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Abstract— The achievable throughput of the entire cellular Against this background, in this paper investigate the
area is investigated, when employing fractional frequencyeuse throughput across the entire cellular coverage area, when
techniques in conjunction with realistically modelled imperfect employing the FFR technique beneficially combined with-real

optical fibre aided distributed antenna systems (DAS) opering . .. . . } . .
in a multicell scenario. Given a fixed total transmit power, Stically modelled imperfect optical fibre aided DAS opérgt

a substantial improvement of the cell-edge area’s throughgt N @ multicell scenarioWe will demonstrate that
can be achieved without reducing the cell-centre’s througput. 1) The combination of the FFR technique and DAS may
The distributed antennas are connected by realistic lossyptical not always lead to a combined throughput enhancement,

fibre associated with a pulse-broadening parameter of3 < 0.1. . . .
Quantitatively, the entire cell-edge throughput is betterthan n = when the pulse-broadening effects of realistic RoF links

3bits/s/Hz, potentially reaching 4bits/s/Hz< 7 < 5bits/s/Hz in the are also taken into account;
best illuminated areas. The geographic throughput distritution 2) Employing different configurations of the RAs in DASs
is characterized with the aid of throughput contours. results into different geographic throughput distribu-

tions, suggesting that the positioning of the RAs is
dependent on the systems geographic user-distribution.

|. INTRODUCTION Our paper is organised as follows. In Section Il we introduce
The classic Unitvy Frequency Reuse (UFR) pattern tvpicalll€ multicell topology considered and outline the received
y Freq y ( )P P ? nal model. Our link level results recorded for a range of

has a low throughput at the cell-edge. As a remedy, t dulati 4 codi h d in Section I
Fractional Frequency Reuse (FFR) [1] philosophy may 0 u_atlon and coding schemes are present.e n ecnon '
This is followed by our performance evaluations in Section

invoked, which is capable of improving the cell-edge Signa . . i )
to-Interference-plus-Noise-Ratio (SINR). Similarly, BA are f”' Finally, we conclude our discourse in Section IV.

also capable of attaining an improved coverage, hence in-
creasing the attainable throughput of the cell-edge arel an Il. OPTICAL FIBRE AIDED DAS WITH FFR
reducing the total transmit power dissipation [2]. In castrto A. Multicell System Topology

employing a vulnerable wireless backhaul for connectirgy th The multicell scenario considered in our paper is illugtiat
central Base Station (BS) and the distributed Remote A@®nfn Fig. 1, which consists of seven adjacent hexagonal cells,
(RAs), the Radio over Fibre (RoF) [3] transmission techBiquach having a radius oR. The distance between any two
is eminently applicable to construct the BS to RA linkggjacent BSs isD = V3R, e.g. B2B; = 3R, as shown
by exploiting the be_nefits of optical fibre based backhaulg, Fig. 1. Based on the FFR regime of this system, the total
although naturally, this increases the system’s cost. Bié€ ayailable bandwidth is divided into the cell-centre freqoe
capacity of the resultant RoF aided DAS is essentially onlyang 7, and cell-edge frequency bangl, where we have
limited by the ‘last-mile’ wireless link. F.N F. = ©. Furthermore, the cell-edge frequency bahd
More explicitly, the FFR technique improves the cell-edgg divided into three orthogonal frequency bands, Fe, F»
throughput by orthogonally partitioning the entire freqae and F;, where each frequency band is used exclusively at the
band to ensure that the co-channel interference at thedgl- cell-edge of one of the three adjacent cells, as seen in Fig. 1
is reduced at the cost of a reduced area-spectral-efficiencyye assumesymmetry so that every cell has the same
By contrast, the DAS improves the cell-edge throughput kstem configurations and focus our discussions on Egll
placing the antennas more close to the cell-edge terminaighout any loss of generality. The cell-centre area hasiasa
hence the pathloss is reduced. Thus, it becomes reasongple. When DASs are employed, thith RA is described
to combine the benefits of these two techniques in order §ging its polar coordinates denoted Iy;, L] = [27(i —
resolve, whether the drawbacks of the FFR technique may pec 1.],i < [1, K], where K stands for the total number
compensated by the throughput enhancement of DASs.  of RAs. Furthermore, the destination Mobile Station (MS)
roaming at any poinZ within cell By is described by its polar
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We assume that the links spanning from the Bg to the
RAs are constituted by an imperfect optical fibre, while the
last-mile connection from the RAs to the MS relies on the
wireless link. Hence, the signal received at titte RA after
passing through the ’lossy’ optical fiore may be written as
yi = Ap(Apz; + I,) + ny. More explicitly, we haved; =
exp(—aL/2) andny ~ CN(0,0y), where the lossy optical
fibre’s attenuation coefficient isx and the complex-valued
Additive White Gaussian Noise (AWGN) is;. When the
wavelength of light isA\ = 1.55um, a typical value for the
attenuation coefficient is = 0.2 dB/km [5]. Furthermore, the
so-calledpulse-broadeningeffect of the optical fibre is also
taken into account, where the pulse propagated over the fibre
is subject to both peak-power reduction and to Inter-Pulse-
Interference (IP1). The peak-power reduction is given by a
factor of [6]: A, = Ty/(T¢ — ix%L?)'/2, whereTy = 10

ps stands for the Half-Width-Half-Maximum (HWHM) of the
initial Gaussian signalling pulse, while = 20 ps%/km is

a constant. The IPI is accumulated as a result of the pulse
broadening, which may be modelled as a linear function of
Fig. 1. The toplogy of seven cells relying on a FFR and DASrggemnent, the optical fibre’s lengtfL, yielding I, = 3L, with 3 being a
where K = 6 RAs are employed. fibre-length-dependent constant in the rang® aind 1.

The noise-contaminated, faded signal at the wireless
channel’s output is normalised by a power-scaling factat an
then forwarded through the wireless channel to the destimat

Focusing on the celB, of Fig. 1, when DASs are employed,namely to the MS roaming in the cell-edge area, where the
a total transmit power constrairft should be imposed, hencepower-scaling factory is employed in order to maintain a
we havePp + K Pp = P, where Pp represents the transmitconstant transmit power at the RAs. As a result, the signal
power at the BS and’z denotes the transmit power of eacheceived by the MS at poinf = [0z, Lz],r < Lz < R
RA, which is assumed to be the same for all RAs. served by theéth RA may be written as

1) Cell-Centre Area:Considering the cell-centre first, the K
@ntt_arference at any M_S Iocatgd at pojﬂﬁtz [GZ,LZ]_, Ly <r Yo = \/P_mehmxyi + Z \/P_R@bmhmxyk tn. (3)
is imposed by the direct wireless links of all tier-one BSs b T
{B4u,...,Bgs}, which we refer to as the Inter-BS-Interference
(IBI). Hence, the received signal may be written as IR

6 Let A= A;A, andN; = (A;I,)*4207 denote the equivalent
e = v/ Pevsohsozo +Z\/P_B¢th3jxj 1, (1) optical fibre attenuation factor and equivalent optical ibr
= noise variance, respectively. Then, the SINR at any MS
roaming in the cell-edge area is given by:

B. Received Signal-to-Interference-plus-Noise-Ratio

IBI
. G2%.A’Pp
where ¢p;, hpi, i € [0,6] andn ~ CN(0,No) represent ~, = — R - . (4
the large-scale signal attenuation, small-scale fast dRglyl No+ iy GR;NyPr + Zk:m# G?QkAQPR

fading and the complex-valued AWGN, respectively. MorﬁlhereGR»
explicitly, we jointly consider both the pathloss and thg-lo .
normal shadowing component, which is formulated/as =

[p108(e)/1011/2 4 € [0, 6], wherep denotes the pathloss tha

= v r;i|hri|x denotes the equivalent channel gain.
When the conventional UFR technique is employed, the
cell-centre area and cell-edge area are not distinguisiyed b

obeys a predefined pathloss model [4], whildenotes a real tpart|t|0n|ng the total available frequency band and heihee t

valued Gaussian random variable having a standard davia received signal model may be described by Eq (1). However,

| R g . . .
B T t\/f?hen the FFR technique is employed, the signal received in
of o, I_ t8 (:]B [4]‘| H?nce’ngjth_ gﬁ\ié{h&# denoftetf] thl\jsthe cell-centre area may be described by Eq (1) without any
equivaient channel gain, whiie the ot any ot the r?'lodification, while the signal received in the cell-edgeaare
near the cell-centre is given by:

also obeys by Eq (1), provided that the IBI term is removed.
CoPs @

No + 2521 G2BjPB' C. System Throughput

2) Cell-Edge Area:On the other hand, when considering Let us now demonstrate how these SINR expressions may
the cell-edge area, the interference is predominantly gsago be mapped to the ultimate system performance metric formu-
by the RAs using the same frequency band within the sardaed in terms of the achievable throughpufThe throughput
cell, which we refer to as the Inter-RA-Interference (IR)may be characterized by the maximusaccessfully trans-

Ve



mitted information rate, which is referred to as the system'sy = I~-1[b = 1,1(b,v)]. This reveals the relation between

goodput given by: ~ and -y, hence allowing us to find the BLER,;(b,~) of a
20-ary QAM-aided BICM scheme from that of the simulated
n(v) = BuRe(l = Pu(b, 7)), (5)  BLER of a BPSK modulated BICM scheme, i.e. frafp (b =

where v may represent either,. of Eq (2) or~. of Eq 1,7), which may be formulated as:
(4), Ry denotes the 'rate’ i.e. the throughput of the mod- . . 1
ulation scheme, whileR is that of the channel code. Still Pu(by) = Pu{db=LI1""p=1I0]}. (D
referring to Eq (5), Py (b,y) represents the BLock ErrorAs a result, the BLERP,(b,y) of the above MCSs may be
Ratio (BLER) corresponding to the particular Modulatiombtained with the aid of Eq (7), wher€, (b = 1,v) is
and Coding Scheme (MCS) employed. In this paper, wabtained from the Monte-Carlo simulation of a BPSK mod-
assume that Bit Interleaved Coded Modulation (BICM) [7] isilated BICM scheme employing the above-mentioned RCPC
employed, which relies on Gray mapped M-ary Quadratuhaving constituent code-rates & = [1/2,3/4,2/3,6/7] in
Amplitude Modulation (QAM) [8], where we havéd/ = an AWGN channel. Finally, the associated effective thrqugh
2" and b = 2,4,6 represents the number of bits pern(y) of Eq (5) expressed in terms of 'bits/s/Hz’ may be
QAM symbol. Hence the modem’s throughput i%,; = obtained by assuming a Nyquist roll-off factor of zero. Ogyin
b. In our paper, we employ®’-ary QAM combined with to space limitations, the detailed link-level simulatiesults
Rate Compatible Punctured Codes (RCPC) [9] having sixe not explicitly shown here.
selected MCSs, namely Modg,...,6] of [Ry,Rc] =
[(2,1/2),(2,3/4),(4,1/2),(4,3/4),(6,2/3),(6,6/7)]. [1l. PERFORMANCEEVALUATION

In practice, obtaining the BLER curves for all the MCS@. Simulation Assumptions

by simulation is time-consuming, especially in our mullice o simulations, we consider the Urban-Macro propaga-
system-level evaluations. Let us hence circumvent thi®4im;, . <.anario of [4], where the BS-to-BS distancdis= 3km
consuming process with the aid of a more _eﬁlc_lent_ S€MUhd the pathloss expressed in dBis5 + 35 log,(do ), with
a”?'y“?a' process. We commence by bbnefly h|gh||gh_t|ng h o being the distance between any transmitter and receiver
derivation of the BLERPy(b,y) of a 2%-ary QAM aided i yaters, We assume furthermore that the total transmitter

BICM scheme based on the BLER}(b = 1,70) of @ ,oueris p — 46dBm and the noise power at the MS is

BPSK modulated BICM scheme.transmitting over an AWGﬁlmdBm/Hz, when an operating bandwidth o6 MHz is
channel, where only,; (b = 1,79) is evaluated by simulation.

considered [4]. Moreover, the optical fibre link’s normadis

To this effect, we first define the appropridiase-lineSINR Signal-to-Noise-Ratio (SNR) i20dB and the length of the
7o as that of a binary BPSK scheme, at which we have t%?)tical fibre isLp; = 0.68R, Vi

same BLER as an arbitrabybit/symbol modem, which would 114 cell-centre area’s radiusmay be defined as the max-

typically require an SINR ofy > 7o, i.e. where we have imum radius, where the throughput 9f= 2bits/s/Hz may
Po(b,7) = Pu(b = 1,70). We note that the above-mentioneqyq aintained in a conventional cellular system employireg t
B_LER equality holds only, when the mutual |nformat|on Peflassic UER technique, but beyond which it drops belpw

bit output by the_de_modulator obeys the reIan_nI(ﬁ, ) = 2bits/s/Hz. When employing DASs in a FFR-based cellular
I(b = 1,7). This is becausd serves as the input of thesystem, the transmit power of the BS should be sufficiently
channel decoder, and asllong asremains the same, thehi h to ensure that the average throughput maintained at a
_uIUmate_BLER a_Iso remains the same. Hence, the mut tance of- remains exactly as high as that of the classic UFR
information per bit/ may be expressed as [7], technigue, while the rest of the power is evenly allocated to

9-b b the RAs. Hence, the resultant power sharing regime of all the
I(b,y)=1- - ZEw X transmitters obey®s = 2P/5, while we havePr = P/10
i=1 and P = P/20, when K = 6 and K = 12 RAs are
{ b luj — u; + w2 — |w]? cons-idered, respec_tively. Finally, the ultimate _through'ps
In 1+ exp <— 1 ) , Obtained by averaging the SINR over 30 000 simulation runs
J=1,j7#i l and then substituting it into Eq (5) and Eq (7) .

wherew ~ CN(0,1/27) is the complex-valued zero-mearB- Comparison of the SINR

Gaussian noise process amd A represents the constellation Fig. 2 characterizes the SINR as a result of the IRl imposed
points in the QAM alphabet, with thé&h bit .4 being repre- by the K = 6 RAs of the FFR aided system, where the SINR
sented byu;,7 € [1,b]. When fixing the mutual information at any pointZ along the entire radiug seen at the top-left
per bitasl (b,v) = I(b = 1,v), we may try and find thbase- conner of Fig. 2 was compared in four scenarios, as discussed
line SINR ~, for b = 1, where this BPSK modulated BICM below. First, the best-and-worst-case directighs,;, = 0
scheme achieves the same per-bit mutual information{M§ and 6,,,,s+ = 7/6 were considered, which represented the
a higher-throughpu’-ary QAM-aided BICM scheme. More direct BS to RA direction and the angle halfway between
explicitly, since the MI per pif (b = 1, o) is @ monotonically two adjacent RAs. In the absence of IPI, the SINR difference
increasing function ofy, its unique inverse exists. Hence thidbetween the best and worst scenarios is the highest in the
base-lineSINR ~, may be expressed as the inverse-functiamiddle position i.e. at anglé,..;, and 6., where the
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Fig. 2. SINR comparison of th& = 6-aided FFR system for four different Fig. 3. Throughput comparison of the traditional UFR syst&ifR system
pairs of Oyt VS Ouworst and for different amount of IPI associated withand the K = 6 and K = 12 RA-aided FFR-assisted systems along the best
8 = 0,0.1,0.5 and for P = 4P/5,2P/5 and for different distances direction when having different amounts of IPI imposed by dptical fibre.
between the BS and RA connected by optical fibre, namely Ifa; =

0.6R,0.68R, 0.75R.

contrast, when the cell-edge area is considered, the thpuig
the conventional UFR scheme becomes lower thaa 2
s/s/Hz, as illustrated by the solid line of Fig. 3. When&-R
aided FFR-assisted system is employed in conjunction with
OIeitherK =6 or K = 12 RAs, a throughput ofy > 2 bits/s/Hz

than in the direction of . owing to the same halfway is achieved, even in the presence of strong IPI associated
angular position. Hence, the achievable performance in tWéthlﬁ N 0.5.f|—D|c;\v;ever, Fb'g 3 a!sr? Ser;g;stratﬁs. thatdthe

direction 0,.,; is sensitive to the imperfections imposed b)?mp oyment(_) S combine with the technique does
the optical fibre. Thirdly, having a higher distance betwen not necessarily lead to combined throughput enhancements

BS and the RAs corresponds to having a longer optical fibﬂ@, lt:he %reﬁencr? of III|3I.dThishmay hbe yerifiedd byd observingd
which introduces a higher IPI, although naturally, prowsideIn r"g' It a_t tFeF;e ~edge tf roubg EUthg rE uce ;:{onlpare
the MSs roaming near the cell-boundary with an increasty e classic system for both tie = 6 or -

SINR. Hence we may expect that there exists an optim configurations, when the IPI control parameter becomes

position for the RAs connected by lossy optical fibre. F'mallﬁ = 0.2. _AS long as the ”_DI can be neglected, t_he RA-aided
two different power allocation strategies associated With= FFR assisted system achieves a consistently higher ogdl-ed
throughput than the FFR system. Overall, this phenomenon

-makes the combination of these two techniques less atteacti

In addition, when comparing the throughpout curves of both
etheK = 6 and of theK = 12 configurations, Fig. 3 implies
that different DAS configurations have different throughpu
distributions across the coverage area, which may be better
explained by observing Fig. 5.

interference imposed by the adjacent RAs is approximanﬂ#
as strong as the desired signal. Secondly, when the IPlaion t
parameters of the fibre is increased frorto 0.5, the SINR
experienced in the directiofy.s; is more seriously reduce

each other in Fig. 2, which illustrate th@; = P/30 and
Pr = P/10 achieve a similar SINR performance. Henc
there is no need to dissipate as high a total power ai§ we
have Pp = 2P/5, Pr = P/30, becausePp + 6Pr = 3P/5,
which indicates that as much a$/5 power is saved, when
compared to the traditional UFR and FFR systems. Hence our

design has the potential to qualify as a 'green’ regime [y, Comparison of the Entire Cell Throughput

ing40 dissipation. . . . .
saving40% power dissipation Fig. 3 only characterized the achievable throughput in a

) _ o given direction. In order to compare the attainable thrqugh
C. Comparison of the Throughput in the Best Direction  across the entire cell, we calculated the corresponding per
Fig. 3 compares the throughput of the classic UFR systenentage of the entire cell over which a certain throughput
of the traditional FFR system and of the RA-aided FFRas maintained, as illustrated in Fig. 4. It can be seen that
assisted systems using = 6 and K = 12 along the best employing K = 6 RAs achieves a higher throughput than
direction, when suffering from different levels of IPI ingh K = 12 RAs for both the ideal and realistic imperfect optical
optical fibre. It can be seen in Fig. 3 that upon assigningfiare scenarios. However, we emphasise that this does not
transmit power of P = 2P/5 in the cell-centre area, thenecessarily lead to the conclusion that thie= 6 RA-aided
throughput of the RA-aided FFR-assisted system is almest ttonfiguration is better than th& = 12 RA configuration,
same as that of the traditional UFR and FFR systems, whas confirmed by observing the throughput contours in the
these two systems assign the full transmit power to the BS. Blsence of IPI in Fig. 5. More explicity, the cell-centrease
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Fig. 4. The percentage of the cell throughput for béth= 6 and K = 12
RAs aided FFR enabled system with and without IPI.

throughput contours recorded in Fig. 5 for both configuratio
are similar. However, the throughput distribution of thie= 6
RA-aided configuration recorded for the cell-edge areaden
to be more ’'patchy’, while that of thé&l’ = 12 RA-assisted
configurations tends to cover the entire outer ring more ca
tinuously. As a result, the general conclusion emergingtier
comparison of these two configurations is that the optimu
positioning of DASs should take into account the expecte
user-distribution and user-load.

IV. CONCLUSIONS

The achievable throughput across the entire cellular ar
of a RoF aided DAS relying on FFR and a realistic opti
cal fibre backhaul was investigated. Our simulation resul
demonstrated that the throughput distribution of #kie= 6
RA was patchy, while that of th& = 12 RA-aided FFR had
a more uniform character. Furthermore, the tradeoffs bertwe
using DAS-aided FFR and tradition FFR systems depend
the impairments introduced by the lossy optical fibre, whe
the fibre-induced imperfections were largely neglected @stm
of the existing studies. When the IPI is low i.e. we have
£ < 0.1, the DAS aided FFR beneficially enhances the ce@-
edge area’s throughput without requiring any extra trahsmi
power in comparison to the traditional transmit strategg. O

ig. 5.

-05 0
d (km)

Throughput contours for th8 = 6 and K = 12 RA-aided FFR-

ssisted systems, when assuming the absence of IPI in tloaldjiire.

the other hand, in the presence of strong IPI the benefits(gf . p. Agrawal Fiber Optical Communications Systerird, Ed. John

RoF aided DASs may erode. -
REFERENCES [7]

[1] Y. Xiang and J. Luo, “Inter-cell interference mitigatichrough flexible

resource reuse in OFDMA based communication netwoiRgjteedings [8]

of European Wirelessvol. 43, pp. 1-7, Apr. 2007.

C. Wan and J. Andrews, “Downlink performance and capaoit dis-

tributed antenna systems in a multicell environmetEEE Transactions

on Wireless Communicationsol. 6, pp. 69— 73, Jan. 2007.

D. Wake, M. Webster, G. Wimpenny, and et al, “Radio overefib

for mobile communications,” iIHEEE International Topical Meeting on

Microwave PhotonicOct. 2004, pp. 157-160.

“Spatial channel model for MIMO simulations,” Technicspecification

group radio access network, 2008, ftp:/ftp.3gpp.org/.

(2]

9]
(3]

(4]

Wiley & Sons, Inc., 2002.

J. Shaw, Mathematical principles of optical fiber communications
Philadelphia: Society for Industrial and Applied Matheiost 2004.

G. Caire, G. Taricco, and E. Biglieri, “Bit-interleavembded modulation,”
IEEE Transactions on Information Theoryol. 44, pp. 927-946, May
1998.

L. Hanzo, S. X. Ng, T. Keller, and W. T. Weblfuadrature Amplitude
Modulation: From Basics to Adaptive Trellis-Coded, TuiBqualised and
Space-Time Coded OFDM, CDMA and MC-CDMA SysteliViley-IEEE
Press, 2004.

J. Hagenauer, “Rate-compatible punctured convolatiocodes (RCPC
codes) and their applicationslEEE Transactions on Communications
vol. 36, pp. 389-400, Apr. 1988.



