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Abstract— The paper discusses the performance of a MIMO-
extended UMTS-FDD downlink with a 2x2 and a 4x4 antenna con-
figuration. An analytical expression for the average signal to inter-
ference ratio (SIR) of a space-time (ST) RAKE receiver in an inter-
ference dominated environment is derived. Simulations are used to
assess the BER performance with the number of concurrent users
as a parameter. The results are compared to a single antenna link
with equivalent data rate. In addition to that, a linear zero forc-
ing (ZF) and an MMSE MIMO equalizer receiver is evaluated and
compared to the ST-RAKE. It is shown that both methods can suc-
cessfully mitigate the significant performance limitation due to self
interference (SI) and multiple access interference (MAI).

I. INTRODUCTION

Multiple-Input-Multiple-Output systems have received sig-
nificant attention in the last years as a means to achieve a sig-
nificantly increased capacity through spatial multiplexing [1].
Initially, the concept was demonstrated using narrow-band sys-
tems. With the development and introduction of wideband stan-
dards the idea was also applied to OFDM and CDMA. In par-
ticular, the incorporation of MIMO into the UMTS-FDD down-
link has been analyzed initially in [2] and was first demon-
strated in [3]. Spatial multiplexing has also been suggested
as a high-rate transmission mode for HSDPA as described in
[4]. A system level analysis of a scenario where time division
multiple-access is used to serve multiple users within the same
cell has been presented in [5]. This work focuses on a system
configuration where users within a cell are separated through
code division multiple access. It has been shown previously
that the performance of single-antenna CDMA based systems
with straight-forward low-complexity receiver architectures is
heavily limited by self interference (SI) and multiple-access in-
terference (MAI) due to multipath propagation, which on the
other hand is a favorable condition for spatial multiplexing. The
nature of the channel’s power-delay profile has a significant in-
fluence on the system performance as it destroys the original
orthogonality of the channelization codes. This paper analyzes
and compares the signal-to-interference-ratio (SIR) and the bit-
error-rate (BER) performance of an uncoded W-CDMA based
system in a standard 1x1 configuration with a 2× 2 and 4× 4
MIMO configuration. The number of concurrent users K is
thereby used as a parameter, while the Eb/No of the system is
kept constant and the same transfer rate is enforced across all
antenna configurations. First, an ST-RAKE receiver is applied.

Subsequently, a linear equalizer is used instead in order to mit-
igate the interference. For an overview of MIMO equalization
techniques refer to [8]. In the next section the transmitter and
the overall system model are briefly discussed. In section three
the performance of the ST-RAKE receiver is analyzed in order
to obtain an analytical approximation for the SIR. The BER per-
formance is evaluated by means of simulations. Section four re-
views the linear ZF and MMSE MIMO equalizers, gives perfor-
mance results also obtained through simulations, and compares
them to the ST-RAKE receiver. The last section concludes the
paper.

II. TRANSMITTER & SYSTEM MODEL

The transmitter is based on the UMTS-FDD downlink stan-
dard. Its schematic is shown in figure 1 and it is described in
detail in [6]. In essence each incoming data stream from user
k = 1, . . . ,K is mapped to a QPSK constellation and is con-

verted into Ntx parallel streams b(k)
m with m = 1, . . . ,Ntx. An

individual orthogonal-variable-spreading-factor (OVSF) code
is assigned to each user. It is chosen to be orthogonal to
the codes of all other users. The Ntx corresponding parallel
streams of a user are all spread with the same code. Sub-
sequently the signals from all users are combined and spread
again with a common scrambling code forming the vectors
xm [t] =

[
xm [t] xm [t −1] · · · ] before they are transmitted

from all antennas. The system works under a constant power
and a constant rate constraint with respect to a single user. To
maintain the rate B across all antenna configurations the spread-
ing factor is chosen as: SF ∝ Ntx

B . The power P per chip and
per user is normalized to one and is divided equally among the
transmit antennas. Consequently the Eb/No is maintained and
the total transmit power increases as more users are being added
to the system.

A static Rayleigh-fading frequency-selective MIMO chan-
nel model is used between the antennas at the transmitter
and at the receiver side with the impulse responses: hnm =[

h(1)
nm h(2)

nm · · · h(Lc)
nm

]
. All Lc significant paths are as-

sumed to be spatially and temporally fully uncorrelated and
their respective power-delay profiles are given through the vari-

ances σ f and the delays τ f of the individual path groups h( f )
nm .

When comparing different channels the variances of the respec-
tive strongest paths are normalized to one: σl = σl

max{σ f} . This
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Fig. 1. Transmitter schematic

honors the fact that adding a new path to a channel does not only
increase diversity but also provides additional “array gain” if it
is properly exploited. Interference from adjacent cells and other
noise sources is modeled through AWGN: ηn. The received sig-
nal yn at the receive antenna n = 1, . . . ,Nrx can be written as:

yn =
Ntx

∑
m=1

hnmxm +ηn (1)

III. SPACE-TIME-RAKE

An ST-RAKE receiver architecture as depicted in figure 2
is analyzed first. It employs a bank of Lr ≤ Lc chip-matched
filters at each of the Nrx receive antennas to resolve the mul-
tipath components and to obtain a set of LrNrx soft-symbol
components of a particular user which are arranged in a vec-
tor r =

[
r1,1 · · · r1,Lr · · · rNrx,1 · · · rNrx,Lr

]T
. With-

out loss of generality user 1 is considered to be the user of inter-
est. According to [2], the temporal components of this vector
can be interpreted as virtual antennas. In a multipath environ-
ment they allow an exploitation of the additional diversity in
the channel. However, at the same time, multipath propaga-
tion also leads to significant interference in the correlators. As
the system load increases, this interference quickly exceeds the
thermal noise and becomes the performance limiting factor. It
should also be noted that, as opposed to thermal noise and inter-
cell interference, the intra-cell interference arises from signals
that see the same channel as the desired signal and will there-
fore be correlated to it.

RAKE

RAKE
s0

s1

Fig. 2. Space-Time RAKE Architectiure

The correlator stage is followed by the space-time combiner.
It uses a matrix representation C of the space-time channel to
perform maximum ratio combining (MRC) as follows:

s = CHr (2)

C =




h(1)
1,1 · · · h(1)

1,Ntx
...

. . .
...

h(Lr)
1,1

. . . h(Lr)
1,Ntx

...
. . .

...

h(Lr)
Nrx,1

· · · h(Lr)
Nrx,Ntx




(3)

The resulting vector s is now of dimension Ntx. Its entries
are weighted sums of all received components of the individual
substreams. At the same time the rank of the effective channel
CHC is unchanged compared to the original channel C. In order
to obtain an approximation of the received SIR, the signal after
MRC is written more explicitly in the following terms:

si =
Nrx

∑
n=1

Lr

∑
f =1

rn, f h∗( f )
n,i = sS

i + sSI
i + sMAI

i (4)

sS
i =

SF√
Ntx

Nrx

∑
n=1

Lr

∑
f =1

b(1)
i h( f )

n,i h∗( f )
n,i︸ ︷︷ ︸

ŝS
i

+

SF√
Ntx

Nrx

∑
n=1

Lr

∑
f =1

Ntx

∑
m�=i

b(1)
m h( f )

n,mh∗( f )
n,i︸ ︷︷ ︸

s̃S
i

(5)

sSI
i =

Nrx

∑
n=1

Lr

∑
f =1

Ntx

∑
m=1

Lc

∑
l �= f

A1,1[τ f − τl ]b
(1)
m h(l)

n,mh∗( f )
n,i√

Ntx
(6)

sMAI
i =

Nrx

∑
n=1

Lr

∑
f =1

Ntx

∑
m=1

K

∑
k=2

Lc

∑
l �= f

A1,k[τ f − τl ]b
(k)
m h(l)

n,mh∗( f )
n,i√

Ntx
(7)

Equation 5 describes the desired signal at the detector as a co-

herently combined term ŝS
i and an antenna-crosstalk term s̃S

i
while equations 6 and 7 are the noise components that arise
from SI and MAI respectively. Their influence is modeled
through the auto-/cross correlation functions of the spreading
codes which are assumed to be

A1,k[∆τ] =




SF ,k = 1 ,∆τ = 0
0 ,k �= 1 ,∆τ = 0

E [•] = 0,VAR [•] = SF ,∆τ �= 0
.

(8)
The longterm average of the received SIR can now be com-
puted. However, the exact expression can not be evaluated
easily. To simplify the model it is assumed that after MRC,
fading has a proportional effect on the signal and interference
terms. This is due to the fact that variations in their respec-
tive power are mainly a result of individual paths appearing and
disappearing which generally increases or decreases both sig-
nal and noise terms. This indirect incorporation of correlation



justifies the following simplification:

SIR = E




∥∥∥ŝS
i + s̃S

i

∥∥∥2

∥∥sSI
i + sMAI

i

∥∥2


≈

E

{∥∥∥ŝS
i + s̃S

i

∥∥∥2
}

E
{∥∥sSI

i + sMAI
i

∥∥2
} . (9)

The term ŝS
i is a sum of Lr random variables, each with a χ2

distribution of order u = 2Nrx with their individual variances

u
σ4

f
2

S2
F

Ntx
and expected values u

σ2
f

2
SF√
Ntx

. Herewith Var
[
ŝS

i

]
=

Nrx
Ntx

S2
F Γ1 and E

[
ŝS

i

]
= Nrx√

Ntx
SF Γ2 are determined by the chan-

nel parameters

Γ1 =
Lr

∑
f =1

σ4
f and Γ2 =

Lr

∑
f =1

σ2
f . (10)

The antenna-crosstalk term s̃S
i has zero mean and a Var

[
s̃S

i

]
=

Nrx
Ntx

S2
F (Ntx −1)Γ1. Summing over all i = 1, . . . ,Ntx the resulting

average received signal power is given by:

Ps = NrxS2
F

(
NrxΓ2

2 +NtxΓ1
)

(11)

The noise terms are also zero mean and have Var
[
sSI

i

]
=

NrxSF ΨI and Var
[
sMAI

i

]
= Nrx (K −1)SF ΨI , where the inter-

ference characteristic of the channel is defined as:

ΨI =
Lr

∑
f =1

Lc

∑
l �= f

σ2
f σ2

l . (12)

Again summing over all i = 1, . . . ,Ntx results in an expression
for the average interference power at the receiver:

PI = NtxNrxSF KΨI .

Obeying to the previously made assumptions this is sufficient
to determine the resulting average SIR as follows:

SIR =
Ps

PI
=

SF
(
NrxΓ2

2 +NtxΓ1
)

NtxΨK
(13)

Figure 3 compares simulation results of the SIR (determined
through the error vector magnitude at the detector) to the re-
sults obtained from equation 13. This is done for a variable
number of concurrent users in different antenna configurations.
In this initial simulation no AWGN is present and SI and MAI
are therefore the only impairments. Excellent agreement be-
tween the theoretically obtained results and the simulations is
observed, in particular for the MIMO case.

To observe a more realistic scenario the thermal noise floor
in the simulations was set to 4dB below the transmitted power
P of a single user. Good agreement between equation 13 and
the simulations shown in figure 4 is observed in the MIMO
case, especially for a heavily loaded system. If only very
few users are active the effect of the AWGN prevails and be-
comes the limiting factor. As this is not considered in the
approximation it shows a too optimistic received signal-to-
interference-plus-noise ratio (SINR) compared to the simultion
results. Moreover, in the SISO system the influence of the
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Fig. 3. Received SIR after despreading v.s. number of users with transmitted
SNR = +∞ at a rate of 1 Mbps/User

AWGN is observed even for high interference levels, while it
vanishes quickly in the MIMO configurations. This can be read-
ily understood from the fact that the increased diversity in the
2×2 and 4×4 system greatly improves its resilience to thermal
noise in the high-SNR regime.

For the BER simulations a maximum likelihood receiver is
used to separate the spatially multiplexed streams. However, no
means are provided for suppression of MAI or SI. The simula-
tion results are shown in figure 5. They demonstrate that under
a fixed rate constraint and in a heavily interference-limited en-
vironment a MIMO system provides an advantage over a SISO
configuration. In particular the step from a 2 × 2 to a 4 × 4
system increases the link quality significantly. However, at the
same time it is noted that the advantage of a MIMO system with
respect to its resilience against MAI and SI is less pronounced
than under pure AWGN conditions.

IV. LINEAR EQUALIZER

To mitigate MAI and SI a linear MIMO equalizer is applied
at the receiver before decorrelation. It consists of a set of Ntx

independent MISO equalizers each of which is composed of a
bank of Nrx FIR filters. Their length is chosen to be Le = 32
taps and no oversampling is applied. The block diagram of one
of the two branches in a 2×2 system is shown in figure 6.

The coefficients are computed using a ZF and an MMSE cri-
terion. Thereto equation 1 is first written in matrix notation
to describe a set of Le received symbols using the matrices
Hmr ∈ C

Le×Le+Lc−1 which are described as

Hmr =




hmr 0 0 · · · 0
0 hmr 0 · · · 0
...

. . .
...

0 · · · 0 hmr 0
0 · · · 0 0 hmr


 (14)
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Fig. 4. SINR after despreading v.s. number of users with SNR = 4dB

Subsequently they are stacked to form Q which can be used to
completely describe the received signal:

Q =




H0,0 · · · H0,Ntx−1

H1,0 · · · H1,Ntx−1
...

. . .
...

HNrx−1,0 · · · HNrx−1,Ntx−1


 (15)

Herewith, the equalizer coefficients are determined by:

gZF
r =

(
QQH)−1

Qe(Le+Lc−1)r+Le/2 (16)

gMMSE
r =

(
QQH +

Ntx

Kρ
I
)−1

Qe(Le+Lc−1)r+Le/2 (17)

The vectors e(Le+Lc−1)r+D thereby consist of Ntx stacked vec-
tors of length Le + Lc − 1 which describe the desired impulse
response from each of the transmit antennas to the receive an-
tenna r. To obtain a flat channel and to perform the spatial sep-
aration at the same time, all elements are set to zero, with the
exception of the element in row (Le +Lc−1)r+D, which is set
to one. The parameter D thereby describes the delay of the com-
bined channel and equalizer. It is set to be Le/2 according to [9,
pp.317-319], assuming that the strongest path has zero delay.
In addition to the channel coefficients, the MMSE solution also
requires knowledge of the transmitted SNR per user ρ which
might be difficult to obtain in practice. However it is assumed
to be perfectly known at the receiver for the subsequent simu-
lations. Note again that in equation 17 the total system SNR
is required, which (assuming equal power users) is given by
Kρ. The above described configuration combines equalization
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Fig. 6. Branch of the linear MIMO equalizer

of the frequency selective channel with a linear MIMO detec-
tion that performs the spatial separation following the ZF and
MMSE paradigms respectively.

In figure 7 simulation results are shown comparing the two
types of linear equalizers with the ST-RAKE for a variable
number of concurrent users with different antenna configura-
tions. The noise power is set to 4dB below the transmitted sig-
nal power level of a single user and a constant rate of 1Mbps
is maintained by adapting the spreading factor according to the
spatial rate.

For only one or two users in a cell the ZF-equalizer is slightly
outperformed by the ST-RAKE receiver. This reflects the ob-
servation from figure 4 that for the two analyzed channel pro-
files the performance with only very few active users is still
mainly limited by the additive noise component. Under these
conditions the noise enhancement in the equalizer and its re-
duced diversity order have a more detrimental effect than the
SI and MAI in the RAKE. However, as the number of users
grows, the interference quickly becomes the limiting factor. At
this point the ZF equalizer maintains an almost constant BER
performance as the number of users and consequently the total
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Fig. 7. ZF equalizer performance, SNR = 4dB

transmitted power is increased. This confirms nicely the ability
of the equalizer to effectively null the interference.

The MMSE-equalizer provides a balance between noise en-
hancement and interference cancellation. Consequently, it im-
mediately outperforms the ST-RAKE solution. Under this al-
most restored additive gaussian noise condition (due to corre-
lation from the equalizer whiteness can no longer be assumed)
the advantage of the MIMO configurations is most pronounced.
The reason for this is the fact that the additional diversity from
the multiple antennas in the MIMO system is effective against
AWGN, however it is less effective against MAI and SI. As the
number of users grows to the full system capacity, the MMSE-
equalizer performance decreases, again approaching the ZF-
solution. This can be easily understood from the definition of
the SNR ρ. It is kept constant throughout the simulation as the
ratio between the power of a single user to the total AWGN
power in the system. It becomes evident that, as the number
of users increases, the effective SNR over all users increases.
Under this condition the MMSE solution is known to asymp-
totically approach the ZF solution.

V. CONCLUSION

In the paper a MIMO CDMA system in an interference lim-
ited multipath propagation environment is evaluated. A simple
analytical expression for the average received SIR is derived
for an ST-RAKE receiver. While it is known that MIMO sys-
tems provide significant advantages over equivalent-rate SISO
systems under AWGN conditions, the resilience against SI and
MAI is discussed in this paper. It is found that with a ST-
RAKE receiver MIMO configurations also provide some ad-
vantage over a SISO system with respect to interference, how-
ever it is less pronounced. It is also shown that the application

of a straight-forward linear space-time equalizer can success-
fully remove MAI and SI. Under these conditions, after equal-
ization, the MIMO configuration proves to deliver significantly
better BER performance compared to an equivalent SISO con-
figuration.

REFERENCES

[1] G. J. Foschini, “Layered Space-Time Architecture for Wireless Communi-
cations in a Fading Environment When Using Multi-Element Antennas”,
Bell Labs Technical Journal, Vol. 1, No. 2, pp.315-335, Autumn 1996

[2] Samardzija, D.; Wolniansky, P.; Ling, J.: “Performance evaluation of
the VBLAST algorithm in W-CDMA systems”, in Proc. IEEE VTC-Fall,
2001, Vol. 2, pp. 723 -727

[3] A. Adjoudani, E. Beck, A. Burg, G. Djuknic, T. Gvoth, D. Haessig, S.
Manji, M. Milbrodt, M. Rupp, D. Samardzija, A. Siegel, T. Sizer II, C.
Tran, S. Walker, S. A. Wilkus, P. Wolniansky: "Prototype Experience for
MIMO BLAST over Third Generation Wireless System", IEEE JSAC, Vol.
21, No. 3, pp. 440-451, April 2003

[4] H. Huang, H. Viswanathan, A. Blanksby, M. A. Haleem: “Multiple An-
tenna Enhancemens for a High Rate CDMA Packet Data System”, Journal
of VLSI Signal Processing, Kluwer Academic Press, Vol. 30, pp. 55-69,
2002

[5] J. Pautler, M. Ahmed, K. Rohani: “On Application of Multiple-Input
Multiple-Output Antennas to CDMA Cellular Systems”, in Proc. IEEE
VTC-Fall, 2001, Vol. 3, pp. 1508 -1512

[6] A. Burg, E. Beck, M. Rupp, D. Perels, N. Felber, and W. Fichtner: "FPGA
implementation of a MIMO receiver front-end for UMTS", in Proc. IEEE
IZS, 2002, pp. 8.1-8.6

[7] Recommendation ITU-R M.1225, “Guidelines for Evaluation of Radio
Transmission Technologies for IMT-2000”

[8] B. A. Bjerke, J. G. Proakis: “Equalization and Decoding for Multiple-Input
Multiple-Output Wireless Channels”, EURASIP Journal on Applied Signal
Processing, Vol. 3, pp. 249-266, March 2002

[9] Gordon L. Stueber: “Principles of Mobilde Communication”, 2nd Edition,
Kluwer Academic Publishers, ISBN 0-7923-7998-5, 2001




