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ABSTRACT 
In this paper, system-level performance of three different MMSE 
turbo MIMO equalization techniques is evaluated in realistic sce-
narios. Soft cancellation and minimum mean squared error filter-
ing (SC/MMSE) turbo equalization and its complexity reduced 
version, turbo equalized diversity, is considered. Furthermore, 
another version of equalized diversity, turbo equalized diversity 
with common SC/MMSE, which exploits the transmit diversity and 
coding gain through the cross-wise iterations over the decoding 
branches, is evaluated.  The multi-dimensional channel sounding 
measurement data used for the simulations consists of snapshots 
measured in different channel conditions in terms of spatial and 
temporal properties. The system-level assessment is in terms of 
outage probabilities of the performance figures such as bit and 
frame error rates obtained by evaluating their cumulative probabil-
ity densities as well as throughput efficiencies using the field meas-
urement data.   It is found that the receivers considered in this pa-
per can all provide reasonable system-level performance. However, 
turbo equalized diversity receiver is more sensitive to the channel 
conditions than the original SC/MMSE equalizer. It is also found 
that the performance gain, obtained from the cross-wise iteration 
over the decoding branches in the turbo equalized diversity with 
common SC/MMSE technique, is significant.   

1. INTRODUCTION 

In broadband single carrier signalling, the receiver has to efficiently 
suppress the effects of interferences, such as inter-symbol-
interference (ISI) and multiple-access-interference (MAI). A prom-
ising detection technique, which can meet this requirement without 
requiring prohibitively high complexity, is a soft cancellation and 
minimum mean squared error filtering (SC/MMSE) based turbo 
equalization [1], [2]. The SC/MMSE turbo equalizer has been 
shown to achieve almost equivalent performance to the optimal 
detector based on maximum likelihood sequence estimator (MLSE) 
but it requires only a complexity order O(L3M3), with L and M being 
the number of propagation paths and receive antennas, respectively. 
SC/MMSE’s complexity can be further reduced using approxima-
tion techniques [3],[4], turbo equalized diversity technique [5], and 
frequency domain signal processing [6].   
The SC/MMSE turbo equalization was first extended to multiple-
input multiple-output (MIMO) systems in [7]. Since then, 
SC/MMSE MIMO turbo equalization has been studied intensively 
and its performance has been verified also in realistic scenarios 
using channel measurement data [8] [9] [10]. 
  The primary purpose of this paper is to evaluate the in-field per-
formance of MMSE MIMO turbo equalization techniques using 
multi-dimensional channel sounding field measurement data. Sin-
gle user as well as multiuser cases are considered. The major objec-
tive is to make system-level assessments for the techniques investi-

gated in this paper in terms of outage probabilities of performance 
figures such as bit and frame error rate obtained by evaluating their 
cumulative probabilities in the measurement area. Furthermore, 
receivers’ average throughput efficiencies are examined when se-
lective-repeat automatic repeat request (ARQ) is assumed.   
    This paper is organized as follows: Section 2 describes the signal 
model. Section 3 presents the MIMO turbo equalization techniques 
evaluated in this paper. In Section 4, channel characteristics ob-
tained by analyzing the measurement data are presented and per-
formance simulation results are shown. The paper is summarized in 
Section 5.    

2. SIGNAL MODEL 

2.1 Transmit schemes 
In this paper, two different transmission schemes are considered 
depending on the turbo equalization technique used in the receiver. 
In the first scheme, the information data bits are divided into N 
transmit branches in which the encoding, interleaving and modula-
tion are performed separately. Obviously, this configuration is spa-
tial multiplexing, and it aims to enhance data rate without increasing 
the symbol rate. The second scheme exploits the principle of the 
transmit diversity where the same information data is fed to N 
transmit branches in which the encoding, interleaving and modula-
tion are performed separately.  
 
2.2 Received signal   
First, single user MIMO case is considered. The signals transmitted 
from N antennas suffer from frequency selective fading due to multi-
path propagation. The receiver has M antennas. A discrete time rep-
resentation of the received signal at the mth receive antenna is 
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where bn(k) is the encoded bit transmitted from the nth transmit an-
tennas at the kth symbol timing,  hmn(l) is a discrete time representa-
tion of the channel between the nth transmitter and the mth receiver 
antenna and νmn(k) is additive white Gaussian noise (AWGN).  
Spatial and temporal signal sampling is performed to the received 
signal. The space-time representation of the received signal is then 
given by 
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represents the temporal and spatial characteristics of the frequency 
selective MIMO channel. u(k) and V(k) are the transmitted symbols 
and noise components, respectively. The details of the signal model 
can be found e.g. in [1]. 
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3. MMSE MIMO TURBO EQUALIZATION SCHEMES 

3.1 Original SC/MMSE MIMO Turbo Equalizer 
      The original SC/MMSE MIMO turbo equalizer, evaluated in this 
paper, aims to achieve spatial multiplexing gain (first transmit 
scheme). Fig. 1 represents the transmitter-receiver block diagram of 
the original SC/MMSE MIMO turbo equalizer. The iterative re-
ceiver consists of two main parts: the common SC/MMSE part, 
which performs the cancellation of different interfering components, 
and independent soft-input soft-output (SfISfO) decoding for each 
user and each transmit branch. 
    The SC/MMSE part delivers log-likelihood ratios (LLR) of each 
symbol in a frame. After de-interleaving, the SfISfO decoding is 
performed. The updated LLRs are fed back to the SC/MMSE part, 
which performs the SC/MMSE processing again. This process is 
repeated until the convergence of the performance is achieved. The 
details of the SC/MMSE algorithm can be found in [1]-[2]. 
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Fig. 1. The transmitter-receiver block diagram of the SC/MMSE MIMO 
turbo equalizer. 

 
3.2. Turbo Equalized Diversity  
     The turbo equalized diversity was introduced in [5] to reduce the 
complexity of the SC/MMSE equalizer by splitting the multiple 
receiver antenna elements into diversity branches, in which the 
SC/MMSE signal processing is performed first separately. After the 
sufficient number of SC/MMSE iterations, the cross-wise iterations 
over the SfISfO decoders are performed.  By using turbo equalized 
diversity, the complexity can be reduced to O((L3M3)/K2), where K 
is the number of diversity branches. [5] 
     The turbo equalized diversity receiver aims spatial multiplexing 
gain as well (the first transmit scheme). The block diagram of the 
SC/MMSE MIMO turbo equalized diversity receiver is shown in 
Fig. 2. For clarity of this figure, the receiver antenna elements are 
split into two SC/MMSE branches and a single user case is consid-
ered. The SC/MMSE equalizers and SfISfO decoders are connected 
via two sets of switches S_a and S_b. First, the SC/MMSE iterations 
take place independently in each of the branches, i.e. switches S_a 
are closed and S_b are open. This process is referred to as a horizon-
tal iteration. After the convergence of horizontal iterations, S_a are 
opened and S_b are closed to enable the exchange of the LLRs be-
tween the decoders, which is referred to as vertical iteration. Fi-
nally, the LLRs of the bits are combined, on which the final decision 
is made. The details of the turbo equalized diversity receiver algo-
rithm can be found in [5]. 
 

Π
1 1

Π
1 1

Π
1 1

Π
1 1

Π
1 N decoder 1 N

Π
1 N

−1 SfISfO

Π
1 N decoder 1 N

Π
1 N

−1 SfISfO

−1

decoder 11

SfISfO

−1

decoder 11

SfISfO

. . 
.

Equalizer

MIMO

SC/MMSE

Turbo

. . 
.

Equalizer

MIMO

SC/MMSE

Turbo

S_a

S_b

S_a

S_a

S_a

S_b

S_b

S_b

. . 
.

. . 
.

 
Fig. 2. Turbo equalized diversity receiver in the single user case as the diver-
sity branch number K is 2. 

 
3.3. Turbo Equalized Diversity with Common SC/MMSE  
    The turbo equalized diversity with common SC/MMSE receiver 
is introduced to exploit the transmit diversity gain (second transmit 
scheme), which also enables exploiting coding gain through the 
vertical iteration in the receiver between the decoder branches re-
lated to the same user.  
     A transmitter-receiver block diagram of the turbo equalized di-
versity with common SC/MMSE MIMO receiver is depicted in Fig. 
3. Similarly to the turbo equalized diversity, there are two sets of 
switches S_a and S_b, by which horizontal and vertical iterations 
are controlled. During the horizontal iterations, S_a are closed and 
S_b open in order to enable pure SC/MMSE processing within each 
of the SfISfO decoder branch. After the convergence, S_a are 
opened and S_b closed for the vertical iterations during which the 
LLRs are exchanged between the decoding branches related to the 
same user. Finally, the LLRs of the bits are combined, on which the 
final decision is made. 
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 Fig. 3. The transmitter-receiver block diagram for the turbo equalized diver-
sity with common SC/MMSE receiver. 
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4. PERFORMANCE EVALUATION 

In this section, performance of the three MIMO turbo equalization 
schemes is evaluated using multi-dimensional channel measure-
ment data which is released by MEDAV via the website [11]. The 
measurement data was collected in a courtyard at the campus of 
Technical University of Ilmenau, Germany. A map of the meas-
urement route is shown in Fig. 4. 
    The first 3 meters of the measurement route is characterized by a 
non-line-of-sight (NLOS) part whereas the rest of the route has 
line-of-sight (LOS) condition. The total number of the measure-
ment snapshots is 108. The first 16 snapshots correspond to the 
static NLOS condition (SNLOS) since the transmitter was held 
still. Snapshots 17-51 belong to the dynamic NLOS (DNLOS) 
region where the transmitter was moving along the NLOS part. The 
last snapshots (52-108) were measured when transmitter moved 
along the LOS region. These three regions have different propaga-
tion conditions, as can be noted from Fig. 5 [9], which presents 
direction of arrival (rms Rx azimuth) and direction of departure 
(rms Tx azimuth) spreads. Details of the measurement data and the 
propagation conditions can be found in [9]. 
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Fig. 4. The map of the measurement route. 
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Fig. 5. RMS Rx and Tx azimuth spreads for the MIMO measurement route. 

 
     Performance of the three different SC/MMSE MIMO turbo 
equalizers is evaluated both in single user and multiuser cases. In 
the simulations, the ½ code rate convolutional channel code with 
constraint length 3 is assumed. Binary phase shift keying (BPSK) is 
used as the modulation format. Channel estimation is assumed to be 
perfect. The pre-processed channel impulse responses were normal-
ized to have unit mean energy for each transmitter and receiver 
antenna pairs. The rest of the simulation parameters are summarized 
in Table I.   

Table I Simulation parameters 
Interleaving Random 
Symbol rate 20 Msymb/s 
Tx/ Rx antennas 2 / 4 
Turbo diversity branch number 2 
Iterations Horizontal=4, vertical=1 
Information bits 516 

Single user case 

First, performance was evaluated in all the 108 snapshots. In 
order to illustrate the performance dependency on the propagation 

conditions, the frame-error-rate (FER) obtained in the measurement 
snapshots is shown in Fig. 6 for the original SC/MMSE MIMO 
turbo equalizer (solid line) and the turbo equalized diversity scheme 
(dashed line). For clarity of the figure, FER curves are smoothed by 
averaging over two consecutive snapshots. Signal-to-noise-ratio 
(SNR) is fixed at 5 dB. It is noted that the performance tendency is 
largely affected by the propagation conditions shown in Fig. 5: In 
the SNLOS region, where Tx and Rx azimuth spreads are relatively 
wide and the curves are smooth, FER for the both receivers is rela-
tively low and at the same level within the whole region. Instead in 
the DNLOS region, propagation conditions vary significantly, and 
hence also FER changes significantly. For the both receivers, the 
FER is highest in the LOS region, where the azimuth spreads are 
clearly narrower than in the other regions. In all the three regions, 
the FER for the turbo equalized diversity is found to be higher than 
that for the original SC/MMSE. This is due to the splitting of the 
receive antennas into several turbo equalized diversity groups, 
which brings about a detrimental impact on the signal separability 
within each group. 
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Fig. 6. FER of the original MIMO SC/MMSE equalizer and the turbo equal-
ized diversity as SNR is 5dB. 

      Similarly, FER for the turbo equalized diversity with common 
SC/MMSE MIMO receiver after the vertical iteration is shown in 
Fig. 7 (dash-dot line). As a reference curve, FER without the vertical 
iteration (solid line) is included, which in fact corresponds to the 
FER of the original MIMO SC/MMSE when the second transmit 
scheme (described in Paragraph 2.1) is used. SNR is fixed at 3dB. 
The performance of the turbo equalized diversity with common SC-
MMSE receiver is found to depend clearly on propagation condi-
tions as well: FER is low in the snapshots related to wide azimuth 
spreads. The vertical iteration gain is noted to be remarkably high 
especially in the DNLOS region: There are several snapshots where 
no frame errors occurred in the simulations where 700 frames were 
transmitted. These snapshots correspond to the propagation condi-
tion with the highest RX azimuth spread.  Instead, in the LOS re-
gions there are snapshots where the vertical iteration gain is minor. 
These snapshots correspond to the propagation condition with the 
lowest azimuth spreads.    
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Fig. 7. FER of the turbo equalized diversity with common SC/MMSE re-
ceiver after the vertical iteration at SNR of 3dB. 

In order to illustrate the variations of the performance figures 
and also make system-level assessments, CDF for FER and BER 
performances are presented as well as average throughput efficiency 
is examined. For the selective-repeat ARQ assumed in this paper, 
the throughput efficiency (TP) is given by [12, Ch .15] 
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       TP=R(1-F),                                                    (4) 

where R is the code rate and F is the number of frame errors.  
    The CDFs for the BER and FER of the original SC/MMSE 

MIMO equalizer and the MIMO turbo equalized diversity scheme 
are shown in Fig. 8a and Fig 8b, respectively. For clarity of the fig-
ure, CDFs only for SNR values being -1dB, 1dB and 3dB are 
shown. Receivers’ BER CDFs are noted to be very similar. At the 
SNR of 3dB, the probability that BER 410 −≤  is reached, is around 
0.2 for the both receivers. Correspondingly, BER 310 −≤ is achieved 
with the probability around 0.4.  At the SNR of 1dB, the probability 
for achieving such target BER is around 0.2 for the original MIMO 
SC/MMSE and 0.15 for the turbo equalized diversity. However, 
receivers’ performance difference is more significant in terms of 
FER: At the SNR of 3dB, the original SC-MMSE achieves a maxi-
mum 20% FER with the probability 0.65, whereas for the turbo 
equalized diversity scheme the probability is 0.3. At the SNR of 1 
dB, the original SC/MMSE achieves that target FER with the same 
probability (0.3) as the turbo equalized diversity at the SNR of 3dB. 
Hence, if the FER range of practical interest is around those values, 
the performance loss incurred by splitting the antennas into groups 
as in the turbo equalized diversity is 2dB.  Figure 9, where the aver-
age throughput efficiencies are shown for the SNR range [-1dB 1dB 
3dB], indicates also the tendency for FER performance difference: 
At SNR of -1dB the average TP is 0.23 (out of maximum TP=0.5) 
for the original SC-MMSE equalizer, whereas only 0.04 for the 
turbo equalized diversity. Poor TP for turbo equalized diversity is 
due to the numerous snapshots where FER=1, as seen in Fig 8b.   
However, as the SNR increases, the TP difference between the re-
ceivers slightly diminishes.   
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Fig. 8. CDFs for BER (a) and FER (b) of the original MIMO SC/MMSE and 
turbo equalized diversity equalizer in the single user case. 
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Fig. 9. The average throughput efficiency for the original MIMO SC/MMSE 
and turbo equalized diversity equalizer in the single user case. 

     CDFs of the BER and FER performances for the turbo equalized 
diversity with common SC/MMSE MIMO receiver are shown in 
Fig. 10a and 10b, respectively. For the comparison, BER and FER 
CDFs without the vertical iteration are included (dashed line). As 
noted before, the benefit obtained from the vertical iteration is sig-
nificant: Probability that the turbo equalized diversity with common 
SC/MMSE achieves BER 310 −≤  or a maximum FER of 20% is 

0.93 with SNR 3dB, and is only slightly less than 0.9 with SNR of 
1dB. Instead, corresponding probabilities without performing the 
vertical iteration are around 0.5 and 0.2. This tendency is found to 
be similar at lower ranges of BER and FER. The significant impact 
of the vertical iteration can also be seen by examining the average 
throughput efficiencies shown in Fig 11. Even at the SNR of -1dB, 
TP is 0.4 after the vertical iteration, whereas without the vertical 
iteration, TP is slightly less than 0.2. At higher SNRs, TP without 
the vertical iteration is also high, and hence, the benefit obtained 
from the vertical iteration diminishes. 
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Fig. 10.  CDFs for the BER (a) and FER (b) of the turbo equalized diversity 
with common SC/MMSE MIMO receiver after the vertical iteration (solid 
lines) and without the vertical iteration (dashed lines) in the single-user case.  
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Fig.11. Average throughput efficiency for turbo equalized diversity with 
common SC-MMSE with and without the vertical iteration, single user case. 

Multiuser case 

   Next, performances of the receivers are compared in the presence 
of two users.  Both of the users are randomly located within the 
measurement route so that they occupy the snapshots at least once. 
The number of randomly chosen snapshots sets is 200.  

The CDFs for the BER and FER performances of the original 
MIMO SC/MMSE and the turbo equalized diversity receivers are 
presented in Fig. 12a and Fig. 12b, respectively. It is noted that per-
formances are significantly deteriorated in the presence of multiple 
users, especially for the turbo equalized diversity receiver. Within 
the simulated SNR range ([3dB–11dB]), the turbo equalized diver-
sity achieves BER 310 −≤  or a maximum 20% FER only with the 
probability less than 0.1. The original SC/MMSE achieves those 
target values with the probability less than 0.1 only with SNR 3dB. 
With SNR 11dB, BER 310 −≤  and a maximum 20% FER are 
achieved with the probabilities of 0.4 and 0.3, respectively. Fur-
thermore it is noted that in numerous snapshots within all the SNR 
values, the FER=1 for the turbo equalized diversity scheme. Hence, 
the average throughput efficiency shown in Fig. 13, is very low: 
Even at SNR of 11dB, turbo equalized diversity achieves TP less 
than 0.15.  Instead, the original SC-MMSE can achieve TP of 0.15 
at SNR of 3dB and TP of 0.38 at SNR=11dB. 
      CDFs for BER and FER of the turbo equalized diversity with 
common SC/MMSE MIMO receiver are shown in Fig. 14a and 14b, 
respectively. The results prove that the gain obtained from the verti-

b) a) 

a) b) 
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cal iteration within the common SC/MMSE part is remarkable also 
in the presence of multiple users. BER 310 −≤ and a maximum FER 
of 20 % are achieved with a probability around 0.5 even at SNR of -
1dB, whereas without vertical iteration those targets values are 
hardly achieved within the simulated SNR range [-1dB–3dB]. With 
SNR 3dB, those BER and FER values are achieved after the vertical 
iteration with a probability around 0.8. From these results it is obvi-
ous that the average throughput efficiency, presented in Fig. 15, is 
very high after the vertical iteration in all the simulated SNR values. 
TP without the vertical iteration is clearly worse  

5. SUMMARY 

Performances of three different MMSE MIMO turbo equaliza-
tion techniques: original SC/MMSE turbo equalization, the com-
plexity-reduced turbo equalized diversity, and turbo equalized diver-
sity with common SC/MMSE, have been evaluated in realistic sce-
narios using channel measurement data. The main focus of this 
paper has been to make system-level assessments in terms of outage 
probabilities of the BER and FER performance figures obtained by 
evaluating cumulative probability densities and average throughput 
efficiencies using the field measurement data. Both single user and 
multiple user cases were considered.  

Performance of all the evaluated SC/MMSE MIMO equaliza-
tion receivers was found to be significantly depending on propaga-
tion conditions in terms of azimuth spreads. In the single user case, 
the original SC/MMSE MIMO equalizer provides better FER per-
formance than the complexity-reduced turbo equalized diversity 
receiver. However, the difference in BER performance is minor. In 
the presence of multiple users, the performance difference between 
those receivers become more notably. Apparently, the turbo equal-
ized diversity scheme is more sensitive to the channel conditions 
due to the splitting of the receive antennas into several turbo equal-
ized diversity groups, which brings about a detrimental impact on 
the signal separability within each group. 

The turbo equalized diversity with common SC/MMSE MIMO 
receiver has been shown to achieve excellent BER and FER per-
formances. The vertical iteration gain, obtained from the LLR ex-
change between the decoders of the same user within the common 
SC/MMSE part, has been found to be significant both in single user 
and multiuser cases.   

It should be emphasized that although the system-level per-
formance assessments presented in this paper are valid only in the 
measurement area where the snapshots were collected, similar ten-
dencies can be expected in similar propagation environments. 
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Fig. 12. CDFs for BER (a) and FER (b) of the original MIMO SC/MMSE 
(solid ) and turbo equalized diversity (dashed) in the multiuser case. 
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Fig.13. Average throughput efficiency for the original MIMO SC/MMSE and 
turbo equalized diversity receiver in the multiuser case. 
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Fig. 14.  CDFs for BER (a) and FER (b) of the equalized diversity with 
common SC/MMSE MIMO receiver after the vertical iteration (solid lines) 
and without the vertical iteration (dashed lines) in the multiuser case. 
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Fig. 15. Average throughput efficiency for the turbo equalized diversity with 
common SC/MMSE receiver with and without the vertical iteration in the 
multiuser case. 
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