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Theoretical Analysis of Reverse Link Capacity for
an SIR-Based Power-Controlled Cellular CDMA
System in a Multipath Fading Environment

Duk Kyung Kim, Member, IEEEand Fumiyuki AdachiSenior Member, IEEE

Abstract—Capacity estimation in a code-division multiple-ac- systems [3]. Unlike time-division multiple-access systems,
cess system is closely related to power control schemes, whichthe capacity of a CDMA system is interference-limited. Many
complicates the analysis due to the interaction between the 5n5r55ches such as interference cancellation, smart antenna,
signal power and the interference from other users and from dfastt it trol (TPC bei tivelv studied
other paths. For a signal-to-interference ratio (SIR)-based power anatas ransm' power control ( ) are being active y§ udie
control scheme, most previous work has been restricted to a t0 reduce the interference from other users and hence increase
single-cell system or to a multiple-cell system neglecting the the link capacity.
effect of multipath fading. This paper is to give a theoretical  Capacityis closely related to TPC schemesin CDMA systems.
foundation to the possible reverse link capacity of a multiple-cell Many previous papers were based on strength-based fast TPC

system with perfect SIR-based power control, assuming two . .
different multipath Rayleigh fading channel models: uniform and For example, Gilhouseret al. [4] calculated the capacity

exponential power delay profiles. The effects of the numbers of Of Systems supporting voice traffic, and Ariyavisitakul [5]
resolvable propagation paths and Rake fingers, and other system simulated a strength-based fast TPC system. However, the
parameters such as the requiredE, /I, the processing gain, signal-to-interference ratio (SIR)-based fast TPC is employed
and the maximum allowable transmit power of a mobile station, ;" \MT-2000 systems as well as in 1S-95 systems due to its
are investigated. The results are compared between single- and . : g
multiple-cell systems. When the number of resolvable paths is one potgntlal for higher system performqnce: Different ways can
or the number of Rake ﬁngers is one, the link Capacity becomes be Imp|emented to measure the rece|Ved Instantaneous SlR, fOI’
zero in a multiple-cell environment. This can be avoided by the example, IS-95 systems can use automatic gain control (AGC) to
use of antenna diversity. Antenna diversity reception is found normalize the noise variance to unity [6], but IMT-2000 systems
itgclr'ggggé’ increase the link capacity as the number of antennas .4 yse the pilot symbols, which are transmitted on the reverse
' link [7]. This potential was indicated by Ariyavisitakul [8] using
Index Terms—Code division multiple access (CDMA), cellular g simulation method. The sum of the interference from other

system, link capacity, power control. users is well approximated as a Gaussian noise, when observed
over a short-term time interval (which is defined as a time
|. INTRODUCTION interval enough to remove the instantaneous channel variations

ue to fading but not to remove those due to shadowing),
. i ue to central limit theorem for a large number of users.
systems, better known as first-generation systems, th & we use this approximation [15], [21], [23]. Thus, the

has bgee?h aln (:)iplosclive |gcreaEse mththe hnumber dOf mObf Snsmission quality represented by the bit error rate (BER)
users In the last two decades. Even though second-generajign) o o\ 5|y ated using the signal energy per information

systems such as 1S-95, GSM, and PDC are being successfyfiyy, s ort.term aveage interference plus background noise

operated in many countries [1], third-generation systems call : : C

) X S I erspectrumdensityratig, /I,. Inamobile communications
International Mobile Telecommunications-2000 (IMT-2000§ stempthe link capa)éitytﬁib)s/often defined as the maximum
?rehrequlrid in the q?arhfutrl:re [2]. The.drlymg forftes alfumber of users per base station (or radio cell) to maintain the
ﬂlg 'l()alr system caél)atq Y, flg er (_:otmm?mc_:g 'Ok:] q(;Ja' Y, & obability that the received’, /I, cannot satisfy the required
E."t);]' dgﬁaccirgnlo a t|on X a va:f y OthWI e-t an serv!i:el%b /1, (this is called outage) at a prescribed value. Kim and
W'k 'f erten i ata rates. tr:nongf em, the sy;s em capacué ng [9] introduced a methodology for capacity estimation
a key faclor fo compare the perlormances of various Mmobk&. 5, g|R_pased power-controlled system in a multiple-cell
communication systems. Direct sequence code-division myf;

. ) . vironment and investigated the effects of the voice activity
tiple access (DS-CDMA or CDMA for short) is being strongl)@ ctor, the requireds, /1,, the maximum received power, and
considered as a radio interface technology for IMT-200 ’ o ’

ropagation parameters on the reverse (mobile-to-base) link
capacity. Kim and Sung [10] and Kim and Adachi [11] extended
. . _ the above analysis to a multicode CDMA system and an overlaid
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above theoretical works, the impact of multipath fading odelay of theth path, respectively, antix) is the delta function.
the other cell interference was neglected, and was includg¢) satisfies the following condition:
only in the value of required?,/I, or targetE,/I,.

Rake combing is a unique method of CDMA systems to 5
combat the multipath fading [12], [13]. Various combining S Ella@P1=1 (2)
techniques for Rake receivers were analyzed in a multipath =0
fadi_ng environment [14]. Kchao and Stube_r [15] approximateWhereE[_] denotes the ensemble average. The resolved path
derived the area averaged BER of a single cell system {Qny 5 time delay of; represents a group of unresolvable paths
three different combining techniques in a multipath fad'nﬂaving time delays over the intervd — 7./2, 7 + T./2].
environment. They also considered a multiple cell environmell\t !

: X ssuming a wide sense stationary uncorrelated scattering
where the base station (BS) was assumed to receive the Sai\s) channel modei(¢) can be modeled as an indepen-
total average signal power from each mobile station (M

) i nt zero-mean complex Gaussian process due to the central
[16]. Adachi [17] evaluated the achievable BER performangg it theorem. Then,|¢(t)| follows a Rayleigh distribution

for an SIR-based fast TEC SChle”?e ]?”der o multipath lfadigfd|§l(t)|2 is exponentially distributed [19]. Since the fading
environment. However, IS analysis focused on a singie ¢ bximum Doppler frequency can in most practical cases be
system. Adachi [18] also investigated the Rake combing eﬁ%@sumed to be very low compared to the data modulation

ina Imgltlplebcell er:nVIror?lrrjent,f where he usedd I\flo;tg Ca(; mbol rate [17], the time dependency of the path gain is
simulations, but other cell interference was modeled base pped hereafter and the notatigris used instead.

the average interference ratfo(constant value) of the other The multipath fading channel can be characterized by the

cell aln_d thr? fo‘(’j"_” cell. So far, thehmultlplebcell capahuty undefower-delay profile. Two power-delay profiles are assumed in
a multipath fading environment has not been mathematical v aer: uniform and exponential

dealt for an SIR-based fast TPC scheme, mainly because

oo

the fast TPC complicates the analysis due to the interaction 1
between the signal power and the interference from other users I’ 0<lI<L-1fora
and from other paths. Ell&)] = uniform profile
The purpose of this paper is to give a theoretical foundation to (1—e e, 1>0,foran
the possible reverse link capacities of single- and multiple-cell _exponential profile
systems in a multipath fading environment, where the SIR-based ©)

fast TPC is performed perfectly with dd -finger Rake receiver.
The theoretical investigation of the effects of the number of r@ore 7 is the total number of paths in a uniform profile. In

solvable propagation paths and the number of Rake fingers gteqy nonential profileL. is implicitly set at infinity ande is a

given assuming two different multipath Rayleigh fading channglcay factor. If 90% of signal power can be captured on average
models: uniform and exponential power delay profiles. How thg, ;sing from zeroth path to theyg th path,Legy; is equal to
numbers of paths and Rake fingers affect the link capacities9f,,

single- and multiple-cell systems differently is discussed in de-
tail. The effects of the require#l, /I, the processing gain, and

. ! . Ill. RECEIVED SIGNAL POWER AND OTHER CELL
the maximum allowable transmit power of an MS are also dis- c SiG PO © C

cussed in this paper. In addition, antenna diversity reception is INTERFERENCE
investigated. It is assumed that multipath fading has no effect on the base
station (BS) selection because a home BS is selected based on
II. M ULTIPATH FADING CHANNEL MODEL a short-term average signal power level, i.e., the instantaneous

) o power variation due to multipath fading is removed and only
Due to the reflection by obstacles such as buildings, there i@ influence of shadowing and distance-dependent path loss re-
many propagation paths with different delays and different aains (hereafter, unless otherwise stated, the term “short-term
plltUQes. The multipath fadlr_lg is (_:alled freque_zncy_ selective éfverage" is dropped for simplicity). In [9]-[11], the relation be-
multiple resolvable paths exist. It is assumed in this paper hgleen the received signal power and the other cell interference
eac_h resolvab_le propagati_on path suffers from the same.attﬁ,la-S derived for a given required, /I, (the impact of multipath
uation according to the distance and the same shadowingsf\ing on other cell interference was neglected and was only

DS-CDMA receiver can resolve the multipath channel into sejyciuded in the value of requires, /I,). The following were
eral frequency-nonselective paths with discrete delays of a mglke;med:

tiple of chip duration?’,.. The equivalent low-pass impulse re-
sponse of the multipath fading channel between the MS of in-
terest and the BS can be expressed as [15], [17]

1) ideal hexagonal cell structure with a unit cell radius;
2) the zeroth cell of interest and 18 other cells with index
in the first and second tiers;
oo 3) spatially uniform density of usegs= (2N/3+/3), where
_ N is the number of users of each cell;
e, 7) 251 (#)8r =m) @) 4) perfect fast TPC;
5) the best cell site that has the least product of path loss
whereé,(t) and; are the complex-valued path gain and time and shadowing is always selected for each user to com-

=0
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Xk = Ao +..otaM-1 )

Fig. 1. The power levels at an MS, its home BS with an inlleand the zeroth BS if power control is perfect with an idk&lfinger Rake receiver.

municate with (this is equivalent to selection type of softhe valuesM (u, o), A(u, o), andB(u, o) depend only one

handoff);

ando. They can be numerically obtained by considering the first

6) Gaussian model for other cell interference power; henand second tiers. Far = 4 ando = 8 dB, M (4, 8) = 0.659,
the distribution function can be expressed using the meait4, 8) = 0.223, andB(4, 8) = 0.04. The effect of different

and variance.

values ofy, ands can be found in [9].

Let iz be the path-loss exponent and the shadowing follow aNow, let us consider a multipath fading environment. If taking

log-normal process with standard deviatiodB and mean-= 0

into account the ideal fast TPC in a multipath fading environ-

dB. Then, when neglecting the impact of multipath fading, thment, we need to modify (4) and (5), reflecting instantaneous
meanm; and variancer7 of total other cell interference powervariations in the path gains. The BS is assumed to have an ideal

I can be approximated as [9], [10]

mr ~M(p, o)E[S]N (4)
o7 #{A(u, 0)E[S®] = B, 0)E*[S}N (%)
where
E[] ensemble operation;

S received power.
M(p, o), A(p, o), andB(pu, o) are given by

. H
M o) =l me00r [ <_k) @
To

10p In(10)
| == logyo(1o/7) — V202 — | p' dA
<\/@ Og10(70/7k) a 10 P d

. 2u
A, o) = el m10)/3)° / / <& ) o
To

10p ln(10)
. log,o(ro/T1) — V202 ' dA
<\/F Og10(7 /7k) o 5 P d

L\ 2
B _ ,2{c In(10)/10}? // Tk 2
(n, o) =e o

10 In(10
. <\/ﬁ log,o(re/r) — V207 %) o dA.

ry is the distance from an MS to thigh BS.p’ and®(x) are
expressed as

P =p/N
1 [
O(x) = — V2 gy,
(@) \/ZW/,OOG v

Rake receiver with\/-finger, whereM is less than or equal to
L for a uniform profile. Fig. 1 shows the instantaneous power
levels atan MS, its home BS indexkdand zeroth BS. Let;,
= |&x|* denote the squared path gain of fitepath to thesth
BS. a;()s are exponentially distributed and mutually indepen-
dent for different! and k&, whose means are determined only
by the path indexX. Without fast TPC, the instantaneous signal
power Pg received at antenna can be represented as
P = Ppr—#10%/10 [aoy + -+ apm +-+-]  (6)
wherePr denotes the transmitted signal power from an MS. The
terms in square brackets denote the power variation due to mul-
tipath fading. The receiver just collects the instantaneous power
from M paths by Rake combining. Therefore, the instantaneous
received signal powePr_r.i. after Rake combining becomes
JBR, Rake = Prr—#108+/10 [aoy + -+ +ap—1im] - (7)
Assuming perfect TPC, the transmit power is controlled so that
the instantaneous received signal power becomes the minimum

power levelS satisfying the received’, /1, = the target value.
Hence

Prrr10%/10 [0y + +an—1m] =5 ®)
and Py is now given by
~ S 1
Pr=——— (9)

7,;H105k/10 X—k
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10 T T T T
8 - O L{Loow) =2 I
0O L(Lew)=4
X L{Loow) =8
Solid fine : Uniform profile
6 L Dotted line : Exponential profile i
3
g
4 .
2 e B e =
T TSy T e e,
Uniform profile
0 { 1 | |
0 2 4 6 10
Number of fingers (M)
Fig. 2. E[1/X] for various values of (or Lgg,) andM for uniform and exponential profiledoe; = 2.3/¢).
where total other cell interference powéris the sum of (14) associ-
A ated with all users communicating with thih BS for allk > 0.
Xy = aoy + + ap—10)- (10) ' Hence, the meam; and variance? of the total other cell inter-
. . . ference power in a multipath fading environment can be modi-
Substitution of (9) into (6) gives ) P P g
fied as
—~ a]\l(k) + P
Pr=S|1+—+——]. 11 1
R [ + - } AL o ~ My, 0)E[S|E [ﬂ N (15)

Since the instantaneous power transmitted from the MS suf- 1
fers both path loss and multipath fading, the instantaneous in-o7 ~ {A(u, o)E[S?] — B(u, o) E*[S]} E? [Y} N. (16)
terference powef;. from an MS that belongs to thigh BS to

the zeroth BS can be expressed as my ando? largely depend oit,, M, and power delay profile. It

- e 1 /106/10 should be pointed out that compared with the case of no multi-
Iy =S <10£75/10> X, < ) 0 path fading or neglecting the multipath fading effect [see (4) and
f § (5)], m; ando; always become larger by a factor Bf1/X].
= Y <7_k> 1060 —&x)/10 (12) Hence, the link capacity becomes smaller when the multipath
To fading exists due to increased other cell interference with fast
thPC. This was first indicated by Adacet al.in [23].
X is the sum ofM exponentially distributed random vari-
ables. For a uniform profileX is the sum ofM statistically
> independent and identically distributed random variables and
Yo = Z @1(0)- (13) thereby has an Erlang distribution [20]
=0

7

whereY represents the effect of multipath fading to the zero
BS and is given by

M
SinceY is independent fronk(;, and its expectatio[Yy] is Fylz) = L
equal to one from (2), thehort-term aveageinterference power (M —1)!
I, becomes

sM=tem by (g) a7)

whereU () is the step function. In this casB[1/X] is given by

1 N ~
I, =SE {—} <_> 108 —€x)/10 (14)
o b P} - M =2 (18)

X M-1
SinceX} isindependent df, X is used instead for simplicity.
As mentioned in Section I, multipath fading is assumed to ha@n the other hand, for an exponential profifg]1/X] can be
no effect on the BS selection. MoreovEp, and X depend only obtained numerically. Fig. 2 shows the value Bf1/X] for
on the type of power delay profile and the number of Rake fivarious values ofL. (or Lggy,) and M for both profiles. For
gers. They are independent of the location of an MS (i.e., whidid = 1, E[1/X] becomes infinite irrespective of power-delay
MS transmits the signal and which BS receives the signal). Theofile shape. IfM is equal toL (or Lggy) for M > 2, the
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value of E[1/X] is smaller for a uniform profile than for an B. Obtainingm; and %

exponential profile because 10% power cannot be capturedry, target value oF, /I, is set atyo,
on average for an exponential profile. Fbr(Lgoy) = 8, the
value of E[1/X] is greatly reduced by increasirdg from one
to four, but the reduction is almost saturatedAdsincreases

andS$ is the minimum
power level satisfying=, /I, = ~o, as defined in (8). Thery
can be expressed as

beyond four. 6 I+3
N-1 oo

3 G 1 (n)

5~ N-FE Z (n)zaz(O)
IV. COMPUTATION PROCEDURE FORREVERSELINK CAPACITY 270 —0Xo" S
A. Expression foF, /I, After Rake Combining A I+ % 22)

Assuming an ideal Rake combiner witli-finger, theE, /I, 3 g — N(1+ D)

of the zeroth MS of the zeroth cell is the sum of thg/I, of 270

each path and can be expressed as [15], [17] ] ) (n) )
Slnceal(o), I > M,andX; " are mutually independent? can

be expressed as

M-1
L E
P> <Tb> (19) (n)
o m=0 o/ m D= i E al(O) A E i D (23)
- =M X(gn) - X "
where(E; /1,)., is the E, /I, of mth path. Since all users’ re- B
ceived signals on the reverse link are time asynchronous gt} the uniform profileD, is given by
the time delay; of thelth path varies( £, /1,,),, is given, from
(11), by [9], [10] A = 1
D, = Y Elajy| = (L -M) ¢ (24)
=M
@
Gs and for the exponential profile
<@) A X((JO) p p
L m 2 D, = e M, (25)

+1,41

0
n=01=0 XO Xé )

&) o
31°F 2.0 )

Since we are assuming that the distribution of the total other
(20)  cell interference powef is Gaussian, the probability density
function of I can be expressed as
with G being the processing gain definedi&g R, whereW is

the spreading code chip rate afids the information data rate, fi(z) = 1 exp [_ (z — mI)Q} ' (26)
and! being the total other cell interference power. The factor 2/3 V2mog 207

in the denominator of (20) is due to the assumption of square )
chip pulse. The first term insidg} of the denominator is the Using (26),£[S] and E[S7] can be calculated from
own cell interference. In (20), the signal power and interference 5
. . x _l’_ 2
power have been_normallzed _by the background noise power E[S] = / = 2 file) dx 27)
n,W, wheren, /2 is the two-sided background noise power 2eQ §_ — N(1+D)
spectrum density [thus§ and I are now the signal-to-noise 2 o
power ratio (SNR) and the interference-to-noise power ratio 2
/JJCSZ (

(INR) at the receiver input, respectively{L’é") representsy o423
of thenth MS and are statistically independent and identically E[S% = 30 2 fi(z) dz (28)
distributed random variablas%) denotes the squared path gain 5 T N(1+ D)
of thelth path from thexth MS of the zeroth cell, and its distri- 70
bution depends only on the path index\/ paths are selected \here
to have the highest power on average.
For a large number of usersgg)o in the denominator has

a negligible impact and can be omitted. Hence, substitution of 0=1Jd2lr>0ando < v+ 3 <3S
(20) into (19) yields = 3G N+ D) max
2 v
B, GS ) ] ] ]
7~ ) NI, = . andSy,.x is the allowable maximum SNR. It is very important
Z!NS+SE Z Za%)) +I1% 41 that the received SNR be limited I$,., in an SIR-based fa_st _
3 =0 Xé") = TPC system because the system can only be stable by this lim-
(21) itation.
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The calculation steps for.y anda? are as follows. TABLE |
1) Calculate D from (23)—(25) and check ifi + D < SYSTEM PARAMETERS
(3/2)(G/~0)(1/N) for a givenN. R 32 kbps
2) Setm; ando? at zeros. W 4.096 Mcps
3) CalculateE[S] and E[S?] from (27) and (28). v | 1.92 (2.84 dB)
4) Calculatern; ando? from (15) and (16). ‘j;'ax %‘é’f
5) Repeat steps 3) and 4) until the differences between old :‘“ 7
and new values of:; ando? are within a given bound. po 2 dB
For numerical examples, the differences are set to be less
than 1%.

wherel, ...« represents the allowable maximum value of inter-

C. Capacity Computation ference plus background noise ahd..x/7, > 1. Hence, we

. obtain for a multiple cell
The outage probability can be expressed as

Pr{o S S S Smax}

Pout =1- Pr{o S S S Smax}- (29) I 3
Lo (30 314 ) = 3
From (22), Pf0 < S < Spax} can be obtained by = fle p-
Pr{o S S S Smax} m
) <_—I> (35)
I+ o1
=Pr<o S 3G S SmaX7 1 2 0 (30) .
S N(1+ D) and for a single cell
0
3G 3 3G Mo
:Pr{OSISSmaX<———N(1+D)>——} §_<1_1 )
2 Yo 2 N = Yo 0, max ] (36)
3@ 3 1+D
Sma.x<___N(1+D)>___mI . . . .
— & 2 v Equation (35) is used to compute the capacity of a multiple-cell
or system. Equation (36) represents the capacity of a single-cell
system. Asl, ..ax/7, iNcreases, the link approaches the inter-
my ference-limited condition.
-®(-——1. (31)
or

V. NUMERICAL EXAMPLES

_System capacity can now be obtained in terms of the admis—rape | shows the system parameters, which are based on the
sible number of users keeping outage probability less than Qfecification of IMT-2000 systems. For the numerical computa-
equal to a threshold. This threshold can be denoted as the max; of the link capacity, thé, /I, target is necessary. To obtain
imum allowable outage probability, which is set at 0.01 for m{heEb/Io target for acquiring BER= 103, an SIR-based fast
merical examples in this paper. _ _power-controlled reverse link with convolutional coding of rate

As a special case, let us consider a single-cell system. SinGg o interleaving length of 10 ms was computer simulated in
there is no other cell interference, the link capacity can be dj-gayjeigh fading environment with Vehicular-B power-delay
rectly obtained from (22) and is given by profile [22]. It was found from our computer simulation that an

L, /1, target valuey, = 2.84 dB is required to achieve BER

3 <§ _ 1 ) = 1073, Propagation parametetis= 4 ando = 8 dB are as-
N = M_ (32) sumed. These parameters are used in this paper unless otherwise
1+ D stated.

For a uniform profile and wheh = M, D, = 0 from (22) and A single-Cell Case

henceD = 0. Therefore . . . L .
Fig. 3 shows the link capacity for both profiles in a single-cell

3/G 1 environment for varying the values df(or Lgge;) andM . When
5 < ) (33) Mmis equal toL for a uniform profile, link capacity is the same
irrespective ofL. because) = 0 and! = 0 always in (22). For

Useful alternative expressions to (31)—(33) are given belo@? exponential profile, the capacity becomes zerdfo«= 1 be-
Since Syux is the maximum allowable SNR at the receivefause of the impact of the infinite value 8f1/X]on D (D # 0
input, we have in this case). Fon/ > 2, the capacity ai = Lgqy, increases

asLgyoy, increases due to the reductionfinand £[1/X]. When
1 By max Y0 o, max M = L (or Lygy) = 8, the capacity for an exponential pro-
Smax = G Mo - a o (34) file is approximately 87% of the capacity for a uniform profile.

Yo S max
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Fig. 4. The link capacity for various values Hfand M for a uniform profile in a multiple-cell environment.

To achieve the same amount of capacity for a uniform profil8, Multiple-Cell Case

more than Zggy, Rake fingers are required for an exponential rig 4 shows the link capacity for a uniform profile in a mul-

profile. According to the profiles, different trends are observqpp|e_ce|| environment. As shown in (15) and (16), the mean

by varying the value of\/ for the same value oL (or Loo%).  and the variance of total other cell interference depend on the
For an exponential profile, since additional power to be capymberis of Rake fingers. Fod/ = 1, the infinite value of

tured becqmgs smaller by adding a path with qlonger path de'@(i/X] causes the link capacity to be zero even whén= L
the capacity increase tends to be saturateti/a@screases. On pocqse the other cell interference power becomes infinite. As
the other hand, the same power can be captured on averaggfje paths are used for a Rake receiver, the valug[of X]
each path for a uniform profile. Hence, the capacity tends t0 igs, pe reduced but saturated, as shown in Fig. 2. Therefore, for
crease linearly a3/ increases. Itis interesting to note that the ; _ ; 457 increases. the capacity can be increased but sat-

single-cell capacity fo/ = L for a uniform profile is the same \, e and approaches more closely to the capacity of the case
as the capacity when the impact of multipath fading is ignoregy,on, the impact of fading is neglected. Fdr= L = 8, the ca-

which can be easily expected from (22)—(24). pacity is approximately 57% of the single-cell capacity. (It was
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Fig. 5. The link capacity for various values bfo» and M for an exponential profile in a multiple-cell environment.

found that the multiple-cell capacity is approximately 60% of TABLE I

the single-cell capacity when neglecting the impact of the mu|_THE SYSTEM CAPACITIES IN SINGLE- AND MULTIPLE-CELL ENVIROMNENTS
. . . . WHEN M = L FOR A UNIFORM PROFILE

tipath fading on fast TPC [9], [10]. This agrees with our numer-

ical result.) L 1 2 4 8
Fig. 5 shows the capacity for an exponential profile in a mul- Single [ 0.77 | 0.77 | 0.77 | 0.77

tiple-cell environment. Similar trends as in a single-cell environ- l&uizm%e 0.0 { 033 | 041 | 044

mentcan be observedforasame valubgf; . The capacityinthe ﬁé‘-’e—e 0% | 43% | 53% | 57 %

case ofM = Lggy, = 8is approximately 57% of the single-cell
capacity (see Fig. 4) and is approximately 86% of that for a uni-
form profile (see Fig. 4). Itis found that multiple-cell capacities

inthis paper for both uniform and exponential profiles are mostly TABLE Il
consistent with the previous simulation results in [18]. SYSTEM CAPACITIES IN SINGLE- AND MULTIPLE-CELL ENVIROMENTS WHEN
M = Lggy FOR AN EXPONENTIAL PROFILE
C. Comparison Between Single and Multiple-Cell Cases Looy 1 2 4 8
The multiple-cell capacity has a different trend from the I\/iijxl]tgilie 8‘8 82? g‘gg g'g;
single-cell capacity according to the numbers of paths and Tt 44 o 52‘ ” 57’ %
fingers. Table 1l compares the system capacities for various Singfe — 0 0 0

numbers of paths when/ = L for a uniform profile. The
multiple-cell capacity becomes zero wh&h = 1, as indicated ) o
in the previous subsection. Thus, whén= 1, intentionally derstood that from (33), the link capacity is inversely propor-
added multipaths or antenna diversity reception should Bgnalt0o. Since the effecti’s, on link capacity is negligible,
used to avoid null capacity, which occurs because the value!B$ effect of can be estimated from these results. Doubling the
E[1/X] becomes infinite and therefore, the other cell interfe}/alué 0fyo is equivalent to decreasing the valuecoby half in
ence power becomes infinite, as mentioned in Section Vv-BeW of link capacity.
The effect of antenna diversity reception will be investigated
in the following section.

Table Il shows a different trend of single-cell capacity fo”:"
the case of exponential profile whéd = Lgge. Unlike the . . -
case of uniform profile, single-cell capacity is also influencecg] Sa far, only the received pawer is assumed to be limited and

: . - the transmit power of an MS is assumed to be infinite. In a
by E[1/X], which has already been illustrated in Fig. 3. : : S
y E[1/X] y g practical system, the transmit power is limited. Below, the SNR

equivalent to the maximum transmit power is assumed to be 130

dB. Then, the link capacity varies according to the coverage size
Fig. 6 investigates the effect f, where the single- and mul- of each BS (or cell size). For example, let us consider a special

tiple-cell capacities are obtained for both profiles. It can be unase wherél/ = L for a uniform profile in a single-cell envi-

Impact of the Transmit Power Limitation

D. Impact of the Target Valug, of Fast TPC
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Fig. 6. The link capacity for varying the value ¢f for M = L (or Lgox).

ronment. Sinced) = I = 0 and from (9) and (22), the instanta-zero if L = 1, as discussed in the previous section. This is also
neous transmit SNR at an MS can be expressed as true for the exponential profile. To avoid this situation, we need
to adopt antenna diversity in the multiple-cell system using a
narrow-band CDMA, where the number of resolvable paths is
1 1 (37) one at a high probability.
r—r108/10 X7
0 A. Received Signal Power and Other Cell Interference

Pr=

| Qs

3
2

2

Assuming a circular cell with a radius &fand a uniform distri- ~ YWhen J-branch antenna diversity is used, number of

bution of users for simplicity, the link capacity can be expresséd-finger Rake combiner outputs, each associated with
by different antennas, are just combined (this is equivalent to

JM-finger Rake receiver). It can be understood from this
) R ) observation that whed-branch antenna diversity is used, the
Capacity= /0 (link capacity when users are located-at  jnstantaneous transmit power is expressed by (9) by replacing

2y X, with
Y] dT
. TR R J-1M-1
. I
2 / C. 2 dr (38) Xi= 20> ama (39)
0 R 7=0 m=0

whereC.,. can be obtained as the maximum valudo$atisfying wherea; () is the square path gain of tketh path to thekth
BS experienced on thgh antenna. The instantaneous received

Pr{ﬁT > 130 dB} = 0.01. signal power on thgth antenna, corresponding to (11), is ex-
pressed as
Fig. 7 shows the link capacity for various values of the cell size
R and the number of pathis The link capacity largely depends Pg =5 Lé (40)

on the distance and drastically varies in the rangé ef 4. If X,

the transmit power of an MS is limited in an SIR-based fast TPC

system, the user around the cell boundary cannot meet thevyg_ere

quiredE, /I, more frequently than the user near the BS receiver. A

Therefore, as the cell becomes larger, the total link capacity re- Yy = Z a;.1(0)- (41)
=0

duces when the transmit power of an MS is limited.

SinceYj is independent o}, and its expectatio®[Yj] = 1,

the meann; and variance? of the total other cell interference
Let us consider a uniform profile. Sindd < L andE[1/X] powerina multipath fading environment with antenna diversity

= L/(M — 1) from (18), the value of [LX] becomes infinite reception are obtained from (15) and (16), respectively, by re-

if L = 1. This means that the multiple-cell capacity becomgsdacing X with (39).

VI. ANTENNA DIVERSITY RECEPTION
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Fig. 8. The link capacity for varying the value dffor M = L (or Lgox) = 4.

Let us obtainE[1/X’] for the case of uniform profile. For From (43), even whed/ = L = 1, E[1/X’] does not become
J uncorrelated antennas (i.e.; (xS are mutually indepen- infinite if / > 2. Furthermore, whed/ = L, E[1/X'] be-
dent for differentj andm), fx-(z) is obtained by simply letting comes
M — JM in (17) and is given by

1 1
L7V 1 I E|=— - for large L.
fxor(z) = 1) 1),xm Le MU (). (42) [X,} -5 9
Thus, we can obtain This means that the average interference power can be reduced
by a factor of.J, thereby increasing the capacifytimes. For
1] L 43 the exponential profile, the value #[1/X’] can be obtained
x| TM-—-1" (43) numerically.
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B. Capacity Computation
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is the same for alf andn. Hence, from

TheFE, /I, ofthe zeroth MS of the zeroth cell is the sum of the

L, /1, of each path for all antennas. Corresponding expressions

to (19) and (20) are given by

J—
>

x ()

] B Y = Mt (A
3=0 (n) (n)
% ZXJ '(0) ZXJ '(0)
o 3'=0
J-1M-1
— Z <@) (44) we obtain
j=0 m=0 L J,m
(%)
o/ im X,(")
” [ E |20 for all . (50)
%5, m(0) "(n)
R GS Xf(o) . OXJ’(O)
= ]’:
o™ o)
2 m
Z J’,I(O) AL +Ip+1 As a consequence, (47) becomes
=01=0 X ™ XO(O)
45 E GS
(45) LS (51)
¢ {SN<J+D’>+I}+1
where
J—1M-1 The target value of2, /1, is set atyp, and S is the minimum
X = => Z a; m(o) (46) power level satisfying, /1, = 7o, as defined in (8). Thes

7=0 m=0

can be expressed as

For a large number of users:,E )l(o) in the denominator g I+3 50
of (45) has a negllglble impact and can be omitted. Since T 33 1 ) (52)
EX72, J 1(0 /X (")] is independent of. and 7, (44) can be 29 N <j - D)
approximate
which corresponds to (22) of no antenna diversity case.
L, GS Using the same procedure described in Section 1V, the values
N7 o () 47 of m 7 ando? are obtained. Finally, the outage probability can
© o 2)onE Za,l(o) be calculated from
= +1,+1
3 X’(")
=00
Pout =1- Pr{o < S < Smax}
: =) n M—-1 (n (a9} n .
SmmZIOE%Y_ZIOa%@+ZhMé&mmmam9

x () _

X0y = s a("l)(o), we obtain

ol
%j,100)

2>
=0

where D' =

Furthermore, sinc&’, EO))sfor‘; =0,1,
independent

J(O)
E J—

ZE:;X;(Z%

i'=0
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()
X0y

J—1 +'(n
EJ_O*X()

3'(0)

E[1/X'1D, and D, is given by (24) and (25)
for the uniform proﬂle and the exponential profile, respectively.

+ D

with

Pr{o S S S Smax}
Smax <§ g -N
$

2%
& <_@> ,
or

(48)

(53)

,.JJ — 1 are mutually

In the case of a single-cell system, there is no other cell in-
terference. The link capacity can be directly obtained from (52)

and is given by
3 <§ _ ! )
N 2 Yo Smax

= ST wax/ (54)
_ /
5+ D
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For a uniform profile and whed/ = L, D, = 0 and hence E[1/X]. This can be avoided by using antenna diversity recep-

D’ = 0. Therefore

3(G 1
N=2(Z_ _—\J
2<,70 Smax)

(55)

tion, which was found to linearly increase the link capacity as
the number of antennas increases.

In this paper, the impact of multipath fading during soft
handoff was not considered, which may affégfl/X] and,
accordingly, system performance. This impact is left for further

=J Ny diversity +

study.

The use of antenna diversity increases the capddityes com-
pared to the no antenna diversity case. This is also true in the
multiple-cell case. [1]

(2]

C. Numerical Examples 3]

Fig. 8 shows the single- and multiple-cell capacities for var-
ious values of/ whenM = L (or Lgg) = 4. Both capacities
linearly increase ag increases. Single- and multiple-cell capac-
ities have slightly different trends according to the power-delay [5]
profile. For a single-cell case, from (55), the capacity is exactly
proportional to/ for a uniform profile. On the other hand, for an
exponential profileD’ # 0 and D’ is reduced a¢ increases.
Hence, from (54), the capacity is increased more than.just
times for an exponential profile.

The multiple-cell capacity for an exponential profile is
84~89% of that for a uniform profile; hence, the slopes are
different for uniform and exponential profiles. The percentage
slightly differs according to the numbérof antennas because
of the different impact ofE[1/X’] on D’ and other cell
interference. It slightly increases but saturates/dacreases. [10]
Similar trends are observed for single- and multiple-cell cases[.11

(6]
(7]
(8]

(9]

VII. CONCLUSION [12]

The reverse link capacity was theoretically evaluated for
a CDMA system in a multipath fading environment. Ideal[13]
Rake combining was assumed for a BS receiver, and two
different power-delay profiles were considered for modeling
the multipath fading channel: uniform and exponential profiles[14]
The multiple-cell capacity differs from the single-cell capacity
according to the numbers of resolvable propagation path 5]
and Rake fingers and the power-delay profile. In a single-cel
environment, the link capacity is independent of the number of
pathsL wheni! = L for a uniform profile and is the same as [1€]
neglecting the impact of multipath fading. On the other hand,
the capacity forM = Lgoy, for an exponential profile varies [17]
according taLgqy,. To achieve the same amount of capacity as
that for a uniform profile, more thanl2,+ fingers are required [18]
for an exponential profile. In a multiple-cell environment, the
capacity forM = L (or Lgg) can be increased but saturated [19]
by increasing the number of paths. Whidh = L (or Lgoy)
= 8, the multiple-cell capacity is approximately 57% of the [20]
single-cell capacity for both profiles, and the multiple-cell [21]
capacity for an exponential profile is approximately 86% of
that for a uniform profile. The capacity is found to be inversely
proportional toyy and vary according to the cell size if there is [22]
a limitation on the transmit power of an MS.

When the number of resolvable paths is one or the number of

i ) ; . . 123
Rake fingers is one, the link capacity becomes zero espemalfy
in a multiple-cell environment because of the infinite value of
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