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Abstract?: In this paper, we present two meth-
ods to improve the performance of a mobile com-
munication system compatible to the standard IS-
95. The first approach reduces the bit error rates
by modifications of the closed-loop power control
scheme. In order to overcome the detrimental ef-
fects of delayed control information, linear predic-
tion is used. This is especially helpful at higher
velocities of the mobile user. Secondly, we ap-
ply weighted combining of correlation components
in the demodulation process within the RAKE re-
ceiver.

1 Introduction

IRECT sequence code division multiple access

(DS-CDMA) is an attractive candidate to be
considered for future mobile communication appli-
cations. It is regarded as a promising technique
to increase the capacity of cellular mobile radio
systems. In 1993 the standard IS-95, also called
QUALCOMM-CDMA, was adopted in the USA
[1]. Here, we use this standard as a basis to im-
prove system performance in the uplink by means
of optimized components.

To reach the same level of transmission quality for
each user in the uplink of a given cell, the corre-
sponding powers from these units must be made
nearly equal at the cellular base station. Large dis-
parities are caused by differing distances between
the users and the common base station and by
shadowing. These can be adjusted by each mo-
bile station by measuring the received power in the
downlink and controlling the transmit power ac-
cordingly (open-loop power control). However, the
fading due to Doppler spread strongly depends on
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the carrier frequency which differs between the two
links. For this reason, this sort of propagation loss
is not symmetric in both directions. To overcome
the independent fading effects in the uplink and the
downlink, additional closed-loop power control has
to be used [2].

For this purpose the base station determines the
received power of each mobile transmitter. The
conventional approach uses the average of S suc-
cessive power estimates to decide whether to send -
to the mobile unit a command to raise or lower
the transmit power. Together with the necessary
transmission of power control information from the
base station back to the mobile station this strat-
egy causes a considerable time lag. Especially at
high vehicle speeds the current channel condition
may deviate remarkably from the one valid at the
instant of the energy estimation.

The improved behaviour of the closed-loop power
control presented here is achieved by a linear pre-
diction of the channel energy at the base station.
This approach allows to compensate for the delay
in the control loop. In section 4, the performance
of this method is shown by simulation results.

Another component considered in this paper is the
well known RAKE receiver. Although a pilot chan-
nel can be employed in point-to-multiuser connec-
tions, its usage is impossible in the uplink of the
treated communication system. For this reason,
it is convenient to use a noncoherent detection
method. A drawback of conventional square-law
combining is the equally weighted addition of cor-
relation components of the distinct diversity links.
This scheme offers quite a good performance if all
propagation paths have the same power. However,
this is not the case if the powers differ much. RAKE
fingers assigned to paths in deep fading do not con-
tribute a significant signal energy to the sum of cor-
relation results. Nevertheless, they do deliver the
entire noise power. To avoid this disadvantage it
is helpful to weight the correlation results of the



distinct RAKE fingers prior to their addition. Un-
der specific assumptions, the bit error rate can be
decreased considerably in this way.

Since the demodulation schemes described above
require some sort of information about the cur-
rent channel condition, they may be looked upon
as “semicoherent”. Results of computer simula-
tions presented at the end of the paper emphasize
the importance of using “realistic” assumptions to
assess the performance of the proposed configura-
tions. This is to say that, on the one hand, we use a
channel model in accordance with COST 231 and
on the other hand that in absence of the known
channel parameters one has to rely on estimates.
Especially the second restriction leads to a perfor-
mance poorer than expected.

2 Improvement of Closed-Loop
Power Control

We examine the influence of power control in a sin-
gle isolated cell. We assume that the considered
user is already tracking a pilot signal and is trans-
mitting and receiving at full data rate. An open-
loop power control mechanism is assumed to com-
pensate for propagation loss due to range and to
shadowing in an ideal manner, i.e. the mean re-
ceived energy at the base station is constant.

As noted above, the propagation loss is not equal
in the two directions. The induced Doppler shifts
due to mobile movement depend on the carrier fre-
quency. For example, the standard IS-95 fixes the
difference in center frequencies between forward
and reverse link at 45 MHz. Thus, a closed-loop
power control scheme is necessary to compensate
for the direction—dependent effects of fading due to
Doppler spread.

For this purpose, the base station continuously
measures the received powers of all mobile units.
The calculation of the current received power is
done by averaging the energy estimates of the last
six received symbols. Depending on whether the
measured value is above or below a desired level,
the base station transmits commands “raise trans-
mit power” and “lower transmit power” to the mo-
bile user, respectively. The change in transmis-
sion power at the mobile station is done by a fixed
amount of e.g. 0.5 dB.

For the sake of reduced capacity in transmitting of
power control information in the forward link, the
adjustment of power is done in intervals of 1.25 ms
corresponding to the duration of 6 Walsh symbols3.

30ne Walsh symbol represents a 64-ary signal of duration
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The power control information is represented by
two equal bits. To avoid an additional decoding
delay, these bits are transmitted in the downlink
without further coding.

The strategies described above already cause an ef-
fective delay of six symbols — without the consid-
eration of an additional delay due to transmission
and calculation time. In the simulation results pre-
sented here, an additional delay of six symbols is
taken into account. The whole effective delay there-
fore grows to an interval of 12 symbols.

Figure 1 illustrates the influence of the power con-
trol scheme described above on the channel energy
probability density. The vehicle speed of the mo-
bile subscriber varies in the range of 8 km/h and
180 km/h. The underlying mobile channel is a
Rayleigh channel with mean equal energy on four
independent paths. The total mean energy mpg

probability density (4-Tap Rayleigh channel, fy = 850 MHz)
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Figure 1: Energy probabilities

in the case that no closed-loop control scheme is
used equals one, the normalized variance cg there-
fore equals 0.25. The dashed line in Figure 1 rep-
resents the corresponding chi-square distribution.
This theoretical result can be compared with the
simulation results indicated as solid lines.

Obviously, the power control policy allows to com-
bat the effects of moderately slow fading. In
case of 8 km/h the energy is strongly concentrated
around one as the desired value. At vehicle speeds
above 60km/h, the control scheme is no longer
able to cope with the fading. In addition, the
closed-loop mechanism decreases system perfor-
mance compared with the case when using the as-
sumed ideal open-loop control by itself. This is due
to the control delay which affects the loop especially
at high speeds. A fast varying channel may have

4 - 64 chips = 208 ys. Six of these are combined into one
power control group (PCG).



changed its condition from the moment of estima-
tion to the moment of action considerably. The
attempt to control can therefore be seen as an ad-
ditional disturbance.

At time instant ¢, QUALCOMM proposes an aver-
aging over the six latest estimates (i —6)... (1 — 1)
(symbol period). The current control instruction
comes into effect from (i + 6) to (i + 11). The
task is to overcome the detrimental effects of the
transmission delay. For this purpose, linear pre-
diction is used. It is implemented following the
RLS-algorithm (e.g. [3]) and uses a longer interval
of length n of estimated channel energies to deter-
mine the control instruction, From these values,
the energy at instant (i + 8) is predicted (this is in
the middle of the PCG when the information will
become valid). Furthermore, it was already deter-
mined at instant (i — 6) what will happen during
() ... (i + 6). This control operation will influence
the following intervalls, too. Therefore, it can be
taken into account when predicting the channel en-
ergy. The performance achieved with these modifi-
cations in comparison with the QUALCOMM pro-
posal is presented in section 4.

3 RAKE Receiver with Channel
dependent Path Weights

The demodulation scheme of the IS-95—uplink con-
tains the well known RAKE receiver. In order
to demodulate the received multipath signals, a
separate correlator is provided for each echo de-
lay considered. In each of those Lp “fingers”
the receiver has to correlate the incoming sig-
nal with all hypotheses of transmitted symbols
h;, 5€{0,...,63}. The results form the correlation
components Uj », A€{0,... ,Lr —1}.

The optimal detection method is given by coherent
reception. The maximum ratio combiner detects
the value with maximum magnitude of the decision
components V; according to

Lp—-1

Vit =3 Re{c}-Ujn} (1)
A=0

where c¢) denotes the channel coefficients of the
corresponding propagation path. The index of
max;}(V;) indicates the most likely transmitted
symbol [3]. The lack of a pilot in the uplink leads
to the necessity of noncoherent reception. The sim-
plest method is square-law combining (SLC):

Lp—-1

Ve = 3 U (2)
A=0
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This scheme is efficient as long as the propagation
paths have equal average relative powers. However,
the performance degrades if the multipath compo-
nents differ in power. To mitigate this degradation,
it is useful to weight the correlation results before
summing them up.

Under the assumption of known path strengths and
equally distributed phases, the weighted combining
has to be carried out according to [4]

(

where the superscript AW C stands for Amplitude
Weighted Combining. Ip(-) denotes the Oth-order
modified Bessel function of the first kind. This
function increases approximately exponentially for
large arguments. For that, in this application the
term In(Iy(-)) can be approximated by the linear
function and (3) simplifies to

Lr-1

VjAWCz Z Inlp 2E
A=0

S
el 103al)
Mo 3)

Lr—-1

VAYC % Y Jeal - U (4)
A=0

If the path strengths are assumed to be Rayleigh
distributed and mutually independent, an alterna-
tive combining law can be exploited. With the
mean-square strength &2 = E {|c)|?} of propaga-
tion paths this is [5]

Lp—1 62
PWC _ A 2

where Eg is the common energy of the symbols h;.
In contrast to AWC in (4), PW C (Power Weighted
Combining) emphasizes the use of the mean powers
in the combining procedure.

In a practical receiver design we obtain an estimate
for the channel weights by evaluating the correla-
tion components U; 5. Without any disturbance in
the ideal case, the results in each RAKE finger con-
tain at one position the channel coefficient and all
other components are zero. Unfortunately, in prac-
tical systems the existing noise heavily disrupts the
situation. A way out is short time averaging which
suppresses the noise.

The estimation of the mean-square strengths re-
quired in (5) can be performed by means of averag-
ing with exponential weighting into the past. The
running sums are recursively calculated for each fin-
ger

a6 = w-E6-1) + L-w)-la6P

where w represents a “forgetting” factor 0 < w < 1. -



4 Simulation Results

4.1 Closed-Loop Power Control

We present some simulation results for a nonco-
herent RAKE receiver in an asynchronous CDMA
uplink connection. To achieve moderate simulation
times, the investigations were done without chan-
nel coding. The fixed amount by which the mobile
unit raises or lowers its transmit power is chosen
to be PCyuant = 0.75 dB. The probability of erro-
neous transmission of control bits in the downlink
is fixed at 5%. A mobile radio channel with four
independent diversity paths and equal mean-square
strength is assumed.

Rayleigh 4-Tap, PCguane=+0.75dB, fy =850 MHz
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Figure 2: Bit error rates

Figure 2 illustrates the gain in bit error perfor-
mance which can be achieved by the use of linear
prediction in the control scheme. The horizontal
lines represent the error rates when no closed-loop
control is used. The dotted lines represent the
conventional approach. As already deduced from
Figure 1, the QUALCOMM method gets worse
above 60 km/h compared with pure (ideal) open-
loop control. The modified power control policy
presented here obviously reduces the bit error prob-
ability in the important range of higher velocities
corresponding to high error rates. Furthermore,
this method provides a lower bit error rate up to
120 km/h compared with the case without closed-
loop control instead of only 60 km/h obtained by
using the QUALCOMM method. Being sufficiently
low anyway, the slightly increased bit error rates at
low speeds can be accepted.
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4.2 Semicoherent Detection using Path
Weighting

Figure 3 summarizes the bit error rates for the dif-
ferent combining methods. In all cases, the receiver
combines the signal components of four RAKE fin-
gers. If needed, the requested parameters of the
propagation channel are ideally supplied. The re-
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Figure 3: Bit error rates for transmission over Rayleigh
channels
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sults visualized in the upper group of curves were
obtained by transmitting over a single path channel
with Rayleigh distributed amplitude. The remain-
ing curves stem from a four path Rayleigh chan-
nel with equal mean-square strength. As expected,
the lower bound for the bit error rates is given by
the coherent detection method (c.f. (1), dotted line)
and the upper bound by the incoherent method ac-
cording to (2).

Considering the upper group, it can be seen that
both combining methods AW C and PWC lead to
nearly the same improvement of 1.6 dB compared
with the square law combining. If only one path is
present, the use of a 4-finger RAKE receiver repre-
sents the worst case for square law combining. For
that, the loss in signal to noise ratio should be less
than 1.6 dB under more realistic circumstances.

The other extreme is given by the “R4T” group.
We first notice that the improvements are smaller
compared with the “R1T” group. Second, the
AWC and PWC methods offer different perfor-
mance. The bit error rates of the PWC method
are nearly the same as those for square law com-
bining due to identical path strengths. The advan-
tage of the AW method arises from the fact that
the actual fading situation on the individual paths
may differ much from the mean-square strength
and from each other. When using a 4-finger RAKE



receiver, the reachable gain decreases from 1.6 dB
for the 1-tap to 0.5 dB for the 4-tap Rayleigh chan-
nel. In [6], a performance of the same order has
been found under similar conditions.

For the AWC combining method, the inevitable
estimation of the actual path strengths in realistic
implementations decreases its advantage consider-
ably. In contrast, the estimate of the mean-square
strength for the PWC method is sufficiently ac-
curate so that the curves for estimated and ideal
known parameters would be congruent.

To further investigate the performance of the dif-
ferent methods, we considered a channel with a re-
alistic power delay spectrum. We made use of a
hilly terrain (HT) channel profile, assuming a ve-
locity of 60 km/h (maximum Doppler shift 47 Hz),
Due to the shape of the HT power delay spectrum,
one might expect results comparable to those ob-
tained for the 1-tap Rayleigh channnel. In fact this
is true, as illustrated in Figure 4.
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Figure 4: Bit error rates for transmission over HT

channel

The bit error rates increase if estimated parame-
ters are used rather than ideal known ones. It is
surprising that under these conditions the PWC
method is superior to the AW C method. The rea-
son for this behaviour are the accurate estimates of
the mean-square strengths for the PWC' method
whereas the estimation performance for the actual
path strengths for the AW C method is quite poor.

The curve for the PWC method with ideal known
parameters is left out in Figure 4 because it would
cover the PW C curve for the case of estimation. It
should be noticed, that even the HT channel pro-
file used is advantageous for the proposed combin-
ing methods, as the mean-square strength is mainly
concentrated on one tap. Transmitting over chan-
nels with larger delay spreads produces results more
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similar to those obtained for the R4T channel pro-
file. Thus, the potential gain in E},/Nj is reduced.

5 Summary

Two improvements have been introduced which re-
duce the bit error rate in the uplink of a CDMA sys-
tem. The modified closed-loop power control mech-
anism offers better BER performance for fast fading
channels than the conventional scheme. The second
approach introduced weighted combining of corre-
lator output signals within the RAKE receiver. In
our example, the advantage in SNR performance is
in the order of 1.6 dB under idealized conditions.
Simulations in a realistic propagation environment
show that the estimation of the required channel
parameters make this gain unduly optimistic.
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