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ABSTRACT 

In cellular radio, mobile subscribers are successively 
served by transmitters associated with the different cells 
through which they pass. Since a cellular system is only 
allocated a fixed number of channels within a given cell, 
it is possible for a subscriber to enter a cell where all 
channels are already busy. This would result in a dis
connection in the middle of a call. Several schemes are 
investigated to greatly reduce the frequency of such oc
currences. All of the schemes are based on allowing such 
"handoff calls" to be given priority, to queue, or a com
bination of both. Literal and numerical expressions of 
blocking probabilities and waiting times are obtained, 
and the influence of each method on other types of calls 
is estimated. It is found that significant decrease in 
blocking of handoff calls can be obtained, paid for only . 
by a small penalty for other calls. The method, there
fore r seems to be an easy and efficient way of improving 
the perceived service quality of cellular radi~. 

1. INTRODUCTION 

We consider a cellular radio system with n channels 
in a given cell. For this cell, the following assumptions 
are made: 

- Two types of traffic are handled by the cell. The 
handoff calls enter the cell while already being . 
served by another site. They are handed off to 
the site of the cell they enter. The originating 
calls correspond to calls initiated or initially re
ceived by customers located in the cell. Once a 
call is in progress, its original type (handoff or 
originating) cannot be determined. 

- Memoryless service time, on the average equal to 
1/ JJ sec. The service time refers to the entire call 
duration, assumed independent of the number 
of handoffs to other cells as the mobile drives 
throughout the service area. 

- Memoryless handoff rate on the average equal 
to h per second per call. The call duration in a 
given cell will, therefore, be taken memoryless. 
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As vehicle speed and direction as well as the dis
tance from the cell boundaries usually change 
during a call, this approximation is not too in
accurate and might even be very close to reality 
on the average for hand-held units. 

- Memoryless arrival rate for originating calls, on 
the average equal to A per second. 

- Memoryless arrival rate for handoff calls, on the 
average equal to 1 per second. . 

• Our goal is to derive methods of decreasing the 
blocking probability of handoff calls without increasing 
the blocking probability of originating calls too notice
ably. The main reason for this goal is that hando~ calls 
represent calls already in progress, and the blocking of 
one of them implies an interruption in the middle of a 
conversation. Therefore, in order to preserve a certain 
perceived service quality, this type of occurrence should 
be made as rare as possible. Several possibilities arise. 

• The first investigated is, the blocking of newly
originating calls as soon as only r channels among the 
initial n are still free. This allows us to build a "guard 
band" before handoff calls will be blocked, which will 
happen only when all n channels are occupied. · Clearly, 
the influence on the blocking probability of originating 
calls will mainly depend on the value of r. We would like 
to keep it relatively low while obtaining a substantial 
decrease in the blocking probability of handoff calls. 

• The second possibility is to allow handoff calls to 
be queued, hoping for a short average delay which would 
not make the interruption too perceptible. 

• The third possibility is to combine the two above 
solutions, keeping a certain number of guard channels 
for the handoff calls, while also allowing them to be 
queued if no channel is available. The allowed queue 
size can either be taken infinite or finite and equal to 
some number L. 

• We will briefly describe the first possibility and 
then directly study the third one, since the second cor
responds to the special case r = O. (The first possibility 
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is also a special case of the third one, namely L = 0.) 
What is meant by description is the state probabilities of 
the cell, a state being the number of customers in service 
or waiting for service in the cell. We will then derive the 
expression of meaningful parameters such as blocking 
probabilities, probability of delay, average delay, etc. 

2. GUARD CHANNELS 

• First define some useful notation: 

Cl 
a= -

" 
b = '1 

" 
• H we decide to keep r guard channels to protect 

handoff calls from high blocking, basic queueing theory 
can be shown to give: 

State probabilities: 

O~i~n-r 

where 

P(O) ~ 1 / [n}:l 
• =0 

BO 
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Fig . I - Blocking probabilities for originating calls 
in cases of no queues or infinite queues. 
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Fig 2. - Blocking probabilities for handoff calls in cases of 

no queues and finite length queues 

The blocking probability of originating calls is then 
given by: 

Bo = P(i ~ n - r) 

=> Bo = [an
-

r ,t 
• =n-r 

bi-(n-r)] . 
., x P(O) 
I . 

(1) 

Similarly for handoff calls we have: 

Plots of these two probabilities as functions of r can be 
found in Figs. 1 and 2, and will be discussed later. 

3. QUEVEING OF HANDOFF CALLS AND 
GUARD CHANNELS 

• We first assume that infinite queues are allowed 
for handoff calls. The state balance equations can then 
easily be derived using the following state diagrams: 
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O~i~n-r-l P(i + 1) = .~1 P(i) 

(i+I)(,u+h)P(i+l) 

n - r ~ i ~ n - 1 P(i + 1) = '!1 P(i) 

(i+I)(,u+ h)P(i+ I) 

P( i + 1) = ~ P( i) 

~ 
n(,u + h) P(i + I) 

I 
0 ~ i ~ n - r, P(i) = ~ x P(O) 

. an-rbi-(n-r) 
=* n - r ~ i ~ n, P(I) = .! x P(O) 

. P(~) __ an-rbi-(n-r) 
n <_ I,. X P(O) n!nl n 

where P(O) is given by: 

P(O) = 1 / [nE. r-l ~: 
.=0 I. 

n-l bi-(n-r) an-rbr 1 
+an - r E + ---,-----

i! (n - 1)!(n - b) ;=n-r 

• We can again compute the blocking probability 
for originating calls: 

Bo =P{i ~ n - r} 

~ do = [m n-r }~r ~: 
an-rbr 1 

+ (n _ 1)!(n _ b) x P(O) (3) 

We can remark that due to the fact that handoff calls 
.are allowed to queue, Bb is slightly greater than the 
previous Bo, even in the case r = 0 (handoff calls have 
priority). E.g., 

Bo ~ 6.46 x 10-2 versus 

Ho ~ 7.79 X 10-2 for r = 0 . 

(a == 40, b = 8 , n = 44) 

Bo is ·alwayslarger than Bo (except that for r = n they 
are both equal to 1). Since handoft' calls are queued, 
there is no blocking probability, but we can compute an 
equivalent expression which would here be the proba
bility of ·being delayed: 

P {handoff call is delayed} = P{i ~ n} = PH{> O} 

an-rbr 
=* PH{> O} = (n _ 1)!(n _ b) x P(O) ; (4) 

We can also obtain the probability of being delayed 
more than a certain time t: 

PH(> t) = PH(> 0) x PH(delay > t / delayed) 

= PH(> 0) x e-t1n(I'+h)-.. rJ 

= PH(> 0) x e-t,,(n-b) 

an-rbr 

=* PH(> t) = (n _ 1)!(n - b) 

x P(O) x e-t,,(n-b) ; (5) 

Eqn. (5) gives the expression of the average delay for 
handoff calls: 

an-rbr 

WH = (n _ 1)!(n _ b)2 " x P(O) (6) 

• However, we should remark that the average delay 
given delayed, that is, the average delay encountered by 

customers that will have to queue, is independent of ,. 
and equal to: 

1 1 
DH= - x--

" n - b 
(7) 

This tells us that increasing the number of guard chan
nel will only decrease the number of handoff calls that 
have to be queued, without reducing the average delay 
for those actually queueing. A heuristic explanation for 
this can be obtained by remembering that once a call 
is in process, it is impossible to determine its previous 
type (handoff or originating). Therefore, once we are 
in the situation where all servers (channels) are busy, 
we have no information on the possible value of r, and 
our waiting ~ime will only depend on the res.idual ser
vice time of the customers in service. These are clearly 
independent of r because of the memorylessness. 

If we take again: a = 40, b = 8, n = 44 and choose 
" ~ 0.012 (I-' ~ .5/min, h ~ .2/min) , we get: 

DH ~ 2.31 sec 

On the average the delay introduced in the handoff pro
cess by queueing, using the above parameters, is greater 
than 2 seconds and therefore perceptible when experi
enced. 

• We will now investigate the case with finite queue 
size equal to some number L. The results will only be 
the truncation of the previous expressions and a block
ing probability for handoff calls will again appear. The 
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only change in the state probabilities is that they are 
equal to zero for i strictly bigger than n + L. This 
will introduce a modification in the expression of P(O), 
which can be obtained without recalculation (trunca
tion). 

/ [

n-r-l ai (a)n-r n-l bi 

PL(O) = 1 Eo i! + b i=~-r If 

+ x n • 
an-rbr 1- (!)L+l] 

(n - I)! n - b ' 

The other state probabilities are obtained simply by re
placing P(O) by PL(O). This gives a blocking probability 
for originating calls equal to: 

[ 

n-l bi 
B' = (~)n-r '"'" _ 

LO b . L..J i! 
.=n-r 

(8) 

As a check, Eqn. (8) reduces to Eqn. (3) if we let L -+ 00 

and to Eqn. (1) if L = O. Similarly, for handoff calls we 
have: 

BLH = P{i = n + L} 

an-rbL+r 
~ BLH = L x P(O) ; 

n!n 
(9) 

Again we can check that Eqn. (9) goes to 0 if L -+ 00 

and reduces to Eqn. (2) if L = O. We can also derive 
the probability for a handoff call to be delayed: 

P{handoff call is delayed} = P{n ~ i < n + L} 

= PLH(> 0) 

an-rbr 1- (!)L 
=> PLH(> 0) = (n _ I)! x (n _nb) x P(O) ; (10) 

Eqn. (10) gives 0 for L = 0 and reduces to Eqn. (4) if 
we let L -+ 00, as must be. 

Finally, we have the probability that a handoff call 
is delayed more than t: 

PLH(> t) = PLH(> 0) x e-t,,(n-b) 

an-rbr 1- (!)L 
~ PLH(> t) = (n _ I)! x n _nb 

x P(O) x e-t,,(n-b) ; (11) 

Eqn. (11) gives 0 for L = 0 and reduces to Eqn. (5) 
as L -+ 00, as again must be. From Eqn. (11) we can 
obtain the average delay for handoff calls: 

an-rbr 
WLH = ------=-

(n - l)!(n - b)2" 

x (l_(~)L) xP(O)j (12) 

Again Eqn. (12) equals 0 if L ··= · 0 and reduces to 
Eqn. (6) if L -+ 00. Due to the truncation property, 
the average delay given delayed is again independent of 
r and still equal to: 

1 
DLH = DH = ( ) '1 n - b 

• To illustrate all the above formulas, we will-plot 
them as functions of r in Figures 2, 3, and 4. 

• The first encouraging conclusion we can draw from 
the observation of the curves is that allowing the handoff 
calls to queue has only a small (deleterious) influence 
on the blocking probability of originating calls. There 
is therefore no heavy penalty for the system in having 
this feature present. Practically, we can see that if we 
allow a queue of length L = 2 and take a guard band of 
r = 2 channels, we have the following results (assuming 
the previously used parameters): 

B2H ~ 9.65 x 10-5 

while we had before: 

BH ~ 6.46 x 10-2 . 

We have a clearly tolerable average waiting time W2H ~ 
8 x 10-3 sec but we shall remember that we still have: 
D2H ~ 2.3 sec, but with a probability of being delayed 
equal to P2H(> 0) ~ 3.46 X 10-3, which is small. 
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10-2 P(>o) (0) queue) 

10-3 BH . (no queue) 

Fig . 3 - Probability of delay (infinite queue) and blocking 
probability (no queue) for handoff calls 
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WH (co queue) 

WLH is very close to WH even for L = I 

WIH =0.148 for r=Oand WH =0.18 

WIH =1.59 x 10-18 for r=44 and WH=1.94 x 10-18 

Fig . 4 - Average waiting time for handoff coils in case of infinite 
queue 

On the other hand, we had Bo ~ 6.46 X 10-2 with 
no queue allowed and now we have B~o ~ 10-1 which 
is a rather small increase. Therefore, this seems a good 
trade to take since we have a rather good improvement 
for handoff calls, which is only paid by a small degra
dation of the service quality for the originating calls. 

4. POSSIBLE GENERALIZATION 

• A natural follow-on to the above method is to al
low both types of calls to be queued while keeping a cer
tain type of priority for the handoff calls, either through 
guard channels or through a classical preassigned prior
ity classification. This design concept is however more 
complicated than the previous one, and also doesn't 
seem to provide as many advantages. Note that the 
penalty infiicated to the originating calls when using 
the method described in Section 3 is not too high. 

• In the case of finite queue lengths, we have de
rived recursive formulas for the state probabilities, mak
ing the computation of the different system parameters 
(blocking probabilities, average waiting time, etc.) pos
sible. We shall not report on this here. 

5. CONCLUSION 

• The method described in Section 3 is a relatively 
simple and useful way to improve the service quality 
of a cellular system by protecting calls from being dis-

connected in the middle of a conversation. This goal is 
achieved without too severe a penalty on grade service 
for newly orginating calls. Moreover, the method used 
is based on techniques familiar to classic telephony. It is 
therefore a possible solution at a rather low investment 
cost to the problem of improving the perceived quality 
of cellular service. This type of improvement might be 
rather critical in a start-up market, where customers 
don't necessarily have any particular level of confidence I 

in the cellular concept. 
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