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Abstract

In order to resolve the co-channel inter-cell interference problem in heterogeneous networks (HetNet), the feature of
almost blank subframes (ABS) in the time domain of the enhanced inter-cell interference coordination (elCIC) is utilized.
In this paper, an ABS configuration design is developed on downlink in HetNet and the associated resource allocation
problem for maximizing the system performance with fairess among user equipments (UEs) is considered. Compared
to conventional problems, the resource assignment problems include the configuration of ABS pattern and the resource
allocation for macro UEs and pico UEs, which aims to maximize the downlink throughput and balance the traffic offloading
in intra-frequency HetNet deployments. First, this paper introduces an ABS pattern design by using the channel condition,
which is developed in terms of the time domain resource. Subframes are categorized as protected or normal subframes for
reducing interference impact to pico UEs. Based on the configuration of the ABS pattern, we develop a grouping strategy
to determine which pico UEs use either protected or normal subframes. Besides, the assignment of resource blocks with

Resource allocation

respect to the resource in the frequency domain is developed along with the fairess among UEs. The proposed joint
allocation scheme takes the system throughput and the fairess into account, and has better performance than the
existing schemes. Simulation results also reveal that the performance of the proposed joint allocation scheme
approximates the optimal solution with the full search scheme.

Keywords: Inter-cell interference coordination, Almost blank subframe, Heterogeneous network, Proportional fairess,

1 Introduction

Orthogonal frequency division multiple access (OFDMA)
system has been chosen for the next-generation broad-
band wireless system standards [1] in order to satisfy the
growing demands on the high data traffic in the mobile
communication systems. The Third Generation Partner-
ship Project (3GPP) Long Term Evolution (LTE) has been
regarded as a promising mobile technology with increased
system sum rates [2]. The LTE-Advanced (LTE-A) is an
evolution of LTE, which achieves International Mobile
Telecommunications (IMT)-Advanced requirements
[3=5]. With more data traffic demand in the future,
enhancing the system spectral efficiency by the deploy-
ment of traditional macro eNodeBs (eNBs) has high cost.
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Therefore, heterogeneous networks (HetNet) have been
widely discussed in 3GPP LTE-A standards [6, 7]. HetNet
includes high-power macro eNBs and low-power nodes,
such as femto eNBs, pico eNBs, and relays [8—10].

In order to offload user equipments (UEs) from a macro
eNB to a pico eNB more efficiently, cell range expansion
(CRE) has been introduced in 3GPP LTE-A [11]. In the
CRE method, a bias value is introduced and added to
reference signal received power (RSRP) of pico eNBs. A
CRE region is introduced where the system pretends that
UEs have better signal quality from the pico eNB. There-
fore, the system may tend to offload UEs from the macro
eNB to the pico eNB. More UEs may connect to pico
eNBs for load balancing. The control of the bias and the
related offloading is discussed in [12, 13]. However, the
UE which is handed over from the macro eNB to the pico
eNB with the CRE technique may suffer severe interfer-
ence from the macro eNB since the received signal from
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pico eNB is still weak. A major problem in HetNet [14] is
the cross-tier inter-cell interference (ICI) because the low-
power nodes such as pico eNBs share the same frequency
band with the macro eNBs. In order to improve the
performance and reduce the cross-tier interference, a
major feature of enhanced inter-cell interference coordin-
ation (eICIC) [10, 15-18] is to coordinate inter-cell inter-
ference in time domain by implementing almost blank
subframe (ABS). The method of time-domain multiplex-
ing (TDM) using ABS [19, 20] is introduced to avoid
heavy ICI on both data and control channels of the down-
links. When the ABS scheme is employed, subframes will
be further configured as either normal subframes or
protected subframes. For normal subframes, UEs served
by macro eNBs (macro UEs) and served by pico eNBs
(pico UEs) are all allowed to use these subframes. For
protected subframes, only pico UEs are allowed to use
those subframes. The designs of the CRE region and the
ABS pattern can be developed to have gain and benefit for
the whole system, such as traffic offloading and throughput.

Regarding the above discussion, we focus on the
challenges for maximizing the system performance with
fairness among UEs in HetNet which include the config-
uration design of the ABS pattern and the resource
allocation for macro UEs and pico UEs in terms of the
time domain resource, ie., subframe configuration
including protected subframe and normal subframe
where the resource is located in the time domain, and
the frequency domain resource, i.e., subcarrier allocation
to multiple UEs where this resource is located in the
frequency domain. Due to the design of the CRE region
and ABS to protect Pico UEs, the resource allocation
problem becomes more complicated. The ABS pattern
needs to be configured and coordinated among eNBs for
the purpose of the maximization of system capacity or
throughput. Also, subcarriers should be properly assigned
to macro UEs and Pico UEs. The associated configuration,
i.e, a normal or a protected subframe of a particular
subcarrier will determine the amount of the suffered
interference. We also consider fairness among Pico UEs.
Consequently, the proposed resource allocation scheme
comprises the ABS configuration, the Pico UE group-
ing, and the subcarrier allocation.

First, this paper focuses on the design for the configur-
ation of an ABS pattern. The problems of cell selection
combined with ABS density are investigated in [21-23].
The channel state is usually assumed to be time invari-
ant in the period of an ABS pattern [24, 25]. Thus, most
of papers only discuss the ABS density without deter-
mining which subframes should be configured as pro-
tected subframes. The system performance, e.g.,
throughput, is affected by the ABS configuration since
each subcarrier or each UE experiences different channel
condition. In the view of the time domain, the ABS
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pattern design strategy is developed. We utilize the
channel condition to design an evaluation function as an
indicator which aims to maximize the sum rate of the
system. The indicator can efficiently determine which
subframes should be configured as protected sub-
frames. Different from the previous work [22], the
ABS pattern is dynamically adjusted, instead of fixed.

Second, this paper develops a pico UE grouping strategy
based on an optimization technique to determine which
pico UEs use protected subframes or normal subframes.
Various schemes of pico UE grouping [24—27] have been
investigated in the HetNet with CRE. The simplest way is
that all pico UEs are assigned to use protected subframes
[26], which means pico eNBs only work in protected
subframes. This scheme may cause the reduced perform-
ance in pico eNBs due to the limited resources. In [27],
some pico UEs which are handovered from a macro eNB
to a pico eNB with the CRE technique are assigned to the
protected UE set and others are assigned to the normal
UE set. In [25], “brute force search” by employing integer
programming is used to get the optimal solution for the
problem of the time-domain resource partitioning for
enhanced inter-cell interference coordination. However,
this scheme has a high computational complexity. In
order to reduce the computational complexity, one
scheme [24] using Nash bargaining solution (NBS) is
proposed to reduce the complexity, but the NBS scheme
only finds a sub-optimal solution in some sense. There-
fore, it raises our motivation to develop a pico UE
grouping scheme with a low computational complexity
while approximating the optimal solution. We also
develop a strategy for the pico UE grouping to determine
which pico UEs use either the normal subframes or the
protected subframes. Deviated from the tradition UE
grouping methods [28-30], Pico UEs will be re-
distributed by using a fast adjustment in a group basis and
a refinement mechanism on a per-UE basis. Accompanied
by the re-distribution, the radio resource blocks in the fre-
quency domain are allocated jointly per subframe.

Finally, in this paper, we propose joint allocation
scheme to maximize the system performance while
considering fairness among UEs by appending some
processing procedures. A dynamic ABS pattern design is
introduced. Based on the ABS pattern, UE grouping
strategies including the fast adjustment and the refine-
ment mechanism are introduced. Meanwhile, the radio
resource allocation is executed as well. The proposed
scheme outperforms the existing schemes [24, 27] and
approaches the full search scheme [25] while the compu-
tational complexity is greatly reduced. The proposed
algorithm is different from other works, such as (1) time-
domain resource portioning [23, 24, 27] without user
grouping or subcarrier allocation, (2) fair scheduling
[31, 32] without ABS configuration and user grouping,
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or (3) user selection and resource allocation algorithm
[33] without ABS configuration.

Our contributions and new ideas include (a) a joint
allocation scheme is first developed in the time domain
and the frequency domain, including the consideration
of the proportional fairness among UEs; (b) a new evalu-
ation function based on an optimization technique is
proposed to determine the configuration of subframes,
i.e, normal and protected subframes. A low complexity
associated strategy is thus proposed; (c) another new
evaluation function is derived for UE grouping, i.e., in
either the normal or the protected UE set; (d) the
proposed scheme outperforms the existing schemes
[24, 27], and approaches the optimal solution with
the full search scheme [25].

2 System model and problem formulation

We consider a downlink transmission scenario of the
two-tier cellular network in an OFDMA system, which
consists of one macro eNB and one pico eNB. The
HetNet deployment including a pico eNB within the
coverage of a macro eNB is depicted in Fig. 1. In the cell
range expansion (CRE) [11] technique, a bias value is
introduced and added to reference signal received power
(RSRP) of pico eNBs. The numbers of UEs served by the
macro eNB and the pico eNB are denoted by K and K,
respectively. The corresponding UE sets are Q™2™ and
QP All K UEs (K=K +K') are uniformly distributed
within the coverage of the macro eNB. Each UE is only
allowed to connect a single eNB. The serving eNB for
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the kth UE is determined by comparing the values of
RSRP [29, 30]. The kth UE chooses the pico eNB with a
bias if the following holds true:

RSRP{"*) + bias>RSRP{ V") (1)

where RSRP = p, - |G|>. G means the channel gain and
p- means the reference signal power per resource
element [29]. bias (in dB) is chosen to be a positive
value toward pico eNBs. Otherwise, the kth UE is
served by the macro eNB.

The offloaded UEs in the CRE region may suffer from
ICI of macro eNBs. In normal subframes, macro UEs
and pico UEs are all allowed to use those subframes. In
this paper, pico UEs will be further classified into two
sets, a normal UE set Q@™ and a protected UE set
QProtected UEg in the normal UE set use the normal
subframes, and UEs in the protected UE set use the
protected subframes. We also assume that the same ABS
patterns are configured for all eNBs under consideration,
which is the synchronous configuration of ABS pattern
[34] as shown in Fig. 1. An ABS pattern means the
pattern of the protected subframes in a frame. The
channel state information is known to eNBs and the
information of ABS configuration exchanges through X2
interface between all eNBs in LTE [19].

We assume that the system has N resource blocks
(RBs) and each RB includes Q subcarriers. For pico UEs,
the signal to interference plus noise ratio (SINR) for the

1 ‘iuhfmml

1 frame= 10 subframes (ABS Pattern)

g (E} Normal subframe
Macro eNB  Pico eNB

Fig. 1 Heterogeneous network with inter-cell interference and cell range expansion

l’rmectcd subframe
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k th pico UE on the gth subcarrier of the nth RB at the
ith subframe can be expressed as:

' ‘G(Pico) [l] ‘ (Plco) [ ]
SINR("™*)[1] = kg | Tk na (2)
" Nob (G el

(PICO
k'n

nel gain between the pico eNB and the k th pico UE on
the gth subcarrier of the nth RB; p(Pm) [i] is the amount

where i is the subframe index; G [ |denotes the chan-

of power for the k th pico UE on the qth subcarrier of

the nth RB; N, is the AWGN noise power spectral

density; Afis the subcarrier spacing; G]((M“m

the channel gain between the macro eNB and the k th

pico UE on the gth subcarrier of the nth RB; pf{Macm 1] is

the amount of power for the k th macro UE on the gth
subcarrier of the nth RB; e[i]denotes the binary indica-
tor; g[i] = 1represents that the ith subframe is the normal
subframe; ¢[i] = Orepresents that the ith subframe is the
protected subframe.

In the frequency domain, the basic resource allocation
unit for scheduling is the RB unit. In the time domain,
resource allocation scheduling is performed based on
the subframe unit. Therefore, the data rate for the k th
pico UE on the nth RB at the ith subframe can be
expressed as:

[i] denotes

Q
Pico) . Pico) .
A = :Aflog2<1 + SINR) [4)
=

normal) m’k”eﬂ(normal)

|
—

re.
k
= (protected) .y 7" (protected) (3)
e [i] k €Q'®
where r(normal [{]and kpmtem@[} are the data rate for the

k th pico "UE on the nth RB in the normal UE set and
the protected UE set, respectively.

The sum of the data rate for the k th pico UE at the
ith subframe can be expressed as:

N
ico) 1 Pi Pi
R[] =3 pe i)

n=1

ZXN: (Pico) ; ZAﬂog2<1+51NR<P‘°°)[])

n=1

R(normal) [ ] k EQ (normal)

R;Frotected M k”e Q(protected)

(4)

(PICO)[ ] (PICO)[ } 1

where p denotes the binary indicator. p
represents that the nth RB is assigned to the k'th
pico UE. R<n°rma‘l> [[] and R pmtecred)[] are the sum of
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data rate for the k th pico UE in the normal UE set and
the protected UE set, respectively. Note that, if the ith
subframe is normal, R<n°rmal) [i] is evaluated and R " (protected)
[{] equals 0. Similarly, for macro UEs, the SINR for the k
th macro UE on the gth subcarrier of the nth RB at the ith
subframe can be expressed as:

(Macro) (Macro)
G0 i e
SINR{™*)[j] — £na o — (P : (5)
NoAf + ‘Gk o ] pk,m[z]

The data rate for the k th macro UE on the nth RB at
the ith subframe can be expressed as:

Q
el = Z Aflog, (1 + SINRY ) }) : (6)
q=

The sum of the data rate for the k th macro UE at the
ith subframe can be expressed as:

N
R]((Macro) M _ Zpl(j\/[acro)[.} ;{M:cro) [L]
n=1
N
=) el [L]ZAflog2 (1 + SINRM2) [l])
n=1 q=1
(7)
where p™*™)[j] denotes the binary indicator. Macro)[ =1
P k'n I'y ,D k. -

represents that the nth RB is assigned to the k'th
macro UE. Therefore, the sum rate of the system is known

aSZ{ZRMacrO>[]+ E R(PICO[]}

k=1 k=1
Our goal is to maximize the system performance
subject to the transmit power constraints while
considering the fairness among all UEs [31, 32]. The
resource allocation problem for the time domain
elCIC is formulated as:

€liR, M“""’)[] S

{ I
mx I5°(3°
fHL.C. . C* Macro
el C o R
K [l] C* protected
Z Plco

M T 1. (Macre P
=4 ueMm DM ol el

1Ce N (pico
Ck g tpeo ¢
=1

(normal)
eli]C R
+Z PlCO
k'=1

Rl

normal [l]

Z Plco

protected
(i
sov)

subject to
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N Q
PR W ©
k' eq(Macro) =L 4=

N Q
> ZZP;"?; <P (10)

" caPico) n=1 g=1

K’
Z Macro ij=1, forn=1,...N

(11)
k'=1
Z Pl =1, forn=1,..,N (12)
e+ e =1 (13)
Cy +Cp = (14)

where the first term of Eq. (8) is the feasible rate
relative to its current average data rate of the macro
UEs coupled with the average data rateﬁ,ﬂMacr())[i] of
the k th macro UE; the second term of Eq. (8) is the
feasible rate relative to its current average data rate
of the pico UEs which are in the normal UE set
coupled with the average data rateR( tco) [i] of the k~
th pico UE; the third term of Eq. (8) is the feasible
rate relative to its current average data rate of the
pico UEs which are in the protected UE set coupled
with the average data rate 1_2](:31(:0) [i] of the k th pico
UE; the average data rate for macro UEs and pico
UEs is defined as:

—k (Macro) , (Macro) (Macm)
(15)

and

Rl((PlCO)[ n 1] <1__>R(P1c0)[ ] += R(Plco) [ ] (16)

JI JI .

1/R(Macr0>[} dl/R Pico) [[]in Eq. (8) are the propor-
tional fairness (PF) factors which are introduced to
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strike a balance between the system performance
and the fairness among UEs [32]; i is the subframe
index; Iis the number of subframes in one frame; J is
the window size which is the number of the frames
in a PF period; ¢[i]land &’[i]are the binary indicators;
eli] =1 (¢'[i] =0) represents that the ith subframe be-
longs to the normal subframe; €'[i] =1 (e[i] =0) rep-
resents that the ith subframe belongs to the
protected subframe; C;- andC;- denote the indicators
for the UE k whether it is assigned to the normal
UE set or the protected UE set. C;- =1(C;-=0)
represents that the k th pico UE is assigned to the
normal UE set; C,tr =1 (C; = 0) represents that the
k'th pico UE is assigned to the protected UE set;

(9) represents that the sum of the allocated

power py , o [i] is less than the total power of the

macro eNBP(MaC“’)[] Eq. (10) represents the trans-

mit power constraint of the pico eNB PT)[;]; Eq.
(11) denotes that each RB in the macro eNB is only
allocated to one macro UE; each RB in one eNB is
not allowed to be shared among UEs served in the
eNB; Eq. (12) denotes that each RB in the pico eNB
is only allocated to one pico UE; Eq. (13) means that
each subframe is only classified as either the normal
subframe or the protected subframe; the sum of
gliland €'[i] for a particular subframe i is equal to 1;
Eq. (14) implies that one pico UE can only be in the
normal UE set or the protected UE set.

This resource allocation considered in this paper
contains two main challenges: (a) configuration of
the ABS pattern, i.e. determines the values of &[i]
and ¢'[i]; and (b) design of pico UE grouping, i.e., de-
termines the values of C;- and C;-. So far, there is
no research for considering these two problems
jointly. We first consider the design of the ABS pat-
tern, including how many protected subframes per
ABS pattern should be configured in the system and
which subframes should be configured as protected
subframes. In this paper, we will present a joint so-
lution for this resource allocation problem to
maximize the sum rate of the system while main-
taining the fairness among UEs. The proposed
scheme can achieve balance between the system per-
formance and the computational complexity, further
comprising (a) an ABS pattern design in Section 3;
(b) a Pico UE grouping design in Section 4; and (c) a
joint allocation scheme in Section 5. The ABS pat-
tern determination is executed at the macro eNB
while the UE grouping and the joint allocation is ex-
ecuted at the pico eNB. The backhaul signaling
among eNBs is required for the communication of
ABS patterns. The following is a summary of sym-
bols used in the paper along with their explanations.
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(Pico) the channel gain between the pico eNB and the k'th

na pico UE on the gth subcarrier of the nth RB
pipfo) the amount of power for the k'th pico UE on the gth
9 subcarrier of the nth RB
i@”j”o) the channel gain between the macro eNB and the
ma K'th pico UE on the gth subcarrier of the nth RB
pkM:C'O) the amount of power for the kth macro UE on the
a gth subcarrier of the nth RB
el the binary indicator. Subframe configuration
rim:ma‘) the data rate for thek'th pico UE on the nth RB in the

normal UE set

((protected)

o the data rate for thek'th pico UE on the nth RB in the

protected UE set

(Fice) the binary indicator. RB assignment

K.n
(normab the normal UE set
Qprotected) the protected UE set
Riporma‘) the sum of data rate for thek'th pico UE in the
normal UE set
RLE’rOtEMd) the sum of data rate for thek'th pico UE in the
protected UE set
R the average data rate
/ the number of subframes in one frame
J the windows size which is the number of the
frames in a PF period
Ce the indicators for the UE k" assigned to the
normal UE set
C- the indicators for the UE Kk assigned to the
protected UE set
FiMacroly denotes that the sum rate of all macro UEs in the
ith subframe
E;ﬁilﬁed)[i] denotes that the sum rate of pico UFs in the
protected UE set in the jth subframe
E:‘gﬁga‘) (1 denotes that the sum rate of pico UEs in the normal
UE set in the ith subframe
aBuy, @, . non-negative Lagrangian multipliers
K7
N the number of resource block in a system
Q the number of subcarriers per resource block

3 Proposed ABS pattern design

As mentioned in the introduction section, two
important issues need to be considered for the design:
(a) the number of the protected subframes per ABS
pattern should be determined in the system and (b)
which subframes should be categorized as protected
subframes. The time-invariant channel during a sub-
frame is assumed because of the slow time-varying chan-
nel [24]. Therefore, we would design the ABS pattern by
using subframe as the processing unit. We assume that
all RBs are available and shared among UEs. Initially,
without considering the UE grouping and resource allo-
cation in this design phase, the channel information of
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all subcarriers in each subframe toward two eNBs in an
ABS period is used. Our goal is to compare the perform-
ance index of each subframe which would be determined
as normal or protected. Three variables are defined as:

N Q
SO 4flog, (14 SINR) 7).

K
‘=1 n=1 g=1

>

(17)

Mz
Me

[ (Pico) -
(normal ‘ Z

Atog, (1 + SINRE™ [ )

k'=1n=1 q=1
(18)
K N Q ( 4
Aflog, (1 + SINRProete [i]);
protected k :1 ; ; k Mq
(19)

where FM2)[{]denotes that the sum rate of all macro
UEs in the ith subframe; F Ezﬁial) [i] denotes that the sum
rate of pico UEs in the normal UE set in the ith
subframe; F Egﬁzcte o [i] denotes that the sum rate of pico
UEs in the protected UE set in the ith subframe.

Therefore, the aggregate sum rate can be rewritten as:

1

max, > (ellEO ]+ eldF( 1+ F e [])
eli|,e*|i i—1

(20)

where the objective function (20) is subject to Egs.
(9-10, 13); the maximization is achieved by considering
the values of e[i]land €'[i] according to the channels of
each subframe. By using an optimization technique, we
obtain the Lagrangian function with the relaxation [35] as:

(Pico)
[ ]F(normal)

(i€ [F ) o 1]

(protected)

qm—EMM%W

I
#3333 el
i=1 e 1=1g=1
DY DID IR
i=1 e n=1g=l1
I

+ > _pli)(eli] + €71)-1)

i (21)

where a[i], B[i], and p[i] are non-negative Lagrangian
multipliers. [4] is initially relaxed to be assumed as a
real-valued number, and it will be used to determine its
binary value. After differentiating L[i] with respect to
eliland €°[i], respectively, we have
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aL[i)/de[i] = FM<)[i] + F{oeo) [i]-uli] =0 (22)
and
OL]/3e"[i] = F{prenscreq)il-1li] = 0. (23)

Therefore, we can determine whether the ith subframe
should be classified as the normal subframe or the

protected subframe by considering the difference
between Eq. (22) and Eq. (23).
; acro Pi Pi .
AF[i] = FMi) + P -] (29)

Based on the derived result, AF[i] implies that the sum
rate difference of the ith subframe configured as the
normal subframe or the protected subframe. If the value
of AF[i] is greater than zero, the ith subframe is
configured as the normal subframe because it may
achieve higher sum rate. Otherwise, the ith subframe is
categorized as the protected subframe. After the
development of the configuration of an ABS pattern, the
UE grouping design will be shown in the next section.

4 Proposed UE grouping strategy

The resource allocation problem in the view of
frequency domain is considered, especially for pico UEs.
An UE grouping strategy is developed based on an
optimization technique to determine which pico UEs
use either the normal subframes or the protected
subframes. Besides, the issue of proportional fairness
among UEs is also studied. In this section, by using the
ABS pattern designed in the previous section, we
develop a strategy to determine the pico UE grouping
while considering the fairness among UEs. The pico UE
grouping problem for the maximization of the sum rate
of pico eNBs can be formulated by using the second and
the third term of Eq. (8) as:

I K’
1P = max ZZ

G G i=1 k=1

normal)

Plco [ ] Zp PICO)

C*. N
k Plco) (protected)
cho)H k'n Hrk N H

n=

7
(25)

where the function (25) is subject to Eqgs. (9-12, 14);
when C, = 1 represents that UE k is assigned to
the normal UE set; when C- =1 represents that UE
k" is assigned to the protected UE set on the pico
eNB. However, this optimization problem is NP-hard
and has a high computational complexity [24]. In
this paper, we would analyze the pico UE grouping
problem by using an optimization technique. The
optimization problem (25) is transformed into the
dual domain by forming its Lagrangian dual with
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the relaxation [35]. The Lagrangian function is
shown as:

L [l] = ZZ PlCO ( k normal H + C* R(protected)[ D

=1 R K ]
+> <ZPMMOH 1> +Z¢k (Z | )

k=1 k=1
] _p (Macro) M)

+ch (Z > PP m)

ek’ M=1gq=1

+Z)Lk (ce +cpm1)

(Macro
k g

+§;€k (ZXN:

ek 1=1

(26)

where v, ¢, {;*, {,, and 1, are non-negative La-
grangian multipliers for the constraints (9-12, 14). The
optimal solution Eq. (25) is achieved when the value of
Eq. (26) is maximized. Therefore, the expression of the
parameter C;- and C,- should be derived, which implies
one pico UE is assigned to one of the UE sets.

First, by setting the partial derivative of Eq. (26) with
respect to C,- to zero, we have

normal) [l]'/lk —0.

I
0:'>Z:—[’1co Zpk "l ‘

aC’k p R k ol
(27)
Then, according to Eq. (8), we can get
. normal _ p(normal) .
Zpk p i) =RV /C (28)
By Egs. (27) and (28), we can get
" ptnommal (bico
Ce = R /(A RY H)- (29)
=1

Similarly, by setting the partial derivative of Eq. (26)
with respect to C;v to zero, we can get

(30)

ZR(protected (Ak R(PICO)[ ])

By taking C,- (29) and szr (30) into Eq. (14), we obtain
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i( R(normal)[] R(protected)[ ]) /(’11( Plco)[ ]) -1

=1

I
:>Ak” _ Z(R(normal) [] R(protected )/R PlCO

i=1

(31)

By taking the expression of 1,- (31) into Eq. (29) and
Eq. (30), respectively, we obtain

I Rknormal) I E(le)[ ]
P E PlCO ; R normal l R](ﬁrotected) [l]
(32)
and
o I R[({protected)[ I R(Plco) [ ]
K ; E P1c0 ;R normal + R(protected)[ ]
(33)

Therefore, we can determine UE k which is assigned
to the normal UE set or the protected UE set by
comparing the difference of C;- (32) and C}- (33) which
are related to the data rate. The difference of C;- (32)
and szv (33) is defined as:

ACy = Cp—Cr-. (34)

AC,- is the indicator difference of the normal UE set
and the protected UE set when UE Kk is assigned to
them. If the value of AC,- is more than zero, UE kK
should be assigned to the normal UE set; otherwise, UE
k" should be assigned to the protected UE set.

5 Proposed joint allocation scheme

In this section, the joint ABS configuration and UE
grouping scheme is described to resolve the resource
allocation problem while achieving high system
performance and fairness among all UEs. The proposed
scheme by utilizing the designed functions includes the
designs of the ABS pattern, the pico UE grouping, and
the RB allocation. The procedures of the proposed
scheme are as follows:

The pico UE index is k €{l, ...,K }iandj are the
subframe index and frame index, respectively. (i, j)denotes
the ith subframe of the jth frame. R Macm)[ /] and R (Pico) [ ]
are the average date rate of macro UE and pico UE,
respectively. One starts from j=1, je{l1, ..., J}, ] is the

window size which is the number of the frames in a
PF period.

Step 1: ABS Configuration. Start fromi=1,i € {1, ..., I},
Iis the number of subframes in one frame. Each
subframe is determined as the normal subframe or the
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protected subframe in one frame. The designed
function AF[i] (24) determines which subframes should
be configured as protected subframes in one frame. In
order to find a better ABS pattern, we may sort the
values of the designed function (24) in a descending
order. And then, the number of protected subframes is
limited to an upper bound of ABS density [22].
Therefore, the ABS pattern for a frame would be
configured.

Step 2: Pico UE Grouping. After the ABS pattern is
configured for a frame, we will assign pico UEs to the
normal UE set or the protected UE set and allocate the
RBs for each subframe. The initial UE set is determined
by using Eq. (1). Pico UEs which are handed over from
macro eNB to pico eNB because of bias values are
assigned to the protected UE set Q¥ je, Cr.

= 1. The others are assigned to the normal UE set
Qlroma e Cp = 1.

Step 3: RB Allocation, for n = 1, ..., N. After the
protected UE set QP *“**Dand the normal UE set
0"rmyre determined, the RB allocation of each
subframe is performed. For the normal subframes, only
pico UEs which are assigned to the normal UE set can
use the RBs; similarly, the RBs in the protected
subframes can only be used by UEs in the protected
UE set. We assume that power is equally distributed to
each RB in the view of base station. In the initial stage,
equal power is assumed for each subcarrier of each UE.
A simple strategy is to assign RBs to UEs with a higher
value of data rate. Since it is the first run of the
solution, a better solution is achieved after iterations by
the proposed scheme.

For the macro UEs, the nth RB of the ith subframe is

allocated to the k th macro UE with the maximum value
of the function:

k'= arg max{r/((M:m) []]/R R

& co(Macro)

(35)

The nth RB is assigned to the k th macro UE denoted
as pkMacro [i] = 1. For the pico UEs in the normal UE set,

the nth RB of the ith subframe which belongs to the

normal subframe is allocated to the k th pico normal
UE with the maximum value of the function:

k= arg max{ (m}:mal[]/R(P'CO)[]}. (36)

k

& eq(normal)

Similarly, for the pico UEs in the protected UE set, the
nth RB of the ith subframe is allocated to the pico UE
with the maximum value of the function:
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K= arg max{r I RER) (37)

k-,
k" coprotected)

The nth RB is determined as p,- PICO) [i] =1 for the kth

pico UE. Repeat Step 3 until all the RBs, for n = 1, ..., N,
are allocated in the ith subframe; then, repeat the same
process until i=1 The initial sum rate denoted as
U(Plco

(initial) is calculated according to Eq. (25).

Step 4: Fast Adjustment. We would re-distribute pico
UEs into the two UE sets by using C;- (32) and C,-

(33) in a group basis. If the k th UE is assigned to the
normal UE set, we can get the C;- according to Eq.
(32); then, we temporarily move the k th UE from the
normal UE set to the protected UE set; and repeat Step
3 to allocate the RBs for each subframe. We can get the
C}- according to Eq. (33). Similarly, if the k th UE is
assigned to the protected UE set, the same approach is
used to get C;- and C; . After that, AC;- (34) is obtained
for each pico UE. The value of AC,-would be used to
determine if the & th UE is re-assigned to the normal UE
set or the protected UE set. If AC,->0, the pico UE k is
assigned to the normal UE set; otherwise, the pico UE k-
is assigned to the protected UE set.

Ck” — land k,,eg(normal) , if AC,("ZO (38)
C;- = land k eQPeeed jf AC,- <0

After the pico UE re-assignment, the updated UE sets,
ie., Qmormal gpd QProtected) are obtained. The sum rate
according to Eq. is calculated correspond-
U®ieo) ding to Eq. (25) is calculated pond

ingly. If the value of L/™® is larger than that of U/ Eﬁiiﬁ’gn,
the normal UE set Q™™ and the protected UE set

(protected) (Pico) Pico)
Q (1mt1al) LI(

and repeat Steps 3—4 until the value of /" is no more
increased.

are updated. Then, update U

Step 5: Refinement Mechanism. Based on the result of
the fast adjustment, the refinement mechanism is
performed to exchange or move pico UEs between two
UE sets on a per-UE basis. The main concept of the re-
finement mechanism is to re-assign only one UE to the
normal UE set Q"™ or the protected UE set Q™
tected) i one iteration. In the exchanging operation, ori-
ginally two pico UEs, e.g., xandy, are assigned
tOQ(normal)andQ(protected), ie,x € Q(normal) andy c
Qprotected) - After the exchanging operation, two pico
UEs are exchanged between two pico UE sets, i.e., y €
Qermal ynd x € QProtected) 1y this fashion, two pico
UEs are exchanged in each time and the number of
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pico UEs in each set is not changed. The sum rate (25)
of all combinations is calculated correspondingly. The
sum rate increment can be defined as:

={ul-up )
€S

s (initial) | o

AU(Pico)

(exchange)

(39)

where S’ denotes all combination cases in the exchanging
operation; s is one of combination cases; U ipm) is the
sum rate of the s th combination case. In the moving
operation, one pico UE is moved from Q™™ to
Q(protected) or from Q(protected) tOQ(normal)' After moving,
the corresponding sum rate (25) is calculated. The sum
rate increment can be defined as:

Au(Pico) _ {U(Plco) U(Plco) } . (40)

(move) (initial) | o

where S denotes all combination cases in the movmg
(Pico)

operation; s is one of combination cases; U - is the
sum rate of the s th combination case. Among all
combinations S US’, one combination with the
maximum sum rate increment would be selected to
perform the corresponding operation.

* Pico) (Pico)
§ = arg max {Au(exchange)} {Au(move)}

s*es’us”

(41)

Then, update the sets of Q@™ and QProtected) 5hq
(Pico)
(initial
increment can be achieved.

the initial value U ) Repeat Step 5 until no sum rate

Step 6: Update the average data ratesR( [ jJand
R(Plco [{] for the current frame. The proposed joint
scheme is ready to be performed for the next
framej =j + 1. Return to Step 1 until the window

size of frames j=] is met.

In summary, Fig. 2a is a flow chart of the proposed
joint allocation scheme. The proposed joint allocation
scheme is executed on a per frame duration basis. First,
ABS configuration for a frame determines each
subframe as the normal subframe or the protected
subframe at the macro eNB. The periodicity is a frame
basis. The current channel state information may not be
instantly estimated, so that we can use the channel
information in the previous frame to design the ABS
pattern because of the slow time-varying channel appli-
cation. After that, the information of ABS configuration
exchanges through the X2 interface between the macro
eNB and the pico eNB. The X2 interface would be ideal
backhaul as the latency may be less than 2.5 ps [36].
Therefore, the predicted sum rate can be calculated in
the proposed ABS pattern design. The backhaul signal-
ing may comprise the channel information of Pico UEs
and the ABS configuration. The proposed Pico UE
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Initialization
Start fromf =1 je{l...J}

b{ ABS Configuration AF .

ABS Configuration

| Update Q™™ angd £/F= -

Y

‘ Fast Adjustment with RB Allocation
| [Ck- =land k" (Y JFAC 20
>‘ lc‘:—' 1 and k" e Q(pmm:lelﬂ‘ if -'\('A-' <0

| normal |

YES

pig

Pico UE Grouping

RB Allocation

Fine Mechanism with RB Allocation

s"=arg max {!\E,-"'Pi“" r‘\E,-"'?"‘“'}

i exchange)” |meve)
FESuE L ! ,

Fig. 2 a Flow chart of the proposed joint allocation scheme. b Procedures of the proposed joint allocation scheme

grouping strategy is performed locally for each subframe.
i.e.,, pico UEs are assigned into two sets, i.e., the normal
UE set or the protected UE set. In the step of Pico UE
grouping, fast adjustment introduced in Section 4 and
refinement mechanism in Section 5 are utilized to separ-
ate pico UEs into two groups for achieving better
performance. The corresponding RB allocation in
Section 5 is performed in the macro eNB and the pico
eNB respectively. The proposed joint allocation scheme
in Section 5 combines the above operations to maximize
the sum rate of the system while maintaining the
fairness among UEs.

We incorporate the computation and evaluation of
related equations into Fig. 2a to complete the allocation
procedures. Figure 2b illustrates the procedures of the
proposed joint allocation scheme across the frequency
domain and the time domain.

6 Computational complexity analysis
In this section, we focus on the computational
complexity analysis of the RB allocation and UE
grouping strategies in one frame in terms of Big-Oh
notation. All compared schemes are based on the same
system model, so the computational complexity of calcu-
lating the data rate associated with an SINR is the same,
which is represented as O(Q) by referring to Eq. (3) and
Eq. (6). The complexities of the processing steps in the
algorithm are the focus, in terms of calculating the SINR
and the data rate.

Step 1 of the proposed joint allocation scheme is the
ABS configuration for one frame. Regarding the

proposed ABS pattern design, the calculation of the sum
rate for each subframe in one frame is needed.
Therefore, the complexity of the proposed ABS pattern
design is O(IK 'NQ). Step 2 uses Eq. (1) to determine the
initial UE set. In that, K UEs are considered which
requires O(K ). RB allocation is operated in Step 3. For
the macro eNB, N RBs are considered for K UEs per
subframe. One frame contains [ subframes. The
computational complexity of the RB allocation needs
O(INK Q). For the pico eNB, we assume that K " UEs are
equally distributed in each set. Each set needs the
complexity of O(INK Q/2) for the RB allocation.
Therefore, O(INK Q) is required for RA allocation of
the pico UEs. Step 4 focuses on the moving operation of
the pico UEs. K pico UEs are evaluated along with the
RB allocation for one iteration. The complexity is
calculated as O((INK Q)K T;). T, denotes the number
of iterations. The refinement mechanism in Step 5
comprises the exchanging operation and the moving
operation. We also assume that the average number of
pico UEs in each set is approximately K /2. For the
exchanging operation, there are (K /2)-(K /2)~ (K )
possible combinations per iteration. For the moving
operation, the number of combinations is the number of
total pico UEs K . Therefore, the complexity of the
refinement mechanism along with the RB allocation is
O(UNK Q(K')? + K )T,)~OUN(K )*QT,).T, is  the
number of iterations. In summary, the complexity of the
joint allocation scheme for one frame is O(K INQ + K
+INQK +K ')+ INQ(K )Ty + INQ(K )*T»)~O(INQK +
INQ(K )*T; + INQ(K )3T>).
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For the compared schemes, the computational
complexity of the fixed ABS pattern [22] is O(1) where it
fixes the ABS density and determines an ABS pattern at
random. Regarding pico UE grouping strategies, the full
search scheme [25] is to search all UE grouping
combinations of pico UEs in each ABS pattern. The

complexity of all UE grouping combinations is O
(z}i 'lcf')zo(zK”) . So,

along with RB

the total computational

complexity allocation is @)

(INQK +INQK'YK X ) ~ o(INQK' + INQK 2K )
including K " macro UEs and K~ pico UEs. O(INQK ) is the
complexity of RA allocation for macro UEs. In [27], pico
UE grouping is determined by CRE bias, which requires
O(K"). Therefore, the computational complexity along
with RB allocation is O(K + INQK +INQK ). In [24], an
indicator which involves the data rate is used to determine
that each UE may be assigned to either the normal UE set
or the protected UE set. The computational complexity of
pico UE grouping is O(K "Ts). T5 denotes the number of
iterations. So, the total computational complexity along
with RB allocation is OUNQK + INQK K T3)=O(INQK +
INQ(K )*Ts5).

7 Simulation results

The simulation results will demonstrate the performance
of the proposed scheme compared to those of the
existing schemes [22, 24, 25, 27]. The network topology
consists of one macro eNB and one pico eNB based on
the 3GPP case 1 [37]. The radius of the macro eNB is
289 m, and the pico eNB is randomly distributed with a
minimum distance of 75 m to the macro eNB. The
frequency selective wireless channel model [38] is
employed. We adopt Jake’s model to generate the
Rayleigh fading channel. The mobile speed is 4 km/h.
The standard deviation of shadowing is 8 dB. Npis
-174 dBm/Hz. The channel power of the received signal
for each UE is varied because of the various path losses
at the different locations. The macro path loss model
[39] is 128.1 + 37.6*log(dl) in decibels. dI is in
kilometers. The pico path loss model [39] is
38 + 30*log(d2) in decibels. d2 is in meters. The carrier
frequency is 2 GHz. UEs are uniformly distributed
within the coverage of the macro cell with the numbers
from 12 to 36. Transmit power is 46 dBm for the macro
eNB and 30 dBm for the pico eNB. Eight-decibel bias is
considered for cell range expansion. The downlink FDD
system is used for simulation with a bandwidth of
10 MHz comprising 50 RBs. Each RB has 12 subcarriers.
Subcarrier spacing Afis 15 kHz. The ABS pattern period
is set to be 10 ms, i.e., 10-subframe duration. All results
are the average values from 600 frames.
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The first simulation is revealed to demonstrate the
outperformance of the proposed ABS pattern design
strategy. In order to have fair comparison, the fixed ABS
approach is cooperated with a proper setting along with
the proposed user grouping strategy and the proposed
RB allocation scheme. The comparison baseline is the
fixed ABS pattern method [22] with 50% ABS muting
ratio, i.e., five ABS subframes per frame. The fixed ABS
pattern [22] is also cooperated with the proposed user
grouping strategy and the proposed RB allocation
scheme. The result of Fig. 3 is conducted in the scenario
with 24 UEs, which shows the results of the sum rates in
the system versus different numbers of RBs. Figure 4 is
conducted in the scenario with 50 RBs, which shows the
results of the sum rates in the system versus different
numbers of UEs. The simulation results indicate that the
proposed ABS pattern design scheme outperforms the
fixed ABS pattern method [22]. The enhancement is
increased with the increment of the number of RBs
because of more flexible resource scheduling. With user
diversity, the performance is slightly improved with the
number increment of UEs.

Based on the proposed ABS pattern design, the
following simulation focuses on pico UE grouping
strategies, including the full search scheme [25], the
proposed joint allocation scheme, and the existing
schemes [24, 27]. In Figs. 5 and 6, simulations are
conducted in the scenario with 24 UEs at the bias value
of 8 dB. In Fig. 5, it shows the results of the objective
function (8) versus the number of RBs. It illustrates that
the values of the objective function (8) are in the order
of [Full search [23] > Proposed Joint Allocation Scheme
> Ref. [24] > Ref. [27]] from large to small. The
proposed joint allocation scheme approximates the full
search scheme [25] while the computational complexity
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Sum rate of the system (Mbits/sec)

30

—&— Proposed ABS pattern design
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Fig. 3 Comparison of the proposed ABS pattern design with the
fixed ABS pattern. The sum rate of the system versus the number of
RBs with the number of UEs K = 24 and the bias value = 8 dB
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Fig. 4 Comparison of the proposed ABS pattern design with the
fixed ABS pattern. The sum rate of the system versus the number of
UEs with the number of RBs N = 50 and the bias value = 8 dB

is greatly reduced. The simulation results also indicate
that the proposed joint allocation scheme outperforms
the existing schemes [24, 27]. Figure 6 shows the
performance comparison in terms of the sum rate of the
system. The simulation results indicate that the
proposed joint allocation scheme still outperforms the
existing schemes [24, 27]. The performance of the
proposed joint allocation scheme is much closer to that
of the full search scheme [25].

In Figs. 7 and 8, the simulations are in the scenario with
50 RBs by varying the number of total UEs. With the
same performance trend, the proposed joint allocation
scheme outperforms the existing schemes [24, 27] in
terms of the objective function and the sum rate. The
proposed scheme dynamically determines the pico UE

120 | —— Full Search Scheme [25] 1
—8— Proposed Joint Allocation Scheme
110 1| —=— ref. [24] 1

—o— ref. [27]
100 o b

80+
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301
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30 40 50
Number of RBs

Fig. 6 Comparison of the sum rate of the system, in respect to Fig. 5

grouping according to the functions (Egs. 25 and 34),
which would indicate the related rate performance of pico
UEs. Thus, the proposed joint allocation scheme has
better performance than the existing schemes [24, 27].
Compared to the full search scheme [25], the performance
loss of the proposed joint allocation scheme is very tiny.
Due to the multi-user diversity, the sum rate of the system
is increased as the number of UEs increases. However,
under the proportional fairness scheduler, the increase of
the sum rate would become slow if the numbers of UEs
are greater.

Figure 9 shows the fairness index (42). Jain’s fairness
index (FI) is a real number in the interval [33] denoted as

2 .

K’ ) S ) 5
BL= (> R / Ky (Ri‘f‘m))
k=1 ’

(42)
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Fig. 5 Comparison of the proposed joint allocation scheme with the
existing schemes. The value of the objective function versus the number
of RBs with the number of UEs K = 24 and the bias value = 8 dB
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Fig. 7 Comparison of the proposed joint allocation scheme with the
existing schemes. The value of the objective function versus the number
of UEs with the number of RBs N = 50 and the bias value = 8 dB
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when FI =1, it means that all UEs have the same
performance with the highest fairness. When there
are more UEs in the system, the fairness index would
be descent. By considering the proportional fairness,
the fairness index of the proposed joint allocation scheme
would be almost equal to that of the full search scheme
[25]. Note that the scheme [24] is designed to achieve the
fairness of all UEs. Therefore, the value of the objective
function would be better than that of the scheme [27] as
shown in Figs. 5 and 7. Although slightly higher fairness is
revealed as shown in Fig. 9, the sum rate is much
worse than the proposed joint allocation scheme as
shown in Figs. 6 and 8. From the results in Fig. 9,
the difference between the scheme [24] and the proposed
joint allocation scheme is negligible. Regarding the
numbers of iterations required for the proposed joint
allocation scheme and the existing scheme [24], almost the

0.8 T

0.6 4

0.4 T

Fairness Index (FI)

0.2 -/ —%— Full Search Scheme [25] 1
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Fig. 9 Comparison of the fairness index, in respect to Fig. 7
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same numbers of iterations are revealed in our simulation.
The average number of iterations is less than 6.

8 Conclusions

A strategy with the help of the derived evaluation
function to determine the ABS pattern is designed in
this paper. With a proper design of ABS pattern, the
performance would be further improved in term of sum
rates. The novel UE grouping strategies are presented to
improve the performance of the system without a
prohibitive computational complexity. The proposed
joint allocation scheme obtains the balance in the
computational complexity and the performance, and
also considers the fairness among UEs. The proposed
joint allocation scheme outperforms the existing
schemes about 10% gains in term of sum rate, and
approaches 99.5% of the full search scheme while having
a much lower complexity.
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