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On the Usefulness of Outer-Loop Power Control With
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Abstract—t is well known that multiuser detection can obtain the cancellation order [4], [7], [9], [10]. Creating power control
significant performance advantages over the conventional matched taples which have unequal signal-to-interference ratio (SIR)
filter receiver in code division multiple access systems. Further, thresholds to maintain such received power levels using inner

since optimal multiuser detection is exponentially complex, the | trol Idb bl tic. In thi h
majority of research has focused on suboptimal approaches such 00p power control could be probiemalic. In this paper, we show

as successive interference cancellation (SIC). SIC has been showithat frame-error rate (FER)-based (or equivalently BER-based)
to require a geometric distribution of received powers to achieve outer-loop power control will provide sufficient control for SIC

equal performance for all received signals. In this paper we without using different power control tables and without causing
propose a power control scheme for SIC to achieve this profile a degradation in SIC performance. Further, using outer-loop

(or the profile corresponding to any desired and achievable set . . .
of error rates) based on frame-error rate (FER) or bit-error rate control to guarantee BER performance with SIC simply requires

(BER). Specifically, we derive the relationship between received @ coarse knowledge of the power limits of the mobile. That is,
power and BER for linear SIC and show that for unlimited mobile ~ we must use some knowledge of the relative shadow fading
powers, a deterministic distributed BER-based outer-loop power and path loss experienced by each mobile to determine the
control will drive the received powers to the optimal power profile. ¢4 cellation order. This information is available from the output
The convergence of the deterministic BER-based algorithm is Lo s o . .
examined in the absence of inner loop power control errors. The of the receiver’s acquisition apd searcher circuits or V|.a.mob|Ie
simulated performance of a stochastic version of this algorithm is measurements taken for mobile-assisted handoff decisions. We
examined using instantaneous FER measurements. The stochasticshow that, for the cases examined, when the power limits are
algorithm is shown to provide unbiased estimates of the true power known incorrectly, only the performance of the signal in question
updates and converge to the optimal power vector provided the g affected, and catastrophic system failure does not occur. In the
mobiles have unlimited power. Further, we consider power limits . . ) . L
for specific mobiles and find that individual mobile limits do not next SeCt'_On'We 'brleflydISCU'SSpI’EVIOUSWOI’k considering power
affect the performance of other signals. Further, we examine the controlwith multiuser detectionin CDMA systems as well as the
impact of system loading, multiple FER targets, error correction, proposed power control method. In Section Ill we describe the
and inner loop power control error on the performance of the system model assumed and describe successive interference can-
algorithm. cellation. The convergence of a deterministic BER-based power
Index Terms—Code-division multiple access (CDMA), multiuser control for SIC receivers is analyzed in Section IV and a brief
detection, power control, spread spectrum, successive interferencediscussion of the stochastic version of this algorithm is given in
cancellation (SIC). Section V. Simulation results are presented in Section VI which
show the behavior of the average received power and frame error
|. INTRODUCTION rate when using FER-based outer-loop power control with SIC

o . nder various conditions including different loading conditions,
!NCE the ad\_/ent O.f code-division multiple access (CDMA ultiple FER targets, with and without error correction coding
n commercial wireless systems, the area of multlus%d imperfect inner loop power control

detection has been an area of intense research [1]-[3]. One
form of suboptimal multiuser detection, successive interference
cancellation, or SIC, has received significant attention [4]-[9].
One difficulty in the implementation of SIC is that for equal Power control is an extremely important part of current
received signal strengths, the bit-error rate (BER) performane®MA systems. If multiuser detection is to play a part in com-
will vary significantly. Power control in current CDMA systemsmercial CDMA, its interaction with power control must be well

is designed to guarantee approximately equal received pow@gerstood. Compared to the massive amount of work done
for all signals using a combination of inner loop and outer-lodpn multiuser detection, to date relatively little work has been
power control. To obtain equal BER for all signals with SIC, théone on the interaction between power control and multiuser

received power profile must vary geometrically according téetection [11]-[16]. The combination of power control with
the linear minimum mean-square error (MMSE) receiver was
considered in [11]-[15] while [16] considered power control
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Fig. 1. [lllustration of FER-basef, /I, set-point control.

optimal power setting for each mobile. This information wagalue. If the frame is not in error, the base station may lower its

then communicated back to the mobile for power adjustmesgt point by some (usually smaller) value. In this manner, a target

Essentially, these methods can be considered “outer loop” te€=R may be maintained. If, for exampley® FER is desired,

niques since they are aimed at adjusting long-term power ttee receiver should raise its set-point AydB when it records

provide an optimal received power distribution between useemn error. The down stepis then given by

This is as opposed to “inner loop” control which makes fine ad- y

justments to counter Rayleigh fading. None of the studies men- a=A- 100 —y dB. (1)

tioned were concerned with the effects of inner loop control and

we will likewise ignore this effect during most of this examinaT his is depicted in Fig. 1. Over time, this raising and lowering of

tion. We will briefly examine the impact of inner loop powerthe setpointisintended to resultin the desired target FER. Main-

control error via simulation in Section VI. tenance of a desired FER is crucial to the capacity of virtually
In contrast to these technique& we propose here any CDMA system since one mobile station’s Signal is inter-

FER-based approach for reverse link power control to @rence for the rest. This interference ultimately limits system

used in Conjunction with SIC as is Common|y done W|t|QapaC|ty We will show that this power control method can be

matched filter receivers. Traditional reverse link power contrgised with SIC in this work.

is accomplished by transmitting power control bits on the

forward link to the mobile unit on which it bases its decisions lll. SYSTEM MODEL AND ANALYSIS

to increase or decrease transmit power. Simpl_y vieW(_ad, eackye consider a CDMA system with active transmitters
power control group (PCG)he base station receiver estimategommunicating with a common base station. For ease of
E,/1, and compares this estimate with an internally saveghalysis we consider a single cell. The received signal at the

threshold which is known as tffe, / I, set-point. Ifthe estimate pase station can be expressed in complex baseband notation as
of Fy/1, is less than thé?, /T, set-point, the power control bit

is set to zero during the next PCG transmitted on the downlink. K iu(®)

Otherwise, it is set to one. The mobile station interprets a zerd' (t) = Z V Pe()bi(t = 7 )ar(t = mi)e’ ™ +n(t) - (2)

as a request for more transmit energy, and a one as a request k=1

for less. This type of’, / I,-based power control is often calledwhere P, is the received power from transmittey by (¢) and

“fast power control” since it operates at a rate of up to 800 Hgz,(¢) are the data and random spreading waveforms ofthe

(in cdma200pand is intended to combat short-term multipatBignal, respectively;, andg,, are the relative delays and phases

fading. of each signal with respect to an arbitrary reference, =t
What we have described thus far is only the “inner loops a complex Gaussian random process with variarfcend

portion of £ /I,-based power control. What happens with theepresents thermal noise. The combinatiomei%(t) is

E, /1, set-point is referred to as the “outer loop.” In FER-basea#lie complex distortion caused by the wireless channel. For the

outer-loop power control, after every frame the base station fgirpose of this investigation we assume that inner loop power

ceiver determines whether it made an error in decoding or rggntrol is perfect or that fading is sufficiently slow such tiat

via cyclic redundancy check (CRC) or some other method. If th@d, are constant over the observation interval (i.e., a frame).

frame is in error, the base station may raise its set-point by somigus, the effect of fading due to inner loop power control error

is not explicitly considered.
1A power control group or PCG is equivalent to 1.25 ms in 1S-95 and
cdma2000 2We briefly ease this restriction in Section VI.
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A SIC receiver attempts to detect signals in succession t
cancelling each signal from the aggregate received signal aft oss .
detection [4]. We represent the signal used to detect data fro
signalk as

(k) f — 7—1 3) 08l :

||M\

X0.75F T
wheres;(t) = /P;b;(t)a;(t )el‘f’? and 3;(t) are the received
signal and the estimate of the received signal from mabile
this work we consider dnear receiver in which the estimated o5} 1
signal is a linear transform of the received signal. Specifically
we estimate the received signal as

06 i

0.55 b

§k(t) = Z Zk’mpT(t B mT)ak (t) (4) 0s 1(;" 1L>° 12)‘ 1:)2 10°

m=—00 X

wherep(t) is a unit pulse defined ofd, T'), z; », is the pro- Fig. 2. Convergence of (21).
jection of the received signal onto the spreading code of signal
after cancellation of signal- 1 during themth symbol interval, : : : : :

H . : : — Theoretical Prediction
L.e., : : : : : O Simulated Avg. Power

1 mT o+ TS ST N OO SOO U OT S SOTU OOt FOPSOTOO SOSSOOPIOLIOSOUON: e
Zhm = / ) (@)ak (t — 74 )dt. (5) Z : ; ‘ r ; :
(m—=1)T+Ty,

)

T is the symbol duration antl represents the complex conju-
gate.

To examine the performance of the successive cancellatit
receiver described above, we will examine the decision statist$

e Power (c =1
Ll

rag

more Closely. Using (3) in (5) we rewritec_m as Y S P R ERE TS TR s
mT~+T1y
1 3l ]
Zk,m =7 / (Z f—TL>aZ(t—Tk)dt
(m—1)T+7y, i=1 : : : : : :
mT 41} —1 4 2 3 4 5 sanal# 6 7 8 9 10
- / > si(t—m) | ap(t—Tk)dt | +Nim
i=1 Fig. 3. Simulated and theoretical normalizes? = 1) received powers for
(m—1)T+7x 12% target FER using stochastic FER-based outer-loop power control with SIC
k—1 K (perfect inner loop power control is assuméd = 64, K = 10).
=V Pk +> Iim+ Y Ieim+Nem (6)
=t i=k+l wherey, = /Prel?* is obtained from the channel estimation
mT+T, . 1 i 1
where Ny, = (1/7) fm 1);“ n(t)ai(t — m,)dt, Iy is ProOCess (e.g. from the pilot channel) and we ignore the impact of

the cross correlation between sighand signat during S|gnal imperfect channel estimation. From [10] we can write the SINR
k’s mth bit interval, andf;,; ., is the residual cross correlation®f Signalk(I'x) as
between signals after cancellatlbhlow, if a Gaussian assump-

tion is made on the decision statistic as is commonly done in a2 o K P; o\ k-1
CDMA system analysiswe are interested in the second-ord F N Z i (1 + N)
statistics ofz;, ., [17]. Namely, we define the SINR for signal =2 i 1
as . P;
Y AneeR) R o
E* {R [21,mVE] [bre,m } i—2 k

= (7
var {R [2,mY5] |br,m }
where for rectangular chips
3The above formulation neglects the effects of uncancelled future bits. This is

justifiable when either: 1) the system is synchronous; 2) the relative delays of all

signals satisf{ 7.} < T'; or 3) cancellation is done on blocks of simultaneous 1, synchronous, zero phase

bits. %7 synchronous, random phase )
4This assumption is commonly made in the case of successive cancellation 0= 2

where it may be less justified than in the case of simple matched filtering [5], 3 asynChronous’ zero phase

[6]. %, asynchronous, random phase.
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(a) Simulated and theoretical normaliZzeq = 1) received powers and (b) resulting FER for 12% target FER using FER-based outer-loop power control

with SIC (perfect inner loop power control is assumat= 64, X' = 10, signal 4 has received power limit of 4.4).
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Fig. 5. (a) Simulated and theoretical normalized = 1) received powers and (b) resulting FER for 12% target FER using FER-based outer-loop power control

with SIC (perfect inner loop power control is assumat= 64, X' = 10, signals 9 and 10 have received power limits of 3.0).

Further, it is shown in [10] that the given receiver can providast (i.e., it receives the most benefit from cancellation). User
equal SINR (i.e.I'x = I'Vk) and, thus, equal BER if the fol- requires the most power since it is cancelled first and benefits

lowing power profile is used:
—1
Popt = (%I - % X) po?

wherep = [Py, P», ... P,]T,TisaK x K identity matrix,3 is
aK x 1 vector with(1 + (¢/N))i~! as theith elementX is a
K x K matrix withx? as theith row andx;, is aK x 1 vector
defined as

(10)

0, m=1
mm =2 1+ -+ m<k )
(1+%)k_1. m > k.

The optimal power profile is shown fokk = 10, N = 31,

the least from cancellation.

Equation (10) applies to the case of equal BER requirements
(e.g., voice networks). In the case where there are different BER
requirements, the desired power profile is

o (12)

Popt = (Q_l - %X) /802

whereQ = diag{T'}, diag{x} is a diagonal matrix withx on

the diagonal anf is the vector of SINR values needed to obtain
the desired set of error rates. Using a Gaussian approximation,
the BER isQ(/2T") where the output of)(z) is a vector with
each element being the standard Q-function operating on each
element ofz.

o =1/2,T = 6dB, ando,, = 1 (curve is labeled “Theoret-  Thus, we could use the above valutsdirectly setthew;, /I,
ical Prediction”). Note that this profile makes no assumptiorset-point for the inner power control loop in order to provide

about perfect cancellation. We can see that each signal requires _ _
The exact levels would have to be adjusted for the number of Rake fingers

a ‘Q"ffefe”t received powgr to obtain equal BER basgq 0N €anGglg would be dependent on the measurements being used for power control at
lation order. User 1 requires the least power since it is cancelleé base station.
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Fig. 6. (a) Simulated and theoretical normalizeq = 1) received powers and (b) resulting FER for 12% target FER using FER-based outer-loop power control

with SIC (perfect inner loop power control is assumdd= 64, K = 10, signals 1 and 2 have received power limits of 3.0).
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Fig. 7. (a) Simulated and theoretical normalized = 1) received powers and (b) resulting FER for 12% target FER using FER-based outer-loop power control

with SIC [perfect inner loop power control is assuméd= 64, ' = 10, all signals have received power limits shown in (a)].

the desired BER values. This would require power control tévely, mobile based measurements used for hand-off processing
bles for each cancellation slot and each number of total signatauld also be used for ordering purposes. The FER-based outer
and SIR desired. However, as we will show, a better approadop would then drive the set point to obtain the desired pro-
would be to use a generic set of values as a starting point andfiletas we will show. The inner loop can use standard energy or
the outer loop control the set points. Provided that all mobilds, /I, measurements along with the current set point to combat
have sufficient power and the power vector is feasible, the oufading. Note that provided thé&} /I, measurements are per-
loop will guarantee equal FER (or that all signals obtain thefiormed after cancellation, they will result in estimates that are
target FER values). Thus, the most obvious strategy is to assggmsistent with the specific cancellation slot.

those signals which have larger fade margittsthe early can-
cellation slots and those with smaller fade margins to the later

cancellation slots. Such a scheme would have the added ben; . . .
. . . ; It is of interest to examine the convergence of a BER-based
efit of producing lower out-of-cell interference as discussed in )
wer control algorithm. The convergence of general power

[9]. The initial received energy estimate need ngt be perfect, J‘%%mm algorithms was discussed in [18]. Based on this work, it
accurate enough to provide a reasonable ordering and can be ob-

tained similar to onen- .Iy\_/as shown in [19] that the deterministic BER-based algorithm
pen-loop power control at call setup. Specifi

cally, during the initial acquisition process the searcher typically i

reports measured energy levels for finger assignment. This in- ln{ 1 }

formation could also be used for cancellation ordering. Alterna- 2BER(p(n))

6Fade margin is inversely related to the total path loss and shadow fadwg'erem = In{1/(2B:)} an_dBi is the targgt error ra_te for user
experienced by the mobile. 1, converges for a conventional matched filter receiver. We wish

IV. CONVERGENCE

PZ'(’I”L + 1) = PL(’I”L) (13)
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to show that (13) also converges to a fixed point for SIC r¢ ' Power Profie: =50, N=64, Sep Size= 0208

ceivers. Following [18], [19] the power control algorithm(n + : : : § m
1) = T(p(n)) converges to a fixed point provided tHB(p) is | g g g g
a standard interference function. That is, I

« the algorithm is positiveT(p) > 0 where0 is the zero s
vector;
« the algorithm is monotonic: Ip > p’ thenT(p) >
T(p');
« the algorithm is scalable: Foratl> 1, o T(p) > T(ap).
In our caseT; (p) = (n;/ In{1/(2BER;(p(n)))})P:i(n) where
BER;(p) = Q(+/T(p)), I'(p) is defined from (8) a¥'(p) =
pTY 1Y = diag{Bs? + (¢/N)Xp}. We will now examine
each condition in turn.

Average Power

o

ES

A. Positivity

(%)

To show thafI'(p) > 0, from the definition ofT'(p) we can
see that we must show that{1/(2Q(/2I'(p)))} > 0. This is
true provided that)(/2I'(p)) < (1/2) which in turn is true
provided thatp > 0 ando? < oo.

N

1
User # (Cancellation Order)

Fig. 8. Simulated and theoretical received powers for 12% target FER using
- FER-based outer-loop power control with SIC (synchrondiis= 64, K =
B. Scalability 30, 0.2-dB step size, perfect inner loop power control assumed).

To prove the scalability oI'(p) we must show thatT(p) > C. Monotonicity
T(ap) for « > 1. That is, (14), as shown at the bottom of the

page, wheres = (1 + (o/N)). Examining the denominators, To show that (13) is monotonic we must show that

we can rewrite our requirement as (15), shown at the bottom of aT; (p(n)) >0 Vi i (16)
the page, where the last requirement is true since 1. OP;(n) ~ b
an; P; an; P;

In ;} < In {;
20 \/m(p)) 20 ( 2Fi(ocp)>

Q ( 2li(p) ) >Q (v ZFL'(OJP))
Ti(p) <Ti(ap)
F; P;
T — 1< T — (a4
{ [O’,ZL + %D o Pk} vitl — £ e V’L—kPk} { [J?L + %D eo aPk] R D V’—kapk}
0 K 0 ) 0_2 0 K 0 )
2 1—1 1—k n i—1 i—k
{crn—l—NZPk V- v Pk}>{j+ﬁzpk S~ v Pk}
k=2 k=2 k=2 k—2
0 K 52 0 K
2 n
k=2 k=2
1
— <1 (15)
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Now, to show that this is true fof # i is straightforward. In- and
creasingP; will clearly degradel’;(p) for j # ¢ which will

raise@Q(+/2T;(p)) and thus increasg;. Thus, we concentrate Q(x) > 1 <1 — %) e~ T (23)
on showing thafl'(p) is monotonic fori = j. Accordingly, we TV 2w v
arrive at (17), shown at the bottom of the page, where to obtain
0 i1 N 1 1
Ii(p) = { or+ =Y Py - < .
NZ ( ) 2/7Q( /2:5)111{2%} (1-5) & In{rz}+1
. Q(V2z)
0N~ (14 2) 18 .
N 2 ( + N) % ¢ - (18)  Further
- . 1 1
I';(p) is defined by (19), shown at the bottom of the page, and Jim - 2) Zin{re) +1 =1L (25)
2z

8 = (o/N){(L + (¢/N))'~* -
Now, simplifying (17)

1.

Thus, we conclude thadT;(p)/0F;) is positive, the power
control relation?’(p) is indeed monotonic, and the power con-

JaTi(p) ;i i
ap { ) } trol algorithmT'(p) converges.
! In¢ —F—7—=
ZQ( ri(p)) V. STOCHASTIC ALGORITHM
1 T:(p) e~ Ti®) 1 — 1, T(p)] The previous section showed that the deterministic power
N1 5z -(20)  control algorithm based on BER (or equivalently FER) for SIC
In {m} Q ( Fi(p)) will converge. However, the algorithm described in Section Il is
P a stochastic version of an FER-based power control algorithm.
Now, sinced;T;(p) > 0, we simply need to show that Specifically, if¢;(n) = 10log,, P;(n), we can write the stan-
B dard (outer loop) power control algorithm in decibels as
Ve "
; <1 (21)
27 QI I { 3ot ) wot ) =at+alfi- o=l e

for 0 < = < oo. In Fig. 2 we plot the above equation for<

# < 500 and it can be seen that the inequality holds. Now, fa¥heren; is the target error rate for usgrf is the estimated FER
largerz we simply examine the limit as — co. To do thiswe andA is the algorithm step size. The FER estimate is typically
use the inequalities a one bit estimate based on a CRC

I a2 : |1, CRC checkfails
Q) < o (22) fi= {0, CRC check passes.

(27)

e~ Ti(P)

\/47TF (p)

1-T;(p)é:
Ii(p)

( 2ri(p)) (\/2r ®)

Q
Vet )

17)

(19)
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Average Receive Powers (target ber =0.00255, PC step =0.2,E /N =3.981) 107
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18 T T L T T T T T — Theoretical
— Theoretical - Simulated
~»- Simulated

~
T

0k

Average Power (linear)
=
Average Power (linear)

bR T

User User

Fig. 9. Simulated and theoretical average power profile and FERs using FER-based outer-loop power control with SIC (perfect inner loop poiger control
assumed, asynchronous, = 64, random phasedy’ = 50, 0.2-dB step size).

Specifically, this algorithm corresponds to the power control it = 10 signals. It can be shown that this BER requires an
eration SINR of 6 dB.

Pi(n+1) = Pi(n )100 m[ 12—’%_(1—1‘1-)] 28) Fig'. 3 prgsents the average received power for each of the
ten signals in the system when no power limits are placed on
which can be shown to converge in a manner similar to the pitBe mobiles. The predicted normalized power from (10) with an
vious section. The algorithm in (26) can also be implemented fINRT' = 6 dB is also plotted withr2 = 1. Note that signals
terms of BER by using training bits as are ordered according to decreasing received power which is
also the cancellation order. All signals obtained the target 12%
1 yA
- [sen {b;(n)z;(n)} + 1] frame error rate. Thus, the outer loop converged (on average)
2100 — to the optimal power vector given in (10). Note, that after con-
+1A [1 —sgn{bi(n)z;(n)}] (29) Vergence, the stochastic algorithm will move the instantaneous
power vector around the optimal power vector based on the oc-
whereB; = (1/2){1 — sgn{b;(n)z(n )}} is the instantaneous currence of frame errors and the step size as shown in (26). The
BER estimate. We can eaS||y show tﬂans an unbiased esti- smaller the Step Slze the smaller the variation but the IOnger
mate of the true BERB,). That is, the convergence time. The main assumption here is that all mo-
biles have sufficient power for the cancellation slot they are as-
signed. However, this requires intelligent assignment of cancel-
Mhigo M ZB Bi. (30) lation order. If the first signal in the cancellation order corre-
sponds to the signal furthest from the base station, not only will
Thus, on average the power control iteration will have the cdt-result in more out-of-cell interference [9], but it is possible
rect update. A detailed analysis of the convergence of the stat the signal will have insufficient power to achieve its target.
chastic algorithm is currently being investigated. A coarse knowledge is available from open-loop power control
at call setup or via hand-off measurements as mentioned.

To determine the effect that such alimit (i.e., incorrect cancel-
Simulations were run using the SIC receiver along with tHation order) would have on the receiver performance we exam-
stochastic FER-based outer-loop power control as describiedd the performance of the stochastic algorithm in cases where
above. It was assumed that inner loop power control was perfeotne mobiles have a power limit. In the first example shown in
and that the system was synchronous with random phases iyl 4, signal 4 is limited to a normalized received power (i.e.,
random spreading codes. The powers were all started at unify = 1) of 4.4 (i.e., SNR= 4.4). As we can see from Fig. 4,
(i.e.,P;(0) = 1). The outer loop used a step sizet= 0.3 dB  this prevents signal 4 from achieving its target FER since the
per frame error. Coding was not used and frame errors werawer limit is below that necessary for the assigned cancella-
defined as the event where any one or more of the bits in ttien slot. If that signal were assigned to the first cancellation
frame was in error. The frame size considered was 50 bitdot, it would have achieved the target FER. Of further interest
Since coding was not used the target FER considered was faiglfhe effect that the power-limited signal has on those signals
high at 12% which corresponds to approximately a 0.2% BERhich are cancelled before and after it. Signals cancelled be-
These simulations assumed a spreading gaiv o 64 and fore the power-limited signal (#1—3) benefitin that they see less

¢i(n+1) =qi(n) -

VI. RESULTS
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using FER-based outer-loop power control with SIC with and without codirfgd: 12- Simulated and theoretical received powers for two quality of service

(synchronousk = 20, N = 64, 0.2-dB step size, perfect inner loop powerProfiles using FER-based outer-loop power control with SIC with two different

control assumed). cancellation orders (synchronous,= 30, 0.2-dB step size, perfect inner loop
power control assumed, 0.2%, 0.7%, and 1.4% BER targets).

interference power (due to the lower received power of signaducing the necessary transmit power required for the signals
4) and thus can transmit less power and still achieve the targanhcelled before them.
FER. Signals which are cancelled after the power-limited signalA more serious potential problem is a limit on the first two
are nearly unaffected by the increased error rate and the lowg&mnals cancelled as shown in Fig. 6. Here it is anticipated that
received power. The effect of higher error rate (which increassisice the first two signals will not achieve their target FER,
interference) is offset by the lower received power (which dé¢hey will not be cancelled properly and will thus introduce more
creases interference). interference to those signals cancelled afterwards due to error
In Fig. 5 signals 9 and 10 are limited to a normalized valygropagation. However, since they are power limited, their effect
of 3. These signals cannot reach the FER target but the othisrisoth increased (due to inaccurate cancellation) and decreased
signals are not affected in terms of performance. Since thdgee to reduced power). The net effect is that the signals can-
are the last two signals cancelled, the limits have the effectadlled afterward require essentially the same receive power as
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Fig. 13. Simulated BERs using FER-based outer-loop power control with SIC (perfect inner loop power control is assumed, signals achieved|pswer profi
shown in Fig. 12).

without the limits. The receiver with SIC and power control isest in higher loading conditions, Fig. 9 presents results for the
thus fairly robust. The main problem then with inaccurate oasynchronous case witki = 50 users and all other parameters
dering is: 1) the performance of the mobile in question may leing the same as in the previous case. Again, the theoretical
degraded (i.e., it may not achieve target) and 2) the system qoewer profile and target error rates match well with the simu-
ates larger out-of-cell interference than with proper ordering.lated values although we do see a slight rise in the average FER

As alast example of power limitations, Fig. 7 plots the averagiie to a longer convergence time. As a final loading test, we
received power and the achieved frame error rate for the povestamine the performance of nonlinear SIC (i.e., with hard de-
limits shown in Fig. 7(a). This essentially represents an orderiogions and perfect channel estimation). In Fig. 10 we plot the
which is the opposite of the optimal ordering scheme since thehieved power profile and error rates for the cas& ot 60
more limited signals are cancelledfirstand thelesslimited signaisers,N = 64, a 0.2-dB step size, and a 12% target FER. Since
are cancelledlast. Again, we seethatsignalswhich are power-litme theoretical profile derived previously is for linear SIC, it
ited cannotreachtheirtarget FER, butthey do not have an adveraanot be applied to the nonlinear case. Thus, we plot the av-
effect on the other signals in the system. Again, this suggests thedge power profile along with the powers during the last itera-
the SIC receiver with outer-loop power control is fairly robustion. The plot shows that the final power values are very close
The base station need not specify separate fine-tuned thresholthe average meaning that the algorithm has likely converged.
tables for each cancellation situation in order for SIC to be effe€his is also seen in the fact that the error rate is very close to the
tive. Instead, the base station simply needs to have arough idetagjet error rate. There is some deviation for the signals late in
the relative shadow fading and path loss (as a gauge to the relatie cancellation order as can be seen. This could be due to the
power limits of the mobiles) in order to make an ordering assigfact that the case is a particularly stressing one (loading nearly
ment. This can be gauged by using energy estimates obtaine@qwyal the spreading gain) which typically requires longer con-
the searcher and acquisition circuitry or from handoff measuneergence time.
ments. Further, FER is estimated at the base station. If a particAs noted previously, we have not assumed the use of any error
ular signal is not meeting its FER target, it can be moved doweorrection coding. To briefly examine the impact of coding, we
in the cancellation order to improve its performance based ongisnply examine the case where a frame error is defined as the
power limit. This order control can be done at a much slower raggent where 2 or more bit errors occur in a frame (i.e., one error
to combat long term fading changes. System software can detget frame correction). This results in a higher tolerated BER and
high FER values and instruct the base station to move the sigtials lower required power levels as shown in Fig. 11. The sim-
down in the cancellation order. ulation examines the synchronous case with 20 usérs, 64,

The previous examples have examined fairly light loading0.2-dB step size, and a target FER of 12%. The power profiles
levels. Fig. 8 presents the average received power levels amd plotted for the cases of no error correction coding and one
BERs for a higher loading level of 30 users with= 64 and error per frame correction. The algorithm maintained the target
synchronous reception and random codes. The algorithm uéeoie error rate of 12% in both cases. The profiles show the ex-
a step size of\, = 0.2 dB, the same target FER (12%), 50 bifpected result that the coded case requires a significantly lower
frames (corresponding to a target BER of 0.2%) and no powerceived power profile corresponding to a higher BER.
limits. The predicted power profile matches well with the pre- Each of the previous examples assumed that the target error
dicted profile and the target error rate is achieved. As a furtheate of each user was the same. As shown in (12) we can de-



BUEHRER AND MAHAJAN: USEFULNESS OF OUTER-LOOP POWER CONTROL WITH SUCCESSIVE INTERFERENCE CANCELLATION 2101

Relative Received Power
s
T
Probabllity of Frame Error

S,

ab Power Control Error = 1.0dB ]

N

0 2 4 6 8 10 12 14 16 18 20 3

Fig. 14. Simulated average power profile and FER using FER-based outer-loop power control with SIC (power controketrdB, synchronousy = 64,
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rive the power profile for various target error rates (sometimesllation to provide stable error rate performance without
called different qualities of service). The power profiles and attaving sophisticated power threshold tables. A deterministic
erage error rates for BER targets of 0.2%, 0.7%, and 1.4%, wBlER-based (or equivalently, FER-based) power control algo-
30 users (ten users per target BER) = 64, a 0.2-dB step size rithm was shown to converge for SIC and the performance of
and synchronous reception were obtained and plotted in Figs th& stochastic algorithm was demonstrated in several simula-
and 13. Note that we examined two different orderings as shotions. Further, it was shown that the effect of making errors in
in Figs. 12 and 13 and that the simulated values match well wile assignment of cancellation order does not have an adverse
the theoretical predictions. The error rates in 13(a) correspoeifiect on the system as a whole. Rather, it affects only the signal
to power profile 1 in Fig. 12, and 13(b) corresponds to powevhich is limited. This effect can be detected at the base station
profile 2. In the multiple target case, ordering must also coby monitoring FER and making corrections in the cancellation
sider the groups of users, since different targets correspondtder. We examined different loading factors, as well as the
different profiles. We can see that by cancelling the signals witlase of multiple target error rates. We also briefly examined
higher FER targets, we obtain in lower maximum power requirthe impact of coding and inner loop power control error. Future
ments and smaller disparities between received powers. Onwwrk should further investigate the impact of power control
other hand, if we cancel signals with lower FER targets first, warors and convergence time, conduct a convergence analysis
require a more accentuated profile. of the stochastic algorithm, and investigate algorithms for

Finally, we briefly examine the impact of inner loop powerhanging the cancellation order.
control error. While the convergence analysis done in Section IV
assumed perfectinner loop power control, we postulate that pro-
vided theK -fold distribution of the power vectqs necessary to
achieve the target error rates is feasible, the algorithm will con-The first author of this paper wishes to acknowledge the
verge. The only case examined in detail in this work considerédpport, assistance, guidance, and stimulating discussions
a log-normal power control error with = 1 dB. The resulting provided by his colleagues at Lucent Technologies-Bell Labs.
power profile and achieved error rates are given in Fig. 14. TR&ese include S. Nicoloso, R. Benning, R. Soni, D. Uptegrove,
examined case is fok = 20 synchronous signals, a 0.2-dBF. Dominique, and L. Mailaender. The authors would also like
step size, and a 12% target error rate. The average power peothank the anonymous reviewers who greatly improved the
file is shown along with the achieved error rates. Again, thguality of this paper through their comments.
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