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Abstract: The authors deal with a practical
architecture for a RAKE receiver suitable for the
downlink communication in a direct-sequence
code division multiple access (DS-CDMA) mobile
system. The proposed RAKE receiver makes use
of a pilot signal broadcast by the base station to
obtain channel parameter estimation and
synchronisation. Computer simulations have been
carried out in deriving the performance in terms
of bit-error probability under typical multipath
fading propagation conditions of GSM
applications. Comparisons with an ideal RAKE
receiver and with a multipath rejection receiver
recently proposed in the literature, for the same
type of downlink channel, are shown to highlight
the good behaviour of the proposed receiver.

1 Introduction

Direct-sequence (DS) CDMA seems to be a promising
approach for implementing cellular communications
services, such as personal mobile communications and
indoor wireless networks [1]. A large body of literature
exists on the analysis of DS-CDMA cellular systems
operating in fading multipath environments [2, 3].
Most analyses of spread-spectrum communications in
fading multipath environments assume that the receiver
attempts to demodulate the signal received over one
fixed path only [4, 5]. Signals coming from other paths
are suppressed, and as a whole considered as an addi-
tive white Gaussian noise (AWGN) [5].

A more efficient approach is given by the RAKE
receiver first proposed by Price and Green [6]. The
effectiveness of the RAKE receiver for detection of dig-
ital signals transmitted over a frequency-selective
slowly fading channel has been widely proved in the lit-
erature [6]. However, the practical implementation of a
RAKE receiver is still an unsolved problem. This paper
deals with this matter, and in particular, a practical
RAKE receiver is proposed, based on an efficient
tracking strategy for the estimation of the main chan-
nel parameters:
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{an(®), 0x(t), ()} k=1,....L (1)
where
oy(f) = attenuation introduced by the k-path
U() = phase shift introduced by the k-path
7(f) = time delay introduced by the k-path
L number of resolvable paths

The estimate of the channel parameters {ao(?), (%),
17(f)} 1s obtained by means of a pilot signal broadcast
by the base station to all the mobile users. For the sake
of simplicity, we will avoid explicity indicating the
dependence of the channel parameters on the variable
¢t. At the receiver end, a maximum ratio combining
approach [7] implemented by means of a RAKE
receiver is assumed to collect the signal energy from all
the L paths that carry the same information. Owing to
the difficulties in deriving the bit-error rate perform-
ance of such a (RAKE) receiver, computer simulations
have been carried out under fading multipath propaga-
tion conditions which are typical of an urban environ-
ment.

2 Communication system and channel model

The communication system under consideration is
formed by a single isolated circular cell of radius R
with a centrally located base station. In particular, the
focus is on downlink communications. It is assumed
that the base station communicates with the K spatially
dispersed mobile users via a DS-CDMA scheme. All
the K transmitted signals have experienced identical
fading when received by a particular mobile user. These
users are assumed to be uniformly distributed through-
out the cell area. In mobile communication channels,
the downlink channel (as well as the uplink channel) is
a randomly time-varying channel. A widely used model
for randomly time-varying channels is the wide-sense-
stationary uncorrelated-scattering (WSSUS) channel
model [8], shown in Fig. 1. In such a model, the
received signal #(¢) is given by the sum of the output of
a linear system with a randomly time-varying impulse
response g(z, &), with an AWGN term n(¢) with a two-
sided power spectral density Ny/2. The random process
g(z, &) is assumed to have zero-mean Gaussian statistics
independent of ¢. Its autocorrelation function has the
form

RQ<T7§777) = E[9<t + 7, g) - 9*(t7/'?)]
=Q(r,§)-6(—m) (2)

where ( )* is the complex conjugate function, Q(z, &) is
the delay cross-power density associated with the
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WSSUS channel, and §(¢) is a function which takes the
value 1 for ¢ equal to 0, and 0, otherwise.

s(b) w(t) ()

— gtg)

Fig.1 The WSSUS channel model

The function Q(t) = Oz, 0) is called the multipath
intensity profile (MIP), and gives the average power
output of the communication channel as a function of
the time delay 7. A mobile radio channel is often well
characterised by an exponential MIP [9]. In particular,
this model was the outcome of the European COST207
multipath propagation study (subsequently included in
the GSM system specifications [10]). In this paper,
time-discrete pseudo-noise code (PN) sequences are
considered to obtain a wideband signal. Under certain
assumptions [11], the WSSUS channel can be modelled
as a tapped delay line. The multipath effects are repre-
sented as a sequence of replicas of the transmitted sig-
nal, each one characterised by a particular value of the
delay, phase and attenuation. The low-pass impulse
response of the channel is equal to

L
h(t) = ai(t)d(t — 7;)er™® (3)
=1
The terms o,(f) and 9(f) are stochastic processes, the
first is characterised by a Rayleigh distribution, the sec-
ond uniformly distributed in the [0, 27) interval. Let
T4, be the total multipath spread, then we have

L< LT;—} 41 @)

where | x] is the largest integer contained in x. We have
also assumed the intersymbol interference introduced
by the downlink channel to be negligible. This means
that

<ty +=1,...,L (5)
where T}, is the bit duration.
3 Practical digital detection scheme
In our communication system, we have assumed that a
QPSK modulation scheme is used in transmission. The

base-band representation of the in-phase and quadra-
ture components of the signal to be transmitted is

B
o(t) = (bn + jdn)z(t — nT5) (6)
n=0

where

+
—_

{b,} = in-phase data sequence, with b, equal to
with equal probability

{d,} = quadrature data sequence, with d, equal to =1
with equal probability and

1 0<t<Ty
t) = =
2(%) { 0 otherwise M

Each informative component is multiplied by the fol-
lowing PN sequences:

M1
9:1(t) = > Dp(t - nTe) (8)
n=0
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M-1
ga(t)= Y c@p(t —nT.) 9)

where

{cD} = PN sequence associated with the in-phase
component, with ¢{) equal to =1 (binary chip)

{c{@} = PN sequence associated with the quadrature
component, with ¢{@ equal to =1 (binary
chip)

T, = chip duration
M = number of chips in the PN sequence (or chips/
bit) and
1 0<t<T
t) = { St<lo 10
p(t) 0 otherwise (10)

A further PN pilot sequence is added to the transmit-
ted signal to accomplish the channel parameters esti-
mation at each receiving end. This pilot sequence is

M-1
gu(t) = Y {F)p(t —nTv) (11)
n=0

where ¢® = =1 denotes the binary chips forming the
PN sequence.

The use of a pilot signal broadcast by the base sta-
tion to derive the channel parameter estimation has
been previously proposed by Viterbi in [12]. Differently
from [12], here the pilot sequence is added to each user
sequence. Moreover, we derive results for a specific
channel model, which is of wide interest in GSM appli-
cations.

According to the transmission scheme sketched in
Fig. 2, the transmitted signal is

s(t)
+oo M~1
= Z (bncg) + jdnc,iQ)> p(t — kT. —nTy)
n=0 k=0
+oo M—1
+ Z Z céE)p (t — kT, — nTy)
n=0 k=0

(12)
From eqn. 3, if only one active user is assumed, it is a
straightforward matter to see that the received signal is
+oo M—1 L
rt) =3 33 i(®)[(bnc” + jdnc?)
n=0 k=0 i=1
p(t — kT, —nTy — Ti)]ejﬂ"(t)
+oo M~1 L
+ Z Z Zai(t)c,(cE)
n=0 k=0 i=1
p(t — kT, — nTy, — 73)e? 0 4 n(t)
(13)

The digital detection scheme considered in this Section
fits the channel variations over the transmission inter-
val. The received signal r(7) is correlated with a locally
generated PN sequence gg(f), over a bit transmission
interval

T+(n+1)Ty
1
e(r+nTy) = T r()ge(t —7)dt (14)
’ T7+nTy
where 7 ¢ [0, T}].
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Fig.2  The transmitter model

Assuming a slow fading, we have parameters o; and
¥J; constant over at least two consecutive bits. Then
eqn. 14, written as a function of the variable 7, is

+oo L
c(t) = Y [ 5(t — 7 —nTy)] +cp p(t)
n=0 =1
+ CEJ(t) + CE’Q(t) + cEa(t)
(15)
where:
&t -7 —nly) = 1,if t = v, + nT,; or = 0, otherwise
cg 1) = the contribution of the auto-correlation of
ge(t) when 7= t;
cpt) = the contribution of the cross-correlation
between gz(¢) and g/r)
cgoft) = the contribution of the cross-correlation
between gx(1) and gy(7)
cg(t) = the contribution of the cross-correlation
between gg(7) and n(¢)
Assuming as negligible the contribution of the terms
cpe(t), cp D), cg o(t) (perfect orthogonal PN sequences)
and cg,(f) we have

4o L
oty = DY et — 7 —nTy)  (16)

n=0 =1
Furthermore, the sampling frequency is chosen so that
I =71 >Te Vi (17)

where 7; and 7; are the time delays introduced by the ith
path and the jth path, respectively. This is related to
the Rayleigh faded paths resolvability at the receiver
side. The channel parameters estimation is obtained
considering the correlation function

D(t) = (Re{c(H)})” + (Im {e(t)})?
4oco L
=" a?6(t — 7 — nT}) (18)
n=0 i=1
A 3-D graphical representation of eqn. 18 can be
obtained considering the surface formed with » correla-
tion functions, one for each transmitted bit (Fig. 3).
The delays associated to the L paths, over the generic
symbol n, are found by searching for the ¢ = 7; values,
forj =1, ..., L so that D('Ej) assumes maximum values
in the interval [nT}, (n + 1) Tp).
The estimated phase shift introduced by the jth path,
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on the symbol n, is derived by substituting the found
value 7;in eqn. 16

¢ (3 +nTy) = aye’ (19)
After the channel estimation, a detection scheme based
on the RAKE approach (Fig. 4), can be implemented.

For each RAKE arm and for a fixed data symbol » the
following correlations are performed

Fi+(n+1)Ty

R 1
ci(7j +nTy) = T

T(t)g[(t - 7A'j — ’I’LTb)dt

#4+nTy
j=1,...,L (20)
Fi+(n+1)T,
co(F +nTy) = le r(t)go(t — 75 — nTy)dt
74Ty

i=1,...,L (21

Eqns. 20 and 21 contain the informative components
associated with the jth path affected by a unknown
phase-shift @ introduced by the communication chan-
nel. These components can be retrieved combining
eqns. 20 and 21 with eqn. 19.

correlation magnitude

200 300
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delay, samples/bit

Fig.3  The correlation function
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Fig.4 The receiver scheme

Hence the RAKE receiver outcome is
IV = cf(# +nDy) - (7 +nTy)  (22)

an) = cq(?; +nTy) - (T + nTp) (23)
where I Q™ are, respectively, the in-phase and quad-

rature data components coming from the jth path. The
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two decision variables are obtained as

L
=31 (24)
j=1
L
QM =3 (25)
7=1

which are identical to the output of a maximum ratio
combiner with an Lth order of diversity [14].

4 Performance evaluation

This Section deals with the simulation results of the
digital receiver discussed in the previous Section.
Owing to the difficulties in an analytical approach to
this task, we have resorted to computer simulation. The
communication channel has been modelled according
to the GSM recommendation 5.05 (urban area) [13]. In
particular, we have assumed L equal to six. Parameters
T, for 1 < k < L, have been considered fixed, with val-
ues given in Table 1. Conversely, parameters oy, Uy, for
1 = k = L, have been considered as statistically inde-
pendent and identically distributed random variables.
As stated before, independent uniform probability dis-
tributions on [0, 27) have been assumed for 9, 1 <k <
L, while the random variables oy, 1 < k < L, have been
characterised statistically by independent Rayleigh dis-
tributions with mean values given in Table 1 [13]. Each
of the in-phase and quadrature informative bits b, and
d,, are spread with a sequence set of 127 preferentially
phased Gold codes [14] operating at a rate of 6.5
Mchip/s.

Table 1: Channel parameter values

Path Delay, us  Attenuation, dB

1 0.0 -3.0
2 0.2 0.0
3 0.5 -2.0
4 1.6 -6.0
5 2.3 -8.0
6 5.0 -10.0

It should be pointed out that at, this transmission
rate, all the paths planned in the channel model are
resolved. Moreover, the use of Gold PN sequences vio-
lates the property of perfect orthogonality among the
PN sequences transmitted. In addition to this, the addi-
tive white Gaussian noise introduced by the downlink
channel is not negligible in any practical application.

We prove shortly (Fig. 5) that it is convenient to per-
form the bit decision by means of a RAKE receiver
based only on the signal components coming from the
two most powerful paths. The bit-error probability of
the proposed RAKE has been evaluated as a function
of the signal-to-noise ratio ¥, at the receiver side,

defined as
_ B — _
=Ry E=Y5 09

where E, is the bit energy, N, is the one side noise
power density and &2 is the mean squared value of the
random variable o;. Each of the {g;} is distributed
according to a chi-squared distribution with 2 degrees
of freedom
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1 -
p(y) =€ 7 (27)
Vs
where 7; is the average SNR for the jth path, defined as
~ By~
= o 28
T = N (28)

The performance of the proposed RAKE receiver will
be compared with that of an ideal RAKE receiver, i.e.
a RAKE receiver based on a perfect knowledge of the
channel parameters and assuming a perfect orthogonal-
ity of the PN sequences. The bit-error probability for
such an ideal RAKE receiver has been derived in [14]
as

L —
1 7‘(1’pr)
Poig =5 m |1— /s 29
yod 2j:177j[ 2+7j(1_pT)] ( )

where p, is the cross-correlator coefficient [14] and 7; is
defined as

L —
i
T = —_— 30
j EW% (30)
2]

Under the assumption of p, = -1 and ¥, >> 1 eqn. 30
can be approximated as

2L — 1\ 1% 1
P.iq = ( ) -— 31)
L jI:Il 475, (

Fig. 5 shows the bit-error probability (P,) obtained by
means of the proposed RAKE receiver in comparison
with P,;;. The results shown in this Figure have been
derived under the assumption of only one active user
and a Doppler spread (fp) equal to 10Hz. Fig. 5 high-
lights the good behaviour of the proposed RAKE
receiver, also in comparison with the ideal RAKE
receiver.

Pe, bit

-6
10 L

1 1

0 5 10 15 20 25 30
¥,.dB
Fig.5 Birerror rate comparisons, K = 1, fp = 10Hz (slow fading)

AWGN (no fading)
—O—  one-path estimate
—X— three-path estimate
———— P, (ideal case)
—+—  two-path estimate

It is also evident in Fig. 5 that the best performance
for the proposed RAKE receiver is attained by process-
ing the signal replicas coming from the two powerful
paths. The reasons for this are: the use of PN
sequences of the Gold type which violate the property
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of perfect orthogonality among sequences, and the
presence of noise introduced by the downlink channel.
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Fig.6 Histogram of the estimated delay for an infinite signal-to-noise
ratio at the receiver side
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Hence the performance of the proposed RAKE
receiver is influenced by the non-ideal behaviour of the
channel parameters estimation technique outlined in
the previous Section and by the channel noise.

The effects of non-perfect channel parameter estima-
tion are outlined in Figs. 6 and 7. The results shown in
these Figures have been obtained by carrying out a
transmission of about 2000 informative bits. The delays
introduced by the first and the second paths (first two
most powerful replicas) are recognised with high relia-
bility, conversely the delays associated with the third
and fourth paths are estimated with a low reliability
and are mingled with the first two paths.

Fig. 8 shows the bit-error probability as a function of
the number of simultancous users (K). This Figure
highlights again that the best performance can be
achieved by processing only the signal components
associated with the two most powerful replicas.

0
10 ¢

-3
10 ¢

-4
10 L L L
2 3 4 5 [ 7 8

active users, K

Fig.8 Bit error rate comparisons, f, = 10Hz
AWGN (no fading)

—O— one-path estimate

—X-— three-path estimate

—+—  two-path estimate

¥, dB

Fig.9 Bit error rate comparisons, K = 10, f, = 10Hz
—O— proposed RAKE receiver (two-path estimate)
1deal rejection receiver (QPSK)

In Fig. 9 the performance of the proposed RAKE
receiver is compared with that obtained by an ideal
rejection receiver using a QPSK modulation scheme
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(i.e. a RAKE receiver which ideally tracks and proc-
esses only the first received replica of the transmitted
signal). The best behaviour of the proposed Rake
receiver is again evident in the Figure.

The results presented in this Section have been lim-
ited to the case of fj; equal to 10Hz. However, the pro-
posed RAKE receiver exhibits good behaviour even at
higher values of fj, on the condition that the basic
assumption of considering the channel parameters con-
stant over at least two bit intervals is fulfilled. Moreo-
ver, it is important to emphasise that the performance
of the proposed RAKE receiver (as the classical one) is
strongly influenced by the multiple access interference
(MAI) level. In particular, this cuts off the chance of
increasing the channel parameter estimates by the
transmission of the pilot signal at a higher power than
that devoted to the information bearing signals. In
order to relax the growth of the MAI level, suitable
approaches should be used. However, this topic
requires an in depth investigation which has been left
to a future study.

5 Conclusions

The downlink performance of a practical RAKE
receiver in a DS-CDMA mobile communication system
has been analysed in a typical multipath fading envi-
ronment. Channel parameter estimation has been
accomplished at each receiving by means of a sliding
correlation performed on a pilot signal broadcast by
the base station. A performance evaluation, obtained
by means of computer simulations, has highlighted the
good behaviour of a RAKE receiver ‘which estimates
communication channel parameters and tracks the sig-
nal coming from the two most powerful paths. It has
been verified that the proposed RAKE receiver outper-
forms an ideal multipath rejection receiver which proc-
esses only the first received replica and also exhibits a
favourable comparison with an ideal RAKE receiver.
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