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Abstract—This paper investigates a combined macro and
femtocell communications deployment where macro users suffer
significant downlink interference from femtocells. Based upon
the large-scale cellular network model using stochastic geom-
etry, we analyze the performance of the asynchronous ABSF
configuration, where femtocell independently reserves resource
for the victim macro user based on the condition of intercell
interference. The trade-off between reducing this interference
(and thus improving coverage probability) versus maximising
the available femtocell resources (overall network throughput)
has been demonstrated. By comparing with the synchronous
counterpart, we highlight the benefits of the asynchronous ABSF
configuration in terms of the minimized femtocell resource
expense for only a small compromise in coverage.

I. INTRODUCTION

With the wide utilization of smartphones and other personal
mobile devices in recent years, the foremost request for
cellular communications is to satisfy the unrelenting mobile
broadband traffic demand. The heterogeneous network (Het-
Net) has been identified as a promising and cost-effective
technology to meet this demand [1]. By complementing tradi-
tional macrocells with a multitude of low power small cells,
such as picocell and femtocell, HetNet is able to bring the
network closer to the subscribers and to most efficiently use
the dimensions of space and frequency. As one of the key
performance enhancement features, Third Generation Partner-
ship Project (3GPP) has introduced the support of HetNets in
LTE-Advanced (LTE-A) standardization [2].

Being an important part of LTE-A HetNets, femtocell access
points, otherwise called home eNodeBs (HeNBs), are user-
deployed low-power devices operating in the licensed spec-
trum [3], [4]. Unlike other small cells deployed by mobile
operators, HeNB may selectively serve users, namely oper-
ating in closed subscriber group (CSG) mode. However, this
effectively creates a coverage hole for co-channel macro user
equipments (UEs) that are not CSG members of the HeNB [5].
As these victim macro UEs are not guaranteed to connect
to the strongest eNodeB, they experience downlink intercell
interference from nearby CSG HeNBs.

To address this challenge, time-domain enhanced inter-
cell interference coordination (eICIC) technique was proposed
[5]. In the eICIC scheme adopted in LTE release 10, the
subframe-synchronized interfering eNodeB reserve resources

(( )) — Desired Signal from Macro eNodeB

Interference from HeNB

Macro eNodeB

Coverage hole for
macro UEs not in CSG

Fig. 1. The CSG HeNB scenario, where downlink strong interference and
the coverage hole suffered by the macro UE not belong to nearby HeNB’s
CSG.

on specific subframes so that a communication link with
reduced interference can be established between the serving
eNodeB and the victim macro user equipment (UE). The
blanked subframes are referred to as almost blank subframes
(ABSFs), indicating that some basic physical channels, for
example, pilot, synchronization, and broadcast channels, may
still be transmitted, so as to support backward compatibility
with legacy LTE release 8 UEs [6].

Although eICIC can also be applied to mitigate downlink
macrocell interference for UEs in the expanded picocell re-
gions [7], our focus in this study is limited to the above-
mentioned CSG HeNB scenario where macrocell UEs are
experiencing downlink intercell interference from nearby CSG
HeNBs..

A. Asynchronous ABSF Configuration

Depending on whether or not the common ABSF muting
configuration is used among neighboring eNodeBs, the ABSF
configuration can be synchronous or asynchronous [8]. In
synchronous ABSF configuration, all neighboring interfering
eNodeBs are coordinated to align their ABSF muting patterns.
This coordinated approach greatly simplifies the optimization
of eICIC into finding the optimal ABSF density, i.e., the
amount of ABSFs per muting period [8]-[11].

Alternatively, each of the interfering eNodeBs in asyn-
chronous ABSF configuration (also called dynamic blanking
[12]) will independently adjust their own ABSF patterns
[13], [14]. This idea was inspired by the fact that most of
the interference may come from the nearest one or several
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dominant eNodeBs, while other eNodeBs contribute limited
interference onto the victim UE. Though introducing a more
complicated interference scenario, the asynchronous ABSF
configuration provides the flexibility to accommodate different
conditions among the interfering eNodeBs.

The asynchronous ABSF configuration is considered to be
not appropriate for picocell range expansion scenario [8], [15]:
Even when every macro eNodeB has ABSFs, the expanded
picocells could still suffer from significant interference due to
the uncoordinated nature among ABSF patterns of neighboring
macro eNodeBs [15]. However, this conclusion can not be
applied to the CSG HeNBs scenario: Firstly, the interference
generated from indoor HeNBs is only influential in a limited
area because of the higher pass loss exponent for indoor
environments. Secondly, traffic loads and other factors could
be extremely diverse across different HeNBs since the law of
large numbers does not apply in range-limited femtocells [16],
and thus their impacts on victim UEs can be extremely differ-
ent. Furthermore, the synchronous ABSF configuration leads
to the performance loss on all HeNBs, which is unreasonable
for CSG HeNBs scenario, especially considering the interests
of those HeNBs which are far away from any victim UEs.

B. Approach and Contributions

In this paper, we conduct analysis on the performance of
asynchronous ABSF configuration implemented for the CSG
HeNBs scenario, where the large-scale cellular network model
is employed. In recent works, it has been shown that com-
pared with the practical network deployment, the large-scale
cellular network model with eNodeB locations drawn from a
homogeneous Poisson Point Process (PPP) is as accurate as
the traditional grid models [17]. More importantly, this model
can provide more tractable analytical results on the coverage
and throughput performance [18], [19].

The main contributions of this paper are as follows:

1) For the CSG HeNBs scenario, we provide the tractable
probabilistic characterization of the coverage probability
at victim macro UE, with and without the asynchronous
ABSF configuration implemented in neighboring HeNB-
S.

2) We highlight the benefits of a strategy which only
requires the highest interfering HeNB to be configured
with ABSF and thus show the overall system through-
put benefits from this strategy far outweigh the small
increase in coverage loss on the Macro UEs.

It should be noted that similar work to evaluate the per-
formance of large scale cellular networks with ABSF were
conducted in [10], [11], [20]; however, all these existing works
focused on the synchronous ABSF configuration, where all
eNodeBs take the same ABSF pattern and are unable to tackle
the interference environment individually and adaptively. In
contrast, we draw our attention into the CSG HeNBs scenario,
where asynchronous ABSF configuration is more suitable and
practical.

The remainder of the paper is organised as follows. In
Section II network model used in this work are introduced.

Section III provides the tractable result on the coverage
performance for the two-tier femtocell networks with the
asynchronous ABSF configuration implemented. Section V
presents numerical results and we conclude the paper in
Section VI.

II. SYSTEM MODEL
A. Two-Tier Femtocell Large-Scale Network Model

In our analysis, we consider a downlink LTE-A HetNet
consisting of two tiers, i.e., macrocell and femtocell tiers,
where spatial deployment densities, transmit powers are d-
ifferent across tiers. Specifically, macro and home eNodeBs
are spatially distributed as independent two-dimensional (2-
D) PPPs ®,, and ®; with the densities of A,, and A
respectively. The transmit power of macro and home eNodeBs
are respectively denoted by P, ,, and P, ¢, and the same
transmit power holds across each tier. HeNBs are assumed to
be operated in CSG mode.

Without any loss of generality, the macro UE under analysis
is assumed to be located at the origin. By assuming that this
typical UE does not belong to any nearby HeNBs’ subscriber
groups, it is always associated to the nearest macro eNodeB,
which is assume to be at o and dy = ||zg|| away from the
origin.

The standard power loss propagation model is employed,
in which path loss exponents are a,, > 2 and ay > 2
for macrocell and femtocell tiers respectively, and path loss
constant is Lg at the reference distance 7o = 1m for both
tiers. For simplicity, we use P, and Py to replace the products
of Ly and the transmit powers, ie., P, = P mLo and
P = P, sLo. We assume that the typical mobile user
experiences Rayleigh fading from the serving and all the
interfering eNodeBs. The fading’s impact on the signal power
follows the exponential distribution with the unitary mean
value. The noise is assumed to be additive and constant with
a variance of o2.

B. Victim/Non-Victim UE

Victim terminals are the macro UEs significantly interfered
by nearby HeNBs, which are unable to establish a reliable
communication link with their serving macro NodeBs. In this
analysis, we assume that victim UEs are the ones which have
at least one interfering HeNB with distance less than D away
from them, while other macro UEs are non-victim terminals.

If the typical UE is a victim interfered from nearby HeNBs,
ie.,®yNB(0,D) > 1,it will only request the nearest HeNB to
apply ABSF on certain subframes to mitigate the interference!.
Then, HeNB’s transmit power will be attenuated by p and
become pPy. Then the downlink received SINR at the typical
victim UE can be expressed as

P, hd; “m
Ly + Iy, + Iy, + 0%’

SINR, = ey

'We define the (closed) ball centered at p and of radius r as B(p,r), ie.,
B(p,r) & {m € R?,||m — p|| < r}.
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in which h denotes the channel fading gain from the serv-
ing macro eNodeB, I, is the cumulative interference from
all other macro NodeBs except the one located at xg (the
serving eNodeB for the typical UE), I, denotes the residual
interference from the HeNB enabling ABSF, and Iy, is the
sum interference power from other HeNBs. Similarly, for non-
victim typical UE, ie., @5 N B(0,D) = 0, the downlink
received SINR can be expressed as

Pohd o
I, + If + o2’

where Iy denotes the interference from the entire femtocell
tier.

In our study, we are interested in the metric of coverage
probability defined as P[SINR > 7], i.e., the probability
of a target SINR 7" (or SINR threshold) achievable at the
typical UE. To derive the performance over the entire network,
one can calculate the average coverage probability over the
possible range of ds € (0,00) [17]. We are also interested
in determining the benefits of our approach, so we calculate
the additional throughput that can be achieved by not forcing
ABSFs on each HeNB but only on the major interfering HeNB.
This topic will also be discussed further below.

SINR,,, = )

III. COVERAGE PROBABILITY

In this section, we analyze the coverage performance over
the two-tier femtocell network with asynchronous ABSF con-
figuration implemented (only the nearest HeNB apply ABSF
on certain subframes). The performance for victim and non-
victim UEs are discussed respectively as below.

A. Coverage Performance for Victim UEs

Before obtaining the coverage performance for victim UEs,
firstly, let us focus on the statistic characteristics of the
distance between the typical victim UE and the nearest HeNB.
By defining 7 as the distance between the typical macro UE
and the nearest HeNB, the condition that the macro UE is a
victim UE will be true if 1 < D, which allows us to reach
the intermediate result in the following lemma.

Lemma 1: For the typical victim UE, the probability density
function (PDF) of 7 is

B 27r)\fmexp(—7T)\f332)
frim<n(@) = 1 —exp(—mA;D?) ’

forx < D. (3)

Proof: Given the condition of vy < D, the cumulative
distribution function (CDF) can be expressed as

Fojr<p(@) =Pry <z |r < D]
1
1_

Plri<e] (@) 1—exp(—mAza?)
— P[TllgD] Y exp(_m\fsz) forx < D
1 for x > D,
4)

in which step (a) follows the PPP’s void probability, that is,
the probability that the region X’ contains no point drawn from
the homogeneous PPP with the density value of A is exp ( —
AA(X)), in which A(X) is the area measure of the region X’

[21]. Hence, the PDF of r; can be found by differentiating the
CDF, which completes the proof. |

Next, we will provide one of the major results in this
paper, that is, the probabilistic characterization of the downlink
coverage achievable at the victim UE, with asynchronous
ABSF configuration employed.

Theorem 2: Provided ABSF configuration implemented in
the nearest interfering HeNB, the coverage probability for the
typical victim UE with its serving eNodeB ds away is

exp(—mAnd2p(T, o) — Td2m o2/ Py,)
1 —exp(—mA;D?)
D
TPrdom
-2 / exp (— mApy? #,a
s p (= mAry*p( Py 1)
- yexp(=mAsy?)
1 + ngém P}iy—af

P[SINR, > T] =

dy, (5)

where p(T, «) is defined as

o 1
P( , Q) e T uo2 a2 u

(6)

Proof: Given the condition of r; < D, the coverage
probability can be derived as

P[SINR, > T
thd;am
pu T
[Im Iy P |

=P [h > Tdo P (I + Iy, + Iy, + 02)}
Tdom
)L, (=5

Pr,

where step (a) follows the Rayleigh fading assumption, i.e.,
h ~ exp(1). It should be noted that exp(—Td%mo?/P,,),
Ly, (Tdgm/Py),and Ly, 1, (Tdg™/Py,) respectively rep-
resent the impact of the noise, the macrocell interference,
and the femtocell interference. Lz, (-) and L7, 11, () are the
Laplace transforms of the interference values I,,, and Iy + 1y,
respectively.

The Laplace transform Ly, (T'd3™/P,,) has been derived
in [17], that is,

T d?'m.

(a) Tdomo?
e %)@
p( p) (7

P, )Effﬁ-ffo (

Tdgm
P’"L
On the other hand, Ly, 41, (T'd$™/P,;,) can be derived as,

Lr,, ( ) = exp ( — wAmdgp(T, am)). )

Td‘:m
Effero( P, )
Tdom(Iy, + 1,

B e (- PG )

D
(b) Td?m Td?m
:/ 5If,,.|m=y(P—)ﬁffo\7-1=y(P—)f7-1|m<D(y)d%

0 m m

)

where step (b) is calculated by averaging over the whole range
of possible 71, i.e., r1 € (0, D]. As described in Section II-B,
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only the nearest HeNB will apply ABSF configuration, there-
fore the impact from its residual interference can be derived
as

Td‘;‘m T d‘:m I .
RS e R L A G ]
: Tdom hopPry—or
(:)Ehs{exp(— ; 1Y )}

(d) 1
B Qi — Py’
1+ Tdymhey=s %m”‘—

(10)

where hs in step (c) is the channel fading gain from the
nearest HeNB, and the expectation is conducted over hg.
Following the Rayleigh fading assumption for hg, step (d)
can be obtained.

For the sum interference power from other HeNBs, we can
have

Tdom Tdem 1y,
Effo \7'1=y( Pm ) = Effo\ﬁ:y {exp ( - Pm )}

e P .y
“Eq)flmzy[ 11 Ehw[exp(—TdS"'LFihz||x|\ f)H

ze®s\{zo}

Pew (o
=exp| — Af
R2\B(0,y)

(1B [exn (- ngm]f—;hxumn-af)})dm

(9) o 1
= exp < — 27r)\f/ (1 — - )tdt)
y 1+ Tdgm pht=s

T Ppdom
=exp (= mhye( e o).
m

(1)

in which h, in step (e) is the channel fading gain from
the HeNB at the location x, and step (e) is based upon
the independence among different elements of {h, : a €
@\ {zo}} and their further independence from the PPP ®;.
Step (f) is derived because of the result for PPP’s probability
generating functional (PGFL) [21], and step (g) follows the
Rayleigh fading assumption for h,. Through mathematical
manipulation, the integral can be expressed in the form of
function p(-), which has been widely used for similar problems
[22] [17].

By substituting (10) and (11) into (9), we can obtain the
L, 14, (T'd¥™ /P,,), which can be combined with (7), (8),
and the PDF of r; provided in Lemma 1, to reach the
coverage probability result in (5). Till here, the proof has been
completed. [ |

B. Coverage Performance for Non-Victim UEs

Given the condition that the UE is a non-victim terminal,
we can determine that the distance between the typical UE
and the nearest HeNB should be larger than D, ie., ry > D.
Then, based on that, the non-victim UE’s downlink coverage
performance is possible to calculate. It should be noted that
ABSF configuration will not be initialized in this case.

Theorem 3: The coverage probability achievable at the typ-
ical non-victim UE with its serving eNodeB d; away can be

expressed as

P[SINR,,, > T] = exp (—mAmd2p(T, o) —TdS™ 0% /| Py, )

wD? 2 2 2
. A <7 — w1+ —)'(1 — —
eXp<7Tf Dot Y ( +af) ( af)
wD?~of 2 1
+ s aFi(1,224 —;—w))),
(1—%)(1+W)2 ay 1+ pay
(12)
where the constant w is defined as
Py
=Tdm™——, 13
YTi%TR, ()

I'(x) is the standard gamma function, and 2F; (+) is the Gauss
hypergeometric function.

Proof: Given the conditoin of r; > D, the coverage
probability can be derived as

P[SINR,,, > T
P hd;om
T il
I, + If + 02
=P|h > Tde" Py (I + Iy + 02)]

Tdom
)[’IM( Pm )[’If(

where step (a) also follows the Rayleigh fading assumption,
and L;, (T'dS™ /P,,) is provided in (8) already. For the sum

m

interference power from femtocell tier, we can have

Tdom Tdon1I;
£, () = B [ew (- =)

P —Q
[1 B [ew (- Td Sohaal f)]]
z€®;\B(0,D) m

@ exp ( — )\f/
R2\B(0,D)

(1= [exp (- ngmp—ihx|x||—af)])dx)

Tdom
P,

(a) Tdymo?
XPp ( —

= o ), (14

b
@g,,

P,
(d) wD? 2 ) 9
< )\{7— ST(14 )T (1 - =
exp (m [~ T+ SIP(1- )
wD?~ oy 2 1
+ 5 2F1 (1,224 —; ——— D7
(1—2)(1+ p47)? ( af 1+W)

f
5)

in which step (b) is based upon the independence among
different elements of {h, : © € ®; \ {xo}} and their further
independence from the PPP @, and Step (c) is also based on
PPP’s PGFL. Based upon the result in [23], step (d) can be
obtained.

By substituting (8) and (15) into (14), the coverage proba-
bility in (12) can be reached, which completes the proof. W

C. Coverage Performance for a Randomly Chosen UEs

For a randomly chosen UE with the distance ds from the
serving macro eNodeB, the coverage performance can be
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obtained by combining the results for victim and non-victim
UEs.

Corollary 4: The coverage probability for the randomly
chosen typical macro UE with its serving eNodeB d; away
is

P[SINR > 7] = P[SINR, > T - [1 — exp(—mwA;D?)]
+ P[SINR,,, > T - exp(—wA;D?), (16)
where P[SINR, > T] and P[SINR,,, > T are the coverage
probabilities achievable at the typical victim UE and non-

victim UE provided by Theorem 2 and Theorem 3.
Proof: The coverage probability can be expressed as

P[SINR > T] = P[SINR, > T] - P[®; N B(0, D) > 1]

+ P[SINR,,, > T] - P[®; N B(0,D) =0]. (17)

Based on the fact that ®; is PPP distributed, we can follow
the PPP’s void probability to obtain P[®; N B(0, D) > 1] and
P[®; N B(0,D) =0], ie.,

P[®;NB(0,D) > 1] =1—exp(—mA;D?),  (18)

and
P[®; N B(0,D) = 0] = exp(—mA;D?), (19)
which helps us to complete the proof. ]

IV. RESOURCE EXPENSE OF ASYNCHRONOUS
ABSF CONFIGURATION

Here, we use the average number of HeNBs expected
to participate asynchronous ABSF configuration, i.e., N, to
measure the resource expense. Obviously, IV is the function
of D, which obeys the following relationship.

Proposition 5: The average number of HeNBs participating
ABSF configuration (muting HeNBs)

N(D) =1 —exp(—mA;D?). (20)

Proof: Based on the fact that only the nearest HeNB
participates in the ABSF configuration, we can have

N(D) = 1[®; N B(0, D)]

= P[®; N B(0,D) > 1], 1)

where 1[¢] is the indicator function, having the value of 1 if
the event ¢ is not void and the value of 0 otherwise. Then,
(20) can be obtained easily. [ |

V. NUMERICAL RESULTS

In this section, we present the numerical results for the
coverage performance for a two-tier LTE-A femtocell net-
work with asynchronous ABSF configuration implemented.
Specifically, the macro eNodeBs at high power level, ie.,
Piz1 = 46 dBm, are co-deployed with lower power level
HeNBs with P;; 2 = 20 dBm. The densities of macro and
home eNodeBs are respectively A,, = 1 and Ay = 40 per
square km in all numerical results. The path loss model utilized
here has the parameters of Ly = —34 dB, «,, = 3.5 and

0.7}

Coverage Probability
o
(6]

041 @ Simulation, wio elCIC
A Sim., Async. ABSF, D = 50m
0.3 O  Sim., Async. ABSF, D = 100m
® Sim., Async. ABSF, D = 150m
0.2 Analysis,w/o elCIC
= = = Analysis,Async. ABSF,D = 50m
0.1 == Analysis,Async. ABSF,D = 100m
------- Analysis,Async. ABSF,D = 150m
0 T T 0 i i
-20 -15 -10 -5 0 5 10
SINR Threshold T (dB)
Fig. 2. Coverage probability for a typical macro UE with ds = 500m.
ay = 4. The thermal noise power is 02 = —104 dBm. It is

assumed that no residual interference is left after ABSF, i.e.,
1 = 0. Monte Carlo simulations are also conducted to compare
with our analysis for the purpose of model validation.

Fig. 2 show the coverage probability over different SINR
thresholds. It can be concluded that the analysis well matches
the simulation results and demonstrated that asynchronous
ABSF configuration plays a significant role in enhancing the
coverage probability at the typical user. By increasing the
distance D, the typical UE has more chance to be claimed
as a victim terminal, however continuing the increase of D
(e.g. D =100, 150m) only pays back a minor improvement
in coverage probability.

As discussed previously, it is possible for more HeNBs to
apply ABSF configuration, which would reduce interference
and thus improve coverage performance. The extreme case is
synchronous ABSF configuration in which all nearby HeNBs
in B(0, D) are coordinated to be ABSF synchronous. However,
reserving resources (with the use of the ABSF) for the victim
UEs means a network throughput (resource) loss on the donor
HeNBs.

Fig. 3 and 4 show the trade-off between femtocell resource
utilization (related to system throughput) and coverage proba-
bility for asynchronous ABSF configuration with different D.
The performance of different synchronous ABSF schemes are
also demonstrated. It can be seen that asynchronous ABSF
configuration minimizes the resource expense for interference
avoidance and thus increases the system throughput perfor-
mance. The figures highlight that increasing the radius above
50m brings little in terms of coverage probability while reduc-
ing the available femtocell resources. This therefor highlights
that a radius of 50m brings the most benefits in terms of
coverage while minimizing the network throughput reduction.

VI. CONCLUSION

In this paper we studied the performance of asynchronous
ABSF configuration in a two-tier femtocell HetNet. With
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Fig. 3. The tradeoff between coverage probability and resource expense, for
a typical macro UE with ds = 100m, 7' = 5dB.
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Fig. 4. The tradeoff between coverage probability and resource expense, for
a typical macro UE with ds = 500m, 7" = —5dB.

a stochastic geometric framework we showed the coverage
probability via analysis and verified with simulation. We high-
lighted the trade-off between system throughput and coverage
probability, and demonstrated that by removing the main
interfering femtocell with an ABSF, minimal system resource
is lost while coverage probability can still be well maintained.
This trade-off needs to be taken into account when considering
interference avoidance strategies. Analyzing this trade-off in
terms of the overall network throughput, and broadening
the asynchronous ABSF configuration with multiple major
interferers are left for future work.
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