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Open-Loop Power Control Error in Cellular CDMA
Overlay Systems

Jiangzhou WangSenior Member, IEEEand Ai Yu

Abstract—Adaptive power control has widely been used in /2 Narrowband
DS/CDMA systems to overcome the so-called “near-far” problem. Interference
This paper studies the ad_aptl\_/e open-_IO(_)p power co_ntrol of a Uplink GDMA Signal Downlink COMA Signal_b
cellular CDMA system, which is overlaid in the downlink by a Spectrum Spectrum
narrowband signal. The effects of downlink power allocation )
schemes to power control error in the presence of narrowband fo,
interference are analyzed. In order to get a minimum power 0 fi >{A e 'f
control error in the CDMA overlay situations, an optimum B, =2/T,—» B, =2/T.
downlink power allocation scheme is used, which works well for a
wide range of signal to narrowband interference ratio. p=B,/B, =BT, [2 and q=2A/B, =AT,
Index Terms—CDMA, downlink power allocation, narrowband
interference suppression, open-loop power control. Fig. 1. Power spectrum of the uplink and downlink CDMA signals and NBI.
|. INTRODUCTION considered. As known, downlink power control (power alloca-

.tion) has been used in cellular CDMA systems to reduce the

S WELL KNOWN, a direct sequence (DS) code divi-_ . .
. . . : adjacent-cell interference and to let all the users of the cell of
sion multiple access (CDMA) system is susceptible t0 . . .
. ; =%~ nterest have the sant®/I to achieve high capacity [3], [4].

near-far interferencewhich occurs when the base station inp . . : .
. : or different downlink power control algorithms, the mobiles
includes one or more other CDMA signals that are stronger. . . ! L

. . wil| be allocated different power, which will result in different
than the desired signal. The near—far effect can be reduce : .
ower control error in the uplink.

by adjusting the transmitted power of all mobile users e :

that the base station gets the same power from the recei\{eé‘ CDMA system Is of_ten assumed to share common spec-
. D rum with narrowband microwave users [5], [6]. Because of the

signal of each transmission. Two types of power control are

. i resence of the narrowband waveforms, interference suppres-
often considered: closed-loop power control and open-lo . .
. sion filters are employed to reject the NBI. So far, spectrum
power control. In a closed-loop power control, according to the : )
. . : ; overlay on uplink with perfect power control has been assumed
received signal power at a base station, the base station sen e i . .
in the literature. This paper studies the effects of power con-

a command to a mobile to adjust the transmit power of the .
. . , rol error on performance of the CDMA overlay system, which
mobile. However, in an open-loop power control, a mobile user . . : :
. . ) i . . 1S overlaid on downlink by a narrowband signal (as shown in
adjusts its transmit power according to its received power E] 1)
downlink. In this paper, an adaptive open-loop power controfd: - . . .
. . : . The paper is organized as follows. The downlink system
algorithm [1] is adopted. The algorithm produces an estimate of R . . )
gdel is given in Section Il. In Section Ill, the open-loop power

the received power at the mobile by averaging squared outpm ) . . .
of the correlator. control in the presence of NBI is studied. Numerical results are

iven in Section IV. The conclusion will be presented in the
The open-loop power control error usually results from t .
ast section.
factors such as the accuracy of power measurement at a mobile,
the dynamic ranges of the transmit power of mobiles and the
loop delay. In this paper, the measurement error in the presence [I. DOWNLINK SYSTEM DESCRIPTION
of narrowband interference (NBI) is studied. It has been shown

. : . . . Neglecting the white noise on the downlink, the waveforms
in [2] that it may be possible for a mobile to do real-time power_ " o : .
. . : eceived by each mobile is composed of the desired signal, a
measurements in which the power control error is lognormal ; . : .
. . o : umber of interfering signals from the base station of the cell of
distributed with standard deviation of three dB or less, in the . )
absence of NBI interest and the adjacent-cell base stations, and the NBI.

Assuming that all spreading codes of each cell are orthogonal

Because the open-loop power control algorithm uses thﬁd that the downlink transmissions of a cell are synchronized,

downlink received power to determine the uplink transmﬁ] . ) .
ower the downlink transmit power allocation should ba'€ intracell interference can be ignored because of the same
P ' P ffansmission delay. However, the interfering signals from ad-

_ _ _ jacent-cell base stations cannot be assumed to be synchronized
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user andy may take values between two and fous(?) is the
Rayleigh distributed random variable with unitary power, i.e.,
Ela?(t)] = 1-¢5® is the log-normal shadowing with random
variable(;(t), taking zero mean and a typical variance of eight
dB. The single subscript af;(¢) and(;(t) means that all the
signals transmitted by each base station propagate on the same
path, and undergo the same fading and shadowingt) and

bk (t) represent the spreading sequence with chip durdfion
and the binary data sequence with duratioof userk of cell

1, respectivelyr; and¢; are the corresponding time delay and
phase, respectively. Note thatand¢; are the same for all users

of cell ¢, because of the synchronous downlink transmission.
fo is the CDMA carrier frequency on downlink(t) represents

the NBI, which is modeled as a zero-mean Gaussian random
process with a double-sided power spectral density (£ over

Fig. 2. Downlink adjacent cell interference geometry. the bandwidth OfBj (see Fig. 1), and is given by

In order to study the downlink adjacent-cell interference, two j(t) = j.(t) cos[2n( fo + A)t] — j,(¢) sin[27( fo + A)t].
layers of cells are considered (see Fig. 2). Each user is assumed (5)
to be located independently of all the other users and uniformly
distributed over the area of the cell. The location of a referentfe power ofj(¢) is given by
user in the first cell (the cell of interest)(s;1, 811 ) (see Fig. 2),
wherer;; andd,, stand for the distance and angle of the mobile P = E|j*()] = E [j2(t)] = E |j2(t)| = n;B;.  (6)
from its base station. The distance between the base station of

the ith adjacent cell and the reference mobile of the first cell [4otice that for simple analysis, Gaussian model is assumed for
given by NBI. However, the analytical results in this paper can be ex-

tended to other models of NBI, since the bandwidth, frequency
offset, and power of the NBI signal are mainly involved in final
analytical results. In microcellular models, the cell size is very
whered,; is the distance between the first base station and pgall, compared to conventional cellular models. Therefore, the
ith base station, and microwave NBI power can be assumed to be the same within a
cell. Sincej(¢) is Gaussian with bandwidts; and flat spec-

i1 = \/d121 + 7‘%1 —2d;17r1co86;, 1=2,3,...,19 (1)

VBR, i=2,3,...,7 trumn, /2, the autocorrelation function gf¢t) is given by
dii =< 23R, i=28,10,12,14,16,18 2) o
3R, i=9,11,13,15,17,19 Ri(r) = E[j(1)j(t +7)]

= P; sinc(wB;7) cos[2n( fo + A)7]

whereR stands for the radius of the hexagonal cell. In @1), )
= P; sinc(2nrpr/T.) cos(2n for + 2mqr/T.) (7)

is the angle betweed; andry;. The relationship betweet);

andéy, for various values of is given by wheresinc(z) = sin(x)/z,p = B;1./2 is defined as the ratio

cos[fuy + (i +2)r/3], 2<i<7T ofthe intgrfere_nce bandwidth_ tothe spread spectrum bandwidth,

cos(fi1) = {COS(911 +in/6), s<i<19 ' ) ¢=AT, isdefined as the ratio of the offseh) of the interfer-
- ence carrier frequency to the hélf/T..) of the spread spectrum
The channel is modeled as a frequency nonselective chanpehdwidth.

with Rayleigh statistics and lognormal distributed shadowing. The suppression filter is assumed to be a double-sided Wiener

The mobile receiver is a conventional coherent receiver wiftiter with A taps on each side. The number of total taps is

a Wiener suppression filter at its front end [5]. Assuming th&/ +1. Its impulse responseEf\fz_M ap6(t—mT,), where

there areK active users for each cell, the received signal at, = 1 and«,,, = «v_,,,. Therefore, the signal at the output of

mobile user 1 (reference user) can be written as the suppression filter is given by
19 K M
T(t|7‘11,911) = Z Z V 2PR£ik7)i_1A/ai(t)C<i (t)cik(t - Ti) Tf(t|7‘117911) = Z amT(t - mTC|7’117911)' (8)
=1 k=1 m=—M

Xbi‘t—iCOSZ t— ¢; i (t 4 . .
k(t = mi) cos(2mfot = $i) +5(1) @ Assumingr; = ¢; = 0 for the first cell, the output of de-
where Py, is the transmitted power of the base station when tif@reader/demodulator at tini#, is given by
reference user is located at a cell vertex = R), and¢;;. (0 < 20T
& < 1)isthe downlink link power adjustment factor (or power ( |”11:"111T)
control function) and; = 1whenr;; = R-7;;” represents the 1
. L = — i -2 t 2n fot)dt (9
propagation path loss from thith base station to the reference T (l_l)T”( Iruvson0) - 2011 (2) cos(2r fot) ©)
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where2 cos(27 fot) andeq1 (¢) are the recovered carrier and thaVhen X is large, ; 1 (1) can be approximated by a Gaussian
spreading sequence of the reference user. Since high frequenacydom variable with the variance o |; 1(1)] = 2/(3N)
terms are removed by the lowpass filter following the mixer d7]. Then, the variance of(!) is given by
the demodulator, the above expression reduces to

2 _ 2K 20’

— o PrE Szk]H a7
Z(T |1 00,) = \/2PrE T ar (IT) e Dby (IT) - Z !

+ J(T) + I(T). (10) _ _
whereE¢;;] stands for the mean of downlink power adjustment
Note that, in the following, #T” is replaced by #* for simple ~ factor.&ix, and is discussed in the following.

notation. The firstterm on the right hand side of (10) is the desired * Without Downlink Power Control
component, corresponding to the zeroth tap of the suppression  If there is no downlink power control (i.€5;x = 1), the
filter. However, the contribution of the desired signal throughthe  transmit power at a base station is the same for all users of
nonzeroth taps is very minor, compared to the first term, and, the ith cell. Thus
thus, is neglected like [5]. The average desired signal power is

2 El&x] = 1. 18
S — 2PR£11T:EL"/620'§1 . (11) [5 k] ( )

The second term on the right hand side of (10) is the NBI * With Optimum Downlink Power Control
component and is given by The criterion for optimum downlink power control is

that the output signal to interference ratio (SIR) of a mo-
bile receiver is the same wherever the mobile user is. In the

Z am/ 3t —mT.)2c11(¢) presence of NBI, the total downlink interference should

T = 1)T include the adjacent-cell interference and NBI. Therefore,

x cos(2m fot) dt. (12) the SIR at the output of the despreader of the mobile re-
ceiver is

The variance of the NBI is derived in the Appendix A and is

given by S
SIR(TH, 911) =

p X o3+ 02
— 2
3 = — Z rnl . 2PR£1171 620’C
v =-N T 2KDPg 252 -~
le_ SR E[Ga] T, 4 od
P, r1/R
x Z Ay [Q(mlva) + Q(_ml, —mg)] === 5511( 11/ ) .
me=M L Blen] $12 (rin/R) 7 + 567
r (19)
=50 (13)
where wherer;; is given by (1),FP, is defined as the average

received power at the cell vertices,

2
M P =E [(\/2P3Rm(t)c<(”) }
M
X >, [QUmi,ma) + Q(=mi, —ma)), = 2PpR™7¢*. (20)
mo=—M

(14) When the mobile is located at one of the cell vertices (i.e.,

andQ(m,ms) is given by (A7). ri1 = R, 611 = n/6 and&;; = 1), (19) reduces to

The third term on the right-hand side of (10) is the adja-

cent-cell interference, and is expressed as SIR(R, 7 /6)
pu— PS
T KD, 19 /. - Pys2°
() = Cz(l) Z \ /sz&/U71 ia(Dcos¢;  (15) Sy Eléin] 2ica(rit/R) A/|(7’11=R,911=7T/6) + 503
_2 (22)
where

For the same SIR, (19) and (21) should be equal, i.e.,

1 T
Ball) = 7 [, P el e 0 SIR(ri1,611) = SIR(R, 7/6). 22
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TABLE | of a correlator [1]. The estimate at tinfhd is given by averaging
E[&;] WITH K = 20, N = 1000,p = 0.2, =0.2,M =4 the square of (10)
p]/px = —oodB P,'/Rr =10dB P]./I"J =15dB P]./Px =20d4B 1 L
E Z l|7 117911
y=2 0.4689 0.4801 0.4858 0.4912 =1
L
1 2.
_ &)
y=3 0.3675 0.3836 0.3897 0.3936 =7 Z 2Ppéwry ai (e
=1
y=4 03189 03279 03310 03321

\/ 2Pré1rryy ar (e DI + J (1)
S PILUES DI

hlw
NE

From (19), (21) and (22), one obtains

+
e
Mh i
hl

7
P (ra/R)™ - (28)
19 _ D;
I;;]I\) Bl 2 20(ra /R + F 65
o P The mobile uses this estimate to adjust its transmit power, which
KL Blen] X025 (rin /R) = (ry = 011=n/6) + 63 i inversely proportional to the estimated power, efg., =

(23) 1/(C- 52(L)), whereC is a weighted constant. Therefore, ne-
glecting the loop delay on uplink, the desired signal component

From (23), the power adjustment facts, is derived of the base station after despreading at the tiffigis given by

. 2ry
o, /B (SR Pl Diltra/B) 4 aJ} Z(1) = m @ (L) D, (L)
W= KP, pore. R D 2
3]\; E[Slk] Zi;Q(“l/R) A/|(7 11—R. ,011=7/6) + 597 =/ 2Perra1(L) lll(L) (29)
BB, fra) T + B3 (ru /R)
KBl D12 (rin/ B rni— b =gy + 267 Whereai(L), et(") andi, (L) stand for the Rayleigh fading,

lognormal distributed shadowing and data bit, respectively, for

the uplink transmission. Notice that the shadowing terms on

] ] ) both up and down links are the same but the fading terms on the
In a special case, whef;/ P, is very small (i.e., the NBI g |inks are different.2,,, is the received power of the base

(24)

is absentp;/ P, = 0), (24) reduces to station, defined as
19 /. y= = ,2¢1 (L)
o (Tran /7 v i€
1~ g /1) . () Far =y (30)
Zi:Q (7)7‘/1/R)_W|(7‘11=R,911=7"/6) ¢S (L)

which becomes the case discussed in [4]. Assuming the square-root df... is lognormally distributed,

Assuming that the position of each user is uniforml§-9-

distributed in a cell, i.e., \/Pf — (31)
flri, b)) = — 5, 0<r1 <R, 0<6<2r, (26) ON€ obtaing1/Fery) = o2 and(1/Fg,) = e **. Whene .
TR is constant (orxr = 0), the received power of the base station

. . . . . is deterministic (perfect case). However, due to adjacent cell in-
the expectation of;. is obtained by double integration ofy. to ance and NBL; (or P...) is a random variable. Therefore,
(24), our objective here is to evaluate the mean and the standard de-

viation of z, which are shown in the Appendix B.

IV. NUMERICAL RESULTS

1 27 pR
El¢ix] = E[¢u] = m/o A Eurtidrindbi. (27)

The numerical results of the standard deviation (B6) of the
power control error are shown for several cases. Unless noted
otherwise, the following parameters are assumed: the path loss
exponenty = 4, the processing gaily = 1000, the number of
active users per cell’ = 20, the number of taps of the Wiener

lll. POWER CONTROL ERROR filter M = 4 on each side, the ratio of the interference band-

In the open-loop power control algorithm, the received signalidth to the spread spectrum bandwigtk: 0.2, the ratio of the

power at the mobile is estimated by averaging the output squaftset of the interference carrier frequency to half of the spread

By numerical calculation[£;x] is shown in Table | for
various values of propagation exponent @)dr;.
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With optimum downlink power control - With optimum downlink power control
6.5 . .
e Without downlink power control —_ | e Without downlink power control
. [a=] i
S —— B
o ssl P//Ps =15d&20dl;\"_(\«' " 65 4
= ; v) -
B _ PI./P: =—o0dB,10dB..’ .g 6 7
= . : =
‘T 45F ") > 55 1
o R o L.
a |, a s
s [ = 5 i
— Ll
S es < 02,4=02
D 4.5 = = L
© 3l » 4 K=20,M =4 |
m
3 o
& 25} L A 35 §
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 —0 -5 0 5 10 15 20 25 30 35 40

/R

P,/P, (dB)

Fig. 4. Standard derivation of power control error as a functioR,gfP..
Fig. 3. Standard derivation of power control error versus relative distance.
7.5 .

spectrum bandwidth = 0.2, standard deviation of shadowing s e K =a0
o, = 8 dB, the information data rate 10 Kb/s, the speed of g _ p /_P —20dB
mobile user = 100 km/h, the carrier frequencfy = 2 GHz - v

)

(Dopplor frequency shifffy = v/A = 185 Hz), the period for
power estimatior. = 60 (or 60 bits), and the shadowing cor-.
relation distanceD = 45 m.

tion ©
w
]

2

Fig. 3illustrates the standard deviation of power control err
when optimum downlink power control is used as a function ¢
r11/ R for various values of’; / P;. For comparison, the power
control error without power control is also shown in the figure_;
Without downlink power control, assumirfg; = 7 /6, a base &
station transmits the same power to all the users wherever tt
are, so that a user close to the base station will receive mt 0
power than a user far from it. Therefore, when the distance ra
is small, i.e.,r;1 /R < 0.3, the received signal power of a mo-
bile user is very large. However, NBl and adjacent-cell interfeFig. 5. Standard derivation of power control error as a function of the {ajio
ence are relatively stable. That is, the SIR is very large. Thigéthe interference BW to the spread spectrum BW.
the power control error mainly results from the measurement
error, which mainly depends on the measurement interval, mo-+ig. 4 shows the power control error as a functiorfpf P,
bile speed and shadowing correlation distance. However, whasth with and without power control. It can be seen that the
the distance rati¢r;; /R) increases, the received signal powepower control algorithm performs very well for large range of
of a mobile decreases. That is, the SIR decreases. In this cd3¢P,. However, whenP;/P; is very large (i.e.,P;/P, >
the power control error is caused by both interference and m@&a-dB), the power control error for both curves approaches 8 dB
surement error. Therefore, the power control error standard ¢éxe maximum power control error). That is, the power control
viation increases as the distance ratio increases. For a gii@meffective whenP; /P, is very large.
value of P;/ P, when a mobile is located at one of vertices Fig. 5 is plotted for the power control error as a function of
(i.e.,711/R = 1), the power control error takes the maximunthe bandwidth ratigp) of interference bandwidth to the CDMA
value, which is used for evaluation of system capacity. Howgignal bandwidth for the offset ratip = 0,0.1,0.2, respec-
ever, when power control is used, for a given valu®€pfP, , the tively, when power control algorithm is used. It can be seen that
power control error keeps constant, irrespective of the relatitlee power control error does not change much for small band-
distanceyy; /R. This is contrast to that without power controlwidth ratiop (p < 0.1), whereas it increases dramaticallygas
where the power control error increases dramatically;agR  increases for largg (p > 0.1).
for large values of+; /R. It can also be seen from Fig. 3 that, Fig. 6 shows the power control error as a function of the offset
in the presence of NBI, the optimum downlink power contraiatio (¢) for different values of the numbé/) of each-side
algorithm can reduce the power control error significantly. Faaps of the suppression filter. It can be seen that generally, power
P;/P, = —x, 10, 15, 20 dB, the power control error is 1.9, 1.3control error decreases & increases for a given value @and
1.1, 0.9 dB, respectively, less than that without power controthat power control error is more robust for large.

andard Devia
FS
P

iy

o 4

0.05 0.1 0.15 0.2 0.25 0.3

Bandwidth Ratio (p)
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7.5 T T T T T - T

7=01 K =20
pj/px=20dB

PCE Standard Deviation ¢, (dB)

3) The cellular CDMA overlay system with optimum
open-loop power control can support many more users
than that without power control.

APPENDIX A
DEVIATION OF THE VARIANCE OF NBI

Equation (12) is rewritten as

1
a5t J() = T Z ¥m
m=—M
al T
X / J(t — mTc)2011(t) COS(27Tf0t) dt
as (=0T
1 M At
0 o1 oz 03 o4 o5 o068 07 08 05 1 - T Z “m /(1—1)T{]c(t —mT:)
. m=—M
Offset Ratio (q) x cos[2r( fo + A)(t — mTL)] — ja(t — mT,)
Fig. 6. Standard derivation of power control error as a function of the offset x sin[27(fo + A)(t — m1e)]} - 2¢11(t) cos(2 fot) dt.
ratio (¢) of the interference carrier frequency to the half spread spectrum BW. (A1)
8 The double-frequency component in (A1) can be removed by
the integrator. Assumingy 1. is an integer,J(l) becomes
a , P, /P, =15dB,20dB e
= \) R e XM
© - —
° o ‘ _ I =7 > am
° - - m=—M
E i
> s} X / {jc(t — mT,) cos[2n A(t — mT.)]
3 (1-0nT
s — Js(t = mT.) sin2r A(t — mT,)| ber1(t) dt
s 4F M T
s 1 -
- =7 Z am/ Jt—mT e (t)dt  (A2)
w3} With opi . =M (-7
& ith optimum downlink power control m
------------- Without downlink power control .
2 . . . . . . . . . wherej(t) is the low-frequency version of the NBj(¢), and is
0 5 10 15 20 25 30 35 40 45 50

Number of Active Users (K) Per Cell

Fig. 7. Standard derivation of power control error as a function of active

usersk’.

defined as

~

() = je(t) cos(2m At) — j5(t) sin(2r At). (A3)

The autocorrelation of(t) is given by as (4), i.efy(r) =
R;(7), with f, replaced by 0. Therefore,

Finally, Fig. 7 illustrates the power control error as a function

of the number of active use(g() for various values of; / F;.

M
It can be seen that for a given value of power control error andj(l) = % Z Q.

given value ofP; / F;, the CDMA overlay system with optimum
power control can support many more users than that without

power control.

V. CONCLUSION

The optimum open-loop power control error in cellular

m=—M

x /Tj(t (= DT = mT)en (t— (- VT) dt

1 M N
=7 > amy ey

m=—M n=1

nT,
CDMA .overlay systems has been studied. The following % / j‘[t — (I = )T — mT,] dt
conclusions have been drawn: (n—1)T:
1) For a wide range of the ratio of NBI to signal power, the 1 XM N )
optimum power control algorithm performs well. =7 Z QU C11

2) In order for the power control error to be more robust m=—M  n=l

against the offset ratio, a suppression filter with more taps

should be used.

T.
X / Jit— 0= D)T —mT, — (n— D)T,]dt (Ad)
0
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wherecg’{) represents theth chip of random sequeneg; (¢)
andN is the processing gain. The variance/dt) is given by

o5 = E[J*(D)]

M M
E anl 1 E Oérnz

mi=—M mo=—M

7 N
x 33 Bl
ny=1ng=1
T p T )
: / / E{jit: = (1= 1T —mT.
0 0
— (711 — 1)Tc]j[t2 — (l — 1)T — mch

- (712 - 1)Tc]} dtl dtg. (A5)

SinceEch’fl)cg’fz)J = 1l and0for n; = ny andn; # na,
respectivelyg2 reduces to

M M
§ Qg § My

mi=—»M mo=—M

x Z/_C Byfr — (my — m) LT, -

2
=T Y o 3 am

7711:—]\4 7712:—]\4
1
< [ Byllr = (m = m)|2) (0~ [r]) dr
-1
M M
P.
= NJ Z Qo Z (g

mi=—»M mo=—M
x [Q(m1,m2) + Q(—my,

|7]) dr

—m2)] (A6)

where

Q(ma,m») = /0 (1 |r[)sinc{2nr — (m1 — ms)]p}
x cos{2n [T — (m1 — my2)|q} dT. (A7)

APPENDIX B
DERIVATION OF THE MEAN AND STANDARD DEVIATION OF
PowEeR CONTROL ERROR

From (28)—(31), one obtains

1 — 67239
Perr

2C

L
C
- - 2P 2261 ()26 (L) 4 =~
7 E_ ré11a1(l)e + LTE,/Q

S O=26W (1) 4+ J(1)]

L
X Z AV4 2PR£11CL1(1)
=1

L

> e M)

= 1

S L) + ()

—
Lry; )

2C

—
Lriy

+ (B1)
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L L
_ 4C2PR£11 Z Z (1)a(0a)

w 2426 () =46 (L) | 8C* Préw
L2

L L
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Sincex is Gaussian distributedy| ¢® | = exp(z + 02/2),
wherez and o, stand for the mean and standard deviation of
power control error. In the following, it is shown how to obtain
T ando,.

From (B1) and (B2), we have
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E[e—4m] — 6—45:-1—803 (B4)

wherel/ andV will be derived later. From (B3) and (B43,and
o, can be derived, i.e.,
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By choosingC' appropriately (i.e.C = \/V/UQ), the mean
of the power control error can be set to zéf = 0), corre-
sponding to an unbiased estimate.

Since all a;(1), @, I() and J(I) are independent,
EI(1)] = E[JQ)] = 0, andE[I(1)I(I2)] = E[J(1,).J(I)] =
0, for l; # I3, the cross-terms with odd-orders &f) and.J (1)
have zero expectation. Thus, from (B1) and (B3), we have
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Ps&1a 2 whereE|a?(l;)a3(l2)] is the autocorrelation function af (1)
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where E|a}(l)] = 1, P, is given by (20) and’;, (7) is the wherep(l, — 1;) is the normalized autocovariance function of
autocovariance function af(t), given by [8] the Rayleigh process, given by [9]

p(lz — 1) = Jo(2m fa|(l2 — 11)T7)) (B11)

Ce(7) = [Cl( )Gt + )] = E[G(t)]

—olrl/D wheref, is a maximum Doppler frequency or fading rate, given
= 0< e (B8)

by fa = v/, where\ is a carrier wavelengthly(z) is a Bessel

) function of the first kind of zeroth order.
wherew stands for the speed of a mobilb, represents shad-  sjnce bothl(7) and.J(1) are Gaussian, we have

owing correlation distance and has been measured as hundreds

of meters for conventional terrestrial cells, and tens of meters E[P(1) (1)) = {32? =1y (B12)
for terrestrial microcells. o, hL#l
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