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Abstract—Distributed Antenna Systems (DAS) and femtocells hard Fractional Frequency Reuse (hard-FFR). Let us eltbora

are capable of improving the attainable performance in the ell- g Jittle further on the rationale of these focal points.
edge area and in indoor residential areas, respectively. lorder

to achieve a high Spectral Efficiency (SE), both the Distribted The main limitation of cellular networks is the ubiquitous
Antenna Elements (DAEs) and Femtocell Base Stations (FBSs) i ) q

may have to reuse the spectrum of the macrocellular network. CO-Channel Interference (CCI), which is particularly dgma
As a result, the performance of both outdoor macrocell users ing in the cell-edge area of systems employing the radical
and indoor femtocell users suffer from Co-Channel Interfeence  UFR, which the research community aspires to in the context
(CCI). Hence in this paper, heterogenous cellular networksare ot hohy the Universal Mobile Telecommunications System

investigated, where the DAS-aided macrocells and femtodslco- o .
exist within the same area. Both the outage probability and tie (UMTS) and in its Long Term Evolution (LTE). In the open

spatially averaged throughput are derived and the network § literature, several solutions have been proposed to cofie wi
optimised either for minimising the outage probability or for CCI, such as time-domain techniques. The so-called, Almost
maximising the macrocell’s throughput. Our analysis demon plank subframe (ABSF) [4], [5] is one of the proposed time-
strates that surprisingly, the Unity Frequency-Reuse (UFRbased domain techniques. Naturally, it is a straightforward ficat

macrocellular system can be optimised in isolation, withou . L .
considering the impact of femtocells. We found that the maar- solution for avoiding the strong CCl is to allocate orthogbn

cells relying on Fractional Frequency-Reuse (FFR) tend to & frequency bands within adjacent cells and reuse them in a
converted to several small cells, illuminated by the DAEs, hen certain pattern, leading to traditional Frequency Reud®) (F
the density of femtocells becomes high. [6]. A more sophisticated technique of exploiting the aataié
frequency band is constituted by the Fractional Frequency
Reuse (FFR) in its hard-FFR [7], [8] and soft-FFR [9], [10]
I. INTRODUCTION variants, both of which improve the Area Spectral Efficiency
Heterogeneous Networks (HetNet) have become an ess fYSE) of classic FR, while maintaining a high Signal-to-
. . . nterference-Ratio (SIR) in the cell-edge area. To elateora
tial part of the contemporary wireless landscape, sincg the . . . .
o ) a little further, the philosophy of FFR is that each cell is
are capable of achieving an improved coverage and powgr, . . .
- . - . S ivided into a Cell-Centre Region (CCR) having access to
efficiency. A paradigm shift is taking place, indicating artd,

. o . the cell-centre’s frequency barid and the Cell-Edge Region
moving away from traditional high-power tower-mountedebas(CER) having access to the cell-edge’s frequency Handhe
stations (BS) towards heterogeneous low-power infrasirac :

. . . . .~ research of FFR system has been focused on determining the
elements [1]. This evolution relies on a diverse combimatio ific bandwidth of the f i
of technigues specific bandwi th of the frequency partitions [11_]—[131]1 0
o . .__the optimal resource management schemes conceived fior stat
Most current literature on HetNets is focused on a simp

rd-FFR [14]-[16] and on the resource allocation problems
conglomerate of heterogeneous network elements. By aintra dynamic hard-FFR networks [9], [17]

in this paper we consider two specific aspects of HetNets.
E)Igzll)l/s VE’E C(::)Og\slgjrle;ig :)Vr\?nlslizi/riel;urjugE:IWZ:f[ecr?:;tgL;setgrgy(lr;i s) In contrast to classic frequency planning invoked for com-
. ating the CCI, the DAS philosophy aims for providing an
aided MacroCells (MC) [2], [3] from a network-structural ng Ph phy al provicing

ve S dl " . h ical increased capacity, as its main design objective. Firitig,
perspective. Secondly, we investigate three typical feegy is because the DAS may provide a shorter link between the

pRIanninguggangefztrr::enti_ of I'\I/lcs’ namell_\?/ Unity lf:trIe:(lq:lgm‘fyistributed Antenna Elements (DAEs) and the Mobile Station
euse ( ), soft Fractional Frequency Reuse (soft- )a{MS) than that provided by the Macrocell Base Station (MBS),

N , _ leading to a Reduced-Pathloss (RPL). Secondly, the DAS is
The financial support of the RC-UK under the auspices of thkatuK bl f . | MS ithin th f
Advanced Technology Centre (IU-ATC) and that of the EU’s @&o project capanie o SUPP?”'ng ngera S within t € Same_ requency
as well as that of the European Research Council's Advaneidwrgrant band by exploiting their angular separation, leading to an
s g&:i‘;g'ﬁ’t a(?:l;n%llesd%gélz berconal use of this material ismigeq.  2NOUIArmultiplexing gain. Finally, when treating a DAS as
However, permission to use this material for any other psegomust be a distributed MUIt"US?r Mgltlple-lnput and .Multlple-Qm]]t.
obtained from the IEEE by sending a request to pubs-pemmis@ieee.org. (MU-MIMO) system, invoking advanced signal processing



leads to both a macro-diversity gain and a multi-user[];airanalysis of DAS-aided twin-layer networks and then the cor-
As a result, we may naturally opt for a DAS in the CER in aesponding optimisation problems are presented in Sefion
FFR system, which is capable of further improving both thEinally, our numerical results are provided in Secfiolh Vtlan

ASE and the achievable SIR of the CER. our conclusions are offered in Section MVII.
Having considered the above-mentioned outdoor cellular
performance issues, the coverage and capacity problem may Il. SYSTEM MODEL

even be more serious in indoor scenarios. In order to meet K'.eTopology Model
traffic demands of indoor mobile users, FCs have been invoke he topoloav of our DAS-aided cellular network is illus
as a cost-effective way of balancing the traffic of the entire pology

cellular system. FCs may be overlaid onto MCs, forming téated in Fig[, where the over-sailing MCs are overlaid on

hierarchical twin-layer network structure [18]. Prior easch top r?];\/lt?:e Fr?shand\fg DAth gretherr;ployeld n r:he C.E.Of 1
on twin-layer cellular structures characterised both tpkibk eac » Which are denoted by the tnangies shown inisig. 2.

(UL) and DownLink (DL) scenarios. Some of these contribu-
tions [19]-[21] derived the Outage Probability (OP) relyion |-
the shared spectrum access policy by considering the apwera| - .
issues, while some authors [22], [23] considered assigning .
orthogonal spectral resources to the central MCs and to thg
FCs in order to eliminate their cross-layer interference. | ‘ : ‘
addition to the above-mentioned centralised approaches, t

authors of [24]-[26] proposed a distributed and self-oizjag o

FC management scheme conceived for Orthogonal Frequengy .-

Division Multiple Access (OFDMA)-based cellular networks -

: der t t both th d il Fig. 1: The topology of the DAS-aided twin-layer cellular
n order 1o support bo € outdoor cellular users arf'getwork and the frequency reuse strategies.

indoor home users, operators may take advantage of the
above three different approaches. Hence, we consider a DAS-

aided twin-layer multi-cell OFDMA network and investigate For analytical convenience, we model the MCs as circles
whether these promising techniques may be beneficially-amaith radii of R,,, where the central target MB®B{" is
gamated. In particular, a range of important issues arisgh s surrounded by six adjacent tier-one MBBg',i € 1,2,--- ,6.

as the interference aspects of the twin-layer network, th@thin the ith MBS B;", N, = 6 DAEs denoted a$3? i €
employment of DASs, the power allocation of DASsaswell s 1,--- ,6;5 €,1,--- , N, are arranged symmetrically in the
their frequency partitioning. Our contributions are addes CER having radii ofry, which are far from the MBSB!™.

« We invoke stochastic geometry [27], [28] for modellingObserve furthermore from Figl 1 that the FBBg§,n € N
the random distribution of FCs. The OP of both outdodire represented by the small circles within the area, whieh a
MC users and of home FC subscribers is derived h@ndomly distributed, obeying a homogeneous Spatial Boiss
DAS-aided twin-layer networks. In contrast to [19]-[21Point Process (SPPP) according to an area-density kre,
where the locations of the macro BSs are modeled we denote the overall FBS set ly, which is overlaid onto
independent Spatial Poisson Point Processes (SPPP),thg DAS-aided MC network. The coverage area of each FBS
modelled the macrocell BSs as a grid model based cirdfeassumed to be a circle having a radiusidf. In addition
of rings, as seen in Fidd1. The grid based model 1§ the above BS configuration, we assume both the Outdoor
more popular and widely adopted for characterizing ttdC Users (OMUs) and the Indoor FC Users (IFUs) to be
multi-cell systems. Hence our model is more realistigndependently and uniformly distributed in their coveragea.
comparing to [19]-[21]. The MBSs and FBSs invoke the classic Round Robin (RR)

« We study the impact of FCs on the existing DAS-aidescheduling strategy. Furthermore, the MBSs and DAEs will
MCs subject to different frequency planning strategiggansmit their signals at their maximum power allowancé&pf
and optimise the DAS parameters, namely the powand P,, respectively, while obeying the total transmit power
allocation between MBSs and DAEs as well as the FFRonstraint of P, + N, P, = P;, with P, denoting the total
related frequency partitioning factor in order to eithefransmit power available for each MC. The FBSs will transmit
achieve the maximum MC throughput or to minimise theheir signals at their maximum power allowance /of.

OP. This is achieved by improving the design approachIn this paper, we consider three different FR strategies,
of [11]-[14] upon amalgamating it with a Quality ofnamely UFR, hard-FFR and soft-FFR scenarios. For the UFR

Service (QoS) constrained deﬂgn scenario, the total available bandwidfh is used by both

The paper is organized as follows. In Secfidn 11, we descrilg® MBS and by each DAE, where the OMUs are served

our system model. Sectiéilill and Sectfof IV elaborate on t§&her by the MBS or by the nearest DAE. In a hard-FFR
scenario, the total available bandwidih is partitioned into
IHowever, due to the length limitation of our paper, we willt t@at the four orthogonal frequency bands, namély, Fy, F» and F3,
mcz)st'advanced appllcgthns_ of DASs in this paper. ' . obeyingF = F. + F, + F», + F3, where we assume that
Given the length limitation of our paper, we consider the aectpof - d . o h
FCs imposed on DAS-aided MCs, and will consider a holidicaptimised Fo=pF andFe = F1 + F> + F3 = (1 - p)F. Furthermore, .
solution in our future research. F, represents the frequency bands available for the CCR, while

UFR

/ { hard-FFR| F. = pF | F. = (1 - p)F

"] soft-FFR
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F;,i € 1,2, 3 represents the frequency bands available for ti#{*, is given by:
CER in one of the three adjacent MCs. When considering the id’o‘lh
soft-FFR strategy, the total available bandwidthis equally Y = o ™0 ’
divided into three orthogonal frequency bands according to > fb d; “*hi + ZZ Ag di M hig+ 2 Aifwd‘”l Jn
F = F| + F», + F3, where one of the frequency bands i#0 n
F;,i €1,2,3 is used in the CER, which is orthogonal to the 1)
neighbouring CER of the adjacent cells. On the other hanghere h;, h;; and g, denote the negative exponentially
the remaining two-thirds of the frequency band is resereed fdecaying channel gain of unity mean with respect to (wrt) the
the CCR. MBS B}, the DAE B, as well as the FB®/, respectively.
When the OMUs are located at the CER, they will be served
by the DAE having the highest average received power, namely
B. Channel Model k= argmax 4=d;$". Then the received SIR, of OMU

In this paper, we assume that the DL channel is subjectﬁg\,mg a radius of, and an angle of, from its MBS may
uncorrelated Rayleigh fading obeying a unity average powgg written as

constraint, as well as to wall-penetration loss and pasgs:lo Pug- a

For analytical simplicity, we considered a CCl-limited sa€o _ Ao 0.k _
and hence neglected the thermal noise in this paper. However f—gd_alh +>03 Ag d; M hig+ Z 5w dr ™ gn
the consideration of the noise is straightforward. We dgt @ i\0 j\k

and d; ; denote the distance from a user to tith MBS (2)

B;" and to thejth DAE in the ith MC Bf, respectively, |n the DAS-aided twin-layer cellular network associated
Whlle dy, represents the distance between the user and {high UFR, the OP of OMUs is formulated in Lemrfia 1.

nth FBS BS. More speC|f|caIIy the distancd; may be Lemma 1: When an OMU« located at a radius of,
written asd; = /rZ +r? — 2r,r;cos (0, — 0;), Wherery  and an angle o, from its serving MBSBJ* in a DAS-
and 6., denote the radius and angle of the user, while aided twin-layer cellular network associated with UFR, the
and ¢; represent the radius and angle of the MBSJ". OP Oy (Yen|ru,04) = P(yu < ~vin) associated with the SIR
Similarly, we havel; ; = \/rg + rij — 2ry1; 5 cos (0, — 0; ;) threshold ofy;, may be written as

anddy, = \/r2+r} —2rury, cos (0, —0y,), wherer; [
and@; ; denote the radius and angle of DA, while y, Oy (ytn|ru,0u) =1 —¢
andf,, represent the radius and angle of FBS.

The DL propagation loss between a BS transmitter and@(
user is modelled asL = Ad“, where A is a constant that
depends on the carrier frequengy, d denotes the length \ynere Hy = ] + 4 m I + Pa ) m) 1

e (M ar

4]
Podg W H w e CCR

|:—7T>\Co¢1( Bren

ay
’Yth'Tuaeu) =1-—e dOk W :|H2 u e CER,

of this transceiver link, whilex is the pathloss exponent. i#£0 do (i) dy ™t
Furthermore, we denote the outdoor and indoor fading canst P,d; “ %h Yyin 1

1+ =i g
by Ao and A;, respectively. Finally, we denote the outdoo?( 1:[( + P, dﬁ"‘l (Zg\gk)( dg ! )~ and
and indoor pathloss exponent ky, and as. The detailed Co, = fo a1
channel model parameters are summarized in Table |I. Proof: See Appendlﬂ\ -

The OMUs are typically assumed to be independently and
1. ANALYSIS OF DAS-AIDED TWIN-LAYER NETWORks  uniformly distributed within the coverage area. The praligb
WITH UFR density function of the OMUW: having a radius of- and an
angle ofé from its home MBS is given byp(r, = r,6,, =
In this section, we will investigate the DL performanc®) = —. As a result, the spatially averaged @R, of
of DAS-aided twin-layer cellular networks associated witdMUs may be written as
UFR, where the femtocells are close to the OMUs. The OP o
of both the OMUs and the IFUs will be derived, where an O (Ven) =/ / %Ou(%hhﬁ 0)drdd.  (3)
outage occurs when the instantaneous received Si&t a TR
transmission falls below a predefined thresholdygf. Then,
the spatially averaged throughput will be formulated. B. Long-Term Spatially Averaged Macrocell Throughput

We note that the Cumulative Distribution Function (CDF)
. of the uth OMU’s SIR ~, satisfies ., (yin|ru,0u) =
A. Outage probability of OMU Ou(vin|ru, 0), and the joint CDF of the received SIR,
The OMUs roaming in the CCR of the home Mg suffer may be written asr.,, (vin,7,0) = Fy, (Ven|ru, 0u)p(ra =
from CCl imposed by the DAE®? ;, by six tier-one MBSs 7,0 = 0). As a result, the CDF of the spatially aver-
m i # 0, as well as by the interfering FBS;, . As a result, aged 5|Rfm(%h) of OMUs is given by 7., (vn) =
the associated SIR, of OMU w in the CCR, which is located [, 0 ﬂRz Ou(yen|r, 8)drdf, which is the same as for the
at a radius ofr, and at an angle of,, from its home MBS spatially averaged OB,,



The Probability Density Function (PDF) of the spatially Again, the PDF of the spatially averaged SIR for the worst-
averaged SIR for OMUs can be directly expressed by tlease IFUs is directly given by the derivative of the CDF

(iligrivative of the CDFRF,,, (vn), which is written a®(vin) = £, (v,,,), which is written asp(v,) = df;fiiz”l). Then, the
472w (en) Hence, the achievable long-term spatially average@hievable long-term spatially averaged FC througtipunay

dyin ) . .
throu’éhputTm may be written using Shannon’s classic forbe written as

mula as: 0o
- Ty = / 1005 (1 + ven)p(yen ) dyen
T = / 10g, (1 + ven)p(ven)dyen O R
0 > mr
- o goe ) _ / / / 100, (1 -+ 74n) - dOu (yunr, 6) .
_ 00, (1 dO,, ,0)drdf. o Jo Jo m
/0 /O /0 9p (1 +7en) R (yen|r, 0)dr “ )

IV. ANALYSIS OF DAS-AIDED TWIN-LAYER NETWORKS
C. Outage Probability of IFU WITH FFR

In this paper, we only investigate the performance of IFUS |n an FFR scenario, the total frequency bafids divided
located at the CeII-edge of their serving FBSs within thmto the 0rthogona| frequency bands Bf and F., which are

DAS-aided cellular network using the UFR strategy, whickeserved for the CCR and the CER, respectively.
characterises the worst-case performance. Then, the IFdJs a

subjected to CCl emanating both from the MBSs / DAEs as ) o )

well as from the other FBSs. As a result, the received §JR A DAS-aided DL Transmission with hard-FFR

of IFUs located at a distancB, from its serving FBSB; 1) Outage probability of OMU: In a hard-FFR scenario, the
may be formulated as: OMUs roaming in the CCR receive no CCI from the DAEs
any more, hence the received SiR of the uth OMU having

Pr p—a:
a1t n a radius ofr, and an angle ob, from its home MBS may

Yu =

Pyd; ! Pod, 7 Pyd, ™ be expressed as
2 g i+ 223 agirhis + 2 agwT 9 P
i i g j#En &d_al ho
©) Tu = P, o P . 9)
| - | > Bed i+ X o d; g,
The OP of the worst-case IFUs in a DAS-aided UFR scenario Go Aot — AW " fn

is formulated in Lemma]2.

Lemma 2: When the IFUs are located at the cell-edge of its When the OMU is far from the home MBS and located in
serving FBSB/, which is far from the anchor MBS with a the CER, it will be served by the DAE having the highest

radius ofr;, and an angle of ;. , the OPO, (viurs,, 07, ) = received powir. In_ other words, tt}le (BQM]U will be supportted
P(va < ~n) may be written as: by the DAE Bj ,, with k = argmax3=d, ;. Then, the OMU

may suffer from strong CCIJimposed both by other DAEs

o e =1 [*“Cm(iwi,;:}az )er within the same MC as well as by the interfering FBSs, and
w(Ynlrs, O5,) =1 =e » the corresponding SIR,, may be written as
— Py Id;a] —1 Pa'Ythd;ql —1 P, —
whereHs; = [[;(1+ W) ILILA+ PfWinim) : - A—Odoyg‘lhoxp (10)
Proof:_ See Appendix B. _ ] Z %d&?l hoj+ 3 AO{/V d}nalgn
In the literature, the FBSs are also typically assumed to J#k n

be independently and uniformly distributed within the okt Following a similar derivation to that of Lemrii 1, the OP of

network, hence the probability density function of the FBg)\jus operating in a hard-FFR scenario is given by Lerfilna 3.
being located at a radius efand at an angle of is given by

p(ry, =0y, = 0) = —. The spatially averaged 08
of IFUs, which are in the"CER of their serving FBS may bg,,
written as

Ry, 27 r
Oy (Ven) :/ / FOU(%;JT, 0)drdf. (6)
0 o Ty,

Lemma 3: In DAS-aided twin-layer cellular networks as-
ciated with a hard-FFR frequency reuse pattern, the OP
Ou(in|ru,0,) of OMUs located at a radius af, and an
angle of#,, from their home MBS may be written as

) Ou(yin|ru,0u) =1—¢ Py o Hy ue CCR,
D. Long-Term Spatially Averaged Fenmtocell Worst-Case R )
Throughput [*MCQI(P Lt )ﬂ_l}

Ou('yth|ru7 ou) =1l-e @0k Hs u € CER, .

The CDF of the spatially averaged worst-case IR (y:n),

is given by where we havé{, = [](1+ %)*1 andHs = [](1+

Ry, 27 r - i#£0 0 itk
P = [ [ Ouminodras. (@) oo
0 0o Ty

1
do.k



Pad;;']l')’th —

By exploiting the assumption that the OMUs are indepeive haveHs = [] (1 + df(:jlth)fl ITT1(1+ L Tthy—1
dently and uniformly distributed in the coverage area, the #o o i#0 j Podo
spatially averaged OP),.,(:,) of OMUs may be written as and#; = [ (1 + %ﬁ(]ﬁh)—l_

i#£0 %o,k

m r Similarly, the spatially averaged G®,, (y:,) of OMUs may
Om(un) = /0 /0 W(%(%hlr, 0)drds. (11) pe written as )

2) Long-Term Spatially Averaged Macrocell Throughput: Ol = /Rm /277 "o (yonr 0)drdf). (16)
Similar to the UFR scenario, the CDF of the spatially avedage " 0 o mRZ Y ’
SIRF,,. (v ) and the long-term spatially averaged throughput

T,, may be written as 2) Long-Term Spatially Averaged Macrocell Throughput:

According to the assumption of having independently and
Ry p2m uniformly distributed OMUs in the MC, the CDF of the
Fr (ven) = / / —5zz Ou(yenlr, 0)drdf (12) spatially averaged SIEF,, (v.,) and the long-term spatially
0 Jo Thm averaged throughpt,, may be written as

oo R 21
T, :/ / / |Ogg(1+'yth)—7”;2 dO, (yen|r, 0)drdo, Ry pom
o Jo 0 m _
4z Fulu)= [ [ Ouulr o) a7)

m

o) R 27
where O, (v4,) denotes the spatially averaged MC OP ang | :/ / / l0g, (1 + ) r O (yon | 0o,
Ou(Yen|r,0) is the OP of theuth OMU, which is given by o Jo Jo TR?, a8)

Eq. (11) and LemmaA]3, respectively.

where, again, the spatially averaged OR, () and the OP
B. DAS-aided DL Transmission with soft-FFR Ou(Ven 7, 1_9) of thewth OMU at the radius of, = r and angle
of 6, = 0 is given by Eq.[(1B) and by Lemnia 4, respectively.
1) Outage probability of OMU: In a soft-FFR frequency
reuse pattern, the total frequency baRdis equally divided
into three orthogonal frequency bands according'te: F'1+
F2 + F3, where one of them is reserved for the CER and
the remaining two are used in the CCR. Hence, the OMUsWe will focus our attention on the optimal design of the
roaming in the CCR suffer from no CCI due to the DAE®AS-aided twin-layer system using UFR, hard-FFR and soft-
within the same MC any more in a soft-FFR scenario, whileFR frequency reuse pattern. Specifically, we will optimise
both the MBSs and DAEs of tier-one MCs impose CCI opoth the normalised radiiry of the DAS and the power
the CCR's OMUs. As a result, the OP of OMUs in the CCRillocation factory = £ for UFR and soft-FFR scenarios.
becomes worse than that of the hard-FFR scenario and #imilarly, we will also optimise the normalised radij of
received SIRy, of the OMU u at the radius of-, and angle the DAS, the power allocation factqr = % as well as
of 6., but far from its anchor MBS may be expressed as the spectrum partitioning factgr of the hard-FFR scenario.
Py g-orp, The appropriate choice of these parameters is expected to
A, %0 70 . achieve the maximum total long-term spatially averaged MC
Pydg “1 Pady ™t Pydy ™ throughput per subchannél,, or, alternatively to minimise
i;) —2—h; + ;:0%: A5 Nig + Xn: AW In the spatially averaged OB, (y+1)-

V. OPTIMAL DESIGN OFDAS-AIDED TWIN-LAYER
NETWORK

Yu =

(14)

When the OMU is roaming in the CER, no CCI will beA. OP-based Design
imposed by its anchor MBS, while its received SiRRdepends |, this paper, we present an OP-based design approach with

on the CCI gmanat_ing both fror_‘n the tier-one MBSs as wWglhe aim of minimising the spatially averaged @PB,, (),
as from the interfering FBSs using the same frequency bagghere we stipulate the QoS requirementuaranteeing that

The received SIR may be written as: the long-term spatially averaged CER throughput is at least
Pog=orp a fraction n of the CCR throughput. Hence, the system

Yo = 7“‘0 Ok e ) (15) parameters may be adjusted for trading the data-rates of the

Siso HdT hi + Y, 4 d T gn CCR MC users against those of the CER MC users. Given the

predefined SIR thresholg,, the optimisation problem using

Lemma 4: In DAS-aided twin-layer cellular networks assoy..c op_pased approach may be formulated as

ciated with soft-FFR, the OP of OM@,, (y:1,|7w, 6.,) Mmay be

written as _ Ry 2w .
. , min - O (en; Tas 1) :/ / WOm(%hln 0)drd
[~7ACay (L)1 ] o o m
Ou(’ythhﬂua Gu) =1-ce¢ ' Pydg 1 W H6 u e CCR, st poNang (Tda :u) >
[ 7ACa, (L3t piTn, (ra, 11)
Podor W H7; ue CER, P, + N,P, = P;, (19)

Ou(’yth|7au79u) =1l-e



whereT,,, andT,,, denote the spatially averaged throughpwnd soft-FFR strategies. The CDF of the received SIR of both
within the CCR and the CER of the MC, respectively. Futhe OMUs and IFUs is verified first, which is followed by

thermorep, andp; denote the normalised available frequencthe results of our optimal design. Our system parameters are
bands within the CER and within the CCR, respectively. Morsummarised in Tablg |.

specifically, the normalised frequency bands availablesfyat
po = p; = 1 within the UFR scenario and, = 3 andp; = 2
within the soft-FFR scenario, while, andp; are the function
of the frequency partitioning factos of p, = ‘=2 and of

3
p; = p within the hard-FFR scenario.

B. Throughput-based Design

In addition to the OP-based design, we also present
throughput-based design approach conceived for maxigqisi

TABLE I: Notations and System parameters

the average MC throughput of UFR, hard-FFR and of soft-FF|

scenarios, where the above-mentioned QoS requiremént
also employed. When a predefined SIR threshgjdis given,
the throughput-based optimisation problem may be forradlat
as

max T, (T‘d, s p) = piTml (T‘d, :u) + poNaTmz (rda :u)

pONaTmz (Tdv ,LL) >
piTm (ra, )~

P, + N, P, = P;.

S.t.

(20)

Remark 1: Note that the constraint imposed by the inequa
it polNaTm, (4, 1)
y e
piTm1 ('f‘d, :u) . .
can be solved by the method of Lagrange multipliers. Tt
optimum frequency partitioning factos* of the hard-FFR
scenario is determined by the extremal points of the inéiyual

H - x NaTnlg (Tdal")
which may be written ag* = NaTmg (ra,10)+30Tm, (Ta,p) *

> n is a linear one, hence the problerr

C. Optimisation tool

Since no closed-form equations have been found for the (
Om (Ytn,74, 1) and for the MC throughpuf,,, (rq, p),7 €

i

Symbol | Description Value
fe Carrier frequency 2 GHz
D Inter-Cell Distance 1000 m
Ry Radius of the Femtocell 20 m
Ao.ap | Fixed outdoor pathloss 33.261og o (fc) — 79.86 dB
Ar 4B Fixed indoor pathloss 37 dB
ai Outdoor pathloss exponen 4
) Indoor pathloss exponent 2
WaB Wall penetration loss 5 dB
P,,.ag | MBS transmit power 46 dBm
“Pr i FBS transmit power 13 dBm
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1,2, we solve the optimisation problems of E.(19) anfig. 2: The CDF of the received SIR in the absence of
Eq. (20) using the classic GA optimisation method [29], vehefémtocells.

T, (ra, p) @andTy,, (rq, 1) will be numerically evaluated with

the aid of Matlab tools due to the fact that the three-fold Fig.[d and Fig[B illustrate the CDF of the spatially averaged

integration is extremely time-consuming. The GA consgiut
an attractive global heuristic optimisation tool for séeptob-
lems, which mimics the process of natural evolution. A rando

received SIRy within DAS-aided twin-layer cellular networks,
where the FBSs are randomly distributed obeyir}\g a homoge-

: : ; ) Y neous SPPP according to an area-density ef
populationP is created first, and the fitness of each mdmdu%f denoting the averaged number of FCs wit

# with

hin"each MC.

.car?d.idate-solution is evaluated. Then a number of higlesmn Observe from Fid.]2 that our theoretical results of the rebi
individuals are selected from the current generation of thgp recorded for OMUS quite accurately match the simulation

population in order to create off-springs with the aid ofngsi

. . r
the standard crossover and mutation operations. The ne\‘x&
formed generation of the population is then used in the neXta considered
iteration of the algorithm, hence the GA process leads i '

the gradual evolution of the population to better solutiofs
the optimisation problem. The optimisation process usiegg t
classic GA is briefly summarised in Appendik C.

sults, despite ignoring the effects of the interferingsFC
ardless, whether the UFR, hard-FFR and soft-FFR s@enari
It is clearly shown that as expected, the
8ceived SIR of the hard-FFR scenario is better than that of
the soft-FFR and UFR scenario, which is due to the fact that
no CCI is imposed either by the tier-one MBSs or by the
DAEs within the tier-one MCs, while the received SIR of the

UFR scenario becomes the worst amongst all frequency reuse

V1. PERFORMANCEEVALUATION

patterns, as a result of the strong CCI within the same MC.

In this section, we will evaluate the performance of DAS- When the mediocre-density femtocellular scenario of Hig. 3
aided twin-layer cellular networks using our UFR, hard-FFE considered in conjuction withiV; = 50, the simulation
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Fig. 3: The CDF of the received SIR, when the number &fig. 4: The optimised normalised radii of DAS in the OP-
femtocells within each macrocell & = 50. based design.

results become slightly better than the theoretical resbk- 1—— O ——————————————
cause we only considered the CCI arriving from the intenfgri
FBSs within a circle having a radius @t,,,, but ignored the
CClI imposed by the FBSs far away from the user consider 0.8
in our simulations. Fid.]3 also shows the CDF of the spatial
averaged received SIR for the worst-case IFUs, which &
located at the cell-edge of their serving FBSs. Our simuohati
results demonstrate that the OP of the worst-case IFUs nsme
quite low, even if the SIR thresholg,;, is set to be as high as
20dB, because the CCl emanating from the neighboring FB
is significantly reduced owing to the attenuation of walls. 0.3

o
3
X

Power ratiqu
o o
D (2]
\
. . .

0.4

—6e— UFR
.. . . . —*— soft-FFR ||
B. Optimised design for DAS-aided twin-layer cellular net- —&— hard-FFR
works 0'10 10 20 30 40 50 60 70 80 90 100
Density of femtocells (hRi])

0.2

In order to highlight the importance of optimal paramete.
design, we compare the performance of both the OP-bagdd. 5: The optimised power allocation in the OP-based
design and of the throughput-based design of our DAS-aidgdsign.
twin-layer network, where a QoS constraint 9f= 0.2 is
considered. We also considered a static system configaratio
of rqg = % and i = 1.0 as the benchmarker, which is referred
to asSystem 1 (S1). OMUs have to be handed over from the MBS to the DAEs of

1) OP-based design: Fig.[4 and Fig[b illustrate the op-the CER of twin-layer networks in the presence of high-dgnsi
timised system configurations as a function of the numbiterfering FCs, which may be viewed, as the MCs being split
of FCs N; in the UFR, hard-FFR and soft-FFR scenariognto several DAS-based small cells in order to maintain a low
Observe from both figures that the UFR scenario relies &P
the near-constant parameters of ~ 0.62 and u =~ 1, Fig.[d compares the spatially averaged OP of S1 and of the
which are independent of the number of FG5. In other GA-aided near-optimal networks, where the SIR threshold is
words, the system parameters of the UFR scenario can d&t toy,, = 3dB. Itis clearly shown in Fid.l6 that as expected,
configured separately, entirely without considering thpast the spatially averaged OP increases with the number of FCs
of the interfering FCs. However, the optimised radiy®f the within all scenarios considered. More specifically, the GP o
DAS tends to decrease upon increasing the number of FCs ttae UFR scenario is significantly higher than that of both the
both the hard-FFR and soft-FFR scenario, which are seasitivard-FFR and soft-FFR scenario, duo to the fact that the CCI
to the density of the FCs. Furthermore, the optimised powenposed on the OMUs of the UFR scenario is significantly
allocation factoru tends to increase, as the number of FOsigher than in the other two scenarios. Furthermore, the OP
Ny increases. In the CCR, the performance of both the haaf- the hard-FFR scenario is lower than that of the soft-
FFR and of the soft-FFR scenario becomes worse than that6fR, which is achieved at the cost of a reduced throughput.
the CER, when the density of FCs increases. As a result, tHewever, the OP of the hard-FFR increases more rapidly
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Fig. 6: The spatially averaged OP in the OP-based desi(
when the SIR threshold is;;, = 3dB.

than that of soft-FFR and then becomes lower than that
the soft-FFR scenario, when the density of FEds high.
Fig.[8 also shows that the OP of the GA-based near-optin
networks always remains better than that of the benchmarl
S1, especially for the low-density femtocellular hard-FFI
scenario.

20
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Fig. 7: The long-term spatially averaged macrocell thrqugh
in throughput-based design.

2) Throughput-based design: Fig. [4 illustrates the achiev-
able spatially averaged MC throughput of both the benc
marker S1 and of the GA-based near-optimal networks usi
our throughput-based design, when the UFR, hard-FFR or sc
FFR frequency reuse pattern is employed. The achievable I
throughput of the optimised design decreases, as the num

of a high OP. In other words, a trade-off between the attdénab
throughout and the tolerable OP has to be struck. Furthermor
Fig.[@ also illustrates that the achievable throughput efG#-
based near-optimal networks is higher than that of thecstati
configuration S1, and a larger gap is observed for the hard-
FFR scenario, which is more sensitive to the specific choice
of the system parameters.

C. Outage probability of worst-case IFUs under optimal UFR
scenario
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Fig. 8: The OP of OMU for mediocre-density femtocellular

networks, when the number of femtocells A6y = 50 and
Yth = 3dB.
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of interfering FCsN; increases. This is because the CC.
imposed by high-density FBSs is stronger than that of lowtig. 9: The OP of worst-case IFUs for mediocre-density

density systems. Due to the aggressive frequency reuse of
UFR scenario, the attainable MC throughput is much high
than that of the FFR scenarios, albeit this is achieved atdbe

fétocellular networks, when the number of femtocells is
Nf =50 and%h = 20dB.



Let us now investigate the OP of OMUs and IFUs in th®MU at a radius of-, and angle o¥, may be written as
context of twin-layer cellular networks associated withRJF
where the average number of FCs in each MQVjs= 50. It ~ Ou(Yin|7u, 0u) =1 = P(yu = Yin[ru, 0u)
is shown in Fig[B that the outage of the OMUs is lower than =1—=Plho > wn(I1 + Io + I3)|ru, 04)

20%, when they are within 100 from thgir serving MBSs. 1_E {e[_%h(hﬂzﬂsﬂ}
However, the OP of OMUs becomes higher, when they are REREEEE

roaming far away from their serving MBSs, because we have =1-Ep 1, {e(—mh)e(—mlz)e(—mls)}
a weaker desired signal and a stronger interference emgnati o

from the neighbouring DAEs. Observe from Fig. 9 that the =1—Lr (vn)Lr (ven) L (1en), (22)

OP Oy () of the worst-case IFU is lower thai, when its
serving FBS is far from both the MBSs and from the DAESs.
However, the OP of IFUs becomes higher tlsaf, when the
serving FBSs are located in the vicinity of either the MBS
of the DAEs. As a result, an outage is likely to occur wit
a high probability and the FCs may have to be allocated
orthogonal frequency bands wrt that of the MC.

whereL;,, L5, and L, denote the Laplace transform of the
random variablel;, I, and I3, respectively. The ternd; is
otnhe linear sum of independent exponential distributed samd
I){arlable h;, the Laplace transform of; can be directly
ggnved as

Ell(’yth):E 6( dg 1 #0

VII. CONCLUSIONS

(_ ‘Ythid:;fq hl)
Sicin

In this paper, we have provided the analysis and the GA- i#0
based near-optimal design of DAS-aided twin-layer cetlula (@ %hd o
networks associated with UFR, hard-FFR and soft-FFR sce- [Ja+ o) (23)
narios, where both the per-layer OP as well as the long- i#0 0

term spatially averaged throughput were derived. The GA
based near-optimal design of this twin-layer cellular eyst
for the UFR, hard-FFR as well as soft-FFR scenarios has
been investigated, with the goal of minimising the OP o
maximising the spatially averaged throughput. We have dloun

that the optimised design for the UFR scenario is independen Lr, (en) HH (1 + ) d_m %h) h (24)
of the density of the interfering FCs, suggesting that ttetesy

can be optimised without considering the impact of the FCs.
As for the hard-FFR and the soft-FFR scenario operating in
the presence of high-density FCs, the optimised MC tends to r (72 Piith_g=on, )
migrate to smaller cells illuminated by the DAEs in orderto £, (y,.) = By, |e "EY pyag w7
maintain a low OP. Our received SIR results of the worst- '

case IFUs also demonstrated that an outage near the MBSs or -

where (a) follows the Laplace transform of exponential ran-
dom variables. Similarly, the Laplace transform of the iinte
erence term/y, may be written as

The Laplace transform of the sum of SPPPis given by

the DAEs is likely to occur with a high probability. Hence in - (— Pb:gg;lwd;:lgn>
this scenario the FCs should be allocated orthogonal frexyue = L., H ¢
bands. e
Pryy —a
I1E e(_Pde:) lhwdf"]g”>
n
APPENDIXA nev
OUTAGE PROBABILITY OF OMUS WITHIN UFR SCENARIO ® Pryvin —ain—1
= Fyg H (1 + 7[3 d_O”Wdf" ])
. . . new bto
When UFR is considered, the received SjR of OMU u
within the CCR is rewritten from Eq[J1) as o [ cdi
T Jo Pif h -
h (2 e PbdoL;Wt '
0
u = 7’ 21
L Py Ay ey {‘”A% (it ’_]
=e Podo =W , (25)
where we have I; = d%l Sizodi Thi, I = , ,
0 where(b), again, follows the Laplace transform of exponential

o D 2oy i thi g andly = Pdp—élwz d;*'gn.DUe distributed variables andc) follows from the Probability
to the fact that the interference ternts, I and I3 are Generating Functional (PGFL) of the SPPP [27]. Substitutin
independent of each other and the channel gaiis negative Eq. (23), Eq.[(24) and Eq._(R5) into E§. {22), the OP of OMU
exponentially decaying, the OB, (y:x|rw, 0.) of the CCR’s within the CCR at a radius of,, and angle off, can be



derived as

Pryth o

Pydg “1W }Hl. (26)

Following a similar derivation for the OP of the CCR’s
OMUs, the OP of the CER's OMU at a radius of and
angle off, can be expressed as

|:77T)\Cal (

Ou(’yth|ru19u) =1-e

{fﬂcmpt—t’;)ﬂ
Ou(yen|ru,0u) =1 —e Pado W I, (27)
APPENDIXB
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whereO,,, (v, |r, ) is a function of the candidate solu-
tion w;.

3) Generate the new population with the aid of using the

We will then consider the worst-case OP of IFUs having

a distance ofR; from the serving FBS, which is located at

a radius ofry, and angle off;, far from the home MBS.

Similarly, the SIR~,, of Eq. (B) is rewritten as
In

Is+Is + I’

O "y
i PyWR, 2T

Yu = (28)

where we have I, Is
d*“l _

Z 27 PfWR @2 hjlj andIG = Z];&n ng Aga'n the

OP of the IFUs located at the cell- edge of FBE, which

has a radius ofy, and angle of;, from the home MBS, is
given as

Ou(venlry,,05,) =1 — L1, (ven) L1y (Ven) L1s (Ven),  (29)

where Ly, (ven), L1, (yen) and Ly, (vep,) are derived similarly
from Eq. [23) and Eq[{(25), yielding

Pyyind; “* 4
L = 14+ — 30
1. (n) H( hWRw) (30)
a’ythdz _
L1, (ven) HH PfWR_Jaz) ! (31)
{4,\0 (—th__yar
1N T2
Lis(vin) =€ ! (32)

Substituting Eq.[(30), Eq._(81) and EQ.132) into the Eq] (29)

we arrive at Lemma 2.

APPENDIXC
THE OPTIMISATION PROCESS OFGENETIC ALGORITHMS

1) Initialisation: A population of solutions is randomly
generated, which is composed &%,,; number of L-bit

standard recombination and mutation operation of the
GA [29]:

a) Crossover: Select multiple pairs of "parent” in-

dividuals from the population for breeding the
"offspring”. For each pair of "parent”, arrange for
the cross-over operation at a randomly chosen point
with probability P., which is set toP, = 0.7 in
this paper.
Mutation: Alter the gene value in each chromo-
some of the selected individuals with a probability
of P,. We used a low mutation probability of
P,, = 0.05 for avoiding primitive random search.

b)

4) Go to step 2 and continue the iteration, until the number

(1]

(2]

(3]

(4]
(5]
(6]
(7]

(8]

[10]

[11]

(candidate solutions) chromosomes and each chromo-

some represents an individual solutionIn this paper,
we usedN;,q = 20 and L = 20.

Evaluate the fitnes$'(w;) of each chromosome; in

the population, where the individual’'s fitnedgw;) is

computed either as the individual’s QP,, or the MC
throughputZ’,,, which is formulated as

2)

[12]

[13]

[14]

Ry, 27
O (wi) / / TR Ou(Yen|ru = 7,0, = 0)drdo 15

(33)

Tm (wz) = pszl (wi) + poNang (wi)a (34)

[16]

of generations reaches its maximum valueNgf,,.,. =
50.
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