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ABSTRACT

Transmitter side reconfigurability is currently mostly imple-
mented via adaptive modulation and coding. In the scenario
of multiple antenna transmission which is foreseeable for
fourth generation wireless mobile communications, a new
level of reconfigurability might employ transmission scheme
adaptation, i.e. dynamically switching between spatial-
multiplex and space-time coded transmission.

This paper presents a generalized linear model for the re-
ceived signal in a multi-antenna CDMA signaling scheme
on frequency-selective fading MIMO channels. The pro-
posed model is unprecedented in that it supports general
complex space-time codes as well as spatial-multiplex multi-
antenna transmission and it may be implemented with minor
modifications to the front-end of a matched filter receiver.

1. INTRODUCTION

The upcoming fourth generation of wireless mobile commu-
nications is expected to provide the user with the best possi-
ble experience in heterogeneous environments. From the
medium access technology point of view, multiple antenna
transmission is a key to achieve high spectral efficiencies
and its use is being devised in many recent standards.

Anyhow, due to the heterogeneity of wireless mobile
scenarios, neither a uniform transmitter scheme nor a single
transmit antenna fall-back may provide a fitting solution. For
example, in spatially-correlated fading scenarios, a relatively
low-rate space-time coding scheme would be more suitable
than a spatial-multiplex to approach channel capacity [1].

Nonetheless, it is widely accepted that transmitter-side
reconfigurability poses an implementative issue on the re-
ceiver side, since a specialized (ASIC) approach will result in
wasted chip area, while a fully software-defined radio ap-
proach is not yet viable for multi-megabit per second receiver
front-ends [2].

Motivated by these issues, this work presents a novel
generalized linear model for the received signal of a space-
time coded or/and spatial-multiplexed Wideband CDMA
scheme on MIMO frequency selective channels. The novelty
of the proposed model is that the traditional representation of
a Space-Time Block Coded transmission has a non-linear
dependency on the data. In fact, all complex-valued STBC’s
are a function of data symbols and their complex conjugates,

which is non-linear in nature. The proposed model is based
on the equivalence between complex numbers and real vec-
tors. As it will be shown, our model has neither computa-
tional nor storage requirements when compared to a more
traditional approach based on complex numbers.

The paper is structured as follows: section 2 reports the
derivation of a traditional model and the novel linear model
for the received signal, section 3 presents an example of ap-
plication with some simulative results based on a reference
receiver structure, and finally section 4 draws conclusions
and directions for further work.

2. SYSTEM MODEL

2.1 MIMO frequency selective channel

Without loss of generality, we assume a baseband-
equivalent quasi-static time-varying multipath MIMO chan-
nel with channel impulse response given by

L
hn,m (]’l) = menz‘,l (lz)yp (]7:‘ _Tl)

1=0
where 0<n<N and 0<m<M are respectively the re-
ceive and transmit antenna indexes, 0 </ < L is the resolv-
able path index, T, is the sampling period (at least equal to
the chip signaling period), i7, is the input time sample, ;7.
is the output time sample, p, ., (iT.) is the complex-valued
I-th path gain, 7, is the [-th path delay and 7, (7) is the
modulation shaping pulse self-correlation function.

The complex baseband sampled output from the rn-th

receive antenna chip matched filter is given by

M-1
i m=0
where ¢, (i) is input to the m-th transmit antenna pulse
shaping filter and v, (j) is the sampled sequence of filtered
additive noise and interference.

2.2  W-CDMA orthogonal signaling

The channel access scheme which is assumed in the
course of the derivation is the W-CDMA 3GPP standard [4].
However, the proposed model may in principle be extended
to any linear modulation scheme. The assumption of a multi-
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user access scheme allows for a straightforward generaliza-
tion to other widely used access schemes such as Orthogonal
Frequency Division Multiplex and Pulse Position Modula-
tion.

With W-CDMA signaling, ¢, (i) is given by

cm(i)=;':z:s5>(i)xmﬁk(f) @

where 0<k <K is the spreading code index, & is the

CDMA codeword index, x, (&) is the complex symbol

associated to code k on antenna m, s (i)#0 for

G, <i<(E+1)G, is the k-th code spreading sequence,

which is specified in W-CDMA as a complex time-varying
sequence given by a Walsh-Hadamard OVSF code of length
G, multiplied by a segment of complex valued long Gold

Code used as scrambling sequence.
Joining equations (1) and (2) the following expression
for the received signal is obtained:

()= 2 B (1) %, (£)+v, () €)

Eomk

where ﬂ,(,i)],k(J'):Zhn,m(j_i’i)sig)(i) is the m-th to

n-th channel response to s,(f) and multiple summations have
been joined to simplify the notation.

2.3  Space-Time Block Codes
A generic Space-Time Block Code is a map from C” to

C?", where P is the number of input symbols in a code
block, Q is the number of time samples in a block and M

in the number of transmit antennas, defined before. The rate
of an STBC code is defined as P/Q .

Without loss of generality, we assume that the ¢-th
STBC codeword which is associated to a block of complex

constellation points d(¢)=|d(¢P) d(¢P+P—1)T
is given by F(d(¢))e C? . In this paper, boldface fonts

denote column vectors and matrices.
For the so-called linear space-time block codes [3], F
has the following form

F(d(¢))=Ad(¢)+Bd'(¢) e

where A and B are suitably defined matrices on R%"*" .
For example, the well-known Alamouti code [5] has
Q =M = P =2 and the following representation

d(2¢) 10 0 0

| d(20+1) |01 |0 o
F(d(9))= —d" (20 +1) A= 00 B= 0 -1

d" (2¢) 0 0 1 0

Note that this model, although called linear, employs
complex conjugation so it non-linear on the complex field.

24  MIMO spatial multiplex

Spatial multiplex is a high spectral efficiency wireless
communication scheme which has been introduced by Fo-
schini in his pioneering work [6]. In the current context, spa-
tial multiplexing may be seen as an STBC with M =P and
Q =1; the representation of a spatial multiplex scheme is

A=I, and B=0.

2.5 Space-time Block Coded W-CDMA model
To derive a model for the received signal of space-time

block coded W-CDMA it suffices to link x,, (&) and
F(d(¢)) . Denoting with d, (¢) the k-th user ¢-th block
of modulation symbols, x,,(&)=F(d, (¢))qM+m, where

9=1510], q=£-90.
To develop a compact expression for vector or matrix
index selection, let us define the canonical base vector as

e, =[0 010 - 0,

F(d, (¢)). and the following model

for the received signal is finally obtained:

rn(j)=¢z Bini (e F (4, (0)+v,(J). )

.q.m,k

so that 'xnuk (é) = eZM‘*m

It must be noted that this model is not linear in
d, (pP+p), so an ad-hoc receiving structure must be de-

vised for the detection.

2.6  Representation of complex numbers
via real vectors
A complex number { may be represented by a column

real-valued vector ¢ =[9{( &) 3(¢ )T and conversely a

real two-element column vector ¢ may represent the com-

plex number ¢ =[1 ]¢. Addition between two complex
numbers results in vector addition, while multiplication be-

tween two complex numbers a+1b and c+id is accom-
plished by a matrix-vector multiplication:

ac=bd| |a —b|lc| |c —dja
ad+bc| |b alld] |d ¢ |b]
Complex conjugation is also accomplished by a matrix-

vector multiplication:
. 1 0.
o=y S

but the matrix involved does not represent any complex
number (since it is not anti-symmetric).

Thus the non-linear complex conjugation operation may
be represented by a linear operation on real-valued vectors.

A complex valued column vector xe C" is equivalent
to a real-valued vector X R*" defined as follows:

f(ziﬁ(x)@{(ﬂ+3(x)®ﬁ]
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A complex valued matrix Ce C"" is equivalent to a

real-valued matrix Ce R defined as follows:

C=9{(C)®[(1) ﬂm(c)@[(l’ "01}

where ® denotes the Kronecker (or external) product.

Note that the storage and computational requirements for the
real-valued vector associated to a complex-valued vector are
the same, while the representation of a complex-valued ma-
trix has twice the storage and same computational require-
ments. So the proposed equivalence trades-off functionality
(ability to linearize the complex conjugation) with storage
requirements for matrices involved in complex multiplica-
tions.

2.7  Linear model
Using the results presented in the previous subsection,
we derive an equivalent linear model for the received signal
in terms of the symbols input to each of the K STBC encod-
ers.
Observing that
0

d (¢)=1P®[(1) _J&(fﬁ),

the model (4) for STBC encoding of a data block d(¢) may
be represented by

F(d(¢))=Gd(9) ©6)

with G, equivalent STBC encoding matrix, defined as

e - 10
G:A+B{IP®{ D
0 -1

The equivalent STBC output symbol used for modula-
tion then becomes:

xnuk (5) = (eZMm 1 )Gak (¢)

and the respective complex symbol is

KXo,k (5) = [1 l](e;\ﬂm ®Iz )Gak (¢) :

This expression may be put in a form explicitly depend-
ent on the input symbol index 0 < p < P using the following
identity:

P-1 _
OG(ep ®L)d, (¢P+p)
P
thus obtaining
P-1

mk qump ¢P+p)
p=0
where T, =[1 z]( Tiem ®1,)G (e, ®L,).

Substituting this last expression in (3) one obtains

L) T B S, (07 ) |0, )
d,q.m,k
Defining r and v as a complex-valued infinite-length
/N+n = rn (-]) and v/N+n =Vn (.]) re-
spectively, and d as a complex-valued infinite-length vector

vectors with elements r

with elements d, d, (pP+ p), the following model

¢K+k)P+p =
is obtained in matrix form:

r=0d+v
M-10-1 sz
+‘1
where @N+n PK+k)P+p ZZ n,m.k ‘]V”~P :
m=0 g=0

Finally, a linear real-valued equivalent model for the re-
ceived signal of space-time coded W-CDMA on a frequency
selective MIMO channel is obtained as

f=Hd+V
where H is given by

ﬁ:%(@)®[é}+3(®)®{o]

1

Note that the storage requirements of H are the same
needed for the non-linear model which can be easily derived
from (5), so the proposed model has, for non-trivial space-
time coded transmission, no performance impairments while
providing a linear model which can be employed in any of
many receiver structures known in literature.

As for the computational complexity, it is to be under-
lined that I'" is a sparse matrix, so that the calculation of ®

IB(f) are

n,m,k

can be significantly optimized. Moreover,

promptly available at the front-end of a RAKE receiver, be-
ing the convolution of the spreading waveforms with the
(estimated) channel impulse response.

3. A SAMPLE APPLICATION

In this section some simulative results for a reference re-
ceiver employing a finite length version of the proposed
model will be reported. The channel used in the simulations
is the SCM channel specified by the 3GPP/3GPP2 Spatial
Channel Model Ad-Hoc Group [7]. The chosen reference
scenario is the Urban Macro with six-sector cell layout. The
transmitter and receiver antennas are uniform linear arrays
with 104 and 0.5 4 spacing at the transmitter and receiver
respectively.

Spreading and modulation conform to the W-CDMA
specifications [4]; the spreading gain G, =16 has been set

equal for all codes employed.

The reference receiver structure has been chosen as the
well-known Linear Minimum Mean Square Error equalizer.
A finite-length model has been obtained by first truncating
the channel impulse response to .99 effective duration, then
by accommodating the sufficient statistic of the desired sym-
bols into the equalizer observation window.

The rationale for choice of modulation, transmit diver-
sity scheme and number of codes has been to compare solu-
tions having the same spectral efficiency and number of re-
ceiver antennas.

Figure 1 reports a comparison between schemes operat-
ing at 3.75 bps/Hz (14.4Mbps): all schemes are at full load
(K=15);

- Spatial multiplex of two QPSK streams (2 transmit
antennas)
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Bit Error Rate
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Figure 1. Bit Error Rate performance of the reference receiver with
3.75 bps/Hz spectral efficiency and two receiver antennas.
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- Spatial multiplex of two Alamouti QPSK streams (4
transmit antennas)
- Alamouti 16QAM stream (with diversity reception)
- Transposed rate % scheme from [3], with M =4,
P=Q=3
As is apparent in the figure, the performance of space-
time coded schemes with diversity reception outperforms
(diversity gain) that of both pure spatial multiplex and multi-
plexed space-time coded schemes. More advanced receiver
structures might be able to gain diversity for the spatial mul-
tiplex schemes, but we regard those considerations as outside
the scope of this paper.

4. CONCLUSIONS

A novel, linear model for the received signal of multi-
antenna and space-time coded transmission on multi-input
multi-output frequency selective channels has been derived.

While it has been shown that the proposed model may
be implemented with minor modifications to the front-end of
a matched filter W-CDMA receiver, it is general enough to
be adapted to other wireless medium access schemes such as
OFDM.

It enables the use of well-known linear receiver struc-
tures for space-time coded transmissions and has been dem-
onstrated by means of simulation.
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