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Abstract— This paper proposes a novel iterative frequency domain
multiple input multiple output (MIMO) signal detection technique for
the reception of overloaded spatially multiplexed MIMO transmission for
single carrier signalling in frequency-selective channels. In the presence
of spatial correlation as well as the case where there are more transmit
antennae than receive antennae (refered to as overloaded transmission in
this paper) the performance of antenna-by-antenna (AA)-based MIMO
minimum mean square error (MMSE) receivers are, in general, degraded.
Therefore, we propose joint-over-antenna (JA) detection-based iterative
frequency domain technique to improve the performance of receiver in
the presence of overloaded antenna transmission and spatial correlation.
The proposed receiver is based on the combination of maximum aposteri-
ori probability (MAP) algorithm, and soft-cancellation (SC) and MMSE
filtering for turbo-coded single carrier point-to-point MIMO systems.
In the proposed receiver MIMO signal detection is comprised of two
stages; At the first stage, inter-symbol interference (ISI) is suppressed
with MMSE filtering. At the second stage, co-antenna interference (CAI)
is suppressed by the MAP algorithm and transmitter antennae are
decomposed each other. Simulation results show that performance gain
of JA compared to AA technique is significant in the presence of spatial
correlation as well as in overloaded cases. The performance comparison
is made in terms of frame error rate (FER) with different antenna
configurations and different spatial correlations in point-to-point MIMO
frequency-selective fading channels.

I. INTRODUCTION

The motivation of this paper is that in many of the applications,
because of the practical reasons it is not always reasonable to assume
balanced multiple input multiple output (MIMO) configurations (7
= R, where T and R are the number of transmit and receiver
antennas, respectively), which results the most likely in R < T
(overloaded cases); Even if the same number of antennae can be
located at the both transmitter and receiver sides, antennae are the
most probable spatially correlated. Therefore, to achieve robustness
in MIMO transmission performance the overloaded cases and/or in
the presence of high spatial correlation is of significant importance.

Broadband single carrier point-to-point MIMO communication re-
quires receiver to be able to reduce distortions caused by intersymbol
interference (ISI) and co-antenna interference (CAI). One of the most
promising techniques that can achieve excellent performance is soft-
cancellation (SC) and minimum mean squeare error (MMSE) filtering
based iterative receiver [1].

Recently, several frequency-domain processing techniques for
MMSE MIMO turbo equalization have been proposed, which are
known to be able to significantly reduce the complexity [2], [3],
[4]. The frequency domain techniques proposed by [2] and [4]
aim to detect signals transmitted from the multiple antennas on an
antenna-by-antenna (AA) basis. Therefore, it is expected that their
perfomances are degraded in the presence of spatially correlated
antennae as well as overloaded transmission. Recently, [5] proposed
a joint-over antenna (JA) signal detection technique based on SC-
MMSE for space-time trellis coded multiuser MIMO systems. How-
ever, its computation is in the time domaim, for which the cubic

order complexity of due to the matrix inversion for MMSE is still
required. In this paper, we investigate spatially multiplexed (SM)
point-to-point-MIMO transmission with the frequency domain AA
and JA detection techniques. Impact of the overloaded transmission
and spatial correlation on performances of the both schemes are
evaluated and compared through simulations in frequency selective
MIMO channels with spatial correlation.
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Fig. 1. Transmitter for vertically encoded spatially multiplexed point-to-point
MIMO.
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II. SYSTEM MODEL

Figure 1 shows a transmitter model for the considered vertically
encoded spatially multiplexed point-to-point MIMO system with 7’
transmit antennas. The considered system uses cyclic-prefix single
carrier burst transmission. Since the cyclic-prefix burst transmission
technique is very well known [6], details are not described in this
paper. After guard period removal,' a space-time presentation of the
signal, r, r € CHREX1 received by R received antennas is given by,

r=Hb+v, )

where v, v € CFKE Xl, is white additive i.i.d Gaussian noise vector
with variance o2, K is the length of Discrete Fourier Transform
(DFT), b,e CTEXL defines transmitted layers over, 1" transmit
antennae

b, ...b"]" ®)
where b?, € CK*1

b = bl ..k 3)

contains transmitted symbols of tth t = 1,...,7T, layer, the sum
power over all layers is normalized to one for each symbol time
instant, 1 determines vector/matrix transpose operator. A circulant
block channel matrix, ﬂ, H c CREXTK , is then given by

1111,1 I:II,T
H=| @ - = |, €5
ﬂR,l ﬁR,T

'We restrict ourselves to study only signal processing of received signal
where the length of guard period is at least channel memory.
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Fig. 2. Iterative frequency domain JA MIMO receiver.

where, H™¢, H™* € C¥*X being channel submatrice between the
t*" transmit and r*" receive antenna pair, 7 = 1, ..., R, is circulant,
given as

A = cire { (g, h5 o)} )

L is the length of channel memory, and h}"*,1 = 0, ..., L — 1 describe
the fading gains of multipath channel for t** transmit and r** receive
antenna pair. In the each transmitter receiver antenna pair the sum
power of fading gains is normalized to one.

It is well known that the circulant matrices can be diagonalized by
the unitary DFT matrix F, F € CHEXK 7] with the elements fmk
= expM, m,k = 0,..., K — 1. Similarly, the circulant block
matrices can be block-diagonalized by using block diagonal DFT
matrices. The block-diagonalization process for, H is summarized
below:

H=F;'TFr, ©6)

where T' is corresponding diagonal block matrix, I' € CREXTEK,
Fgl = %FiR is the unitary block Inverse Discrete Fourier Transform
(IDFT) matrix, Fgl € CREXEEK % jndicates Hermitian transpose,
Fr is block-diagonal DFT matrix, Fr € CF¥XRK given by

Fr=Ir®F (M

for R received antennae, where ® indicates Kronecker product. Fr €
CTEXTEK given by

Fr=Ir®F (®)

for the transmit antennae, where Ir is the identity matrix, I €
CT*T signal-to-noise ratio per receiver antenna is defined as ratio
of information bit power and noise power as follows

Ey P

==t ©)

No 20%2R.Q
where, transmitted symbol energy P; = %T race {E {bib}}, Q
number of bits per symbol, and R. the coding rate of error correcting
code.

III. ITERATIVE FREQUENCY DOMAIN EQUALIZATION

The iterative frequency domain JA receiver depicted in Fig. 2
exchange iteratively extrinsic information between two soft input
soft output (SfISfO) stages; equalization and channel decoder. The
extrinsic information exchange follows the turbo principle. The aim
of the equalization stage is to mitigate ISI and CAIL The equal-
ization stage consists of two stages; groupwise filtering and joint-
detection. Correspondingly, the channel decoder task is to generate
soft decisions of the decoded bits in the time domain based on the
a priori information for the coded bits and the trellis structure of the
consituent codes.
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A. Frequency Domain Groupwise MMSE Filter

In the groupwise filtering the residual ISI is supressed within
the same transmit antenna group, and CAI is suppressed between
different transmit antenna groups. The number of jointly detected
antennas, (G, and the number of transmit antennas 7", defines number
of jointly detected antenna groups, J, as follows: J = [T/G]. The
frequency domain groupwise filter coefficients, 7, Q7 € CREXGK
for 7" jointly detected antenna group and virtual antenna matrix A7,
Al e COBXGK of equivalent Gaussian channel are determined
according to the following MMSE criterion:

2
} (10)

where, S(n), S(n) € RE¥*GK s a time-varying sampling matrix
having ones at main diagonal at a time of intrest with rest of the
elements being zeros, b’, b/ € COK*1 s jth,j =1---J, desired
transmit antenna group to be jointly detected. Fg, Fg € (CGKXGK,
is defined as Fg = I¢ ® F, where I is the identity matrix, I¢ €
C%*C. The vector, #/, 7 € CPX*! combines the output of the
soft-canceller with desired transmit antenna group signals as follows

(1)

where b/, b7 € CEFK*1 g 4" soft estimate group of layers to
be jointly detected. The block-circulant channel matrix H?, H’ ¢
CREXGEK " corresponds to j*" transmit antenna group to be jointly
detected. #, t € CFEX1 s the residual interference signal in the
frequency domain after cancellation of known signal components
from received signal as follows

)

(€27, A7) = argminE ﬂ’Fglnj*fJ — S(n)AI b
Qi AJ

# =i+ FrHA'S(n)b’,

t =Fgr — T'Frb. 12)
b, b € CTX*? represents soft estimate of transmitted layers
b = [b'..., b7 13)
The virtual antenna matrix A7 is given by
AL ALGH
AT = : : (14)
AG1t AGG

with submatrix A®vT, AwvT ¢ CKXK, being the virtual channel
matrix between the " virtual transmit and the v*" transmit antenna
pair, given by

, , K,k il
A"UT:dwg{[aO co.ag ] }
k,k

ay’” is the first path of the virtual equivalent channel matrix and
indicates complex conjugation. The optimization problem of (10) can
be re-written as
2
} ; 16)

15)

[, A7) = arg min E{HGjiyj
QA

where G7F, GIt € CORX(BHOK g given by

it

= Fyt —smalt ], an
and y]" yj c C(R+G)K><1’ by
) ~J
v = { l‘;j } . (18)

Q7 and A7 are subject to constraint in order to avoid the trivial
solution [©2’, A7] = [0, 0]. The path constraint is imposed to (16) in
the same way as in [5]. The solution to this optimization problem



of is obtained by following the derivation given in [5]. The filter
coefficients in (16) can be re-written as

G = [Gl ..,GG] , (19)
where G9, GY ¢ CEFOEXK ¢ determined as
G’ =3 'EYE" %) B, (20)
where E9, B¢ € REFEOEXK g oiven by
EY = [0, 1x0%]". @21

O% is zero matrix, O%, € RU-DEHRI)XK a0 Tf s
identity matrix I € RX*X and OY% is identity matrix O% €
RUC—DE)xK Efjl is obtained by applying the block-matrix in-
version Lemma [8] , which results in

i1
1 >

i i

J 7
T pipiteis T B s ets e

Yy

(22

with 37,37 ¢ CREXEK being combined covariance matrix of
residual and desired signal component, given by

Y =%+ BIATDT (23)
where &7, ®/ € CFEXYE is ojven by
& = FzH/S(n) (24
and A7 A7 € CEEXEE s written as
A = B -B (25)

(CRKX RK

and covariance matrix of residual, X7, X7 € is defined as

¥ = TFrAF T 0L (26)

The soft-feedback terms in (25) and (26) are defined as follows: B?

€ CEEXGK ig obtained as
Bj:diag{[f)l...f)er } 7
where b7 € C¥*X s given by
- [E{|b§\2}...E{|b§(\2HT. 28)
E{|b{?} is determined as
B{WP} = > Il PL=b) (29)
b;eM
with P(b], = b;) [9] being
P(b] = b)) = (%) ¢ qul (1-eigtanh (X,/2)) GO

and C;.q = 2¢i,q — 1. /\i,q is apriori likelihood information of bit ¢; 4

provided by decoder. B e CORXGK j5 given as

Bf:diag{[ﬁl...BG]T} 31)
with b9, b9 € CEK XK being
. ~ 9 ~ 27t
b9 = [|b51’\ A ] ‘ (32)

A, A € CTEXTK expresses the mean residual interference energy
after soft cancellation as

A =B-B, (33)

where

. . . T
B = diag { [b1 . ..bT} } € CTKXTK (34)

and b? € CX*¥ is obtained by using (28). B, B € CTK*TK g

denoted as
.. . 1t
B:diag{[bl...bﬂ }

where b € CK*X is obtained using (32). The block circulant
Hermitean covariance matrix of the feedback soft estimates , A,
A € CTEXTE ig denoted as

(35)

A = FrAFL, (36)

In order to avoid the computational complexity increase in (36)
caused by the block circulant structure of A, the covariance matrix
is approximiated by a diagonal matrix

diag{[gi...gT]TQZ)l}

where 1, 1 € R¥>! vector that all the elements are ones and scalar

St is obtained as

1 cp ey

5 ==Y {b-b}.
In order to further simplify computational complexity of (23), matrix
inversion lemma [8] is applied to (23). As a result, (23) can be re-
written as

A = 37

(3%

-1
- . . . ;=D .
U S B Sy % (qﬂiz;l@uAJ ) &'sl (39)

where the diagonal elements of Aj, A; € CE¥ XK are computed

using averaged version of the diagonal values of A ;. Finally, by using
(17) the optimal filter weights for €27 and A’ can be expressed as

z:iflqﬂ(ﬁﬂ TR S S
1
=J

A’ = B

Q@ =

+@'sl e, (40)

: = & GKxGK
where the diagonal elements of B, B € C are computed
using the averaged version of the diagonal values of (27). By using
(11) and (40) and after minorv ma_thematical manipulations the output
of groupwise MMSE filter z7, z7 € C“¥*! can be be written as

=8 EEGT 4 TR 1
where 7, I‘j € CREXGK s obtained by applying (6) with Fg to
H’, and =7, 2 € CEK*K s given by

-1

<)
= -8B

. . . =1 .
+Y Y+ A )yrrd, (42)
57, & ¢ CEKXGK i denoted as
~ . . =1
B =Iex - Y/(X +A )7, (43)

where Igk, Igx € REKXCGK g identity matrix and Y, Y €

CEKEXGE g defined as
R IS R TS
Y= : (44)
<pG’.1IK QOG;GIK
with 9/, f =1,...,G, being
o7 = %Trace {ry'=rl} 45)
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| A DS CREXK s g'" transmit antenna of 5" group of transmit
antennas. The filter output, (41), is approxiamated as Gaussian dis-

tributed. Therefore, mean value of filter output, &7, I ¢ COKXGK
is expressed as
. —1 A . .
P == =Y. (46)

The covariance matrix of the filter output, Wi Wi ¢ COKXCGK jg
defined as

W= BT+ YEE 7
where Y7, Y7 € CE¥*GK 5 defined as
sbl,III( ¢1,GIK
Y= : : (48)
¢G,1IK ¢G,GIK
with 97 being
1
¢ = < Trace {rg*z;errizglr;‘} . (49)
Y79, Y7 € CEEXGK 5 defined as
¢1,11K gbLGIK
Y= : : (50)
¢G,1IK ¢G,GIK
with 3%/ being
O'2 I 3
§#f = ZTrace {19 27" 5; T/} 1)

B. MAP Detector

The joint detection is performed by using MAP detector that
separates transmitted layers within the group to be jointly detected
using the spatial domain MAP algorithm [5]. The spatial MAP
computes distance metric for each possible bit sequence candidates,
w=1---269 g= 1---GQ, as follows:

1

) = (z), — LM {éu }) WL~ (52)

u (2] — B {eu})
where zfc, zi € C%*1, is the k" symbol instant and jth antenna
group of Eq. (41), &7, ‘Iﬁ; € CO%C k*" symbol instant and j**
antenna group of Eq. (46), \IJ{;, ‘Ili € CE*C, k" symbol instant
and j*" antenna group of Eq. (47), 9 {} is mapping function that
maps bits to symbols and ¢,, is the w'™ candidate bit vector. A Log-

likelihood ratio of the extrinsic probability of each bit is given as

(=¢(e ™)+ 5 nP(e] ,=1))
e sl#s
Vew,s=1

(=4 T inP(c], ,=0))
e sI#s

N, =In (53)

Vew,s=0

where lnP(c{;,s, =1) and lnP(ci’S, = 1) are natural logarithms of
apriori probabilities of coded bit, s/ = 1---GQ, and are calculated
similarly as given in [10] as follows: [nP(c) ,, = 1) = )\f;,s, -
In(1+ eA"7C=S'), Z”P(Ci,s/ =0) = —-In(1+ eAi"wS’). Cw,s = 1 and
cw,s = 0 correspond candidate vectors where there is one or zero at
st position, respectively.

C. Computational Complexity

The complexity of iterative freqeuncy domain JA receiver is
dominated by either FFT/IFFT or MAP algorithm. This is due to
fact that the invertable matrice sizes in MMSE filter are only depend
R and G. Therefore, the inversion of G x G or R x R matrix
is typically lower in complexity than FFT/IFFT for each symbol
time instant. Therefore, the receiver complexity per symbol time
instant can be roughly approximated as O(maz {log2(K), M TQ}).
In the case of time domain receiver, [5], the complexity per symbol
time instant is roughly dominated by either MMSE filter or MAP
O(maz {((2L — 1)R)*, M"?}). Therefore, it is obvious that fre-
quency domain approach provides significantly lower complexity that
time domain receiver.

IV. NUMERICAL RESULTS

Parameters used in the simulations are as follows: Quadrature
Phase Shift Keying (QPSK) modulation, frame length M = 544,
FFT length K = 512, guard period length P = 32. Channel is
modelled as tapped delay line with L = 32, each having equal
average powers. Spatial correlation of MIMO channel is modelled as
Kronecker product of the spatial correlation matrices at the transmitter
and receiver sides. The turbo encoder uses two recursive systematic
component codes with a generator polynomial (15,13), and the coded
bit sequence are adequately punctured so that overall code rate is
1/2. The Log-MAP algorithm is used in the SfISfO decoder. The
number of iterations with the turbo decoder is 8. The numbers of
equalizer iterations for the both JA and AA are § and 6 for correlated
and uncorrelated antennae, respectively. The lengths of the random
bit interleaver and the semi-random symbol interleaver are 960 bits
and 480 symbols,respectively. Perfect channel state information is
assumed in the simulations.

Figure 3 shows FER performance in a balanced antenna config-
uration, 7' = R = 2, with the different number of iterations. The
results show that AA has faster convergence within the first three
iterations. However, the JA achieves more iteration gain compered
AA when the number of iterations exceed three. Similar phenomena
was also observed in the case of higher number of transmitter and
receiver antennas with balanced transmission. Figure 4 presents FER
performance of AA (G = 1) and JA (G > 1) in the presence
of spatially correlated and uncorrelated transmitter antennae.The
matched filter bound (MFB) provides an upper bound of performance.
The MFB curves were obtained also through simulations assuming
perfect feedback for balanced antenna case. Results show that both
AA and JA have around 1.25 dB loss from MFB when antennae
are uncorrelated. Evidently, in the presence of spatial correlation
JA outperforms AA. It can be expected that the gain by using JA
becomes larger when the spatial correlation as well as the number
transmitter antennae increase. Figure 5 shows FER the performance in
an overloaded antenna configuration. The results show clearly that JA
outperforms AA significantly when 7" > R. The performance of AA
degrades due to lack in degrees of freedom of MMSE filtering needed
to suppress interference caused by overloaded transmit antennae.
Correspondingly, by looking at the decay of the curves it is find out
that the performance of JA technique is degraded, but the diversity
order remains the same in all the overloaded cases tested as in the
balanced cases. The possibility of JA to maintain equivalent diversity
order is due fact that MMSE can suppress ISI for which it has to
have enough degrees of freedom.

V. CONCLUSIONS

A new iterative frequency domain joint over-antenna MIMO sig-
nal detection concept has been proposed for broadband overloaded
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MIMO transmission over frequency-selective channels in this paper.
The results show that significant performance gain can be achieved
with JA technique compared to AA technique. By using JA technique,
it is possible jointly detect all the transmit antennae even if receiver
has less antennae than transmitter, maintain the same diversity order
as balanced case. The results also indicates that the proposed JA
technique is also effective in improving the performance of in the
presence of spatial correlation. Numerical results and complexity
estimates show that the proposed technique achieves reasonable
tradeoff between complexity and performance.
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