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Abstract—Efficient utilization of wireless communication re-
sources and increases in the capacity of the communication
networks have become very crucial claims for next-generation
cellular networks. Full-duplex (FD) is a very promising technique
that allows for the efficient use of wireless communication re-
sources, given that the self-interference level can be suppressed
to an acceptable level. In this paper, we consider a simple FD
communication system, consisting of one FD access point (AP) and
two half-duplex (HD) mobile users, and investigate when it is more
advantageous for the communication network to operate in FD
or HD multiuser multiple-input multiple-output (MIMO) mode.
Since FD transmission is degraded by self-interference while HD
suffers from spatial correlation between MIMO antennas, which
causes rate loss, we study the effect of both the self-interference
cancelation parameter at the FD AP and the mutual distance
between the HD users on FD performances and the effect of the
spatial correlation coefficient on HD MIMO. Afterward, a switch-
ing criterion is proposed, which chooses the operation mode that
maximizes the downlink channel capacity while maintaining the
uplink channel capacity at a certain level. Subsequently, based on
our study of the system’s parameters that affect the performance
of both FD and HD, theoretical thresholds for these parameters
are derived. Finally, numerical analysis is presented, verifying
the validity of the optimization problem solution and the derived
thresholds.

Index Terms—Full-duplex (FD), half-duplex (HD), resource al-
location, transmission mode selection.

I. INTRODUCTION

N EXT-GENERATION cellular networks are required to
utilize new techniques to provide increased capacity net-

works that accommodate the enormous growth in the number of
wireless communication users and the required communication
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reliability. Therefore, efficient utilization of the valuable com-
munication resources becomes inevitable. Unfortunately, most
of the existing communication devices operate in half-duplex
(HD), which dissipates the worthy resources by employing
time-division duplexing or frequency-division duplexing. On
the other hand, by using the same communication resources,
communication networks can theoretically achieve double the
HD capacity by utilizing full-duplex (FD). As mentioned in
[1], enabling communication devices to send and receive data
simultaneously at the same time slot and in the same channel
has many advantages. First, in the physical layer, FD offers
the potential to double the spectral efficiency, which is defined
as the number of information bits reliably communicated per
second per hertz. In addition, in the access layer, FD will allow
for collision detection while transmitting in a contention-based
network.

However, the main challenge that restrains FD operation is
the increased self-interference caused by node transmission on
node reception, particularly in a multiuser (MU) communica-
tion system. Accordingly, as the ability of a communication
system increases to suppress the self-interference, the gain that
can be achieved from FD will increase. Since the gain achieved
by FD is controlled by self-interference cancelation, it is not
always guaranteed that FD outperforms HD. In addition, in
the case of MU-MIMO systems, HD may suffer from spatial
correlation between antennas [2], which results from the limited
spacing between antennas, and hence, the MIMO channels will
be correlated. This correlation is expected to degrade the HD
performance. Therefore, to be able to optimize the network per-
formance and build a framework that optimizes the network’s
rate by choosing the transmission mode that offers the best
performance, a clear investigation on the parameters that affect
the performance of both FD and HD transmissions is needed.
This investigation will give an insight into the conditions re-
quired for the communication system to operate either in FD
or HD. Accordingly, an efficient switching algorithm between
FD and HD can be established based on the derived conditions.
The switching algorithm will be able to optimally utilize the
available communication network resources.

In this paper, a complete study of the parameters that affect
the performance of both FD and HD operation is presented. We
consider a system with one access point (AP) such as a base
station and two HD users. Accordingly, a switching criterion
between FD and HD is proposed, which aims at choosing the
transmission mode that maximizes the total downlink (DL)
capacity while maintaining the uplink (UL) transmission’s total
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capacity at a certain level. In addition, the switching crite-
rion is formulated as a resource allocation problem, which
is solved using the Karush–Kuhn–Tucker (KKT) conditions.
Furthermore, theoretical expressions are derived for the system
parameters’ thresholds controlling the switching process be-
tween FD and HD. Finally, the network’s operation regions are
determined based on the derived thresholds. Our contributions
in this paper can be summarized as follows:

1) presenting an investigation on the parameters affecting
FD and HD performance;

2) proposing a switching criterion that chooses the best
transmission mode for the communication network that
maximizes the DL capacity and keeps the UL capacity at
a certain level;

3) deriving theoretical threshold expressions for self-
interference cancelation, mutual distance between users,
and spatial correlation coefficient between antennas that
dominate the switching between FD and HD, as well as
deriving the network’s operation regions based on the
derived thresholds.

The rest of this paper is organized as follows. In Section II,
a literature review on FD and HD resource allocation is
presented. In Section III, the system model is presented. In
Section IV, the switching criterion is formulated, and the an-
alytical solution is presented. In Section V, numerical results
are presented. Finally, this paper is concluded in Section VI.

II. RELATED WORK

Since reducing self-interference is considered the foremost
challenge facing FD, it has been widely studied in the literature.
In [3], three different self-interference cancelation algorithms
have been presented: The first is based on antenna separation
and digital cancelation; the second is based on antenna separa-
tion and analog cancelation; and the third is based on antenna
separation with both analog and digital cancelation. In [4], a
three-node FD network is studied in which the infrastructure
node operates in FD with two HD nodes. A decode-and-cancel
interference cancelation scheme is presented for improved in-
terference cancelation. In [5], two models for loopback or self-
interference cancelation have been proposed in FD wireless
communication. In the first model, it is assumed that self-
interference is precisely known, whereas in the second model,
it is assumed that self-interference is random and unknown.
In [6], a complete design of an FD system radio is presented.
The proposed design, theoretically, has no bandwidth con-
straints, but it is restrained by practical limitations such as
random signal attenuation and delay. Additionally, it can au-
tomatically change its self-interference cancelation according
to the channel condition. In [7], new digital and analog self-
interference cancelation schemes are presented along with a
complete in-band FD radio that is capable of decreasing the
self-interference level to noise floor.

Furthermore, the effect of FD on resource allocation prob-
lems has been newly studied in the literature. In [8], a study
of the effect of FD on resource allocation for a small-cell net-
work is presented. A resource allocation problem is formulated

to set both the base station and the femtocell AP power to
maximize the DL channel capacity while guaranteeing the UL
channel quality of service (QoS). It was found that depending
on the interference conditions, it can be decided when it is
preferable to employ FD and when it is more advantageous
to use HD. In [9], the optimal relay selection scheme that
maximizes the effective signal-to-interference-and-noise ratio
is proposed. Furthermore, the optimal power allocation and the
optimal choice between FD and HD are calculated by minimiz-
ing the outage probability. In [10], the challenges in resource
allocation in FD orthogonal frequency-division multiple access
(OFDMA) networks are studied. In these types of problems,
the transmitters and receivers have to be properly paired into
separate transceiver units, an appropriate subcarrier should be
allocated to each transceiver pair, and the base station must
allocate a suitable power level to each transceiver pair. In [11],
the optimum transmit power allocation for FD decode-and-
forward (DF) relaying systems is studied. The optimization
problem aims at minimizing the outage probability. In [12], a
power allocation problem over the transmitting power of both
the source and the relay in a Rayleigh fading FD-DF relay
channel is presented. The optimization is subject to individual
power constraints. In [13], an FD multiuser MIMO system is
studied. An optimization problem is formulated to maximize
the weighted sum data rate while keeping the maximum power
constraints. Finally, it was shown that the proposed scheme can
achieve higher rates than baseline HD schemes. In [14], the
use of FD relaying in cognitive radio systems is studied. In
addition, an optimal power allocation scheme based on mini-
mizing the outage probability in cognitive FD relay networks
is proposed. Afterward, the outage probability of the secondary
user in the noise-limited and interference-limited environments
is analyzed. In [15], a joint optimization problem for resource
allocation and scheduling in the FD MIMO OFDMA relaying
systems with amplify-and-forward (AF) and DF relaying pro-
tocols is presented. It was shown that the proposed distributed
algorithm demonstrates the potential performance gains achiev-
able with FD relaying protocols.

Moreover, studying the performance of systems combining
FD and HD has been recently investigated in the literature.
In [16], a K-link MIMO interference channel, where each
link consists of two bidirectional FD nodes, is considered.
The weighted sum-rate maximization problem subject to the
sum-power constraint of the system or individual power con-
straints is proposed. It was shown via numerical results that FD
achieves better rates than baseline HD schemes. In [17], the rate
regions of HD and FD links using the OFDM technique are
analyzed. This analysis takes into consideration the nonideality
of practical transceivers. It is assumed that self-interference
cancelation in an FD transceiver takes place in a three-step
process. Finally, optimal power allocation schemes are pro-
posed to maximize the rates of both the HD and FD OFDM
links under different strategies. In [18], the spectral efficiency
of FD small-cell wireless systems is investigated. Addition-
ally, a joint beamformer design is proposed to maximize the
spectral efficiency subject to certain power constraints. It was
proven via numerical results that FD can outperform HD. In
[19], the performance of a random-access time-slotted wireless
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network with a single AP and a mix of HD and FD stations
is considered. In addition, generalized analytical formulations
for the throughput for each station are presented. Finally, the
effects of using FD on network behavior are discussed. In [20],
a comparison between HD and FD relaying achievable rates is
presented. The comparison is done after assuming a practical
model for FD residual self-interference (RSI). In addition, the
achievable rates and degrees of freedom of FD relaying are
derived. Finally, it is proven that power scaling at the relay is
required to maximize the degrees of freedom in FD relaying. In
[21], the effect of jamming on the design of three-node two-hop
cooperative AF communications with both HD and FD relaying
is studied. In the case of HD relaying, it is assumed that the
jammer can optimally allocate jamming power between listen-
ing and forwarding phases. Accordingly, the optimal jamming
power allocation, with a total source and relay power constraint,
is derived. However, in the case of FD relaying, it is proven that
self-interference can bring substantial performance gain when
it is appropriately controlled. In [22], capacity comparisons
between FD and HD are presented when the total amount of
analog radio hardware is limited. Under the radio hardware
constraint, it must be determined when to use the radio to cancel
self-interference and when to use it to have additional MIMO
multiplexing gain. It is found that under certain scenarios,
using radios for cancelation can be more advantageous, since
the resulting FD system performs better than HD. In [23], the
theoretical performance of an FD bidirectional communication
system and an FD relay system is studied. Moreover, a gra-
dient projection algorithm is developed, which makes use of
both spatial and temporal degrees of freedom of the source
covariance matrices of the MIMO links between transmitters
and receivers, to optimize the power allocation vectors. It is
concluded from numerical results that the FD mode is optimal
when the nominal self-interference is low and that the HD mode
is optimal when the nominal self-interference is high. In [24],
the capacity tradeoff between FD and HD modes in a two-hop
system with an AF relay is studied. In the beginning, closed-
form expressions for the average end-to-end capacity in the
relay link are derived. Afterward, maximum self-interference
levels that still make FD achieve the same capacity as HD
are evaluated. Finally, it was shown that FD achieves a better
performance than that of HD in terms of system capacity. In
[25], the problem of FD bidirectional MIMO communication
is investigated. In addition, a transmission scheme based on
maximizing the lower bound of the achievable rate is proposed,
defining the thresholds between FD and HD regimes.

III. SYSTEM MODEL

In this paper, we consider a single channel network1 with
one AP equipped with two antennas. The cell has two active
users (m,n), which may be both transmitting in the UL mode
or receiving in the DL mode, and in a special case, we will have

1In our model, we assume a single-cell network by considering the other
cells’ interference as noise. Moreover, without loss of generality, we consider
only one channel, since the multiple-channel case can be studied in a similar
manner.

Fig. 1. System model.

one user transmitting in the UL and the other receiving in the
DL. The AP is trying to choose the best transmission mode that
will maximize the DL channel capacity while keeping a certain
QoS for the UL transmission represented by the UL channel
capacity. It must be taken into consideration that all channel
state information for the UL transmissions, DL transmission,
and channels between users must be available at the AP to be
able to switch between FD and HD. Channel estimation is out of
our work scope; different techniques of channel estimation are
found in [26]–[29]. The system model is shown in Fig. 1. Based
on the given assumptions, the difference between FD and HD
operations will be illustrated.

A. FD Transmission

In case of FD transmission, in the first time slot, the AP will
be dedicated to serving the DL transmission of user m along
with the UL transmission of user n. However, in the second
time slot, the AP will serve the DL transmission of user n
along with the UL transmission of user m. In addition, the
AP is required to have a special FD radio [3], [30] that helps
in self-interference cancelation. Accordingly, the DL received
signal-to-interference-plus-noise ratio (SINR) of users m and n
is given, respectively, by

ΓDLm(n)|FD =
PAPD

−α
m(n)−AP

∣∣hm(n)−AP

∣∣2
σ2 + PD−α

m−n

∣∣hm(n)−n(m)

∣∣2 (1)

where PAP is the AP transmission power; D−α
m−AP denotes

the large-scale propagation loss between user m and the AP,
with distance Dm−AP and path-loss exponent α; hm−AP is the
channel coefficient between user m and the AP transmitting
antenna2; σ2 is the additive white Gaussian noise variance;
and D−α

m−n denotes the large-scale propagation loss between
users m and n. Finally, PD−α

m−n|hm(n)−n(m)|2 denotes the
interference introduced by the UL transmission. From (1), it
is clear that the interference from the UL transmission on
the DL transmission needs to be estimated; therefore, it is

2Throughout this paper, hx−y denotes the channel coefficient between
receiver x and transmitter y.
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sufficient to only estimate the SINR between the UL and the
DL user. It must be noticed that SINR estimation is much
simpler than channel estimation and can be done using simple
power estimation techniques. After SINR estimation is done at
the DL user, the estimation result is reported to the AP in a
predetermined reporting period.3 It must be mentioned that the
notation m(n) means that we can get the expression for the
nth user from (1) by interchanging m and n in the equation.
All channel coefficients are assumed to be independent and
identically distributed zero-mean complex Gaussian random
variables with unit variance, i.e., Rayleigh fading. On the other
hand, the UL received SINR at the AP receiving antenna for
users m and n is given, respectively, by

ΓULm(n)|FD =
PD−α

m(n)−AP

∣∣hAP−m(n)

∣∣2
σ2 + Pλ

AP/C
(2)

where P is the UL user transmission power; D−α
m−AP denotes

the large-scale propagation loss, with distance Dm−AP and
path-loss exponent α; and Pλ

AP/C represents the RSI after
using an FD radio at the AP with a cancelation parameter C,
and λ ∈ [0, 1] that reflect the quality of self-interference cancel-
ation [3], [30], [32].4 From (1) and (2), it can be noticed that
the FD DL received SINR can be controlled by controlling the
mutual distance between users. Moreover, the quality of the
UL transmission depends on the FD radio used in the AP and,
hence, on its self-interference cancelation parameter.

B. HD Transmission

In the case of HD transmission, the AP will serve two
simultaneous DL transmissions of users m and n in the first
time slot. On the other hand, the AP will serve two simultaneous
UL transmissions of users m and n in the second time slot.
Therefore, the DL received SINR of users m and n is given,
respectively, by

ΓDLm(n)|HD

=
PAP

∣∣∣hm(n)−APR
1
2wm(n)−AP

∣∣∣2 D−α
m(n)−AP

σ2 + PAP

∣∣∣hm(n)−APR
1
2wn(m)−AP

∣∣∣2 D−α
m(n)−AP

(3)

where wm−AP ∈ C2 is the precoding vector applied by the AP

to user m DL data, R =

[
1 β
β 1

]
is a 2 × 2 matrix that models

3Due to the centralized nature of the cellular network, in which the AP
fully controls the user’s procedures, the AP is capable of adjusting the channel
estimation procedures with the existing network’s users. Additionally, the
problem of estimating the channel or SINR between the UL and DL users is
the same as estimating the interuser channels in cooperative communication. A
similar methodology to that proposed in [31] can be used to acquire the required
channels.

4It must be pointed out that the transmission power of the AP must be very
carefully chosen to avoid the receiver saturation problem. However, it must be
mentioned that self-interference cancelation, the RSI model, and the receiver
saturation problem are out of the scope of this work. The only focus of the
proposed scheme is the resource allocation problem.

the spatial correlation at the AP with spatial correlation coeffi-
cient β, |hm−APR

1/2wn−AP|2D−α
m−AP denotes the interference

caused by the AP transmission to user n, and wn−AP is the
precoding vector applied by the AP to user n data. The value of
wm−AP is given by

wm−AP =
R

1
2h†

m−AP∥∥∥R 1
2h†

m−AP

∥∥∥
2

(4)

where h†
m−AP is the Hermitian transpose of hm−AP that de-

notes the channel vector between the AP and the DL user,
and ‖.‖2 denotes the �2-norm. It must be noticed that in the
case of HD transmission, the DL user is receiving data from
both antennas of the AP. This makes hm−AP ∈ C2. In addition,
it is clear that the hm−AP channel coefficient defined in (1)
represents an element in the channel vector hm−AP. On the
other hand, the UL received SINR of users m and n is given,
respectively, by

ΓULm(n)|HD =
PD−α

m(n)−AP

∣∣∣R 1
2hAP−m(n)

∣∣∣2
σ2 +

∣∣∣PD−α
n(m)−APR

1
2hAP−n(m)

∣∣∣2 (5)

where hAP−m denotes the channel vector between user m and
the AP. Similarly, hAP−m ∈ C2. In addition, hAP−m defined in
(2) represents an element in hAP−m. PD−α

n−AP|R1/2hAP−n|
2

denotes the interference caused by the UL transmission of
user n. From (3) and (5), it can be noticed that both the DL
and UL received SINR, in the case of HD, depend on the
spatial correlation between the antennas; hence, the value of
the spatial correlation coefficient β will influence the quality of
HD operation.

To summarize, the relation between the HD and FD achieved
capacities is mainly dependent on the self-interference can-
celation, the mutual distance between users, and the spatial
correlation between antennas, as follows.

• For the UL capacity, it is expected that HD will outper-
form FD for small values of self-interference cancelation
C. However, it is expected that FD will offer higher UL
capacity than HD for high values of spatial correlation
coefficient β.

• For the DL capacity, it is anticipated that HD will out-
perform FD for a small mutual distance between the
users Dm−n. On the other hand, FD will achieve higher
DL capacity for large values of spatial correlation coef-
ficient β.

IV. SWITCHING CRITERION BETWEEN

FULL-DUPLEX AND HALF-DUPLEX

From the received SINR expressions given by (1)–(5), the
total DL channel capacity per unit bandwidth in two successive
time slots when operating in FD and HD transmissions is given,
respectively, by

CDL|FD = log2(1 + ΓDLm|FD) + log2(1 + ΓDLn|FD) (6)

CDL|HD = log2(1 + ΓDLm|HD) + log2(1 + ΓDLn|HD). (7)
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Fig. 2. Switching criterion.

In addition, the total UL channel capacity per unit bandwidth
in two time slots when operating in FD and HD transmissions
is given, respectively, by

CUL|FD = log2(1 + ΓULm |FD) + log2(1 + ΓULn|FD) (8)

CUL|HD = log2(1 + ΓULm |HD) + log2(1 + ΓULn|HD). (9)

We assume that the QoS of the UL transmission of each
user is constrained by a certain minimum channel capacity
Cmin. In other words, regardless of the operation mode, the UL
transmission capacity for each user must be greater than Cmin.
The total DL channel capacity and UL channel capacity per unit
bandwidth for users m and n are given, respectively, by

CDL = T (CDL|FD) + (1 − T )(CDL|HD) (10)

CUL = T (CUL|FD) + (1 − T )(CUL|HD) (11)

where T = 1 denotes that the system will operate in the FD
mode, whereas T = 0 denotes that the system will operate
in the HD mode. The main idea of the switching criterion is
to choose the transmission mode that will be able to do the
following:

1) Provide the UL transmission with the minimum required
channel capacity that is equal to Cmin.

2) Maximize the DL user capacity as given by (10).

Based on the previous assumptions, the switching criterion
is shown in Fig. 2. In the beginning, both the DL and UL
channel capacities for FD and HD are calculated, respectively,
from (6)–(9). Afterward, the system will compare the achieved
UL capacity with Cmin. If FD is not able to satisfy the UL
channel capacity constraint, the system will operate in HD. On
the contrary, when HD does not meet the UL channel capacity
constraint, the system will operate in FD. On the other hand, if
both FD and HD satisfy the minimum channel capacity for both
users, the system will choose the transmission mode that will
maximize the DL channel capacity given by (10). It is worth
mentioning that if both FD and HD fail to satisfy the minimum

channel capacity constraint for the users, the network will be
considered in outage.

A. Switching Criterion Problem Formulation

Here, we are going to provide the analysis for the proposed
switching criterion. The proposed switching criterion can be
formulated as the following optimization problem:

max
T∗

CDL

subject to CUL ≥ Cmin

T ∈ {0, 1}. (12)

It must be mentioned that the second binary constraint on
T makes the problem hard to solve. Therefore, to solve this
problem, we are going to have two different ways. The first
way is the exact solution. The exact solution is to enumerate
all possible cases of the AP operation. In other words, we
separately compare the system performance in the case of FD
and HD operation, which correspond to the cases of T = 0 and
T = 1, respectively. The other approach is to relax the second
constraint on the T parameter to be in the continuous domain
[0, 1] instead of the binary domain {0, 1}.5 After relaxing the
T coefficient to be in the [0, 1] interval, the problem will be
solved using the KKT conditions. Afterward, the value of T ∗

(the optimum T ) will be remapped to the binary domain using a
simple rounding rule as follows: If T ∗ < 0.5, it will be rounded
to 0; otherwise, it will be rounded to 1. Accordingly, the relaxed
optimization problem is given by

max
T∗

CDL

subject to CUL ≥ Cmin

0 ≤ T ≤ 1. (13)

Accordingly, the solution of the optimization problem given
by (13) using the KKT conditions will be as follows.

Proposition 1: The resource allocation problem given by (13)
is solved in three different cases.

1) System Operates in HD Only
In that case, T ∗ = 0. This occurs when FD transmis-

sion fails to satisfy the UL channel capacity constraint
while HD does satisfy the constraint.

2) System Operates in FD Only
In that case, T ∗ = 1. This occurs when HD transmis-

sion fails to satisfy the UL channel capacity constraint
while FD does satisfy the constraint.

3) System Will Switch Between HD and FD
This occurs when both FD and HD transmissions suc-

ceed in maintaining the UL channel capacity at Cmin.

5The “optimum” approach, which is simply an enumeration of all possible
cases of the AP operation, can be easily applied in our model due to its
simplicity. However, the enumeration method will be tedious if the number of
APs increases. Therefore, we need a more generalized approach to solve the
proposed allocation problem.
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Therefore, the system will choose the mode that max-
imizes the DL channel capacity. In that case, T ∗ is
given by

T ∗ =

∣∣∣∣ Cmin − CUL|HD

CUL|FD − CUL|HD

∣∣∣∣ . (14)

The proof of Proposition 1 is presented in Appendix A.

B. Self-Interference Cancelation, Mutual Distance Between
Users, and Correlation Coefficient Thresholds for the
Switching Criterion

Since the performance of FD is greatly affected by the RSI
and the mutual distance between the user transmitting in the
UL and that receiving in the DL and the HD operation is
influenced by the value of the spatial correlation between the
channels, then it will be useful to derive the thresholds for
the self-interference cancelation, the mutual distance between
users, and the correlation coefficient that will cause the system
to switch between FD and HD. In other words, the derived
thresholds will define the regions in which the system will
operate in FD or HD.

1) Self-Interference Cancelation Threshold: It can be no-
ticed from (1) and (2) that the value of C affects the value of
the UL received SINR only. Therefore, FD operation will be
allowable as long as the value of C does not make the UL
received SINR less than Cmin. In other words, the minimum
allowable value for C is that value that decreases the UL
channel capacity for FD to be equal to Cmin. If the value of C is
less than Ĉ , then the UL channel capacity of FD will be lower
than Cmin, and hence, the system will operate directly in HD.
This condition can be used to obtain threshold Ĉ as follows.

Proposition 2: The value of Ĉ at which CUL|FD = Cmin is
given by

Ĉ =
2Pλ

AP(2
Cmin − 1)√

r21 − 4(2Cmin − 1)r2 − r1

(15)

where

r1 = σ2(2Cmin+1 − 2)

−
(
PD−α

m−AP|hAP−m|2
)
−
(
PD−α

n−AP, |hAP−n|2
)

(16)

r2 = σ4(2Cmin)

−
(
σ2+PD−α

m−AP|hAP−m|2
)(
σ2+PD−α

n−AP|hAP−n|2
)
.

(17)

The proof of Proposition 2 is presented in Appendix B.
2) Mutual Distance Between Users Threshold: It can be

noticed from (1) and (2) that the value of the distance between
users affects the value of the DL received SINR only. Hence,
if it is assumed that both FD and HD satisfy the UL channel
capacity constraint, the system will select the mode that will
maximize the DL capacity. Therefore, D̂ can be defined by the
minimum allowable distance between users m and n such that
CDL|FD is equal to CDL|HD. If the distance between m and

n becomes less than D̂, then the interference introduced by
the UL transmission will increase. Therefore, the DL received
SINR given by (1) will decrease as well. Accordingly, CDL|FD
will be lower than CDL|HD. Therefore, the system will operate

in HD. This condition can be used to obtain D̂ as follows.
Proposition 3: The value of D̂ at which CDL|FD = CDL|HD

is given by

D̂ = α

√√√√ 2(2CDL|HD − 1)√
d21 − 4d2(2CDL|HD − 1)− d1

(18)

where

d1 = 2CDL|HD(c2 + c4)− c1 − c2 − c3 − c4 (19)

d2 = 2CDL|HDc2c4 − (c1 + c2)(c3 + c4) (20)

c1(3) =
PAPD

−α
m(n)−AP

∣∣hm(n)−AP

∣∣2
P
∣∣hm(n)−n(m)

∣∣2 (21)

c2(4) =
σ2

P
∣∣hm(n)−n(m)

∣∣2 . (22)

The proof of Proposition 3 is presented in Appendix C.
3) Spatial Correlation Coefficient Threshold: Finding the

spatial correlation coefficient threshold will be a little different.
The first difference is that the value of β ∈ [0, 1]. In other
words, the value of β is constrained to be greater than zero
and smaller than one. In addition, the value of β influences
both the UL and DL received SINR values of HD operation.
Therefore, we will have two different thresholds for β that
control switching between HD and FD. The first threshold β̂1

will be a result of the necessity that the received UL SINR given
by (5) is equal to Cmin. The second threshold β̂2 is the value of
β that makes the HD DL capacity given by (7) equal to the FD
DL capacity given by (6).

Next, we are interested in finding the value of β̂1, which
makes the achieved HD UL capacity equal to Cmin. If the actual
value of β exceeds β̂1, then the HD UL capacity will be less
than Cmin. Therefore, the system will directly operate in FD.
This condition can be used to obtain β̂1 as follows.

Proposition 4: The value of β̂1 at which CUL|HD = Cmin is
given by

β̂1 =

√
b22 − 4b1b3 − b2

2b1
, for Cmin |HD ≤ Cmin ≤ Cmax |HD

(23)

where Cmin |HD is the minimum possible value of HD UL
capacity that corresponds to the case β = 1, and Cmax |HD is the
maximum possible value of HD UL capacity that corresponds
to the case β = 0. The constraintCmin |HD ≤ Cmin ≤ Cmax |HD
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TABLE I
SWITCHING THRESHOLDS

is added to guarantee that the value of β̂1 is bounded in [0, 1].
In addition

b1 = 2CminH2H4 − (X1H2 +H4)(X3H4 +H2) (24)

b2 = 2Cmin (H2(X2 +H3) +H4(X4 +H1))

− (X2 +H3 +X1H1)(X3H4 +H2)

− (X1H2 +H4)(X4 +H1 +X3H3) (25)

b3 = 2Cmin(X2 +H3)(X4 +H1)

− (X2 +H3 +X1H1)(X4 +H1 +X3H3) (26)

X1(3) =
D−α

n(m)−AP

D−α
m(n)−AP

, X2(4) =
σ2

PD−α
m(n)−AP

(27)

H1 = h2
1 + h2

2 + h2
3 + h2

4, H2 = 2(h1h3 + h2h4) (28)

H3 = h2
5 + h2

6 + h2
7 + h2

8, H4 = 2(h5h7 + h6h8) (29)

where it is assumed that hAP−n =

[
h1 + jh2
h3 + jh4

]
, and

hAP−m =

[
h5 + jh6
h7 + jh8

]
.

The proof of Proposition 4 is presented in Appendix D.
The second threshold β̂2 is found by equating the HD DL

capacity given by (7) to the FD DL capacity given by (6). If
the exact value of β exceeds β̂2, then the HD DL capacity will
be smaller than the FD DL capacity. Therefore, the system will
operate in FD. The value of β̂2 will be numerically computed.

Therefore, based on the derived thresholds, we can define
the regions in which the system will suffer from outage RO,
operate in FD RFD, or operate in HD RHD. These regions can
be defined, respectively, by

RO = {C < Ĉ, β > β̂1} (30)

RFD = {C > Ĉ, β > β̂1}⋃
{C > Ĉ, β < β̂1, Dm−n > D̂, β > β̂2} (31)

RHD = {C < Ĉ, β < β̂1}⋃
{C > Ĉ, β < β̂1, Dm−n < D̂, β < β̂2} (32)

where the values of Ĉ , D̂, and β̂1 are summarized in Table I.

V. NUMERICAL ANALYSIS

Here, we are going to validate our optimization problem
solution by comparing the performance of the relaxed op-
timization problem solution presented in Proposition 1 and
the exact solution. Furthermore, we are going to validate the

Fig. 3. Comparing between the relaxed and the exact solution achieved DL
capacity.

derived threshold formulas by numerical results. In addition,
we will show that our switching criterion is able to choose the
transmission mode that offers the best performance represented
by the maximum DL capacity. In addition, our results will study
the effect of different system parameters on the overall system
performance.

A. Validating the Performance of the Relaxed
Optimization Problem

Here, we will validate our optimization problem solution
proved in Proposition 1. Fig. 3 shows the variation of the
achieved DL capacity with the AP transmission power. In
addition, it compares between the achieved DL capacity in the
case of the exact solution and the relaxed KKT solution given in
Proposition 1. From the results shown in Fig. 3, it is shown that
the biggest deviation between the relaxed and the exact solution
is approximately equal to 1.5% at a value of PAP approximately
equal to 5 W. This indicates that the solution proposed using the
KKT conditions gives a good approximation for the exact solu-
tion. In other words, relaxing the T parameter to the continuous
domain [0, 1] is a near-optimal approximation.

B. Validating the Derived Thresholds for Self-Interference
Cancelation, Mutual Distance Between Users, and Spatial
Correlation Coefficient

Here, we are going to validate the derived thresholds in
Propositions 2–4. Fig. 4(a) shows the variation of the total
achieved UL capacity per unit bandwidth in the case of FD
given by (8) with changing the self-interference cancelation
parameter C. It is expected from (2) to have an increase in the
received UL SINR by increasing C. This increase is attributable
to the decrease in the self-interference level by increasing C.
The increase in the UL received SINR will result in an increase
in the value of the total UL received channel capacity given by
(8). This behavior can be also verified from the results shown
in Fig. 4(a). In addition, we can verify the value of Ĉ calculated
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Fig. 4. Verifying the validity of the theoretical expressions of (a) the self-interference cancelation parameter and (b) the mutual distance between users.

in (15). From the results shown in Fig. 4(a), it can be noticed
that the FD achieved UL capacity will be equal to Cmin at the
value of self-interference cancelation C approximately equal to
2.166 × 107. This value matches the Ĉ value calculated in (15).

Moreover, Fig. 4(b) shows the variation of the achieved DL
capacity per unit bandwidth with the mutual distance between
users. From (3), it is expected that the HD performance will
not be affected by changing the mutual distance between users.
However, from (1), it can be expected that the DL received
SINR in the case of FD will increase with increasing the mutual
distance between users. This increase is due to the decrease
in the interference level introduced by the UL transmission
on the DL transmission. Accordingly, the DL achieved ca-
pacity in the case of FD given by (6) will increase as well.
It is obvious that the results obtained in Fig. 4(b) match the
discussed performance behavior. Furthermore, our switching
criterion effectiveness can be verified from the results shown
in Fig. 4(b). It can be noticed that for small mutual distances
between users, HD was able to achieve better DL capacity
than FD. In that case, the proposed switching criterion chose to
operate in HD. On the contrary, for large values of the mutual
distance between users, FD transmission starts to outperform
HD transmission. In that case, the proposed switching criterion
chose to operate in FD. Finally, we can verify the value of D̂
calculated in (18). From the results shown in Fig. 4(b), it can
be noticed that switching between HD and FD occurs at Dm−n

equal to 22.18 m. In other words, the value of the achieved DL
capacity in the case of FD given by (6) is equal to the value of
the achieved DL capacity in the case of HD given by (7) at a
value of Dm−n equal to 22.18 m. This value matches the value
of D̂ calculated in (18).

Furthermore, Fig. 5 shows the variation of CUL|HD given
in (9) with the spatial correlation coefficient β. It is antic-
ipated that increasing the spatial correlation coefficient will
cause degradation in the performance of the HD transmission.
Accordingly, it is expected to have a decrease in the value of
CUL|HD by increasing β. This behavior can be verified from

Fig. 5. Validating spatial correlation coefficient threshold.

the results shown in Fig. 5.6 In addition, we can verify the value
of β̂1 calculated in (23). It can be noticed that the value of
CUL|HD becomes equal to Cmin at a value of β = 0.58. This

value matches the value of β̂1 calculated in (23). In addition,
it can be observed that the value of Cmax |HD is approximately
equal to 2.66 bits/s/Hz, corresponding to β = 0. In addition,
the value of Cmin |HD is approximately equal to 2.3 bits/s/Hz,
corresponding to β=1. Since Cmin |HD<Cmin<Cmax |HD, we

are able to find a valid solution for β̂ ∈ [0, 1]. Otherwise, if
Cmin is not bounded between Cmin |HD and Cmax |HD, there

will be no valid solution for β̂1 ∈ [0, 1]. This result validates
the added constraint on Cmin in (23).

6It can be noticed that changing β from 0 to 1 only changes the UL capacity
from 2.65 to 2 bits/s/Hz, which is a very small variation. In Appendix E,
according to the proposed model, the spatial correlation has a small effect on
the UL capacity.
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Fig. 6. Variation of CDL with Cmin.

C. Studying the Effects of Different System Parameters on the
Proposed System Performance

Here, we are going to study the effect of the UL capacity
constraint Cmin on the achieved DL network capacity and
the outage probability. In addition, the effects of the spatial
correlation coefficient β and the self-interference cancelation
C on the total achieved network DL capacity will be studied.

Fig. 6 shows the variation of the total DL capacity with Cmin.
In the beginning, for small values of Cmin, both HD and FD will
be able to fulfill the UL constraints, and the DL capacities for
FD and HD are dependent on the values chosen in simulation
for Dm−n and β, respectively. As shown from the results, FD
will always outperform HD for Dm−n = 30 m. However, when
the distance decreases to 20 m, FD will outperform HD only
for some values of Cmin. Afterward, as the value of Cmin

grows, the achieved DL capacity decreases. This can be simply
explained by knowing that increasing Cmin requires the system
to allocate more resources for the UL transmission. However, if
Cmin continues to increase, the probability of fulfilling this QoS
demand will decrease, and hence, the outage probability will
increase. Additionally, in case of system outage, both the UL
and DL capacity will be equal to zero. Therefore, on average,
the achieved DL capacity will decrease. Accordingly, further
increase in the Cmin value will make the outage probability ap-
proach 1. In other words, the system will always fail to provide
the UL transmission with its QoS demand. Accordingly, the DL
capacity will be zero. In addition, the results shown in Fig. 6
verify the effectiveness of the proposed switching criterion
in choosing the transmission mode that guarantees a better
performance for the network. It can be observed that, in the
case of Dm−n = 20 m and small values of Cmin, our switching
criterion is able to achieve a gain of 15%. However, this gain
decreases as Cmin grows. The decrease in the achieved gain
is attributable to the fact that increasing Cmin will make both
modes unable to fulfill this strenuous demand. Accordingly,
the outage probability will increase. Similarly, in the case of
Dm−n = 30 m, our switching criterion is able to choose the

transmission mode that guarantees a better performance for the
network.

The behavior of the network outage probability with Cmin

can be verified in Fig. 7(a); it shows the variation of the outage
probability with Cmin, for different values of PAP. As shown, it
can be seen that the outage probability increases by increasing
Cmin. Furthermore, it can be noticed that by decreasing PAP

from 10 to 5 W, the outage probability decreases. It must be
noticed from (2) and (5) that only CDL|FD will increase by
decreasing PAP as a result of the decreased interference level;
CDL|HD is independent of PAP. However, based on the outage
probability definition, decreasing PAP will increase the chance
of the FD mode to satisfy the UL constraint. Consequently, the
overall outage probability will decrease. Additionally, Fig. 7(b)
shows the variation of the outage probability with Cmin, for
different values of the UL transmission power P . It can be
noticed that increasing P from 50 to 100 mW will result in
a decrease in the system outage probability. Similarly, from
(2) and (5), it is clear that increasing the value of P will
increase the value of the UL received SINR for both FD
and HD, respectively. Therefore, the system ability to fulfill
the Cmin constraint increases. Hence, the outage probability
decreases.

Moreover, the effect of β on the average achieved DL capac-
ity is shown in Fig. 8(a). It is expected that the FD achieved DL
capacity calculated in (6) will be independent of β. However, it
is expected that increasing the spatial correlation between the
antennas will decrease the HD achieved DL capacity calculated
in (7). This behavior can be verified by the results shown in
Fig. 8(a). In addition, it can be observed that for β < 0.8,
HD achieves better DL capacity than that of FD. However,
for β > 0.8, FD starts to outperform HD. Therefore, it can be
concluded that the value of β̂2, at which CDL|FD calculated
in (6) is equal to CDL|HD calculated in (7), is equal to 0.8,
which also corresponds to the switching point between HD
and FD. In addition, it is clear that, on average, the proposed
switching criterion is able to achieve a gain of about 24% for
β = 0. However, this gain starts to decrease until reaching 20%
for β = 1. Finally, the effect of varying the self-interference
cancelation parameter on the system performance is shown in
Fig. 8(b). As expected, the HD performance is independent of
C. However, increasing C will reduce the values of the self-
interference introduced on the UL transmission in the case of
FD. Accordingly, FD becomes more able to keep the Cmin

constraint. Accordingly, the achieved DL capacity will increase.
In addition, our switching criterion efficacy can be verified
from Fig. 8(b). It can be observed that the proposed switching
criterion can achieve better DL capacity than those of FD
and HD.

VI. CONCLUSION

In this paper, a complete study of the parameters affecting
the performances of FD and HD operations has been presented.
In addition, we propose a switching criterion that chooses
the transmission mode that maximizes the DL total channel
capacity while keeping the UL channel capacity at a certain
level. Additionally, the switching criterion was formulated as
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Fig. 7. Variation of outage probability with Cmin with different values of (a) AP transmission power PAP and (b) UL transmission power P .

Fig. 8. Variation of CDl with (a) spatial correlation coefficient β and (b) self-interference cancelation parameter C.

a resource allocation problem and then solved using the KKT
conditions. Furthermore, to identify the network’s operation
regions, we derived different thresholds for self-interference
cancelation parameter, spatial correlation coefficient, and
mutual distance between the users. This allowed for a clear
definition of outage, FD, and HD operation regions. Moreover,
with the aid of numerical results, we validated our optimization
problem’s solution and the derived thresholds. Furthermore,
our system’s performance is assessed and compared with
both FD and HD performance for parameters from different
systems. It was found that our system is able to achieve high
performance gains for small values of UL channel capacity
constraint and spatial correlation coefficient. In addition, it was
revealed that increasing the AP transmission power increases
the network outage probability due to the increased interference
power introduced to the UL transmission in FD and HD mode.
However, increasing the mobile user’s transmission power will
decrease the network outage probability. This decrease is due

to the fact that increasing the value of mobile user transmission
power will increase the value of the UL received SINR for
both FD and HD. Finally, the effects of varying both the spatial
correlation coefficient and the UL channel capacity constraint
on the network performance are discussed.

APPENDIX A
PROOF OF PROPOSITION 1

To solve the constrained optimization problem given by
(12) after relaxing T ∈ [0, 1], we are going to use the KKT
conditions. Therefore, the Lagrangian function is given by

L(T, λ1, λ2, λ3)

= −CDL + λ1

(
Cmin− T (CUL|FD)−(1− T )(CUL|HD)

)
+ λ2(−T ) + λ3(T − 1). (33)



SULTAN et al.: FULL-DUPLEX MEETS MULTIUSER MIMO: COMPARISONS AND ANALYSIS 465

Therefore, the required KKT conditions that must be satisfied
are as follows:

∂L

∂T
= 0 (34)

λ1(Cmin − CUL) = 0 (35)
λ2(−T ) = 0 (36)

λ3(T − 1) = 0 (37)
λ1, λ2, λ3 ≥ 0. (38)

The Lagrangian derivative with respect to T is given by

∂L

∂T
=−CDL|FD+CDL|HD+λ1(−CUL|FD+CUL|HD)−λ2+λ3.

(39)

Therefore, the resource allocation problem can be solved in
either one of the following three ways.

1) HD transmission only satisfies the UL capacity con-
straint. This corresponds to the case when λ1 = 0, λ2 >
0, and λ3 = 0. Therefore, the optimization problem solu-
tion is given by

T ∗ = 0

λ∗
2 = |CDL|HD − CDL|FD|. (40)

2) FD transmission only satisfies the UL capacity constraint.
This corresponds to the case when λ1 = 0, λ2 = 0, and
λ3 > 0. Therefore, the optimization problem solution is
given by

T ∗ = 1

λ∗
3 = |CDL|FD − CDL|HD|. (41)

3) FD transmission and HD transmission both satisfy the UL
capacity constraint. This corresponds to the case when
λ1 > 0, λ2 = 0, and λ3 = 0. Therefore, the optimization
problem solution is given by

T ∗ =

∣∣∣∣ Cmin − CUL|HD

CUL|FD − CUL|HD

∣∣∣∣
λ∗
1 =

∣∣∣∣CDL|FD − CDL|HD

CUL|HD − CUL|FD

∣∣∣∣ . (42)

Therefore, the optimization problem solution will always
assure that the UL channel capacity constraint is satisfied
and guarantees the maximum achievable DL user channel
capacity.

APPENDIX B
PROOF OF PROPOSITION 2

C∗ can be found by equating the achieved UL channel
capacity given in (8) by Cmin as follows:

Cmin = log2

(
1 +

PD−α
m−AP|hAP−m|2
σ2 +R∗

)

+ log2

(
1 +

PD−α
n−AP|hAP−n|2
σ2 +R∗

)
(43)

where R∗ = Pλ
AP/C

∗. The next step is to get rid of the log2
terms as follows:

2Cmin =

(
1 +

PD−α
m−AP|hAP−m|2
σ2 +R∗

)

×
(

1 +
PD−α

n−AP|hAP−n|2
σ2 +R∗

)
. (44)

Therefore

2Cmin(σ2 +R∗)
2
=

(
σ2 + PD−α

m−AP|hAP−m|2 +R∗)
×
(
σ2 + PD−α

n−AP|hAP−n|2 +R∗) . (45)

After some mathematical steps, it can be easily derived that

C∗ =
2Pλ

AP(2
Cmin − 1)√

r21 − 4(2Cmin − 1)r2 − r1

(46)

where r1 and r2 are given, respectively, by (16) and (17).

APPENDIX C
PROOF OF PROPOSITION 3

D∗ can be found by equating CDL|FD given in (6) by CDL|HD

given in (7) as follows:

CDL|HD=log2

(
1+

c1

c2 +D∗−α

)
+ log2

(
1+

c3

c2 +D∗−α

)
.

(47)
After removing the log2 terms, we obtain(

1 +
c1

c2 +D∗−α

)(
1 +

c3
c2 +D∗−α

)
= 2CDL|HD . (48)

Therefore(
c1 + c2 +D∗−α

c2 +D∗−α

)(
c2 + c3 +D∗−α

c2 +D∗−α

)
= 2CDL|HD . (49)

After some mathematical steps, it can be proven that

D∗ = α

√√√√ 2(2CDL|HD − 1)√
d21 − 4d2(2CDL|HD − 1)− d1

(50)

where d1, d2, c1, c2, and c3 are given in (19)–(22).

APPENDIX D
PROOF OF PROPOSITION 4

β̂ can be found by equating the achieved UL channel capacity
given in (9) by Cmin as follows:

= Cmin = log2

⎛
⎜⎝1 +

X1

∣∣∣R 1
2hAP−n

∣∣∣2
X2 +

∣∣∣R 1
2hAP−m

∣∣∣2
⎞
⎟⎠

+ log2

⎛
⎜⎝1 +

X3

∣∣∣R 1
2hAP−m

∣∣∣2
X4 +

∣∣∣R 1
2hAP−n

∣∣∣2
⎞
⎟⎠ . (51)
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After removing the log2 terms, we obtain⎛
⎜⎝1+

X1

∣∣∣R 1
2hAP−n

∣∣∣2
X2+

∣∣∣R 1
2hAP−m

∣∣∣2
⎞
⎟⎠
⎛
⎜⎝1+

X3

∣∣∣R 1
2hAP−m

∣∣∣2
X4+

∣∣∣R 1
2hAP−n

∣∣∣2
⎞
⎟⎠= 2Cmin.

(52)

It can be easily proved that∣∣∣R 1
2hAP−n

∣∣∣2 = H1 + β̂H2∣∣∣R 1
2hAP−m

∣∣∣2 = H3 + β̂H4. (53)

Therefore, by substituting the values of |R1/2hAP−n|
2

and

|R1/2hAP−m|2 in (52), we obtain(
1 +

X1(H1 + β̂H2)

X2 +H3 + β̂H4

)(
1 +

X3(H3 + β̂H4)

X4 +H1 + β̂H2

)
= 2Cmin.

(54)

Finally, after some mathematical steps, we have

β̂ =

√
b22 − 4b1b3 − b2

2b1
(55)

where b1, b2, b3, X1, X2, X3, X4, H1, H2, H3, and H4 are
given in (24)–(29).

APPENDIX E
CLARIFYING THE EFFECT OF β ON THE UPLINK CAPACITY

Increasing the spatial correlation coefficient β degrades the
channel quality; therefore, it is expected that both the UL
received power and interference power in (5) will decrease.
In addition, from the UL capacity calculation in (9), it can be
noticed that

CUL|HD = log2(1 + ΓULm|HD) + log2(1 + ΓULn|HD)

= log2

⎛
⎜⎝1 +

PD−α
m−AP

∣∣∣R 1
2hAP−m

∣∣∣2
σ2 +

∣∣∣PD−α
n−APR

1
2hAP−n

∣∣∣2
⎞
⎟⎠

+ log2

⎛
⎜⎝1 +

PD−α
n−AP

∣∣∣R 1
2hAP−n

∣∣∣2
σ2 +

∣∣∣PD−α
m−APR

1
2hAP−m

∣∣∣2
⎞
⎟⎠

= log2

(
1 +

G1

σ2 +G2

)
+ log2

(
1 +

G2

σ2 +G1

)

= log2

((
1 +

G1

σ2 +G2

)
×
(

1 +
G2

σ2 +G2

))
(56)

where G1 = PD−α
m−AP|R1/2hAP−m|2, and G2 = |PD−α

n−AP

R1/2hAP−n|
2
. Therefore, if ΓULm|HD and ΓULn|HD are rela-

tively greater than 1, additionally, if G1 and G2 are relatively
greater than σ2, then approximately, decreasing G1 and G2 by
increasing β will have a small effect on the UL capacity, as the
decrease in the received power is compensated by a decrease in
the interference power. In other words, the range of variation
of the UL capacity corresponding to changing β from 0 to 1
will be very small. This explains the results previously obtained
in Fig. 5.
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