=& 03-28-10A-3 B 4T3 =EA ‘03-10 Vol.28 No.10A

Erlang and Channel Capacity of Truncated Power
Controlled CDMA Cellular Systems with Base
Station Antenna Arrays

Nam-Soo Kim*
ABSTRACT

We analyze the performance of a truncated power controlled CDMA(code division multiple access)
cellular systems with base station antenna arrays. Erlang capacity and the channel capacity which is
a maximum date rate to maintain almost error free communication are analytically derived. The

numerical results show there can be a substantial increase in Erlang capacity and in channel capacity

by antenna arrays incorporating with the truncated power control scheme.
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1. Introduction

In a cellular CDMA system, the near-far problem
can be compensatedby the power control techniques.
The conventional power control scheme, such as used
in IS-95 systems, requires a large average transmit
power to compensate for deep fading. The transmit
power from mobiles especially at cell boundary
increases interferences to adjacent cells since they
must transmit very high power to compensate for path
loss and shadowing effects. Recently, a truncated
.power control scheme [1], which compensates for the
propagation loss above a predetermined fade depth,
while below thethreshold level the transmission is
suspended, is proposed to mitigate these undesirable
effects; excessive power consumption of a mobile
station, and large amount of interference to the
adjacent base stations. It was reported the power gain
is 1.3 4.5 dB with the truncated power control
scheme [1].

On the other hand, one of the emerging
technologies for the system capacity enhancement,
without increasing in RF spectrum allocation, is the

use of a spatial processing technique with cell site

antenna arrays [2], [3]. By using an appropriate spatial
processing technique at a cell site, we can estimate the
array response vectors, and then use optimum
directional beams to improve system performance and
increase capacity by directing the narrow antenna
beam to the desired transmitter direction.

In this paper, for better system performance and
larger capacity, a combination of the truncated power
control and the adaptive antenna array techniques is
investigated. We first derive the performance of the
proposed system in terms of the average probability of
outage based on the average SIR
(signal-to-interference ratio) and the transmit
probability, which is the probability of the received
signal strength above the predefined threshold level.
Erlang capacity, which is a function of the traffic
intensity and the transmit probability of the truncated
power control scheme, is also compared to the
capacity of the system using a conventional power
control scheme. And the channel capacity with
antenna array is derived in fading channels and
compared with the Shannon capacity in AWGN.

This paper is organized as follows. In Section II,
we describe the system and channel models with the
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truncated power control scheme. The reverse link
outage probability is analyzed as a function of the
number of the array elements, the transmit
probability, Erlang, and outer cell interference
fraction in Section III, as well as the channel capacity
derived in fading channels. The analytical results and
conclusions are shown in Section IV and in Section V,

respectively.
II. System and channel models

A ftransmitted signal from a mobile station
experiences various  effects such as
propagation loss, shadowing and fast fading,
through a wireless channel. The propagation

loss in a cellular system is generally accepted

as proportional to the mth power of the
distance between a transmitter and a
receiver, where ™is the path-loss exponent
which is between 2 to 55 depending on the
propagation environment [4]. Also, the
shadowing caused by terrain irregularity is
modeled by a log-normal probability density
function. Then, the propagation gain, which is
the inverse of the propagation loss, between
a mobile and a base station can be written
by

G(r,x):r_mlox”o (1

where ris the normalized distance between

the mobile station and the base station,
r=R/D, Where Rdenotes the distance
between a mobile and a base station, and D
is the cell radius. ¥is a zero mean Gaussian
random variable.

In a cellular CDMA system, one of the
essential prerequisites is the power control to
prevent the near-far problems. In
conventional power control policy, the
transmitted power from a mobile station is
adjusted to compensate the propagation gain

G(r.X)to  maintain the constant received

power at the base station., In [1], a truncated
power control scheme is proposed to mitigate
the large interference and power consumption
in a mobile station; the mobile station
transmits its power when the average
strength

received signal exceeds

predetermined transmit threshold Y0 and does
not transmit when the average received
strength is under the threshold. Then, we
may express the truncated transmit power as

5. ) SR/ Gg(r,x), Gp(r,x)2Y,
k =

0, G (r,x)< %o 2)
where Sk is the transmit power [Watt] of
a kthmobile station and Gk(%) is the
propagation gain between a kth mobile and a

base station. Sr(®) is the desired received
power [Watt] at the base station when

Gy (r,x) 270 . For the notational convenience,

we use the Sk , Gk, and SR instead of

Sk (t) , Gk (r7 x) , and SR (t) , respectively.

We assume that Sk , Gk, and SR remain

constant during a symbol interval.
The transmit probability can be obtained
by [1]

p(rg) =P(Gy >70)
101og(y,r™)

c

= o Y2rdr

3

where 9cdenotes the power control error

when the mobile transmit. And 2() s

given by

789



oL

=418 3 =74 03-10 Vol.28 No.l0A

2
Q(x>=ﬁf;°exp<—3‘2—>dx y

We assume that the random variable * and
Xare independent, and that the mobile’s
location is uniformly distributed within a cell.
This leads to a probability density function of
r given by

2r, 0<r<i1
P(r)=
0, r>1 (5)

Fig. 1 shows the transmit probability of a
mobile station with the power control error.
We noticed that the transmit probability

decreases with the transmit threshold 70 and

with the power control error.

The direct sequence code division multiple
access (DS-CDMA) reverse link adaptive
array receiver model is shown in Fig. 2. The
output of an antenna array at the base
station can be represented by the M Xl

vector,

K
y()= 121 V2GS dp (=T ) pr (1 —11)
cos[2f, (t —T;) + O Jay +n()  (6)

where kis a number of users in a cell. M
denotes the number of an array antenna

dk ®) and Pk ® are the data

elements.
sequence and spreading sequence of the kth
user, respectively. Tk , fC, and ek
represents the path delay, the carrier

frequency, and carrier phase for user k,

respectively. ak is the M X1 array response

vector from the Ath user. And n() is the

zero-mean Gaussian noise vector with
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covariance

2 _
Enent! @] =1% b 5T

0, t£T (7)

where lis the M XM identity matrix and

2
0, is the system noise power.

If the desired user is k=1, the antenna
outputs are correlated by the desired user’s
spreading code

2 .
2 =\[; I YO =) cos2af, (t =7+ 6y Jar
=84 +IMak +
(8

where the first term is the signal
components, the 2ndterm is the interference
components, and the 3rd term is the noise

components.
The decision variable after optimal
weighting [2] is
u= alHZ]
= slagjal + IMaflak + 3511]
= Ms; + I +afn 9

where H denotes Hermitian transpose and
H
I=Tyaj a (10)

The variance of the interference term in
conventional DS CDMA system without
antenna array is derived in [5]. If we apply
this result to antenna array system, the
variance can be written by

2
vartly = 3 G plflay] )

k=2 (11)
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The noise variance is

varm}=[( J EU,{?”JT O+ non® (1)

pl(l‘—Tl)pl(f*11)005[27@706‘(’*11)4-91]
cos[2mf, (t — Ay) + 61 1dt]

= 0',,21
(12)
, therefore

The bit energy to interference-plus-noise
density ratio can be written by

E, _ M2G,S,

(No)tor 1 § G, S, El I 2} M()'n2
o k- k Ial ak{ +—
3N k=2 T

(14)
where N is the processing gain.

TI. Qutage probability and channel
capacity

3.1 Outage probability

Now, we apply the truncated power control
L

X, =
ko,

Under this truncated power control scheme, (14)

G, 2
k=70 cr<xk
G <7o (15)

can be modified to

Eb — X]P(Xl =1)
(NoDior 1 2
3NM? k= : XkE{’al akl }+ RTM
(16)

where we assumed the received power is perfect
power controlled, GS) =G S, = SR, when
27 .
If we define (E»/No)y is the £b/A(No)or

value required to achieve the level of adequate
performance (i.e., for the reverse link to keep the

BER <107 the required (E5/No)o is 7 dB
[4]), then the outage probability is

Four = PLE [(No) 1oy <(Ep/ Np)o}

= Pf{ XiPX =D 3 <(Ep/Np)o}
O'
3NM2 > X"E{'a‘ a"l }+S ™
H 2
=P{ZXkE{’a] 8y 1>¢)
k=2
(17
where,
2
[
g=3NM2 Yt Tn
(Ey/No)g MTSg . (18)

In [6], the expected value of the inner product
between two array vectors is given by

2 M-IM-1 D)
b="3 % J3{pd(n-m)}
n=0m=0

H
E{‘al ay (19)

where J0(°) is the 1st kind Oth order Bessel

function, #=27/4 Ais the wave length, and

d denotes the distance between two antenna
elements.
1If we assume that call arrivals occur randomly at

Poisson-distributed intervals with an average

rate of A calls/sec and that the average call

duration is 1/H  gsec, then Kis a

Poisson-distributed random variable with the
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occupancy rate AlH | Also the random variable
K

X
k=1 k is a Poisson-distributed random variable

with the occupancy rate Ap(yo)/ 1 [1], [7]. The
outage probability can be obtained by
approximating the Poisson by a Gaussian

variable with the same mean and variance for

large S [8], [9]

P~ oS ED]
out Q(\/Kr(v_)- (20)

where

_& H, [
v—készE{ial ak‘ } 1)

and the expectation of v can be written by

Elv]= E[ézxkE{ia{’ a kuH

= (1 @) p(ro)A+ Eaf! ak(z}e(ﬂac)z 2

(22)

The variance of v can be obtained by

var() = (41 ) plrg)1+ NIE{af a,] 1670

(23)

where J is the other cell interference rise [10],

and Ocis the power control error in dB. For
further details of this derivation, see [9]. The
Erlang capacity of a CDMA cellular system is
the maximum number of usersthat does not

exceed a given value of outage probability of
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error in (17) [9].

3.2 Channel capacity

It is generally accepted the maximum channel
capacity under AWGN is given by Shannon's
capacity. However, when the channel receives
the fading, the maximum channel capacity is
reduced.

The Shannon's capacity is given by

C = Blog,(1+ SNR) (24)

where C denotes the maximum capacity in
bit/sec, SNR is the signal-to-noise ratio.
However, when the received SNR is experienced
by the fading, the channel capacity is modified
to

C = BJ log,(1+ SNR) f (SNR)d(SNR) (25)

where C is the average channel capacity and

SF(SNR) is the probability density function of
SNR. In DS-CDMA cellular system, the
despreaded SNR is equal to the Ep /Ny,
Therefore the average channel capacity is
obtained by substituting (16) in (22). An
empirical data shows the received Ep {No)1or

has a log-normal density function [9]. Therefore
the average capacity can be written by

C =B log,(1+ HPX =D 3
1 K H 2} e
—— 3 X,E +
Yl {la‘ | SpTM
N2
X L exp(—-(x ;;) Ydx
2ro, o,

(26)
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where H is the mean of £b/(No)ior and x is the
SNR in dB.

IV. Numerical results

For the numerical analysis we assume

followings; processing gain N=128,

2
(Ey/Nog)o=7dB ~ SpT/0, =30dB  ,iher

cellinterference  rise S =0.55, path-loss

exponent M =4, shadowing standard deviation

0;=8dB | and the spacing between antenna
elements of the linear antenna array is
half-wavelength.

Fig.3 shows the Erlang capacity as a function

of the transmit threshold Vowith the array

antenna elements M=4. It is noticed when the

transmit threshold 7Y0becomes larger, the
transmit probability decreases and the MAI is
decreased, but the Erlang capacity increases.

For the capacity calculation we adapt the

outage probability of 1x107in (20). The
capacity is increased with the transmit threshold.
An increase of the transmit threshold means a
decrease of thetransmit probability. It is also
noticed that the power control error is sensitive
to the traffic intensity. When the power control

error 9c¢is 0, 2, 4 dB with the transmit threshold

Y0=1, the capacity increases 4.4, 5.0, and 6.6
times, respectively, compared to the case of the
single receiving antenna at base station ; under
the same condition, the capacity with single
receive antenna at base station is 35, 29, 17

Erlangs, respectively. If the power control is

perfect, the condition of Y0=1 means the mobile
at cell edge always transmit. However, in the

case of imperfect power control, the

transmission from a mobile is governed by
truncated power control in (2). It is also noticed
that the Erlang capacity increases with the
transmit threshold which means less transmit
probability as shown in Fig.2. Decrease of the
transmit means decrease of MAI and increase of
the system capacity.

The transmit outage probability is shown in

Fig. 4 with power control error ¢ = 2.5 4B and

Yo =1 Analytical results show there can be a
substantial increase in Erlang capacity by
antenna arrays at the base station incorporating

truncated power control scheme. For the transmit

outage probability of 1><]0_3, the capacity is
increased to 4.7, 9.1 times for M=4 and M=8,
respectively, compared to the capacity of M=1.

The normalized channel capacity [bits/Hz] is

shown in Fig. 5. The curve with Y0=0, which
means no truncated power control case, denotes
the normalized Shannon capacitywith M=1 in
AWGN. The other curves show the truncated
power control cases with the power control error
of 2.5 dB and M=4. It is noticed the channel
capacity is increased with the transmit threshold

Yo. When Y0is 0, 1, and 10 with 150 Eralngs,
the normalized channel capacity is 1.8, 3.4, and
4.7, respectively. As we expected, an increase of
the transmit threshold reduces the MAI, and
increases the channel capacity.

In (23), we can easily expect that the channel
capacity increases with the number of antenna
elements M.

V. Conclusions

We considered the truncated power control
conjunction with an antenna array system. The
analytical results show there can be a substantial
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increase in system capacity by antenna arrays at
the base station incorporating truncated power
control scheme.

We also noticed the channel capacity
increases with the transmit threshold and the
number of array antenna elements. This result
can be used to the capacity design of a

cellularsystem with base station antenna arrays.
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Fig. 1 Transmit probability of a mobile station
(m=4).
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Fig. 2 CDMA reverse link adaptive array receiver
model.
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Fig.3 Erlang capacity as a function of the
transmit threshold Yo (M=4).
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Fig. 5 Normalized channel capacity.
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