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Abstract In the full-duplex wireless cellular system, co-channel interference may limit the
achieved cell throughput, and proper radio resource allocation can help to reduce the co-
channel interference. In this paper, joint resource allocation on user pairs and resource
blocks (RBs) in full-duplex OFDMA cellular system is investigated for benefiting system
throughput or user fairness. Firstly, a binary-integer programming optimization problem
for maximizing cell throughput is formulated and the optimal solutions are given by
exhaustive search. Then, two suboptimal heuristic algorithms are proposed to ease the
implementation in practical wireless cellular system. The effectiveness of the proposed
algorithms are verified by system level simulations in a full-duplex single cellular system.

Keywords Full-duplex - OFDMA - Radio resource allocation

1 Introduction

Recently, growing attention has been given to full-duplex wireless cellular systems which
can support simultaneous transmission and reception in the same frequency band. Com-
pared with traditional half-duplex systems which separate the transmission and reception
via different frequency bands (i.e., FDD) or different timeslots (i.e., TDD), the full-duplex
system has the potential to double the spectral efficiency. The full-duplex mode can be
adopted in the BS due to its feasibility for complex processing, but the UEs (user equip-
ments) are expected to still be half-duplex in the near future. In this paper, a wireless
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cellular system where half-duplex UEs are served by a full-duplex BS is considered. In
contrast to traditional cellular systems, a full-duplex cellular system brings additional
interferences which include the self-interference in uplink transmission and the co-channel
interference from the uplink users to downlink transmission. The system throughput cannot
achieve the desired promotion because the transmit antenna may cause strong self-inter-
ference to the receive antenna on same UE. Hence, self-interference cancellation plays a
significant role on full-duplex communications. The proposed self-interference cancella-
tion mechanisms include passive suppression [1-5] and active cancellation [6, 7]. The co-
channel interference can also limit the potential capacity gain along with the self-inter-
ference. The achievable rate region under these two kinds of interferences has been studied
in [8, 9]. Several methods have been proposed to cancel or mitigate the co-channel
interference. In [10], an orthogonal side-channel is designed between the two direction
UEs, and some mutual information is transmitted on the side-channel aiming to cancel the
co-channel interference. In such a mechanism, UEs are required to support the device-to-
device communication protocol, and the side-channel between users increase the com-
plexity of the system greatly. Furthermore, there are some resource schedule algorithms
proposed to mitigate the co-channel interference and improve the system throughput. In
[11], a sub-optimal centralized greedy algorithm in a multiple macro cell scenario is
proposed. In [12], the authors proposed a cell partitioning method which divides the whole
interference region into several partitions and allocate the frequency resource to them
properly. In their proposal, the BS needs to distinguish which partition each user locates in,
which we consider that it is not easy for system implementation.

In this paper, joint resource allocation on user pairs and resource blocks (RBs) in full-
duplex OFDMA cellular system is investigated for benefiting system throughput or user
fairness. Firstly, a binary-integer programming optimization problem for maximizing cell
throughput is formulated and the optimal solutions are given by exhaustive search. Con-
sidering the difficulty to implement the optimal algorithm in the practical cellular system,
two suboptimal heuristic algorithms (distance isolation algorithm and dynamic user
adjustment algorithm) are proposed. System level simulations are conducted to compare
the throughput and user fairness achieved by the proposed algorithms under different self-
interference cancellation capabilities.

The rest of this paper is organized as follows. In Sect. 2, we describe the system model
of full-duplex single cellular system for investigation. The optimal algorithm for joint
resource allocation is presented in Sect. 3. The suboptimal heuristic algorithms for joint
resource allocation are presented in Sect. 4. Simulation results are given and discussed in
Sect. 5. Section 6 gives the conclusion.

2 System Model

As shown in Fig. 1, a single cell scenario consisting of full-duplex enabled BS and tra-
ditional TDD UEs is considered. In the full-duplex cell, we assume that the self-inter-
ference at the BS has been suppressed to noise floor [13] and only the co-channel
interference is considered. In addition, it is assumed that OFDMA mode is used on both
uplink and downlink for scheduling and resource allocation in such a cell. The total
frequency band is divided into N resource blocks (RBs) which are treated as the smallest
units for resource allocation. There are K, uplink UEs and K, downlink UEs randomly
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distributed in the cell. The uplink and downlink channels are assumed to be subject
to Rayleigh fading.

Denote the uplink signal of UE;, i € {1, 2, ..., K,,} in RBy, k € {1, 2, ..., K}at the BS
as yi; and the downlink signal in RBy at UE;, j € {1, 2, ..., K;} as yZJ, and they can be
represented by

yl]:,i = hl]:7isk,i + Lies + M, (1)

Y = hjori + pijsii + i, @

where hy ;, he ;and p; ; denote the channel gains of uplink UE; to the BS, the BS to downlink
UE;, and UE; to UE; in the kth RB, respectively. s;; and ¢;; denote the transmitting signal
from uplink UE; and the BS, respectively. E[ls; /] = px,; and E[le; /] = gx, are their
corresponding signal powers. n;; and ny; denote the channel additive noises, and I,
represents the residual self-interference between the transmitting antenna and the receiving
antenna of the BS. It is assumed that ny;, nyj, and I, are circular complex Gaussian
variables with zero mean and variance af,, aﬁ, and 63, respectively.

3 Optimal Algorithm for Joint Resource Allocation

In this section, we study the optimization problem of joint scheduling and resource allo-
cation for benefiting system throughput or user fairness. Firstly, we formulate the opti-
mization problem as a binary-integer programing problem, and solve it by exhaustive
search.

Firstly, we obtain the expression of system throughput in a certain timeslot. It is
assumed that Ay, ne ; and p;; are known at the BS. From (1) and (2), the signal-to-
interference-plus-noise ratio (SINR) at the receive antenna of the BS and downlink user in
RBy can be expressed as
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" |th |2Pk,i u
SINRy; = i Vs (3)
h P ar
SINR! = — L T 4)
! |piJ|2pk,i + a2 /

We assume that there are K, uplink UEs and K,; downlink UEs distributed in the cell. In
the process of resource allocation, one pair of uplink and downlink UEs shares the same
RB. Thus, there exist L = K,, x K, different user pairs (i, j) to be chosen by the BS. The
pair index [ € {1, 2..., L}can be represented as

I=(i— 1)Ky +]j. (5)

In a certain timeslot, there are K RBs available and each of them can be allocated to
only one pair of UEs. Hence, in the nth timeslot, the weighted sum throughput of uplink
and downlink of the /th user pair in the kth RB can be shown as

ta(m) = wi (mlogs (1 +75;) + wfl (m)logy (1 + 7). (6)

where wi'(n) and wjd(n) are the weighted factors of the ith uplink UE and the jth downlink
UE. They can be used for adjusting the priority of the user according to different demands
of system throughput and user fairness. Specifically, w{(n) can be expressed as

wrn 1

where Raj(n)is the average rate for the ith uplink UE, which is set as

1 1
(1 - 7) Ra(n— 1) +-logy(1+7{,) ~if the ith uplink UE is scheduled in the nth timeslot
Ram =4 5 T " ,
(1 — F) Ra!(n—1) otherwise

(3)

And wj‘-i(n) has the similar expression as (7) and (8). In (8), T. is the length of sliding
window which represents the suffering of user not being scheduled. Larger 7. promotes the
benefit of system throughput, and smaller 7, benefits the user fairness.

Based on the analysis above, the maximization problem of system throughput can be
formulated as follows

K L
arg max E Zxkiltk,lv (9)
M=

subject to

M=

Xkl = 1, xkilE{O,l}, VkG{l,z,...,K}, (93)

1
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where x;; is the resource allocation indicator which takes value in{0, 1}.When x;; = 1, it
means that RB; is allocated to the /th user pair. The constraint (9.a) indicates that each RB
only can be allocated to one user pair. Note that one user pair may be scheduled more than
once or not scheduled in the nth timeslot.

The problem formulated in (9) is a typical integer programing problem, and it can be
converted to a standard binary-integer programming problem. We represent Xy ;fx;, -
ke {l,2,...,K}, 1 €{l,2, ..., L}as the vector x and t,

T
X = [x1,17 .. '7x1,L7x2,17 e X2 Ly '7xK,L] )
t=[ti1,. . tir g, tL, - ->tI(7L]T>
respectively. Hence, the problem in (9) can be described as
arg max{t"x} (10)
X
subject to
Cx = I(le), (lOa)

where C is a K x KL constraint matrix whose elements are zeroes or ones, and it can be
expressed as

C=[A®14,p)] (11)

where ® stands for Kronecker product, and A is a K x K identity matrix which denotes
the basic RB matrix. The constraint condition (10.a) guarantees that each RB can be
allocated only to one user.

The problem in (10) is a binary-integer programming problem, the straightforward
method to solve such a problem is exhaustive search. Due to the simplicity of the constraint
condition, we can solve this joint user scheduling and RB allocation optimization problem
with the following algorithm denoted as opt.S-RA algorithm.

In Table 1, l; means allocating RBy to the Ith user pair. With the obtained the final
resource allocation vector X, the maximal system throughput in the nth timeslot can be
calculated by tTx.

Table 1 Optimal S-RA algorithm

Algorithm Opt.S-RA
1. initialize the resource allocation
vector x=0
. for everyRrB, ke {1,2,...K}
find the user pair I = argmaxt,

2
3
4. set the RA indicator « , =1
5
6

. end
. return X
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4 Suboptimal Heuristic Algorithms for Joint Resource Allocation

In the above optimal algorithm for joint resource allocation, the channel gain between
uplink UE and downlink UE, p; ;, is assumed to be available to the BS. However, it is
particularly difficult for the BS to obtain all the channel gains in the practical cellular
system. Hence, the algorithm in Table 1 is scarcely feasible to be used in a practical
scenario, and the achieved throughput can only be viewed as an upper bound value. In this
section, two suboptimal algorithms for joint resource allocation are proposed. They adopt
different strategies to mitigate the co-channel interference between users, and the channel
gains between users are not required at the BS.

4.1 Distance Isolation Algorithm

In order to reduce the intra-cell co-channel interference, one way is to increase the distance
between the scheduled uplink UE and the scheduled downlink UE since the relatively long
distance can decrease the effect of the interference on the interested signal. In [9], a cell
partitioning scheme has been proposed which requires the BS to distinguish which region
the user locates in. Here we modify the cell partitioning method to further improve the
system performance. As shown in Fig. 2, we partition the cell depending on the distances
between the UEs and the BS. The radius of the cell is denoted as R, and we set two
distances R, and R,, which satisty 0 < R; < R, < R. The cell region whose distance to the
BS is less than R and more than Rj is referred to as Py and Ps, respectively. The remaining
region of the cell are partitioned by different sectors, and denoted as P5;, P, and Pys.

For each RB in the nth timeslot, the BS firstly selects the uplink UE relying on 7 (n),
which is expressed as

tii(n) = wi(mlogy (1 +7,), 1 € {1,2,.. . K} (12)

Then, the UE with the maximal #{(n) is scheduled. If the scheduled uplink UE is
located in P; or P;, the downlink UE should be selected in P; or P;. If the scheduled uplink
UE is located in P,;, the downlink UE should be selected in P, i, j € {1, 2, 3}, i # j. The
BS selects the downlink UE with maximal t,‘i,(n), which is expressed as

Fig. 2 A cell partitioning
scheme
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tf i(n) = wi (n)logy (1 471 ),j € P}, (13)

where P; is downlink UE scheduled region. ¢ ; 1s different with 74 ; defined in (4), which is
expressed as

P
oz

n

?Z,; = SNRi.j = (14)

Through the above process, the scheduled uplink UE and downlink UE for each RB in
the nth timeslot can be obtained. The resource allocation algorithm based on distance
isolation (DI.S-RA) is described in Table 2.

With the algorithm described in Table 2, the uplink and downlink UEs scheduled in the
same RB locate in different regions of the cell. Hence, it can suppress the co-channel
interference between the users to some extent, and increase the cell throughput, especially
for the cell edge users.

4.2 Dynamic User Adjustment Algorithm

In the scheduling process of this algorithm, the user pairs with better channel conditions
are selected, and then the scheduled user pair is randomly selected among them. In
addition, the BS records the performance of the user pair and uses it as a reference in the
next scheduling.

For each RB, the BS firstly selects the uplink UE with the maximal # ;(n), and then N4
downlink UEs are selected with large t;’,i(n). In addition, the downlink UEs located in the
same sector with the scheduled uplink UE should be excluded from the Ng-number set.
Then, the downlink UE is randomly selected from the updated user set. If the sum
throughput of uplink and downlink in this RB is less than the threshold #,;, the BS records

Table 2 Distance isolation

S-RA algorithm Algorithm DIS-RA
1. initialize the resource allocation vector x=0
2. for every RB, in the nth timeslot, k€ {1,2,...,K}

3. select the uplink UE i, =argmaxt;,

4. determine the region P; where UE i locates in
5. switch (P;)

6. case P;:  P=P3;; break;

7. case P3:  P=P;; break;

8. case Py P=Pa, rse{l,2,3},r#s; break;
9. end

10. select the downlink UE j; = argmaxt;

11. I, =(; - DK, + ji

12. set the RA indicator x,, =1

13. end

14. return x
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the index of the user pair, which will not be permitted in the next scheduling. The threshold
t,, can be adjusted according to the demand of the system; larger ¢,, promotes the system
throughput while smaller #,, benefits user fairness. This suboptimal algorithm is referred to
as UD.S-RA, and is described in Table 3.

In this algorithm, the co-channel interference is suppressed to some extent because of
the randomness of downlink user selection. The BS utilizes the achieved feedback
throughput as feedback to dynamically adjust user pairing in the next timeslot scheduling,
which is beneficial for system throughput or user fairness.

5 Simulation Results

In this section, we study the performance of the optimal scheduling and resource allocation
algorithm and two suboptimal algorithms in a full-duplex single cell scenario. A system
level simulation platform is established to verify and compare these algorithms. The
simulation parameters are shown in Table 4.

Firstly, we compare the throughput performance of half-duplex system and full-duplex
system under different self-interference cancellation capacities. The full-duplex system
throughput is obtained by the opt.S-RA algorithm. The simulation result is obtained over
500 random user drops, and Rayleigh fading is used in the simulation. The simulation

Table 3 Dynamic user adjust-
ment S-RA algorithm Algorithm UD.S-RA
1. initialize the resource allocation vector x=0
2. initialize the uplink user pairing set U’
Ul ={1,2,...K,},ie {1,2,....K,},ne {1,2,...,N}
3. for timeslot n=1{1,2,...,N}
4. for every RB, in the nth timeslot, ke {1,2,...,K}
5
6

select the uplink UE i} = argmaxt;,
select Ng downlink UEs j, with larger #/ (n),
Where] ={2,....K,},s€ {1,2,...,N,} ,SetD, = {jl‘.l""jlm’\‘",}

7. if user i and j, locates in the same sector
8. delete j,, fromD,

9. end

10. select j; from D, randomly
11. I, =@, -DK, +j;

12. set the RA indicator x,, =1
13. end

14. return X

15. if ¢, (<,

16. delete j; from U

17. end

18. end

@ Springer



Joint Resource Allocation Algorithms for Full-Duplex... 1307

Table 4 Simulation Parameters

Parameter Value

Bandwidth 10 MHz

Number of RBs 50

Maximum BS power 43 dBm

Maximum UE power 24 dBm

Noise density —174 dBm/Hz

Radius of cell 500 m

Shadowing standard deviation (with no correlation) LOS: 3 dB NLOS: 4 dB

Path loss(dB) (R in kilometers) LOS: 89.5 + 16.91g(R)
NLOS: 147.4 + 43.31g(R)

MCS of adaptive modulation QPSK,16QAM,64QAM

Type of service Full buffer

results for half-duplex and full-duplex system with self-interference cancellation capability
ranging from 40 to 100 dB are shown in Fig. 3.

In Fig. 3, “FD system-x” means full-duplex system with self-interference cancellation
of x dB. With the increase of self-interference cancellation capability, the full-duplex cell
throughput (includes uplink and downlink throughput) improves, while the half-duplex cell
throughput has nothing to do with the self-interference cancellation capability. When the
self-interference cancellation capability is strong enough, the achieved cell throughput of
full-duplex system is almost twice as much as that of the half-duplex system. When the
self-interference cancellation is not efficient enough, the full-duplex system and half-
duplex system achieve similar throughput performance.

CDF
1

e FD system-40
=== FD system-60
=== FD system-80
= FD system-100

=== HD system

50 60 70 80 90 100 110 120
Cell Throughput (Mbps)

Fig. 3 The CDF of half-duplex and full-duplex system throughput
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Next, the throughputs of the opt.S-RA algorithm and two suboptimal algorithms are
investigated. The independent resource allocation of uplink and downlink algorithm is
made as a reference in our comparison, which does not consider the co-channel interfer-
ence in the process of user pairing and allocate RBs to uplink and downlink users
independently.

We denote it as Inde.S-RA. The self-interference cancellation is set as 90 dB in this
simulation. In DI.S-RA algorithm, we set Ry = R/3, R, = 2R/3. In UD.S-RA algorithm, N4
is set as 10 and the threshold ty, is set as 0.8 Mbps/Hz. The simulation results areshown in
Fig. 4.

From Fig. 4, it can be seen that the achieved cell throughput of optimal S-RA is mainly
in 110~115 Mbps, the achieved cell throughput of DI.S-RA algorithm is mainly in
100~ 113 Mbps, and the achieved cell throughputs of UD.S-RA algorithm and Inde.S-RA
algorithm are mainly in 95~ 112 Mbps. Hence, the distance isolation algorithm is very
efficient on improving the cell throughput, and the enhancement brought by dynamic user
adjustment is limited. In UD.S-RA algorithm, the BS randomly selects the scheduled
downlink UE from several suitable UEs, and the randomness may suppress the co-channel
interference to some extent. However, the effect is not so obvious due to the lack of the
channel information between users.

Next, we analyze the variation trend of the performance with the increase of BS self-
interference cancellation capability and user number, respectively. The self-interference
cancellation capability is ranging from 40 to 110 dB. The number of uplink users is
assumed to be as much as the downlink users which is ranging from 10 to 50. The
simulation results are shown in Figs. 5 and 6.

In Fig. 5, we can find that the cell throughput keeps rising with the increase of self-
interference cancellation. When the self-interference cancellation is relatively small, the
cell throughput is increasing quickly. When the self-interference cancellation is above
90 dB, the increase of self-interference cancellation capacity has very limited impact on
the cell throughput. In Fig. 6, the cell throughput is also rising with the increase of user
numbers, which can be explained by the multi-user diversity gain. We also observe that
UD.S-RA algorithm outperforms the Inde.S-RA algorithm when the user number is more

Fig. 4 Distribution of cell 1
throughput of optimal and

suboptimal algorithms [ —— Pt Y Y A
Opt.S-RA
0.8f------ DI.S-RA
UD.SRA
0.7f-----1 Inde.S-RA
R SR S f B AT B RS
w ‘ ! ! ! 3 3
Q 05p--------- R RRRRERE RN i A A R R
&) : ' ' ' '

0 fmnn e s A fr e

0 : | ; : p ,
85 90 95 100 105 110 115 120

Cell Throughput (Mbps)
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Fig. 5 Cell throughput versus 120 T T T T T T
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than 30. In UD.S-RA algorithm, we select Nq downlink users as the candidate of scheduled
downlink user. When the user number is close to Ny, the algorithm is similar to select
downlink scheduled user from most or near all the downlink users, which is inefficient
compared to Inde.S-RA. Thus, Ny should be set suitably according to the number of users.

Lastly, the user fairness of the proposed algorithms in this paper is compared. In this
simulation, user fairness is defined simply which is measured by the standard deviations of
the number of scheduling for 40 downlink users. The number of scheduling for each
downlink user is counted and displayed by the histogram as shown in Fig. 7.

In Fig. 7, sigma is the standard deviation of the number of scheduling for the 40
downlink users. It is evident that the opt.S-RA algorithm achieves best use fairness. It also
can be observed that the cell throughput of UD.S-RA algorithm is less than that of DI.S-
RA algorithm, but the fairness of UD.S-RA algorithm outperforms that of DI.S-RA
algorithm.
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Opt.S-RA DI.S-RA UD.S-RA
sigma=1.5021 sigma=108.3380 sigma=7.8152
600

0 10 20 30 40 0 10 20 30 40

Fig. 7 User fairness of the optimal and suboptimal algorithms
6 Conclusions

Mainly for the purpose of reducing the co-channel interference in OFDMA full-duplex
cell, joint resource allocation for user pair scheduling and RB (Resource Block) is studied
in this paper. Firstly, we formulate a binary-integer programing problem for joint resource
allocation, and solve it by exhaustive search to get the optimal solutions. Since it is difficult
to obtain all the chain gains required in the optimal algorithm, two suboptimal heuristic
algorithms, distance isolation algorithm and dynamic user adjustment algorithm, are fur-
ther proposed. The simulation results show that the achieved cell throughput of full-duplex
system based the optimal algorithm is almost twice than that of half-duplex system with
strong self-interference cancellation. The optimal algorithm can achieve largest system
throughput and relatively perfect user fairness. Compared with the dynamic user adjust-
ment algorithm, distance isolation algorithm achieves higher system throughput but poorer
user fairness. With the increase of self-interference cancellation capacity and the number
of users, the achieved cell throughputs by optimal algorithm and suboptimal algorithms
exhibit a rising trend.
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