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Abstract 

A cellular wireless network with beamforming capabil- 
ities at the receiver is considered which allows two or 
more transmitters to share the same channel for com- 
municating with the base station. A novel approach 
is introduced which combines the effects of the digital 
signal processing at the physical layer along with the 
network layer protocol on the overall queuing model 
of a cell. From this effective cell model, we find the 
closed form solutions for blocking probabilities of the 
calls and total carried traffic in the system. Our ana- 
lytical as well its numerical results show that adaptive 
beamforming at the receiver reduces the blocking prob- 
ability of the calls and increases the total carried traffic 
in the system. 

Keywords: Antenna Arrays, Wireless Networks, 
Handoff, Adaptive Beamforming. 

1 Introduction 

In a cellular wireless communication network, as a mo- 
bile user crosses the boundaries of cells (coverage area 
of each base station) the call must be handed over to 
the new base station (BS) that provides the best link 
quality. This operation is called a handoff and ideally 
goes unnoticed by the customer [l]. Due to fixed fi- 
nite resources, we cannot assume that more physical 
radio channels will be added to a spectrum allocation 
to reduce the probability of blocking or forced termina- 
tion [l]. The reallocation of bandwidth is a standards- 

setting process that takes a considerably long time. 
The increasing popularity of wireless communication 
services together with the limited amount of the avail- 
able radio spectrum calls for highly efficient usage of 
resources (traffic channels) [2]. The interference re- 
duction capability of antenna arrays have been con- 
sidered as a means to increase the capacity of wireless 
systems [3, 41. Specifically, using beamforming tech- 
niques at  the receiver, two or more transmitters can 
share the same traffic channel to communicate with 
the base station at the same time. An adaptive an- 
tenna array is used at  the base station to form several 
antenna beams simultaneously. Each beam captures 
one transmitter by automatically pointing its pattern 
toward that transmitter while nulling other cochannel 
transmitters [4]. In urban wireless environments sev- 
eral copies of the transmitted signal are received at the 
base station with different delays and different atten- 
uation. This effect is called multipath fading. In a 
space only diversity, given a cell with L channels, an 
M element antenna array that forms M - 1 distinct 
array nulls a t  the receiver allows a maximum of K L  
users to be served in a cell, where K = E and cr is 
the multipath factor representing the number of dis- 
tinct strong path components received from each mo- 
bile station at the beamforming array. In a space-time 
diversity spatial nulls can be used to reject the cochan- 
ne1 interference (CCI) , while inter-symbol interference 
(ISI) can be eliminated by time diversity. In this paper 
the queuing model of a network with joint beamform- 
ing and handoff under a given traffic policy is derived 
and from there the blocking probabilities of the calls 
and total carried traffic in the system are derived. 
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The rest of the paper is organized as follows. A review 
of spatial multiplexing using adaptive beamforming 
techniques forms the subject of section 2. Network 
models with joint beamforming and handoff and the 
analysis of blocking probabilities under guard channel 
policy with or without queuing of handoff calls are pre- 
sented in section 3. In section 4 ,  the numerical results 
are provided. Finally we conclude the paper with sec- 
tion 5 where we summarize the obtained results. 

2 Review of Spatial Multiplexing Using 
Adaptive Beamforming 

A antenna array is a multibeam adaptive array with 
its gain pattern being adjusted dynamically [3]. An 
antenna array consisting of M elements is considered 
at the receiver. A set of J cochannels transmitters is 
considered. Let s j ( k )  for j = 1 , 2 , - . . ,  J denote the 
j t h  transmitted signal. We assume that at most N 
multipath signals from each user would arrive in the 
base station with different delays (T~). Therefore the 
received signal vector due to the si(k) would be 

1 

j=1 

where e l  is the arrival direction of the nth multipath 
signal from the ith user, Pi is the power of the ith trans- 
mitter, Gi is the link gain between the ith transmitter 
and the base station, ay is the nth path fading, n(k) 
is a zero mean Gaussian random vector with variance 
of each element 02,  arid a(el) is the array response to 
the multipath signal arriving from direction e l  with 
a(el) I= [a1(8;),a2(8~),...,aM(8~)]T. In a space di- 
versity combiner, illustrated in Figure 1, a weighted 
sum of the outputs of‘ the array elements is generated 
by a beamformer in tlhe following way 

Yi@) = w”(k), (2) 

Figure 1: Space diversity combiner 

where WT = [wil , .  . . , w i ~ ]  is the weight vector and 
xT(k) = [zl(k), . . . , x ~ ( k ) ]  is the received signal vec- 
tor. The optimum weight vector, in a minimum 
variance distortionless response (MVDR) beamformer 

[5, 61, is the one that minimizes the interference while 
maintaining a unity gain at the direction of interest by 
imposing wyai(e;) = 1. The solution to this problem 
is [6] 

(3) 

where 

9 = PiGiatai(8:)af(8f) (4) 

lV0 
J N 

+ PjGj aj”aj(Bj”)ay(Bj”) + - - I .  
2 

j=1, j#i  n=2 

The optimum weight vector maximizes the CIR itt the 
output of beamformer, for the signal of interest, i.e. 

N 

ri, maz = [ 5 PjGj ajndtraj(e,y)a:(9jn)dti 
j=1, j#i n=2 

+N09”ei] 2 -lPiGi.  ( 5 )  

If the array response is not known, one can employ a 
training sequence and minimize the difference between 
the training sequence and the output of the ‘3eam- 
former in mean square sense, i.e. 

wi = argminE[ld, - ~ y a ~ ( e t ) 1 ~ ] .  (6) 
W ;  

The solution to this problem is [6] 

where ipi is defined as before and pi is the cro:is cor- 
relation between the received vector and the training 
sequence; pi = E[xidf]. 

3 Network With Adaptive Array Under Guard 
Channels Traffic Policy 

In this section we analyze the network with adaptive 
array under guard channels traffic (GCT) policy pro- 
posed in [7]. The GCT policy is the blocking of newly- 
originating calls as soon as only g channels among all 
available channels are still free [7]. This allow,, <’ us to 
build a guard band before handoff calls will be blocked, 
which will happen only when all channels are occupied. 
In our network model, we assume that when a new call 
(hand off or originating call) arrives, the adaptive ar- 
ray points one beam toward that user and assigns one 
channel out of those L channels to that user. Each 
channel c, f OT i = 1 ,2 , .  e ,  L can be assignec. to  K 
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users by K separate beams, using K beamformers in 
parallel. If the first beam of all channels are already oc- 
cupied by one user ( L  users are in the system) the new 
call can be assigned by another separate beam to any 
of the L channels. If we assume that (i - 1) cochan- 
ne1 transmitters successfully share the same channel, 
for acceptable link quality, the newly arrived ith trans- 
mitter is allowed to  share that channel with them if 
l7i 2 y, where I?* is given by ( 5 ) ,  and y is a system pa- 
rameter, dictated by the underlying standard governing 
the wireless network. To avoid any degradations in sys- 
tem performance, using a call admission control (CAC) 
mechanism, if l7i < 7 or i > K we prevent that user 
from being accepted into the system. The flow chart of 
the channel assignment in a cell with an antenna array 
at the base station is shown in Figure 2. 

ree channels < - 
ii P ' P + 1  

NO 

YES I 

Figure 2: Flow Chart of the channel assignment algorithm 
in a system with antenna arrays. 

The success probability p+-l,M is the probability that 
the i th transmitter can be captured successfully by a 
separate antenna beam when there are M antenna el- 
ements. In the event of successful capture of i th trans- 
mitter, that user will be sharing the same channel with 
(i- 1) previously captured users. In that case all i users 
will be communicating with the BS using the same 
physical channel. Monte Carlo simulation results for 
~ 2 1 1 , ~  and p 3 1 2 , ~ ,  success probabilities for 2-beam and 
3-beam adaptive arrays, are shown in Figures 3 and 4. 

Since there are L distinct physical channels in the sys- 

P - - o SNR=30 dB, gamma=IB d6 
* - - Q S N R G  d6. gamma-14 d6 
o - - a SNR=50 d6. ganm?a=l8 dB 

Figure 3: Success probability p2I1,M for a 2-beam adaptive 
arrav. 
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Figure 4: Success probability p 3 l 2 , ~  for a 3-beam adaptive 
array. 

tem and each channel may be reused up to K times we 
shall define qn+l in, probability of successful reception 
of the (n + 1)th user into the system when there are 
already n users in the system 

Qn+lln = qN,+IIN* "1 = n + 1 I Nt = n) (8 )  

where Nt is the number of users in the system at time 
t before a new call (user) arrives into the system ( t  
is the time index which increases by one at each epoch 
corresponding to a new handoff or originating call). For 
a K-beam adaptive array system, we have shown [2] 
that success probabilities qn+qn are 

Qn+lln = 4 ( n f 1 , 2 2 , " ' , 2 K )  (9) 

x p [ ( 2 2 , .  . . , ZK) I 2 2  + . * + 2K = n - L] 
{12 . . .ZK ( 2 K  <...<12} 

where cj(n + 1,22,. . - , 5 ~ )  = 1 - (1 - p 2 p , ~ ) ( ~ - ~ ~ )  x 
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( 1  - p 3 ( 2 , M ) ( z Z - Z 3 )  x * * *  x ( 1  - p K J K - l , M ) ( Z K - l - Z K ) ,  

and ( 2 2 ,  23,. . . , Z K )  denotes the vector representing 
the number of calls assigned to the channels in the sec- 
ond bea.m up to the Kth beam. Let Q = X + y, p = 
q + v, a = Q ,  b = 1 c = $, where y and 11 are ar- 
rival rate an3 service rate for originating calls, X and 
v are arrival rate and service rate for hand off calls, 
respectively. Figure 5 illustrates the state transition 
diagram of Markov chain model of the ongoing calls in 
a cell, where a K-beam adaptive array is used at the 
base station. 

P *' 

a aqL+,,L a9 . lLa.i.l )is L.~+IIYL-~ 

......... ........ 
L y  \A-// Lp (L+I)LI kf%izG v 

P 

Figure 5: Queuing model of a cell with adaptive array 
under guard channel traffic policy. 

From the network model in Figure 5 ,  the state proba- 
bilities, P(n)  n = 0 , 1 , .  . . , K L  (where n is the number 
of ongoing calls in the cell) are derived, using queuing 
theory results [8]. It can be shown that the blocking 
probability Bo, for originating calls, and handoff calls 
blocking probability BH are 

KL-1 aKL-gCn-(KL-g)  

n! + 1 : 1 - ~ n + l l n )  
n=KL-g 

We investigate another traffic policy that further de- 
creases the blocking probability for handoff calls at the 
expense of slightly increasing the blocking probability 
for originating calls [7]. We assume that infinite queues 
are allowed for handoff calls. In a network where infi- 
nite queues are allowed for handoff calls, call blocking 
probabilities Bo and BH are again computed and it is 
shown that the prob.ability that a handoff call is de- 
layed (due to queuing) is 

1 0 . 0 ,  I I , I , , I I , 
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Figure 6: Blocking probabilities for hand off calls, It,, , for 
different number of antenna elements III with 
S N R  = 20 dB, y = 18 dB,  /3 = 4, a = 40, and 
c = 8 Erlangs in a 2-beam (top) and 3-beam 
adaptive array system. 

Also the probability that a hand off call waits more 
than a certain time t is 

aKL-9cg p H ( >  t )  = e - ~ t ( K L - ~ )  
( K L  - l)!(KL - C) 
KL-1 

qj+lljP(O) 
j = O  

x p H ( >  0) (13  - - e - ~ t ( K L - ~ )  

From (13) the average delay WH for handoff calls is 

(14 

and the average delay for handoff calls that actually 
do experience a delay is 
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4 Numerical Results 

In this section we present the numerical results to show 
the effectiveness of the network with adaptive arrays in 
terms of the traffic improvements in a cellular wireless 
network. We evaluate the performance of the system 
with parameters drawn from [2, 71. We choose a cell 
with L = 44 channels with a total offered traffic U = 40 
Erlangs (heavy traffic), and a handoff traffic c = 8 Er- 
langs. Blocking probabilities for handoff and originat- 
ing calls in a 2-beam and 3-beam adaptive array system 
for different number of antenna elements M are plotted 
in Figure 6. In these simulations, path loss exponent ,B 
is assumed to be 4. The dropping rate of the blocking 
probabilitieh for handoff calls by increasing the number 
of antenna elements is emphasized in Figure 7. 

The network with adaptive array can effectively handle 
higher offered traffic intensities a ,  compared to the net- 
work with single omni-directional antenna. The total 
carried traffic (in Erlangs) in the system is 

C = (U - ~ ) ( l  - Bo) + ~ ( l  - BH)  (16) 

Figure 8 illustrates the effect of adaptive arrays on the 
total carried traffic in the system. 

5 Conclusions 

A novel approach for traffic analysis of cellular wire- 
less networks with beamforming capabilities at the base 
station is introduced. In our approach, the overall 
queuing model of a cell is derived by jointly considering 
the effects of the protocol at the network layer along 
with the effects of the signal processing at the physi- 
cal layer directly on the actual cell model. Specifically, 
in this paper, the effects of the digital beamforming at 
the physical layer, along with GCT policy at the net- 
work layer are considered jointly on the overall queuing 
model of the cell and its traffic characteristics. Analyti- 
cal as well as numerical results confirm the effectiveness 
of adaptive arrays in reducing the blocking probability 
of the calls and increasing the total carried traffic in 
the system. 
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Figure 7: Blocking probabilities BH versus number of 
antenna elements M, with SNR = 20 dB, y = 
18 dB, a = 40, and c = 8 Erlangs. 
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Figure 8: Total carried traffic C for different number of 
antenna elements M with SNR = 20 dB, y = 
18 dB, a = 130, and c = 8 Erlangs. 
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