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Forward-Link Capacity of a DS/CDMA System with
Mixed Multirate Sources

Wan Choj Member, IEEEand Jin Young KimMember, IEEE

~ Abstract—Some studies have been done on capacity of a codeand this definition is used to design a call-admission control for
division multiple access (CDMA) system with mixed multirate the given set of capacity lines. The other definition is peak load
sources. However, a vast majority of these studies have CONCeN-that can be supported by the system while maintaining desired

trated on the reverse link. This trend comes from the fact that . . Lo .
the capacity of a CDMA system is reverse-link limited. However, SErVice quality. The latter definition can be used to find Erlang

forward link can be a limiting link because emerging data services Capacity that is used in cell planning and in evaluating capacity
are likely to require higher data rates in the forward link than  expense.
in the reverse link. In this paper, we analyze and simulate the  |n previous research, studies have been done on the capacity

forward-link capacity of a CDMA system with mixed multirate of a CDMA system with mixed multirate sources [3]-[10]. The
sources in a multipath fading channel. The outage probability :

of the forward link is derived for a CDMA system with mixed ErIang capgcity of_the reverse link with mixed multirate sources
multirate sources. By introducing a forward-link power factor, ~Was investigated in [3]-[5]. The maximal number of simulta-

the forward-link Erlang capacity is obtained in a closed form. The neous users of the reverse link with multiclass traffic was studied
forward-link capacity is analyzed in terms of the number of multi- i [6]—[8]. However, these studies have concentrated on the re-
paths, the number of rake fingers in a mobile station, closed-l00p \qqg jink. This trend comes from the fact that the capacity of

power control, and impact of soft handoff. The results in this paper . . .
can be applied to overall system design of a CDMA system with & CDMA system is reverse-link limited. However, forward link

multimedia services in future mobile communication systems. can be a limiting link because emerging data services are likely
Index Terms—DPirect sequence code division multiple access to requ_'re higher data rgtes In thg forward link than in thel re-
(DS/ICDMA), forward-link capacity, multirate sources. verse link. The forward-link capacity of a CDMA system with

mixed multirate sources was studied in [9] and [10]. However,
these studies are based on the computer simulation rather than
mathematical analysis. So far, there have been few studies to de-
EMAND for wireless communications and internet applirive the forward-link capacity of a CDMA system with mixed
cations is continuously growing. These days, the majoritpultirate sources in a closed form.

of internet services are provided via wireline. It is expected In this paper, the forward-link capacity of the CDMA system
that Internet service via wireless medium will dramatically inwith mixed multirate sources is analyzed and simulated in a
crease in the near future. Existing code division multiple agaultipath fading channel. By introducing a forward-link power
cess (CDMA) cellular systems are designed to support for voitaetor, the forward-link Erlang capacity and outage probability
and low-speed data services, but not for high-rate data serviseobtained in a closed form. The forward-link capacity is ana-
A recently evolved and implemented CDMA standard, 1S-958zed in terms of the number of multipaths, the number of rake
[1], can support up to 115.2-kb/s data service by using multigli@gers in a mobile station, closed-loop power control, and im-
code. In the 1S-95B system, up to eight codes can be assigpadt of soft handoff.
to a single data service user for higher rate transmission, and he rest of this paper is organized as follows. Data traffic and
a fundamental code channel must remain assigned to the datarference models are described in Section Il. Forward-link
service user for entire call duration even though the data settage probability and Erlang capacity are derived in Sec-
vice user has nothing to transmit/receive. However, the 1S-95Bn 1ll. Numerical results are presented in Section IV, and
system is not sufficient to cover emerging data services in terg@nclusions are drawn in Section V.
of spectrum and coverage efficiency. Therefore, third-genera-
tion wireless systems such as international mobile telecommu-
nications—2000, having the ability to support high-rate data Il. SYSTEM MODEL
?e.rwces with h|gh spectrum efficiency and high coverage e'&-. Data Traffic Model
iciency, are considered [2].

The capacity of a system can be defined in several ways. Itdn the source level, data traffic is commonly modeled as an
typical meaning is the maximal number of simultaneous usesy\—OFFsource [11]. This model basically consists of two major

sets of parameters: 1) distributions @f—oFF periods and 2)
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Data Call Duration {Holding Time)

# A data call consists of avg. m sessions
# Average number of sessions is m
- for @ web browsing service, a session means a web page processing period

# |die time means the duration between sessions. typically we assume nearly zero.
# Average file size for a session is different as service classes.

- for a web browsing service avg. file size for a session is 13.9 Kbyte. { total data amount during a call = 13. Kbyte x m (avg. number of session)
% A session consists of burst transmission durations {on periods) and dormant durations {off periods)
# Dormant duration means the duration not in active state.

- for a web browsing service, total off periods during a session (a web page) are 10.5 seconds and this is for think time
# Data to be transmitted for a session { = avg. file size for a session} are transmitted during several burst transmission periods (on periods)
¥ Data calls arrives with Poisson distribution
# The amount of data during an on period depends on the call admission aigorithm.

Fig. 1. Data traffic model.

sources could have infinite variance, as opposed to the finig, depends on file size to be transmitted during the session and
variance assumption in the traditional traffic model [12]. the transmission rate, whilg,g is related to the human—-com-
A heavy-tailed distribution with infinite variance calledputer interaction and server response time.
Pareto distributionis known to match well with the actual data
traffic measurements in the application, the source, and tRe Interference Model
aggregate levels. Recent traffic measurements show that th@ath loss between a mobile station (MS) and it base
holding time of a data service user (i.e., data call duration) catation (BS) is given by
also be modeled by a heavy-tail distribution (such as Pareto

distribution), and the arrival of data call remains Poisson L, = D;f - 10%m/10 (3a)
[i.e., the interarrival time (idle time) can be modeled by an =D xm (3b)
exponential distribution]. The probability density function
(pdf) of a Pareto distribution is given by where
e D, distance between theth BS and the MS;
f@) = W (2) l path-loss exponent (typically three to four);

&n  Gaussian distributed random variable with zero mean
where expectation of the Pareto distribution is giver/ij¥] = and standard deviation (std), representing shadow
B/ —1). fading.

The Pareto distribution has two parameterand 3. The « Xm lognormally distributed random variable.

represents “heaviness” of the tail of distribution. When the Typically, theo is between 6-10 dB for the signals from ad-

is closer to one, the distribution tail becomes heavier and ti#gent BSs and 2-2.5 dB for the signals from home BS when

traffic becomes more bursty. Once a suitable value fortfie Cclosed-loop fast power control is employed [13]-{15].

selected according to the data characteristic/Alvan then be N our system model, the following assumptions are made:

set based on the mean of the distribution. If thés between 1) K multiple cells are uniformly loaded;

one and two, the variance of distribution becomes infinity. The 2) cell pattern is hexagonal,

variance becomes finite if the is two or above. 3) data service users are classified iftb classes in each
The data traffic can be characterized by an activity factor that ~ cell;

is defined as a duty cycle (percentage of time in which the user4) €ach MS receiveg multipath rays from each BS;

receives/transmits information during his call duration). From 5) full orthogonality in forward-link code channels is not

the data traffic pattern, as shown in Fig. 1, the activity faptor guaranteed because of multipath;
can be obtained as 6) the receiver of MS hag’(0) rake receivers.

Toctive oding £ Then, the intracell interference power on tfta finger of the
active_ho 1ng_ L11me

Pd = (2a) MSis given by
ﬂlolding_til1le
E]VTOII 2b J
= SnTom T SN (2b) Le=Ya™ (1=4 ;) Py- Lo (4a)
n=1
~ —E[Ton] (2¢c) n#
E[Tog] + ETon] — (1 _ a(j)) (L= i) Po- Lo (4b)
where
N average number of sessions per a data call; where
T,, duration of transmitting data; o) power portion of the jth multipath so that
T.x time when there is no data transmission; E}]=1 al) =1,

E[-] expectatation value. ) fraction of BS power assigned to traffic channels;
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i relative power for théth user;
Py total transmited signal power from home BS.
The intercell interference power from adjacent BSs to the M

is given by
K J /
= Z Z a™ . P - Ly, (5a) 8S 6
k=1n=1
K BS 8
~Y P L (5b) R l
” 8 I BS 8
whereP,, is the total transmitted signal power from thi BS. / ‘ ‘
Then, the received, /N, at the MS is given by (6a) and (6b), BS9 8 .
shown at the bottom of the page, where
W spreading bandwidth; 8S 11
R data rate, o BS 5
Loc Zg 127{ 1a(n) b - Lk; S
Isc Z” 1 a(n) (1 - r‘/jd)) LO
The transmitted signal power of a BS is actually a functio
of the number of ongoing calls served by the BS and thus, ge
erally, can be modeled as a random variable. However, in tt
paper, we assumed that all BSs are accomodating maximal «
going calls and transmitting signals at full power level. This cor— o _ o
responds to the worst case condition. Fig. 2. Forward-link interference model when mobile station is at cell

boundary.

[Il. FORWARD LINK CAPACITY 5 _
Yroa Xk (270 + (2633) 7 3 Xk
Xo

In this section, we derive forward-link outage probability and =
evaluate the capacity. The background noise is negligible com-
pared to the total signal power. Hence, from (6a) and (6b), the
receivedE, /N, at the MS is given by

(8¢)

whereDy, is the distance from thkth BS to the MS and;, is
70) ’ a lognormal random variable representing shadow fading from
W ¢i - a9 5 thekth BS. Since the sum of lognormal random variables can be
7 Z Loe | (1 _ a(j)) (A=) () approximated as a lognormal random variable [12],h¢ S,
j=L S ’ can be approximated as a lognormal random variable with a
ean dB valuern, and a standard deviation of dB valug
refer to Appendix A).
Sincey - ¢; < 1, the received?, /N, of (7) can be approx-

whereSy (=F, - Lo) denotes total received power at the M
from home BS.
As shown in Fig. 2, in the worst case, i.e., the MS is at ceII

boundary, the ratio of intercell interference power to received ated as
power at the MS from the home BS is given by 7(0)
W P (/)z a(J) 9)
Le P L LT —a)’
e SN RN (8a) =t
So = Fo-Lo
u From (9), we can find that the receivdd, /N, at the MS is
= <D_ Xk (8b) different according to data rafe and relative power for théth
P D, X0 user¢;. If the d;, i« = 1,..., M, denotes data service class,
J'(0 -
4 © ;a9 Py Ly (62)
R = Elﬁ:l ;{:1 ™) - Py Ly + EJQ o) - (1 —p¢;) - Py - Lo+ N,W
J © a9 P L
Z P-di«a 0" L0 (6b)

Ioc + Isc + N,W
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then the received’, /N, of voice usekl; -class data service userB. No Multipath (Only a Direct Path) Case

+» anddy,-class data service user are as follows: We assume that there is no multipath component, that is, only

a direct path exists. Sincg(0) = 1 anda?) = 1 for this case,

b Wep P . ) (10) o ) plh) in (13)—(15) are modified, respectively,
R, ~ L2t (1-al) as follows: o .
O () W) _Jv M e T
Vi, R —— Wz/) M (11) Pi Wap So Wap Yi (17)
bR o g (1-al) g = Ja By Lo v By (18)

W J'(0) (dar) () 0

A S ey (12) gl = Y Barg Loo _ vaw Ray g
Ray = &+ (1-al) i Wi So Wi ’

wherey; (=1,./50) is lognormally distributed random variable
with mean dB valuen,, and standard deviation of dB valug.

A. Outage Probability From (17)—(19), the outage probability is derived as

We assume that there afg, voice usersKy, d;-class data

service users..., and K,, dy-class data service users in P (b) fyledl
a cell. We also assume théf,, Ky, ,..., Ky, , are Poisson *out Z
random variables with call arrival rates,, Ay, , ..., Aq,,, re
i i _ K
s_pectlvely, and average call duratiQns e, , - - - , ta,, , FESPEC 1 (d1 WM Ry, Ky, @), ¥
tively. X Z 0; 4W 0; My >
In (11) and (12), the relative power for thith user being i=1 K
served is given by (20a)
2
J'(0) ) =Pr |:Z =27, + Zd1 ot ZdM > %:| (ZOb)
(v _ i 13
i Wz/) Z Ioc + a(,)) (13)

whereZ, = v Ro/W 1% 081, Za, = va, Ra, /W 314
J(o) (dl)m andZd\,_fyd\,Rd\,/WE “ (d“)uz, respec-

(di) _ rydl Rdl 14
¢; /Z IOC+ 1_@(})) (14) tively.

Sincey; (i = 1,2,...,k,, or Ky, or ... Ky, ) are inde-
R J’(0) pendent identically distributed lognormal random variables, we
d)gdm) _ ’de/%/v dr / Z — 5 (15) can approxi.mateZ,,.,Zdl,_.'..,sz as lognormally distri'buted.
¥ j=1 5o + -« ) random variables conditioned on the number of active voice

and data service users, respectively [16]. The random variable
For the worst case that all the MSs are at the cell boundagy,= 7, + Z,, +-- -+ Z,,, can be approximated as a lognormal
now we introduce an average forward-link power facfoin random variable. It is well known that the lognormal approxi-
order to take into account the fact that most of the MSs angation is more accurate than Gaussian approximation when the
not located at the cell boundary. If all the MSs are uniformigumber of users is small. The mean and varianc& ean be
distributed at each cell, and fourth power law and perfect powedtained from [4]

control are applied, the is about 0.4 (refer to Appendix B). . R.
The average forward-link traffic channel power is abgptitnes E[Z] = LW = v f(my,0y)
the traffic channel power needed to serve the MS at the cell v - Ry
boundary. Then, outage probability is given by (16a)—(16c), + # “dy - f(my, oy)
shown at the bottom of the page, where’ denotes activity Ya,, - Ra,,
factor of service clasé). o T f(my,0y) (21)
Kg, Isi
Pot = Pr Zpﬁ Ve 4 Z (gl Z N S| (16a)
=1
r Kg, Isi 1
. (W) () (d1) | () (dar) | (dar)
= Pr pi P D ey pi P > — (16b)
[ 2 > n
[ 1
=Pr|Z > —} (16c)
L n
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Yo - Ru

2
Var(Z) = <—) v-h(my,oy)
w y The outage probability cannot be obtained in a closed form
+ <’Vd1 'Rd1> dy - h(my,oy) for the case with multipath components. So, we employ Cher-
w yry noff bound on the outage probability of (16). Then, the outage
probability is bounded by

C. Multipath Case

Vdy - Ba ?
IS <W) ~dyg - h(my,0y)

(22) K. R
P,y < E |exp Z s - pgv) . 77' Y
where f(a,b) = exp{Ba + #*b?/2}, 3 = In(10)/10, and i=1
h(a,b) = exp{2Ba + 3262} - (exp{3*b?} — 1). Ka, R
Then, the outage probability in (20b) can be derived as + Z s- p§d1> . % Y
=1
I(dM R r(/}
Poy = Pr [Z:ln(Z) sl K, Ky,  Kq, tot Y s pi '”Td Y—s
n i=1
- Pr [K”’Kdl’”.’f{(fii]> N (233) (26)
_(PuAu(1tg) | Pdy d 9 FPdar Ty g
| (et )
y i (po - Au(1+9g)/p10)" whereY is defined by
= v!
= (pay Ay (1+ 9)/pa)™ 70 ©)
X Z I y — IO‘—() (27a)
=0 j=1 &+ (1-al))
S o (/e - P12 7 .
= _ (27b)

dar=0 Var(Z) — L (IOC)JF(L__l)

J
du ,

. (de i )\dI\/I(]‘ +'g)/ I’LdI\/I) (23b) J'(0) 1

—1 Yy

where Z denotesln(Z) and is a Gaussian random variable
with mean E[Z] and varianceVar(Z). Equation (23b) fol- Since (1,./So) is a lognormal random variable with mean
lows from the fact that the number of active voice usedB value m, and standard deviation of dB value,,

K, and the data service useis,,,..., Ky, are Poisson (1/a¥)(I,./So) is also a lognormal random variable with
distributions with meam,A,(1 + ¢)/1, andpg, Ag, (1 +g)/ mean dB valuen, — 10log o) and standard deviation of dB
[dys- - Py My (14 9)/pay,  respectively. In (23), for each valueo,. ¥ is also a lognormal random variable with mean
service class usel., is a call arrival ratey. is an average (1/a¥)E[Io/So] + ((1/a¥)) — 1) and standard deviation
call duration, and; is a fraction of all the MSs that are in soft(1/a'9))Var[l,./So].

handoff. The MSs in soft handoff contribute approximately Sincek,, Ky,,. .., Ka,,, pg”>,p§dl>,...,p§dM>, Y are mu-
twice as much interference as MSs that are not in soft handaffally independent, the Chernoff bound on outage probability is
We assume that a fraction < 1 of all the MSs are in soft given by

handoff, and both BSs involved in soft handoff allocate essen-

tially the same fraction to that MS. Then, the effective arrival

rate per BS rises from to A(1 + ¢) [18].

. . ; - - . Poyw <Min E
The relationships for evaluating[Z] and VafZ] are given 5>0

= w) Yol

i=1
by [12] Ko, .
. E exp Z s- pgdl) . ’Yd%/‘dl Y
-1 N i=1
IAVAES exp{E[Z] + §Var(Z)} (24) X,

M
(dnr) ’YdMRdM _g®
S Var(Z) L |exp Z 5. pyM) I fy A e T

Var(Z) = 1n< B[] + 1) . (25) — W

(28)

The Erlang capacity is the set of valu€s, /., Aa, /1, s
.oy Adyy /1y, ; thatkeep the outage probability at a targetlevel, Since K,, Kg,,...,Ky,, have Poisson distribution
typically 0.01. with mean p,A,(1 + g)/p, pa, Aa, (1 + 9)/pea,,---, and
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L 153.6 kbps data (Erlang)

Fig. 3. Forward-link Erlang capacity of cdma2000 (chip ratel.2288 Mc/s) with no multipath component.

P s (14 9)/ 104, » respectively, the Chernoff bound on theprobability in (29) at a target level, typically 0.01. The model

outage probability is derived as (refer to Appendix C)

s vy R
P . De4g) 2eRy
out < Min e I Eyle YW 1]
>0

vy R
g, (1+g) 21 7dy ftdy
R
.e g
Va4, R
A 14 S VA Ny
pdv~—dM( g>~Ey[e VW —1] ol
e Fdng R (29)

whereLy [ -] denotes expectation on random variable

provides an upper bound on the achievable capacity of the for-
ward link for a CDMA system with multirate sources.

IV. NUMERICAL RESULTS

The numerical examples of the forward-link Erlang ca-
pacity are presented in this section. Particularly, we show the
forward-link Erlang capacity of the third-generation CDMA
system (cdma2000, UTRA) in various environments. The
system can support any Erlang set that keeps the outage

The Chernoff bound on the outage probability in (29) can gyobability in (23) and (29) at a target level. When there are

obtained by computing the following expectation:

Ey [esv’-”v?” . 1} :/ (esy’-”v?” . 1) yly=Y)dY
0
) (30)
where fy (y) is the pdf oij:(f)(l/y(j)) in (27).

We should find the pdf of (4)) to obtain fy (y). Let us
define the pdf of random variabg’) andt“)(=(1/4"))) as
fyon (¥) and fro (t), respectively. Sincg(’) is a lognormal
random variable with mea1 /o)) E[Io./So]+((1/a9)) —1)
and standard deviatior(1/a'9))Var[(I../So)], by simple
random variable transformation, the pdf &f)(=(1/4%),
fra (1), is given by

Fro®) = gho (3) @)

Finally, fy-(y) can be obtained from covolutions $f(t),
i=1,2,...,.J(0) as follows:

(W) = frao®) @ fre(t) @+ @ froon(t).  (32)

Now, the Erlang capacity is a set of values, / zu.,, A, /pta, »

many multirate traffic sources, there will be many sets that

keep the outage probability at a target level. Hence the peak
Erlang capacity can be determined in a multidimensional

surface. As the number of multirate sources increases, the
dimension of surface for peak Erlang capacity is increased.
We show the capacity when there are at most three different
multirate sources, and this will be sufficient to understand how

the capacity is determined under the multirate traffic sources.

For the numerical examples, path-loss expofient, target
outage probability of 0.01, soft handoff fractign= 0.3, and a
fraction of BS power assigned to traffic channgls= 0.8 are
assumed. We consider two types of data services: a Web service
and a real-time service. For the Web service, the average file size
transmitted during a burst is assumed to be 13.9 Kbytes, and the
meanoFF period E[T.g] is 10.5 s [12]. For the real-time ser-
vice, the data activity is assumed to be unity because it requires
continuous transmission.

In Fig. 3, a forward-link Erlang capacity of the cdma2000
(chip rate = 1.2288 Mc/s) is shown for multipath environ-
ment, standard deviation of lognormal shadow fading 8 dB, for-
ward-link power control error 2.5 dB, and power factor 0.4. We
consider only three kinds of multirate traffic sources:

1) 9.6-kb/s voice service with the requiréd /N, of 4 dB

.oy Adyy /1y, + that keep the Chernoff bound on the outage  and the voice activity factor 0.4;
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Fig. 4. Forward-link Erlang capacity of cdma2000 (chip ratel.2288 Mc/s) with multipath components.
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Fig. 5. Forward-link Erlang capacity bounds of cdma2000 (chip fate 2288 Mc/s) with multipath components.

2) 76.8-kb/s real-time data service with the requifgdN;  system can support more calls of 153-kb/s Web service than

of 3 dB; those of 76.8-kb/s real-time service because the capacity de-
3) 153.6-kb/s Web browsing service with the average reends on not only the data rate of traffic sources but also the
quired £, /N, of 3 dB. traffic pattern reflected in the activity factor. The average inter-

Typically, the requiredt, /N, depends on the system operatingerence level with low activity factor will be smaller than that
conditions, including vehicular speed and link level paramaith high activity factor.

ters. The Erlang capacity in this figure is determined by the In Fig. 4, a forward-link Erlang capacity is shown for the
three-dimensional surface. The system can support any Erlagna2000 (chip rate- 1.2288 Mc/s) with multipath environ-
sets below the three-dimensional surface. It is shown that timent, and three rake receivers, i.£.(0) = 3 with power por-
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Fig. 6. Forward-link Erlang capacity bounds of cdma2000 (chip ate 2288 Mc/s) with multipath components.
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Fig. 7. Forward-link Erlang capacity of cdma2000 (chip rate3.6864 Mc/s) with no multipath component.

tions for the three-tap rake receivers are (0.8, 0.1, 0.05), respete traffic sources: 9.6-kb/s voice and 76.8-kb/s real-time ser-
tively. Other parameters assumed in this figure are the sameves. The capacity is gradually reduced with the power control
those of Fig. 3. It is shown that the capacity for the case withrror. The power control error increases variance of interference
multipath components is reduced compared to the case withpaotver level, which leads to the increase of outage probability.
multipath components. Under the multipath environment, thieis confirmed that the power control error of the source with
orthogonality among code channels cannot be maintained, dmgh data rate and high activity factor can dramatically decrease
this eventually leads to the capacity decrease. the capacity.

Fig. 5 shows the impact of power control error on the for- InFig. 6, we show forward-link Erlang capacity bounds of the
ward-link capacity under the multipath environments. This mdma2000 (chip rate- 1.2288 Mc/s) under various multipath
for the cdma2000 (chip rate-= 1.2288 Mc/s), as in Figs. 3 environments. The power portions of three-tap rake receivers
and in 4. The parameters assumed in this figure are the saimecase 1, case 2, and case 3 are given by (0.9, 0.05, 0.05), (0.8,
as those of Fig. 4 except that there are only two kinds of mulf:1, 0.01), and (0.75, 0.2, 0.01), respectively. The power control
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1.2288 Mc/s) with multipath components. ' '

error is set to be 2.5 dB, and other conditions are the Samecagtrol error 9f2.5 dB,. and forward link poyverfactor 0.4. Three

those of Figs. 4 and 5. The two kinds of multirate sources df&'ds of multirate traffic sources are considered:

considered: 9.6-kb/s voice and 153.6-kb/s Web browsing ser-1) 9.6-kb/s voice service with the requiréd /V; of 4 dB

vices. As the power of the strongest path increases, the capacity and the voice activity factor of 0.4;

is gradually increased. The orthogonality among code channels?) 153.6-kb/s real-time data service with the requikgd/V;

is degraded as the received power is distributed in the multipath ~ of 3 dB;

components. 3) 307.2-kb/s Web browsing service with the required
In Fig. 7, forward-link Erlang capacity of the cdma2000 (chip E,/N; of 3 dB.

rate = 3.6864 Mc/s) is shown for no multipath components;The system can support any Erlang sets below the three-dimen-

standard deviation of lognormal shadow fading 8 dB, powsional surface. The capacity is proportional to the spreading
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8 kbps voice (Erlang)

384 kbps data (Erlang)

144 kbps data {Erlang)

Fig. 11. Forward-link Erlang capacity of UTRA (chip rate 3.84 Mc/s) with no multipath component.

bandwidth, but it is not linearly proportional because the outageln Fig. 11, forward-link Erlang capacity of the UTRA (chip

probability is not a linear function of spreading bandwidth. rate= 3.84 Mc/s) is shown for no multipath components, stan-
In Fig. 8, a forward-link Erlang capacity bound of thedard deviation of lognormal shadow fading 10 dB, forward-link

cdma2000 (chip rate= 3.6864 Mc/s) is shown for three-tap power control error 2.0 dB, and forward-link power factor 0.4.

rake receivers, i.e.J’(0) = 3 with power portions (0.75, Three kinds of multirate traffic sources are considered:

0.2, 0.01), power control error of 2.0 dB, and forward-link 1) 8-kb/s voice service with the requiré# /N, of 5 dB and

power factor 0.4. Three kinds of multirate traffic sources are  the voice activity factor 0.5;

considered: 2) 144-kbls real-time data service with the requifd N,
1) 9.6-kb/s voice service with the requirég /N, of 4 dB of 3 dB;
and the voice activity factor of 0.4; 3) 384-kb/s Web browsing service with the requifég/ NV,
2) 153.6-kb/s real-time data service with the requitgdV, of 3 dB.
of 5 dB; The data rates supported by UTRA are not the same as those
3) 307.2-kb/s Web browsing service with the requiregf cdma2000, so that the direct comparison with Fig. 7, which
Ey /Ny of 3 dB. shows the capacity of cdma2000 (chip rate3.6864 Mc/s), is

Compared to Fig. 7, the capacity is decreased, though the power available. The capacity gap between these two systems de-
control error is reduced from 2.5 to 2.0 dB, because the Ol’thqggnds on the conditions such as power control error, shadowing
onality among code channels is not guaranteed due to the nigtiing, multipath, etc.

tipath components make.

In Fig. 9, we show the impact of power control error on the
forward link capacity of the cdma2000 (chip rate 3.6864
Mc/s) under multipath environment. The conditions assumedin this paper, we derived the outage probability and the Erlang
in this figure are the same as those of Fig. 8, except that theegacity of forward link of the CDMA system with mixed multi-
are only two kinds of multirate traffic sources: 9.6-kb/s voiceate sources. By introducing the forward-link power factor, the
and 153.6-kb/s real-time services. As in Fig. 5, it is confirmefdrward-link outage probability and Erlang capacity were de-
that the power control error has a negative influence on the foived in a closed form. The forward-link capacity was analyzed
ward-link capacity. in term of various parameters, such as the number of multipaths,

In Fig. 10, forward-link Erlang capacity of the cdma200@he number of rake fingers in a mobile station, power control
(chip rate= 3.6864 Mc/s) is shown for various multipath en-error, and impact of soft handoff. We showed that the capacity
vironments. The setting of tap coefficient for the three-tap rakd a CDMA system with multirate sources could be effectively
receiver is the same as in Fig. 6 for case 1, case 2, and caséepicted in the multidimensional surface through the numerical
Two kinds of mixed sources are considered: 9.6-kb/s voice aexamples. We showed the forward-link capacity of the specific
153.6-kb/s Web browsing services. The power control errortisird-generation CDMA systems (cdma2000, UTRA) by indi-
set to be 2.0 dB, and other conditions are the same as thoseaifng the chip rate under various conditions. From the numer-
Figs. 8 and 9. It is confirmed that the capacity is increased wiital results, it was shown that the power control error has a neg-
the power of strongest path. ative influence on the forward-link capacity, and the capacity is

V. CONCLUSION
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increased with the power of strongest path under the multipathThe mean dB value and the standard deviation of dB value of
environments. a lognormal random variable, = 10log S, can be computed
In the future mobile communication systems, it is expectdgy
that a forward link can be a limiting link because prospective R 1 var[S]
. . . . . . 2 (

services are likely to require higher data rate in the forward link Var[S| = o} = 7 n<E2—[S] 1) (A4)

than in the reverse link. The results in this paper can be applied

to overall system design of a CDMA system with multimedia E[g] =m, = W

services in future mobile communication systems. p

Since theS is lognormally distributed random variable with
APPENDIX A mean dB valuen; and standard deviation of dB valdg, and

DISTRIBUTION OF Io./So theyo is also a lognormal random variable with mean dB value

. C L mg and standard deviation of dB valug, the S andx( can be,
To find distribution ofl,./So, the distribution for the sum of respectively, represented as

11 random variables in the numerator of (8) must be found. To

—0.5-3-02 (A5)

do this, we should find the distribution of the function in the S = 10" (AB)
form of y = ¢ - z, wherec is a constant and is a lognormal Yo = 10200 (A7)

random varaible with mean dB value, and standard deviation

of dB valueo,.. By simple random variable transformation, it igvhere X; and X, are Gaussian random variables with zero
found thaty is again a lognormal random with mean dB valugean and standard deviation andoy, respectively.

m, = m, + 10logc and the same standard deviation of dB Then, from (A6) and (A7)(/../So) can be obtained as

valueo,,. gt Xa—
O IOC S —10 OI‘EX Xo' (A8)

The probability density function af is given by So = X0
) From (A8), we can find that/../So) is a lognormal random
flu) = 1 exp| — (10logy — 10log c — m,,) variable with mean dB valuer, — mq and standard deviation
i BV 2o,y 2-02 of dB value/(o9)? + (c5)? becauseX; — X is a Gaussian

(Al) random variable with zero mean and standard deviation
(00)% + (02)%.

wheres = In(10)/10 is a unit conversion constant.

Letthe sum of 11 random variables in numerator in (8b¥be APPENDIX B
Then,.S can be approximated as a lognormal random variableDERIVATION OF AVERAGE FORWARD LINK POWER FACTOR
since the sum of lognormal random variables can be approxi-The relative power for théth MS is proportional td/,,./So
mately lognormal [15]. The mean and varianceSafan be ob- from (13)—(15). For the case that the users are uniformly dis-

tained as tributed, the ratio of interference from thith adjacent BS to the
received power from home BS is given by (Bla)—(Blc), shown
E[S] = 2. o) 43 () o at the bottom of the page, whefgy (x, y) is the pdf of locations
151 Flmy, o) + f(m_"l+ n(2)7 o) of MSs, which are uniformly distriubted in the cell, and given
+6- f(m, +1n(2.633)7),0,) (A2) py
Var[S] =2 h(my, oy) + 3 - h(m, + In(2)~, o) 2
+6 - h(m, +1n(2.633) 7Y, a,) (A3) fro(@,y) = Rrg, VSTsE 0sys . (B2

whereR is the radius of a cell; is the angle of a sector, and
wherem, ando, are the mean dB value and the standard dé; = 2« for the unsectorized cell.
viation of dB value of a lognormally distributed random vari- I,./So for the case that users are unifromly distributed in the
ablesy (k= 1,2,...,11), respectivelyf(a,b) = exp{Ba + cell is 5 times that of the worst case that all users are at the
3262 /2}, andh(a, b) = exp{28a + B2b?} - (exp{*b?} — 1).  cell boundary. Hence, from (Bla)—(Bla),is given by (B3),

Ioc J /0S /R Ioc j(-T)
S x - = - freo(z,y)dxd Bla
SO 0 0 SO(.’L') f ,9( y) Y ( )
—
6. R R,/R? + 22 — 2R;x cos(|6; — y|)
Im‘, J 2
:/ / g ToeilB) Ve ’ ’ = dwdy (B1b)
0o Jo So(R) x\/R]2»+R2—2RjRCOS|9j| 120,

dx dy (Blc)
x\/RJQ + R? — 2R; R cos |6;] R0,

R/R?+ 22 — 2R, 0. -
Ioc,j(R) /HS /R \/ j+$ B JxCOS(| J —y|) 2
f— ‘T-
So(R) Jo Jo
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3)

Fig. 12. Cell configuration.

shown at the bottom of the page. In Fig. 12, we show the cell
configuration. Ther, 8) coordination is given as follows.

Let the(r, #) coordination of the adjacetith BS be(R;, 8;).

In the derivation of forward link power factor, the following
should be noted.

1) The average forward-link traffic channel power is about
7 times the traffic channel power needed to serve all the
MSs at the cell boundary.

2) The typical value of) is 0.4 when the path-loss exponen

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 50, NO. 3, MAY 2001

erally greater than 0.4 because it is the average value, that
is, the forward-link power control error can vary its value.
We used an average forward-link power factor to take into
account the fact that the MSs are uniformly distributed in
the cell, not at the cell boundary. We extended the average
forward power factor into the multiple cell environment.
The average forward-link power factor was introduced in
[17], butitis derived only for the single cell environment
as follows:

¢ R
Ptrafﬁc it / / Z - Ptrafﬁc(x) . fr,@(xa y) dz dy
0 0

[ Pt (3

1
= Pamc(R) / 2L gt
0
2
:Pra CR A
trattc(F) v +2

=" Ptrafﬁc(R)

dx

whereP;,.i. iS average traffic power needed to serve the

uniformly distributed MSs and;,.m.(R) is the traffic
power needed to serve all the MSs at the cell boundary.

APPENDIX C
CHERNOFFBOUND ON OUTAGE PROBABILITY

The Chernoff bound on the outage probability in (28) can
be represented by (Cla) and (C1b), shown at the bottom of the
page, WhereEK(,w By, andEp@ denote the expectations on

is four. However, in a real environment, it should be gerrandom variable< ., Y, andpg'), respectively.

R\/Rf + 22 — 2R,z cos(|6; — yl) 9

nzzj:/o&s/o}?x

31:\/]%]2 + R? — 2R;Rcos|6;]

(B3)

K,

[

=1
Ka,

“Er,, H Ey
i=1

Kay,

Pyt < Min By,
s>0

[Epgdl ) [exp { 8

El(d M

= MillEKU |:{Ey |:C
s>0

s vaq Bay
Eyv e v W

sy Ry
YW

. El\’dl

El\’dM

o Vdy By
By |e—¥w

|:Ep§z,) [exp{s .

Yay Ra,

£[1 Ey [Epgdj\l) [exp{s-
pu+ (11— p'v):| }KU:|

pay + (1 —pdl):| }I]

I\’dj\/[ 75B
* Pdyy +(1_de):|} e 7

Yar R'n

w

gl
gl

JIES

w

Vs Ry M

i (Cla)

(C1b)
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SinceK,, Ky, ,..., Ky, have Poisson distribution, the ex-
pectations on¥,,, Ky, , ..., K4, are derived as
s yv Ry K,
EKU |:{EY |:6 YW oyt (1 - p'v):| } :|
o0 K
1 Ay sy Iy DV
_ F{pv Ao gy [ ] +_u}
K Pow Poo
(C2a)
Ne  poit-By [ey—f—l}
e =e (C2b)
574y Ray Kay
E[(dl {EY |:C i * Pdy + (1 - pdl):| }
sovq, H
Pdl':\%'EY {6%—1}
—e (C3)
s td Ry Kay,
EKdM By |e7 W Py + (1= pay)
Pdn/f':j:/: By {6%—1}
=e " (C4)

whereEy denotes the expectations on the random varible

(8]

(9]
(20]

(11]

(12]

(13]

[14]

[15]

(16]

(17]
(18]

(19]

Hence, the Chernoff bound on the outage probability in (27)

is obtained as

A
PR 5

s yv Ly
e YW
Ha

g

Poy < Mine
5>0

Adq 2 rdy Hdy
pdl'E'EV e YW —1
- C e
Nds B S'A"i}y;;dM L
Pd s e, BY € - .
M —s
(&2 e .

(C5)
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