with the associated
derivation. Performance evaluation shows the effective-
ness of proposed schemes as well as the insights of
antenna correlation to resource allocation strategies for
FD C-RAN.

APPENDIX A
PROOF OF THEOREM 1

For detailed concept of proposed EFSC scheme, please
refer to [36, 37]. Due to space limitation, we will
only present how to obtain W = GḠ, with Ḡ =
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(GHQ⊥
HG)−1GHQ⊥

H and Q⊥
H = I − H(HHH)−1HH

when only UL CSI is available. The following Lemma is
introduced to prove Theorem 1.

Lemma 1
(a) ḠG = H̄H = I.
(b) ḠH = H̄G = 0.
(c) The pseudo inverse of F =

[
G H

]
can be

expressed as F† = (FHF)−1FH =
[
Ḡ H̄

]T,
with H̄ = (HHQ⊥

GH)−1HHQ⊥
G and Q⊥

G = I −
G(GGG)−1GH.

Proof :
(a) ḠG = (GHQ⊥

HG)−1GHQ⊥
HG = I. A similar

proof can be applied to show that H̄H = I.
(b) Since Q⊥

HH =
(
I−H(HHH)−1HH

)
H = H −

H = 0. It can be seen that ḠH =
(GHQ⊥

HG)−1GHQ⊥
HH = (GHQ⊥

HG)−1GH0 =
0. Same result can be obtained for H̄G = 0 based
on similar derivation.

(c) Based on Lemmas 1(a) and 1(b), we can obtain that

F†F =
[
Ḡ H̄

]T [
G H

]
=

[
ḠG ḠH
H̄G H̄H

]
= I,

which completes the proof. �
From Lemma 1(c), the pseudo inverse of RF = Ry −
N0INr = E[yyH]−N0INr = Fx̃x̃HFH can be expressed
as R†

F = (FH)†x̄−1F†, with x̄ = x̃x̃H. Multiplying R†
F

by GH in the left-hand side, we have

GHR†
F =

[
INr

0

]H
x̄−1

[
Ḡ
H̄

]
= x̄−1

Nr
Ḡ, (60)

where x̄−1
Nr

=

[
INr

0

]H
x̄−1. Then, multiplying (60) by G

in the right-hand side, we have

GHR†
FG =

[
INr

0

]H
x̄−1

[
INr

0

]
= x̄−1

Nr
. (61)

Equalities of (60) and (61) follow from Lemma 1(a) and
1(b). Ḡ can be obtained as

(GHR†
FG)−1GHR†

F =
(
x̄−1
Nr

)−1
x̄−1
Nr

Ḡ = Ḡ. (62)

Hence, the proposed EFSC can be constructed as

W = G(GHR†
FG)−1GHR†

F. (63)

�
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