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Abstract— We address the problem of joint common-dedicated
pilots downlink user dedicated channel estimation for W-CDMA
receivers, in particular in the presence of dedicated channel
transmit beamforming. The optimal dedicated channel estimate
is derived via a three steps procedure, consisting of building
brute FIR dedicated and common channel estimates on a per-
slot basis exploiting the dedicated and common pilots respec-
tively, building a refined unbiased minimum mean square error
dedicated channel estimate by optimally combining the previous
dedicated and common channels estimates, further refining the
obtained dedicated channel estimate by Wiener filtering across
slots. Adaptive filtering implementation is addressed for the
implementation of the optimal Wiener filtering. The proposed
channel estimation technique is suited for structured multipath
channels where the FIR channel estimates resulting from the
previous three steps procedure are optimally approximated by a
multipath model in every slot.

I. I NTRODUCTION

We address the problem of downlink user dedicated chan-
nel estimation for W-CDMA receivers in the presence of
dedicated channel transmit beamforming. The UMTS stan-
dard [9] provides in the downlink a user dedicated physical
channel (DPCH) consisting of a dedicated physical control
channel (DPCCH) time multiplexed with the dedicated phys-
ical data channel (DPDCH), consisting of dedicated pilot
and data symbols respectively, and a common pilot chan-
nel (CPICH) that continuously transmits pilot symbols. Both
DPCCH and CPICH pilots can be used for channel esti-
mation purposes. Mostly channel estimation techniques for
W-CDMA assume a discrete multipath wide-sense stationary
uncorrelated-scattering (WSS-US) sparse channel model where
each multipath component is characterized by a time-varying
complex coefficient and a delay [6]. Sparse structured chan-
nel estimation techniques have been proposed for W-CDMA
receivers generally based either on the dedicated pilots (see
e.g. [1], [2] and references therein) or on the common pilots
(see e.g. [10]). Both approaches are inherently sub-optimal as
they do not exploit the whole a priori information available at
the receiver. On the one hand the channel estimation accuracy
when relying only on the DPCCH is limited by the reduced
number of dedicated pilots per slot. Moreover the lack of
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known dedicated pilots during the DPDCH period prevents
from directly tracking the channel variations in the presence
of fast fading. To overcome this problem several authors
suggested the use of interpolation [5], [7], or Wiener filtering,
e.g. [1]–[3], between consecutive channel estimates. On the
other hand the classical channel estimation approach based
only the CPICH common pilots can be easily implemented in
order to track fast fading variations, although it neglects the a-
priori information available from the DPCCH and the common
structure shared by the the common and dedicated channels.
Only a few authors [4], [5], [8] have proposed solutions for
path-wise dedicated channel estimation aiming at exploiting
both dedicated and common pilots, assuming a perfect a-priori
knowledge of the paths’ delays and identical dedicated and
common channels though. Moreover, those methods cannot
support channel estimation in the presence of dedicated trans-
mit beamforming. The UMTS standard already envisages the
use of transmit beamforming for the dedicated channel at the
base station to improve the system capacity, but not for the
CPICH which is normally broadcasted to all intra-cell (or intra-
sector) users. Thus, as seen from the mobile terminal receiver,
the channel associated with the DPCH is in general different
from the one associated with the CPICH. A channel estimation
technique relying only on the dedicated pilots would work also
in that case, although with all the previously described limi-
tations. The problem of building a dedicated channel estimate
by jointly exploiting the common and dedicated pilots would
generally require the knowledge of the transmit beamforming
parameters (i.e. the beamforming weight vector, antenna array
responses corresponding to the excited angles, and their related
statistics). Even in the absence of transmit beamforming the
offset between the transmit powers assigned to the DPCCH and
CPICH is an unknown parameter which needs to be estimated
for the mobile terminal receiver to jointly exploit the common
and dedicated pilot chips information. In this paper we solve
the problem of time-varying dedicated channel estimation by
optimally exploiting all known sources of information, i.e. by
relying on both common and dedicated pilots, assuming the
paths’ delays as well as the beamforming parameters unknown.

II. CHANNEL AND SIGNAL MODEL

The channel is assumed to follow the WSS-US [6]. The
time-varying channel impulse response in the presence of



transmit beamforming through aQ antennas array, and a
single antenna mobile receiver, can be represented according
to a spatio-temporal multipath-cluster model (see e.g. [11] and
references therein). Multipaths belonging to the same clusterp
are assumed to have approximately the same delayτp, the same
nominal propagation angleθp, and the same nominal angular
spreadσφp

. Each multipath component is further characterized
by a time-varying complex channel coefficientξjp(t), modeling
the scattering near the mobile terminal and by an angle devia-
tion φjp(t) from the nominal angleθp. Let a(θ) andMp denote
the antenna array response vector in the directionθ and the
number of excited directions aroundθp respectively. Then an
effectivearray response vector can be defined for each cluster
p asap(t) =

∑Mp

jp=1 a(θp + φjp
(t))ξjp

(t). Given the transmit
beamforming vectorw and definingcd,p(t) = wHap(t) the
dedicated channel impulse response can be written as follows

hd(t, τ) =
P−1∑
p=0

cd,p(t)ψ(τ − τp) (1)

whereP denotes the number of significant path clusters, or,
more simply, significantpaths, ψ(τ) represents the pulse-shape
filter and (·)H denotes Hermitian transpose. In the above
channel model we implicitly distinguished thefast varying
parameters,ξjp(t), φjp(t), andcd,p(t), from theslow varying
parametersθp, σφp , andτp which are considered approximately
constant over the observation time-window.
In the absence of transmit beamforming, i.e. when the signal is
transmitted through an omni-directional antenna, the previous
channel model (1) reduces to

hc(t, τ) =
P−1∑
p=0

cc,p(t)ψ(τ − τp) (2)

wherecc,p(t) andcd,p(t) are generally correlated. The impulse
responseshc andhd expressed by (2) and (1) are referred to
as the common and dedicated channel respectively.
The receiver is assumed to sampleM times per chip the
low-pass filtered received signal. Stacking theM samples
per chip period in vectors, the discrete-time representation of
both common and dedicated channel at chip rate takes the
form hl = [h1,l . . . hM,l]

T , which represents the vector of
the samples of the overall channel, including pulse shape,
propagation channel and receive filters, where the superscript
(·)T denotes transpose. Assuming the overall channel to have
a delay spread ofN chip periods the dedicated and common
channel impulse responses take the formh(n) = Ψc(n) where
h = [hT

1 . . . hT
N ]T ∈ CMN×1, c(n) = [c1(n) . . . cP (n)]T ∈

CP×1 are the complex path amplitudes and the temporal
index n relates to the time instant at which the time-varying
channel is observed. The assumption of fixed delaysτp’s
over the observation window, yields to a constant pulse-shape
convolution matrixΨ ∈ RMN×P given by

Ψ = Ψ (τ1, · · · , τP ) = [ψ(τ1) . . . ψ(τP )]

whereψ(τp) represents the sampled version of the pulse shape
filter impulse response delayed byτp. The evolution of the

complex path amplitudes variations is modeled as an autore-
gressive (AR) process of order sufficiently high to characterize
the Doppler spectrum. Matching only the channel bandwidth
with the Doppler spread leads to a first-order AR(1) model of

the formc(n) = ρ c(n−1)+
√

1− ρ2∆c(n) =
√

1−ρ2

1−ρq−1 ∆c(n)
so that,Ψ being constant, we obtain

h(n) = ρh(n− 1) +
√

1− ρ2∆h(n)

=

√
1− ρ2

1− ρq−1
∆h(n)

(3)

where q−1 denotes the delay operator such thatq−1y(n) =
y(n − 1) and ρ represents the AR process forgetting factor.
Since the Doppler spread is the same the model (3) applies
to both hd(n) and hc(n). The variance ofk-th component
hc,k(n) of hc(n) is σ2

hc,k
= σ2

∆hc,k
= ψkDcψ

H
k whereψk de-

notes thek-th line of Ψ andDc = diag(σ2
∆c1

, . . . , σ2
∆cc,P

).
Notice that σ2

cc,p
= σ2

∆cc,p
. Similarly the variance ofk-th

componenthd,k(n) of hd(n), is σ2
hd,k

= σ2
∆hd,k

= ψkDdψ
H
k

whereDd = diag(σ2
∆cd,1

, . . . , σ2
∆cd,P

).

III. JOINT COMMON-DEDICATED PILOTS BASED

DEDICATED CHANNEL ESTIMATION

In the sequel we shall derive a joint dedicated-common pilots
based dedicated channel estimation, suited to operate in the
presence of dedicated channel transmit beamforming, assum-
ing that neither the path delaysτp’s, nor the beamforming
parameters are known. The proposed approach consists of a
three steps procedure where firstly slot-wise LS FIR dedicated
and common channel estimatesĥc(n) andĥd(n) are computed
based on the a priori knowledge of the common and dedicated
pilot chips. Then for eachk-th element ofĥc(n) and ĥd(n)
with k = 0, ..., MN − 1 a refined estimatê̂hd,k(n) of hd,k(n)
is built by optimally combining the corresponding LS estimates

ĥc,k(n) and ĥd,k(n). Then successive estimateŝĥd,k(n) of
hd,k(n) are temporally filtered in order to exploit the temporal
correlation due to the finite Doppler spread generating an
improved estimatẽhd,k(n). As a fourth step the refined FIR
estimate h̃d(n) = [h̃d,0(n) . . . h̃d,MN−1(n)]T can be used
to build a path-wise channel estimate by finding the delays
τ = [τ1 . . . τP ]T and paths coefficientscd = [cd,1 . . . cd,P ]T

solving the fitting problem

min
τ , cd

‖h̃(n)−Ψcd(n)‖2 (4)

e.g. via the recursive early-late algorithm [2]. Since in this case
the delay estimation problem is considered as an instantaneous
channel estimation problem, the delay estimation has to come
as the last step of the whole channel estimation process.
Alternatively a moreclassicalstrategy can be pursued, where
one would firstsparsify the channel impulse response under
the assumption of resolvable discrete-multipath component, by
estimating the paths’ delaysτp’s according to a long term
averaged power delay profile. Once the delays are known,
namely the matrixΨ is known, the same previous three steps
procedure can be applied in order to estimatecd(n). Due to



lack of space we shall not detail this second approach in this
paper.

A. Least Square Dedicated and Common Channel Estimation

We assume dedicated pilot chips are sent in every user slot
during transmission. Let us defineSd(n) = Sd(n) ⊗ IM ,
where⊗ denotes the Kronecker product, as the block Hankel
matrix comprising the dedicated pilot chip sequence intended
for the user of interest in slotn. Similarly we refer toSc(n) =
Sc(n)⊗IM as the block Hankel matrix containing the common
pilot chip sequence in slotn. Let Y (n) be the received signal
samples vector corresponding to slotn. The LS unstructured
FIR common and dedicated channel estimates FIR are given
by

ĥd(n) = arg min
hd

‖Y (n)− Sd(n)hd(n)‖2

ĥc(n) = arg min
hc

‖Y (n)− Sc(n)hc(n)‖2 (5)

that, if the pilot chips can be models as i.i.d. random variables,
yield to

ĥd(n) ≈ β−1
d SH

d (n)Y (n)

ĥc(n) ≈ β−1
c SH

c (n)Y (n)
(6)

where βd and βc represent the dedicated and common pilot
chip sequences total energies respectively. Let us model the
received signal asY (n) = Sd(n)hd(n)+Sc(n)hc(n)+V (n),
where V (n) ∼ NC(0, σ2

vI) denotes interference-plus-noise.
Then referring tôec,k(n) andêd,k(n) as the common and ded-
icated channel LS estimation errors, by assuming the dedicated
and common pilot chips to be uncorrelated and invoking the
whiteness of the pilot chip sequences, the errors covariance
matrices can be approximated as follows

C êdêd
≈ β−1

d σ2
vIMN and C êcêc

≈ β−1
c σ2

vIMN (7)

while for the errors mutual covariance matrix we have
C êcêd

≈ 0.

B. Optimal Combining of LS Channel Estimates

Let ĥk(n) = [ĥd,k(n) ĥc,k(n)]T denotes the vector of the LS
estimates of thekth elements of the dedicated and common
pilot channel FIR responses at slotn, i.e.

ĥk(n) =
[

ĥd,k(n)
ĥc,k(n)

]
=

[
hd,k(n)
hc,k(n)

]
+

[
êd,k(n)
êc,k(n)

]
(8)

In the light of the models introduced in section II a general
channel model in the presence of dedicated transmit beam-
forming leads to

hc,k(n) = αkhd,k(n) + xc,k(n)

where αkhd,k(n), represents the short-term linear minimum
mean square error (MMSE) estimate ofhc,k(n) on the basis
of hd,k(n) and xc,k(n) represents the associated estimation
error. Then a refined estimate can be obtained as

ˆ̂
hd,k(n) = fkĥk(n) (9)

by optimal combining of common and dedicated LS channel
estimates. In order not to introduce bias for the processing

in the next steps we shall determinef as the linear unbiased
MMSE (UMMSE) filter, i.e. by solving for allk’s the opti-
mization problem

min
fk

E|hd,k(n)− fkĥk(n)|2 s.t. fk[1 αk]T = 1 (10)

To determine the filterfk we derive the analytical expression

of the covariance matrixRĥkĥk
= Eĥk(n)ĥ

H

k (n)

Rĥkĥk
=

[
r11 r12

r21 r22

]
=

σ2
hd,k

[
1
αk

] [
1
αk

]H

+
[

σ2
êd,k

0
0 σ2

êc,k
+ σ2

xc,k

] (11)

Having an estimate of the matrixRĥkĥk
, e.g. by temporal

averaging, we can apply thecovariance matchingcriterion so
that σ2

hd,k
= r11 − σ2

êd,k
, αk = r21/(r11 − σ2

êd,k
), (i.e. αk has

the same phase asr21), where the following bound|αk| ≤
σhc,k

/σhd,k
=

√
(r22 − σ2

êc,k
)/(r11 − σ2

êd,k
) can be used in

actual estimation. Furthermore it resultsσ2
xc,k

= r22− σ2
êc,k

−
|r21|2/(r11−σ2

êd,k
), so that the optimal UMMSE filter is given

by

fk,UMMSE = ([1 α∗k]R−1

ĥkĥk
[1 αk]T )−1[1 α∗k]R−1

ĥkĥk

= ([1 α∗k]R−1[1 αk]T )−1[1 α∗k]R−1

(12)
where

R =
[

σ2
êd,k

0
0 σ2

êc,k
+ σ2

xc,k

]

By denotinĝêd,k the estimation error after UMMSE combining
its variance is readily given by

σ2
ˆ̂ed,k

= ([1 α∗k]R−1[1 αk]T )−1

= ([1 α∗k]R−1

ĥkĥk
[1 αk]T )−1[1 α∗k]− (r11 − σ2

êd,k
)

=
σ2

êd,k
(σ2

êc,k
+ σ2

xc,k
)

σ2
êd,k

|αk|2 + σ2
êc,k

+ σ2
xc,k

(13)
In order to estimate the LS channel estimation error variances
we observe thatσ2

êd,k
= σ2

ĥd,k
and σ2

êc,k
= σ2

ĥc,k
for impulse

response samplesk at which hd,k(n) = hc,k(n) ≡ 0. Hence
both σ2

êd,k
and σ2

êc,k
can be estimated from̂hd,k and ĥc,k

respectively at delaysk larger than the channel delay spread.
To this end one may overestimate the delay spread, and exploit
the tail of the channel estimate to obtain an unbiased estimate
of σ2

êd,k
andσ2

êc,k
by long term temporal averaging for delays

k > MN at which hd,k = hc,k ≡ 0 can be assumed.
Alternatively, in order not to increase the length of the channel
impulse response to be estimated, we can estimateσ2

êd,k
and

σ2
êc,k

from theĥd,k andĥc,k with smallest variance as detailed
in [2].
1) Optimal Combining of LS Channel Estimates in the Ab-
sence of Beamforming:In the absence of dedicated transmit
beamforming it resultsαk = α ∈ R, α ≥ 0, independent ofk
andxc,k(n) = 0 ∀k. Then the optimal UMMSE filterfk can



still be derived by accounting for the different structure of the
matrix Rĥkĥk

, i.e.

Rĥkĥk
=

[
1
α

] [
1
α

]H

+
[

σ2
êd,k

0
0 σ2

êc,k

]
(14)

from which α and σ2
hd,k can be estimated by approximated

non-orthogonal joint-diagonalization, more specifically by joint
LDU factorization in which the parameterα is in common,
along the lines of [12]. The details are left out here for lack
of space.

C. Optimal Wiener Filtering of Channel Estimates

Once the optimal combining of LS common and dedicated
channel estimates has been performed via UMMSE filtering
(12), optimal temporal causal Wiener filtering can be applied

over successive estimatesˆ̂
hd,k(n) (9) in order to further refine

the dedicated channel estimate. The dedicated channel estimate
after UMMSE combining,̂̂hd,k(n) = hd,k(n)+ˆ̂ed,k(n), is such
that the post-combining estimation errorˆ̂ed,k(n) is mutually
uncorrelated withhd,k(n), ˆ̂ed,k(n) and ˆ̂ed,j(n) are mutually
uncorrelated for anyk 6= j, and the variance of̂̂ed,k(n) is
independent ofk while it depends on the mobile velocity
(i.e. on the Doppler spread), on the channel power, and on
the signal-to-interference-plus noise ratio (SINR). Then given
ˆ̂
hd(n) = [ˆ̂hd,0(n) . . .

ˆ̂
hd,MN−1(n)]T the refined estimatẽh(n)

is of the form h̃d(n) = H(q)ˆ̂hd(n) where H(q) represents
the optimal Wiener filter (of unlimited order). For everyk-th
component of the channel estimate we can writeh̃d,k(n) =
Hk(q)ˆ̂hd,k(n) where

Hk(q) =
1

S+
ˆ̂
hd,k

ˆ̂
hd,k

(q)





Shd,khd,k
(q)

S−ˆ̂
hd,k

ˆ̂
hd,k

(q)





+

(15)

where Sxx(q) denotes the power spectral density (PSD) of
x, {·}+ and {·}− denote the causal and anti-causal parts
respectively, andSxx(q) = S+

xx(q)S−xx(q) is the spectral
factorization ofSxx(q) in its causal minimum-phase factor and
in its anti-causal maximum-phase counterpart. Assuming an
AR(1) model for the channel coefficients as in (3), the PSD of
ˆ̂
hd,k(n) is given by

Sˆ̂
hd,k

ˆ̂
hd,k

(q) = Shd,khd,k
(q) + σ2

ˆ̂ed,k

= σ2
ˆ̂ed,k

ak

(
1− bkq−1

)
(1− bkq)

(1− ρq−1) (1− ρq)

where, by defining the channel estimation signal-to-noise ratio
(SNR) Jk = σ2

hd,k
/σ2

ˆ̂ed,k
and J̄k = 1 + ρ2 + (1− ρ2)Jk,

bk =
1
2ρ

(
J̄k −

√
J̄2

k − 4ρ2

)
andak = ρ/bk (16)

Thus

S+
ˆ̂
hd,k

ˆ̂
hd,k

(q) = σˆ̂ed,k

√
ak

1− bkq−1

1− ρq−1

S−ˆ̂
hd,k

ˆ̂
hd,k

(q) = σˆ̂ed,k

√
ak

1− bkq

1− ρq

so that



Shd,khd,k
(q)

S−ˆ̂
hd,k

ˆ̂
hd,k

(q)





+

=
{

γkq

1− bkq
+

βk

1− ρq−1

}+

=
βk

1− ρq−1

(17)

where

βk =

(
1− ρ2

)
σ2

hd,k

σˆ̂ed,k

√
ak (1− bkρ)

and γk = βkbk

Substituting (17) in (15), we obtain

Hk(q) =
βk

σh̃k

√
ak (1− bkq−1)

(18)

leading to

h̃d,k(n) = bkh̃d,k(n− 1) + ηk
ˆ̂
hd,k(n) (19)

where

ηk =
βk

σˆ̂ed,k

√
ak

=
σ2

hd,k

σ2
ˆ̂ed,k

(
1− ρ2

)

ρ (1− bkρ)
bk (20)

When there is no time correlation (ρ = 0) over slots, we have

bk = 0 andηk =
σ2

hd,k

σ2
hd,k

+σ2
ˆ̂ed,k

, so that every channel coefficient

is weighted byηk ≤ 1, weighting between a priori variance
information and estimation error. The estimation error variance
of h̃d,k(n) is given by

σ2
ẽd,k

= σ2
ˆ̂ed,k

(
1−

σ2
ˆ̂ed,k

σ2
k,∞

)
(21)

where σ2
k,∞ = σ2

ˆ̂ed,k
ak denotes the infinite order forward

prediction error variance. Along the lines of [2] the optimal
Wiener filter (19) can be implemented in adaptive fashion by
adapting the two coefficientsbk andηk to match to the Doppler
statistics of the channel taps, in order to minimize the mean
square error betweeñhd,k(n) and the actual channelhd,k(n).
Introducing temporal averaging over slots, with exponential
weighting, the RLS adaptation algorithm for the minimization
problem stated above can be formulated where the coefficients
bk andηk are computed by recursive solution



Rn = λRn−1+ Re





[
h̃d,k(n− 1)

ˆ̂
hd,k(n)

] [
h̃d,k(n− 1)

ˆ̂
hd,k(n)

]H




P n = λP n−1 −
[

0
σ2

ˆ̂ed,k

]

[
bk

ηk − 1

]
= R−1

n P n

(22)
where Re{·} denotes the real part, andλ is the forgetting factor.
Since there are just two coupled parameters direct2×2 matrix
inversion can be performed instead of using true RLS. The RLS
initialization requires onlyR0 to be different from zero, so we

can set it toR0 = 10−3I2, andh̃d,k(0) = ˆ̂
hd,k(1).

Finally the delaysτp and the coefficientscd,p(n) can be
estimated fromh̃d(n) by solving (4).
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channel, for different values of common-dedicated channel correlation (r)

IV. N UMERICAL EXAMPLES

Here we assess the performance of the joint common-dedicated
pilots based dedicated channel estimation in the presence
of dedicated transmit beamforming in terms of analytical
normalized MSE (NMSE) of the overall channel estimate
h̃d(n) according to (21). The quantities|αk|, σ2

hd,k
, σ2

v , and
σ2

hc,k
/σ2

hd,k
are assumed known. We also define the correlation

factor rk = |αk|σhd,k
/σhc,k

≤ 1. In the light of the previous
derivation it is clear that the performances are primarily
affected by the correlation between common and beamformed
dedicated channel. Therefore for the sake of simplicity in
the numerical examples presented here we set|αk| = |α0|
constant∀k. Without loss of generality we assume the chip
energyEc = 1. In addition we set the CPICH and DPCCH
pilot chips sequences such thatβc = 2560 and βd = 512
[9], and we simulate a power offset between common and

dedicated channel by settingσ2
hc,k

/σ2
hd,k

= 2 for all k’s so
that r = rk = |α0|/

√
2. We also denote the DPCCH receive

chip SNR EcE|hd(n)|2/σ2
v as “DPCCH Ec/N0”. Figure 1

shows the dedicated channel NMSE vs. the DPCCHEc/N0,
for different values ofr under the assumption of a four paths
fast fading channel (mobile velocity of 120 km/h). Similarly in
figure 2 the dedicated channel NMSE vs. the DPCCHEc/N0

is shown, for different values ofr, under the assumption of a
three paths slow fading channel (mobile velocity of 3 km/h).
The performances of the dedicated pilots only based channel
estimation [2] are shown as well for comparison. As expected,
large performance improvements can be achieved by jointly
exploiting both dedicated and common pilots rather than only
dedicated pilots when the dedicated and the common channels
are highly correlated (up to 10 dB in terms of DPCCHEc/N0

at NMSE ≈ −10 dB, for r = 0.99, in the examples shown
here).

V. CONCLUSION

We derived an optimal approach to estimate the user dedicated
channel in W-CDMA receivers, jointly exploiting common
and dedicated pilots, which is suited to operate in the pres-
ence of dedicated transmit beamforming without requiring
the prior knowledge of the channel paths delays and/or of
beamforming parameters. We showed that significant perfor-
mance improvements can be achieved by the proposed joint
common-dedicated pilots based dedicated channel estimation,
with respect to classical dedicated pilots only based channel
estimation approaches, particularly when the dedicated and
common channels are highly correlated.
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