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Outage Probability of Cellular CDMA
Systems with Space Diversity, Rayleigh
Fading, and Power Control Error
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Abstract—t is well known that the capacity of code-division both large and small-scale fading in the analysis, however,
multiple-access (CDMA) systems degrades rapidly with the in- closed-form expressions are not provided [3]. The contribution
crease in power control error. Capacity is also affected by f this |etter is to provide an accurate approximation of the

small-scale fading such as Rayleigh fading and by the voice e . .
activity. The main contribution of this letter is to provide a new outage probability in the uplink of a CDMA system taking

simple approximation to the outage probability of the uplink of ~iNnto account space diversity, Rayleigh fading, power control
a CDMA system utilizing an antenna array for space diversity, error (PCE), and voice activity.
taking into account stochastic models of the power control error,

small-scale fading, and voice activity.
II. SYSTEM MODEL
Index Terms—CDMA, power control, Rayleigh fading. . .
The system model is of the uplink of a CDMA system,

which servesk,, users, and uses a base station withidn
l. INTRODUCTION element antenna array. The received signals are assumed to

URTHER improvement in the performance of codetndergo independent Rayleigh fading. It is further assumed
division multiple-access (CDMA) communicationsthat the fading is flat and slowly varying such that the
particularly over fading channels, can be obtained by the uUév-pass equivalent channel seen by each antenna can be
of adaptive arrays which provide space diversity. It is wefiharacterized by a complex-valued scalar. The system is
known that CDMA uplink system capacity (in terms of numbeassumed interference limited such that outages are caused
of users per cell) is maximized if all users’ signals are receivég@inly by cochannel interference (CCI) and the effect of
at the base station with the same power. Power control lodpgrmal noise is negligible. The complex envelope of the signal
are incorporated in the system to compensate for the p&@geived at the base station is then expressed by the following

loss between mobile and base. Wireless propagation mod&lsdimensional vector:

traditionally distinguish betweetarge-scaleand small-scale

fading. The former characterizes the signal strength ovBHt) = \/)‘Tslgf_ﬁ)ul(t_ﬁ)cl(t)

large distances and is commonly modeled by the log-normal -

distribution, while the latter refers to the rapid fluctuations +Z e/ Arsi(t = miJun(t = 7i)en(t) (1)

due to the summing of multipath components with random k=2

phase, and is modeled by Rayleigh and other distributionghere the first and second terms represent, respectively, the de-

Power control mitigates the effects of large-scale fading, bsired signal and the CCk;, (k =1, ---, K,,) are the powers

practical considerations limit the accuracy of the control loopsf the received signals:,(¢) are normalized complex Gauss-

Small-scale fading is mitigated by diversity mechanisms su@m channel vectors (Rayleigh fading) wiltic,. (t)c (t)] = T;

as space diversity provided by an antenna array at the b@isas the M x M identity matrix; the superscript denotes

station. The total interference to any given user is also affecteenspose and complex conjugatg(t) are NRZ waveforms

by the voice activity While an accurate analysis of systenof the users’ data(¢) are the spreading sequences;are

performance needs to take into account all these factors, mioistary random variables indicating the users’ voice activity;

of the published research contains analytical results only fand 7, are the users’ delays. Lef,(¢t) = >, sk (é)g(t — ¢T5),

subsets of the factors. For example, large-scale fading ambereg(#) is the basic pulse shapé, is the symbol interval,

power control are analyzed in [1] and [2], while the effects ainds; € {—1, 1} are the users’ binary data wifi[s;(¢)] = 0,

Rayleigh fading and diversity are analyzed in numerous othamnd E[s;(i)s.(j)] = &, 6; = 1 fori = j and; = 0

publications. A recent publication has attempted to incorporastherwise, andE[s(¢)s;(j)] = 0 for &k # I. The signature
waveforms are normalized to unit energy over the symbol
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voice activity €x). The main result of this letter, computationThe quantity;: is a function of the large-scale fading param-
of the outage probability, does not require that thgs eters); and the voice activitye, and hence it is a random
be identically distributed or even independent. However, tivariable. To fully characterize the outage probability, it is
assumption of shadowing with the same statistics affecting edlquired to obtain the density function ¢f Let I denote
users is reasonable and it enables to analyze the performathecinterference power, then from (4)

in terms of the system PCE. Henceforth it is assumed that K.
the powers)\;’s are independent and identically distributed. I = Z XMk Ne- (5)
If a random variable)\;, has a log-normal distribution, then Pt

ar = 10 logg Ax is normal. The standard deviation af ) 0.1' I is th £ | d
is referred to as the PCE measured in decibels. The voég'_ce e € {0, 1}, IS he sum (_) og-norm_a ran om
activity < is modeled as a Bernoullip) random variable variables. The number of elements in the sum is determined
with Pr(ex = 1) = p, andPr(e; = 0) = 1 — p, wherep is Y .

referred to as theoice activity factor After spread spectrum A method based on cumulant matching has been used to

demodulation and sampling at the symbol interval, the receivgaprox'mate the distribution of a sum of I_og-normal ran_dom
signal can be written variables [2], [6]. The method assumes thas log-normal; it

then proceeds to matdii[/] and £[1%] computed from (5) with

(i) = (+1)T (#)ua (£) dt the corresponding cumulants of the log-normal distribution.
Y= i T Consistent with the assumption thatis log-normal, it can
K. be expressed = c’, whereb has a normal distribution,
=VAwsi(Der + 3 e/ Ne(s(i — Doy +s(@)pi)ex 0~ Nlma, o7]. It follows that
e | Bl = E[e"] = e 72 ©)
where p; = fiﬁ”’uk(t — Tr)ur(t) dt andp,j’ = fzgijiifhk E[[}| =E[e®] = e2me 20y (7)

-(t — 7, )u1(t) dt are the correlations between user signatures. _
User signatures may be supplied by a long code such asLpt the user powers; be expressed in terms of the normal
IS-95, however it is assumed that the correlations above &a&dom variablesiy, ~ Nmq, 03], Ax = ¢”*. The random
independent of the symbol interval indéx variable a;, is related to the previously Qefined quant'tvx,.

The antenna array outputg(i) are combined using the PY @x = ax(In 10)/10. From (5), and taking the expectation
method of maximal ratio combining. The array weight vectd?Ver ¢ and ax,
w is then acting as a matched filter to the chansel= c;.

K.,
The array output is expressett) = wiy(i) = cZy(i). In LElll=FE Z eknkcak]
the next section, the outage probability is computed based on k=2
this signal model. Ky
= mE[a]E[e]
[Il. COMPUTATION OF OUTAGE PROBABILITY k=2 X«
Ly
The outage probability is defined as the probability that the :pem”"i/2 Z e = €51, (8)
output signal-to-interference (SIR) falls below a prescribed Pt
level. The goal is to compute the outage averaged ov§r ilarl
Rayleigh fading, PCE, and voice activity. The instantaneo gmiarty,
output SIR~ is defined as the ratio of the signal and interfer- K, 2
ence powers expectations taken over the data bits. For a givenE[I%] = E <Z fknkea’“>
bit duration, it can be shown [4] k=2
Atlefe|? & .
T 5 @ = > niElge™]
k=
C{{ZCkvnk)\ka : K. K.
. . - . +23 0 > mElee eje]
where 7, is a gain factor incorporating the effect of cross k=2 j=kt1
correlation with the desired user’s signal agd = ¢;. The K. K,
cumglatiye dis_tribution function of conditioned on the input = pe?ma+2o; Z n? 4 p2etmatos Z Z o
SIR is given in [4] and [5] k=2 k=2 j£k
M — &2
" =&, (©)
F(y|p) = % 3) _ _ .
TIH By equating (6) with (8) and (7) with (9), the unknown
where i is the input SIR quantitiesmy, o7 can be expressed
K, 1
=26 — = 10
w= )\1/2 ERMhAL- 4) e &1 252 (10)
k=2 of =& — 261 (11)



222

PCE=4.0dB

N

PCE=25dB
S

\

PCE =04dB

0k

Outage probability (SIR < 7 dB}

PCE=1.54dB

» * Simulations
Analysis

0 10 20 30 40 50 60
Capacity {(users/cell): Ku

Fig. 1. Outage probability versus capacity. Four antenna eleméhts (@),
different PCE’s, andb = 3/8.
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An exact closed-form expression for the integral in (14) is
not available, however for the normally distributed random
variable z, a simple but accurate approximation exists for
E.[P,(2)] in terms of the meam:, and the standard deviation

o, and for an arbitrary functiod®’, (») of the random variable
z [7]:

P, = E.[P,(2)] = %Po(mz) + éPo(mZ +V30.)

+ %Po(mz - \/go—z)- (16)
The previous relation provides for the closed-form computa-
tion of the outage probability as a function of Rayleigh fading,
PCE, and voice activity.

Computer simulations were used to verify (16), the main
result of this letter. The simulation consisted of a CDMA
system employing BPSK modulation and BPSK spreading,
with a spreading ratio of 156, and with a voice activity factor
of p = 3/8. The outage probability is plotted in Fig. 1 as
a function of the capacity (number of users per cell) for
M = 4 antenna elements and with the PCE as a parameter.
The outage threshold was set at SHR7 dB, corresponding
to a bit error rate of 163. Theoretical results are calculated
from (16). Simulation curves are based on results compiled
from 1 million Monte Carlo runs. For an outage of 1) the
system capacity is approximately 38, 32, 22, and 10 users per
cell for PCE= 0, 1.5, 2.5, and 4.0 dB, respectively. In a
CDMA system with PCE 1.5 to 2.5 dB, the system capacity
degrades 16 to 42% compared to the case of perfect power

Fig. 2. Outage probability versus capacity. Theoretical results fefontrol. The effect of space diversity (theoretical result only)

PCE=1.5dB, M = 1to 8, andp = 3/8.

Now, from (4) and the log-normality ok; and I, it follows
that 1+ is also log-normal. Indeed; = ln = In(\ /1) =

is shown in Fig. 2, for PCE= 1.5 dB, M = 1 to 8, and

all other parameters similar to those used in Fig. 1. With
P, = 102, eight-branch space diversity provides a capacity of
87 users/cell, while the capacity for two-branch space diversity

ay —b, is normal, and hencg = ¢ is log-normal. The density j5 only nine users/cell. Without space diversiy/(= 1),
function of i is determined from the mean and variance:of powever. it is very difficult to meeP, = 10~2. Figs. 1 and 2

m, = m, —my ando? = o2 + o2,

respectively. Thus all ghqy that capacity of a CDMA system increases with space

the ingredients required to compute the density functiop. of 4iyersity and decreases with PCE. Therefore, space diversity

are available.

can be used to compensate for PCE effects in wireless CDMA

The outage probability is defined as the probability hat -;mmunications.

the output SIR, falls below a threshaldP, = Pr(v < ¢). The
outage probability conditioned on the input SiRs given by

3.

t/m™

Po(p) = F(y=t) = At/

(12)

2
The average outage probability accounting for Rayleigh fad[-

ing, PCE and voice activity is given by

P, = / " Py(p) f(1) dp (13)
0
or sinceu = ¢,
P, = / CREMEE=ERE] 0
where
B (tefz)]\l
P,(z) = (15)

REFERENCES

[1] A. J. Viterbi, A. M. Viterbi, and E. Zehavi, “Performance of power-
controlled wideband terrestrial digital communicationEEE Trans.
Commun,. vol. 41, pp. 559-569, Apr. 1993.

] A. A. Abu-Dayya and N. C. Beaulieu, “Outage probability in the
presence of correlated lognormal interferet§EEE Trans. Veh. Technol.
vol. 43, pp. 164-173, Feb. 1994.

[3] M. Zorzi and S. Pupolin, “Outage probability in multiple access inter-
ference radio networks in the presence of fading;EE Trans. Veh.
Technol, vol. 43, pp. 604—610, Aug. 1994.

[4] W. C. JakesMicrowave Mobile Communications New York: Wiley,
1974.

[5] J. H. Winters, “Optimum combining in digital mobile radio with
cochannel interferencelEEE J. Select. Areas Commurvol. 4, pp.
528-539, July 1984.

[6] S.C.Schwartzand Y. S. Yeh, “On the distribution function and moments
of power sums with log-normal component&ell Syst. Tech. Jvol.

61, pp. 1441-1462, Sept. 1982.

[7] J. M. Holtzman, “A simple, accurate method to calculate spread-
spectrum multiple-access error probabilitie$#EE Trans. Commun.
vol. 40, pp. 461-464, Mar. 1992.



