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Abstract—Increasing the capacity of wireless cellular networks future cellular networks. In FFR, the total available bandwidth
has always been an important objective. To achieve high capacity, js divided into cell center and cell edge parts as shown in
full frequency reuse is considered in 5G systems by the research Fig. 1. The frequency bang, is allocated to center users

community. However, the efficient Inter Cell Interference (ICl) rd :
mitigation methods are required since full reuse deployment leads and1/3"" of the rest is allocated to cell edge users. The

to the problem of ICI in cellular networks. To improve the user f3 and fy indicate frequencies used in the edge regions as
performance, a flexible Fractional Frequency Reuse (FFR) has shown in figure. Users with good SINR condition are allocated
been emerged as a solution in recent times by overcoming theresource from center band while users who experience poor

ICI. However, FFR has three important design parameters, such
as Signal to Interference plus Noise Ratio (SINR) threshold, SINR are allocated the edge band resources. FFR deployment

bandwidth ratio and power ratio. The optimal choice and
configuration of the design parameters is very important as
their configuration determines network performance. Hence,
it appears highly desirable to investigate the impact of the
parameters on the system performance. This paper investigates
the impact of the design parameters on the deployment of flexible
reuse and suggests the optimal range of parameters where the
capacity of flexible reuse is increased significantly when compared
against full reuse.
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tional Telecommunication Union-Radiocommunication sector ) ) ] ]

(ITU-R) defined requirements, framework and overall of-9: 1+ Flexible FFR with power configuration

jectives of the future development of International Mobileequires three important design parameté€isstly, the SINR
Telecommunications (IMT) for next generation wireless nethreshold ‘y;,’, which categorizes a user as cell center or
works [1], [2]. One of the important requirements is to provideell edge. Secondly, the power ratjg,” which distributes the
uniform services to the users irrespective of their locationmtal transmit power between both the regions. It balances the
amongst others. There are certain Physical (PHY) and Medigower in center band and edge band, while keeping total power
Access Control (MAC) layer techniques being used by 4Gnstant. The power ratio influences the SINR experienced by
systems in order to meet the capacity requirements. To méet user in both the bands. The third parameter, by which
the increasing capacity demands in future cellular systems, the total frequency resource (bandwidth) is divided into cell
PHY and MAC layer techniques are not sufficient. Thereforegnter and cell edge bands, is bandwidth partitioning ratio

the strategies such as reduced cell size, relays, heterogen&arsdwidth is divided into center and edge bands and that users
architecture with micro, femto, pico cells, and frequencsre allotted resources according to their center and edge class.
reuse, amongst others are being considered to increase SR threshold‘~,,’ which is used to classify users plays
capacity. Frequency reuse plan is required in future cellularvital role in user throughput. A lowy,;" would put more
systems. The reuse plan may be at the choice of the netwaders in center band while a high value will do the reverse.
operator. However, 4G mobile networks use OFDMA as tlEhe resource requirement of a user is dependent on the SINR
transmission scheme [3], and these networks considered singlech is divided by power ratidp,’. A combination of these
frequency reuse. Due to heavy co-channel interference gafirameters thus influences the performance of such networks.
edge users suffer from high outage probability. Fractionklence, the aim of this work is to find optimum range of the
Frequency Reuse (FFR) [4] is suggested as a schemevatues of the design parameters, o andp, in case of FFR
improve the situation and may be considered for deploymentunder UMi scenario for which system capacity, in terms of
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number of users, is improved when compared with that of full I[l. SYSTEM MODEL AND ASSUMPTIONS

reuse scheme (reuse one) fReal Time (RT) traffic. We consider FFR OFDMA based downlink cellular net-
works as shown in Fig. 1. The cellular layout is a hexagonal

A. Related Work grid with 19 sites with omni-directional with 3-Dimension

beam pattern. Users are random and uniformly distributed in
Authors in [4], [5] studied FFR scheme with different powep_pimension in a cell. As shown in figure, in FFR, when the

levels over the cell center and edge bands. To classify thgndwidth is partitioned between center and edge regions in
users into center and edge, this work assumes a fixed SINR ratio of‘«’, then the number of subcarriers used for center
metric, and the performance of FFR has not been described 4@y edge bands .. and N,. . respectively. Total number
optimal range of SINR thresholds. The work in [6] discussegk supcarriers isN,.. As seen from figure, uses is at a
the impact of scheduling strategies and number of users ifugation with respect to center of a pre-identified desired cell
cell but it has not analyzed FFR for different SINR thresholdgcated by coordinateg0, 0). The location of a user ‘uis
and power ratios, and has not shown the improvement gRen by (r, ) where0 < r < R and0 < 6 < 2r. The cell

cell edge performance. The authors in [7] have presented Hgius is R. SINR experienced by the user is given by
evaluation of FFR scheme, where the base station distribution Py (r,0)
To i

following Poisson point process with limited usability. Fixed Yup (7, 0) = =———"——, (2)
partitioning of the available bandwidth is used by those authors Prey) + Py

for both center and edge band users. Fixed thresholds are ugbdre Py is the noise powerP;, is the total interference
in terms of distance and SINR. The expected performanpewer inb"" band, P, = >icip Pro @and P, (r,0) is the
gains of FFR with irregular cell patterns are examined in [8hower received from th&" base station, which is given by
9] by considering fixed thresholds in terms of distance and oy —-n 2

[SI]NFglfor distingu?shing users into cell center and cell edge. Pri(r,0) = Pri-Lody 37 Xusio [ il (2)

The existing available literature on FFR focuses on Bebfere ‘c’ indicates center band and ‘e’ indicates edge band in
Effort (BE) traffic and evaluate the performance of FFR for afie suffixb ¢ {c, e}. The value 0i=0 indicates the signal
arbitrary value of the important design parametgis o and from the desired base station. The $é{b)} is the index of
p,. All those works in literature presented results only for Bibase stations which cause interferencé‘lhband.
traffic. However, a suitable and optimal choice of the values 1) Channel model:The interference term in the denom-
of the parameters in FFR scheme which provides notable g#iator of equation 1 includes the total interference power
in overall cell performance is still to be addressed. Since theceived from center and edge frequency bands from all the
interference generated is heavily dependent on the amob@se stations. Therefore, the total interference powes'/in
of transmit power, the load and frequency reuse factor, it fpand for a user is given as
?mportant to_analyze the_ effec_t of those_parameters for FFR Py = Z Pr. Ld," i ol >+
in order to find the configuration for which the overall cell ’ ' ’
capacity performance is improved for regular (hexagonal) and —n, 9
irregular grid (realistic) layout as well. However, in this paper pp Y Pr.Ld, " Xuilhuil®, (3)
we investigate the performance for regular grid only. i€l

Although it is found that there is some amount of workvherel. consists of all interfering base stations transmitting
on the performance evaluation for BE traffic for FFR, therd® the center band with powePr,. Similarly I. consists of
is hardly any attention paid to the performance evaluatighl interfering base stations transmitting in edge band with
of RT traffic. However, there are some works carried out dPWer Pr,. x.,; is the shadowing component which is log
the performance analysis of frequency reuse planning systefémal distributed, ‘2’ is due to small scale fading, is the
for RT service recently [10], [11] while serving RT and BEPathloss exponen, is power ratio and. includes fixed loss.
traffic by considering equal and unequal power levels over tfge distance from'" base station to a user ‘v’ ig,,; as
bands. A huge amount of RT traffic is carried in OFDMASeen form Fig. 1. From equation 3, it is assumed that the
networks in terms of Voice over Internet Protocol (VolP) anfansmission power and shadowing component is assumed to
streaming video amongst others [12], [13]. In [14], authofe identical for all the base stations. The transmit power from
provided the analysis of bandwidth requirement of users if' base station i$r,. From equation 1, desired signal power
cellular networks. This work helps in finding the number o&nd individual interference powers are assumed to follow
users Supportab|e in a cell. Hence the motivation of this Wokkgnormal distribution while evaluating SINR distribution. The
is to provide the basic analytical framework of the three desigficeived total interference power from all the base stations
parameters and finding the optimum range of parameters tAkt Point is approximated as a lognormal random variable
will influence the capacity for regular hexagonal cellular gridRV) using F-W method [15]. The channel powers from the

The rest of the paper is organized as follows. Section desired and interfered base stations are modeled as lognormal
presents the system model with assumptions of the wofRY having meanis,— ray,, (7:0) = C(ksn,, (r,0)—2.5) and
Section Il details the bandwidth partitioning scheme fdf‘arianceafh,Raypr_ (r,0) = CQ(aﬁhpr_ +5.57?) [16], where
downlink LTE networks, performance evaluation results af = 0.1 x In10 is a scaling constant. Since we consider the
the schemes are discussed in section IV, while last secti@ayleigh distribution for fast fading, the power of fast fading
concludes the paper. \hf follows Gamma distribution with unity mean.

i€l
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2) Power configuration in FFR:Let the total bandwidth  In FFR, the number of available carriers for center and edge

B is divided between the center and edge band in the ratlm|nd users can be expressed\as . = [Aaf'm‘ 1 and Ny, . =

«. The bandwidth allotted to cell center I’egion& = o [%Bﬁ] respective|y_ Theupported nu<mber of channels

and the amount of bandwidth allotted to cell edge region (§imultanésus calls) for a given effective rate requiremént,
B. = (15%)B as shown in Figl. Let the total transmit power jn a band ‘b’ is

from the downlink transmitting antenna B&. We definep,, Ny = | Ngcp | (10)
to be the power per Hz in center region apgl to be the ' Navgp™'

power per Hz in edge region. Therefore, the power raties  Therefore thaotal number of channels is

defined as the power spectral density of cell center region to

power spectral density of cell edge region, thatis~ £2=. Nen = Nehye + Nee- (11)
Therefore, in FFR we write ‘

I1l. BANDWIDTH PARTITIONING: PROBABILITY BASED
)B, (4) METHOD OF SELECTING THE BANDS

Let N, be the total number of users deployed in the cell.
ﬁ\lumber of usersin a bandi$, , = N,.Pa,, wherePy, is the
area averaged probability of selecting bdndhe probability
of a user ‘u’ at a locatior(r, #), being in CB is given by

1—«
3
the total transmit powefor center and edge band region i

Pr, = pp..(aB) and P, = p,, .(35%)B such thatPr, +
Pr, = Pr. Using thep,, the power spectral density over the
center and edge bands is expressed as

_ 1 1 Veh = Vel 0
3Prpy ) Po(Tucr0) > ) =5 - ferf<th—’())7 (12)

Pr = Ppc(aB) + Ppe(

P = T ol DB and 2 2 o4V/2
3P wherew, .(r,0) ando,, are the meamnd standard deviation
Pp. = . r (6) of the SINR, Yu,c(r,0) is the center band user SINR at
1+a(3p, —1)B the location(r,6). The probability of a user to be in cell
Hence, by using theseslations, the total transmit power forcenter or edge region is found based on their SINR condition
center band is derived as using equation 1. Therefore, the area averaged probability of
3Prp,a selecting center ban&,,_ is given by
PTC:1+a(3p—1)’ ) L1 Yih = Vue(r,0)
Pp Py = // [7 - ferf<$)}pu(r,9)rdrd9,
and total transmit powefor edge band as rJol2 2 Uv(rﬁ)\@ (13)
P = Pr(l-a) ' @) wherep, (r, 0)=r/(r.R?) for uniform user distribution. There-
© 14 a(3p,—1) fore, the approach to partition the bandwidth in a cell is by

finding the probability of a user to be in center or edge band.
That s, it is based on the area averaged probability of selecting
the bands. The ratio of bandwidth allotted to center band

a user at a location when in center bang, is the SINR users is equal to the probability of an user to be at that band.

threshold and is another design parameter. The effective baﬁ&—’ the bandW|dth_ ratio Is def.med as= Pa.. Hen(_:e, area
width required to guarantee delivery of a RT service with a%veraged probability of selecting the edge band is given by
equivalent bit rate requirement dt, by considering semi * 4 — 1= Py..
persistent scheduling of RT traffic while fulfilling the QoS
requirements (delay) is as given in [11] In RT service, packet
delay is an important QoS measure of performance. Hence,
the issues related to packet delay during a call are addressed
by the Packet Scheduling- Radio Resource Allocation (PS-
RRA) unit in the base station as in [12], [17]. Let the total
number of subcarriers available B&.. Subcarrier bandwidth
Ay, = Nl;c.fs, where f, is the oersampling factor.

The average number of carriers required to make a call as a
function of area averaged SINR to finally evaluate cell capacity
(in next section) [10] are given as

A user is allocated toband b ='c¢’ (center band) if
Fue(r,0) > v, otherwise auser is allocated to band
b ='e’(edge band), wherey, .(r,0) is the meanSINR of

-
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k=1 v

k Fig. 2. Probability of selecting the bands with design parameters

wherep(v) is the probability density function (PDF) of area The probability of selecting centand edge bands as given
averaged SINR. The average number of subcarriers requitsdthe relation 13, wheny, andp, change, can be seen from
by the cell center and edge users to make a call is dependegigt 2. As~,;, increases the probability of selecting the edge
on SINR [10]. band is high and vice versa. It means that the percentage of
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TABLE |
SYSTEM PARAMETERS
cenerchannet [ Parameter [ Value ]
%g edge channels Cellular layout (omni) Hexagonal Grid - 19 Siteg
o Scenario UMi
29 .., Inter site distance 200 m
c c 26524, .
£8 ,;;,,:;,,;;,,,".' \ Carrier frequency 2.5 GHz
r 4 wfff!??f"f,‘ff,’fi},; % )\ ; System bandwidth (B) 5 MHz
o3 it sedtts Number of Subcarriers (V) 512
‘g 5] ‘ % N Number of Useful Subcarriers 300
z . Subcarrier bandwidth (4 ) 15 KHz
% Shadow Fading (i) 6 dB
o os eNB transmit power (£?) 41 dBm
Power ratio ( Dp) 02 R SINR threshold ( y[h) UE Noise Figure 7 dB
Minimum UE distance from eNB 10 m
BS Antenna height 10m
Fig. 3. Number of channels in center and edge bands with design parameter Tﬁgyrvneail rgtcl)ci)sse(ﬁ)avel ??f%értr?ll-liz
. . . Rate Used (VoIP) 12.2 Kbps
users to be in edgband is more. Fig. 3 shows the number SINR Thresholds (3;) 10 to 25 dB

of channels in center and edge band vg, and p,. It is
evaluat_ed by u_sing the relation 1Q. From our analysis, we Sglybject to the following constraints:
that o is function of ;. As 4, increasesa decreases as

shown in figure (Fig. 5 of next section). This implies that the * 0 = 7th < Ymaz

numerator of the relation 10 is affected by,. This is seen  ° O<acsl

from Fig.3. Asv,, increases, the number of channels in edge * Ospp=l

band increases. This is because whenincreases the range From the abovethe number of users supported in a cell in
of SINR in edge band is more. This leads to more percentaER based partitioning is given as

of situations with larger number of carriers required to make a.B (1-a) B

a call. This affects the denominator of relation 10. Together Ny = LE I+ 3 B J;
it yields a region ofy;;, where number of channels is greater Ae e

than the reference as shown in Fig. 4. In reference schefi@€rea = Pa, and number of users |cer11ter and edge band

the available number of channels is 125, almost constant,a@iven asNyc = L%J and Ny . = E Ea)-%‘ej, where

all v, and p,. However, for FFR, it is seen that whep, is the average bandwidtiequired by a user in center band ()

from -4 dB to 14 dB, the number of channels in FFR is morend edge bandH4_) [10].

(atv:, = 6 dB) than that of the reuse one. In addition to this, Therefore the total number afsers isN,, = N, . + Ny.e.

pp also affects the number of channels. From the analytical framework and the results above, we say
that asp, increases, the number of channels in center band
increases and number of channels in edge band decreases, and
vice versa. Wheny,, is very low, the number of channels in
edge is minimum. However, proper selectiongf, and p,

is required in order to study the behavior of RT traffic since
these values influence the capacity. Hence this gives the trade
off and optimization of traffic capacity as a function @f ~;,,

and p,.

(15)

150 Illllllllllll Reuse one

FFR and reuse one

Total channels in
5 B2
S 5

IV. ANALYTICAL RESULTS AND DISCUSSIONS

In this section, the results generated for the above bandwidth
partitioning method are described. The performance results are
Power ratio (5 00 SINR threshold ( 1.) provided for UMi scenario. The simulation parameters used
" for performance evaluation are given in Table I. It is assumed
) ) that the rate requirement of a user is 12.2 Kbps for VolP
Fig. 4. Total number of channels in FFR and full reuse . . . .
. ) . ._in this work. The performance is compared against the full
As it is considered thathe bandwidth to be allocated is . . .
) ) . reuse (reference scheme). The Fig. 5 shows the relationship
such that the bit rate requirement is to be guaranteed to a .
. : armongsty,,, « and p, design parameters for FFR based
user as per [10], the capacity is evaluated in terms of number ...~ : . . .
A . . artitioning. The 3-D plot is obtained for UMi scenario. When
of users. Therefore the objective of this work is stated as ?o

f . Yen, INCreasesy decreases. The reason being that when
find the valueg of design parameteys, pp and.a S0 thaF the varies the percentage of users between center and edge band
system capacity in terms of number of uséfs is maximized

for RT traffic. This can be expressed as phanges as d|scussg(_j in previous secyon. That is, _wh,en
increases the probability of a user to be in edge band increases,

(v, o pt) = argmaxy,, a.p, [Nul, (14) hegnce larger portion of the bandwidth is allotted to edge

-
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TABLE II performance depends. The number of supportable users is
CAPACITY COMPARISON IN FULL REUSE ANDFFR shown in Fig. 6. The figure shows for different,, p, and
« values. At both lower and highey;;,, the number of users
supported is less. This happens aiggllHowever, the capacity
is higher from the range of values from 0 to 10 dBf. It
is observed that at very low, (0.0001), the capacity drops
at all v, This is due to fact that whep, is very low, the
power transmit to edge band is more, and hence may lead to
a slightly drop in capacity. But, in the FFR based partitioning
cheme, the capacity is better than reference scheme from 0 to
dB ofv;;,. From this analysis, it is observed thatpat = 6

Yeh Pp «o full reuse | FFR
-5dB | 0.69 | 0.99 125 125
0 dB | 0.0001| 0.63 125 139
6 dB 0.66 | 0.43 125 173
22dB| 0.33 | 0.06 125 105

region and smaller portion to center band. This can be bet

explained W'th.the re‘?‘d'r?gs sha in Fig. 5. At Veh = - dB the number of users supportable is approximately equal to
dB, the bandwidth ratiax is equal to 0.99 which is almost 173 wherep, = 0.66. This is observed at= 0.439. However
equal to 1. It means that 99% of 'the. bandwidth is al!otte lower an é’ higﬁem.h the capacity goes doWn aﬁ d the valL,les
to center users as all users are switching to center reglon'ar(E: indicated and can be seen from Fig. 6. The number of users

:Eise V?Azesowé?si?;nzﬁlitf dsoeeenr gﬁté?iﬁ dlsegleslb:; d sugaportable in reference scheme is 125 as seen from Fig. 6.
IS Pp, pow ! v 9 Iut, at the lowest power ratios, say @/=0.0001, there is a

calculated using the power formulations 7 and 8. The cente . . T
i ) dden drop in the capacity of reference scheme. This is due
power is 40.06 dBm (10.14 Watts) and edge power is 33. (?‘fact that at the lowest power ratios,(z0), there is hardly

?_Eg: i(sz'Szr\éV:l:tz)'eHg;N fggrré f:ft’é dOfezﬁa(:S,i;hriO(;rz \(I)VI‘(I)Igh i go transmission over the band (as reuse one is a single band
' P hiag 9 sceheme), which will lead to sudden drop in capacity of reuse
reverse behaviour of the loweg, region. Wheny,, changes

from low to hiah values ther changes which can be seen a?nc" Hence, the FFR performance is better and the gain is
w to high valu ges whi improved by 38% over the reference.

;jr:fftir:rr])tlgféreogij\ﬁés'egfirt]hia\l;?éuﬁs of the parameters ShownFrom the above, we say thai, an.d' Yeh ianuenge the
' number of channels and the probability of selecting center
or edge band users in a cell in FFR based partitioning.
However, an optimum selection af;, o andp,, is required
in order to study the behavior of RT traffic since these values
¥ oo depend on the system capacity. Further, it is pertinent to

7:0.9978

g 08 note that performance gains of the scheme will be different
25, if the realistic layout is considered. Therefore, the optimum

550_4 & _‘\\\\\ selectl_on of the design parameters is more |mporta_nt while
5 & \\‘\:\I:\\\ choosing the reuse plans for deployment since they influence
3z ° ¥ doe0ts the performance gains, and the choice is left to the system
g o designer.

25

15

V. CONCLUSION

A framework of important design parameters in FFR
OFDMA networks by considering regular grid layout for
RT traffic is presented in this paper. For RT traffic, with
proper choice of SINR thresholg;, bandwidth ratioo. and
power ratiop, parameters, the capacity of FFR is improved
significantly over the reference. From the results, it is found
that with appropriate and optimal choice of the values of
i a1 design parameters, FFR provides a notable gain in overall

,%/‘;,,l‘ cell performance over the reference. Hence, the _schemg can
: :g,i!f,‘of,’!%w be used for OFDMA based cellular networks for improving

= ”l,,;;‘l[%&v cell capacity, but with carefully chosen values of design
; fzé\{i,’g;"" T parameters. The objective of choosing the design parameters

i i is based on the system designers requirement. Moreover, it
is highly desirable to investigate the impact of the schemes
by considering the realistic cellular grid layout which is taken
up a future work item. The proposed work is flexible to be
adapted to realistic cellular grids.

. 1 )
L 0 no\d QY
( pp ) 0o -0 ° SINR Thwes

Fig. 5. 3D plot of design parameters in flexible FFR

2

Number of Users (N u)

30

0.4 R .
Power Ratio(p) s 0 SINR Threshold( y, )

Fig. 6. Number of users supportable in flexible FFR and full reuse REFERENCES
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