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Abstract— This paper presents a robust receiver for uplink direct-
sequence code-division multiple access (DS-CDMA) systems. The receiver
uses low order auto-regressive models to approximate the multi-path fading
channel taps, and a post correlation-based uncertain model for estimation
purposes.
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I. INTRODUCTION

Channel estimation in Code Division Multiple Access
(CDMA) systems has a significant impact on the overall perfor-
mance of the receiver [1]-[4]. The main challenge is to estimate
and track the channel reliably in the presence of fast-varying
multipath signals and large number of interfering users.

There have been many works in the literature (e.g., [S]-[10])
that propose the use of Kalman and extended Kalman filters
in communication receivers and specially for joint estimation
of the PN code delay and the channel. For example, a robust
Kalman filter algorithm was proposed in [10], but the approach
does not apply to current CDMA standards where all users trans-
mit the training and information symbols simultaneously. Esti-
mation procedures for CDMA systems need to tackle not only
the multi-user interfering scenario where users operate at a Sig-
nal to Interference Noise Ratio (SINR) of less than 0 dB, but also
cater to current standards (WCDMA and cdma2000) where the
pilot channel is sent in parallel with the data and control chan-
nels. In this regard, we propose a receiver structure that is based
on post-correlation (symbol rate) processing and state-space es-
timation for channel tracking.

II. CHANNEL MODEL

Consider a base-station receiving signals from N active users
within a cell. Without loss of generality, we assume the base-
station uses a single antenna receiver, even though the results
presented here can be generalized to any receiver dimension.
The receiver observes a linear combination of all transmitted
data sequences by all active users, each distorted by ISI, under
white Gaussian noise. Assuming the maximum number of chan-
nel taps to be L, the received signal at time n is

y(n) =D cin(n)si(n— k) + v(n) (1)

i=1 k=1
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where s;(n) is the transmitted sequence by the ith user and
¢i k(n) is the kth tap of the channel from the ith user to the base
station at time n. Here time is defined in terms of the chip rate.!
The multipath channel propagation model is shown in Figure 1.
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Fig. 1. The channel model

Equation (1) can be rewritten in vector form. Collecting the
channel taps for user ¢ into a column vector ¢; ,,:

ci,p(n)}

and defining a vector of length N L containing all channel taps
from all users at time n:

(©))

cin = col{c;1(n) ¢ 2(n)

hyp, = col{c1n can cNn} 3

we can rewrite (1) as
y(n) = sphy +v(n) 4)

where the IV L row data vector s,, contains the transmitted data
by all users. The goal is to track the vector h,, estimate the
channel taps, and recover the data in s,,.

1We use n to refer to time instants relative to the chip rate. On the other hand,
we shall use m to refer to time instants relative to the symbol rate.
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A. Autocorrelation Model

We use the model in [12] where all channel taps are assumed
independent and the variability of the wireless channel over time
is reflected in the autocorrelation function of a complex Gaus-
sian process. It is shown in [13] that the theoretical power
spectral density associated with either the in-phase or quadra-
ture portion of each channel tap has the well-known U-shaped
bandlimited form :

1
S(f) = { gfaw IfI < fa

elsewhere

o)

where fy is the maximum Doppler frequency. The corre-
sponding normalized discrete-time autocorrelation of each tap
is R[n] = Jo(27 fo,|n|) where Jy(.) is the zeroth-order Bessel
function of first kind and f,,, = f4T is the Doppler frequency
normalized by the sampling rate 1/7" [13].

B. State-Space Model

The time variation of the vector process {h,, } at symbol rate
can be approximated by the following AR process of order ¢
[16],

hn = A(Dhm-1 + Gown, (6)

=1

where w,, is a zero-mean i.i.d circular complex Gaussian vector
process. Assuming Gaussian wide-sense stationary uncorrelated
scattering fading (WSSUS), the matrices A(l),l = 1,--- ,q,
and Gy turn out to be diagonal. For the selection of their en-
tries, various criteria of optimality can be adopted, such as re-
quiring the AR model of order ¢ in (6) to provide a “best-fit”
to the real channel auto correlation function of (5). In this pa-
per we adopt the AR model presented in [15]. This model has
the attractive property that its sampled auto correlation function
perfectly matches the desired sampled auto correlation function
of (5) up to lag ¢. This is achieved by solving a set of ¢ Yule-
Walker equations [15].

The multichannel AR model (6) can be rewritten in state-
space form as :

Ty = Fxp1 + Guy, @)

where
Tm = COl{hm hmfl ' hquJrl}
| AL A2) Ag)
Ig-1NL O(g-1)NLxNL
and
_ Go
G= [ Og-1)NLxNL } ®)

Note that this model is independent of the modulation scheme
and depends only on the Doppler frequency and the sampling
rate at the receiver. The measurement equation is derived for
uplink CDMA in Sec. III.

C. CDMA Uplink Signals

In this paper we use a simplified model for the cdma2000
physical layer where only the pilot and traffic channels are mod-
elled. However, the results can be generalized for any number of
traffic channels and any other CDMA standard, e.g., WCDMA.
The base-band equivalent of the transmitted signal from mobile
user ¢ can be written at chip rate as

si = (pWp + jdiWq)PN; Q)

where p and d; are the pilot and data symbols, respectively, W,
and W, are the orthogonal Walsh-codes for the pilot and data
channels, PN, is the effective PN-sequence used by the ith user:

PN; = PN, (PN + jPNg) (10)

where PN; 1, is the long PN-code for user ¢ and is different for
each user and PN and PN are the in-phase and quadrature
PN-codes intended to differentiate among cells and are the same
within each cell. The pilot portion of the transmitted signal, i.e.,
pW,PN; (PN +jPN g) will be used for training purpose in
the Kalman estimation step, since it is known at the base station.

III. RECEIVER STRUCTURE

Previous structures [4]-[9] for data recovery use the received
signal y(n) directly. For CDMA systems, this will imply using
the received CDMA chips to form the measurement equation.
This chip-rate approach has some drawbacks :

o The Signal-to-Interference-Noise-Ratio (SINR) at the chip
level can be as low as -10 dB in a multi-user environment, which
makes it difficult to track channels in such noisy environments.

« The training sequence at the chip rate (pilot portion of s;) is
corrupted by unknown traffic channels (data portion of s; and
of other users) as the different traffic channels are transmitted in
parallel, as shown by equation (9), in current CDMA standards
(cdma2000 and WCDMA).

To overcome these difficulties, we propose a post-correlation
structure to derive the measurement equation. In this architec-
ture, the received pilot symbols (rather than the received CDMA
chips) are used in the estimation step.

A. Channel Estimation and Tracking

At the base station, the received pilot symbols from all users
are estimated using each user’s PN-code and the Walsh code
of the pilot channel. The pilot symbols are estimated for each
channel multipath. The mth estimated pilot symbol for user ¢,
using multipath j, is calculated as:

ThI 4 (m+1)PG—1

o= s 2 yRIPNRW )
k=714i4+mPG
1 789 4 (m+1)PG—1

a2 uRIPNL(RW, (k)" x
k=7id4+mx PG
[PN (k) + jPNq(k)]*

an
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where PG is the processing gain used on the pilot channel and
757 is the delay from user i to the base station on multipath j.
Note that the estimated pilot symbols in (11) are scaled down by
afactor PG in order to have the same magnitude as the transmit-
ted symbols. It is assumed that all PN-codes and channel delays
(%7) are known at the base station before estimating the pilot
and data symbols. Replacing y(k) in (11) by (4) and assuming
the channel taps are constant within each pilot symbol, we have
the following (dropping the index m for simplicity of notation):

L
e = ept + Z PeiignCia(P + diy) +
1=1,1#]
N
DD Pkincra P+ i) + v

k=1,k#i I=1
(12)

where p*! and dy,; are the transmitted pilot and data symbols
by user k and received through multipath [ at the same time as
p%J is received. The multipath index is necessary for the sce-
nario that the channel maximum delay is larger than the symbol
period. Moreover, p(; 1 ;1) is the cross correlation between the
PN-codes of users ¢ and k, received on multipaths j and [ re-
spectively. Collecting the estimated pilot symbols from all users
and multipaths (¢ = 1,--- N and j = 1,--- , L) into a vector
b., and using the definition (3) we get

bm = Rmhm + U (13)
where
b _ []31,1 ﬁ1,2 e ﬁl,L . ﬁN,l p\N’Q . ﬁN,L]T
=
user 1 user NV
and
RynrxnL =pIng + UNpxNL (14)

where I, is the identity matrix and p is the transmitted pi-
lot symbol which is the same for all users. We have dropped
the user and multipath index in p®7 since all users transmit the
same sequence of pilot symbols in current CDMA standards. In
¢dma2000 in particular, the pilot symbols are all 1. In (14), U
contains the cross correlation terms with its diagonal elements
equal to zero. We complete the derivation of symbol-rate mea-
surement equation by collecting ¢ consecutive realizations of
equation (13) into a column vector ¥,,:

where
b, hn
m—1 hmfl
Ym = . y Tm = .
bquJrl h’m*qul
R, 0
m—1
H,, = (16)
0 Rqu+1

Equations (15) and (8) form the state and measurement equa-
F Ty—1 + Gwm

tions :
Ty =
{ Ym = Hyxm + v,

where m is the pilot symbol index. Note that H,, is a block di-
agonal matrix with its diagonal elements equal to p (or 1 in the
case of cdma2000) and the non-diagonal elements representing
the cross correlation terms, as shown in (14). The exact val-
ues of the non-diagonal elements depend on many parameters,
e.g., the PN-codes, the relative delays of different multipaths
and the transmitted data symbols by all users. Therefore, the
non-diagonal elements are not practically available at the base
station. However, we know that the non-diagonal elements have
lower power than the diagonal elements by a factor of PG due
to the properties of PN-codes. A robust filter used for estimating
and tracking the channel taps is given in the next section. The
estimated channel taps are then used in a Rake receiver for data
estimation. The resulting receiver structure is shown in figure 2.
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Fig. 2. Proposed receiver structure

B. Robust Kalman filter

Due to modelling errors in model (17), we rewrite the dynam-
ics of the channel and measured signal at the receiver at symbol
rate as follows :

Tm4+1 = (F + 6Fm)mm + Gwmv m 2> 0 (18)
Ym = (HA4+OHp)Tm + vm (19)

where the perturbations in { F,,,, H,, } are modeled as
[ (SFm 5Hm ] = MmAm [ Ef,m Eh,m ] (20)
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for some known matrices { E¢ 5., Ep m }, scalar M, and for an
arbitrary contraction A, ||A,,|| < 1. Observe that for gener-
ality we are allowing the quantities {M,, Ef m, Ep m } to vary
with time. To estimate the channel taps in the presence of un-
certainties in the state matrices, we use the robust algorithm de-
veloped in [14] and listed in Table 1. The filter performance is
sensitive to the value of the constant « which can be chosen by
means of the following procedure. The covariance matrix of the
extended state vector &, = [Tm %], Where To, = T, — T,
satisfies the Lyapunov equation

M1 = (F+0F ) Mu(F+6F,) +6 (§ %) @D

where
F 0
7= (F — F, - F,PH'R'H Fp> (22)
G 0
G = <G —F,PHT R*) @3)
MALE; 0
§Fpm = ( MATE, 0) (24)

where F}, = F(I — PHTR;'H) and P is the steady state so-
lution of

Pm+1 = FumF:,L - Fmﬁe_infjn + am@mérn (25)
Under the detectability of {F, H} and the stabilizability of
{F,GQ"/?} , it can be shown that the estimation error of the

robust filter satisfies

lim Bz, 2" < Pas

1—00

(26)

where Pss is the (2,2) block entry with the smallest trace among
all (2,2) block entries of positive-definite matrices P satisfying

]%) G >0 (27

P — (F+8Fn)P(F +0Fn) +6 (§
for all contractive matrices A,,,. The above inequality holds iff
there exists a scalar w > 0 such that the following linear matrix
inequality is feasible with ¥ > P + GOG*.

b3 F M
(]—'* PL—wETE 0 ) >0 (28)
M 0 wl
where - 0
o= (9 2) (29)
E = (g 8) (30)

Now, we take a grid [A1, A2, . . ., A, ] in the interval (A, \; +0))
where J\ is a given positive scalar( chosen by the user). We
evaluate the minimum P in (28) for each of the \,, and choose
the \,, that results in a minimum bound on the variance of the
state estimation error. From the value of \,,, that minimizes the
error variance, « is easily known. The computational complex-
ity of the proposed robust algorithm is O(K?) where K is the

dimension of x,,.

Assumed uncertain model: Egs. (18)—(20). Also, IIp > 0,
R,, >0, @, > 0 are given weighting matrices.

Initial conditions: g = 0, Py = Ily, and ]3@ = Ro.
Step 1a. Using {.IA{m7 Hpp, P} compute Py,

(P! + Hyy Ry Hy) ™!
Py, — Py H} (R, + Hy P H:

m m

Pm|m
) H P

Step 1b. If M,,, = 0, then set j\m = 0. Otherwise, set j\m =

(1 + Oé))\l’m
A . e
)‘l,m = ||Mmle+1MmH

Step 2. Replace { Qs Rint15 Projm> G, Fin } by:
Q' = Q)
+5\mE;;,m {I + XmEf,um\mE;:,m} - Egm
Rmi1 = Rupi1— A, M, M,
Gn = G AFnPoimE} mEgm
Fro = (Fm = AGuQuEr  Epm) X
(I = A Prspm B B f.om)
Pojm = P = P B e O
+EfmPrmEF )" Efim Prjm
If Am = 0, then simply set @’”A: Qm, §m+1 = Rpy1,

Pm|m = Lm|m» Gm = Gms and F,, = Fp,.

Step 3. Now update {Z,,, P} to {Zm+1, Pt} as follows:

Fmp1 = Fodm+ EnPuHLR e
em = Ym— HmnTm
Pui1 = FuPuFy— KR, K+ GnQnGr,
Kn = FuPyH,, Rem=I1+H,P,H,
—T

= [H,Zﬁﬂ” \/EETm}

Table 1: Listing of a robust filtering algorithm.

IV. SIMULATION RESULTS

An uplink ¢cdma2000 environment is simulated to evaluate
the performance of the architecture presented in the paper. The
proposed architecture is compared to an ideal Rake combiner
(knowing the exact channel taps) and a conventional Rake com-
biner, which uses an averaging technique for channel estimation.
The performance of the link is simulated for different number
of active users (up to 10). Every user sends the pilot and data
channels simultaneously using orthogonal Walsh codes. Simu-
lated for high data rate applications, the processing gain on data
channels is 64, which corresponds to a data rate of 19.2 Kbps
for each user per channel. This is due to the fact that the chip
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Fig. 4. BER vs. the number of users for different algorithms, SNR=-3dB

frequency in cdma2000-1X is 1.2288 MHz. On the base station
side, the correlation length for the pilot channel (PG) is 256,
and the averaging period used by the conventional Rake com-
biner is 10 symbols. Results are simulated for received chip rate
SNR of -6dB to 0 dB . The channel model used in the simula-
tion has 2 independent taps for each user and is approximated
by an AR model of order 3. The maximum doppler frequency
in the channel corresponds to a velocity of about 80 mph. The
results for different number of users and different tracking tech-
niques are shown in Figures 3-5. The proposed robust tracking
technique outperforms the averaging algorithm used in CDMA
systems. The difference is more significant for small number
of active users, which is the desired scenario in high data rate
links. The performance improvement is also significant when
the actual channel taps have larger order unknown variations.

V. CONCLUSION

The issue of symbol-rate post-correlation model-based chan-
nel tracking and symbol detection for uplink CDMA systems
has been addressed. In order to deal with the uncertainties in the

Rake (Ideal Channel)
Rake (Rob Kal)

Rake(Est Kal) [
Rake(Avg Channel)

[sRNJE e

10’3 L L L L L L 1 1
1 2 3 4 5 6 7 8 9
Number of Users

Fig. 5. BER vs. the number of users for different algorithms, SNR=-6dB

model that arise due to the unknown correlation between differ-
ent PN sequences and errors in doppler estimation, a robust filter
has been proposed in tandem with a RAKE receiver.
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