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Comparing Soft and Hard Handoffs

Yi-Bing Lin, Senior Member, IEEEaNd Ai-Chun Pang

Abstract—This paper studies the soft-handoff mechanism and
compares its performance with hard handoff. Our study indicates | | | |
that although a handset may potentially consume extra radio

I |
i i i i i | | ! |
links in soft handoff, the mechanism provides better opportunity 0 e :% ty ﬁ’: - Ly
to transfer the link successfully in the handoff procedure. Thus, S Lo Lo Lo
by carefully planning the overlay areas of cells, soft handoff can Ll Loy Ll Ll
outperform hard handoff. : W) : t W : ) : oW

Index Terms—Hard handoff, personal communications services,

radio channel allocation, soft handoff.
Fig. 1. The timing diagram for the hard-handoff model.

. INTRODUCTION Thus, within the overlay area of cells, a handset can connect to

N A MOBILE communication network, a handset commumultiple BS’s. During the process of dropping a failing link,
nicates with the outside world through the radio contact tot@€ handset may communicate using other radio links. Thus,
base station (BS). When a call arrives atdl (i.e., thecoverage link transfer is not sensitive to the elapsed link-transfer time.
areaof a BS), the destination (or the originating) handset is coflote that the soft-handoff link-transfer procedure may not be
nected if a channel is available. Otherwise, the call is blockégter than that for hard handoff. However, soft handoff is not
(this is referred to as aew call blocking. When a communi- time critical as compared with hard handoff [10].
cating handset moves from one cell to another, the channel ifon the other hand, soft handoff degrades channel availability
the old BS is released and a channel is required in the new B§cause a handset may consume multiple radio channels. Thus,
This process is calleaandoff In mobile systems such as AMPSIt is desirable to investigate the performance of soft handoff and
[1], global system for mobile communication (GSM) withouthe tradeoff between hard and soft handoffs. In this paper, we
macrodiversity [2], DECT [3], D-AMPS [4], and PHS [Hjard Propose analytic and simulation models to study soft handoff
handoffis employed [6], [7]. In hard handoff, the old radio linkand compare its performance with hard handoff. To strengthen
is broken before the new radio link is established, and a hand& theme of our study, we do not consider the handoff priori-
always communicates with one BS at any given time. In tfiZed schemes [11] that are seldom implemented in the commer-
handoff procedure, the network needs to set up the new vofdal systems.
path for the handoff call. This setup time is referred to as the
network response tintg,... If the old radio link is disconnected [l. ANALYTIC MODEL
before the network completes the setup, the call is forced termiynjth minor modifications to the two analytic models we

nated. Thus, even ifidle channels are available in the new celygyeloped in [12] and [11], we compare the performance for
handoff call may fail if the network response timg. for link  hard and soft handoffs. For the reader’s benefit, we reiterate the

transfer is too long. Note that a handoff failure may not necegrodels in [12] (for hard handoff) and [11] (for soft handoff)
sarily cause a call drop. Itis normally some time-out mechanisfth new notation and new interpretation.

for the voice or signaling path which leads to a dropped call.
Some code-division multiple-access (CDMA) systems [8}. The Hard-Handoff Model
and GSM with macrodiversity [2] utilizeoft handofwhere g 1 jjystrates the timing diagram for the hard-handoff

a handset may communicate with the outside world usingqqe|. |n this figure; represents the time that a handset can
multiple radio links through different BS’s at the same timggeive the signal from cell (i.e., the time that the handset

During han’doff, the signaling and voice information froMegiges in celli). Since the cells may overlay, the handset
multiple BS's are typically combined (or bridged) at the mobilg ;i enter the overlay areabefore it moves from cel to cell

switching center [9]. Similarly, voice and signaling informatior) + 1. Let ; be the overlay time. Thef) can be expressed as

must be sent to multiple BS’s, and the mobile station mu;it_1 + @; + 7;, wherez; is the time that the handset stays in

combine the results. In some soft-handoff systems, a handg@e honoverlay area of call In hard handoff, a communicating
may connect up to three or four radio links at the same timg,hyset is switched from celto celli + 1 at some point within

;. In Fig. 1, the handoffs occur at time;, i« = 0,1,2,---.
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Since the radio link between the BS and the handset is brok -y ey
before it is connected in hard handoff, the link transfer may fe | |-yt
due to long network response time even if radio channels ¢ ! ro Lo
available in the new BS. The following assumptions are used \ | p
the model. 0 = =TT 2
» The call arrivals to/from a handset are a Poisson proce: :
The net new call arrival rate to a cell ks. |
» The mobile residence timg in a celli has an exponential
distribution with the density function

!
H Lo L
-7 o'y, oTje - psehe <X - Tje

Fig. 2. The timing diagram for the soft-handoff model.

_ —0y;
Sm(yi) = 0™, B. The Soft-Handoff Model

This assumption will be relaxed to accommodate generalFOr the demonstration purpose, we assume that a handset can
residence time distribution in Appendix A. connect up to two_rad|o links in a CDMA system. Fig. 2 illus-
« The call holding time. is exponentially distributed with rates the timing diagram for the soft—handoff model. The nota-
the mearl /4. tionst;, 7;, {:\nd_xi are the same as thgt in Fig. 1. In soft han_doff,
The output measures are: a communicating handset at celltilizes one channel during
A»  handoff call arrival rate to a cell: the nonoverlay p_erlodi and is looking for a seco_nd r_adlo link
p,  new call blocking probability; f_rom cellé+1 during7;. Suppose that th_e second link is found at
! }gne u;, then the channel occupancy time of the handset at cell

- ility thatah ff call is block [ X . S -
P ELZ%?EII:Z ;vii;bzlier?do callis blocked because no radz + 1 is the minimum ofz; 11 (in Fig. 2) and the remaining call

«y,  probability that a hard-handoff call is blocked becausfr;]eold":ﬁJ time. Asslume that is ?Xronﬁn“ﬁ?y d'smbg.tetq’bﬂlen
the network response tinte,., is t0o long: rom the memoryless property, also has the same distribution

py  forced termination probability or the probability that aaSti’ .e., itis exponentially distributed with mean

handoff call is blocked because no radio channel is avail- . 1. 1 o427
able or because the network response time is too long; w oy 1
pne  callincompletion probability. (nonexponentiat; are considered in Appendix A). For a fixed

As mentioned before, a handoff call is forced terminated if thgeriod, the number of cells visited by a handset is independent
network response time is too long (with probability ) or N0 of the handoff schemes and the moving rate of a handset in soft
channelis available (with probabilipy.). Since a nonprioritized handoffist as expressed in (1). Let, be the probability that a
scheme is consideregd, = p, and soft-handoff call is blocked because the network response time
is too long. Unlike the hard handoff, it is apparent that< p,
pr=1-(1-an) A =p)=1=(1—=on)(I=p;). (2) in this scheme. Following the same reasoning in the previous
section,ps, Ay, andp,,. for soft handoff are similar to (2), (3),

From [12], we have and (5) and can be expressed as
N, = (1 — ps)Ao ' 3) pr=1-(1—-0a,)(1—p,)
Cont -1 -a)(1-p,)] = (1 — po)Ao ©)
. . . .. ' N+9[1_ (1—@5) (1_p7)]
The channel occupancy time of a call in a cell is the minimum of
the remaining call holding time (note that the call holding time
for a handoff call has the same distribution as anew call because =~ —p 0(1 —po)[1 — (1~ as) (1 —py)] ) (7)

of the memoryless property of the exponential distribution) and pt 01— (1 —as) (1 —p)]
the remaining cell residence time. Thus, the channel occupangycomputep, andp,., the soft-handoff scheme can be modeled
time is also exponentially distributed with rate+ 6. The net y 5 Markov process with stategn), wheren > 0 represents
traffic to the system is\, 4 As.. Let ¢ be the number of chan- the numper of busy channels as in [11]. Fig. 3 illustrates the
nels in a cell. The hard-handoff scheme can be modeled by @g,kov process. When the process is in s¢tg) (for 0 < n <
M/M/c/c system and from the Erlang-B formula ¢), n channels are busy. The effective call traffic to a cedi(af)

is A, + An [and the process moves frosin) to s(n + 1) with
@ this rate]. Since a busy channel is released with theratey,

the process moves froafn) tos(n — 1) (for0 < n < ¢) with

the raten(u + w).

The probabilityp, can be obtained by assigning an initial value When the process is k{c+-j), wherej > 0, all channels are
for A, and by iterating (4) and (3) until the, value converges. busy, andj handoff calls are looking for the second links. When

From [12], the call incompletion probability is derived as @ call arrives at state(c + j), the call is dropped immediately
if itis a new call. On the other hand, if the call is a handoff call,
61 —po)[1 — (1 — ) (1 —p,)]

_ 5 then it is trying to connect to the second link before it leaves the
Pre =Po+ POl (1—a)1—p)] ®) overlay area. Thus, the process moves fefm+ ) to s(c +

Qo+ 20T = (Ap + M)
(u+9)cc!} [Z (1 + )

Dr =Do = |:

i=1
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5O O oo O
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+HU+Y) +2(u+y)
Fig. 3. The Markov chain.
TABLE |

j -+ 1) with rate A, for j > 0. Since all channels are busy,

the first completion (among theconnected calls) releases its

channel with rate(y + w). For thosej handoff calls who look

for the second links, before the second links are available, 1
calls may leave the system in two cases: either the handset le¢
the overlay area (with rate) and is forced terminated or the
call is completed (with ratg). Thus, the first such call leaves

the system with the ratg;« + +), and the process moves from

s(c+j)tos(c+j—1) withratec(p+w)+j(n+~) forj > 0.
Let m; be the steady-state probability fefi). Then

( ()\o + )\h)i

: i<
il +w)' =

)N, ©
[e(pe+w) + j(pe+7)]

70,

()\ + )\h

11

1<j<n—c
1> C
+7rn + e

Ty =

7o
cl(p+w)e 7

\

+7r1+...

4

Sincer = 1, we have

oo

~

()\0 + )\h)c)\;f%
I lelew+w)+i(u+]

1<jsn—ec
—1

mo =

c(p+w)e

C)\)\L
n (L—i-i

(1 +w)?

i=1

Since a new call is blocked when the system is in séte

(wheren > c¢) at its arrival, the originating call blocking prob-

ability is

®)

Do = Z'ﬂ'n-

n>c

THE PROBABILITY «, FOR VARIOUS T;
(n = 0.5 pu, 8 =100 p)

Tou 0.05/5 | 0.075/n | 0.10/u | 0.125/5 | 0.15/k

Ao = 3p(Simulation) | 16.62% 11.69% 9.08% 7.36% 6.33%
Ao = 4u(Simulation) 16.59% 11.63% 9.04% 7.26% 6.22%
Ao = bu(Simulation) 16.49% 11.67% 9.05% 7.26% 6.19%
Ao = 6u(Simulation) | 16.60% | 11.62% 8.90% 7.33% 6.19%
Analysis 16.67% 11.76% 9.09% 7.41% 6.25%

¢+ j — 1 calls (excluding’; ). Suppose that the call leaves the
system at timeé + ¢; + ¢;_;. Because of the memoryless prop-
erty of the call occupancy distribution and the overlay time dis-
tribution, ¢;_, has the density distributiofy_; as expressed in
(9). LetT; =ty + --- + ¢;. For a callC; arriving at states(n)

(n =c¢+j,j > 0), the probability that’; is blocked is

P[T<Taﬂd7'>7'c|SC+J]

tottt;  pT
t;=0 to=0 To=0

I1 A

0<k<j
G+ 1)
cp+w)+ G+ w+7)
Thus, the probability, (that no radio resource is available for
a handoff call) is

X dre dr dto--- dt;

Dr Z Prfr < T;andr > 7c|s(c+ j)]meq;

0<j<o0
= (J+ Dymets .
032;00 p+w)+ G+ (p+7) (10)

By using the same iterative procedure described in the previous

Following the technique we developed in [11], the probabilitgections A, p,, py, andp,. can be obtained.

p,- is derived as follows. Suppose that a handoff ¢allrrives
at time ¢ when the cell is in state(n) (wheren = ¢ + j)
and the call leaves the overlay area at titme 7. Let 7. be the
remaining call holding time of’; at timet (i.e., the call will be
completed at timeé + 7.). From the memoryless property,
has the same exponential distributiontasConsider the: + j
outstanding calls that arrive at the cell earlier tlianSuppose

C. Derivation fora;, and o

Suppose that; andt,,,., are exponentially distributed with
ratesy and 3, respectively (nonexponential distributions will
be considered in Appendix A). In soft handoff, ttbe the pe-

riod between the handset connects to the new cell and when the

handset leaves the overlay area. Then from the Markov model in

that among these + ;j calls, the first call leaves the systenfig. 3,7; and+; have the same exponential distribution. Thus,

(either completes, expires, or leaves the cell) at tire;. Then
the density function fot; is

Fi(t3) = [ -0) + i+ )l T+l

If t;

©)

< 7, then at timet + ¢;, C, seesc handsets in conver-
sations andi — 1 handoff calls looking for the second links.
Now consider the first call that leaves the system among these

we have

Oée—Pr n1f > 7_]

/f' "=0 /nrt —7'

’7+/3

77,7’t,-ye v7y dtn” d7—

(11)
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Fig. 4. Comparing the analytic and the simulation results.
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Fig. 7. The effect of the variance of the nonoverlay pe(ig....] = 0.01 p,
E[r;] = 0.05 g, andA, = 6 p).

Appendix A) and the values computed from (11). The table in-
dicates that (11) is consistent with the simulation experiments.

For hard handoff, the handoff procedure is initiated when the
signal of the new link is better than the old link. Thus, we assume
that E[r] = 0.5E[r;] and

_ %
S 29+

Ay, (12)

The analytic model is validated against a simulation model de-
scribed in Appendix A.

Fig. 4 plots thep,,. curves obtained from the analytic model
(the dashed curves) and the simulation model (the solid curves).

Note thata is independent oh,, ¢, and». Table | lists the The figure indicates that the analytic and the simulation results
«, values obtained from simulation experiments (described @me consistent.
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o Eftnye] =0 o : Var[ter] = 0.001/p2
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y
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(a) Exponential #,,; with (b) Normal t,,, with a
Various mean values fixed mean E[r;] = 0.01/p
Fig. 8. The effect of network response tife, = 6 p, n = p).
[Il. NUMERICAL EXAMPLES 2) The Effect of the Nonoverlay Periodig. 6 plotsp,..

against the nonoverlay peridd[z;] = 1/, where, = 6u
This section uses some numerical examples to illustrate #yed E[¢,,,.] = 0.01/p. This figure indicates that,,. is more
effects of the overlay time;, the mobility», and the network sensitive tor; for largen than small;. In other words, when the
response time,,, on output measures suchsas py, andp,... user mobility is large, the cell overlay area layout significantly
1) The Effect of the Overlay TimeEig. 5 illustrates the soft- affects the performance of soft handoff. Fig. 7 plats against
handoff output measures, p;, andp,. as functions of the ex- the variancé’ ar[z;] of =; with the normal distribution. We ob-
ponential overlay timer;, wheren = 0.5; and the network serve thatwhefir;] < 1/42, p,.. is insensitive to the change of
response time is exponentially distributed with mean Q.01/the variance of the nonoverlay period. On the other hand, when
Fig. 5(b) shows that; decreases as increases (the longer theVar[z;] > 1/u?, p. is very sensitive td” ar|[x;].
overlay time, the higher the probability that the second radio link 3) The Effect of Network Response Tintdg. 8 plotsp,,.
is successfully connected to the handset). Fig. 5(a) shows thata function of the network response time;. In this figure,
p, Increases as; increases (since handoff calls have better opr= 1 and\, = 6 . Fig. 8(a) shows the effect of the exponen-
portunity to obtain radio channels as the overlay time increasés| #,,,, with various mean values. If the network response time
the new call attempts are more likely to be blocked). Fig. 5(& zero, theny, = 1, and handoff always fails. In this cags,.
plots thep,,. curves. We first note that, [in Fig. 5(a)] andp; increases as the overlay time increases. However, wheris
[in Fig. 5(b)] are two major factors [see (7)] that determing. nonzerop,,. decreases then increasesamcreases [this phe-
For X, <5 u, p, slightly increases as increases. On the othernomenon was explained in Fig. 5(a)]. The effect,gf on p,..
hand,p; significantly decreases as increases. Thugy,. de- is similar to the effect ofr;. That is,p,. is more sensitive to
creases as the overlay time increases. On the other hand, whefor larget¢,,.. than small¢,,,.. Fig. 8(b) demonstrates how
the offered load is large (e.g\, = 6p), p, significantly in- the variancé art,,.+] of £, with the normal distribution af-
creases as; increases. Sincg; significantly decreases as fects the system performance, wheve = 6, n = u, and
increases, the net effect is that. decreases then increases ag[t,,:] = 0.01/u. The curves indicate that,. decreases as
7; iIncreases. Var[t,-] decreases. Whe¥iar[t,,+] > 1, the variance of the
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17 The simulation model consists of four types of events. Let
AN SD"‘I?SG% gagd }(lla?fd"ff clockbe the system clock. The event types are described below.
15 N\ olid: 30 ando:
14 4&2\ AN « ARRIVAL event represents a new call arrival at a éell

\ $
13 1 ‘\ ~ There are two cases.

C(i) > 0.Inthis caseC(i) is decremented by one,
and the call holding time. and the nonoverlay time;

for this call are generated. #f > z;, then generate a
COMPLETION eventwith timestamplock +t.. Oth-
erwise, generate a@VERLAY event with timestamp
clock + x; (with the destination cell where the handset
is moving, and the overlay periag).

C(i) = 0. The call is blocked. Update the call blocking

Pne
(%)

44  e: )X, =304 "

34 0:d=40u 4 statistics(p, andp,.).

g ¥ie=35.0p The simulation generates the nexRRIVAL event ac-

o Ao = 6.0 cording to the call arrival rata,,.

0 ‘ . . I * OVERLAY event represents that a handset in conversa-
5 7 9 11 13 15 tion moves into the overlay area between the old:xaid

E[r] (Unit: 1/(1004)) the new cellj.

Fig. 9. Soft versus hard handoff.

tn¢ distribution only has an insignificant effect @n.. On the
other hand, wheW ar[t,..+] < 1, p,. significantly decreases
asVarlt,,| decreases.

4) Soft Versus Hard HandoffsFig. 9 compares the call in-
completion probabilities for soft handoff (the solid curves) and
for hard handoff (the dashed curves). In this figure, (11) and
(12) are used to compute, and«;,, respectively. The figure
indicates that in the ranges of the input parameters we consid-
ered, soft handoff outperforms hard handoff.

IV. CONCLUSION

This paper proposed an analytic model and a simulation
model to study the performance of soft handoff. Our study
indicated that the handoff network response time, the mobility
of the user and the overlay time significantly affect the per-
formance of soft handoff. Furthermore, we observed that the
call incompletion probability can be significantly affected by
the variances of the network response time and the nonoverlay
time. Under the ranges of the input parameters we considered,
soft handoff may significantly outperform hard handoff. Our
study provides guidelines to determine the degree of the overlay
among cells.

APPENDIX |
THE SIMULATION MODEL

This Appendix describes a simulation model to investigate
the performance of CDMA soft handoff. In the simulation ex-

C(j) > 0 (the soft-handoff procedure is exercised).
Let ¢* be the remaining call holding time andbe the
overlay period. Decremer@(j) by one. Iftf < 7,
then generate @OMPLETION event with timestamp
clock + t. Otherwise, generate the handoff network
response time, ... Generate &ELEASE event with
timestampclock + 7;.

C(j) = 0. The handset should continue to try until
a radio channel in the new cell is available. This part
can be implemented by generating anof@¥ERLAY
event if the handset is still in the overlay area at the next
try time, or aRELEASE event if the next try occurs
after the handset leaves the overlay &itgg; is setoo

to indicate soft failure due to shortage of radio channel).

* RELEASE event represents various situations described
below.

t.t = oo The call is forced terminated because no
radio channel is availabl€(i) isincremented by one,
and the output statisti¢®,- andp,,.) are updated.

7, < ta. The call is forced terminated because
long network response timeC(i) and C()) are
incremented by one, and the output statisties and
Pne) are updated.

T; 2 ta: The second link is successfully connected.
Let¢* be the remaining call holding time. Generate the
nonoverlay period:; at cellj. If t7 < «; then generate
a COMPLETION event with timestamplock + t%.
Otherwise, generate @VERLAY event as described
before.

« COMPLETION eventrepresents the completion of a call
at celli. If the completion occurs at the nonoverlay area of

cell¢,thenC(i) isincremented by one. If the completion
occurs at the overlay area between éahd cellj, then
bothC(i) andC(j) are incremented by one.

periments, the PCS system consists of 64 BS’s connected as an
8 x 8 wrapped mesh [13]. In the simulation model, a handset
resides in the nonoverlay area of a cell for a perigdthen
moves to the overlay area of one of the four neighboring celis the simulation experiments, the PCS system consists of 64
(selected with equal routing probabilities) for a periodand BS’s connected as an88 wrapped mesh [13]. The call arrivals
finally moves to the nonoverlay area of the new cell. In the sinte a cell form a Poisson process with arrival rate The call
ulation, a celk is modeled as eell object with data structure holding timest. are exponentially distributed with meary1/

C(i) torepresent the number of idle channels at the cell. The periodsz;, 7;, andt,,., are generated from exponential or
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normal random number generators. In the experiments, ev
BS has ten channels. In each simulation experiment, 500 (
incoming calls are simulated to ensure that the simulation res
are stable.
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