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Abstract: We present MUSIC type algorithm for joint parameter estimation in
asynchronous DS CDMA system with multiple antenna system at base station
and single antenna system at the mobile users. The proposed algorithm is
applied in downlink processing and it enables the joint estimation of time delay,
frequency shift as well as spatial parameters (direction of departure - DOD of
transmitted signal) of asynchronous DS CDMA signals using single antenna
system at the mobile. The proposed algorithm is well suited to unknown fading
channel, frequency selective or dispersive, and it can be primarily used as a
method of multipath channel identification. It seems to the authors that it
can be used as a basis for the further improvement of process of detection
at the mobile receiver. The proposed algorithm is near-far resistant, requires
no preamble, and can be applied when the user sequences are not perfectly
orthogonal.
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1 Introduction

The application of antenna arrays in mobile communication systems is of
great theoretical interest in recent years. A number of theoretical papers
prove that antenna arrays can significantly improve the system performances
such as increasing channel capacity and spectrum efficiency and reducing
the effects of multipath fading, etc., [1]. But, there are some limitations
in practical application of antenna arrays. First of all, the application of
antenna arrays is better suited to the base stations. At the portable mobile
the application of antenna arrays is limited and it is not practical.

In recent years many papers have been published that are related to the
problem of transmit antenna diversity, [2]. The authors have noticed that
in many papers related to that, the parameters of antenna array geometry
(transmit antenna array steering vector) is not incorporated in mathematical
model of the transmitted signal. The problem of transmit antenna geometry
is almost the same as the geometry problem of the receive antenna arrays. In
whatever way the antenna elements in transmit antenna array are located,
the effect of antenna geometry can be resulted in spatial modulation of the
transmitted signal, with different effects from one antenna geometry to the
other. Then, an idea appeared to the authors: How can this fact be exploited
on the mobile side with single antenna receiver to improve the global perfor-
mances of detection? We supposed a kind of multiple antenna system at the
base station which the same data stream is SS modulated in each transmit
antenna channel with different sequences. So the set of orthogonal sequences
is assigned to each user. In such system, the structure of transmitted signal
is spatially dependent and in each point in the space carries the information
about the space parameters (azimuth and elevation of the signal departure
from the base station). If the set of own user code sequence and transmit
antenna array manifold of the base station is known to the mobile receiver,
it is possible to formulate an algorithm for joint estimation of spatial param-
eters (direction of departure - DOD), time delay and frequency shift. From
the mobile receiver point of view, spatial dependency of transmitted signal
have as a consequence that all paths in discrete multipath fading channel
with different direction of arrival can be detected as a separate user. At the
mobile single antenna receiver the processing is basically in time domain but
the effects are almost the same as the antenna array is applied to the mobile.

Starting from the previous published subspace based algorithms for joint
parameter estimation of asynchronous DS CDMA signals [3] -[12], a MUSIC
based algorithm for joint direction of departure- DOD, frequency shift and
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time delay estimation in the downlink of the DS CDMA system with multiple
antennas at the base station and single antenna at the mobile users is pro-
posed. For the estimated direction of departure DOD of direct path (which
usually have the shortest time delay) the direction of arrival can be directly
calculated. The proposed algorithm is well suited to unknown fading chan-
nel and it can be used as a method for channel identification. The proposed
algorithm is near-far resistant, requires no preamble, and can be applied
when the user code sequences are not perfectly orthogonal. Algorithm can
be used for both single user and multi-user estimation.

2 System Model

A block diagram of the model of the supposed asynchronous DS CDMA
system is presented on Fig. 1. Signal of the kth user transmitted from the

Fig. 1. A block diagram of the supposed system.

antenna array composed of antennas which are nonuniformly distributed
and located at points {zl} ∈ R3X1, l = 1, . . . , L in real three space can be
modeled as

yk(t) =ℜ{
√

2PTXkejωTXct

×
L

∑

i=1

sl
k[t − τk − τ l

TX(θTX , ϕTX)]ejφTXckgl
TX(θTX , ϕTX)

× ejωTXcτ l
TX (θTX ,ϕTX)}

(1)
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where the subscripts k denotes kth user and superscript l denotes the lth
antenna; PTXk is summary transmitted power of the kth user which is equal
to PTXk =

∑L
l=1 P l

TXk, where P l
TXk is transmitted power of the kth user

emitted from lth antenna; ωTXc is the transmitter carrier frequency; φTXck

is the carrier phase of the transmitter up converter which have to be the
same on the all L antennas, but it can be different from the user to the
user; sl

k[t − τk − τ l
TX(θTX , ϕTX)] is the baseband signal of the kth user on

the lth transmit antenna formed by the data stream dk(m) ∈ Ak, Ak be-
ing the kth user alphabet, i.e. slk(t) =

∑

∞

m=−∞
dk(m)bl

k(t − mT ); bl
k(t)

is the complex valued user code sequence of the kth user on lth antenna,
where bl

k(t) for t ∈ [0, T ); T and Tc = T/N are bit and the chip du-
ration respectively; τk is the time delay (time offset) of the kth user re-
lated to time reference on the transmitter, which is due to asynchronous
nature of the users; τ l

TX(θTX , ϕTX) = vT (θTX , ϕTX)zl/c is time delay of
the signal on the lth antenna relative to the reference point (origin of the
spherical coordinate system of transmit antenna array), transmitted to di-
rection {θTX , ϕTX}, where θTX denotes azimuth and ϕTX denotes eleva-
tion which are defined in coordinate system of the transmit antenna array;
zl is vector of location of the lth antenna in real three space, c is prop-
agation velocity; v(θTX , ϕTX) is the unit vector in direction {θTX , ϕTX};
gl
TX(θTX , ϕTX) is the lth antenna gain in direction of{θTX , ϕTX}. The value

al
TX(θTX , ϕTX) = gl

TX(θTX , ϕTX) exp[jωTXcτ
l
TX(θTX , ϕTX)] is the lth ele-

ment of steering vector of the transmit antenna array.

2.1 Channel model

Suppose that the antenna aperture of the transmit antenna array is small
(L ∗ λc/2) and that there are no any obstacles near the transmit antenna
array. Then the same channel model can be supposed for all transmit-
receive antenna pairs. We presume the time varying channel with discrete
multipath, [13]. The channel impulse response can be modeled as

h(t, τ) =

Rp(t)
∑

p=1

αp(t)e
jφp(t)ej∆ωDptδ[t − τp(t)] (2)

where Rp(t) denotes the number of discrete paths, which is time varying.
αp(p) is random attenuation of the pth path due to propagation channel;
φp(t) is the random carrier phase of the pth path due to channel propagation
which is distributed uniformly in [0, 2π); ∆ωDp is Doppler frequency-shift of
the pth path due to the channel characteristic; δ(t) is Dirac function; τp(t) is
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pth path delay due to multipath structure of the channel. Multi-user signal
at the point of the antenna of the receiver of the kth mobile user can be
modeled as

r(t) =
K

∑

k=1

yk(t) ∗ h(t, τ) (3)

where K denotes the number of users and symbol ∗ denotes convolution. It
is clear that due to multipath structure of the propagation channel many
paths of the transmitted signals are received. Multi-user signal at the input
of the receiver antenna can be modeled as

r(t) =ℜ{n(t) +

K
∑

k=1

√

2PTXkejωTXct

×
Rp(t)
∑

p=1

gRX (θRXp, ϕRXp)αp(t)e
jφp(t)ej(∆ωDp+∆ωDRXp)t

×
L

∑

l=1

sl
k[t − τk − τp(t) − τ l

TX(θp, ϕp)]e
jφTXckal

TX(θp, ϕp)}

(4)

where qRX(θRXp, ϕRXp) is receiver antenna gain where {θRXp, ϕRXp} de-
notes azimuth and elevation of arrival to the receiver antenna of the pth
path; ∆ωDRXp is Doppler frequency-shift of the pth path due to the receiver
motion. n1(t) is the additive white Gaussian noise with two-sided power
spectral density N0/2.

2.2 System model restrictions

Let suppose, for simplicity, that omnidirectional antenna elements are used
in transmit antenna array at base station and omnidirectional antenna in mo-
bile receiver so gl

TX(θTX , ϕTX) = 1, l = 1, . . . , L , and gRX (θRXp, ϕRXp) = 1.
Let’s also suppose that incident CDMA signals can be approximated as
narrow-band in the array processing sense, so the approximation slk[t −
τk(t) − τp(t) − τ l

TX(θp, ϕp)] ≈ Slk[t − τk(t) − τp(t)] for l = 1, 2, . . . , L; k =
1, 2, . . . ,K is suitably accurate for all values of time t. Suppose that time
delay τp(t) of the pth path and the number of the paths Rp(t) and azimuth
and elevations {θRXp, ϕRXp}; p = 1, . . . , Rp are time invariant (constant)
during the M symbol intervals so τp(t) ≈ τp and Rp(t) = Rp. Starting from
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the previous discussions and assumptions, equation (4) can be simplified to

r(t) =ℜ{n(t) +

K
∑

k=1

ejωTXct

Rp
∑

p=1

ρkp(t)e
j(∆ωDp+∆ωDRXp)t

×
L

∑

t=1

slk(t − τkp)e
jφTXckal(θTXkp, ϕTXkp)}

(5)

where τkp = τk + τp denotes the summary time delay of the pth path of
the kth user related to time reference of the transmitter, and ρkp(t) =√

2PTXkαp(t) exp[jφp(t)]is a complex value. Assume that the fading pro-
cesses are slowly time varying relative to the duration of each data symbol,
so that ρkp(t) can be taken as a constant for the duration of the mth symbol
interval.

3 Formulation a Problem of Joint Parameter Estimation

At the receiver front-end received at the mobile side the continuous-time
signal r(t)is down converted (by IQ mixing to baseband) and then time dis-
cretized by sampling the outputs of an integrators which integrates receiving
signals over subinterval Ti = Tc/Q where Q is the over sampling factor. The
obtained equivalent complex sequence r(q) can be expressed as

r(q) = n(q) +
K

∑

k=1

Rp
∑

p=1

qT i
∫

(q−1)Ti

ρkp(t)e
j∆ωpt

L
∑

l=1

slk(t − ∆τkp)e
jφckal(θkp, ϕkp)

(6)
were ∆ωp = ωTXc − ωRXc + ∆ωDp + ∆ωDRXp is the summary frequency
shift which is due to the mismatch of the transmitter/receiver oscillators,
Doppler frequency shift due to channel and Doppler frequency shift due to
receiver motion; ∆τkp is time delay of the pth path of the kth user related
to the receiver time reference; n(q) is the zero-mean white complex Gaussian
sequence with the variance σ2 = E[| n(l) |2] = N0/Ti = PlN0QN/Eb,l and
Eb,l = PlT is the energy per bit for the first user. From the resulting discrete-
time signal samples, a sequence of observation vectors r(m) = [r(mQN +
QN), . . . , r(mQN + 1)]T ∈ CQN×l which correspond to one symbol interval
are formed [4]. Time delay ∆τkp ∈ [0, T )is defined in relation to the start
of the observation vector. Similarly, the noise vector n(m) ∈ CQN can be
defined as n(m) = [n(mQN + QN), . . . , n(mQN + 1)]T . Since the system is
asynchronous, the bit-timing is unknown to the receiver and the observation
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vector will contain the end of the previous symbol and the beginning of the
current symbol for each user. Now, let us define the contribution rkp(m) of
the pth path of the kth user to r(m). It can be modeled as:

rkp(m) =[uR
kp(∆τkp, ωDp, θTXp , ϕTXp) uL

kp(∆τkp, ωDp, θTXp , ϕTXp)]

×
[

γkp(m − 1)
γkp(m)

]

(7)

The vector pair: uR
kp(∆τkp, ωDp, θTXp, ϕTXp) uL

kp(∆τkp, ωdp, θTXp, ϕTXp)}
are signal vectors, which are defined similarly to [7] as

uR
kp(∆τkp, ωDp, θTXp, ϕTXp) =

[δk

Ti
D(pk + 1, 1, 0)

+ (1 − δk

Ti
)D(pk, 1, 0)

]

gkp (8)

uR
kp(∆τkp, ωDp, θTXp, ϕTXp) =

[δk

Ti
D(pk + 1, 0, 1)

+ (1 − δk

Ti
)D(pk, 0, 1)

]

gkp (9)

where τkp = pkpTi + δkp, pkp is an integer, δkp ∈ [0, Ti), the vector gkp =

CQN×l is defined as

gkp = [gkp(QN), gkp(QN − 1), . . . , gkp(1)]
T (10)

where

gk(l) =
1

Ti

lTi
∫

(l−1)Ti

ej∆ωpt
L

∑

l=1

bl
k(t)aTX(θTXp, ϕTXp)dt (11)

The permutation matrix D(r, α, v) ∈ RQN×QN is a matrix defined in
block form identically as in [13]. Let’s notice that signal vectors are known
function of unknown parameters. The scalar quantities {γkp(m)γkp(m −
1)} are complex constants which depend on the power, the phase and the
transmitted symbols in mth and mth-1 bit interval of the kth user. The
observation vector r(m)can be expressed as:

r(m) =
K

∑

k=1

Rp
∑

p=1

rkp(m) + n(m) = Ac(m) + n(m) (12)
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The columns of the matrix A ∈ CQN×2KRp are the KRp pairs of the
signal vectors of the general form {uR

kp(∆τkp,∆ωDp, θTXp, ϕTXp) uL
kp(∆τkp,

∆ωDp, θTXp, ϕTXp)}, k = 1, . . . ,K, p = 1, . . . , Rp. The elements of the
vector c(m) ∈ C2KRp are the KRp pairs of the complex quantities {γkp(m)
γkp(m − 1)}, k = 1, . . . ,K p = 1, . . . , Rp.

3.1 Formulation of MUSIC based algorithm for joint DOD, time

delay and frequency shift estimation

The joint parameter estimation problem can be formulated as follows: The
M observation vectors r(m) are given, it is necessary to estimate determinis-
tic unknown set of parameters {∆τkp,∆ωDp, θTXp, ϕTXp} for k = 1, . . . ,K,
p = 1, . . . , Rp. It was supposed that those parameters remain approximately
constant during the period of M bits and that ∆τkp ∈ [0, T ). Suppose that
receiver of the kth user knows: set of own user sequences {bl

k}, l = 1, . . . , L
and transmit antenna array manifold (number of antenna elements L, gain
of antenna elements {gl

TX(θTX , ϕTX)}, l = 1, . . . , L, array geometry con-
tained in vectors zl, l = 1 . . . , L). The first step in formulation of MUSIC
base algorithm for joint parameter estimation is the estimation of covariance
matrix of the observation vectors. Since it is generally unknown, it can be
M estimated from the available observation vectors as

R =
1

M

M
∑

m=1

r(m)r∗(m) = ACA∗ + N (13)

We assume that a) columns of the matrix A are linearly independent for
all possible values {∆τ,∆ω, θTX , ϕTX}, which can be provided by appropri-
ate sequence and antenna array geometry design, and b) correlation matrix
C = E{c(m)c(m)∗} has to have full (maximal) rank which is, especially
in fading channel, almost always fulfilled. Both conditions are (or can be)
fulfilled in practice. The signal vectors (columns of matrix A) are the known
function of unknown parameters {∆τkp,∆ωDp, θTXp, ϕTXp} that we would
like to estimate and they are contained in signal subspace Es ∈ CQN×2KRp

and for true values {∆τkp,∆ωDp, θTXp, ϕTXp} those signal vectors are or-
thogonal to the noise subspace En ∈ CQN×(QN−2KRp) of covariance matrix
R. MUSIC type algorithm for the joint estimation of unknown parameters
{∆τkp,∆ωDp, θTXp, ϕTXp} can be formulated as

{∆τkp,∆ωDp, θTXp, ϕTXp} = arg.max{PMUS(∆τ,∆ω, θTX , ϕTX)} (14)
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where

PMUS(∆τ,∆ωDp, θTX , ϕTX) =
‖ uR

k (∆τ,∆ω, θTX , ϕTX) ‖
‖ EnuR

k (∆τ,∆ω, θTX , ϕTX)

+
‖ uL

k (∆τ,∆ω, θTX , ϕTX) ‖
‖ EnuL

k (∆τ,∆ω, θTX , ϕTX) ‖

(15)

The unknown set of parameters {∆τkp, ωDp, θTXp, ϕTXp} of the kth user are
determined as arguments of maximums of PMUS(∆τ,∆ω, θTXp, ϕTX ). The
signal vectors for the τ ∈ [pTi, (p + 1)Ti] can be modelled identically as in
[7].

4 Ambiguity Characterization of the Space-Time-Frequency

Manifold

Continuum of all possible signal vectors {uR
kp(∆τkp,∆ωDp, θTXp, ϕTXp)

uL
kp(∆τkp,∆ωDp, θTXp, ϕTX)} of the kth user lie in four dimensional space-

time-frequency manifold. It is supposed that the manifold is known to the
receiver of the kth user (theoretically evaluated or measured by calibration
procedure). In fact, the manifold represents priory knowledge of the sig-
nal (system) model. Incident signal vectors {uR

kp(∆τkp,∆ωDp, θTXp, ϕTXp)

uL
kp(∆τkp,∆ωDp, θTXp, ϕTXp)} theoretically are perfect orthogonal to the

noise subspace of covariance matrix. The MUSIC algorithm generally ex-
ploit that fact. If there are many signal vectors in the array manifold which
do not correspond to actual set of parameters {∆τkp,∆ωDp, θTXp, ϕTXp}
but which are collinear (or near to collinear) to the incident signal vectors,
then false pick(s) or side lobes in joint parameter estimation occur(s) due
to ambiguity. This is ambiguity of the type I. In [13] the type I ambiguity
function is defined as a normalized measure of collinearity the signal vec-
tors in array manifold. This function can be generalized and defined for
space-time-frequency manifold of the kth user in following way:

χI
kij(∆τ,∆ωDi, θTXi, ϕTXi,∆τj,∆ωDj, θTXj , ϕTXj)

=
uR

ki(∗)∗uR
kj(∗) + uL

ki(∗)∗uL
kj(∗)

‖ uR
ki(∗) ‖‖ uR

kj(∗) ‖ + ‖ uL
ki(∗) ‖‖ uL

kj(∗) ‖
(16)

where uR
ki(∗) = uR

ki(∆τi,∆ωDi, θTXi, ϕTXi) and uR
kj(∗) = uR

kj(∆τj,∆ωDj ,
θTXj, ϕTXj) The symbols ∗ and ‖ · ‖ stands for conjugate transposition
and norm of vector. The ambiguity properties of the space-time-frequency
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manifold determine in deterministic way the characteristics of any algorithm
for joint parameter estimation. In other words, using the ambiguity function,
false picks and side lobes in joint parameter estimation can be perfectly
predicted.

5 Results of Simulation and Discussion

Two examples are presented. In both examples the circular transmit antenna
array with L = 10 antenna elements was assumed. The fading channel is
modeled with the commonly used wide-sense stationary uncorrelated scat-
terer Rayleigh fading channel model [15], so the are the ρkp(t) zero-mean,
complex Gaussian slow time varying fading processes (the value ρk(t) is con-
stant during the symbol interval) , uncorrelated from different paths of the
same user. But for the same paths of different users at the same location
with the same direction of arrival it differs just in complex constant. In the
first example, a system with tree asynchronous DS CDMA users is simulated.
The flat, single path Rayleigh fading channel is supposed. The modulation
is BPSK. User code sequences are binary random sequence generated using
MATALAB rand function with N = T/Tc = 32. Signal to noise ratio for
the first user defined as Eb1/N0 is 0 dB. Near far ratio defined as Pk/P1

are 0 dB for k = 1, 10 dB for k = 2 and 30 dB for k = 3. The number
of symbols is M = 200. The normalized time delays are: ∆τ1/Tc = 10,
∆τ2/Tc = 15, ∆τ3/Tc = 24. Normalized frequency shifts ωDk/(2π/Tc) are
0, 0.0001 and –0.0001 respectively. The azimuths and elevations of sig-
nal departure from the base station are θTX1 = θTX2 = θTX3 = 120◦,
ϕTX1 = ϕTX2 = ϕTX3 = 0◦. It was supposed that the direct path is received
so the azimuths and elevations of arrival are θRX1 = θRX2 = θRX3 = 300◦,
ϕRX1 = ϕRX2 = ϕRX3 = 0◦. The results of joint time delay and direction
of departure (arrival) for both tree DS CDMA users are presented compara-
tively on the Figure 2(a), 2(b) and 2(c). From the Figure 2 it can be seen that
the proposed algorithm provide correct parameter estimation of both three
users practically without user interference and that the proposed algorithm
is near-far robust (due to MUSIC). The frequency shifts are fixed to zero
when MUSIC cost function is calculated. Simulations show the proposed
algorithm is relatively robust to frequency shifts.

In the second example, a system with one DS CDMA user is simulated.
The antenna array was the same as in the previous example. A four discrete
path Reyleigh fading channel is supposed. User code sequence is binary
random sequence with N = T/Tc = 32; Oversampling is used with Q =
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(a) (b)

(c)

Fig. 2. Joint time-delay and azimuth estimation for the (a) first, (b) second and (c) third
user

2, The normalized time delays of the path are: ∆τ1/Tc = 15, ∆τ2/Tc =
15.55, ∆τ3/Tc = 15.5, ∆τ4/Tc = 24.5; The azimuths and elevations of paths
departure are: θTX1 = 200◦, θTX2 = 250◦, θTX3 = 180◦, θTX4 = 220◦,
ϕTX1 = ϕTX2 = ϕTX3 = ϕTX4 = 00. The modulation is 4-PSK. The signal
to noise ratio, defined as Eb1p/N0

are: 10 dB for the first, 5 dB for the second,

0 dB for the third and fourth path. The ambiguity function χI
1ij(∆τi,∆τj)

for the ∆ωDi = ∆ωDj = 0, θTXj = θTXi = 200◦ and ϕTXi = ϕTXj = 0◦

is shown on the Figure 3(a). The form of that function points to the time
correlation properties of user code sequence. As it can be seen, this function
depends on (∆τi − ∆τj) but not on ∆τi,∆τj . The ambiguity function
χI

kij(θTXi, θTXj) for ∆τi = ∆τj = 15Tc ∆ωDi = ∆ωDj = 0, and ϕTXi =
ϕTXj = 0◦ is presented on the Figure 3(b). As it can be seen, the ambiguity
function depends on θi, θj but not on (θi−θj). The main lobe of the function
is primarily determined by antenna aperture. Generally its form is not the
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(a) (b)

(c)

Fig. 3. Ambiguity function: (a) χI
lij(∆τi, ∆τj) (b) χ

(
lijθTXi, θTXj , c) Polar plot of

χI
lij(θTXi = 200◦, θTXj).

same along the azimuth (it depends on antenna geometry). For the same
antenna array, the user code sequence influences side lobes. The polar plot of
the ambiguity function χI

kij(θTXi = 200◦, θTXj) is presented on Figure 3(c).
The main lobe of this function directly determines the possibility of spatial
resolvability of the different paths of the same user. From this picture it can
be seen that the effects are the same, as if the antenna array was used at
the mobile. The mesh plot of he result of the joint time delay and azimuth
estimation is presented on the figure 4a , but the contour plot of the same is
presented on Figure 4(b). As it can be seen, the proposed algorithm enables
the correct parameter estimation of all three paths. So it is evident that it
can be used for multipath channel identification.



Joint Parameter Estimation of Multiuser Asynchronous ... 339

(a) (b)

Fig. 4. Joint time-delay and azimuth estimation for the in fading multipath channel. (a)
Mesh plot. (b) Contour plot.

6 Conclusion

The presented results of simulation shows that the proposed MUSIC type
algorithm, applied in downlink processing, is well suited to joint parameter
estimation of asynchronous DS CDMA signals in unknown slow varying mul-
tipath fading channel. It enables the joint estimation of time delay, frequency
shift as well as direction of departure (DOD) of transmitted asynchronous
DS CDMA signals in the system with multiple antennas at the base station
and single antenna at the mobile. It can be primarily used as a method
for multipath channel identification. It seems to the authors that it can be
used as a basis for further improvement of process of detection at the mo-
bile receiver. The results of simulation prove that the proposed algorithm is
near-far resistant, requires no preamble, and can be applied when the user
sequences are not perfectly orthogonal. The algorithm can be used for both
single-user and multi-user estimation and there are no constraints on the
code sequences (sequences need not be binary) and antenna array geometry
(antenna array can be non-uniform volume).
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Proc. IEEE Int. Symp. ISSSTA, (Parsippany NJ), pp. 53–57, 2000.

[3] S. Bensley and B. Aazhang, “Subspace-based delay estimation for CDMA
communication systems,” in Proc. IEEE Int. Symp. ISIT, (Norway), p. 138,
1994.

[4] E. Ström, S. Parkvall, S. Miller, and B. Ottersten, “Propagation delay estima-
tion in asynchronous direct-sequence code-division multiple access systems,”
IEEE Trans. on Communication, vol. 44, no. 1, pp. 84–93, January 1996.

[5] S. Parkvall, Near-Far Resistant DS-CDMA Systems: Parameter Estimation

and Data Detection. PhD thesis, Royal Institute of Technology, Stockholm,
Sweden, 1996.

[6] S. Bensley and B. Aazhang, “Subspace-based channel estimation for code divi-
sion multiple access communication systems,” IEEE Trans. on Comm., vol. 44,
no. 8, pp. 1009–1019, August 1996.
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