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Soft Handoff and Uplink Capacity in a Two-Tier
CDMA System

Shalinee Kishore, Larry J. Greenstein, H. Vincent Poora®tGC. Schwartz

Abstract— This paper examines the effect of soft handoff Sectiondl describes the system geometry and the underlying
on the uplink user capacity of a CDMA system consisting propagation and processing assumptions. SeEfibn IIl ptese
of a single macrocell in which a single hotspot microcell is an exact criterion for determining uplink user capacity in
embedded. The users of these two base stations operate over
the same frequency band. In the soft handoff scenario studie ideal soft handoff, and compares the r_esults to those fat har
here, both macrocell and microcell base stations serve eachhandoff [6]. Also presented are two simpler methods, based
system user and the two received copies of a desired user'son an analytical approximation, and they are shown to be
signal are summed using maximal ratio combining. Exact and quite accurate. While our study is specific to a particular
approximate analytical methods are developed to compute dipk two-tier system in a highly dispersive multipath envirombe

user capacity. Simulation results demonstrate a 20% increse in tensi f thods to oth ibl
user capacity compared to hard handoff. In addition, simple extensions of our methods 1o other cases are possibie, as we

approximate methods are presented for estimating soft hanoff ~ discuss in Sectiol V.
capacity and are shown to be quite accurate.

Index Terms— CDMA, user capacity, macrocell, microcell, soft Il. ASSUMPTIONS

handoff As in [6], we assume a coverage regidR (Figure
1) with a macrocell base at the origin of the coordinate
. INTRODUCTION system and a microcell base at a distangealong thex

In svstems using code-division multiole access (CDMA Xis. For concreteness in our computations, we assume the
Y 9 P ( hape ofR is a square of sides, with the macrocell base

user capacity is enhanced by usirgit handoff, [1]-[5]. at the center. It was shown in [8], Ch. 4, that the uplink

By soft handoff we mean that a given user commumcat%gpacity for square and circul®& are virtually the same; here,
h

S|rr_1ultar!eously with two or more base stations until 'FS pa{t e square shape is assumed in order to simplify computation
gain to just one of them is several dB stronger than its pa

gain to any other. This is in contrast bard handoff, wherein All system users desire a rat® and use a processing

the user Commu_mcates at any given t'm? W.'th only one basgeaiin W/R, where W is the system bandwidth. We assume
selected according to some path gain criterion.

that the potential users are made up of two populations: One
consists of low-density (LD) users, distributed uniforrolyer
3he entire coverage region; the other consists of highitiens

single macrocell in .Wh'Ch a _smgleho_tspot microcell is HID) users, distributed uniformly over a small square area
embedded. Such a microcell might be installed to serve smal . . : .
urrounding the microcell base. The side of this smaller

regions of high user density with a low-cost, low-power base

i Usina both vsi d simulati determi sguare iss <« S. We denote byP, the probability that
station. sing both analysis and simutation, we determin randomly selected user is from the HD population. The
the uplink user capacity (i.e., the number of uplink user

supported with a specified probability of success) of th robability that a user is from the LD population is, of cayrs

two-tier system under the condition of hard handoff. Here, P We call P}, the hotspot density.
we address the same system when both bases serve each : :
user (soft handoff), and we quantify the gain in uplink useelgIe path gain,T, between either base and a user at a

In [6], we examined a CDMA system consisting of

capacity. The gain is relative to the hard handoff approac |§tanced Is assumed to be

wherein the base selected is the one having the largest path T_ H (g)2 10X/10 g <b

gain to the user terminal. We focus on the uplink direction 1 H (%)4 10X/10 d>p

because it tends to be the limiting direction, as we showed in

[7]. where b is the “breakpoint distance” [9] (in the same units
asd) at which the slope of the dB path gain versus distance
changes;y is a zero-mean Gaussian random variable for
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as lognormal shadow fading, which varies slowly over thiae two interferences from usgrare correlated, as they carry
terrain. Bothy and d are random variables for a randomlythe same data. The combiner output voltage sample from user

selected user. i is therefore proportional to
/P oJPMi . T oI Pui
In analyzing soft handoff performance, we will make wari VBT € "M 4 wpi/ BT ie’™

the following assumptions: (1) Each user in the environmegid the squared magnitude has a cross-term proportional to
is processed byboth bases, regardless of the user's patthe cosine of a path-gain-related phase. The phase term is
gains to the two basés(2) At each base, ideal RAKE yniformly random or{0, 2), and so the sum oveir i of all
processing is performed on each user’s received signal dfbss-terms will converge to a mean of zeroNasapproaches
order to maximize diversity; (3) Each user-base path isfinity. For the values ofV of interest here, substitution of

“infinitely dispersive,”, meaning that there is a near-iitfide this mean value is a very reasonable approximation; hence
of resolvable, comparable-strength multipaths on eack lin2) applies.

Given (2) and (3), the receiver output signal sample for each

user will be non-fading, just as if the link had a single patifthe system studied here uses path-gain-weighted combining

of fixed gain. We can therefore proceed by assuming the., it co-phases the two signals, via the phases gf and

additive white Gaussian noise (AWGN) condition for eacb,m, and uses the following magnitudes for,;; andw,,;:

link, which simplifies the analysis. The implications of ghi

assumption, and its relaxation, are discussed in Section IV lwari| = Vi and |w,;| = Vi . (6)
s + T g Vi + T

Observe thatwy,; + w2, = 1. Using these values and the

A. Exact Method assumed co-phasing, we can simplify (2):

From the foregoing, we can proceed as though user Wp _ _
(G = 1,2,...N) ghasg signal patﬁ gains/TMiejWig and SINR; = 5 e £ (T +T‘”)N .
lwari]? Zj;éi PiTaj + [wpl? Zj;éi PiTy; + 77‘(/‘7/)

IIl. A NALYSIS AND RESULTS

V/Tie??+i to the macrocell and microcell, respectively. This
user transmits a signal at powé}, which is controlled by
the bases. The parameteps;; and ¢,; are the phases of
the path gains from user to the macrocell and microcell
bases, respectively. In the soft-handoff scenario stutlere,

both the macrocell and microcell bases receive, despread, a P— 77WA711 8)
RAKE-combine the signal from each of th€ users. There K’ ’

are, therefore, two output streams (one at the macrocell aRHere K/ = W/(RT) (note K’ + 1 is the single-cell pole

one at the microcell) which contain a user's desired signahpacity [10]); P = [P, Py .. Py]T; AisanN x N
Each of these two streams also contains interference frem Hatrix, with

N — 1 other users plus thermal noise.

We desireSINR; > T', whereT" is the minimum required
SINR for each user. Settin§INR; =T for all i leads to a
matrix solution to theP;’s that has the following form:

Ay = Twi+T, and 9
The output streams at the macrocell and microcell bases A = L i Ty + 1Ty i # j; (10)
are weighted bywy; and w,;, respectively, and then Y K Tyui+Tu 7
summed. After combining, the overall output SINR (signalng 1 js an v x 1 vector with each element equal to one.
to-interference-plus-noise ratio) of useis Note that the elements oA’s are random variables, since
%gi each path gainly; (7,:) is determined by the random
i = lwnrs |21, + [wei 2T, ocation and shadow fading of usérelative to the macroce
SINR } _ () locat d shadow fading of usérelative to th I
toMi S (microcell).
where
. b 2 The two-tier system can suppodVv total users if and
N — edPMi, /P ) pJPui  [P.T .
S = ‘wMze BT+ wpie PiTi| > () only if the transmit power levels ifI8) are positive, andsthi
N occurs if and only if the determinant & is positive. The
Iy, = Z PiTyy +nqW |, (4) randomness ofA implies that thisfeasibility of supporting
j=1,55i N users occurs with some probability. The size of the
N random matrixA complicates the actual calculation of this
I;/n‘ _ Z PT+nW |, (5) probability of feasibility. Nevertheless, it is possible tise

simulation methods to perform this calculation and gain

. ) . _insight into the capacity performance of the two-tier syste
andnW is the thermal noise power in the system bandwidtyger soft-handoff.

This SINR equation implicitly treats the interference from
each userj as if it is uncorrelated between bases. In faciye performed simulations to find the 95% value Bf

1This is an idealized assumption, since in practical systentg a subset uging the foIIowing methOd: For the two-tier, two-cell &y_St'
of users (usually those on or near cell boundaries) is emgigsoft handoff. with parameters as in Table 1, we performed 10,000 trials. In

j=15#i
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each trial, the two path gains for eachMfrandomly-selected Solving for D, we get

users were generated. These gains were then used to form WK’

the matrix A and compute its determinant. The feasibilityD = .
i i i r_ 2y Tarj o~N T

(success) of the user set was determined by the sign of this K {|wM| 2jm1 Ty T lwul? 25 Tuj+TMj:I5

determinant, and the probability of success over the 10,000 (1

trials was computed for the selected. The simulation Using [I1){IR) forfw,|? andjw,|?, we see that this quantity

program obtained the value a¥ for which 95% of trials (i.e., eachP;) is positive if and only if

yielded feasibility. The results are presented in Figlle 2, N 2 N 2

where we plotN as a function ofP,, the hotspot density. We (Z T ) n (Z Thi ) < NK'. (16)

also plot the hard-handoff results from [6]. The plots show T + T T+ T

that user capacity varies witR;,, the maximum occurring at

roughly P, = 0.5. This is the density for which, on average

half of all users lies in the microcell coverage area. Wit

this condition, the system contains roughly an equal hum . . L .

of users per base, which our previous work shows leads applled_ this approximation technique 1o the _same

maximum capacity [8], Chap. 4. Figu@ 2 also shows thgystem studied above. As before, we used 10,000 trials for

for all P,, the capacity is higher for soft handoff than foreaCh of several vglues aW. In each tria!, we generated
hard-handoff, and these gains are at most 20%. random user locations and shadow fadings fer users,

leading to N pairs of (Tas,T,;). Using [I6), we then
B. Approximate Method determined whether power control was feasible. Doing this
Due to the complexity in computing the exact user capaciiOr all trials, we were able to compute a probability of

for soft handoff (as outlined above), we now present a%aSIblllty for the givenN. Finally, we found the value oV

. 0 . g .
approximation method. We resort to the fiction thiat,the corresp_ondmg t? 95% prcibabmty. Thiy' is pIott(_ad against

. 9 5 Py, in Figure 2 (“Approx. 1"). We see that there is very good
denominator of (2), |was|? and |w,;|* are the same for all ) : . . )

. : 9 5 agreement; the approximation over-estimates capacitytby a
users; we call these weights,;|* and|w,|* and the common

most three users, or roughly 7%.

values are assumed to be

i=1 i=1

This feasibility condition is far-simpler to examine than
Het(A) > 0.

N N
1 1 Thri : :
2= = il = — _ M 11) C. Alternate Approximation Method
|was] N Z lwaril N Z Tori + T (11) . _
i=1 i=1 We now develop an even simpler analytical method to
and N N compute uplink capacity. We first note that (14) can be
1 1 T, rewritten as
2= — PN 4 (12 :
] N;h% | N;TMi-i-Tm‘ (12) |A+jB? < NK', (17)
In other words, the weightsuv|? and|w,,|? are the average Where
values of|wys;|* and |w,,;|? over the N users. Using these N T
constant weights, the denominator I (2) is A= > _—"_ and (18)
N N 1 TMz + T,uz
Di = lwm Y PyTuy + [wu* Y PiT, B YT, N4 19
j=1 J=1 - Z Tai + T (19)
1=1

—|wrn PP Tori — |wy|*PT,: + nW. ) _ .

) o ) Since A and B are random variables, we can rewrite them
This term is independent afexcept for the third and fourth ;¢ 4 — E{A} + §(A) and B = E{B} + §(B), respectively.
terms, which are small compared to the first and second terWﬁered(A) and 5(B) represent random per'turbations Af’
for N large. If we ignore them, we obtain a commoA ( ang B about their mean values, {£1} and E{B}. Based on

independent) denominator given by this new representatior_{17) changes to
N N

D = lwnl® . PiTogy + [w,[* S P+ qW  (13) | X|* < NK', (20)
5=t =t where X = |C + §(A) + j6(B)| andC = E{A} + jE{B}.
Assuming the denominator ifl(7) is replacedDyand setting Since B = N — A, we haved(B) = —4(A). We make this
SINR; to the required value of, we obtain substitution and put the complex valu¢ = C + §(A) —
p_ 1 D (14) jo(A) on a b_ette_r basis by performing phase rotation. This is
Y Tyvi+Tu K done by multiplyingX by (E{A}—-jE{B})/|C|. The rotated

representation o is then
2E{A} — N)§(A No6(A
. X o]+ CELA} = N3A) _ No(W)

ox~ Ty ox~ T C T
D= ||wn] ZT ._|_T.+|wN|ZT.:T | K €] ©]
g=1 " MiT Fu j=1 7 m T MG where we have useB = N — A. The feasibility condition in
+nW. 0) can now be written asY’|? < NK'.

Substituting this into[{d3), we obtain

(21)
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path from the user and thus improves the total received
A key step in this approximation is to first assume thadower after path-gain-weighted combining. The techniques
| X'| ~ |Re(X")]. That is, assuming'|? is large with respect presented here can be used to determine the capacity gains
to the standard deviation aof(A) (as it is for large N), when H, increases; the gain offered by multiple embedded
we ignore the quadrature term df’. Thus, the feasibility microcells is a topic of future research.
condition is approximated as
_ Our results are obtained for highly dispersive channels
|C| + (QE{A}|C|N)5(A) <VNK' (22) and ideal RAKE receivers. For scenarios exhibiting less
protection against multipath [11], soft handoff provides
Next, we use the central limit theorem to approximétel), a micro-diversity benefit (against multipath fading) and a
which is a sum of i.i.d. random terms, as a zero-mean Guassiacro-diversity benefit (against shadow fading), so thé sof
variate. Let us represent the left side Bfl(22)Z3swith mean handoff improvement will be greater. The key point, however
11z and standard deviatiomz. If 1 ando® are the mean and is that, as CDMA systems become more and more wideband,
variance of each i.i.d. term in the surh (16), then it can be the capacity improvement due to soft handoff will become

shown that more modest.
pz = |C]l=N+1-2u+2u2 and (23) R
N3/20|2M —1 EFERENCES
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greater it ana only 1 its Effect on the Cell's Coverage Area\Mreless Information Networks,
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[4] Shapira, J., “Microcell Engineering in CDMA Cellular Weorks,” IEEE

) ) Transactions on Vehicular Technology, Vol. 4, Issue 4, pp. 817-825,
where u, is the a-th percentile value of a zero-mean, August 1994.

unit-variance Guassian variate. This approximation peedu [3! Wong, D. and T.J. Lim, “Soft Handoffs in CDMA Mobile Systes,”
. . . . |EEE Personal Communications, Vol. 4, Issue 6, pp. 6-17, December
a simple, closed-form solution for the capacity supported i 1997,

a two-tier system for a desired level of feasibility, Given [6] S.Kishore, et. al., “Uplink Capacity in a CDMA Macrocsiiith a Hotspot
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IV. DISCUSSION ANDCONCLUSION
We have devised three methods of soft handoff assessment

that become progressively simpler to implement, in exchang
for modest overestimations of capacity (less than 10%). Our

results suggest that the uplink capacity benefit of soft béind V}/ﬁ% 715183 r. | 7d8
over hard handoff is minor for the two-tier, two-cell system by | 100 m || b, | 100 m
we have examined. As shown in Fig. 2, the gain is no more H 1{?’;5 o 34?%;‘
than 20% for any value of hotspot density. However, this gain M oml E T T e
will be higher if the microcell base transmits and receives TABLE |

at a higher power, i.e, iff, is larger. With a largerH,,,
each user’s total received power after path-gain-weighted
combining will be higher, whereas under hard handoff, the
attainable user capacity does not changelfs increases
[8]. The gain due to soft handoff will also be higher if this
mechanism is used in a system with multiple embedded
microcells. Each embedded microcell offers an additional

SYSTEM PARAMETERS USED
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Fig. 1. A general description of the coverage arRacontaining one
macrocell base station and one microcell base station.lRemesented here
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