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Abstract—To enhance spectral efficiency, full frequency
reuse has been adopted in advanced cellular communica-
tion networks, which however generates severe inter-cell co-
channel interference and degrades the achievable rate at mobile
terminals, especially for those located near cell boundaries.
Therefore, it is of great importance and interests for network
operators and service providers to evaluate and understand the
impact of location dependent inter-cell co-channel interference
on the achievable data rate in cellular networks. In this paper,
considering a realistic spatial distribution of user locations,
we first derive and analyze the probability density function
(PDF) of the inter-cell power interference factor, which rep-
resents path loss of the adjacent cell signals, for the classic
linear Wyner model. The closed form result of the maximum
achievable rate in cellular uplink channels is also derived
under the Nakagami-m fading model. Based on these new
results, an upper bound of the uplink maximum achievable rate
with location dependent inter-cell signal interference factors is
calculated. Furthermore, the rate is analyzed in a running train
scenario for the application of linear Wyner model. Numerical
results show that user locations have strong impact on the
maximum achievable rate per cell.

I. INTRODUCTION

O enhance the overall spectral efficiency in cellular
networks, most schemes employ full frequency re-use
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in each cell. As a penalty, full frequency re-use often results
in severe co-channel interferences and causes a significant
drop of data rate at the terminals, particularly at the cell edge
[1], [2]. The co-channel interferences significantly degrade
the quality of service experienced by users located near
the cell boundary, even with the adoption of multiple-input
multiple-output (MIMO) and orthogonal frequency division
multiplexing (OFDM) techniques [3], [4]. Therefore it is
important to evaluate the impact of co-channel interference
on the achievable rate of cellular networks.

Numerous single cell processing techniques have been
proposed in the literature for improving the uplink capacity
in wireless communication systems [5]-[8]. In [5], Liang et
al. investigated the effect of various intra-cell schemes on
uplink coverage spectral efficiency considering both single
BS detection and joint adjacent BS detection. Furthermore,
they analyzed the effect of adaptive channel reuse under
different propagation models in the downlink channel of a
one-dimensional linear cellular array considering only single
BS transmission [6]. In [7], the accuracy of the Wyner model
was studied in both uplink and downlink transmissions
and considering both single-cell processing and multi-cell
processing. In [8], Bang et al. investigated the gains of
multicell zero-forcing beamforming (ZFBF) on the downlink
of a Wyner-type network and compared the gap in data
rate between ZFBF and single-cell processing (SCP) under
mulituser scheduling. To overcome the interference problem
in cellular networks, cooperative communication techniques
have been proposed to combat the interference through the
use of joint encoding and decoding at transmitters and
receivers respectively. Some early studies investigating the
uplink capacity of cooperative base stations (BSs) appeared
in [9], [10]. Particularly in [9], considering high signal-to-
noise ratio (SNR) wireless channels, Hanly et al. showed
that by employing full frequency re-use, a larger capacity
can be achieved in cellular networks compared with that
using partial frequency re-use only and interference can be
mitigated via the cooperation of BSs. In [10, pp. 1403],
Wyner proposed a linear array cells model, i.e., the Wyner
model, to analyze the capacity of cellular networks and
defined the concept of inter-cell signal interference factor,
which represents the path loss of the signals from the
adjacent cells, to evaluate the impact of interference on the



uplink capacity of cellular networks. In [11], considering
the co-channel interference and wireless channel fading,
Shamai et al. used the maximum achievable rate per cell as
a metric to evaluate the uplink capacity of cellular networks
employing time division multiple access (TDMA), wideband
(WB) and fractional intercell time-sharing (ICTS) schemes,
respectively. Furthermore, in [12] and [13], a Gaussian soft-
handoff model was presented to investigate the cooperative
communication capacity of two cells. More specifically, in
[12] the authors derived analytical expressions for the sum-
rate capacities of uplink and downlink channels in cellular
networks employing TDMA and WB schemes respectively.
In [13] the benefit of BS cooperation for downlink trans-
mission rates was investigated for cellular networks using
dirty-paper-coding (DPC), zeroforcing (ZF) and minimum
mean square error (MMSE) schemes, respectively. In [14]-
[16], the authors studied the transmission rates assuming
the Rayleigh wireless fading channels. Particularly, in [14],
the Wyner model of cellular networks was employed to
study the limits of maximum achievable rate per transmitter
and the optimal performance in TDMA cellular networks.
In [15], by using random matrices to model multi-user
communication channels, the fluctuation of the maximum
achievable rate per cell was studied. In [16], by resorting
to random Schrodinger operators, bounds on the maximum
achievable rate per cell were derived.

In [17], Bacha et al. considered the use of BSs with
multiple antennas and derived the uplink sum capacity per
cell for cellular networks with flat fading channels. In [18],
Sanderovich considered a backhaul cellular network with
joint multi-cell processing, i.e., the cell sites are linked
to the central joint processor via lossless links with finite
capacity, and derived the maximum achievable rates for the
flat fading uplink channels assuming the Wyner and soft-
handoff models. In [19], Nazer developed an inherent alge-
braic structure of lattice codes for improving the capacity
of backhaul constrained cellular networks with flat fading
uplink channels. For the downlinks of cooperative cellular
networks, the maximum achievable rates were explored in
[20]-[23]. Particularly, a linear pre-processing and encoding
scheme based on the DPC method was proposed and a
maximum achievable rate was derived in [20] for cellular
networks with flat fading downlink channels. In [21], a
closed-form formula for the maximum achievable rates was
obtained which helped to obtain analytical insight into the
impact of limited backhaul on the downlink throughput.
An analytical co-channel interference model is proposed
and exact normalized downlink average capacity is derived
in [22] for multicell MIMO cellular networks. In [23],
under an overall power constraint, Somekh et al. proposed a
suboptimal cooperative multi-cell zero-forcing beamforming
(ZFBF) scheme and showed that the scheme is capable
of asymptotically achieving the same sum-rate growth rate
compared with an optimal scheme deploying joint multi-cell
DPC when the number of users in a cell approaches infinity.

In the aforementioned cellular network capacity studies,
only a simple user distribution, e.g., uniform or Poisson,
was considered. The random motion of users is assumed
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to have no impact on the spatial distribution of users in
a cell [24]. Further, the inter-cell signal interference factor
was considered as a fixed constant when evaluating the
maximum achievable rate in cellular networks and little
work considered the impact of user locations in a cell on
the inter-cell signal interference factor. Additionally, only
the traditional Rayleigh fading channels were considered in
the above work and the maximum achievable rate analysis
under the more general Nakagami-m fading uplink channels
has not been investigated.

Motivated by the above observations, in this paper we
study the maximum achievable rate per cell for cellular net-
works with Nakagami-m fading uplink channels considering
location dependent inter-cell signal interference factors. The
contributions and novelties of this paper are summarized in
the following.

1) The probability density function (PDF) of the inter-
cell power interference factor for linear Wyner cells
is derived, which is used to calibrate the interference
from users considering the impact of their location
distribution.

A closed-form expression for the maximum achievable
rate per cell is derived for linear cellular networks with
Nakagami-m fading uplink channels.

Based on a running train scenario, a new maximum
achievable rate per cell is derived for linear cellular
networks with Nakagami-m fading uplink channels
considering location dependent inter-cell signal inter-
ference factors. Further, an upper bound of maximum
achievable rate is also obtained.

2)

3)

The rest of paper is organized as follows. Section II
describes the system model. In Section III, the PDF of the
inter-cell power interference factor in linear Wyner cells is
derived. Assuming Nakagami-m fading uplink channels, a
closed-form expression for the maximum achievable rate
per cell is derived in Section IV. In Section V, a maximum
achievable rate per cell with location dependent inter-cell
signal interference factors in a running train scenario is pro-
posed and evaluated by numerical results. Finally, Section
VI concludes this paper.

II. SYSTEM MODEL

Consider a linear array of M cells with one BS and K
users per cell. The radius of each cell is assumed to be
R. Users are assumed to be independently and identically
distributed (i.i.d.) in a cell following a uniform distribution.
Further, it is assumed that users within the same cell use
different channels to communicate and users belonging to
different BSs may however use the same channel due to
full spatial frequency reuse. In this case, the multi-user
diversity effect in a cell will be analyzed in the following
sections. Therefore, a BS receives the desired signal from
users located within the same cell and interference is caused
by users in adjacent cells. The above model is known as the
linear Wyner model [10] and is illustrated in Fig.1.

The signals received by the M BSs may be represented
in a vector form as follows:
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Fig. 1. A general linear Wyner model.

= Hi+, (1)

where 3 is a M x 1 column vector representing signals
received by the M BSs, & is a MK x 1 column vector
representing uplink signals sent by K users, H isa M x MK
channel transfer matrix and 7 is a M x 1 column vector
denoting the noise received by the M BSs.

Based on the traditional Wyner model, BS,,, i.e., the base
station in the m*" cell, m € [1, M], only receives co-channel
interference from users in adjacent cells, i.e., the (m — 1)t*
cell and the (m + 1)*" cell, and the interference from users
in other cells is assumed to be negligible (see Fig. 1). Denote
by UEnx, m € [1,M] and k € [1,K], the k*" active
user in the m!" cell and denote by UE,, 14, UEpmy1.s
t € [1,K] and s € [1, K], the t*" interfering user in the
(m — 1) cell and the s*" interfering user in the (m + 1)*"
cell, respectively. The channel transfer matrix H in (1) can
then be written as

a, pé 0 . 0 0
aby dy, Béz 0 . 0
0 0552 63 554
H == — . . ) (2)
0 abs . T 0
0 : 6_{\4_1 B
0 0 e 0 CkbM,1 (_iM
where @y, = [Am,1,Am2, 5 Gmk, - > Gm k], M € [1, M]

and k € [1,K], is a 1 x K random vector, represent-
ing the multi-path and shadow fading effect experienced

by the desired signals from K active users in the m"
cell, byp—1 = [bm—1,1,bm-12,"" s bm—14,-"+ ,bm—1,K]
and Cm+1 = [Cm—&-l,lv C’rrL+1,2a e 7C’m+1,sa e 7CTTL+1,K]’ t

and s € [1, K], are two 1 x K random vectors represent-
ing the multi-path and shadow fading effect experienced
by the interference signals from users in the (m — 1)
and (m + 1)t" cells, respectively. It is assumed that A ks
bm—1,t and ¢y, 41 s, are random complex variables, and are
statistically independent of each other.

The parameter « € [0,1] is the inter-cell signal inter-
ference factor, which represents the path loss of interfering
signals from users in the (m — 1)th cell to the m** cell [14].
Considering that the interference signals are statistically
independent, the inter-cell signal interference factor from
users in the (m 4 1)™ cell to the m! cell is 8 € [0,1].
As commonly done in the area, it is assumed that the nodes

mobility is such that the spatial distribution of nodes location
is stationary and ergodic with stationary distribution uniform
in its cell [14], [25]. It follows that the inter-cell signal
interference factors a and § can be approximated by its
spatial average value [24], i.e., the average inter-cell signal
interference factor, and be treated as a constant in cellular
networks. In the next section, we will show how to obtain the
values of v and /3 considering the spatial random distribution
of interfering users’ location in a cell.

Considering the impact of interference and noise in the
linear Wyner model, the maximum achievable rate with
single cell processing scheme Rgcp , in the mt cell is
given by [10]

Py,
Rscp m=FE {10g (1 + M) } ) 3)

where P, is the instantaneous received signal power at
BS, I,, is the instantaneous interference power from the
(m—1)" and (m+1)"™ cell, N,, is the instantancous
noise power, E {-} is an expectation operator which takes
over instantaneous signal power, interference power and
noise power to get the average data rate. To avoid the near-
far effect in cellular networks, the user terminals generally
adaptively adjust the transmission power to keep all signal
power received by BSs at the same level. Therefore, the
received power at the BS is represented by a common
value. Based on the simple one-slope path loss model, the
instantaneous received power at BS BS,, is traditionally
expressed as

ﬁPtr

K
Z dO/dm k |af'm,k|27 (4)
k=1

where P, is the transmission power of users in a cell, Ay
is a distance between the transmitter and the receiver, dy
is a reference distance and P, is the received power at
dp, A is an attenuation coefficient and K is an propagation
coefficient, & = —31.54dB when dy = 1 meter [26].
The instantaneous interference power from users in the
(m—1)" and (m+1)" cells to the BS in the m'" cell
can be written as (5), where d,,—1 ¢ and dy, 11,5 are the
distances between the transmitters and the receivers with
the same channels in the (m — 1) and (m + 1) cells,
and the BS in the mth cell, t, s € [1, K| are the indices of
users in the (m — 1)"™ and (m + 1) cells, respectively.

The noise is assumed as a zero mean, i.i.d. Gaussian
process. For the sake of simplicity, the noise power in
uplink channel is normalized to a unit power in this paper.
Then, substituting (3) by the instantaneous received power,
interference power and noise power, the Rscp », can be
rewritten as (6).

Define the inter-cell average power interference fac-

_ K LS _
tor as a2 = de—l,f /Z dnr ~ ., B2 =
k=1
K
> dms1,s / > dmi * and replace the average user
s=1

data rates in (6) w1th the approximated rates derived from
[27], the Rscp ,, is approximated as (7), where a,, i,
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K 1;_:1 (dmowk) @]
RSCP_m = E log 1 + e A_ 7 X
R Py d 2 d 2
Ve 5 (3 () sl + 55 () e
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_ K Y
7 2 Ak [am k]
1 & d -2 b 2 d -\ 2 (6)
K + F Z m—1,t | m—l,t| + Z m+1,s Cm+1,s| )
£ d) t=1 s=1
k=1
_ K 9
id > lam,kl
=F<log |1+ _ k=1 _
1 B ;dmfltﬂ K 9 deﬂs g ,
AT B > [bm—1]” + =% > lemt1s
"3 (d Ok) > dme ™ t=1 S dme™> s=1
k=1 " k=1 k=1
_ K 9
1 2 lam.il
RSCP_m ~F log 1 + B K k=1 — % , (7)
1+ % (a2 ;:1 |bm—1,t|2 + B2 21 cm+17s|2>
= s=

bm—1,+ and cp,41,s are the channel propagation coefficients
of the m*", (m — 1)th and (m + l)th cell respectively.

The above equation is obtained assuming that users move
randomly in a cell. However, in some applications, for
example when all interfering users are seated in a running
train, the user’s mobility model is no longer random but
rather predictable. In these situations, the inter-cell power
interference factor is obviously significantly affected by the
user’s location in a cell, and can no longer be approx-
imated by an average value. Further, it is interesting to
evaluate the impact of the user location-dependent inter-
cell power interference factor on the maximum achievable
rate of cellular networks and derive a closed-form solu-
tion. Besides, it can be seen from (7) that the maximum-
achievable rate is affected by the interference factor and
the channel propagation coefficient, i.e., the slow lognormal
shadowing and fast multipath fading. Considering the path
loss is independent on the slow lognormal shadowing and
fast multipath fading in wireless channels [26], the PDF of
inter-cell interference factor is first derived to evaluate the
impact of user’s location on the maximum-achievable rate
in cellular networks. Furthermore, the impact of the slow
lognormal shadowing and fast multipath fading modelled
by the Nakagami-m fading on the maximum achievable rate
of cellular networks is studied in Section IV. Finally, we
will analyze the interference factor and Nakagami-m fading
for the maximum achievable rate in a running train scenario
using a linear Wyner model.

Besides, it can be seen from (7) that the maximum-
achievable rate is affected by the interference factor and
the channel propagation coefficient, i.e., the slow lognormal
shadowing and fast multipath fading. Considering the path
loss is independent on the slow lognormal shadowing and
fast multipath fading in wireless channels [26], the PDF of
inter-cell interference factor is first derived to evaluate the
impact of user’s location on the maximum-achievable rate
in cellular networks. Furthermore, the impact of the slow
lognormal shadowing and fast multipath fading modelled
by the Nakagami-m fading on the maximum achievable rate
of cellular networks is studied in Section IV. Finally, we
will analyze the interference factor and Nakagami-m fading
for the maximum achievable rate in a running train scenario
using a linear Wyner model.

III. PDF OF INTER-CELL POWER INTERFERENCE FACTOR

To derive a closed-form expression of the maximum
achievable rate considering location dependent inter-cell
signal interference factors, the PDF of inter-cell power
interference factor is firstly investigated in this section.

Considering that the interference occurs when the users in
different cells are allocated the same channel, the same code
in CDMA system or the same frequence in OFDM system,
the inter-cell average power interference factor of one user
is analyzed. The inter-cell power interference factor of one
user will be discussed firstly. As illustrated in Fig. 1, let
r be the distance between UE,,_1; and BS,,_1 and let
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Inter-cell power interference factor a

0.6
0.4

Distance r between

Angle 6 shaped b
g Y the interfering user and its BS

the interfering user and BSs

Fig. 2. Inter-cell power interference factor with respect to the user
location.

the angle subtended by UE,,,_1 ;, BSy,—1 and BS,, be 6.
Using the definition of inter-cell signal interference factor,
the inter-cell power interference factor o of U Bk 1s
derived by (8) [18].

Fig. 2 plots the inter-cell power interference factor as a
function of the user location parameters € and r for the
situation of a fixed attenuation coefficient A = 2 using
(8). As shown in Fig. 2, the inter-cell power interference
factor is a monotonically increasing function of the distance
r and is a monotonically decreasing function of the angle
f. Moreover, the maximum of inter-cell power interference
factor is reached when the interfering user is located at the
cell-edge with r = R and 6 = 0.

To facilitate the derivation of the PDF of the inter-cell
power interference factor, an intermediate variable § =

L —— is defined. Moreover, considering that
\/(r cos 0—2R)?+r2sin20
users are assumed to follow a uniform distribution in a cell,
the cumulative distribution function (CDF) of G is given by
) [28].

Based on the result of Appendix, the CDF of G can be
further written as (10) [29].

As a consequence, the PDF of G is derived by derivative
as (11).

Considering the relationship of o? = G*, the PDF of
inter-cell power interference factor a? is finally derived by
following segmented functions: when 0 < ak < %, the PDF
of a? is derived as (12a), when 3 < a* < 1, the PDF of
a? is derived as (12b).

The PDF of the inter-cell power interference factor with
respect to the attenuation coefficient A is illustrated in Fig.
3. Considering an urban macrocell environment, the atten-
uation coefficient \ is ranged from 2 to 5 [30]. To clearly
compare the numerical results, the logarithm curves of the
PDF of the inter-cell power interference factor are plotted
in Fig. 3. From Fig. 3, it can be seen there is a maximum
peak value of PDF curve with A = 2. The reason caused this

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Inter-cell power interference factor a?

Fig. 3. PDF of inter-cell power interference factor.

result is that (12a) is a monotone increasing function of a2
and (12b) is a monotone decreasing function of a? when
the attenuation coefficient is equal to 2. Therefore, there

must exist a maximum peak value when (aQ)% =1/3, ie,
a? =1 /9. However, when the attenuation coefficient \ is
large than or equal to 3, (12a) and (12b) are all monotone
decreasing function of a2. In this case, the maximum peak
value of f (a?) is occurred when o2 = 0.

IV. MAXIMUM ACHIEVABLE RATE WITH NAKAGAMI-M
FADING UPLINK CHANNELS AND FIXED INTERFERENCE
FACTORS

In this section, the impact of channel propagation coeffi-
cient modelled by the Nakagami-m fading on the maximum-
achievable rate is evaluated. Considering that the path loss
is independent on the Nakagami-m fading, the inter-cell
interference factor is fixed. Furthermore, a closed-form
expression of the maximum achievable rate per cell over
Nakagami-m fading uplink channels is derived based on
Meijer G-functions.

To facilitate the derivation of the maximum Ie{tchievable
rate, three random variables are defined: S = > |am7k|2,

k=1
K

K

Ty, =3 |bm1.|” and Tg = 3 |emy1.6]°. The maximum
achievtaT)ie rate in (7) can be w;i_ttlen in the form of the three
random variables as (13). Considered the inter-cell power
interference factor is dependant on the location of user, o2
and 32 are the average inter-cell power interference factors
from the (m — 1) and (m + 1) cells.

In the system model illustrated in Fig. 1, the general
Nakagami-m fading uplink channels are considered. More-
over, every signal including the interference signal is as-
sumed to be independent and is subject to independent
Nakagami-m fading. In this case, the PDF of Z, which
represents the signal envelope in wireless uplink channels,
is expressed by a Nakagami-m distribution [31]



IEEE TRANS. ON VEHICULAR TECHNOLOGY, VOL. XX, NO. Y, MONTH 2012

A
PR (do/\/(r cos ) — 2R)2 + r281n26> . A

®)

5 )
Py R(do/7) \/(r cosf — 2R)? + r2sin?0
T
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(r cos 0727};{)2+r2sin?6 <Y \/(r cos 6727};{)2+r2siu29 <Y
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(72*1)2 0 =< 72< g . (10)
= 2+12'r s 511 2_ 2\ 3 — —
1- (’Y T)r(,j2icl())2 a7 WS - ) - - .,r(;lz;yjl)z arcsin @ 911)(’Y2 1 % <v<1
fo (v -
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B 8y(r* 41 57°—1 ./ (1-992) (72 -1) 2(942-1)2 L
— oy (arccos [z —arcsin - Ei— z<v<1
, _8a2> (a2%+1> 1 (i)
fla?) = PR I : (12a)
)
Saz% aQ%-‘rl 1 2 1—9042% a2%—1
f(e?) =— <2 s> %QQ(X_I) arccos 322 -1 _ aregin \/( )1( )
Tr(o/"?fl) 42 402X
P (12b)
22 \2
- 2<9a By 1) loﬂ(%_l)
71'042% (17042%)% A
Pur 3 lamul?
Rscpm=ESlog [ 14+ ———————=—
K+0a2Py 3 |bm—1,¢1>+B2Pir 3 |Cmt1,s]?
N =t (13)
= E{log (1+ PirS ) ’
& K_JrPWETLLPtTETL o o
— Ellog (K + P, (S + 2T, + ﬁ?TR)) —log (K + P, (aQTL n ﬁQTR» }
- . | | ~ T (1, 9/ my), bm—1.4|> ~ T (mg,Q/ms), and
2 my d _myx - s ~ F Q , t 1 : P t )
falz) = ( Q ) x2"”_1e< e ) (14) lem+1,s] (mg3,2/ms3), respectively. Parameters n};

[ (my) ’

where m; is a fading severity parameter, () is a received
signal power at the corresponding BS. Furthermore, the PDF
of Z? can be approximated by a Gamma distribution [32]

my \ "
) ),
l

fz2(z) =

5)

which can be simply denoted as Z2 ~ T" (my, Q/my).
Using (15), the Nakagami-m fading effect of desired sig-
nal in the m*" cell and interference signal in the (m — 1)**
and (m+1)™" cells, represented by |am il |bm_1.]>
and |cm_~_17s|2 can be expressed by Gamma distributions:

mgo and mg are fading severity parameters in the m'",
(m —1)" and (m + 1)* cells respectively.

Moreover, two important lemmas used for derivation are
listed as follows [33]:

dom variables and X; ~ I'(ar;,br)@.e., all distribu-
N

tions have the same scale parameter br), then » X, ~

N i=1
I (Z ap’i, bp)
i=1
Lemma 2: Let X ~ T (ar,br), then for any k& > 0,
kX ~T (CLF, k‘br)
The Nakagami-m fading effect on the desired signal in
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the m?" cell and interference signals in the (m — 1) cell,
ie., |am’;€|2 and \bm,17t|2 are assumed independent. The
Nakagami-m fading severity parameters are assumed same
for all users in a cell. The distributions of random variables
S, a2Ty, and 2T can be obtained as (16), (17) and (18).

According to the conditions in [34], the PDF of the sum
of two independent Gamma variables i.e., ?TL + ?TR,

is given by (19), where 1 F} (ap,bp;cr) = 1 + ‘;—ﬁcll +
%% + .-, is a confluent hypergeometric function

and 1s defined in [35, pp. 1023].
In [36], the exact PDF of the sum of three Gamma
random variables, i.e., S + 2T, + B2Tg, can be expressed

—\ Kmi1+Km Km

as (20), where A = m{("” (% ' ’ (%) 2,
p = K(mi+me+mg), 6; is found by recur-

i+l
o 21 70415, and 75 =

j=

a3, Jj =3, J

(- By (- )

However, the closed-form PDF is difficult to be derived
from the expression in (20). To derive a closed-form PDF for
the sum of three independent Gamma random variables that
can be readily computed, a moment matching approximation
approach with the same first and second order moments is
used for (20). The gamma distributed variable V' with the
same first and second order moments equals to those of
S + a2Ty, + B2TR is given by [37]

sion from d;y;

Veal(ko) =2 _°° (21a)
" ORI (k)
with
N —\2
K(l +a?+ 62)

K = . 1b)
(F+5+5)
O(E+a+ 5

o= . Qlc)

1+a? + 32

Substitute (19) and (21a) into (13), a new maximum
achievable rate with Nakagami-m fading uplink channels is
derived by (22a) with (22b), where 1 F} (+; - ;-) is a confluent
hypergeometric function.

The integral in (22a) is difficult to compute. To simplify
the expression, we resort to some special functions, i.e., the
so-called Meijer’s G-functions, which is defined as (23) [38],
where 0 <m < ¢, 0 <n <p, and S = /—1. The log, (-)
and 1 F; (+; - ;-) functions can be expressed as a special form
of Meijer’s G-function. Therefore, (22) can be expressed in a
closed-form using Meijer’s G-functions as (24a) with (24b).

A. Numerical Analysis of Maximum Achievable Rate with
Nakagami-m Fading Uplink Channels

Based on the maximum achievable rate with Nakagami-
m fading uplink channels obtained in the last section,
some numerical performance evaluations are performed. The
following parameters are used in the numerical evaluation:
the received signal power (2 at a BS is normalized as 1, the

2.8 :

2.3

Maximum achievable rate per cell (bits/s/Hz)
®

0.8
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Inter-cell signal interference factor a
Fig. 4. Maximum achievable rate per cell with respect to the

inter-cell signal interference factor and the signal fading severity
parameter.
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Fig. 5. Maximum achievable rate per cell with respect to the inter-
cell signal interference factor and the user number in a cell.

average user transmission power is configured P, = 10dB,
the Nakagami-m fading severity parameter in the (m — 1)t*
and (m + 1)* cells are chosen to be my = 1, m3 = 2,
respectively, and the signal interference factor from the
(m + 1) cell is chosen to be 3 = 0.3.

Supposing that the number of users in a cell K = 10, in
Fig. 4, the maximum achievable rate per cell for different
channel conditions is shown. In Fig. 4, the maximum achiev-
able rate per cell decreases with the increase of the inter-
cell signal interference factor. When the inter-cell signal
interference factor is fixed, the maximum achievable rate per
cell increases with the increase of the Nakagami-m fading
severity parameter m; in the m‘" cell.

Given that the Nakagami-m fading severity parameter in
the mt" cell is chosen to be m; = 1, Fig. 5 illustrates
the maximum achievable rate per cell as a function of
the number of users in a cell. When the inter-cell signal
interference factor is less than 0.67, the maximum achievable
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P =T Y lemirsl’ ~ T (Kma, 20 fmg ) = 202 gfmomie\"5e ), (18)
R ;\ +1,s] 3 3 T Kom)
xK7n2+K'm'3_1€_msz/§01F1 |:Km2,Km2 4 ng, (Fn;,\gﬂ _ %> $:|
fﬁTLJFFTR (x) = 20\ Km2 B82Q Kms ) (19)
(£2)"(22) 77 r (koma + Kmg)
- 6im§+i p+i—1 —xmg/?ﬂ
fsyorr,pom, (W) = A — oY € (20)
ST (p+i) (B70)
0 _ ynfle—%
Rscpm = [, log (K + Ptry)mdy (22a)
1% log (K 4 Pyar)amatKma—1—mar/50 1y [ng; Kms + Kma; ([7"5?2 - QL’;;) x} dz
729 Kmo @Q Kms
e = <a> () T (Kms + Kms). (22b)
mo ms
[T00;—s) [IT(1—a;+s)
Gmon ap,--rap \ _ 1 = J=1 sd 23)
pa \ ¥ by, by T ooy q P L-as, (
O JI T(=b;+s) II T(a;—s)
j=m+1 j=n+1
1—k 1,1 |5
Rscp.m = %,C)Géji ( 10 P'KTG> +log K
e (P”)_(K"”J’Kmi") 21101 [ —Kma—Kma 1-Kma—Kma) — |1-Kms | mak K<§2n_?2:1) (24a)
t\ K 2,2:0,1:1,2 —Kmo—Kms,—Kmo—Kmg 0 0,1—-Kmo—Kmg Fﬂpihv Por )
m —(Kma+Kms3) 1.2 1—Kmg— Kms, 1 — Kmgy m m B2
~erlog K (32 2.2 ( 0,1~ Kmy — Kms (2 -%) %
Kmo Kms
ma ms 1
e = | —= — . (24b)
' <a29) (fm) T (Kmo)

rate per cell increases with the increase of the user number
in a cell. This result indicates that the maximum achievable
rate is mainly affected by the channel fading in the low
interference case, i.e., the inter-cell power interference factor
is less than 0.67. In this case, the multi-user diversity
gain can be implemented owing to fluctuations of fading

channels. When the inter-cell signal interference factor is
large than or equal to 0.67, the maximum achievable rate
per cell decreases with the increase of the user number in a
cell. This result implies that the maximum achievable rate is
mainly affected by the interference in the high interference
case, i.e., the inter-cell power interference factor is large
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than or equal to 0.67. Moreover, the interfering users in
adjacent cells will increase if the number of users per cell
is increased. In this case, the maximum achievable rate
decreases with the increasing number of users in the high
interference region. This result is consistent with the result
in interference-limited cellular networks [39].

V. MAXIMUM ACHIEVABLE RATE WITH LOCATION
DEPENDENT INTER-CELL SIGNAL INTERFERENCE
FACTORS

In all aforementioned maximum achievable rate studies,
users are assumed to be uniform and i.i.d. and with a random
movement that preserves the uniform spatial distribution. In
this case, the user’s random motion cannot change the statis-
tical characteristics of user distribution in a cell. Therefore,
the inter-cell signal interference factor can be reasonably
approximated by a constant. However, in some applications,
such as interfering users in a running train, the movement
of all interfering users in a cell has a specific and common
direction. As a consequence, the inter-cell signal interference
factor becomes time-varying and depends on the movement
of users when computing the maximum achievable rate. In
this section, a running train scenario is illustrated and then
the maximum achievable rate with location dependent inter-
cell signal interference factors for cellular networks with
Nakagami-m fading uplink channels is presented.

A. A Running Train Scenario

Based on the generic system model in Fig. 1, a more
detailed model for the specific running train scenario is
illustrated in Fig. 6. The distance between the center of train
and BS,,_1 is r and the angle subtended by the center of
train and BS,,, at BS,,,—1 is 8. The length and width of train
is assumed to be [ and w, respectively. The train is assumed
to be moving from BS,,_; to BS,, and all interfering
users lie in the train. All users are assumed to be uniformly
distributed in a train. To simplify the analysis, users in the

h cell is assumed only be interfered by train users in the
(m — 1) cell in this scenario, that is the interference signal
just come from one side. The speed of train is assumed to
be slow, such as less than 80 kilometers per hour, to avoid
the Doppler frequency shift effect on uplinks of cellular
networks.

B. Maximum Achievable Rate with Location Dependent
Inter-cell Signal Interference Factor

Considering that all interfering users lie in a running
train and move together, all interfering users in a train
are assumed to have the same interference factor. In this
case, the average inter-cell power interference factor is used
for the same interference factor of all interfering users
in a running train. Moreover, the average inter-cell power
interference factor a2 is expressed by

[ a?ds

_A'_ﬂ
; J a2qdqd¢

= T
Strain f;j;ij f’rj_u? qdquS

0+
-

(25)

interference

signal

(m-1)" cell m" cell

Fig. 6. A running train scenario.

where Si,qin 1S the train area and with a bit abuse of the
term, we use the same symbol to denote the area of the train
and the size of the area.

Based on the Cauchy-Schwarz inequality, the following
result on a lower bound of total inter-cell power interference
factor at the train can be obtained:

0+ pr+¥
/ / a?qdgde
Y

0+ pr
( gj_ir fju? dqd¢>
2 l2'r
0+5- pr+%
Jo & [T hpdads
2 2 ) (26)
(wl/r)*
0+ L W
Sy 3 T2 Sadade
(wl/r)’

_1
2r

2 2 A

T (./q —4chos¢+4R)

A+1
0— gt

dqde

To simplify the derivation, the attenuation coefficient \ is
fixed at 4 in the following computation, which corresponds
to a typical urban macrocell environment [40]. Hence, (26)
is further simplified as

T_f

(wl/r)*

/a qdqde > ﬁ (27a)

with

SRYrw (r2 + %)

2r +w 16 R%rw
6= 1[1In +
2r —

w 2 4
(r2 = %) (r? =)
(27b)
16Rw  04RPw (307 + )

n= TS ——3 cos@smz—,

e Y "
27c)

8R? l

¢= 3 cos 20sin - (27d)

(r2 -4 )
Substitute (27a) into (25), a lower bound of the average
inter-cell power interference factor is obtained.

!

r
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Fig. 7. Average inter-cell power interference factor with respect
to the path loss exponent A and the distance r between the train
and the BS.
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Furthermore, considering that the interference just lies in
one side cell, the inter-cell average power interference factor
(32 in (13) is configured as zero. From (13), the maximum
achievable rate with Nakagami-m fading uplink channels for
the special case of a running train scenario can be rewritten
as (29a) with (29b) and (29c¢).

Substitute (28) into (29a), an upper bound of the max-
imum achievable rate with location dependent inter-cell
signal interference factors is given by (30).

(28)

C. Numerical Results and Discussion

Based on the proposed running train scenario in Fig. 6, the
effect of wireless channel conditions and the train location
on the average inter-cell power interference factor and the
maximum achievable rate is investigated. In the following
numerical results, the parameters are configured as follows:
the length and width of train are configured as [ = 500
and w = 3.1 meters [41]; the radius of cell is given by
R = 15000 meters [42]; the Nakagami-m fading severity
parameters are configured as m; = mq = 2; the number of
users in a cell is configured as K = 100.

Fig. 7 illustrates the average inter-cell power interference
factor with respect to the attenuation coefficient A and the
distance r between the train and the BS B.S,,_1. Without
loss of generality, the angle @ is chosen to be # = /g in Fig.
7. It is shown that the average inter-cell power interference
factor increases with the increase of the distance between
the train and the BS BS,,_1. When the distance between
the train and the BS B.S,,_1 is fixed, the average inter-cell
power interference factor decreases with the increase of the
attenuation coefficient.
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Fig. 9. Maximum achievable rate with respect to the path loss
exponent A and the distance r between the train and the BS.

In Fig. 8, the effect of the angle 6 on the average inter-
cell power interference factor is investigated. The distance
between the train and the BS is fixed at » = 10000 meters
in Fig. 8. As shown in Fig. 8, the average inter-cell power
interference factor decreases when 6 increases from 0 to
. However, the average inter-cell power interference factor
increases when 6 increases from 7 to 27. The minimum of
the average inter-cell power interference factor is reached
when 6 equals to 7. When 6 equals to 0 or 2, the average
inter-cell power interference factor reaches its maximum.

Fig. 9 shows the maximum achievable rate with respect to
the attenuation coefficient and the distance r. Without loss
of generality, the angle ¢ is configured as § = /g in Fig. 9.
The maximum achievable rate decreases with the increasing
of the distance between the train and the BS B.S,,,_1. When
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the distance between the train and the BS BS,,,_; is fixed, the attenuation coefficient.
the maximum achievable rate increases with the increase of
Fig. 10 evaluates the impact of # on the maximum
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Fig. 10. Maximum achievable rate with respect to the angle 6
shaped by the train and BSs.

achievable rate. The distance of the train and the BS is fixed
at 7 = 10000 meters in Fig. 10. As shown in Fig. 10, the
maximum achievable rate increases when 6 increases from
0 to . Moreover, the maximum achievable rate is decreased
when 6 increases from 7 to 27m. When 6 equals to 7, the

arcsin
m(y2 - 1)? 4y

maximum achievable rate reaches the upper limit. When 6
equals to 0 or 27, the maximum achievable rate reaches the
lower limit.

VI. CONCLUSIONS

In this paper, the PDF of inter-cell power interference
factor for linear Wyner cellular networks has been derived
considering a realistic spatial distribution of user locations.
The closed form result of the maximum achievable rate
in cellular uplink channels has also been derived under
the Nakagami-m fading model. Based on these, an upper
bound of the maximum achievable rate with location de-
pendent inter-cell signal interference factors is calculated
and analyzed for a running train scenario. The PDF of the
inter-cell power interference factor can be used to evaluate
the interference power depending on the locations of users.
Moreover, results of the maximum achievable rate for the
running train scenario can provide useful guidelines for the
deployment of BSs along the railways.

APPENDIX
Derivation of (10)

Based on the integral condition of (9), i.e,

v, we derive the following

L <
\/(7' cos §—2R)%+r2sin29
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result by

(v* = 1)r* —49*Rrcos + 49°R* > 0. (31

Considering the relationship of a? = G*, the range of
is configured as 0 <~y < 1. Moreover, a quadratic function
® (r) is set as

O (r)= (v~

The graph of ® (r) is an opening downward parabola with
. .. 472R2(7251n2971)
the maximum limit of —————=.
Based on (31) and properties of quadratic functions, the
range of r is expressed as (33). Considering r is the distance
between the specified user and the BS, the range of r is

constrained by

1) r* — 4v*Rrcos 0 + 4v*R*. (32)

0<r<R. (34

Considering the symmetry of the user’s location, we just
discuss the scenario where the user lies in the region with
6 € [0, 7]. The same result is used in the scenario where the
user lies in the region with 6 € (m, 27). Based on (33) and
(34), the piecewise function is derived by (35).

When 0 < vy < %, the CDF of G is derived as (36). When
% < v <1, the CDF of G is derived as (37).

Combined with (36) and (37), the result of (10) is derived.
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