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ABSTRACT

This paper investigates the problem of CDMA multi-user
detection with STAR-ISR (Spatio-Temporal Array receiver
with Interference Subspace Rejection) in the presence of un-
known multipath channel and residual carrier offset. We
observe that the performance of STAR-ISR could be se-
riously degraded if no frequency-offset recovery is imple-
mented. We introduce an efficient carrier frequency off-
set recovery (CFOR) module into STAR-ISR. The proposed
CFOR is based on space/time separation that implements a
simple linear regression approach for both time-delay and
frequency synchronization. We analyze the performance of
STAR-ISR with and without CFOR. Simulations show that
CFOR reduces the performance loss due to the frequency
offset. With frequency offset of 600 Hz the link-level gain
is more than 7 dB for 8PSK users.

1. INTRODUCTION

One of the major obstacles in detecting code division multi-
ple access (CDMA) signals is the well-known interference
problem. In the past decade, there has been significant inter-
est in multi-user detection. In fact, a variety of receivers that
can decouple the superimposed received signals have been
investigated [1]. However, most of these previous works
assume that there is no carrier frequency offset.

In practical mobile communication scenarios, however,
unknown transmission distance will lead to unknown time
delay and the carrier frequency may have unknown shift due
to oscillator instability and Doppler effect. In a multi-user
environment, the frequency offset of one user not only de-
grades the detection of that user, but also makes the receiver
- based on the ideal carrier frequency assumption - no longer
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optimal, thus degrading the detection of the other users. As
shown in [2] the performance of a multi-user detector could
be seriously degraded if no frequency offset correction is
taken.

In previous work, we proposed a new technique for multi-
user detection in CDMA networks [3], denoted Interference
Subspace Rejection (ISR). This technique offers different
modes that range in performance and complexity between
IC (interference cancellation) detectors and linear receivers.
Each mode characterizes the interference vector in a dif-
ferent way and accordingly suppresses it. In addition to
interference rejection, STAR-ISR performs space and time
diversity combining, array processing and time delay syn-
chronization. So far, however, we did not address the prob-
lem of carrier-frequency offset recovery in a multi-user de-
tection context.

This contribution incorporates an efficient carrier fre-
quency offset recovery (CFOR) module into the STAR-ISR
detector. We propose a new procedure based on space/time
separation that implements a simple linear regression ap-
proach for estimation of both the time-delays and the fre-
quency offset. This approach was recently validated for
single-user receivers [4] where numerical results showed
that the new joint time-delay and frequency synchroniza-
tion algorithm compensates almost completely for the per-
formance loss due to high and low frequency offsets. Im-
plementing this method in a multi-user environment is thus
of great interest to increase the robustness of STAR-ISR to
the residual carrier offset.

By simulation, we analyze the performance of STAR-
ISR with and without CFOR and show that CFOR reduces
the performance loss due to the frequency offset. With fre-
quency offset of 600 Hz the link-level gain is more than 7
dB for 8PSK users.

0-7803-7954-3/03/$17.00 ©2003 IEEE. 887



2. SYSTEM MODEL

2.1. Data model

We consider an uplink transmission with M receiving an-
tennas at the base station and consider a multipath Rayleigh
fading channel with number of paths P and Doppler spread
frequency fD. We also assume a frequency offset ∆f due
to transmitter and receiver oscillator mismatch. The spread-
ing factor, defined as the ratio between the chip rate and the
symbol rate isL. The system consists ofU active users. The
data for user with index u bun ∈ CK is K-PSK modulated at
rate 1/T , where T is the symbol duration and

CK = {. . . , e j2πk
K , . . .}, k ∈ {0, . . . ,K − 1}. (1)

The data sequence is then spread by a personal code
cu(t). At time t, the received signal vector from the antenna
array can be written as follows:

X(t) =
U∑

u=1

ψu(t)Xu(t) +N th(t) (2)

=
U∑

u=1

ψu(t)Hu(t) ⊗ cu(t)bu(t) +N th(t), (3)

where Xu(t) is the received signal vector from the user u
given by the channel response vector Hu(t) from the mo-
bile to the base station spread by cu(t)bu(t), ψu(t) is the
total received amplitude of user u, and N th(t) is the ther-
mal noise received at each antenna element. After pulse
matched filtering over a Q symbol duration (i.e. QT ), sam-
pling at the chip rate 1/Tc and framing over (Q+ 1)L chip
samples at the symbol rate, we obtain the M × ((Q+ 1)L)
matched-filtering observation matrix [3]:

Yn =
U∑

u=1

ψu
nYu

n + Nth
n (4)

where each user u contributes its user-observation matrix
Yu

n, and where the base-band preprocessed thermal noise
contributes Nth

n . With respect to the desired user, assigned
index d, we can now rewrite the vector-reshaped matched-
filtering observation matrix for k = 0, . . . , Q− 1 as:

Y n = sd,k
n Y d

n + In +Nn, (5)

where sd,k
n = ψd

nb
d
nQ+k denotes the kth signal component

of the desired user and In is part of the multiple access in-
terference (MAI) to be suppressed. The noise vector Nn

comprises ISI from the desired user over its kth symbol, the
rest of MAI from all other users, and the preprocessed ther-
mal noise.

2.2. Overview of STAR-ISR

In the general case, the total interference In is an unknown
random vector which lies in an interference subspace spanned
by a constraint matrix Cn with dimension depending on the
number of interference parameters estimated separately. A
number of alternative mode is available to construct the con-
straint matrix Cn [5]. In Table I in [3], we show how to form
the constraint matrix Ĉn for different interference subspace
characterizations. The TR (total realisation) mode nulls the
total interference vector and hence requires accurate estima-
tion of all the channel and data parameters of the NI inter-
ferers. The R (realizations) mode nulls the signal vector of
each interferer and hence become robust to power estima-
tion errors.

To achieve a near far resistance, the receiver beamformer
W d,k

n must conform to the following theoretical constraints:{
W d,kH

n Y d
k,n = 1 ,

W d,kH

n Cn = 0 ,
⇒

{
W d,kH

n Y d
k,n = 1 .

W d,kH

n In = 0 .
(6)

With an estimate of the constraint matrix Ĉn made avail-
able for a selected mode, we obtain the ISR spatio-temporal
beamformer W d,k

n by:

Qn =
(

Ĉ
H

n Ĉn

)−1

, (7)

Πn = INT
− ĈnQnĈ

H

n , (8)

W d,k
n =

ΠnŶ
d

k,n

Ŷ
dH

k,nΠnŶ
d

k,n

, (9)

where NT = M(Q + 1)L is the total space dimension and
INT

denotes anNT ×NT identity matrix. First, we form the
projector Πn orthogonal to the constraint matrix estimate
Ĉn. Second, we project the estimated response vector Ŷd

k,n

and normalize it to derive the STAR-ISR combiner. Finally,
we extract the signal component by:

ŝd,k
n = W d,kH

n Y n . (10)

3. JOINT TIME-DELAY AND FREQUENCY
OFFSET SYNCHRONIZATION

We provide in this section a generalization of the joint time-
delay and frequency synchronization procedure, introduced
for single-user receivers in [4], to the multi-user case.

The joint synchronization operation for each user u is
accomplished in two steps. First, it estimates the number
of multipaths P̂ , their time delays, their relative power and
their magnitude. Then, it determines the carrier-frequency
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offset. Based on this information an estimate of the spatio-
temporal channel is made, and the process is iterated. Key to
the present algorithm is the space/time separation procedure
that enables us to decouple time and carrier frequency syn-
chronization. The space/time separation has been used in
[6] to reduce the identification errors. From the space/time
separation (STS) the spatio-temporal channel Hn can be re-
constructed Ĥn = ĴnD̂T

n based on estimations of the tem-
poral response matrix D̂n and the spatial response matrix
Ĵn.

3.1. Time-Delay and Frequency Acquisition

We propose the following algorithm for each user u.

1. Initial multipath detection:

We estimate D̂u
n using the localization spectrum over

the possible multipath delays. We limit localization
to a simple search over integer multiples of the chip
rate (see [7] for more details) to estimate the number
of paths P̂ and their time-delays.

2. Separation of the spatial response matrix Ĵn:

Once D̂u
n is estimated, we use multi-source beam-

forming to isolate Ĵu
n [6]:

ĴuT
n = (D̂uT

n D̂u
n)−1D̂uT

n H̃uT
n . (11)

The matrix Ĵu
n is then transformed into an (MP )-

dimensional vector Ĵ
u

n by concatenating its columns.

We identify its i-th coefficient Ĵ
u

i,n = r̂u
i,ne

jφ̂u
i,n by

its magnitude r̂u
i,n and its phase φ̂u

i,n.

3. Carrier frequency acquisition:

We consider a slowly varying channel, which means
that channel parameters are unchanged over periods
of K symbols while a fixed phase shift (due to carrier
offset) is produced between two samples. We buffer,
separately, the phase φ̂u

i,n of each coefficient of Ĵ
u

n

with index i (i.e., Ĵ
u

i,n) over K symbols and apply a
LR-based procedure [8] to estimate ∆fu. For each
diversity finger for i = 1, . . . ,MP , we hence form
the following vector:

Φ̂u
i,nK = [φ̂u

i,(n−1)K+1, . . . , φ̂
u
i,(n−1)K+k, . . . , φ̂

u
i,nK ],
(12)

then estimate ∆fu at the symbol iteration nK as the
slope of a linear regression as follows:

∆̂fu
i,nK =

‖R0‖2(RT
1 Φ̂u

i,nK) − (RT
1 R0)(RT

0 Φ̂u
i,nK)

2πT{‖R0‖2‖R1‖2 − (RT
1 R0)2} ,

(13)

where R0 = [1, . . . , 1] and R1 = [1, . . . , k, . . . ,K].
Thus, there areMP estimates of the frequency offset.

We exploit space-time diversity and minimize estima-
tion errors, by weighted summation over these MP

estimates:

∆̂fu
nK =

∑ MP
i=1 r̄2

i,(n−1)K+k∆̂fu
i,nK∑ MP

i=1 r̄2
i,(n−1)K+k

= 1
M

∑MP
i=1 (

∑ K
k=1 r̂2

i,(n−1)K+k

K )∆̂fu
i,nK .

(14)

For simplicity, we skip the index nK in ∆fu
nK in the

following step.

4. Reconstruction of the spatio-temporal channel:

We reconstruct the spatio-temporal propagation vec-
tor Ĥu

n by:
Ĥu

n = Ĵu
nD̂uT

n . (15)

We thereby implement a frequency offset acquisition
step in a closed loop structure, where we feed back the esti-
mate of the frequency offset to the input of the receiver:

Zu
n = e−j2π∆̂funT (Hu

ns
u
n +Nu

n). (16)

3.2. Time-Delay and Frequency Tracking

1. Tracking the multipath delays:

We update the time response matrix D̂u
n with a subspace-

tracking equation:

D̃u
n+1 = D̂n +

η

M
(ĤuT

n − D̂u
nĴuT

n )Ĵu∗
n+1, (17)

where

ĴuT
n+1 = (D̂uT

n D̂u
n)−1D̂uT

n H̃uT
n+1. (18)

We estimate the multi-paths delays with a linear re-
gression, then we rebuild the time-response matrix
D̂uT

n+1. This step allows the estimation of the spatio-
temporal propagation vector Ĥu

n+1 = Ĵu
n+1D̂

uT
n+1.

2. Tracking the frequency offset:

Similarly to the frequency offset acquisition, we es-
timate the carrier frequency offset error δ̂fu

n by lin-
ear regression over successive blocks of length K us-
ing the same equations (13) and (14). We update the
frequency-offset estimate in equation (15) and (16) as
follows:

∆̂fu
nK = ∆̂fu

(n−1)K + δ̂fu
nK . (19)
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4. PERFORMANCE ANALYSIS

In this section, we compare and analyze the performance
of a previous version of STAR-ISR (with time-delay syn-
chronization only) and STAR-ISR with joint time-delay and
frequency synchronization.

4.1. Simulation Setup

We have implemented a link-level simulation of multi-user
reception to evaluate the performance of STAR-ISR with
CFOR. We considered the uplink of DS-CDMA with a chip
rate of 3.840 Mcps operating at a carrier frequency of 1.9
GHz. The spreading factor is L = 16 corresponding to
a link of 256 Kbaud. The channel is considered Rayleigh
fading with Doppler and frequency offset. We assumed
frequency selective fading with 3 equal power propagation
paths. We considered a delay drift of 0.046 ppm. All the
parameters of the channel are varying in time.

The base station has M = 2 antennas. We simulated a
multirate environment with 6 BPSK users and 6 8PSK users
corresponding to transmission rates of 256 Kb/s and 768
Kb/s, respectively. Each user has an individual frequency
offset ∆fu with an average equal to ∆f . We implemented
closed loop power control operating at 1600 Hz and adjust-
ing the power in steps of ±0.5 dB. An error rate on the
power control bit of 5% and a feedback delay of 0.625 ms
are simulated.

4.2. Simulation results

In Figures 1 and 2 we show the performance results for
STAR-ISR with and without CFOR in terms of BER ver-
sus the input SNR after despreading for users of different
data-rates using the TR and R modes [3]. In Tab. 1 we also
report the SNR required for BER = 5% (BPSK 1) and BER=
7% (8PSK 2). Results suggest the following:

• High frequency synchronization errors have a seri-
ous impact on the performance of STAR-ISR-TR and
STAR-ISR-R. The link level degradation due to ∆f =
600Hz is particularly severe for 8PSK interferers, more
than 9 dB for both STAR-ISR-TR and STAR-ISR-R.
In the BPSK case, losses are in the range of 3 dB.

• The link level gain with CFOR is higher for the TR
mode than for the R mode. Indeed, the difference

1A BER = 5% before FEC decoding is equivalent to a BER=10−5 after
decoding.

2A BER = 7% before FEC decoding is equivalent to a BER=10−5 after
decoding.

BPSK 8PSK

STAR-ISR-TR without CFOR,
∆f =600 Hz

9.75 > 20

STAR-ISR-TR with CFOR,
∆f =600 Hz

7.25 9.75

STAR-ISR-TR ,∆f =0 Hz 6.75 7.5
STAR-ISR-R without CFOR,
∆f =600 Hz

8.25 16

STAR-ISR-R with CFOR,
∆f =600 Hz

6.25 9

STAR-ISR-R ,∆f =0 Hz 5.5 7

Table 1. Required SNR in dB for BPSK and 8PSK users.

between the TR and R modes in SNR requirement,
for the same QoS, gets smaller with the introduction
of CFOR. The incorporation of CFOR in STAR-ISR
makes the TR mode even more attractive, since it
presents a better performance/complexity tradeoff [3].
We also notice that the performance gain is higher
with 8PSK interferers (more than 7 dB) compared to
BPSK users (in the range of 2 dB).

• Comparing the link-level curves of STAR-ISR with
CFOR and STAR-ISR with no frequency offset, we
notice that CFOR compensates the performance loss
due to frequency synchronization errors only partially.
This result differs from that of the single-user context
where the compensation was almost complete [4]. In
a multi-user environment the residual frequency off-
sets after CFOR, for each user, accumulate in the re-
constructed data before suppression (more so on the
uplink). This phenomenon makes the complete com-
pensation of the offset difficult to achieve in a multi-
user detection context.

5. CONCLUSION

In this contribution we incorporated an efficient carrier fre-
quency offset recovery module into STAR-ISR detector. This
procedure implements simple linear regression for both fre-
quency and time-delay synchronization. The simulations
show that CFOR reduces the performance loss due to the
frequency offset. With a frequency offset of 600 Hz the
link-level gain is more than 7 dB for 8PSK users. Current
investigations address extension of the proposed joint time-
delay and frequency synchronization with STAR-ISR to fu-
ture multi-carrier air interfaces.
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Fig. 1. BER versus SNR for STAR-ISR-TR with and with-
out CFOR (a) BPSK (b) 8PSK.
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