830 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 47, NO. 3, AUGUST 1998

Effect of Soft and Softer Handoffs on
CDMA System Capacity

Chin-Chun LeeMember, IEEE,and Raymond Steelé&ellow, IEEE

Abstract—The effect of soft and softer handoffs on code- soft handoffs on the reverse links. Soft handoff provides
division multiple-access (CDMA) system capacity is evaluated macrodiversity, which is due to more than one BS being
for unsectorized and sectorized hexagonal cells according o, olved in the communications. The signal-to-interference

an average bit energy-to-interference power spectral density, . L - .
which corresponds to a bit-error rate (BER) of 10~2. The ratio (SIR) is improved by combining the signals from the

effect of imperfect sectorization on sectorization efficiency is also different BS's, and this, in turn, increases reverse-link quality
considered. On the reverse link, there is no capacity loss as noand extends cell coverage [4], [5]. As there are at least two
extra channels are needed to perform soft handoff, while the BS’s involved in the soft-handoff process, where each BS
macrodiversity provided by soft handoff can improve the reverse- supports a forward-link channel to the mobile, the number of

link quality and extend the cell coverage. On the forward link, ilable ch | the f d link d th b
when soft handoff is employed in unsectorized cells, the capacity available channeis on the forward link aecreases as (he number

loss due to two traffic channels assigned to a user in the handoff Of mobiles in soft handoff increases. We investigate this effect
zone is 0.2% or 1.1% for a voice activity factor of 3/8 or 1/2, on the system capacity.

respectively. As the forward-link capacity is higher than that of  Sectorization in cellular CDMA systems increases the ca-
the reverse link, this small capacity loss does not affect the system pacity in proportion to the number of sectors per cell. For a

capacity. For sectorized cells having three sectors per cell, there . .
are overlapping coverage areas between sectors, where mobiles irs€ctorized CDMA system, there are two kinds of handoff when

these areas are subjected to an increase in cochannel interferencemobiles move from one sector to another, namely, handoff
For an overlapping angle of 5, the sectorization efficiency is between two sectors in different cells and between two sectors
0.96 and 0.7 for the reverse-link and forward-link systems, ithin a cell. Similar to soft handoff, softer handoff is the

respectively. When soft and softer handoffs are employed, the
forward-link sectorization efficiency is improved to 0.97. We find soft handoff between two sectors of the same cell [6]. For

the application of soft and softer handoff improves not only the & pe.rfect sectoriged antenna pattern, softer handqff cannot be
forward-link capacity, but also the signal-to-interference ratio applied. In practice, the antenna patterns do not fit the sector

(SIR) for mobiles near the cell and sector boundaries. area perfectly, and there is an overlapping of the two antenna
Index Terms—CDMA, macrodiversity, sectorization efficiency, Patterns between the sectors [7]. The overlapping of the sector
soft handoff, softer handoff. antenna patterns generates additional interference on both the

reverse and forward links.
In this paper, the effect of soft and softer handoffs on
the system capacity for unsectorized and sectorized cells
FT HANDOFF in cellular code-division multiple-accesss analyzed. The effect of imperfect sectorization is also
CDMA) systems is a technique whereby mobiles negpnsidered. Our investigation was motivated by 1S-95, which
cell boundaries communicate the same transmitted sign@lshe cellular CDMA mobile radio system standardized in the
to more than one base station (BS) within their vicinitynited States, as we could not find an in-depth analysis of
[1]-3]. Soft handoff is important because it provides enhancege effect of soft and softer handoffs on the system capacity
communication quality and a smoother transition compared @ |S-95, especially on the forward link, where two traffic
the conventional hard handoff. On the reverse-link, sign&fannels are allocated to a mobile user. However, we will
transmitted by mobiles in the handoff area may reach all tigcys our analysis on a general cellular CDMA system rather
nearby BS's, even though the signals are not intended for theqa, specifically for the 1S-95 system. As we are concerned
and the mobile signals appear as interference in these Neafiy, the percentage of capacity change due to the application
cells. By putting more matched filters in the receiver, BS'§t soft and softer handoffs, we use in our analysis the average

can receive signals from mobiles in the nearby soft-handqff_energy-to-interference power spectral density (PSD) ratio

areas. Notice that no extra channels are required to accomp|isfiead of outage rate, which is the probability of bit-energy-

to-interference PSD being less than a required level.
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distance fromR;, to R is defined as the soft-handoff zone,
and it has an area of

3v3
T, = Tf R?— 7R (1)

Signal power in dB

As soft handoff is achieved by the collaboration®f(H >

s > 2) neighboring BS'’s, the capacity corresponding to mobiles in
0 R, R a soft-handoff zone is reduced frop¥,, to p\V;,/H, wherep
distance from the BS in log scale is the user distribution density and is assumed to be uniform.

Fig. 1. Signal decays from the BS outwards. Only path loss is considerea—.he loss of capagity corresponding to the mobiles in this
soft-handoff zone is

1 H—-1 (3V3

The fraction of capacity loss compared with the capacity

without soft handoff is
Fig. 2. Soft-handoff zone in hexagonal cells as shown shaded.

1
\yh<1 - _)
with only path loss and slow fading are considered in our F, = H — H-1 <1 _2r R_%) A3)
analysis on the presumption that any fast fading would be 3£ R2 H 3v3 R’?

5 It

effectively combated by the receiver.

We first of all select the handoff threshold and the

minimum detectable signal level for the mobile’s receiver

There is no extra channel needed to perform soft handgffen it is located at the bounda® and assume that the
on the reverse link, while the macrodiversity provided by soft;,smitted power from a BS &7, then

handoff can improve the reverse-link quality by combining the
signals from the BS'’s involved. As it is difficult to combine Pr
these signals at the mobile switching center (MSC), a selective 2 =10 log <ﬁ) (4)
combining scheme, which selects the bit frame having t d h
minimal number of error bits, is more likely to be used [5]. Pr
Consequently, the link quality for mobiles in soft handoff is © =10 log <ﬁ) (5)
improved, or more users can be accommodated in exchange
for the link-quality improvement. Howevgr, the capacity 'MThe difference between the minimal detectable signal level
provement depends upon the gain provided by the selectalﬁd the handoff threshole is
combining scheme. As there is no capacity loss on the reverse
link, we will focus on the forward-link analysis hereafter. PrR— Ry,

On the forward link, the capacity loss due to the application ~ © — € =10 log <P Ra) = 10« log <f) (6)
of soft handoff in the unsectorized cells and the capacity gain 5
due to the macrodiversity provided by the BS'’s involved i nd by rearranging (6)

the soft-handoff process are investigated and compared. The

Il. SOFT HANDOFF IN UNSECTORIZED CELLS

effect of the soft handoff on the forward-link capacity in the Ry, (©—a)/10

unsectorized cells is then determined. & =10 “ (7)

A. Forward-Link Capacity Loss Combining (3) into (7) gives the fraction of capacity loss as
Consider a soft-handoff scheme, where soft handoffs in- )

volve H BS’s in unsectorized cells. In order &stimatethe F, = H-1 <1 _2r Rh)

capacity loss due to soft handoff, we consider a radio channel H 3V3 R?

whose path—I_oss exponentc'wsand_ignore the shadow fading. _ H-1 1_ 2n 102(0—9)/100) | 8)

As the mobiles travel from their BS to the boundary, the H 3v3

decrease of the received signal power level is shown in Fig. 1.

The CDMA soft-handoff region in hexagonal cells with radius For a handoff threshold having 3 dB higher than the minimal
R is betweenR,;, and R from the BS, as shown in Fig. 2. detectable signal level [7] and a fourth path-loss law, the
When a mobile travels farther than the distad¢e from its fraction of capacity loss can be calculated by (8). The capacity
BS, the soft-handoff process is initiated as the received sighadses for a soft handoff with two and three BS'’s involved are
level is less than a threshold dB. The region between the7.2% and 9.5%, respectively.
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while the effect of path loss and shadowing between the zeroth
mobile andjth BS is
ai — Tj—(ylo)\j/lo' (11)

If each BS transmits a total power &% to all its mobiles,
then the zeroth mobile can receive a powerif = a2 Pr
from the zeroth BS and a power & = aJZPT from the jth
BS. We assume that there aketraffic channels and one pilot
channel on the forward link, and each channel is allocated the
same power. The signal power at the output of the matched

filter is
2
CLOPT
= 12
N+1 (12)
and the additive white Gaussian noise (AWGN)-to-signal ratio
is
Ui N()W
== 13
5 5 (13)

Fig. 3. Forward-link interference from the nearby 12 cochannel cells. . . . .
Cochannel cells are shown shaded. Where N, is the single-sided power spectral density of

AWGN and W is the message bandwidth. The intracellular
) . . interference-to-signal ratio from the other channels in the
B. Forward-Link Capacity Gain same cell is
The main reason for employing soft handoff is that it I 1 1 X
provides macrodiversity by combining the signals transmitted mt Z v, = Z v; (14)
by the involvedH BS’s. As the probability that the signals S (N+1) Gy i=1
from th? H. BS's are all simultaneously sub!ected 0 deeQnd the intercellular interference-to-signal ratio from the ex-
shadowing is much smaller than that from a single BS, a 93l

in SIR can be obtained by combining the received signals fror(!f;:maI J = 1 surrounding BS's is

theseH BS's. This gain in SIR, in turn, increases the system L. 1 1 =2& P
. . . . . . ex 2 T
capacity. By comparing the capacity with macrodiversity to S ~Saa. Z Z Vija; N1
that without macrodiversity, the gain of capacity of the CDMA P =1 i=0
forward-link system due to soft-handoff diversity can be 1 It N a?
determined. =5 SN vy a—é (15)
1) Without Macrodiversity:Consider a CDMA forward- P =1 =0 0

link system with coherent demodulation, which is achieveghere the subscriptsnt and ext represent the interference
by sending a CDMA pilot with all the traffic channels [9].from within the cell and external to the cell, respectively,
[11]. Power control on the forward link is not critical asq, is the processing gain, and as well asv;; represent

it is on the reverse link, and we will hot include it in ourthe yojce activity variables. The voice activity variable is
deliberation. As mobiles near their BS's have a higher Slnomial distributed and is equal to one with probability of
than those mobiles near the boundary, the SIR on the forw%qand to zero with probability of — y, wherey, is defined
link is dependent on the mobile’s location. Consequently, thg the voice activity factor (VAF). In (15), the intercellular
forward-link capacity is limited by the SIR when mobiles argyterference-to-signal ratio is reduced by factor of two due to

located at the boundary. _ the carrier incoherence. From (10) and (k&)/aZ in (15) can
Let us consider a mobile located in the zeroth cell at g rewritten as

distance ofr, from the zeroth BS and at a distance of 5 o o
a_g = <7_°> 10 —=20)/10 _ <7_°> 105710 (16)

ag 7j 7j

Ty = \/DJ2 + 712 —2D;ro cos(e) 9)
where(; = A; — A9 is a normal random variable having a
standard deviation of/20 as )\ and A; are two independent

from the jth neighboring BS as shown in Fig. 3.In (9 IS ¢ 4in variables. Substituting (16) into (15) yields

the distance between the zeroth aitll BS'’s, andy is defined

in Fig. 3. For a radio channel with path-loss exponerdnd L ] It N o\ 10

a shadowing fading random variable having a standard R Te N Z Z Ui <7—> 1059719, 17)
deviation of, the effect of path loss and shadowing between Pj=1i=0 /

the zeroth mobile and zeroth BS is Unlike the intracellular interference-to-signal ratio, the inter-

cellular interference-to-signal ratio depends on the mobile’s
a2 = ry@10™/10 (10) location and the shadowing condition.
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From (13), (14), and (17), the bit energy-to-interference 70.00
power spectral density ratio (PSD) rati, /I at the output = 1 !
of the matched filter is Eso.oo $
E, S 1 \
Iy I int ext + n 8 50.00 ! ™ I
s 5 5 s N \\
| 3
From (18), F;, /1 is a convex function of( [;x + Ioxt)/S. ‘§4°-°°4 T VAP=3/8 !
From Jensen’s inequality, we have s —— VAE=IR
‘*\_‘
E E, 1 19 30.00 |
I | = Ly Lo n (19) 0 0.2 0.4 0.6 0.8 1
E{ g T g } T3 normalized distance, /R

Substituting (14) and (17) into (19) yields (20) given at thE9- 4. Forward-link capacity without soft-handoff diversity as a function of
’ the distance from the cell site toward the cell boundary.
bottom of the page, where

0 1, for <T_°> 10%/10 < 1 forward-link capacity in terms of the minimal number of users
P <<f’ Z) - " (21) per cell for different values of normalized distangg/ R can
be calculated from (24). By considering the 12 cochannel
is a constraint function, which accounts for the mobiles at ttiterfering cells shown in Fig. 3, the curves of the capacity
boundaries tending to communicate to a BS that offers théthe forward-link system along line AB in Fig. 3 are shown
least signal attenuation under fading conditions. From [9], ti@ Fig. 4 for a VAF of 3/8 and 1/2. According to the capacity
mean in the denominator of (20) can be shown to be variation, the capacity for mobiles near its BS is higher than
, that for mobiles at the boundaries. In order for a BS to serve
E[@ <§j, £>10<j/10} all the mobiles in its cell with a minimal quality requirement,
J

0, otherwise

) the system capacity tends to be limited by mobiles at the
= exp <0' 111(10)> boundaries. From the Fig. 4, the capacity at the boundary
10 without macrodiversity is 32 and 43 users per cell for VAF's
of 1/2 and 3/8, respectively.
10 log <;) V2 In(10)o 2) With Macrodiversity: The SIR of the mobiles within the
V2o - 10 - (22)  soft-handoff zone can be improved by combining the received
signals from theH BS's. Therefore, the capacity can be
) ) ) increased in proportion to the increase in SIR. As shown in
?I'he_forward-lmk performance in terms of bit-error rate (BERﬁiig, 5, the mobile receiver ha#l-matched filters to detect
is given by the H signals coming from thé&d neighboring BS'’s. After
1 < E, demodulating with the carrier, which is provided by the pilot
BER = = erfc E[—})

7‘j

1-Q

(23) fromits own BS, theff -received signals are matched with their
corresponding spreading codes. The outputs ofthmatched

whereerfc(e) is the complementary error function. For a BEHIlers are cophased and combined.

less than 103, the required average bit energy-to-interference The channel attenuation can be estimated from the CDMA

PSD ratioyeq = (E3/1o)req is 7 dB. According to this specific pilot signal, and maximal ratio combining is performed by

Yeeq» the forward-link capacity can be evaluated from (20)veighting the amplitudes of th& signals according to their

0

namely, channel attenuation [12], [13]. Th&-weighted signal ampli-
a 1 tudes are cophased and summed together to give a maximal
1+ _P< Q) amplitude, where polarity determines the logical value of the
N > . P \Vreq S — 1. (24) regenerated bit. The combinell,/I, at the output of the
9\ : maximal ratio combiner can be shown to be [13
1+12 <7—0> E[f/)j((j, 7—0>10<j/10} =
2j=1 T T
. . . E, = [E
For a CDMA system having a processing gain of 21 dB ) = T (25)
(127 chips per information bit) and afi/n of 20 dB, the 0 i=0 L70di

Tk Wy 1 o
0 uN (N +1 ro\” 0 _ n
&+ e o5 Ele(o oo + 3

T
T
J=1 J
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_—_—— e — — = =

channel

Rh(t)Q .

carrier from
0-th BS's pilot

1 j(.)dt

T,

I c(o) matched filter

estimator

cophaser

___'2_‘__

decision P>

channel

i-th BS pilot code sequence l

Fig. 5. Mobile receiver block diagram.

estimator

where[E, /Ip]; is the bit energy-to-interference power spectrd(r1/r0)* in the denominator is the interference from the
density ratio of the received signal from tith BS, which is zeroth cell, where the factor two is due to the coherence of the
given in (19). From Fig. 5, we notice that only the traffic signalemodulation carrier with the carrier from zeroth cell BS. For
transmitted from zeroth BS can be demodulated coherentlyragbiles in the soft-handoff zone, the cochannel interference
its demodulating carrier is provided by the pilot signal fronlominates the AWGN component in ti#g /1o. By neglecting
1/5 in (20) and (27) and substituting these equations into (26)
For a special case of soft handoff with two BS'’s involved/ields (28), given at the bottom of the page. For a giveq,
the number of users per cell with handoff diversity can be
obtained from (28) as (29), given at the bottom of the page.
For a CDMA forward-link system having a processing gain

zeroth BS.

i.e., H = 2, (25) becomes

o] o[

Iy

by
Iy

in (27), given at the bottom of the page.

ks

by
Iy

]

(26)

of 21 dB (127 chips per information bit) and &y of 20

dB, the capacity in terms of the minimal number of users
where E[E, /Iolo is given in (20) andE[E; /1], is shown per cell for different values of normalizedy/R in the soft-

In (27), the termandoff zone can be calculated from (29). By considering the

E
Bl

%

E

uN

N +1)
GT‘

) [Eles B o]+

n

O)

(27)

2] -+, <[
IO c (U] 041
G 1J_1 r @ 7 J—1
gz s () (o 2)uemf 2(R) + S (2) | oo )
=N\ ] iz ; T
- 112 N . J—1
R ol 2w} o E G e ]
= j=
(28)
G o AR ST 70\ 1 nés
123 Z( ) { <<J, )10@/10} 2<—> + <—) E[%(ij —)109/10}
HVreq 7 70 = 7 T
N > ! 29)

1—</r\" 1\
Ly T (5) el (o s s o)

T_O 10<j/10
T4
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[ :softer handoff
H :soft handoff
=1 :soft or softer handoff

Fig. 8. Soft, softer, and soft or softer handoff subzones in sectorized cells.

and 1.1% of the number of users per cell due to the soft-
handoff process for VAF's of 3/8 and 1/2, respectively. The

forward-link capacity is higher than the reverse-link capacity

due to coherent demodulation, so the application of soft
handoff does not have much effect on the system capacity.
Fig. 6. Interference to mobiles in the soft-handoff zone from the nearby n the other hand, the communication quality for mobiles at
cochannel cells. Cochannel cells are shown shaded. the boundary can be improved by macrodiversity.

B
= | I Ill. SOFT AND SOFTER HANDOFF IN SECTORIZED CELLS
e | —— WAF=11 R ) ) )
i B 1 1 1 Sectorization is used in CDMA to increase system capacity,
§ | Yy pacity
e ' _h‘_""‘x\l T Var-in ' where cells are divided into sectors and the same frequency
o s "|"""'""'u spectrum is reused in every sector. The capacity is multiplied
= G | | ' Ll according to the number of sectors introduced. We limit the
IE % - | . . . . .
" e, S i sectorization to three sectors per cell for our investigation,
JE ] e —— -g although other arrangements, e.g., four or six sectors per cell,
- "'H..:., are also used in practice. There are two kinds of handoffs in
] : the sectorized CDMA system, namely, handoff between two
0 e o "8 0% ! sectors in different cells and handoff between two neighboring
mormalized distance, fR sectors in the same cell. The former one is exactly the same

. . ) ) N L as the soft handoff we discussed in Section Il, while the latter
Fig. 7. Forward-link capacity with macrodiversity for mobiles in the ! .
soft-handoff zone. is defined as softer handoff. As softer handoff is handled by

two BS’s at the same cell site, there is a capacity loss. On the

12 cochannel interfering cells shown in Fig. 6, the curves 8]ther hand, the macrodwersny_ of.the two BS's can improve
the capacity of the forward-link system for a VAF of 3/8 an(ﬁh,e SIR,.and thereby the capacity increases proportionately. In
1/2 are shown in Fig. 7. Notice that the capacity for mobiletgIIS SeC“?”’ the effect O_f system capacity on both reverse and
in the soft-handoff zone is much higher than that for mobilégrWard links are examined.

in nonhandoff zone, hence, the capacity becomes limited by

mobiles atr = 0.84R. The capacity gain on the forward linkA. Forward-Link Capacity Loss

is the capacity difference between the capacity for mobiles atFor a perfect sectorized antenna pattern, softer handoff
r = RandR, = 0.84R. From Fig. 4, the capacity for mobilescannot be applied. Antennas whose patterns form overlapping
atr = Ris 43 and 32 users per cell for a VAF of 3/8 and 1/2z0ne at sector boundaries are therefore used. We will consider
respectively, while the capacity for mobiles & = 0.84R is  the overlapping softer handoff coverage areas shown in Fig. 8.
46 and 34 users per cell for VAF's of 3/8 and 1/2, respectivelyve model these areas as segments of a cell with afgle
Consequently, the capacity gain due to macrodiversity is thrggetween the sector borders. As shown in Fig. 8, the handoff
and two users per cell, which corresponds to a gain of 7.026nes in sectorized cells can be categorized into soft, softer,
and 6.1% for VAF’s of 3/8 and 1/2, respectively. As the syste@ind soft or softer handoff subzones, where the soft or softer
capacity is limited byR, = 0.84R, the excess capacity duehandoff subzone is an overlapping area between the soft and
to macrodiversity becomes an increase in SIR for mobiles &after handoff subzones. Mobiles located in the soft or softer
soft handoff. handoff subzone may be handled by either soft or softer
For a soft handoff with two BS's, the loss in the numbefandoff. Consequently, only mobiles located in the softer

of users per cell due to two traffic channels assigned tohandoff subzone must be handled by softer handoffs. The
user is 7.2%, but the gain in the number of users per cell dygfter handoff subzone has an area of

to macrodiversity is 7.0% or 6.1% for VAF's of 3/8 or 1/2,
respectively. The overall forward-link system losses are 0.2% U, =10,R;. (30)
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-
(=]

-
o

o

percentage of
capcity loss

0 5 10 15
overlapping angle in degree

Fig. 9. Fraction of the forward-link capacity loss due to soft and softej
handoffs. H = 2.

We assume that the users are uniformly distributed with a
density ofp. Because the mobiles in the softer handoff zones
may be handled by two BS’s, the loss of capacity due to thgy. 10. Interference to mobiles in the antenna overlapping area from BS’s
mobiles in these zones is 2 ;,. The fraction of the capacity in the surrounding cells. The interfering sectors are shown shaded.
loss due to softer handoffs is

1
F, = §\PS’L _ b (R g (31) the forward-link capacity without macrodiversity and then
TR T 43 ' with macrodiversity. The results are then compared. From
Y2 g2 . . ) I
2 Section Il, we find that on the forward link, the capacity is

From Fia. 8. the total fractional capacity loss due to soft a limited by the mobiles located at the cell boundaries, where
9. S, pacity r{ﬂe intercellular interference was higher than for mobiles inside

softer handoffs in a sector is ) ; . .
the cell. We consider the areas having the highest interference

V3 , 12w ) 1 ) level in evaluating the capacity.
1\ 2 B-ggrfi)+3 0o B, 1) Without Macrodiversity:We commence by considering
Fr =3 7 the zeroth sector of the zeroth cell, where the significant

YU R2 interfering sectors are shown shaded in Fig. 10. Notice that
in addition to the 13 surrounding interfering sectors, the first

1 1 /2n R\ 2 sector is also an interfering sector for mobiles in the antenna
=35 1- ﬁ <? - 9o> <f) (32) overlapping areas. For mobiles located near the corner of the

- hexagon, between B and C, there are two more interfering
whereR;, is the distance where the soft handoff starts. Notigectors in Fig. 10 shown by the horizontal lines shaded pattern
that £ in (32) is also a sum of}, and Fy;, in (3) and (31), compared with the number of interfering sectors in the perfect
respectively. sector antenna pattern arrangement.

The fraction of the capacity loss due to soft and softer As the zeroth BS and the first BS are at the same cell site
handoffs in a sector as a function of overlapping arfjlés forming the zeroth and first sectors, respectively, the path loss
shown in Fig. 9. For &, of 5° and a handoff threshold that is 3and shadowing conditions from both BS’s to the mobile in
dB higher than the minimal detectable signal level, the capactiye softer handoff zone are similar. For simplicity, we assume

loss due to soft and softer handoffs is 9%. Compared to gyt the received power from the first sector BS and from the
capacity loss due to soft handoffs in unsectorized cells, theJg ot sector BS are the same i@/ ) 10NN = 1.

is an additional capacity loss of 1.8% due to softer handoffg.rom (19), without macrodiversity the, /I

for mobiles in
this overlapping area is shown in (33), given at the bottom
B. Forward-Link Capacity Gain of the page, where the second term in the denominator is
The capacity gain due to the macrodiversity on the forwattle interference power from the first sector. For a BER less
link is evaluated in this section. We commence by calculatingan 1073, 4., is 7 dB. According to this specifig,q, the

E[@} > 1

IO - N . a J-1 , o .
7 w(N+1) [rg u(N +1) o 7o . Ui
2 4P P2} Bl1o(a—X0)/10 LA S =Y Elé. | ¢.. = 11085710 -
G, + 24, " [ 0 ] + 24, E : v Pil &> T 0 + S

i=2

J—-1 @
pN (N +1)  p(N+1) o o _ n
= 2V Elésd ¢. = }10¢85/10 L
G, v e, T ag, 2\ ) Bl *3

J

(1

(33)
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forward-link capacity can be evaluated from (33) as distances from the BS to the cell boundary, may be calculated
from (24) and (34) for mobiles located in the central part of a
G 1 7 ; ;
14+ 22— _ 4 sector and in the areas where sectors overlap, respectively. The
N > [ \Veeq S —1. (34) graphs in terms of number of users per sector for the forward-

- 17t o\ ® o o link system along the lines AE (in the central part of a sector)
15+ 5 Z<7—> E[(/)j <Cj7 7_> 108/ } and AC (in the antenna overlapping areas) as a function of
=17 ’ the normalized distance/R are given in Fig. 12. Notice that

Next, we examine the situation when mobiles are Iocaté@ere IS a sudqen drop in the curves neat = 0.9 bec.ause of
in the central part of a sector rather than in an area wime additional interference created by the overlapping antenna

overlapping sectors. The minimal number of users per Sec&ﬁttems. The worst SIR occurs when the mobiles are located

can be calculated from (24) according to the interfering sectdtsthe soft or softer handoff subzones, especially at the corner
shown in Fig. 11. From the figure, when mobiles are locatégt Where the forward-link system can support 22 and 30 users
near the boundary, between D and E, there are two mdg" Sector for VAF’s of 1/2 and _3/8, respt_actlvgly. Therefore,
interfering sectors compared to other locations in the nonsoftgrSectorized cells, the forward-link capacity without soft and
handoff zone. Consequently, the minimal number of users Rifter handoffs is limited by this minimal number of users per
sector that can be supported by the system occurs in the sra&#tor in the soft or softer handoff subzones.
area from D to E, especially at E. For an overlapping angle less?) With Macrodiversity: As the worst forward-link SIR oc-
than &, location D is abouf.14R from location E, or0.86R curs when mobiles are located in the area where the BS
from its BS. As this area (between D and E) is in the sofeectorized antenna patterns overlap, we will evaluate the
handoff zone, the additional interference due to overlappigpacity gain due to macrodiversity for mobiles located in
sector antenna pattern can be combatted by the macrodivertiigse areas. Because the mobiles in soft or softer handoffs are
provided by the soft-handoff process. able to employ maximal ratio combining of the two signals
For a CDMA forward-link system having a processing gaifrom the two neighboring sector BS’s, the combinggy/ I,
of 21 dB (127 chips), a$/» of 20 dB and an overlapping an-can be calculated by following a similar procedure to the one
gle of 5, the minimal number of users per sector for differergmployed in Section 1I-B.
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e ”

Fig. 11. Interference for mobiles not in the antenna overlapping area. The interfering sectors are shown shaded.

100 ;- —— - j— first BS is not coherently received. From (19), the bit energy-
‘ to-interference PSD ratio of signals from zeroth BS is shown

——% linc DF, VAF=3/8

|
. 7 - ]77 ieor vARLE | in (35), given at the bottom of the previous page. When softer
J{ ' handoff is employed for mobiles located in the overlapping
o S finc AC, VAF=38 areas of antenna patterns, thg/I, for signals from the first
e eV g sector BS is shown in (36), given at the bottom of the previous

page. Those mobiles located in the soft or softer handoff
subzones may be handed off using a soft handoff. When soft
handoff is applied, the, /I, for signals from the first sector
BS of a neighboring cell, say the first sector in the first cell,
is shown in (37), given at the bottom of the previous page.
Notice that the factor of 1/2 in (35)—(37) accounts for the
noncoherent demodulation. Also, observe th&t; /r)* in

Fig. 12. Forward-link capacity without macrodiversity in sectorized cells. (37) is due to the interference from zeroth sector. When softer
handoff is employed, the combined bit energy-to-interference

. L PSD ratio becomes
The radio paths from zeroth BS to mobiles in the softer

handoff zone are in a similar environment to the radio paths
from the first BS to mobiles in the softer handoff zone.E[@} :E{@} +E{@} >
c 0

number of users persector
[=2]
]
f
|
|

20 +— - } . . U
[¢] 0.25 0.5 0.75 1
normalized distance, r/R

Consequently, the shadow fading and path loss are similar, Io Io Io |, ~

so the received signal levels at the front end of the mobile’s 3

receiver from both the zeroth and first BS are about the J ro\ ro 77'
same for mobiles in the antenna overlapping area. Because ——< 3 + Z(—) E|:(/)j <Cj7 —)10@'/10} + =
the carrier recovery is coherent for zeroth BS, the signal from P g1\

zeroth BS is demodulated coherently, while the signal from (38)

B, B, E,
Fl—=| =F|— Pl —
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Fig. 13. Forward-link capacity with macrodiversity for mobiles in the antenna pattern overlapping areas (along the ac line).

Similarly, when soft handoff is employed, the combinég/I, handoff region due to imperfect sectorization, this is overcome

is shown in (39), given at the bottom of the previous page.by the macrodiversity provided by soft and softer handoffs.
For a BER less than I¥, the equivalenty,., is 7 dB. Similar to that in unsectorized cells, the forward-link system

According to this specifie...q, the number of users per sectois limited by mobiles located @84 when soft handoff is not

can be evaluated from (38) and (39) as applied. As a consequence, the forward-link capacity is 34 and
a 3 9 46 users per sector for VAF's of 1/2 and 3/8, respectively. The
1+ -2 < - g) capacity gain due to macrodiversity provided by soft and softer

o\ Treq

N > (40) handoffs is 12 and 16 users per sector for a VAF of 1/2 and
B o\ 7 3/8, respectively, corresponding to a gain of 53% compared
3+Z<_0> E[%’ <Cj, —0> 1043'/10} ' :
5 5
j=1 "7

to that without soft and softer handoffs. As the forward-link
capacity loss due to the allocating two traffic channels to a
and as shown in (41), given at the bottom of the page, for tReobile in soft and softer handoffs was 9%, the capacity gain
app"cation of softer and soft handoffs, respective|y_ from soft and softer handoffs is 40% Compared to that without
The forward-link capacity in terms of the minimal numbeﬁOft and softer handoffs. In addition, there is an improvement
of users per sector for mobiles in softer handoff and soft 8 communication quality due to the implementation of softer
softer handoff subzones can be calculated from (40) and (4hgndoff as the system capacity is limited by the mobiles at a
For a CDMA forward-link system having a processing gaiflistance of0.84% from their BS.
of 21 dB (127 chips per information bit), afi/n of 20 dB,
and an overlapping angle of 5the number of users per sector
as a function of normalized distance from A to C (along the IV.” SECTORIZATION GAIN AND EFFICIENCY
sector border) are displayed in Fig. 13. When mobiles in the FOR IMPERFECT SECTORIZATION
soft or softer subzones employ softer handoff, the capacityFor a three-sector cell arrangement, the sector antenna
in terms of the number of users per sector is improved Ipattern has an angle of 12Gor perfect sectorization. On
macrodiversity from 22 and 30 users per sector to 36 atfte reverse link, one third of the surrounding areas would
47 users per sector for a VAF of 1/2 and 3/8, respectivelge blocked by the antenna pattern, and, hence, the capacity
while by employing soft handoff, the capacity is improved tgain would be three times that of the unsectorized cell. Due
39 and 50 for a VAF of 1/2 and 3/8, respectively. Althouglo the overlapping sector antenna patterns, the interference in
there is an increase in interference for mobiles located in thectorized cells is larger than that of sectorized cells having

o J—1 @ J—1 @
=t Il K ) I M ) R K R B M 6 o
T+2(2(—=) + 2) L El¢;( ¢, 2 )109/t0] 4 2 Elg; | ¢, =2 )10%/10
o n) T2l b (G 25, ) Bl

i=1

N> (41)

@ J—1 el J—1 el
2+ 2<7—1> + Z<7_1> E[%’ <Cj, LO) 10("/10} 3+Z<7—0> E[%’ <Cja LO) 10("/10}
o o\ T —\ 7 T

J=1




840 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 47, NO. 3, AUGUST 1998

3 A 1 V. CONCLUSIONS
5 2.95 0.98 o The effect of soft and softer handoffs on the system capacity
8 29 096 & & of CDMA systems was analyzed by using an average bit
Z 285 0.94 _E § energy-to-interference PSD corresponding to a BER 0f*10
9 28 s é The capacity in terms of minimal number of users per cell
2275 0.92 g was calculated according to the lower bound of the average bit
° 27 09 “ energy-to-interference PSD. The capacity loss on the forward
265 0.88 link due to two traffic channels assigned to a user in the hand-
012345678910 off zone was 7.2%, but the capacity gain due to macrodiversity
overlapping angle in degree was 7.0% or 6.1% for VAF's of 3/8 and 1/2, respectively.

There was a small percentage loss of capacity on the forward
k. This small percentage of capacity loss did not affect
the system capacity, as the forward-link capacity was higher
than that of the reverse link due to coherent demodulation.
perfect sectorization. As shown in Fig. 8, the actual sect@n the other hand, because the system capacity was limited
antenna pattern has an angle that is larger than the nomipglmobiles at the boundaries between the soft handoff and
angle of 120. The actual antenna angle ({5204 6,°) rather nonhandoff zones, the excess capacity due to macrodiversity
than 120. As a result, in a sectorized cell with overlappinghecame an improvement in communication quality for mobiles
angled,, only (120 + 6,)/360 of the interference from the in soft handoff.

surrounding can be blocked. Therefore, the capacity gainFor sectorized cells having three sectors per cell, there were
becomes360/(120+ 6,) times of the unsectorized cell. Weoverlapping coverage areas between sectors. Consequently,
define the efficiency of sectorization as the ratio of the capaciiyobiles in these areas were subjected to increase cochannel
gain with the sector antenna pattern having an overlappifigerference. However, by using soft and softer handoffs, BS'’s

Fig. 14. Reverse-link sectorization gain and efficiency as a function of t
overlapping angled,.

angled, to the nominal antenna pattern of T2®iz. in adjacent sectors supported each mobile by using a forward-
link channel that enabled the mobiles to use maximum ratio
360 combining. As each mobile in the softer handoff process
o - 120+6, 120 (42) occupied two traffic channels, the capacity loss on forward-
§ 360 120+ 6, link loss was 9% for an overlapping angle of.SDue to
120 macrodiversity, there was a capacity gain of 40% irrespective

of VAF’s compared to that without soft and softer handoffs.

The capacity gain due to sectorization and its correspondingCompared with unsectorized cells, the reverse-link capacity
sectorization efficiency for different values of overlappin@f a system emp|0ying three-sector cells with an Over|apping
angles is shown in Fig. 14, whetg = 0 denotes a nominal angle of 3 was 2.88 times that of a network employing
antenna pattern of 120 From the graph, the interferenceynsectorized cells, corresponding to a sectorization efficiency
on the reverse link increases as the overlapping aégls of 0.96, irrespective of VAF's. When soft and softer handoffs
increased, which causes the capacity gain and sectorizatj@re applied, the forward-link capacity was 2.9 times that
efficiency to decrease proportionately. For perfect sectorizg-a network employing unsectorized cells, corresponding to a
tion, the sectorization gain and efficiency are three and ongctorization efficiency of 0.97. The sectorization efficiency of
respectively. For &, of 5° and 10, the capacity increase duethe forward link was 0.01 times higher than that of the reverse
to sectorization reduces from 3 to 2.88 and 2.77, respectiveljpk. In addition, the application of soft and softer handoffs
while the corresponding sectorization efficiency is 0.96 agtovided not only a significant improvement on the forward-
0.92 for af, of 5° and 10, respectively. link capacity, but also an improvement in communication

On the forward link, the capacity for the perfect sectorizeguality for mobiles near sector boundaries.
sector is 32 and 43 for a VAF of 1/2 and 3/8, respectively,
which is the same as that of an unsectorized cell, corresponding
to a sectorization efficiency of one. For imperfect sectorization,
the interference on the forward link depends on the mobile’sl] w. C. Y. Lee, “Overview of cellular, CDMA,” IEEE Trans. Veh.

i i i Technol.,vol. VT-40, no. 2, pp. 291-302, 1991.
Iocat|on._The interference for mobiles I_ocat_ed near the antenl% C K. Kbl M. P, Medonald, L. N. Roberts. W. L. Shanks, N. P.
_overlapplng areas and cell boundaries is higher than_ that Uhrig, and C. J. Wu, “Operational advantage of the AT&T CDMA
in the central part of sectors. Compared to the capacity of cellular system,” inlEEE 42nd VTS ConfDenver, CO, May 1992,
; ; pp. 233-235.
perfeCt S?Ctonzed §egtors, without soft and softer handoffs, t:l% P. Sété, “Soft handoff in a DS-CDMA microcellular network,” ifEEE
forward-link capacity is 22 and 30 users per sector for a VAF ~ 44th VTS Conf.Stockholm, Sweden, June 1994, pp. 530-534.
of 1/2 and 3/8, respectively, corresponding to a sectorizatiok#] A. J. Viterbi, CDMA: Principle of Spread Spectrum Communication.
ain and efficiency of 2.1 and 0.7, respectively. When soff,, eading, MA- Addison-Wesley, 1995.

9 y : ) s p oo y: . ffS] A. J. Viterbi, A. M. Viterbi, K. S. Gilhousen, and E. Zehavi, “Soft hand-
and softer handoffs are applied, the sectorization gain and ef- off extends CDMA cell coverage and increases reverse link capacity,”
ficiency are increased to 2.9 and 0.97, respectively. Compar cj IEEE J. Select. Areas Communigl. 12, no. 8, pp. 1281-1287, 1994.

ith th link. the sectorization efficiency of the forwar 6] K. K. Ho, “Architectural design of a code division multiple access
V_\”t thereverse link, 1zatl iciency ort W cellular system,” inlEEE 42nd VTS Conf.Denver, CO, May 1992,
link is 0.01 times higher than that of the reverse link. pp. 47-49.
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