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NOMA Aided Interference Management for Full-Duplex
Self-Backhauling HetNets

Lei Lei™, Eva Lagunas

Abstract—The presence of mutual-coupled interference in
full-duplex self-backhauling heterogeneous networks raises chal-
lenges and difficulties in practical scenarios. In this letter,
we address this issue by developing a two-tier non-orthogonal
multiple access (NOMA) scheme together with efficient power
control to enable aggressive frequency reuse and alleviate
co-channel interference. For the considered multi-tier and multi-
cell NOMA scenario, we formulate a power minimization
problem, and develop an efficient algorithm with guaranteed
convergence to enable optimal power control, such that users’
data demand is satisfied and backhauling bottleneck is avoided.
Numerical results show the fast convergence of the proposed
algorithm, and demonstrate that NOMA is in particular favorable
for the high-demand cases in power savings.

Index Terms— Heterogeneous networks,
backhauling, non-orthogonal multiple access.

full-duplex, self-

I. INTRODUCTION

HE DENSE deployment of small base stations (SBSs)

with wireless backhauling on the overlaid macro base
stations (MBSs) forms the so-called self-backhauled hetero-
geneous networks (HetNets). Since the spectrum resource is
scarce and expensive, in-band self-backhauling has emerged as
an important enabler to balance the costs with scarce frequency
resources [1]. In this context, smart duplexing, e.g., full-
duplex (FD) operation, and new radio access techniques,
e.g., non-orthogonal multiple access (NOMA), are considered
to improve the spectral efficiency and ensure certain quality-
of-service (QoS). Adopting aggressive frequency reuse,
in-band self-backhauling, and FD techniques in HetNets, intro-
duces four types of interference, i.e., cross-tier, inter-cell, intra-
cell interference, and self-interference (see Fig. 1).

Recent progress on FD has enabled suppressing self-
interference to satisfactory levels [2]. Extensive studies have
been devoted to resource allocation [3] and performance
analysis of outage probability [4] in FD single-cell NOMA.
Lei et al. [5] have studied an FD-NOMA-based relaying
systems with one MBS and one SBS. In [6], an FD-based
massive MIMO system for both downlink and uplink has been
investigated. For multi-cell FD NOMA, Elbamby et al. [7]
consider utility maximization, and illustrate the performance
gains of FD over half-duplex modes. Rate maximization
has been widely studied for FD NOMA systems. Due to
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Fig. 1. HetNet scenario with one MBS and four SBSs.

the presence of strong interference in multi-cell networks,
power control is also important. Without a proper solution for
interference suppression and power control, achieving higher
throughput either in MBS or in SBS links would lead to
significant increase in power consumption.

In this letter, our contribution lies in addressing two emerg-
ing research issues: (1) how much power-saving gains can
be expected by using NOMA in the considered FD in-band
self-backhauling HetNets, and (2) how to perform effective
and efficient interference management such that all the QoS
requirements can be satisfied. Firstly, we propose a two-tier
NOMA scheme in the system model, in order to facilitate effi-
cient frequency reuse while alleviating the resulting co-channel
interference. Secondly, we derive an optimal solution of jointly
determining the decoding order in NOMA and the transmit
power. The optimization decisions of power and ordering
are intertwined and dependent with each other. In solution
development, we characterize the dependence and the prop-
erties of the optimization variables. Based on the derived
proof, we develop an efficient solution to systematically update
decoding order and transmit power, which finally leads to
an optimal solution with guaranteed convergence. Numerical
results verify the competitiveness of using the proposed two-
tier NOMA in high-demand cases, and the convergence of the
proposed power control algorithm.

II. SYSTEM MODEL

We consider a two-tier self-backhauled HetNet consisting
of a single MBS serving S SBSs. All the SBSs are wirelessly
connected to the backbone network through the MBS. User
equipments’ (UEs) traffic is routed through the SBSs nearby.
With in-band self-backhauling, all the SBSs and the MBS
share the same frequency. All the SBSs operate at the FD
mode. Downlink data transmission, i.e., MBS-to-SBSs and
SBS-to-UEs, is considered. The basic notations are shown
in Table I. The power constraints are stated as follows

P, = Zlepms and P, = Zlﬁ}lpsk, Vs € {1,...,5},
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TABLE I
BASIC NOTATIONS

Py, Ps  transmit power at the MBS and the s-th SBS

Pms transmit power from the MBS to the s-th SBS

Dsk transmit power from the s-th SBS to UE k

hms channel coefficient from the MBS to the s-th SBS

hsk channel coefficient from the s-th SBS to UE k

hmk channel coefficient from the MBS to UE k

hs s channel coefficient from the s-th SBS to the s’-th SBS

hss channel coefficient of self-interference at the s-th SBS
a2, U,% noise power at the s-th SBS and at UE k

where C is the set containing all the UEs in the s-th SBS.
The received interfering signal at each SBS is determined by
the inter-cell interference received from other SBSs, the resid-
ual self-interference and the interference received from the
MBS transmission intended to other SBSs. We denote 0 <
Bs < 1 to reflect the s-th SBS capability in suppressing
its own self-interference [1]-[5]. When 3, = 1, no self-
interference cancellation is made, while 35, = 0 models perfect
self-interference cancellation. The residual self-interference
at the s-th SBS’s receiver is proportional to the transmit

power [1]-[5], defined as (3 E‘k 1‘ Dk

To reduce co-channel interference, we apply NOMA in the
MBS-to-SBSs transmission, referred to as “first-tier NOMA”.
The MBS transmits superposed signals to SBSs, and each
SBS has the capability of performing successive interference
cancellation (SIC). The SIC decoding order among SBSs is

defined as the descending order of ”’"1 ceey ”}"* ey h}"ss

[51. [7). where I, = hyyf3s 515 "pngesw  Pihss+a?.

Suppose two SBSs s = 1,2 have hI”lbl > hl’ff We assume
SBS 2’s receiver is able to decode its desired signal xs.
According to the NOMA basis, SBS 1 at its receiver can

decode this signal x5 only if m2fmi
N f 2 Oy ot 1 PrtPahoyto? =
m2Mm?2

ol where the former is the SINR of
PmihmathosfBa PatPrhia+o3
signal o at SBS 1’s recelver and the latter represents the
SINR of signal zo at SBS 2’s recelver. One can observe
that the 1nequa11ty holds when "Il > ””"’2, where I; =

Is ~
h111 Py + Pohoy + 02 and Iy = hosf3s Py + Prhia + 03,

As a result, SBS 1 can decode and remove part of the

interferen ith the rate log(1 Prnihm, .SBS 2
terference, with the rate log( +iE P1+P2h21+0%) SBS

will not be able to perform SIC, achieving the rate log(1 +

Pin2hons Applying the first-tier NOMA,
Pmihm2+ho2B2 PatPihiz+od ) pplying the first-tier NO

the signal-to-interference- plus -noise ratio (SINR) at the s-th
SBS can be modeled as SINRY'. The rate of the MBS towards
the s-th SBS is R, = log(14 SINRY'), where the bandwidth is

normalized as 1, with assuming hml >, hl—, D h}'s‘s
h
SINRY = —— Lo Do L VseS
S—
seﬁsz p€k+z Pms Romst E P; hee+02
=1 5=1 3eS\{s}

At the transmission of SBS-to-UEs, we introduce “second-
tier NOMA” to further mitigate the interference experienced
by the UEs. Once the superposed signal from the MBS arrives
at each SBS, the SBS decodes and forwards this signal to
its associated UEs. At the UEs’ side, SIC is applied. Similar

. h
to the first-tier NOMA, we sort }}?},..., hﬁ,,#

. . b‘
by the descending order in the s-th SBS where
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If = Pyl + Yses\qsy Pshar + 0%, Vk € K. Suppose
hoa > b > *W L, the SINR of the k-th UE in

T 2 i 2
SBS s is shown in SINRS The k-th UE receives the cross-tier
interference P, hmk from the MBS, the intra-cell interference
Zz;ipsg,hgk from the 1-st to the k — 1-th UEs, as well as
the inter-SBS interference ses\{s Pshg. The k-th UE’s

rate in SBS s is R} = log(1 4+ SINR},), k € K.

skls
SINRS, = - Psk sk Vkek,
> pihsk + Prhmit > Pshgto?
k=1 s€S\{s}

III. PROBLEM FORMULATION AND PROPERTY ANALYSIS

The addressed two-tier NOMA aided interference man-
agement problem contains two components, i.e., determining
optimal decoding orders and power allocation. We aim at
minimizing the total transmit power over all the BSs in the
objective (la), such that all the UEs’ data requests can be
satisfied in (1b). In (1c), since the UEs’ traffic is routed
through the associated SBS, and the SBS has to request the
data to the backbone network through the MBS. To avoid the
MBS-SBS link becoming a bottleneck, the data rate of the
backhauling link is required to be no less than the aggregated
rate of the UE access links. To simplify our presentation,
we formulate the power control problem under one of the
decoding orders, assuming hml >, > hI—SS, and hzll >

h:.\)C\
)"'72 [<

of decodlhg hrder and power control will be addressed later.

Vs € S for the moment. The joint optimization

P1: min P, + P la
P, Ps, pms, DPsk ;9 (1a)

s.t. log(1 4+ SINR},) > Dy, Vse S, Vk e K,
(1b)
> log(1+ SINR}) <log(1 + SINRY), Vs€S

ke,
(1o
S

Py=) pms, and Pi= ) pg, ¥s€S  (1d)

s=1 ke,

The difficulty lies in jointly determining the optimal decod-
ing order and power allocation. These two components
mutually influence with each other. The decoding orders in
two-tier NOMA vary with transmit power, and the SINR
functions in (1b) and (1c¢) also depend on the decoding orders.
Without knowing optimal power, the optimal decoding order
is undetermined, and vice versa. Clearly, traversing all the
permutations of decoding orders and solving the corresponding
problem (P1) under every order, has exponential complexity,
and thus inefficient in practice. To solve the joint optimiza-
tion problem, in Proposition 1 we illustrate how the power
P, P,...,Ps related to each other. We introduce a power
vector ps = [Py, P1,...,Ps_1, Psy1,..., Ps] collecting all
the transmit power except the s-th SBS’s power Pk.

Proposition 1: Ps; submits to a closed-form expression
of Ds-

Proof: For each UE k € K, in the s-th SBS, based on
R; = log(1 + SINR},), we can derive each power variable
Dsls -« Psky-- -5 Ps|k,| 0 the following equations. Suppose
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h. . ) . )
’?j >, > T —2I%s1 " the decoding order is consistent with the

user index in S}§S s. 75
pa1 = (eM=1)(Prhmi+Y _ Psha+o?)/ha=(e1-1)—L
~ hsl

seS\{s}

“Csl_l

P, = (€55 = 1) “p i, + Lic.) /b,

From the above, all ]Ehel Ps1 appeared in ps2,...,Dsik,|
can be replaced by (effi —1) . Next, each p,o existed
in pg37...7p5"c | can be substltuted by (efz — 1)((effi —

1) i hgg + I5)/hs2, and so on, until substituting pg k. |—1
in ps‘ ic.|- Once this substituting process is complete, we are
able to explicitly express Ps = psi+,...,+ps|k,| in (2) by

the function of P,,,Pi,...,Ps_1,Pst1,..., Ps, hence the
conclusion.
P+ & Jihae. T el
se s Z sl RS
P, = — + [e k=k "k
hai.| ,;1
Pm,izm,k_‘_ ZP§h§k+U]%
3€S\{s}
X
( hsk
Pohom -1+ > Pshs y—1+03_,
- SeS\{s} )]
hs,k’—l
Kol ( s
_S R T ey Tl
= ek hsgoa hgx.
= f(Pm,P1,...,Ps_1,Psy1,..., Ps) 2)

In Proposition 1, we reveal the dependence between P; ang
[P, Pi,...,Ps—1,Psi1,..., Ps]. Next, we characterize the
function Ps = f(ps) by introducing the concept of standard
interference function (SIF). By definition, if a function f(x):
R — R, for all the input x, satisfies the following three
properties: positivity, f(x) > 0; monotonicity, if ' >
then f(x’) > f(x); and scalability, af(xz) > f(ax) for
all a > 1, then f(x) is SIF. Starting from any initial
point and performing fixed-point iteration based algorithm,
the convergence of the proposed method is guaranteed [8].

Proposition 2: f(ps), Vs € S, is SIF.

Proof: From the proof of Proposition 1, the positivity can
be observed. For monotonicity, we increase all the elements in
Ps by a positive value € > 0, i.e., P, = ps+e, and substitute all
the entities P,,, P1,..., Ps_1, Psy1,...,Ps in (2) by P, +¢,
Pi+e...,Pi1+€Psy1+e6...,Ps+ e As a result, all
the values of ps1,ps2, - .., Ps|k,| are strictly increased. Since
Ps = ek, Psk then f(Py) > f(Ps). In terms of scalability,
let « > 1 and derive af(ps) and f(aps) as follows,

af(Ps)
= (e = 1)(aPmhm + Y aPihg +ao})/hat ...,
seS\{s}
[Ks|—1
@ Y pghak, + aPuhmik,|

k=1
ta Y P, +aofc,)

seS\{s}

eRWs\ —1

hs|l€,;\
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f(aps)

= (e = 1)(aPmhm1+ Y aPihgy +07)/ha+, ...,
3€S\{s}

“Cs‘_l

eR\S’Cs\ —1 N
————( Y Pk + aPrnhok,
k=1

hgjxc.|

+a Y Py, +ofc,)
se8\{s}

It can be observed that a.f (ps) > f(aps). Hence the conclu-
sion follows. ]
Analogously to the proof of Proposition 1 and 2, we reach
the following similar results for P,, in Corollary 3.
Corollary 3: P,, is a function of P,,, and P, = f(Pm)
is SIF.
Proof: Assummg 2 h}”b N

’ ms, P, can
be expressed by a closed-form function f(Pm

) 1ns (3), where

pm - [P17---7PS] and Pm - f(pm)
5 s I
—1 S . S _
Z JeXinf = == = f(p) ()
s—1 m@ m s—1 msS
The property of SIF follows analogously. [ ]

Remark 1: The three properties of SIF in f(p,,) and f(Ds)
are independent with the SIC decoding order. Thus,
f(Pm) and f(Ps) are SIF under any of possible decoding
orders. UJ

Algorithm 1 Jointly Determining Decoding Orders and Power
Allocation
1: Initialize power vectors p = [P,
[vaplv"'aPS]
2 R} «— Dy, Vk € Ky,Vs € S, Ry — Ekelcs Dy, Vse S
3. while ||p* — p||2 > v do
4 pep*
5:  Update the decoding order of the first-tier NOMA as the
descending order of h’”l . h’”s
. Obtain power P,, by (3) Wlth the new decoding order
7. for s=1:5do
8: Update the decoding order of the second-tier NOMA
as the descending sequence of hlzl ey %
9: Obtain power Ps by (2) under the updated order
10: p *[Pmaplv"'v-PS]

P/,...,P{] and p* =

By our analysis, thus far we are able to develop a fixed-
point iteration based algorithm, see Algorithm 1, to jointly
optimize the two-tier NOMA decoding orders and the power
allocation. That is, we adjust P,,, Pi,..., Ps one by one.
When a power variable is updating, all the others remain
fixed. Even though the power adjustment in a cell has mutual-
influence effect to the other cells, having proven the property
of SIF, this procedure will eventually converge to a fixed power
point which leads to the optimum [8]. Algorithm 1 terminates
when the Euclidean distance between the power vectors of
two successive iterations, given by the 2-norm ||p* — p||2, is
smaller than a tolerate value v = 107>,
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TABLE 11
SIMULATION PARAMETERS
Parameter Value
Cell radius 300 m
Carrier frequency 2 GHz
Bandwidth 1 MHz
Number of UEs 2,5
Number of MBS and SBSs 1 and 4
Coefficient 85 0.5
Channel model ITU urban macro/micro-cell model
Noise power -173 dBm/Hz
120
: —o—Demand 0.6 Mbps
Q" ~—&— Deman S
<100 B
:’ —&— Two-Tier NOMA (2 UEs) &
[0 —%— OFDMA (2 UEs) -
= 80 [| ——Two-Tier NOMA (5 UES)
DC_) —e—OFDMA (5 UEs) 60
= Iteratlons
c 60 102
@ E —o—5BS 1
g s Bt
}: 40 E SBS 4
a') MBS i
20 T N S ——
a f’t*:t:s:s:s:e:s:s:mue:s:
3
0%
0.5 1 15 1 5 10 15
(a) Demand (Mbps) (c) lterations
Fig. 2. (a), total power with respect of demand and number of UEs;

(b), evolution of convergence in Alg. 1; (c), evolution of power in all the cells.

IV. NUMERICAL RESULTS

We present numerical results to illustrate the performance
of the two-tier NOMA scheme and the algorithm, in terms of
power savings and convergence. The simulation parameters are
summarized in Table II. An optimal power allocation scheme
for orthogonal frequency division multiple access (OFDMA)
networks, presented in [9], is implemented for comparison.
To enable a fair comparison between FD-OFDMA and
FD-NOMA, we require that all the cells in [9] are active,
and all the SBSs are operating at the FD mode. The revised
algorithm provides an optimal power solution for full-duplex
based OFDMA HetNets. All the numerical results are averaged
over 1000 realizations.

In Fig. 2a and Table III, compared with [9], we show
the power-saving gains due to applying NOMA and the
proposed Algorithm 1. The two-tier NOMA demonstrated its
superiority, evidenced by consistently less power consumption
than OFDMA. We observe that the performance gains of
NOMA over OFDMA is relatively marginal for the low-
demand cases, less than 10%, while for the high-demand
instances, NOMA starts to demonstrate its significant gains of
power savings which can achieve 1.5-2 times power reduction
than OFDMA. This also means that NOMA yields better
capability in supporting UEs’ increasing demand. In practice,
the total power consumption also grows successively with
increase of number of UEs and BSs, and the level of residual
self-interference [3], [S]. In contrast, power increases expo-
nentially with the UEs’ demand, and thus it is considered as
a dominant factor in the simulation.

Next, in Fig. 2b, we reveal the evolution of convergence
in Algorithm 1. We use the cases of 5 UEs per SBS for
illustration. For the three different demands, in average the
convergence is reached after around 8, 14, 43 iterations,
respectively. When the demand increases, more iterations are
required for convergence. In addition, from Table III, the
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TABLE III
SUMMARY OF THE PERFORMANCE IN FIG. 2A

Demand (2 UEs): 0.6 0.8 1.0 1.1 1.2
Gaps 4.2% 7.3% 177%  50.1% 174.3%

Ava. Iter. 6.2 8.3 11.9 21.3 41.8

Demand (5 UEs): 0.4 0.45 0.5 0.55 0.6
Gaps 19.6% 25.0% 349% 68.5% 143.6%

Ava. Iter. 8.2 9.6 14.1 25.4 43.1

number of UEs also influences the required iterations to con-
verge, but the effect appears moderate. In general, Algorithm 1
is capable of converging fast. In Fig. 2c, we illustrate the
evolution of transmit power of SBSs and the MBS in the
algorithm’s execution. The cases of demand = 0.5 Mbps are
used. All the cells’ transmit power can be successively reduced
over iterations until reaching the convergence, although the
effect of interference suppression may not necessarily be
monotonic. By applying Algorithm 1, the mutual-coupled ICI
can be eventually suppressed or maintained at an optimal level
without causing performance degradation to the other parts.
In the meanwhile, the system consumes the minimum power
to satisfy all the constraints in P1.

V. CONCLUSION

We have developed an efficient iterative algorithm with
guaranteed optimality and convergence for the NOMA aided
FD in-band self-backhauling HetNets. The proposed two-tier
NOMA scheme and the iterative algorithm are able to signif-
icantly reduce the required power consumption than OFDMA
in particular for the cases of high demand. A promising
extension of the current work is to investigate the potential
gains of power control under the imperfections of NOMA, e.g.,
imperfect channel estimation and SIC, as well as developing
efficient distributed algorithms for interference management.
Another extension is to incorporate the SIC delay NOMA
in FD operation and investigate the time-domain resource
scheduling.
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