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Abstract— This paper deals with the comparison among two
schemes of space-time MMSE reception implemented for the
forward link of a WCDMA multi-satellite UMTS environment.
The so called space-time transmit diversity technique (STTD)
has been coupled with the minimum mean square error (MMSE)
interference suppression technique. The idea has come from the
realization that the diversity gain is limited by a medium-high
level of multiple access interference ([11]. The proposed schemes
can be distinguished by the order in which the space-time pro-
cessing and the MMSE interference suppression are performed.
We named ST-MMSE Pre STTD Combining if the MMSE filtering
is performed before the space-time combining and ST-MMSE Post
STTD Combining if the interference suppression and the space-
time combining are jointly processed. A realistic multi-satellite
UMTS environment has been simulated in order to compare the
proposed detectors. Bit error rates have been calculated by mean
of Monte Carlo simulations assuming a time-varying satellite
channel model. Simulations show that the Post-combining scheme
gives the best results, but it implies more complexity to the mobile
terminal. Anyway, both the proposed ST-MMSE schemes yield
significantly better performance than the standard STTD receiver
or the conventional RAKE receiver.

I. INTRODUCTION

The role of satellite communications is still not completely
clear to the scientific and industrial world, but it is attracting a
greater attention as a viable mean to distribute certain services
and help in coverage of hard-to-access areas. Due to its large
coherence bandwidth, satellite channels do not offer high fre-
quency diversity that is usually exploited in terrestrial CDMA
cellular systems through maximal ratio combining (MRC) and
RAKE receivers. Therefore, spatial transmit diversity through
simultaneous transmissions from two or more satellites jointly
covering the cell of interest has gained much interest recently.
In most of the developed satellite constellations, there are usu-
ally multiple satellites jointly visible to user and gateway, and
call can be simultaneously established through two different
links - one on each satellite. If one of the links is obstructed
the other link can carry the call. Satellite diversity turns out to
be fundamental in reducing the signal blockage probability, as
it has been confirmed during experimental campaigns whose
results are summarized in [9].

Satellite diversity concept is analogous to soft/softer concept
in cellular systems, but some differences exist. In the satellite

systems, a user will operate with two or more satellites
virtually all its time. Secondly, if the macrodiversity can reduce
the capacity of the BS-user terminal link, this fact has much
more impact on satellite link where the bottleneck of the
capacity is the downlink (satellite-user terminal). Therefore, it
is fundamental to exploit as effectively as possible the signal
replicas coming from different satellites by using a proper
satellite diversity scheme.

Different satellite diversity schemes have been studied and
compared in the past [11]. The Space-Time Transmit Diversity
[2] technique has been selected as one of the most attractive
for its good performance and inherent low complexity of the
mobile terminal. It does not require expansion in bandwidth
and the feedback from receiver to transmitter is not needed.
The decoding algorithm is a simple line processing and the
complexity of the receiver will not be increased considerably.
Although the STTD technique is originally proposed for nar-
rowband systems, it can be straightforwardly used in WCDMA
systems [11]. Unfortunately, such technique has shown poor
performance in heavily loaded system [11], i.e., when the
multiple access interference (MAI) is high the STTD receiver
looses the diversity gain. In order to recover the diversity gain,
two approaches are possible: to insert an outer encoder in the
receiver [11] or to insert an advanced interference suppression
technique. This paper provides the second point although
a combination of this two techniques can exploit further
advantages. Two basic receivers are here proposed: the ST-
MMSE Pre STTD Combining and the ST-MMSE Post STTD
Combining. The two schemes differ from the order in which
the interference suppression and the space-time processing are
performed in the receiver. Firstly, some concepts on trans-
mit diversity developed in a terrestrial synchronous scenario,
[2],[3], has been extended to a multi-satellite asynchronous
environment. Therefore, the exploitation of the signal coding
in space and in time coupled with the MMSE interference
suppression is investigated. For this purpose a multi-satellite
WCDMA-based environment has been simulated, respecting
all the Satellite-UMTS specification [1]. The remainder of this
paper laid out as follows. Section II details the system model
used to evaluate the performance of the receivers. Section III
deals with the multi-satellite environment. The STTD MMSE
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receivers are proposed in Section IV. Section V carried out the
simulation results and Section VI concludes the paper.

II. SYSTEM MODEL

Let us focus on K WCDMA users sharing the same ground
cell. The cell is highlighted contemporaneously by J spots
of the Ns satellites in view. Transmission towards the users
is performed according to a QPSK Direct-Sequence CDMA
basis. The equivalent baseband received signal at the mobile
terminal over a stream of N symbols is

r(t) =
∑NS

s=1

∑K
k=1

∑J
j=1 Ak,j,s

∑N−1
n=0 b

(n)
k,j,s∑L

l=1 c
(n)
k,j,l,ss

(n)
k,j,s(t − nT − τk,j,s,l) + n(t)

(1)

where Ak,j,s is the received signal amplitude for the k-th user
s-th satellite j-th antenna, b

(n)
k,j,s is the transmitted bit in the n-

th symbol interval from the s-th satellite and the j-th antenna,
c
(n)
k,j,l,s are the channel complex coefficients including carrier

phase, τk,j,s,l is the l-th path delay from the j-th antenna
of the s-th satellite for user k and n(t) is the noise signal.
The term s

(n)
k,j,s(t) =

∑G
g=1 s

(n)
k,j,s(g)p(t − gTc) represents

the spreading waveform for the n-th symbol where T is the
symbol interval, Tc is the chip interval, p(t) represents the
chip waveform due to pulse shaping filter and s

(n)
k,l (g) is the

code referred to the n-th symbol interval. This code is a
combination of channelization and scrambling codes s

(n)
k,l (g) =

s
[ch]
k,l (g)s[sc]

k,l (g+(n mod (H/G))G), where G is the spreading
factor and H is the length of the scrambling code [10]. A
single-path transmission (L = 1) has been here considered
since both the near and the far echoes (lower replicas of the
transmitted signal) power is at least 15 dB below the first path
and hence there is no visible advantage in detecting them [4].

Several satellite channel models has been proposed in the
last years and a comparison among them is presented in [5].
The results shown in this paper are obtained using the so called
Corazza’s model [6].

At the receiver, the signal (1) is first passed through a chip
matched filter and sampled at the chip time. By using a matrix
notation, the discrete output of the chip matched filter and
sampler is:

r = S1C1A1b1 + S2C2A2b2 + n (2)

where
• the subscript (1, 2) refers to different satellites,
• the vector r = [r(0), r(Ts), . . . , r([(N + V )SG −

1]Ts)]T ∈ C(N+V )SG is the input sample vector,
• Ts is the sample time,
• N is the number of symbols in the receiver observation

interval,
• S is the number of samples per chip,
• G is the spreading factor,
• V =

⌈
[maxk,j,l{τk,j,l} + (P − S)Ts]/T 1

⌉
is the max-

imum delay spread due to the satellite transmission,
channel multipath and pulse shaping filter,

• P is the shaping filter impulse response length,
• T is the symbol interval,

• S = [S(0),S(1), . . . ,S(N−1)] ∈ C(N+V )SG×NKJL de-
notes the sample spreading sequence matrix with:
S(n) = [S(n)

(1) ,S
(n)
(2) , . . . ,S

(n)
(K)] ∈ C(N+V )SG×KJL,

S(n)
k = [S(n)

(k,1),S
(n)
(k,2), . . . ,S

(n)
(k,J)] ∈ C(N+V )SG×JL,

S(n)
k,j = [s(n)

(k,j,1), s
(n)
(k,j,2), . . . , s

(n)
(k,j,l)] ∈ C(N+V )SG×L,

where sn
k,j,l is the spreading sequence of the k-th user, l-

th path, j-th transmitting antenna, in the n-th symbol in-

terval, given by


 0(nSG+τk,j,l)×1

sn
k,j

0[(N−1+V −n)SG−P+S−τk,j,l]×1


 ∈

C(N+V )SG×1,
sn
k,j , is the sampled spreading waveform of the k-th

user j-th transmitting antenna in the n-th symbol inter-
val, sn

k,j = [sn
k,j(0), sn

k,j(Ts), . . . , sn
k,j((SG + P − S −

1)Ts)]T ∈ CSG+P−S ;
• C = diag[C(0),C(1), . . . ,C(N−1)] ∈ CNKJL×NKJ , is

the channel response matrix with:
Cn = diag[C(n)

1 ,C(n)
2 , . . . ,C(n)

K ] ∈ CKJL×KJ ,

Ck
n = diag[c(n)

k,1 , c(n)
k,2 , . . . , c(n)

k,J ] ∈ CJL×J ,

ck
n = [c(n)

k,j,1, c
(n)
k,j,2, . . . , c

(n)
k,j,L]T ∈ CL, where c

(n)
k,j,l is

the complex channel gain of the l-th path, j-th transmit-
ting antenna for the user k;

• A = diag[A(0),A(1), . . . ,A(N−1)] ∈ �NKJ×NKJ , is
the user transmitting amplitudes matrix with:
An = diag[A(n)

1 ,A(n)
2 , . . . ,A(n)

K ] ∈ �KJ×KJ ,
An

k = diag[Ak,1,Ak,2, . . . ,Ak,J ] ∈ �J×J ;
• b = [b(0),b(1), . . . ,b(N−1)] ∈ ΞNKJ , is the users data

vector with modulation symbol alphabet Ξ and
bn = [b(n)

1 ,b(n)
2 , . . . ,b(n)

K ] ∈ ΞKJ ,
bn

k = [bk,1,bk,2, . . . ,bk,J ] ∈ ΞJ , where
b
(n)
k,j is the k-th user n-th symbol from the j-th transmit-

ting antenna;
• n = [n(0), n(Ts), . . . , n([(N + V )SG − 1]Ts)]T ∈

C(N+V )SG, is the additive white Gaussian noise vector
with variance σ2

n.

III. THE MULTI-SATELLITE ENVIRONMENT

The multi-satellite scenario considered in this paper is
detailed [4]. The S-UMTS environment provides Ns satellite
covering the same ground area and each satellite generates
J beams towards the earth surface. In order to provide soft-
handoff and diversity, each spot beam reuses the same carrier
frequency. The forward link assumes the direct transmission
from the satellites to the mobile station (MS), while for the
reverse link a gateway station (GS) is required, since the MS
itself has not enough power to cover that huge distance.

The insertion of a space-time transmit diversity using space-
time block codes (STBC) coupled with a MMSE interference
suppression technique in a multi-satellite environment is here
analyzed. The principle of the space-time transmit diversity
technique is to perform a transmission through two different
satellites permuting the signal in space and time [2]. After the
space-time processing, at the receiver end, the diversity gain
is obtained, i.e., an improvement of the spectral efficiency or
a higher capacity of the cell. Unfortunately, the diversity gain
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is lost if the multiple access interference level is high [11].
For this reason a MMSE filtering has been coupled with the
space-time processing.

In this paper, a multi-satellite UMTS system with two
satellites covering the same ground cell has been considered.
Following the S-UMTS proposal [1], each satellite has its
own scrambling code while the same set of channelization
codes can be reused by all satellites. Hadamard-Walsh codes
of length 32 have been considered for the spreading of the user
signals while the satellite scrambling codes have been selected
in a family of 256 Gold-like codes. Different cell loads and
different mobile terminal velocity (pedestrian and vehicular)
have been considered in the simulations.

IV. STTD LMMSE RECEIVERS

In this section two different space-time linear MMSE de-
tectors are derived. The general optimization criterion of a
generic linear MMSE receiver can be written as:

min
w

{
E(|B − B̂|2)} (3)

where B̂ = wHr is the term that has to be estimated, w is
the filter coefficients vector, r is the received signal vector,
B is the known term who regards to the minimization of the
functional and H represents the conjugate-transpose operation.
It can be stated that w depend on the instantaneous fading of
different users, mobile terminal velocity, satellites elevation
angles and the current SNR. In some early works the basic
idea of this type of detector was introduced, [8]. In this
paper two different space-time LMMSE receiver schemes are
derived depending on the order the space-time processing and
the MMSE interference suppression is performed. The two
detectors are then compared in terms of performance and
complexity to find out which is the best ordering.

A. MMSE Pre STTD Combining

The first scheme provides the MMSE interference suppres-
sion previously the STTD combining and it is named MMSE
Pre STTD receiver. Two independent filters (one for each
satellite received signal) are needed. The cost functions to be
minimized for the user k are:

MSEk,1(i) = E
{|wH

k,1(i)c
∗
i,1ri,1 − |ci,1|2bk,i,1+

−ci,2c
∗
i,1s

H
k,1s

′
k,2bk,i,2|2

} (4)

for the Satellite 1 and

MSEk,2(i) = E
{|wH

k,2(i)c
∗
i,2ri,2 − |ci,2|2bk,i,2+

−ci,1c
∗
i,2s

H
k,2s

′
k,1bk,i,1|2

} (5)

for the signal coming from Satellite 2.
The vector ri,j is the received signal from the jth satellite

in the ith symbol interval, ci,j represents the complex channel
gain, bk,i,j is the transmitted symbol according to the well-
known Alamouti scheme [2], wk,j(i) represents the STTD
MMSE filter vector dedicated to the detection of the kth user
transmission from the jth satellite and sk,j ∈ CSG+P−S is the
resulting sequences from the multiplication of the scrambling

and the channelization codes. Let us suppose, without loss of
generality, that τk,1 < τk,2

2, then

s′k,1 = [sk,1(τk,1), . . . , sk,1(SG + P − S − 1)Ts, 0, . . . , 0]

is the user k code sequence from the Satellite 1 received by the
MMSE filter dedicated to the detection of the signal coming
from satellite 2,

s′k,2 = [0, . . . , 0, sk,2(τk,2), . . . , sk,2(SG + P − S − 1)Ts]

is the user k code sequence from the Satellite 2 received
by the MMSE filter dedicated to the detection of the signal
coming from satellite 1. The signals from the two satellites
are here supposed asynchronous, hence a generalization of
the standard Alamouti [2] decoding rule was considered [12].
In particular it is worth to note that in the asynchronous
case the same STTD decoding rule can be used by the
fact that ci,2c

∗
i,1s

H
k,1s

′
k,2 =

[
ci,1c

∗
i,2s

H
k,2s

′
k,1

]∗
, i.e., the mutual

interference introduced by the symbol ST coding scheme is
erased in the ST recombining process at the receiver.

After the filtering (4, 5), the space-time processing is
performed in order to get the diversity advantage. The decoder
has to take into account two consecutive received symbols

Mk,1(i) = wH
k,1(i)c

∗
i,1ri,1 +

[
wH

k,2(i)c
∗
i,2ri+1,2

]∗

Mk,2(i) = −
[
wH

k,2(i)c
∗
i,2ri,2

]∗
+ wH

k,2(i)c
∗
i,2ri+1,1

(6)

The last two terms in (4) and (5) represent the part that has
not to be modified by the MMSE filter in order to perform
exactly the successive space-time processing (6). By inserting
in the reference signal of the MMSE cost function what has
to be preserved for the successive space-time decoder a full
diversity gain can be reached. If the two MMSE filters would
be able to ideally remove all the interference, after the filtering
Eq. (6) would be :

Mk,1(i) = (|ci,1|2 + |ci,2|2)bk,i

Mk,2(i) = (|ci,1|2 + |ci,2|2)bk,i+1
(7)

and the diversity order of 2 is obtained at the receiver.
The filter vectors wk,1 and wk,2 can be computed using the

normalized stochastic gradient algorithm (NLMS) :

wk,j(i) = wk,j(i−1)− µ

‖ri−1,j‖2
∇(MSEk,j(i−1)), k = 1, 2,

(8)

B. MMSE Post STTD Combining

Differently from the STTD Pre MMSE receiver where an
MMSE filtering has to be settled for each satellite transmitted
signal, in the STTD Post MMSE scheme the space-time
processing and the MMSE interference suppression are jointly
performed. In such a case only a single filter is needed, but
the filter has to take into account of the two consecutive
received symbols separately. It can be said that here the MMSE

2τk,j is the discrete time delay of the kth user transmission from the jth
satellite.
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Fig. 1. The LMMSE Pre STTD Combining receiver scheme

filters are ”Time-divided”, while in the STTD Pre MMSE were
”Space-divided”. Let us define the vertical concatenation of the
two vectors

r(1)
eq (i) =

[
ri,1c

∗
i,1

r∗i+1,2ci+1,2

]
(9)

r(2)
eq (i) =

[ −r∗i,2ci,2

ri+1,1c
∗
i+1,1

]
(10)

with i = 0, 2, 4, . . .. This operation equals to group the
received symbols two-by-two.

The MMSE filter of the post-combining scheme has to
minimized the following cost functions:

MSE
(1)
k (i) = E

{|w(1)H
k (i)r(1)

eq (i)−(|ci,1|2+|ci,2|2)bk,i,1)|2
}

(11)

MSE
(2)
k (i) = E

{|w(2)H
k (i)r(2)

eq (i)−(|ci,1|2+|ci,2|2)bk,i+1,1)|2
}

(12)
where w(p)

k indicates simply the filter that acts on the received
vector r(p)

eq and the index i indicates the ith STTD observation
window of two consecutive received symbols.

We have assumed here that ci,1 ≈ ci+1,1 and ci,2 ≈ ci+1,2.
This is a mild assumption in the context we are studying
because the channel shows a coherent bandwidth longer than
two symbol intervals.

The decision variables are hence:

M
(1)
k (i) = w(1)H

k (i)r(1)
eq (i) (13)

with regards of the transmitted symbol bk,i,

M
(2)
k (i) = w(2)H

k (i)r(2)
eq (i) (14)

with regards of the transmitted symbol bk,i+1. The final
symbol decision is based on the standard MAP criterium. The
decision metrics (13,14) are computed every two symbols and
the filter tap weights are updated by using the normalized
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Fig. 2. The LMMSE Post STTD Combining receiver scheme

Parameter Symbol Value

Chip rate 3.840 Mc/s
Symbol rate 120 ks/s
Modulation QPSK

Spreading factor G 32
Percentage of load assumed 31.25% or 62.5%
Number of samples per chip S 4

Pulse shape roll-off factor β 0.22
Pulse length in chips 5

Carrier frequency fc 2 GHz
Channel fading model Corazza
Slow fading bandwidth 6 Hz

Doppler power spectrum Flat
Speed of MS v 3Km/h (pedestrian) or 50Km/h (vehicular)

Number of satellites Ns 2
Number of spot beams Nb 3

per satellite
Channelization code Orthogonal Gold 32

Scrambling code Hadamard Walsh 32

TABLE I

PARAMETERS OF THE SYSTEM USED IN SIMULATIONS

LMS algorithm. The MMSE Post STTD receiver exhibits a
better performance than the Pre-combining scheme but it has
a higher complexity.

V. SIMULATION RESULTS

A multi-satellite environment with two satellites contempo-
raneously in view has been considered; this is a practical aver-
age case because in satellite constellations like Globalstar [7],
the contemporary presence of 3 or 4 satellites in visibility can
be assumed, although in a smaller percentage of time.

The elevation angles of the satellites have been set both to
55o. An asynchronous downlink WCDMA system in accor-
dance with the model proposed in [10] is considered with two
different cell loads (10 and 20 users) and two different mobile
terminal speed (pedestrian 3km/h and vehicular 50km/h).
Several Montecarlo simulations have been carried on accord-
ing to the parameters shown in Table I.

The Bit Error Rate of the proposed STTD MMSE re-
ceivers, the standard STTD receiver and the conventional
RAKE receiver have been compared. The total number of
transmitted symbols per simulation has been set to 100000.
An 800 symbols training sequence has been considered for
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what concern the MMSE STTD receivers at the beginning of
the simulation and then a decision direct scheme is used; the
training period is set to be repeated every 10000 symbols. The
simulation results are shown in figs.3–6.
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Fig. 4. BER versus Eb/N0 for QPSK dual Satellite system, 62.5% load,
pedestrian

The results show that for a system with more than 10
users (31.25 percent of cell load) transmitting at the same
time, the performance of the conventional RAKE and the
standard STTD receivers are quite poor while both the STTD
MMSE receivers are able to significantly improve the system
performance. In the heavily loaded cell case the gain margin
over standard receivers is more appreciable, as the SNR
increases. This improvement is because the proposed schemes
are able to jointly suppress MAI and take advantage of the
transmit diversity. Also the particular cost functions of the two
receivers derived herein exhibit a remarkable stability of the
minimum BER achievable regardless of the mobile terminal
velocity. It can be noticed that the MMSE Post STTD receiver
has shown a remarkable gain over the MMSE Pre STTD in
every operating condition, but it has a higher computational
complexity. Anyway, both the ST-MMSE schemes here pro-
posed overcome the classical Rake and STTD receivers.
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