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Abstract—Resource allocation problems in full-duplex orthog-
onal frequency division multiple access (FD-OFDMA) networks
are challenging due to their combinatorial, non-convex nature.
In this paper, user pairing, subcarrier and power allocation
in a single cell FD-OFDMA network are considered. A joint
optimization problem is formulated to maximize the network’s
sum rate while satisfying downlink (DL) and uplink (UL)
transmission power’ constraints. Due to the sheer complexity
of the proposed formulation, mainly due to its combinatorial
nature, an efficient, iterative two-step solution algorithm for the
joint problem is proposed. In the first step, based on defining the
DL user equipment (UE) signal to noise ratio (SNR) threshold,
which is the least SNR that can be detected by the DL-UE, an
algorithm is proposed for user pairing and subcarrier assignment.
In the second step, the power allocation problem for the assigned
users’ pairs is formulated and solved using the Alternating
Direction Method of Multipliers (ADMM) in the high signal-
to-interference-noise ratio regime. Finally, numerical results are
presented to validate the performance of the proposed algorithms.
We show that the performance of our proposed computationally-
efficient two-step algorithm is very close to the sum rate upper
bound derived from solving the dual problem.

Keywords.ADMM, Full Duplex, OFDMA, Power Allocation,
Resource Allocation, SNR Threshold, Subcarrier Allocation.

I. INTRODUCTION

Modern wireless communication networks are continuously
required to offer a significant increase in the network capacity
in order to be able to support the enormous growth in
the number of wireless communication users. Accordingly,
efficient resource allocation algorithms have become a crucial
need. However, most of the existing communication networks
waste the available resources by utilizing half-duplex (HD)
communication. Theoretically speaking, enabling the network
nodes to simultaneously transmit and receive data at the same
time slot and same channel, i.e. utilizing full-duplex (FD)
communication, can double the aggregate network throughput

[1].

A. Literature Review

Although FD communication was considered unfeasible,
because of the high self-interference (SI) from the node
transmission on the node reception, the recent evolution in

SI cancellation techniques [2]-[5] reinvigorates the attention
to FD communication and nominates the FD communication
as a technique that is able to supply the needed high rates
[6]. In [7], it was shown that both user diversity gain and FD
communication gain can be achieved, and the performance
of FD communication highly depends on the strength of the
residual SI. Additionally, studying the recent development
and future directions of resource allocation in different FD
systems attracts recent research work [8]-[10] to explore
the new network resources in different domains, including
power, space, frequency, and device dimensions. It is found
that FD can outperform HD in both interference-unaware and
interference-aware scenarios [11]. Additionally, in [12], the
authors derived necessary conditions for the FD mode achieves
a better energy efficiency (EE)-spectral efficiency (SE) tradeoff
than the HD mode. Moreover, it was proved that it is possible
for the industry to design the optimal EE-oriented resource
allocation strategy while guaranteeing a given required SE.
Accordingly, to fully utilize the available FD resources while
taking into consideration the new challenges that will arise
from deploying FD, efficient and novel resource allocation
schemes are strongly needed [13], [14].

In addition, deploying FD in multiple access networks
like orthogonal division multiple access (OFDMA) recently
gains a lot of attention. However, different from HD-OFDMA
networks that require subcarrier (SC) allocation, in FD-
OFDMA each subcarrier serves simultaneous transmissions in
the uplink (UL) and the downlink (DL) modes. Therefore,
efficient pairing between users transmitting in the UL and
users receiving in the DL into independent transceivers is
required to decrease the co-channel interference (CCI) intro-
duced from the UL transmission on the DL reception !. This
additional optimization requirement increases the complexity
of the resource allocation in FD-OFDMA networks due to
the combinatorial nature of the subcarrier assignment and
users’ pairing. In [15], a joint subcarrier scheduling and power
allocation problem to maximize the sum rate under both
perfect and imperfect SI cancellation scenarios is proposed.

' Throughout the paper, users who are transmitting in the UL are denoted
by UL users and users who are receiving in the DL are denoted by DL users.



For the perfect cancellation scenario, subcarrier scheduling
and power allocation are optimized by applying the Lagrange
duality method. For the imperfect cancellation, an iterative
algorithm based on the projected gradient method is proposed.
In [16], the joint problem of subchannel assignment and power
allocation in FD-OFDMA network considering the inter-node
interference is investigated with both full and limited channel
state information (CSI) knowledge. In the case of limited
CSI, a low-complexity inter-node interference estimation is
presented. In [17], the joint optimization problem of transmis-
sion mode selection, subcarrier assignment, relay selection,
subcarrier pairing as well as power allocation is investigated
for OFDMA networks. The binary assignment problem is
transformed into a maximum weighted bipartite matching
problem which can be solved by the classical Hungarian
method.

The aforementioned work did not consider the user pairing
optimization in maximizing the FD-OFDMA sum rate. How-
ever, user pairing is considered in [18], [19], in which the joint
optimization problem of subcarrier assignment, UL-DL user
pairing, and power allocation is solved by the dual method in
which it is decomposed into a primal problem and a dual prob-
lem. The concave-convex procedure is used to transform the
primal problem into a tractable form through sequential convex
approximations while the sub-gradient method is utilized to
solve the dual problem. In [20], the effects of different system
parameters on the FD-OFDMA network performance are
studied. Moreover, a joint resource allocation problem which
aims at maximizing the network sum rate by considering mode
selection, user pairing, subcarrier allocation and power control
is proposed and solved by relaxing the subcarrier assignment
variables to the continuous domain. In [21], the FD-OFDMA
allocation problem is discussed and solved using the matching
theory. In [22], a joint algorithm that aims at maximizing
the utility sum of users while fully exploiting the capacity
benefit of FD communication is proposed. The key idea of
the proposed algorithm is the assignment of a transmission
mode, users and transmit power levels jointly for a frequency
resource block, which is a group of contiguous subcarriers,
based on the awareness of residual SI. Moreover, since maxi-
mizing the network’s sum rate will affect the fairness among
the netwrk’s users, some work discussed the fairness problem
in FD-OFDMA networks. Fairness can be achieved through
multiple approaches like maximizing the max-min fairness
rate, by imposing the minimum rate constraint for each UL
and DL user, or guaranteeing at least on subcarrier for each UL
and DL user. Maximizing the system max- min fairness rate in
an FD multi-user OFDMA system is addressed in [23], where
the uplink/downlink transmission direction assignment, user
paring, and power allocation problem are jointly optimized
to maximize the system max-min fairness rate. To solve the
joint NP hard problem, the authors proposed efficient methods
based on simple relaxation and greedy rounding techniques.
In [24], the authors proposed a queue-aware, fair scheduling
and power allocation problem for FD-OFMDA networks. The
proposed problem aims at maximizing the user equipments
(UE) signal-to-interference noise ratio (SINR) values, while
at the same time enforcing fairness among the UEs. Solving

such a problem requires information on the UE radio condi-
tions, their queue statuses, as well as an innate definition of
fairness. Accordingly, the authors define a UE pair priority and
formulate the problem with the objective of maximizing the
sum of these priorities. It is shown that the proposed approach
improves fairness among the user equipment at no cost in the
system’s performance.

B. Contributions

To maximize the network DL and UL sum rate while
satisfying transmission power constraints, we consider the
joint users’ pairing, subcarrier allocation, and power allocation
problem. Our main contributions in this work are as follows

1) We propose a computationally efficient, polynomial-
complexity joint user pairing and subcarrier allocation
algorithm which is based on defining the least detectable
received SNR by the UE, i.e., the signal-to-noise (SNR)
threshold [25], [26]. The existence of the SNR threshold
is a practical specification of the DL-UE that will help
in defining a set of candidate DL, UL, and subcarriers
that have a very low CCI level. It is shown that the
complexity of the proposed algorithm is lower than the
algorithm presented in [21].

2) Different from the water filling power allocation [27]
presented in [21], we analyze and solve the power allo-
cation problem for the proposed FD-OFDMA network.
The power allocation problem’s approximation for the
high signal-to-interference noise ratio (SINR) is proved
to be convex, and hence, it is formulated and solved
distributively using the Alternating Direction Method
of Multipliers (ADMM) [28], [29]%. Additionally, the
proposed power allocation problem is different from
the power allocation problem in the FD bidirectional
channel presented in [31] as the power allocation in the
case of FD-OFDMA is done over all subcarriers which
results in different objective function and constraints.

3) From numerical results, it is shown that the conver-
gence of the proposed power allocation algorithm is
faster than the centralized interior-point based algorithm.
Additionally, we show that our proposed algorithm can
achieve a performance that is very close to the optimal
solution. Additionally, these results validate the effec-
tiveness of the proposed low-complexity algorithm in
achieving a good performance that is close to the upper
bound obtained by the iterative approximation approach
considered in [19];

however, it should be stated that proposed sum rate maxi-
mization may not achieve fairness among the network’s users,
however, fairness is out of our work scope and will be

2The optimal power allocation in FD-OFDMA networks is different from
the traditional water-filling in HD-OFDMA [30] as in HD-OFDMA, both the
UL and DL transmissions are independent, in which water-filling is proved to
be optimal. The main idea of water-filling is to allocate more power for the
channel with better signal-to-interference noise ratio (SINR) either in the UL
or the DL transmission. However, in the case of FD, the presence of residual
SI from the DL transmission on the UL transmission, and the presence of the
CCI from the UL transmission on the DL transmission will make both UL
and DL transmissions dependent. Hence, the optimal power allocation will be
different.
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Fig. 1: System model with user pairing and subcarrier alloca-
tion.

considered in our future work. As mentioned before, fairness
in FD-OFDMA networks is discussed in [23], [24].

The remainder of the paper is organized as follows. In
Section II, the system model is presented. In Section III, the
joint user pairing, subcarrier, and power allocation problem,
along with the proposed solution algorithm are presented. In
Section IV, numerical analysis is presented to validate the
performance of the proposed solution algorithm. Finally, the
paper is concluded in Section V.

II. SYSTEM MODEL

In this paper, we consider a single cell, time division
duplex (TDD) network with a FD-AP operating in OFDMA
with S subcarriers. In order to realize FD feasibility, the AP
is equipped with a special FD radio which provides linear
cancellation, non-linear cancellation, and analog cancellation
to cover up for the self-interference, nonlinear harmonic
components, quantization and transmitter noise [2]-[4]. All
subcarriers are assumed to be perfectly orthogonal, i.e., there
is no inter-subcarrier interference. There are N HD single
antenna users, and therefore, in a given time slot, the AP
connects with N/2 UL users and N/2 DL users. In every
time slot, the AP assigns a given subcarrier s to simultaneously
serve the n!" UL user transmission along with the m!” DL
user transmission. In that case, the received UL signal at the
AP will be affected by the SI from the AP DL transmission.
Additionally, the received signal from the AP at the m!" DL
user will suffer from the CCI from the UL transmission that
shares the same subcarrier. Therefore, in order to improve
the network spectral efficiency, it is needed to decrease the
interference on both the UL and DL transmission. The SI on
the UL transmission is controlled by the FD radio implemented
at the AP [2]-[4]. On the other hand, the CCI on the DL

transmission can be controlled by proper pairing between
the DL and UL users that share the same subcarriers. In
other words, the DL-UL pair that is chosen to share a given
subcarrier should guarantee a small CCI. The system model
with user pairing and subcarrier allocation is shown in Fig. 1;
as shown, pairing is most probable between UL and DL users
which are far away from each other to limit the interference
from the UL transmission on the DL transmission.

Additionally, in order to maximize the network sum rate,
it is needed to optimize the power allocation among different
subcarriers for both the DL and UL transmissions. Based on
the above assumptions, if we consider that the mt" DL user
transmission is paired with the n*® UL user transmission on
the s'" subcarrier, then the received SINR for the m'" DL
user is given by

P.D,." aplhsy_apl®
o2+ CCIS,_,,

(1)

Topr, =

where, P, is the st subcarrier DL AP transmission power,
4 p denotes the large scale propagation fading between
the m!" user and the AP with distance D,,_4p and path
loss exponent «, h; _ ,p is the channel coefficient between
the m!" user and the AP transmission antenna on the s'”
subcarrier 3, where all the channel coefficients are assumed to
be an i.i.d. zero mean complex Gaussian random variables with
unit variance, i.e., Rayleigh fading, o2 is the additive white
Gaussian noise (AWGN) variance, and CCI;,_, denotes the
co-channel interference on the m!” DL user from the n*"* UL

user transmission; the value of CCI;, . is given by
CCI;,_, = PosDy* L |hE, |, 2)

where P, is the n** UL transmission power in a given sub-
carrier s. As clear from (2), the value of the CCI is decreased
by choosing a DL-UL pair with large mutual distance D,,,_,.
Furthermore, the received SINR from the nt" UL user at the
AP receiving antenna is given by

o, = Lolatar W 3)
o2+ P;/C

where Pg/C represents the residual SI (RSI) after using a FD
radio with a cancellation parameter C' > 1, which is available
at the AP [2], [32]. Accordingly, the value of the RSI is
controlled by the implemented FD radio. From the received
DL SINR and the received UL SINR, calculated in (1) and (3),
respectively, the network DL and UL sum rates per unit time
and unit bandwidth (bits/sec/H z) are given, respectively, by

N/2 N/2 &

RripL = Z Z Za(m,n,s)log2(1 +TmipL,);

m=1n=1s=1
N/2 N/2 § (4)

RT|UL = Z Z Za(m’nvs) 10g2(1 + Fn|ULs)7

m=1n=1s=1

where the first summation sums over all DL users, the second
summation sums over all UL users, and the last summation

3Throughout this paper, hi_ o denotes the channel coefficient between the
transmitter y and the receiver x on the s subcarrier.



Algorithm 1: Proposed Joint User Pairing and Subcarrier
Allocation Algorithm

Data: UL channels CSI, DL channels CSI, CCI
information between each UL-DL user-pair, P4,
P Pul\m,am , @ SNRth

Result: Find a(m,n,s) Vv m € {1.N/2}, n € {1..N/2},

and s € {1..5}
Initially:
o =0,

1. Form the initial candidate pair set ®; given in (6)
2. while ®; # 0 do
vV s* € {1..5}
N/2 N/2
if > > a(m,n,s*) =1 then
m=1n=1
a. There is no conflict for the given subcarrier s*,

b. &y = & U a(m,n,s),
c. Update the candidate pairs set ®; by removing
the assigned subcarrier s*

else
a. There is a conflict between more than one
DL-UL pairs on the given subcarrier s*, or there
are no UL-DL pair on s* with
COIs, /0% < SNRu,
b. Choose trio (m,n, s*) that achieves highest
sum rate on s*

sums over all subcarriers. The coefficient a(m,n,s) € {0,1}
is a binary variable that indicates the user-pairing and the
subcarrier assignment. a(m,n, s) = 1 means that the m** DL
user is paired with the n*” UL user and the (m-n) pair is
served by the s*" subcarrier; otherwise, the value of a(m,n, s)
will be equal to zero. Finally, the network sum rate per unit
time and unit bandwidth (bits/sec/Hz) is the sum of the DL
and UL rates calculated in (4), and is given by

Ry = Rripr, + Rrjwr- )

III. JOINT USER PAIRING, SUBCARRIER AND POWER
ALLOCATION IN FULL-DUPLEX OFDMA NETWORKS

In this section, we optimize the user pairing, power alloca-
tion, and subcarrier allocation to maximize the UL and DL
network sum throughput given in (5), while satisfying the
transmission power constraints imposed on the AP and the
UEs. When formulating the joint allocation problem, it should
be noted that each of the DL and UL users is allowed to receive
and send data, respectively, on multiple subcarriers. However,
each subcarrier is allowed to be assigned only once to a
single transceiver pair. Therefore, the joint resource allocation

problem is given by

Rr

max
A,Ps,Pns

S
st. Y Py < Pras,
s=1

5 P1)
ans < [)ul|rna:mv n e {1N/2}7

s=1

N/2 N/2

ZZa(n,m,s*):1Vs* e{l..-S},

n=1m=1

where A is a vector that contains all the a(m,n, s) variables
for all combinations of UL users, DL users, and subcar-

riers. Py = [P, P, ,...Ps]T is a vector that includes
the DL transmission powers on each subcarrier and P,s =
[Plh P217 7""7PN/2 1, P127 P227 7""aPN/QS]T is a vector

that includes all the UL users transmission powers on different
SCs. The first constraint in (P1) guarantees that the AP total
transmission power will not exceed the maximum allowable
transmission power P,,,,. Similarly, the second constraint is
to limit the UL transmission power to its maximum value
denoted by Pjjma.- Finally, the last constraint guarantees
that each subcarrier is assigned to a single pair. It must be
noticed that the formulation proposed in (P1) is a hard problem
due to its combinatorial nature as a result of the presence
of the binary variables a(m,n,s). Therefore, obtaining the
optimal solution using brute-force exhaustive search will be
very challenging especially for a large number of users and
subcarriers. Accordingly, a suboptimal solution algorithm is
proposed. First, we propose a solution algorithm for joint
user pairing and subcarrier allocation to find the values of
a(m,n,s) variables. Second, we derive a solution for the
power allocation problem. Finally, we explain the iterative
algorithm for solving the joint resource allocation problem in
(P1D).

A. Joint User Pairing and Subcarrier Allocation Solution
Algorithm

In the beginning, to pair the DL and UL users into inde-
pendent transceivers, we must reassure that the main purpose
of the pairing process is to decrease the CCI. Therefore, it
is not required to estimate the channel between each DL-UL
pair, it is sufficient to estimate the SNR or the received powers
between each DL-UL pair and choose the ones with the least
interference . Therefore, during the UL channels’ estimation
5. the DL users can overhear the UL users’ pilot transmission
to the AP and report the UL interference levels estimation
results to the AP. However, if the received SNR from specific
UL transmissions on some particular subcarriers is below

“Due to the centralized nature of the cellular network, in which the AP
fully control the users procedures, the AP is capable of adjusting the channel
estimation procedures with the existing network’s users.

SThe UL channels can be estimated by having the UL users periodically
inserting reference pilot signals in the transmitted data. The transmission
patterns of these reference signals are adjusted such that in a given time-
frequency resource, a single UL user will be sending its reference signal.
For more information on channel estimation techniques for OFDM networks,
please refer to [33], [34].



TABLE I: Reporting received power between different UL-DL pairs

Subcarriery Subcarriersy Subcarriers Subcarriery
rit|lw| v r|t|w]|o r t | w|wv r|t|lw| v
a v
b v
c v |V v
d v v v

the DL-UE SNR threshold, the DL user will not report any
received powers from these UL transmissions ¢. Accordingly,
it is favorable to pair the DL user with these UL transmissions.
Obviously, by following this pairing procedure, the CCI can
be significantly reduced, and hence, the sum rate is expected
to increase. The proposed pairing and subcarrier assignment
algorithm is described in Algorithm 1. At the beginning, after
having all the required UL channels, DL channels and UL-
DL SNRs available at the AP, the AP constructs an initial
candidates’ set ®; by including all (m, n, s) combinations that
were not reported to the AP in the training phase. In other
words, in the training phase, the nt" UL transmission was not
detected by the m!"* DL user on the s subcarrier because the
received SNR at the DL user is smaller than the SNR threshold
detectable at the DL UE denoted by SNR;,. Accordingly, ®;
is defined as,

®; = {(m,n,s),m,e{1---N/2},ne{l---N/2},
se{l---S}OCOI;_/o® < SNRu},

where CCI3,_, /o2 is the received SNR from the n'" UL
transmission at the m!” DL user on the s' subcarrier; the
value of CCI;,_, is given in (2). Since each subcarrier is
allowed to be assigned once to a single DL-UL pair, therefore,
the next step is to check for conflicts between different DL-UL
pairs on different SCs. If there is no conflict on a given SC,
i.e., there is only one DL-UL pair that satisfies the pairing
condition indicated in (6) on that specific subcarrier, this
(m,n,s) trio will be included in the final candidates set @ .
On the other side, if a conflict exists on a given SC, the
algorithm will pick the DL-UL pair that achieves the highest
sum rate on that SC, and includes the picked pair along with
that SC in the final set ®;. Therefore, for a DL user to be
paired with an UL user on a certain subcarrier, the following
conditions must be satisfied:

(6)

1) the received SNR from the UL transmission is below
the DL user SNR threshold,

2) when a conflict occurs between multiple pairs, the pair
with highest sum rate is chosen.

It should be noticed that the complexity of joint user pairing
and subcarrier allocation described in Algorithm 1 is in the
order of O(SN?). When comparing the exhaustive search
solution complexity with the complexity of the proposed

OWe should note that, during the pilot transmission, it is assumed that
the power is uniformly distributed among the subcarriers. Pilot transmission
power adjustment is out of our work scope. Some pilot transmission power
optimization techniques can be found in [35], [36].

algorithm, it can be readily seen that the exhaustive search
complexity grows exponentially with the number of users
and subcarriers, i.e. O((N)2%). Additionally, the transmitter-
subchannel-receiver threesided matching algorithm, proposed
in [21], is in the order of O(N3S?), while as mentioned
above, the proposed algorithm complexity is polynomial in
the number of users and subcarriers, in other words, it has
lower complexity than the exhaustive search and the algorithm
proposed in [21].

For a better understanding of the joint user pairing and sub-
carrier allocation, we provide an illustrative example. Consider
a system with 4 DL users, 4 UL users, and 4 subcarriers. As
mentioned before, in the UL channels estimation, the DL users
will overhear the UL pilot transmission, and report the received
SINR to the AP. Accordingly, after the training phase, the AP
will have a report for the received power between each DL and
UL users pair, as shown in Table I, where {a, b, ¢, d} is the set
of DL users, and {r,t,w, v} is the set of UL users. The check
marks indicate that the received SNR at the DL user from a
given UL on a given SC is below the SNR threshold. The first
step is to define the set ®;, in which the AP determines the
candidate pairs whose received SNRs between the UL and DL
users are less than SNR;y,. Accordingly, ®; is given by

o, ={(d,v,1),(a,t,2),(c,1,3),(c,t,3),

(d,t,3), (b,w,4),(d,v,4), (c,r,4)}. M

From the candidate pairing chances obtained in ®;, it can
be noticed that there are no conflicting pairs on both the
first and the second subcarriers. However, for subcarrier 3
and subcarrier 4, the choice among conflicting pairs will
be based on maximizing the sum rate. Accordingly, after
calculating the sum rates for (e, r,3),(c,t,3),(d,t,3) and
(b,w,4),(d,v,4), (¢,r,4) and choosing the ones with highest
sum rates, the final pairing set will be given by

©f = {<d7v7 1)’(a7t’ 2)7(0’ rﬂg)?(b7w’4)}' (8)

The next step is to allocate power to the transceiver pairs on
the given subcarriers specified by ®.

B. Power Allocation in FD OFDMA

The next step after user pairing and subcarrier allocation is
to optimize the power allocation among the existing pairs. The
solution of the power allocation problem in FD OFDMA will
be different from the traditional water-filling in HD networks
due to the correlation between the UL and DL transmissions.



Algorithm 2: Power Allocation Algorithm for OFDMA
FD network

Data: all CSI information, Ppaz » Puijmaz » @ P, PO,
72 and Z9_, A
Result: Find Py and P, maximizing R while keeping
total transmission power constraints P, for the
AP and Pyjjpmqq for the UL transmissions.

Intially:
P, = P2 P, = P2,
Zs =72, Zns =72,
k=1
L. PEtY = prox, ; p ) (P — Z5 = UY),
2. ZFH = Te,, (PF1 4+ UF),
3. PEFY = prox, ,p, \(PF, — Z}, — uF),
4. Zvlijl =1l¢,, (PkJrl + Uﬁs)
5. UM =UF 4+ PP — ZF
6. UKt = Uk, + P — ZF !
7. P, =72,V s€{0,...5} and Pps = Zs V s €
{0,....8} and n € {1,....N/2} then
P, = Pkt!
Pns = PF1 v s €{0,....S} and n € {1,...N/2}
end
else
k=k+1

Return to step. 1

The power allocation problem for the proposed model is
derived from the initial problem formulated in (P1) after
considering only the active subcarriers which are assigned
to the formed users’ pairs in the user pairing and subcarrier
allocation step. For instance, in the illustrative example, after
obtaining the final pairing set is given in (8), the sum rate R*
is given by

=logy(1+Tgpr,) +loge(1+Tyur,)
+1ogy(1 + Ty pr,) +logo(1 + T'yi,)
+1logy(1 + T pr,) +1oge(1 +Tyr,)
+1logy(1+Typr,) +loge(1 + Loz, )-

Therefore, the power allocation problem is given by

9)

max Rr
PS )Pns

S
st. ) Py < Pras,

s=1

P2)

]

P S-Pul|maacvvn€ {1N/2}

s=1
In solving the power allocation problem, we will consider
the high SINR case because the main objective of the user
pairing and subcarrier allocation step is to guarantee the least
possible interference as well as the highest possible rate on

each subcarrier. Therefore, after the pairing and subcarrier
assignment step, it is reasonable to consider the high SINR
case ’. In that case, the proposed power allocation problem can
be readily proved to be approximately convex, which can be
solved using ADMM. First, we start by proving the convexity
of the power allocation problem at high SINR approximation.
Afterwards, we present the steps of the ADMM solution
algorithm.

Proposition 1. /n high SINR case, the power allocation
problem (P2) is approximately a convex optimization problem.
It is rewritten as

i F(P P,

B, ()1 GlPre)
S

S.1. Zpé < Pmawv

~ P3)
S

ans < ]Dul|maa:7vne {1N/2}7

s=1

where

PD7 AP|hm AP|

S
s=1

) (10)

o2+ P;/C

S —« s
_Zlog < Prs Dy, % aplhp ol )

= 5 —
p—t 24 PusD RSP

It should be noted that the objective function and the
constraints functions, in (P3), are fully separable in the DL
transmission powers P, and the UL transmission powers
P,. Since the constraints are all affine constraints, then the
convexity of the approximate high SINR problem (P3) can be
proved by proving the convexity of F'(Pg) with respect to P
and the convexity of G(Pys) with respect to P, . The proof
of Proposition 1 is presented in Appendix A.

There are many algorithms that are used to solve these
types of convex problems. In this paper, we are going to
adopt the ADMM algorithm, which is a method for solv-
ing generic convex constrained problems and only uses the
proximal operator of the objective function and projection
onto the constraint set [28], [29], [37]. The convergence of
the ADMM algorithm is discussed in [29]. Additionally, it is
shown that ADMM achieves a linear convergence rate [38],
[39]. The main advantage of using ADMM is its ability to
solve separable optimization problems in a distributed fashion.
The first step towards solving (P3) using ADMM is to rewrite
the constrained optimization problem as a sum of the objective
function and an indicator function of the convex set of the
constraints. The solution of the power allocation problem in
(P3) can be described as follows.

Proposition 2. The ADMM solution algorithm for the problem

"1t should be reassured that, in the UL transmission, the SI is cancelled by
the used FD radio in the AP, which covers up for the self-interference to the
receiver noise floor. Accordingly, the high SINR assumption is also valid for
the UL transmission.



Algorithm 3: Joint User Pairing, Subcarrier and Power
Allocation Algorithm for OFDMA FD network

Data: all CSI information, Praz 2 Pyuijmas » @ P2, PO,
Z2 and Z9,, \, B, SN Ry,

Result: Find a(m,n,s) V. m € {1.N/2}, n € {1..N/2},
and s € {1..S}, Py and P,¢ maximizing Ry
while keeping total transmission power
constraints FPyq, for the AP and Pjjyq, for the
UL transmissions.

Intially:  Assume DL and UL power are distributed
equally among active users and subcarriers.

Q; =0, 2y =0,

iteration t = 1,
Step 1: Joint User Pairing and Subcarrier Allocation
a. Form the initial candidate pair set ®; given in (6),
b. Apply Steps described in Algorithm. 1 to find A(t),
Step 2: Power Allocation

a. From ®(¢), formulate power allocation problem in
P3,

b. Run the power allocation scheme described in
Algorithm. 2. to find Ps(t) and Py (1),

Step 3: Check convergence
a. if A(t) = A(t—1) & Rp(t) = Rp(t — 1) then

A =A(t)

Py = Py(t)

Pns = Pns(t)
else

t=t+1

Return to Step 1 with the calculated transmission
powers from Step 2 to form ®;(t + 1)

(P3) is given by
Pkl ::prox/\f(PS)(Pf —zZk U,
27 = ey, (PEY +UYD),

Prlfjl ::prox)\g(Pns)(P’rlfs - Zﬁs - U.f)a

(11)

ZI;;H = HCL{L (Pflzvhjl + U'SS)?

Ukt .= Uk 4 pitt

Upst o= Uy + Pit = 231,

where
P.D;% 4 plhs apl?
Pg - ] S m—AP!""m—AP
f() Og2< 0'2+P5/C )

(12)

PnsD_a |h9 B ‘2

P,.) = “lo n—API'""AP—n
9(Pns) 82 (Ug + PosD; % S 2

The variables Z, and Z,s Vs € {l1---S} and n €

{1--- N/2} are equivalent to the variables Ps and P, s Vs €

{1---S} and n € {1---N/2}, respectively. prox,;p. (V)

and prox,,p (v) are the proximal operators on f(Ps)

and g(Ps), respectively, with a scaling factor of \. Finally,
I, . (v) and I, . (v) are the Euclidean projections onto the
constraints set Cpz and Cyr, which are defined, respectively,
by

S
Cpr ={z1, 22, ....25] ZPS < Phac}

s=1

Cur ={z11, 212, 213254 N2 (13)

s
ans < Puljmaz Vn € {1N/2}}
s=1
Proof: Since the optimization problem given in (P3) is
fully separable in the DL and UL transmission powers, then the
first step is to write (P3) as two distinct convex optimization
problems. The first problem is in terms of the DL transmission
powers (P3.1) and the second problem is in terms of the UL
transmission powers (P3.2). The first optimization problem
(P3.1) is given by

S
min > f(P)
< s=1
st. Y Py < Pras.

s=1

where f(P;) is defined in (12). Afterwards, (P3.1) is refor-
mulated into the canonical form defined in [28], as follows

(P3.1)

s
i P3.1.1
min Z:lf(Ps)Jr\If(Zs), ( )
where U(Z,) = Zcp, (21,22 25)%, Zcp, is an indicator
function which is defined as
0, T € CDE7
ICDﬁ (1‘) =
xz g CDEa
where the set Cp, is defined in (13). Similarly, the second
problem is in terms of the UL transmission powers (P3.2),
and is given by

(14)
+00,

S
min ;g(Pns)
S
St Y Pro < Pujmas, V0 € {1+ N/2}.

s=1

where g(P,s) is defined in (12). Afterwards, (P3.2) is refor-
mulated into the canonical form as follows

(P3.2)

S
Hll:’lxrlls Zg(Pns) +@(Zn6)’

s=1

(P3.2.2)

where O(Z,,5) = Ze,, . (211, 212 - - - 2sn/2)» Ley . s an indica-
tor function which is defined as

8In the canonical form definition, precisely speaking, in ¥(Z) definition,
a change of variables from Ps to zs is required V s = {0,1,--- S}, where
Zs = [z, 22, ---zs]" [28], [29].
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Finally, the problems in (P3.1.1) and (P3.2.2) can be solved
using the algorithm given in (11), where the proximal operator
and the Euclidean projection are given, respectively, by

(15)
+00,

prox,;(v) = argmin f(z) + (1/(22))[|lz — v,
II¢(v) = argmin ||z — v||2. (16)
EAS

The complete solution algorithm for the proposed allocation
problem is given in Algorithm 2. In the beginning, it is
assumed that all UL channel state information (CSI), DL CSI,
and mutual SINR information between UL and DL users are
available at the AP. Next, the parameters «, P, 4., and Pul|max
are determined. Afterwards, initial vectors P2, P9 , Z2 and
Z9 are determined. Then, in steps 1 through 6, the algorithm
continues on updating the values of Py, Zg, Py, and Z,.
It must be noticed that the dual variables U, and U, are
updated to measure the deviation of P from Z, and P,
from Z, s, respectively. The algorithm will stop iterating when
P converges to Zg and P, converges to Zys. It should be
emphasized that steps 3 and 4, which are used to update Py
and Z,s, are performed in parallel at each UL user. However,
the remaining steps of Algorithm 2, which include updating
Ps, Zs, Us, and U,,s and checking the algorithm convergence,
are performed at the AP.

Finally, the complete solution algorithm for solving the
joint user pairing and subcarrier allocation, formulated in P1,
is given in Algorithm 3. Initially, to solve the user-pairing
and subcarrier allocation, we set ®; = (), and the number of
iteration t = 1. The first step, after assuming equal power
allocation over the UL and DL transmissions, is to apply
the joint user pairing and subcarrier algorithm explained in
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Fig. 3: Variation of Ry versus grid size: a. N = 16, and
S=8,b. N=24and S =16,32,48.

Algorithm 1. Using the user pairing and subcarrier allocation
results, the power allocation problem is formulated in (P2).
Assuming the high SINR case, the problem’s approximation in
the case of the high SINR case (P3) is formulated and solved
using Algorithm 2. Finally, if the users’ pairing, subcarrier
allocation, and sum capacity remain unchanged, the algorithm
will stop and the final solution for the joint problem is
obtained. Otherwise, the algorithm will rerun the joint user
pairing and subcarrier allocation described in Algorithm 1 with
the new power allocation and then the power allocation scheme
described in Algorithm 2.

IV. NUMERICAL ANALYSIS

In this section, first, we evaluate the FD power allocation
performance. Second, we study the effects of different system
parameters on the power allocation problem as well as the
joint allocation problem. We are considering a square grid
with the access point in its center. All the users are uniformly
distributed inside the grid. It is assumed that the SNR threshold
SNRth = 20dB, the SI cancellation parameter C = 70dB
, the maximum DL transmission power P, = 2W, and
the maximum UL transmission power for each UL user
Pullmax = 1mW. The proposed system is simulated using
Monte Carlo simulations on MATLAB. Unless stated other-
wise, the simulation parameters are given in Table II.

TABLE II: Simulation Parameters

N 16 users S 16 SCs
SN R —20 dB o 2.7

Pras 2W Putjmaz | 1 mW
o? —110 dBm | C [3] 107
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Fig. 4: Validation of the performance of the proposed joint
allocation algorithm with different grid sizes. Parameters used
to generate this figure: {N = 6, S = 3, Py = 2W,6W,
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A. Power Allocation Performance Evaluation

In this section, the behavior of the power allocation problem
proposed in Section III-B is evaluated. First, we validate our
solution algorithm by comparing its performance with the inte-
rior point algorithm [40], implemented in Matlab Optimization
Toolbox. Second, we compare the required run time needed by
both algorithms to solve the power allocation problem in (P3).
Finally, we study the effect of the SI cancellation parameter
(C) and the mutual distance between users on the network
sum throughput.

1) Validating Proposed ADMM Algorithm for Power Al-
location Problem: Fig. 2 shows the variation of the sum
throughput Rp with the SI cancellation parameter C, for
different number of users and subcarriers. Additionally, it
compares the proposed ADMM solution and the interior-point
algorithm. It is expected that increasing C' will cause an
increase in the sum throughput as a result of decreasing the
RSI level. Furthermore, increasing the number of subcarriers
is expected to offer more transmission channels, and as a
consequence, the sum throughput will increase as well. This
behavior can be validated from the results shown in Fig.
2, as the enhancement of the sum capacity is noticed by
increasing the value of C' from 70dB to 110d B. Furthermore,
increasing the number of subcarriers causes an increase in
the network sum rate. Additionally, it is clear that the pro-
posed distributed ADMM solution matches the interior point
solution for different network conditions. Furthermore, Table
IIT shows the difference between the required run time for
both the proposed ADMM algorithm and the interior-point
algorithm for different numbers of users and subcarriers’. Even
though both ADMM and interior-point algorithm have linear
convergence rates [38]-[40], the per-iteration complexity of

9The comparison between the ADMM and interior-point algorithms is per-
formed under the same optimality tolerance with the same CPU specifications.
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Fig. 5: Validation of the performance of the proposed joint
allocation algorithm versus different SI cancellation parameter.
Parameters used to generate this figure: {N = 6, S = 3,
Praz = 2W,6W, Pyijmas = 1mW'}

the interior-point algorithm is expected to be much higher
than that of ADMM because in the case of the interior-point
algorithm, the solution of the power allocation problem in
centralized. On the other hand, in the case of the ADMM, the
UL power allocation is performed in parallel, which decreases
the complexity of the solution algorithm. This can be validated
from the results shown in Table III as it can be noticed
that the needed run time for the proposed ADMM algorithm
to solve the power allocation problem in (P3) is less than
that required by the interior-point algorithm implemented in
Matlab Optimization Toolbox. Additionally, it is observed that
the difference between the required run time between the two
algorithms increases with the number of available subcarriers.
For instance, the ADMM reduced the required run time by
about 21% for S = 16 and N = 24, and this reduction in run
time increased to about 77% for S = 64 and N = 24. Based
on the results shown in Fig. 2 and Table III, it is quite clear
that the proposed ADMM algorithm requires less run time than
that taken by the interior-point algorithm, to solve the power
allocation problem in (P3) with almost similar performance.

Fig. 3 shows the variation of the sum throughput Ry with
the grid size, for different numbers of subcarriers. First of all,
since the users are uniformly distributed along the considered
square grid, then as the grid size becomes bigger, the average
distance between the AP and the users becomes larger. Hence,
both the UL and DL received powers decrease. Therefore, it is
expected that the larger the grid size the smaller the achieved
capacity. The decrease in Ry with respect to the grid size can
be verified from the results shown in Fig. 3. Additionally, the
results in Fig. 3 show the proposed ADMM solution and the
interior-point solution result in similar performance.



TABLE II: Comparison between run time for the proposed ADMM algorithm and the Interior-Point Algorithm

Subcarriers | Users | ADMM | Interior-Point Algorithm | Time Difference percentage
16 24 3.48s 4.45s 21%
32 24 4.35s 17.72s 75%
64 24 8.78s 38.89s 77%

B. Joint User Pairing, Subcarrier Allocation and Power Allo-
cation Performance Evaluation

In this subsection, we study and evaluate the performance
of the joint allocation problem. First, the proposed solution
algorithm performance is validated by comparing it with
the optimal solution which is obtained through exhaustive
search that enumerates all possible user pairings and subcarrier
allocations, and chooses the combination that results in the
maximum sum rate. The total number of combinations for
exhaustive search equals (N/2)2*5 19 Tt is quite clear that,
for large networks, obtaining the optimal solution is very
complicated as a result of the large number of combinatorial
possibilities of users’ pairings, and subcarrier allocation. After-
wards, we explore how varying different network parameters
can affect the achieved sum capacity.

1) Validating Proposed User Pairing and Subcarrier Allo-
cation Algorithm: Fig. 4 compares the performance of the
proposed joint allocation algorithm with the exhaustive search
solution for a 3-SC, 6-user network, with a varying grid size
from 200m to 600m. In that case, the exhaustive search
solution runs over 729 different combinations of DL users, UL
users, and SC allocations. From the results in Fig. 4, it can be
seen that the difference between the proposed algorithm and
the exhaustive search solution is almost 1%, which indicates
that our proposed approach is very close to being optimal.
Also, when the value of P,,,, is increased from 2W to 6\,
the proposed algorithm sum rate increased and achieved a
performance which is very close to the optimal. Addition-
ally, when calculating the run time for both algorithms, it
is found that the proposed algorithm takes much less time
to find the solution, as compared to the exhaustive search
based approach!'. Additionally, the proposed algorithm and
the exhaustive search solution are compared when varying
the self-interference cancellation parameter in Fig. 5. We can
observe that the proposed algorithm approaches the optimal
solution for different values of the self-interference cancel-
lation parameter. Which again emphasizes the merits of our
proposed algorithm as compared to the "optimal" exhaustive
search solution in terms of performance and complexity.

For further validation, the two solution methods are com-
pared for a 4-SC, 4-user network which requires the enumer-
ation of 256 different combinations of DL users, UL users,

10The implementation of the exhaustive search is done in this work only
for comparison purpose.

"Note that the complexity of the exhaustive search algorithm is exponential
in the number of users and the number of subcarriers; therefore, for larger
networks, with large number of users and large number, the exhaustive search
based approach becomes impractical to implement.

and SC allocations. In Fig. 6, the two solution methods are
compared while changing the grid size, and similar to the
results shown in Fig. 4, the difference between the optimal
capacity and the capacity achieved by the proposed algorithm
is very small. Additionally, in Fig. 7, the upper-bound ob-
tained by solving the dual problem in [19], is simulated for
comparison. The three methods are compared for different
values of SI cancellation parameter. From the results in Fig. 7,
we can observe that the performance of the optimal solution
is very close to the upper bound obtained in [19], which
means that the duality gap is very small, which matches
the results obtained in [41] where it is proved that solving
the dual problem of the non-convex multi-carrier spectrum
sharing problems gives a solution with a negligible duality
gap. Furthermore, it is observed that the proposed algorithm
can achieve a performance close to the upper bound, found
through solving the dual problem and that is very close to the
optimal, exhaustive search based solution.

The next step is to validate the proposed algorithm perfor-
mance in larger networks. In large networks, the implementa-
tion of the exhaustive search solution is impractical. Therefore,
we will compare the proposed algorithm performance with
the dual upper bound solution presented in [19]. In Fig. 8§,
the proposed algorithm and the upper bound solution are
compared for a network with 16 SC and 16 users and a
network with 48 SCs, which is the same as the number of
SCs used in certain amendments of the IEEE 802.11 standard
of Wi-Fi networks for example, and 20 users. In both cases, we
can observe that the gap between the proposed algorithm and
the upper bound is very small which validates the effectiveness
of the proposed algorithm in achieving a "close to optimal"
performance.

Next, we compare the performance of our proposed algo-
rithm against the random pairing FD network and the HD
network. In the random pairing FD network, UL users and
DL users are randomly paired and allocated to available
subcarriers. In the HD network, we assume a square grid where
the HD AP is centered in the middle. In the first time slot,
the AP serves N DL users and each subcarrier is allocated to
the DL transmission with the highest SNR. Similarly, in the
second time slot, the AP serves N UL user and each subcarrier
is allocated to the UL transmission with the highest SNR.
In Fig. 9, the three systems are compared while varying the
grid size. From the results shown in Fig. 9, it can be noticed
that the proposed scheme greatly outperforms both the random
pairing and the HD systems. It can be noticed that, for 200m
grid, the proposed algorithm sum rate is 1.5 times that of
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Fig. 6: Validation of the performance of the proposed joint al-
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to generate this figure: {N = 4, S = 4, Pq. = 1W,2W,
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the random pairing sum rate, and 1.91 times that of the HD
system sum rate. Furthermore, as the grid size increases to
2K'm, the proposed algorithm still guarantees a better rate
than that offered by both the random pairing and HD schemes
12

Moreover, Fig. 10 shows the variation of the sum rate
with the SI cancellation parameter C. It is obvious that
changing the SI cancellation parameter will not affect the
HD system performance. However, increasing C' is expected
to increase the sum rate for both the proposed and random
pairing schemes, as a result of reduced RSI. From the results
displayed in Fig. 10, the decrease in the sum rate with SI
cancellation coefficient is verified, for both the proposed and
random pairing scheme. Additionally, the advantage of the
proposed scheme over the random pairing scheme can be
justified, as over different values of C', the proposed scheme
achieves a better rate than random pairing and the HD scheme.
Similarly, from the results shown in Fig. 10, it can be noticed
that further decrease in C' may cause HD to outperform the FD
performance. In that case, mode selection will be essential to
switch the network to HD operation to maximize the network
spectral efficiency. Mode selection is addressed in the work
presented in [20] for a FD-OFDMA network with multiples
APs.

V. CONCLUSION

In this paper, a single cell OFDMA network is considered,
wherein a joint user pairing, subcarrier, and power allocation
algorithm that aims at maximizing the DL and UL sum rate
is proposed. A two-step solution algorithm is presented; the

12 As the grid size increases, the DL power increases to increase the coverge
for larger grid size. Accordingly, the SI levels increase and the gap between
the FD and the HD performance decreases.
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Fig. 7: Validation of the performance of the proposed joint
allocation algorithm versus different SI cancellation parameter.
Parameters used to generate this figure: {N = 4, S = 4,
Prae =2W, Pul|maw = lmW}

first step is the joint user pairing and subcarrier allocation by
considering the pairs whose co-channel interference is below
the downlink user equipment SNR threshold. The second
step is to consider the power allocation in high signal-to-
interference-noise ratio. Using the alternating direction method
of multipliers the power allocation problem is solved as two
separate problems in the uplink and downlink transmissions.
Through numerical simulations, we show that the distributed
nature of the proposed power allocation solution enables it to
converge to the optimal solution faster than the "centralized"
interior point based algorithm. We also show that our proposed
algorithm achieves a performance that is very close to the sum
rate upper bound, obtained from solving the dual problem.
This, in turn, proves that our proposed approach achieves a
performance that is very close to the optimal, "impractical”
exhaustive search based solution.

In the future work, fairness will be considered in the joint
optimization problem. The fairness issues while maximizing
the networks’ sum rate can be addressed by maximizing the
min-max fairness rate, by adding a minimum rate constraint
for each user, or by guaranteeing at least one subcarrier for
each user in the network.

APPENDIX A
PROOF OF PROPOSITION 1

In case of high SINR, and after assigning the available

subcarrier to the DL-UL user pairs, the sum DL and UL rates
in (4) are, respectively, modified to

s
§T|DL = Z logy(I'm|pL. ),

s=1

S
RT|UL = Z 1Og2(rn|ULs)'

s=1

a7
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Accordingly, the sum rate approximation, in high SINR, is
given by,

5
Ry = ZIO&(FWL\DLS) +logy (e, )s

s=1
S —Q S
_ Z]-O ‘PSDm.fAP‘h’m—AP|2
208 0% + P,/C (18)
+ log 2 PnsD, s p Wiy p_n|?
02 + PﬂSD;z(inVL:nfnP ’

= F(Ps) + G(Pps).

Accordingly, the power allocation problem is reformulated, as
given in (P3). Now the next step, to prove the convexity of
the power allocation problem approximation, is to prove the
convexity of F(Pgs) with respect to Ps, and G(Pps) with
respect to Pyg. In other words, it is required to prove that
both functions have a positive semi-definite Hessian matrix,
i, V2F(Pg) > 0 and V2G(Pyns) > 0. Starting with F(Py),
the first derivative of F'(Pg) with respect to Py is given by

_[orey)  oF(Py)]"
v‘F(:PS)_ [ 8P1 s GPS :| ;
. (19)
_ [3f1(P1) 3fs(Ps)}
| o, 7 0Ps ’

where fi(Ps)V s € {1,---,S} is given in (12). The second
equality in (19) is due to the fact that F'(Py) is fully separable
over Py Vs € {1---S}. The value of df,/OP, ¥V s €
{1,---,S5} is given by
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Fig. 9: Variation of Ry versus grid size for HD, random alloca-
tion FD and proposed scheme. Parameters used to generate this
figure: { N =24, S = 16, Ppaz = 2W, Pyjmaz = ImW,
C = 80dB }

The next step is to calculate the value of V2F(Py). Since,
F(Ps) is fully separable over Py V s € {1---S}, there-
s &
fore V2F(Ps) = diag [azi »T T 32{5
whose diagonal entries are given by
2 2
2 _ (o 1/C 1 o
V@l = ( * (o2 +PS/C)2>+(O'2 +P/C Pg)
@y

] is a diagonal matrix

P

where V2F(Pg)|(ss) is the (s,s) element in the Hessian
matrix of F(Pg). From (21), it can be noticed that all the
diagonal elements V2 F(Py) are positive and hence, V2F(Py)
is a positive semi-definite matrix. Therefore, F'(Pg) is a con-
vex function with respect to Ps. Using the same procedures,
the convexity of G(Pys) with respect to Pps can be proved.
Finally, Since both F'(Ps) and G(Pys) are convex function,
and all the constraints in (P3) are linear, therefore, the power
allocation problem approximation in high SINR regime is a
convex optimization problem.
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