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Abstract—In this paper we apply constrained optimization Our contributions can be summarized as follows. In Sec-
techniques to optimally allocate bandwidth and transmit power tion II we show the system model including the bandwidth
to the users in a cellular network. We utilize partial frequency - g5cation scheme for PFR. In Section 11l we study the sum-
reuse with one user in the full and one user in the partial t imizati bl for PER t idering int
frequency reuse regions as inter-cell interference mitigation raemaXImlza lon problem for systems COQSI erng In.er-
technique. We show that the non-convex sum-rate maximization C€ll interference and both, power and bandwidth allocation
problem becomes convex under some simplifying assumptions. between PFR and Full Frequency Reuse (FFR) users. Instead
Moreover, an efficient algorithm is used to solve the problem of the high-SINR approximation applied in [1] we utilize
for a fixed bandwidth allocation. Our results show that in the as simplifying assumption equal power and interference al-

optimum, the full amount of power is assigned to the users. We - . .
further demonstrate by simulations that re-allocating the outer locations for the FFR and PFR users in all cells in order

cell bandwidth to the inner user when no outer user is present, {0 arrive at a convex optimization problem. For a fixed

results in a significantly increased sum-rate. bandwidth allocation we even use a simple water-filling-like
power allocation algorithm [10]. In [5], [11] the authors have
. INTRODUCTION mentioned that the cell edge bandwidth can be re-used as cell

center bandwidth whenever the cell edge user is idle. A study

In cellular networks, the sum-rate maximization of all userghout the utilization of the cell edge (outer) bandwidth as
in all cells under variable power and bandwidth allocatiogell center (inner) bandwidth considering the user density is
to full and partial frequency reuse users is a non-conveine in [7]. In this study the authors have shown how the cell
optimization problem. However, in [1] the single-carrier powegdge bandwidth can be reused as cell center bandwidth while
control problems of maximizing the minimum rate amongptimizing over the optimal frequency partitioning radius. In
users and minimizing the total sum-power were found to I®ection IV we show that almost all of the cell outer bandwidth
transformable to geometric problems [2] and hence convexn be re-allocated as cell inner bandwidth whenever we have
optimization problems, notably without any high-SINR aponly inner users active. Furthermore, we present in Section V
proximation. simulation results which confirm the rate gains by applying

Next generation mobile communication systems use Orthagge proposed suboptimal allocation scheme. The simulation
onal Frequency Division Multiple Access (OFDMA) as theiresults show that re-allocation of the outer bandwidth increases
modulation scheme in the downlink [3], [4]. Since cell edgthe rates of the inner users and also the maximum sum-rate.
users may suffer severely from Inter-Cell Interference (ICIonclusions are drawn in Section VI.
several schemes have been proposed for ICI mitigation. One
of those schemes is Partial Frequency Reuse (PFR), which is Il. SYSTEM MODEL
applied for example in [5], [6], [7]. In our system we consider one user located in the inner

The characteristics of the optimal power allocation for twoegion of the cell (the full frequency reuse region) and one user
base stations, employing also scheduling schemes, has beeated in the outer region of the cell (the partial frequency
studied in [8] under frequency reuse-1. Additionally to thesuse region), as indicated in Fig. 1. Based on the users’
sum-rate maximization power control problem, in [9] theeceived SINRs, a scheduler can decide whether a user is
authors also investigate the maximization of the minimum ratensidered an inner user or an outer user. The frequency
for two users. To the best of our knowledge, there are currenfigttern [5] applied in our system model is shown Fig. 2.
no studies considering the maximization of the sum-rate Bhe user who is located in the inner region of the cgj,
bandwidth re-allocation for two users in PFR. receives power from its own sector antenna of base station



Ay the sum of user antenna gain and base station antenna
gain in dB, L,, the penetration loss in dBY, the log-normal
shadowing in dB, and" the fast fading channel coefficient in
dB. The antenna gaid;, is defined by a horizontal antenna
pattern [12]. The large scale path-loss attenuation of directed
channelsGi! is defined by Equation (2). The large scale path-
loss attenuation of interference channél§ is also defined

by Equation (2) except for the fast fading, which is not taken
into account here. The transmit power assigned to the user in
the inner region is denoted hy* and the interference power
from the other base stations is denotegflyk = 1. . .6, with

k denoting the index of the interfering base stations. The user
located in the outer region of the cell receive also interference
from all non-neighboring sectors that use the same frequency
band. The transmit power assigned to the user in the outer
region is denoted by3"* and the interference power from the
other base stations is denoted g/, k = 1...6. Thus, the
rate achieved by the user in the outer region is given by

Fig. 1. Partial frequency reuse cell cluster
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" where B°"t denotes the bandwidth utilized in the outer region
Sector 1 ‘ N and G§"* and G9"* denotes the large scale path-loss attenua-
A B" B Frequency tion for the direct and interference channels of the outer user.
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out
pin The sum-rate maximization problem is non-convex as it
sector 3 7 contains the sum-rate maximization in standard power control

as a special case [1]. Under unequal allocation of the inter-
ference powep, k = 1...6 and the powepi®, but for a
fixed bandwidth allocatioB™ it can still be solved efficiently
Fig. 2. Frequency reuse pattern by geometric programming under a high-SINR approximation
log(1+ SINR) = log(SINR), or sequentially approximated by
geometric programgf. [1]. Differently, under the simplifying
BS, and also interference from all other base stati®%s, assumption that all cells use equal powef = pi* and
k =0...6. More distant base stations are not considered ji** = pgut, k¢ = 1...6 to serve the inner user and the
our system model but all our results can be easily extendedoigter user, we will show in this section that the sum-rate
consider also interference from non-neighboring base stationsmximization problem becomes convex and is solvable in a
The rate achieved by the user in the inner region is given lyater-filling-like manner. As a result of the simplification in
) terms of equal transmit power for all base stations in the inner
(@)

B" B™  Frequency

in, in
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+ : - — region, the rate of the user in this region is given by
NoB™ + 321, Giiwly

R™ = B™Mlog, (1

where B'* is the bandwidth utilized in the inner region and in in Ginpin
_ _ . R™ = B™log, | 1+ . — 4)
Ny is the noise spectral density. The large scale path-loss at- NyBin + 22_1 Ginpin
tenuation including antenna gain, penetration loss, shadowing -

and fast fading is expressed in the form [12], Similarly the rate of outer user is simplified:

G =128.1+ 10alogo(ri) + Ax + L, + Xo + F (2)

where Gy is in dB, o the path-loss exponent;, the distance  pout _ poutyog (1 1 G pgt* (5)
between the mobile station and the base staBSp in km, NyBovt 4 22:1 G tpgut



The optimization problem is written in the following form  The optimal assigned power to the outer user is analogously

. iven b
maximize R™ 4 R°% (6a) g y
p;b —(d+2e)No B +VA 16 1 < Nolog(2)
subject to pot = 2(d+e)e ) w4 (11)
. 0, otherwise,
Bm + Bout S Bmax7 (6b)
in ou max where A°"* under the square root in Equation (11) is given
Py +pgtt = P, (6¢) by d q (11)isg
p-0 (6d)
b0 (6¢) AU — (dNo B2 4 dde (d 4 ¢) NB™)
- ’ plog(2)

where > denotes a component-wise inequality and we def"\ﬁ'nereu is the Lagrange multiplier [13]. For searching the

p = [pi*, pg7, optimal water-levell /. we use a simple bisection search [14]
b = [Bi», geuT (") due to the non-differentiability of the Lagrangian.
The maximum power and maximum bandwidth of the base IV. BANDWIDTH ALLOCATION SCHEME

station are denoted by™** and B™#*, In the optimization  In this section we explain the bandwidth allocation scheme
problem (6), the constraints are linear and hence convex.utilized. Considering the two user’'s position we have three
order to show concavity of the objective we investigate theases of allocating the bandwidth among the users.

second derivative of2'"(pi') with respect topi* for constant . . .
bandwidth B — 1: A. One user located in the inner cell region and one user

o located in the outer cell region
92 R (pin) 1 1 . . . .

5 g = “loa( When one user is located in the inner region and the other
(pg") 0g(2) ( No user is located in the outer region, the bandwidth assignment

. 2
1 1 to them is based on the frequency reuse pattern shown for

(8) sectorSy,; in Fig. 3. The inner bandwidth is denoted Bj"

+ .
1Og(2) No + in 2
Siaap T
The concavity ofR™™(pi*) holds since Power
2 pin(,in 2
M <0, )
a(pbn)2

which is the case due 61" > 0, k£ = 0...6. As a consequence |
we find thatR™™(B™, pi) = B R™(p/B™) is concave as Sector S
it is the perspective of a concave function [13]. Furthermore, o
since R°" is concave because it has a similar form s, B I’ ‘ —>

. . Frequency
the sum of concave functions is concave as well and the
optimization problem (6) is therefore concave.

A. Water-filling-like power allocation Fig. 3. Freguency reuse pattern for sec$gf

Although the optimization problem (6) is concave, deriving
an analytic solution was found to be intractable. Howeveind the outer bandwidth is denoted Bf". The optimal
for constant bandwidth allocation a derivation of the powdssigned power assignment to the inner user is calculated by
allocation algorithm based on the Karush-Kuhn-Tucker (KKTYSing Equation (10) and for the outer user by Equation (11).
optimality conditions [13] is done in [10]. For simplifying the

written equations we are substitutiog® = a, 3°°_, Gin = b, . . .
g o3 2k=1 G When both users are located in the inner region of the cell,

Gyt = d and Yp_, G = e. Based on the results . . .
for the Lagrangian and KKT conditions derived in [10] Wethey have to share the inner bandwidth. The maximum base

have the following analytical expression for inner user pow%i‘g?cgrpg\g;r Ilsizsﬁl\?;r?iéofglﬁwsr'mer users. The transmission
assignment 9 :

. _(a+2b)NoBm+\/ﬁ if 1 > Mg@) Rin 7@ lo (1 GiOanmaX > 12
0 = 2(at+b)b ’ - a ’ 1 = g2 + in 6 in Pmax ( )
Po { 0, o othﬂerwise, (10) 2 No&~ + 3, -, GinP

) ) ) . and the transmission rate of the inner User 2 is:
where A™ under the square root in Equation (10) is given by

B. Both users are located in the inner cell region

. in Bil’l Gin L
M 5 :7 logz (1 + N Bin 026 Gin Pmax) (13)
s3] 0%+ 2 k-1 G

A™ = (aNyB™)? + 4ab (a + b)




The large scale path-loss attenuations of direct char@ls re-used since this bandwidth experiences high interference at
in are defined by Equation (2). The large scale path-lo#i®e cell edge. The transmission rate of the first outer user is:

attenuation of interference channefg?, G, are defined out ot i

also by Equation (2) with F=0 dB. The outer bandwidth RO = B log, | 1+ Gor P

is less interfered than the inner bandwidth because it is 2 NoBZ™ 4370 _ | Ggut pmax
interfered only by non-neighboring sectors. We therefore re- (16)
allocate that bandwidth to the inner users. The bandwidth rEhe Equation for the transmission rate of the outer User 2 is:
allocation scheme consists of using the outer bandwidth as out (Gout pmax

inner bandwidth. The way of re-allocating the outer bandwidth Rgut — log, (1 + 02 - )

and using it as inner bandwidth is shown in Fig. 4. The 2 NoZg= + 305, GRyipmax an

The large scale path-loss attenuations of direct chart#gls
Ggyt are defined by Equation (2). The large scale path-loss
IS attenuation of interference channelg'*, G¢5' are defined
also by Equation (2).

Power

P
o V. SIMULATION RESULTS
Sector Sor In this simulation we consider random user’s positions.
- " 1 > A realistic urban scenario is considered with its parameters
Power B B Frequency

shown in Table I.

Pnﬂ)<7‘7 @
TABLE |
SIMULATION PARAMETERS

[7“ L
" parameters value
Sector Sy Maximum base station powdP™ 5 W
} } Maximum base station bandwidiB™** 20 MHz
B" B (1-)B™ Frequency Noise spectral densitiVo —174 dBm/Hz
e »en| Center frequency 2.0 GHz
Inner bandwidth Outer bandwidth Pathloss exponent 3.75
Penetration losg., 200dB
Fig. 4. Partial bandwidth re-allocation for inner user ShadOWII’_ngU N(0,8)dB
Fast FadingF CN(0,1)dB,
. . . Inter base station distande 700 m
parametert describes how much of outer bandwidth is re- Number of user positions 100

allocated to be used as inner bandwidth. In order to account
for the bandwidth re-allocation we modify Equation (12) for

) The maximum average sum-rate simulation results for two
the inner User 1 as follows:

users depending on their random locations are shown in Fig. 5.

. B | in prmax We have used the bandwidth allocation scheme explained in
R1 —_ Og2 1 + T
in 6 :
2 NO B2 + Zk:l G}cnl Ppmax
Bout G8114tpmax 60
+ t 10g2 1 + out 6
2 N()tB2 + Zk:l Gillltpmax 2
(14) £ =
2
Equation (13) for the rate of the inner User 2 is modifie £ 20
. 1%
accordingly: g -
=
. . g5
. Bln 1n Pmax g z 30
Ry =——1logy [ 1+ = 026 - + 55 f
? Nofg™ + g Gl P
out (Gout pmax £ é 20 ——two inner users with bandwidth re-allocation t=99 %
4+t 10g2 1+ 02 ~3 —<—one inner user and one outer user
Bout 6 i 2c —+—two inner users without bandwidth re-allocation
Not 2 + Zk:l G}anpmax( ) § 10 ——two outer users
15 <
C. Both users located in the outer cell region ! - ‘ ‘ - .

2 3
Maximum base station power [W]

If both users are located in the outer region of the cell, the
have to share the outer bandwidth from that sector. In this
case, the inner bandwidth is not used at all and can not be Fig. 5. Maximum sum-rate for random users positions



Section IV depending on the user positions. For each specifiger is idle. This results in an increase of transmission rates of
realization of user positions we have simulated 1000 chantleé inner users and also of the total sum-rate by approximately
realizations. For the specific simulation setup considered, th&%.

case that both users are located in the inner region occurs with
a probability of 59%. The case when one user is located in
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inner users. Without considering the re-allocation of the outer
bandwidth to the inner users, the best performance is achieved
by optimal power assignment when one user is located it
the inner region and one user is located in the outer region.
In Fig. 6 we show the simulation results for average sumkl
rate taken over random user’s positions in the inner and outer
regions. The lower curve represents the average of all sur;
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——average sum-rate with bandwidth re-allocation
——average sum-rate without bandwidth re-allocation
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Average sum-rate for random user’s positions [Mbit/s]
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Maximum base station power [W]

Fig. 6. Maximum average sum-rate for random users positions

11]
rates when no re-allocation of the outer bandwidth to the inner
users is carried out. A better performance in terms of averddgel
sum-rate is achieved when we consider the re-allocation of the
outer bandwidth to the inner user. This is shown by the upper
curve in Fig. 6. A performance increase of approximagely,  [13]

is achieved. [14]

VI. CONCLUSIONS

In this paper we formulated the sum-rate maximization
problem for two users in partial frequency reuse cellular
networks. We showed the analytical expressions for power
assignment to the inner and outer users under the assumption
that all cells use equal power to serve the inner and outer users.
Furthermore, we demonstrated that it is possible to re-use the
outer bandwidth as the inner bandwidth whenever the cell edge
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