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Abstract

In a mobile telephone network, users may move around the service area during
conversations, which can significantly affect the efficiency of radio resource |i.e.,
radio channels) allocation in the network. The author describes a simple analytic

model to studz the effect of user mobility on the performance of a mobile tele-

phone networ

. Throughout the derivation of the model, the intuition behind the

equations is provided to explain how user behavior affects network [oerformance.

This model can be used to study different handoff schemes with sing

e and mixed

types of users with different mobility patterns.

[ n a mobile telephone network, a
service area is populated with a
large number of base stations, each -
| providing coverage in its vicinity.
The radio coverage of a base station is
called a cell (Fig. 1). We consider a
fixed or quasi-static channel assign-
ment [1] where a group of channels
(time slots, frequencies, spreading
codes, or a combination of these)
are assigned to each base station.
When the network attempts to
deliver a call to a handset or the
handset attempts to originate a call,
the call is connected if a channel is
available. Otherwise, the call is
blocked (referred to as the new call
blocking). When a handset moves
from one cell to another during a
call, in order to maintain call contin-
uation the channel in the old cell is
released (see link a in Fig. 1), and a
channel is required in the new cell (see link b in Fig. 1). This
process is called Aand-off. If no channel is available in the new
base station, then the hand-off call is force-terminated. The
forced termination of an ongoing call is considered less desir-
able than blocking a new call. Several models [2-9] have been
proposed to study various hand-off schemes for mobile tele-
phone networks. These models provide important insight into
understanding the performance of the hand-off schemes
under different handset mobility patterns. This article propos-
es a model to generalize the previous proposed models [2-9]
by accommodating handsets with arbitrary mobility patterns

Old base station

. New base station

W Figure 1. Cells, base stations, and handoff.

(i.e., with arbitrary residence time
distributions). Our model can be
used in wireless network planning as
follows. In the process of establishing
a wireless network, after the base
stations are installed, there will be a
field trial to test the radio signals of
base stations, and the cell residence
times can be measured by either the
handsets or the base stations.

The cell residence time data can
be approximated by a general distri-
bution. Call traffic volumes are esti-
mated for cells during the network
planning phase. The call completion
probability is also determined, as
the performance goal of the net-
work, at network planning. Then our
model can be applied to find the
number of radio channels to be
assigned at the cells. We note that
measurement of cell residence times
is not a trivial task, and no measured data have been obtained
from any large-scale field trial.

Based on the model described in this article, we have
extended our analysis to accommodate handsets with general
call holding time distributions [10]. The derivation in [10]
involved nonintuitive mathematical operations that are diffi-
cult to understand. Similarly, this article will include many
mathematical derivations. However, we will try to provide
intuitive descriptions for the equations derived in this article.

Before we investigate the mobile network handoff modeling
problem, we should discuss the distribution of a handset resi-

IEEE Network * November/December 1997

0890-8044/97/$10.00 © 1997 IEEE 63



M Figure 2. The timing diagram.

dence time in a cell (the time a handset spends in a cell).
Many studies have assumed exponential handset residence
time distributions. However, handset residence times depend
on the user mobility pattern, size of a cell, radio propagation
environment, and so on. In particular, propagation plays an
interesting role in handoff and makes precise definition of
residence time complicated. For example, there are no hard
cell boundaries which clearly separate cells. Shadow fading
can make these cell boundaries very irregular. What really
counts is what the handset perceives based on its measure-
ments of the signals from surrounding base stations. These
measurements are never really direct measurements of the
local mean signal but are subject to effects of Rayleigh fading.
We consider a general distribution function of the residence
time which is flexible enough to accommodate these effects.
Candidates for general distributions can be log normal,
Gamma, or Weibull [11], which have the desirable property of
approximating an extensive class of distributions by setting
appropriate parameters. Note that this article does not intend
to study “what is a reasonable residence time distribution.”
Our experience indicates that residence time distributions are
highly dependent on the specific networks under study, and it
is difficult to make general characterizations of user move-

ment patterns; instead, moving patterns should be studied .

case by case.

The illustrative examples in this article will consider the
Gamma handset residence time distribution. A Gamma densi-
ty function is

¥, v~1,-Br
ft)= Bfr—<‘;—
T ®

where T'(y)= j:;oe‘%y_ldﬂ:, andy >0

where f is called the scale parameter (which controls the mean
and variance of the distribution), and v is called the shape
parameter (which controls the shape of the distribution curve).
Depending on the values of the parameters, it can be shaped
to represent many distributions as well as measured data. For
example, an exponential distribution is a Gamma distribution
with v = 1, a Chi-squared distribution is a Gamma distribu-
tion with p = 0.5 and y = v/2 (where v is the degrees of free-
dom), and an Erlang distribution is a Gamma distribution
with a nonnegative integer vy value. One may also measure
the handset residence times in a real mobile telephone net-

work, and the measured data can be approximated by a
Gamma distribution as the input to our mobile network
handoff model. Let

()= [ fun (et (2)

be the Laplace transform of the handset residence time distri-
bution. The Laplace transform fi;(s) will appear in most equa-
tions derived in this article. Many Laplace transform pairs are
already available in the literature [12]. For example, a Gamma
distribution with the shape parameter y and the mean 1/1
(i.e., the scale parameter B = y1)) has the Laplace transform

v
(5= —1 3
=) ®
We first describe the assumptions of our model, and derive

the expected channel occupation times and
the hand-off traffic. Then we describe the
iterative algorithm used in our model. We
show how to use the model to study the
hand-off effect for handsets with several dif-
ferent mobility patterns. The notation used
in this article is listed in Appendix A.

Assumptions and Some Results

7_his section describes the assumptions and some important
results to be used in our mobile network handoff model.

We assume that the call arrivals to a handset form a Pois-
son process (i.e., the intercall arrival times are exponentially
distributed). The Poisson call arrivals have been observed in
most telecommunication networks, and the assumption is jus-
tified [13].

In Fig. 2, ¢, is the call holding time of a handset, which is
assumed to be exponentially distributed with the density function

felte) = pete

where the mean call holding time is E[t,] = 1/. The resi-
dence time of a handset at a cell i (the time interval that a
handset stays in cell i} is t,,;. For all i, t,, ; are assumed to be
independent, identical random variables with a general distri-
bution with the density function f,(z,,;), and the mean value
E[tm,i] = 1/11

Suppose that a call arrives when a handset is in cell 0. Let
Tm,0 be the period between the arrival of the call and when
the handset (the user) moves out of cell 0. Note that T, ¢ <
tm,0 as shown in Fig. 2.

Suppose that a call successfully hands over i times. Let ¢,;
be the period between the time when the handset moves into
cell i and the time when the call is comple‘ted The period £,
is called the excess life of 7.. Let Prlt; > #,, 5] (Pr [t.; > l])
be the probability that a new (handoff) call at the cell is not
completed before the handset moves out of the cell. In
Appendix B, Eq. 24, we find that Pr[zc i > ty;] can be
expressed by the Laplace transform f,;(s) of the residence
time distribution (the definition of the Laplace transform is
given in Eq. 2) withs =

= f(w)

This simple result is derived directly from the definition of
the Laplace transform. For gamma cell residence times, we have

4
m
Prlt.; >t, ;1= 4
(o] m,i (u+m] . ( )

In Eq. 4, when 1 >> p, the probability approaches 1, and
when p > 1, the probability approaches 0. This result is con-
sistent with our intuition.

Similarly, the probability Prlt, > 1, ] is derived in Appendix
B (see Eq. 23) as

Prit, >Tm,o]=E[1—fy:(u)]

Pr[tc,i > Z‘m,i]

If the cell residence times are approximated by a gamma
distribution, we have

Y
Pr[z, >fcm.o]=3{1—[—1’”—j }
i U+m

For illustration purposes, consider the cases when y = 2
and 1/2. For v = 2, the above equation is rewritten as

(B +4n)
_ N +4n )

Prlz, >7
‘ (u+2m)?

m,O]
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In Eq. 5, when ny >> p, the probability approaches 1 and
when [ >> 1, the probability approaches n/u. For y = 1/2,

-1
_{_2n n
Prfz, >rm’0]_(2u+nJ{l+ 2““1] (6)

Similar to Eq. 5, when 1} > p, the probability in Eq. 6
approaches 1, and when y >> n, the probability approaches 0.
When a channel is assigned to a new call, the channel is
released if the call completes or the handset moves out of the
cell. Let t4, be the channel occupation time of a new call. Then

tao = min(tc’ Tm,O)

In Fig. 2, t4, = 1,,0. The expected channel occupation time
of a new call is derived in Eq. 28 in Appendix B:

Eltgo)= - 1- fraw)] @
hon

- iPr[tc <Tmo] 8)

Equation 8 implies that the longer the call holding time
(1/p), the longer the new call channel occupation time at a
cell. However, the channel occupation time is also determined
by user mobility (i.e., the term P1[t, < 1,,0]). For a very slow
mover, we have lim; .. Pr[t. < 1,0] = 1 and E[tg,] = 1/u
= E[t.]. For a fast mover, lim,_ o Pr[t; < T,,,0] = 0 and
E[ty,] is much shorter than the expected call holding time.

Let ¢4, be the channel occupation time of a handoff call. If
a call successfully hands over i times, then at cell 4,

tan = min(tc,i: tmi)
In Fig. 2, tg, = t,, ;-1 for celli - 1, and t4, = £, ; for cell i.

The expected channel occupation time of a handoff call is
derived in Appendix B:

E[tdh]=&[l—f,ﬁ(u)] ©

1
= EPr[tc’i <tpil (10)

After tedious derivation in Appendix B, we found that Eq. 10
has a simple format similar to Eq. 8. Note that E[ty,] # E[ty,]
except for the case when f,,,(¢f) is an exponential density function.

If the handset residence times are exponentially distributed,
then

fm(S) S+T‘l and E[tdo] E[tdh] n+u

The above equation indicates that the expected channel
occupation time is short for high mobility (a large m) or short
holding time (a large p).

Let A, and A be the new call arrival rate and the handoff
call arrival rate to a cell, respectively. Let p, and py be the new
call blocking probability and the forced termination probability,
respectively. For the moment, we assume p,, and py are known
(both probabilities will be derived in the next section). Then the
handoff call arrival rate can be expressed as a function of A,
Po> and py as follows. Consider a homogeneous system where
the handoff call arrival rate to a cell is the same as the hand-
off call departure rate, which is denoted as 2;,. We have

7\.}, = kh(l ‘pf) Pr[tc,i > tm,i] + }‘0(1 _po)Pr[tc > Tm,O] (11)

Equation 11 states that a handoff call will overflow from a
cell i to its neighbors in two cases:
* The call is a handoff call, which is not force-terminated (with
probability 1 —py) at cell i, and the call is not completed before

the handset leaves cell i (with probability Prlz,; > t,,;).

* The call is a new call, which is not blocked (with probability
1 -p,) at cell i, and the call is not completed before the
handset leaves cell i (with probability Prz; > 1, o]).

After arrangement, Eq. 11 is rewritten as

_ (l-pD)Pr[tc > Tm’o]xO

= 12
1—(1—pf)Pr[tC’l- >l 12

h

_ (=) - GO,
Wi-1=pp)fml

Equation 12 provides the following intuitions. A cell experi-
ences a large handoff traffic'if
* p, is small (a new call is unlikely to be blocked)

* Prft; > 1,,0] is large (a new call is unlikely to be completed
before the handset leaves the cell)

* pyis small (a handoff call is unlikely to be force-terminated)

* Prlt.; > t,,;] is large (a handoff call is unlikely to be com-
pleted before the handset leaves the cell).

From Eq. 13, it is clear that the handoff rate A, and the
residence time distribution f,,, are highly correlated.

Let p,. be the probability that a call is not completed
(either a blocked new call or a force-terminated handoff call).
Since an incomplete call may successfully hand over several
times before it is force-terminated, it is clear that

Pne* Do t pr
The probability p,,. was derived in [17]:

np[1- £, ()]
W= (1= pg) fry (W]

The formal derivation of Eq. 14 in [17] is lengthy and diffi-
cult to understand. An intuitive derivation for Eq. 14 is given
below. In a period At, there are A,Af new call arrivals to a cell.
These new calls generate AyAt handoff calls. Among these
new/handoff calls, the number of blocked calls is p,A,Af +
Pt . Thus, pp is

A At + p rhp At
= PoltoBT TPy RRTY 0+(M]pf

A At E

(13)

Puc :1_(1—170){1— (14)

Pre (15)

Substituting Eq. 13 into Eq. 15, we have Eq. 14 as expected.

The lterative Algorithm

ong and Rappaport [5] proposed an iterative technique

for handoff modeling. This technique has been adopted in
other handoff models (see [2, 14] and the references therein).
This section shows how to use the iterative technique to com-
pute p,, py, and p,,. using the equations derived in the previous
section. We have experimentally shown that the outputs of the
algorithm converge to the true values, and a special case with
exponential residence times was shown in [14].

The iterative algorithm can be used to model different hand-
off schemes [5, 14] such as the nonprioritized scheme, where the
handoff calls and new call attempts are not distinguishable; the
guard channel scheme, where a number of channels in a base
station are reserved for handoff calls; the queuing prioritizing
schemes (if the new base station does not have any free chan-
nel, the handoff call waits in a queue before the handset
moves out of the handoff areal); and the subrating scheme (if

! The handoff area is an area where a call can be handled by the base sta-
tion in either the new or the old cell.
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the new base station does not have any
free channel, an occupied full-rate chan-
nel is temporarily divided into two chan-
nels at half the original rate: one to serve
the existing call and the other to serve
the handoff request?). We consider J
types of handsets. Handsets of type j(1
< j < J) are distinguished by their resi-
dence time distribution f,, ;(f) and their
mean call holding times l/uj The algo-
rithm is described below.

Input Parameters

The number of channels in a base sta-
tion is ¢. For type j handsets (1< j < J),
the following parameters are given: A,
(the new call arrival rate), y; (the call
completion rate), and f,,, ;(£) (the handset
residence time density function).

OQutput Measures

Ay (the handoff call arrival rate), p,;
(the new call blocking probability),
and py.; (the call incompletion proba-
bility).

Siep 1 — For 1 < j < J select an initial
value for Ay

Step 2 —For 1< j £ Jcompute the
expected channel occupation times
E[tqo)] (see Bq. 7) and Etz,] (see Eq.
9) by using f3,,;(t) and .

Step 3a — Consider the nonprioritized
handoff scheme where the handoff calls
and new calls have the same priority to
access channels (modeling of other hand-
off schemes will be discussed later), and
Do = py. The system under study is a c-
server blocking system with general ser-
vice times (or an M/G/c/c queue). From
the queuing theory [15], the net traffic to
acell is

Pn = Z{ko,jE[tda,j]'}_kh.jE[tdh,j]}
1£)<7

Step 3b — Since the blocking probabili-
ty for an M/G/c/c queue is the same as

Qi F Ao
() =0.8,m; =21 n, = 0.5

30 : 30 —
Solid: p,, ¢; Dashed: pp.» i Solid: p,..1; Dashed: p,,. ,
27 — +:m1=2{, n2=p/2 27 - +:n1=20, n2=yR2
O:nl=4u, n2-u/4 /) O: =4y, n2=w4a
24 — f 24 -~
21 21 f
18 18 P
© RIS 15 - PARTE o
+
12 - 12 - /
‘,1‘_'" .
9 s 0
A A -
6 e ./e -0
3 - ."/,k’/ ’0/ O
7 B0
( - r::@-
T : ] 0 T1- | |
5 6 7 4 5 6 7
{hg 1 + Rp oMU {(hg1 + 2oVl
{a) @ = 0.8 by« =
16 - 16 —
+: Vary =.01/0] 7 +1 Vary =.01/n3
14~ Vi, =.01m3 / 144 Var, =.01/m2
0: Vary = 1003 o: Vary =100/
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/ /
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(d) o — 0.8, 17 = 2), M3 = 0.5p

n Flgure 3. The eﬁ”ect of mixed-type type handsets (c (c= 1 0 Var; = Var2 = Z/n2 W= uz =W.

an M/M/c/c queue with the same arrival process and the same
channel number [16], we have

(py /)
Yo/
where B(p,, ) is the Erlang loss equation [16].

Pr="Po =B(p,.c)=

Step 4 — For 1< j < J, Aol < Apy- This step saves the Ay ;
values computed in the previous iteration.

Step 5 — For 1 £ j < J compute new Jy,; values by using Eq.
13:

2 If a channel is released, two subrated channels are switched back to full-
rate channels.

(1= o)1= fr ;W) s
wll=(1=p,) o ;0]

Step & — If there exists j such that [y — xh:/’,.oldl > 8k,
then go to Step 2. Otherwise, go to Step 7. This step com-
pares the Ay ; values in the previous iteration with the values
computed in the current iteration. If the difference of the
both values is within 8, the algorithm is considered as con-
verge.

hj =

Step / — The values for A ; and p, converge. Compute p.;
using Eq. 14:

Ay
D .=p 1+ RNCYE
el 0{ (}”o,j j:l
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To model priority schemes for handoff, Steps 3a and 3b
should be modified. For the exponential residence time distri-
bution, p, and py can be derived by analytic models for the
guard channel scheme, the first-in first-out (FIFO) queuing
priority scheme with exponential handoff times [17], and the
subrating scheme [20]. For a nonexponential residence time
distribution, the channel occupation times are not exponen-
tial, and it is better to compute p, and p; by simulation
approaches. A detailed simulation procedure was described in
[17, 18, 20].

To illustrate the usage of our analytic model, numerical
results are given in Fig. 3 to show the effect of mixed-type
handsets on the blocking probabilities. The experiments con-
sider two types of handsets. Type 1 handsets have a Gamma
residence time distribution with mobility nj and variance Vary,
new call arrival rate A, ;, and call completion rate p; = u.
Type 2 handsets have a Gamma residence time distribution
with mobility 1, and variance Var,, new call arrival rate A, 5,
and call completion rate |1 = u. The ratio

Z’o,l
}“0,1 + 7“0,2

is the portion of type 1 handsets in the system. Figures 3a
and b (where both types 1 and 2 residence time distributions
are exponential) indicate that although the new call blocking
probabilities for both types of handsets are the same, the call
incompletion probability for a slow handset is lower than
that for a fast handset. Figures 3¢ and d illustrate the effects
of the variance of the residence time distribution. The
results indicate that probability p,,. is a decreasing function
of the variance of the residence time. The figures also indi-
cate that the effect of the variance is more significant on the
fast handsets than on the slow ones. From a system point of
view, the results indicate that it is necessary to consider dif-
ferent types of users (car drivers and pedestrians) and to
predict the performance of each traffic type for network
planning,

Conclusion

7’he effect of handoff in a mobile telephone network has
been intensively studied. Some handoff models [6-8, 17]
have assumed that the handset residence time distribution is
exponential. Other models [2, 4, 5] with specific residence
time distributions (other than exponential) have assumed that
both the new calls and the handoff calls have the same chan-
nel occupation time distribution. We derived the expected
new call channel occupation time and the expected handoff
" call channel occupation time and proved that they are not
equal in general. Based on the derivations of the expected
channel occupation times, as well as the derivation of the
handoff traffic for an arbitrary handset residence time distri-
bution, we proposed a general yet simple mobile network
handoff model which applies to different handset residence
time distributions. Numerical experiments are given to illus-
trate the impact of the variance of handset residence times on
the blocking probabilities of the mobile telephone network.
Our analysis suggests that performance of a personal commu-
nications services network is sensitive to the cell residence
time distribution, and it would be a good idea to develop
methods and means to measure residence times in real PCS
networks. Although the author believes the new methodolo-
gies here can be used to improve network provisioning, an
analysis of the specific contribution based on commercial field
trials has not been done. An assessment of the specific contri-
bution will be possible only after sufficient experience in the
field is gained.
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Appendix A: Notation

This appendix lists the notation used in this article.

*1/n = Ejt,, ;] — mean handset residence time.

*f.(t.) — exponential density function of a call holding time ¢,.

*f.i(tc;) — density function of #.;.

*fm{tm,;) — density function of t,,, ;.

*fn(s) — Laplace transform of f,,,(#,,.,)-

* Fp(tm,;) — distribution of £, ;.

*1/u = E[t,] — mean call holding time.

), — handoff call arrival rate to a cell.

*A, — new call arrival rate to a cell.

*py — forced termination probability.

*p,c — probability that a call is not completed (either blocked
or force-terminated). ‘
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*p, — new call blocking probability.

* Ry (T 0) — distribution of Ty, .

rm(rm g — density function of T, .

*rm(s) — Laplace transform of rm(Tm 0)-

*1,,0 — Suppose that a call arrives when a handset is in cell
0. T, 0 is the time between the arrival of the call and when
the handset moves out of coverage area 0.

¢, — call holding time of a handset.

*¢,; — Suppose that a call successfully hands over / cells. 7 ; is
the period during which the handset moves into cell . ¢, is
called the excess life of t..

¢4, — channel occupation time of a handoff call.

*t4, — channel occupation time of a new call. When a chan-
nel is assigned to a new call, the channel is released if the
call completes or the handset moves out of the cell.

*1,,; — residence time of a handset at cell ..

Appendix B: Derivations of the Expected
Channel Occupation Times

This appendix derives the expected channel occupation times.
Consider Fig. 2. Assume that the random variable 1,, ¢ has a
distribution function R,,(%,, ), density function 7,,(7,, ), and
Laplace transform rf(s). The function r,,(¢) can be derived
using f;,(£). Suppose that f,,(¢) is nonlaitice.? Since the call
arrivals to a handset form a Poisson process, a call arrival is a
random observer of the time interval £, o. From Eq. 16 we
have

Fn =0 fn(®dt=1[1-F, )] (16)

and from Eq. 2, the Laplace transform of r,,,(f) is

r(s)= j; On[l =B, (0] dr
= nl:.'.;:()

=1 0)] (18)

where Eq. 18 is derived from Eq. 17 and the following identity
[12]

e™dr= [~ OF(t)e“S’dzJ (17)

fls)
\Y

Jl:oﬂ:ofm (T)eﬂtd’tdt: (19)

The probabilities Prt. > t,] and Pr[t.; > ,,;] are derived
as follows.

o t _
Pilt, > T, 01= ] L.:OIT;Uzorm(Tm,o)ue He gt ods,

=u j::ORm (to)e Mo dt, (20)

3 A nonnegative random variable is said to be lattice if it only takes on
integral multiples of some nonnegative number.

- u[rm_(sl} (21)-
s -
.: rnj(u) (22)
=3[1- fmw)] (23)
n

Note that Eq. 21 is derived from Egs. 20 and 19, and Eq.
23 is derived from Egs. 18 and 22. Note that Eqs. 18 and 23
were derived in [20]. We include the derivations for the read-
er’s benefit.

From the memoryless property of the exponential distribu-
tion, the density function of #; is /. ,(¥) = pe#, and

bl foi —Hre
Prt,; >1,,,]= LC,-:OLE :Ofm(tm,i)ue dt,, ;dt, ;

N
s=U

= full) @4

The expected values E[ty,] and E[t4,] are derived as fol-
lows. Let CDFs of 4, &, and T, be de , F;, and R, respec-
tively. Since

Igo = mln(zo Tm,o)

we have
Fi (D) = F(t) + Rp(D[1 - Fy (v)] (25)
Since ty4, 15 @ nonnegative random variable, we have

Eltg]= |, 1= F,, (Dldt (26)

From Eq. 25, Eq. 26 is re-written as
Eltg)= [ 1=F, (D)dt~["R,(DI-F, (Dldz  (27)

Since ¢, is exponentially distributed with parameter p, Eq:
27 is rewritten as

Elt4,1= Elr,]- [ Ryy(me™at

W) 28)

From the memoryless property of the exponential distribu-
tion, fe (fc;) = peei, and for i > 0, similar to the derivation
for Eftg,] we have

E[fdh] - _[1 fm(u)]
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