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Abstract

The aim of this paper is to propose and evaluate multi-user iterative block decision feedback equalization (IB-DFE)
schemes for the uplink of single-carrier frequency-division multiple access (SC-FDMA)-based systems. It is assumed
that a set of single antenna users share the same physical channel to transmit its own information to the base
station, which is equipped with an antenna array. Two space-frequency multi-user IB-DFE-based processing are
considered: iterative successive interference cancellation and parallel interference cancellation. In the first approach,
the equalizer vectors are computed by minimizing the mean square error (MSE) of each individual user, at each
subcarrier. In the second one, the equalizer matrices are obtained by minimizing the overall MSE of all users at each
subcarrier. For both cases, we propose a simple yet accurate analytical approach for obtaining the performance of
the discussed receivers. The proposed schemes allow an efficient user separation, with a performance close to the
one given by the matched filter bound for severely time-dispersive channels, with only a few iterations.
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1. Introduction
Single-carrier frequency-division multiple access (SC-
FDMA), a modified form of orthogonal frequency-division
multiple access (OFDMA), is a promising solution tech-
nique for high data rate uplink communications in future
cellular systems.
When compared with OFDMA, SC-FDMA has similar

throughput and essentially the same overall complexity.
A principal advantage of SC-FDMA is the peak-to-
average power ratio (PAPR), which is lower than that of
OFDMA [1,2]. SC-FDMA was adopted for the uplink, as
a multiple access scheme, of the current long-term evo-
lution (LTE) cellular system [3].
Single-carrier frequency domain equalization (SC-FDE)

is widely recognized as an excellent alternative to OFDM,
especially for the uplink of broadband wireless systems
[4,5]. As other block transmission techniques, SC-FDE is
suitable for high data rate transmission over severely
time-dispersive channels due to the frequency domain
implementation of the receivers. Conventional SC-FDE
* Correspondence: asilva@av.it.pt
1DETI, Instituto de Telecomunicações, University of Aveiro, Aveiro 3810-193,
Portugal
Full list of author information is available at the end of the article

© 2013 Silva et al.; licensee Springer. This is an
Attribution License (http://creativecommons.or
in any medium, provided the original work is p
schemes employ a linear FDE optimized under the mini-
mum mean square error (MMSE) criterion. However, the
residual interference levels might still be too high, leading
to performance that is still several decibels from the
matched filter bound (MFB). Nonlinear time domain
equalizers are known to outperform linear equalizers and
DFE are known to have good performance-complexity tra-
deoffs [6]. For this reason, there has been significant inter-
est in the design of nonlinear FDE in general and decision
feedback FDE in particular, with the IB-DFE being the
most promising nonlinear FDE [7,8]. IB-DFE was origin-
ally proposed in [9] and was extended for a wide range of
scenarios in the last 10 years, ranging from diversity sce-
narios [10,11], MIMO systems [12], CDMA systems
[13,14], and multi-access scenarios [15,16], among many
other. Essentially, the IB-DFE can be regarded as a low
complexity turbo equalizer [17-20] implemented in the
frequency domain that do not require the channel decoder
output in the feedback loop, although true turbo equal-
izers based on the IB-DFE concept can also be designed
[21-23]. An IB-DFE-based scheme specially designed for
offset constellations (e.g., OQPK and OQAM) was also
proposed in [24]. In the context of cooperative systems, an
IB-DFE approach was derived to separate the quantized
received signals from the different base stations (BSs) [25].
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Works related to IB-DFE specifically designed for SC-
FDMA-based systems are scarce in the literature. In
[26], the authors proposed an IB-DFE structure consist-
ing of a frequency domain feedforward filter and a time
domain feedback filter for single-user SC-FDMA sys-
tems. An iterative frequency domain multiuser detection
for spectrally efficient relaying protocols was proposed
in [27], and a frequency domain soft-decision feedback
equalization scheme for single user SISO SC-FDMA
systems with insufficient cyclic prefix was proposed
in [28].
In this paper, we consider a broadband wireless trans-

mission over severely time-dispersive channels, and we
design and evaluate multi-user receiver structures for
the uplink single-input multiple-output (SIMO) SC-
FDMA systems that are based on the IB-DFE principle.
It is assumed that a set of single antenna user equipment
(UE) share the same physical channel to transmit its
own information to the base station, which is equipped
with an antenna array. Two multi-user IB-DFE-based
processing schemes are considered, both with the feed-
forward and feedback filters designed in space frequency
domain: iterative successive interference cancellation
(SIC) and parallel interference cancellation (PIC). In
the first approach, the equalizer vectors are computed
by minimizing the mean square error (MSE) of each
individual user at each subcarrier. In the second one,
the equalizer matrices are obtained by minimizing
the overall MSE of all users at each subcarrier. For
both cases, we propose a quite accurate analytical ap-
proach for obtaining the performance of the proposed
receivers.
The remainder of the paper is organized as follows:

Section 2 presents the multi-user SIMO SC-FDMA sys-
tem model. Section 3 presents in detail the considered
multi-user IB-DFE-based receiver structures. The feed-
forward and feedback filters are derived for both cases
and analytical approach for obtaining the performance is
discussed. Section 4 presents the main performance re-
sults, both numerical and analytical. The conclusions
will be drawn in Section 5.
Notation: Throughout this paper, we will use the fol-

lowing notations. Lowercase letters, uppercase letters,
are used for scalars in time and frequency, respectively.
Boldface uppercase letters are used for both vectors and
matrices in frequency domain. The index (n) is used in
time while the index (l) is for frequency. (.)H, (.)T, and (.)*

represent the complex conjugate transpose, transpose,
and complex conjugate operators, respectively, E[.] rep-
resents the expectation operator, IN is the identity matrix
of size N ×N, CN(.,.) denotes a circular symmetric com-
plex Gaussian vector, tr(A) is the trace of matrix A, and
ek is an appropriate column vector with 0 in all positions
except the kth position that is 1.
2. System model
Figure 1 shows the considered uplink SC-FDMA-based
transmitter of the kth user equipment. We consider a BS
equipped with M antennas and K single antenna UEs
share the same physical channel, i.e., the information from
all UEs is transmitted at the same frequency band. A SC-
FDMA scheme is employed by each UE and the data
block associated to the kth UE (k = 1,…,K) is {Sk,n;n = 0,…,

L − 1}, where constellation symbol Sk,n (with E Sk;n
�� ��2n o

¼
σ2S) is selected from the data according to a given mapping
rule. Then, the L-length data block symbols are moved to
frequency domain obtaining {Sk,l; l = 0,…, L − 1} = DFT{sk,l;
l = 0,…, L − 1}. After that, the frequency domain signals
are interleaved so that they are widely separated in the
OFDM symbol, therefore increasing the frequency diver-
sity order. Finally, an OFDM modulation is performed
and a cyclic prefix is inserted to avoid inter-symbol inter-
ference (ISI). Without loss of generality, we concentrate
on a single L-length data block, although in practical sys-
tem several data blocks are mapped into the OFDM
symbol.
The received signal in frequency domain (i.e., after

cyclic prefix removal, N-FFT, and chip demapping oper-
ations), at the mth BS antenna and on subcarrier l can
be expressed as

Y mð Þ
l ¼

XK
k¼1

H mð Þ
k;l Sk;l þ N mð Þ

l ; ð1Þ

assuming that the cyclic prefix is long enough to account
for channel impulse responses between the UEs and the
BS. In (1), H mð Þ

k;l ¼ αkH
cfr mð Þ
k;l represents the channel be-

tween user k and the mth antenna of the BS on subcarrier
l, where Hcfr mð Þ

k;l denotes the normalized channel frequency

response, i.e., E Hcfr mð Þ
k;l

��� ���2� �
¼ 1, while the coefficient αk is

a weighting factor that accounts for the combined effects
of power control and propagation losses. The average re-
ceived power associated to the kth UE is therefore |αk|

2

and N mð Þ
l ∼CN 0; σ2N

� �
is the noise.

In matrix format, (1) can be re-written as

Yl ¼ HT
l Sl þNl; ð2Þ

with Yl ¼ Y 1ð Þ
l … Y Mð Þ

l

h iT
, Nl ¼ N 1ð Þ

l … N Mð Þ
l

h iT
,

Sl ¼ S1;l … Sk;l
� �T

, and

HT
l ¼

H 1ð Þ
1;l ⋯ H 1ð Þ

K ;l
⋮ ⋱ ⋮

H Mð Þ
1;l … H Mð Þ

K ;l

2
64

3
75: ð3Þ

The channel vector of the kth user is defined as

Hk;l ¼ H 1ð Þ
k;l … H Mð Þ

k;l

h i
.
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Figure 1 SC-FDMA-based transmitter.

Silva et al. EURASIP Journal on Wireless Communications and Networking 2013, 2013:292 Page 3 of 10
http://jwcn.eurasipjournals.com/content/2013/1/292
3. Multi-user IB-DFE receiver strategies
In this section, we present in detail the multi-user itera-
tive frequency domain receiver design strategies based
on the IB-DFE concept [6]. Two iterative approaches are
considered: SIC and PIC.

3.1 IB-DFE SIC approach
Figure 2 shows the main blocks of the IB-DFE SIC-
based process. For each iteration, we detect all K UEs on
lth subcarrier, in a successive way, using the most up-
dated estimated of the transmit data symbols associated
to each UE to cancel the corresponding interference.
Thus, this receiver can be regarded as an iterative SIC
scheme. However, as with conventional single-user IB-
DFE-based receivers, we take into account the reliability
of the block data estimates associated to UEs for each
detection and interference cancellation procedure.
From Figure 2, we can see that at the ith iteration, the

signal received on lth subcarrier associated to the kth
UE, before the L-IDFT operation is given by

~S ið Þ
k;l ¼ F ið ÞT

k;l Yl−B
ið ÞT
k;l

�S i−1ð Þ
k;l ; ð4Þ

with F ið Þ
k;l ¼ F ið Þ

k;l … F Mð Þ
k;l

h iT
and B ið Þ

k;l ¼ B 1ð Þ
k;l … B Kð Þ

k;l

h iT
denoting the feedforward and feedback vector coefficients
of the kth UE applied on the lth subcarrier, respectively.
The vector �S i−1ð Þ

k;l is given by �S i−1ð Þ
k;l ¼ �S1;l; ⋅⋅⋅; �Sk−1;l; �Sk;l;…;

�
�SK ;l�T of size K × 1, where the block �Sk;l; l ¼ 0;…; L−1

	 

is the DFT of the block of time domain average values
conditioned to the detector output �S ið Þ

k;n; n ¼ 0;…; L−1
n o

for user k and iteration i. Cleary, the elements of �Sk 0;l are
Figure 2 Iterative receiver structure for UE k based on IB-DFE SIC app
associated to the current iteration for the UEs already
detected (k ' < k) and associated to the previous iterations
for the UE that is being detected, as well as the UEs still
not detected in this iteration. For normalized QPSK con-
stellations (i.e., sk,n = ± 1 ± j), the average values are given
by [13]

�sk;n ¼ tanh
LRek;n
2

 !
þ j tanh

LImk;n
2

 !
; ð5Þ

where

LRek;n ¼
2

σ2k;n
Re ~sk;n
	 


LImk;n ¼
2

σ2k;n
Im ~sk;n
	 


;

8>>><
>>>:

ð6Þ

and

σ2k;n ¼
1
2L

XL−1
n0¼0

ŝk;n0−�sk;n0
�� ��2: ð7Þ

We should emphasize that although we only consider
QPSK constellations, IB-DFE-based schemes in general
and our techniques in particular can easily be extended to
other constellations. For this purpose, we just need to em-
ploy the generalized IB-DFE design of references [29,30].

The hard decision associated to the symbol Sk,n is Ŝk;n ¼
sign Re ~sk;n

	 
� �þ jsign Im ~sk;n
	 
� �

. It can be shown that
�Sk;l ≈ ρk Ŝk;l , with Ŝk;l denoting the frequency domain sam-
ples associated to the symbols' hard decision. Furthermore,
roach.
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Ŝk;l ≈ ρkSk;l þ Δk;l , which means that �Sk;l ≈ ρ2kSk;l þ ρkΔk;l ,
and in matrix form, we have �Sl ≈ P2Sl þ PΔl . It can be
shown that the error Δl = [Δ1,l … ΔK,l]

T has zero mean
and P = diag(ρ1,…, ρK), with correlation coefficients de-
fined as

ρk ¼
E ŝk;ns�k;n
h i
E sk;n
�� ��2h i ; ð8Þ

being a measure of the estimates reliability associated to
the ith iteration, approximately given by

ρk≈
1
2L

XL−1
n¼0

ρRek;n þ ρImk;n

� �
; ð9Þ

with

ρ ið ÞRe
k;n ¼ tanh

L ið ÞRe
k;n

��� ���
2

0
@

1
A

ρ ið ÞIm
k;n ¼ tanh

L ið ÞIm
k;n

��� ���
2

0
@

1
A:

8>>>>>>><
>>>>>>>:

ð10Þ

For larger constellations, an estimate of the correlation
coefficient can be computed as in [29,30]. For a given it-
eration and the detection of the kth UE, the iterative re-

ceiver equalizer is composed by coefficients F ið Þ
k;l and B ið Þ

k;l .

These coefficients are computed to maximize the overall
signal-to-interference plus noise ratio (SINR) at the FDE
output and, therefore, minimize the bit error rate (BER).

If we consider a normalized FDE (i.e., E ~S ið Þ
k;l

h i
¼ S ið Þ

k;l ), this

is formally equivalent to minimize the MSE. For a QPSK
constellation with Gray mapping, the BER can be approxi-
mately given

BERk ≈Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1
L

XL−1
l¼0

MSEk;l

vuuuut

0
BBBBB@

1
CCCCCA; ð11Þ

where Q(x) denotes the well-known Gaussian function
and MSEk,l is the mean square error on the frequency
domain samples given by

MSEk;l ¼ E ~Sk;l−Sk;l
�� ��2h i

¼ E FT
k;lYl−BT

k;l
�Sk;l−Sk;l

��� ���2� �
:

ð12Þ

For the sake of simplicity, the dependence on the iter-
ation index is dropped in (12) and in the following
equations. After some mathematical manipulations, it
can be shown that (12) is reduced as

MSEk;l ¼ FH
k;lR

Y
l Fk;l þ BH

k;lR
�S;�SBk;l þ σ2

s−2Re FH
k;lR

Y;Sk;l
l

n o
þ2Re BH

k;lR
�S;Sk;l

n o
−2Re BH

k;lR
�S;Y
l Fk;l

n o
:

ð13Þ
The different correlation matrices of (13) are given by

RY
l ¼ E Y�

l Y
T
l

� � ¼ HH
l RsHl þ RN

R
�S;�S ¼ E �S��ST

h i
¼ P2Rs

RY;Sk;l
l ¼ E Y�

l Sk;l
k;lk;l

h i
¼ HH

l Rsek

R
�S;Sk;l ¼ E �S�

Sk;l
k;lk;l

h i
¼ P2Rsek

R
�S;Y
l ¼ E �S�Yl

� � ¼ P2RsHl

8>>>>>>>>><
>>>>>>>>>:

ð14Þ

with Rs ¼ σ2
SIK and RN ¼ σ2N IM , being the correlation

matrices of data symbols and noise on each carrier.
From (11), we can see that to minimize the BER of

each UE, we need to minimize the MSE of each UE on
each subcarrier. However, only considering the MSE
minimization may lead to biased estimates and thus to
avoid it, we force the received amplitude of each user to

one, i.e., 1
L

XL−1
l¼0

FT
k;lH

T
k;l ¼ 1. The constrained optimization

problem can be formulated as

min
Fk;l ;Bk;l

MSEk;l s:t
1
L

XL−1
l¼0

FTk;lH
T
k;l ¼ 1: ð15Þ

We use the Karush-Kuhn-Tucker (KKT) [31] condi-
tions to solve the optimization at each step with all but
one variable fixed. The Lagrangian associated with this
problem can be written by

L Fk;l;Bk;l; μk
� � ¼ MSEk;l−μk

1
L

XL−1
l¼0

FT
k;lH

T
k;l−1

 !
;

ð16Þ
where μk is the Lagrangian multiplier [32]. The KKT
conditions are

∇Fk;lL Fk;l;Bk;l; μk
� � ¼ 0

∇Bk;lL Fk;l;Bk;l; μk
� � ¼ 0

1
L

XL−1
l¼0

FTk;lH
T
k;l−1 ¼ 0

:

8>>>><
>>>>:

ð17Þ

After straightforward but lengthy mathematical ma-
nipulation, we obtain the feedforward and feedback vec-
tor coefficients with the iterative index dependence,

F ið Þ
k;l ¼ HH

l IK−P i−1ð Þ2
� �

Hl þ σ2
N

σ2
S
IM

� �−1

HH
l Ω

ið Þ
k ; ð18Þ
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and

B ið Þ
k;l ¼ HlF

ið Þ
k;l−ek ; ð19Þ

with

Ω ið Þ
k ¼ IK−P i−1ð Þ2

� �
ek−

μ ið Þ
k

σ2SL
ek : ð20Þ

The Lagrangian multiplier is selected, at each iteration

i, to ensure the constraint 1
L

XL−1
l¼0

F ið ÞT
k;l HT

k;l ¼ 1. It should

be emphasizes that for the first iteration (i = 1), and for

the first UE to be detected, P(0) is a null matrix and �S 0ð Þ
k;l ;

k ¼ 1 is a null vector.

3.2 IB-DFE PIC approach
Figure 3 shows the main blocks of the IB-DFE PIC-
based process. For each iteration, we detect all K UE on
the lth subcarrier, in a parallel way, using the most up-
dated estimated of the transmit data symbols to cancel
the residual interference, which it could not be cancelled
in the first equalizer block. Thus, this receiver can be
regarded as an iterative PIC scheme [20]. However, as
with conventional IB-DFE-based receivers and the above
SIC approach, we take into account the reliability of the
block data estimates for each detection procedure.
From Figure 3, the received signal on lth subcarrier of

all UEs, before the L-IDFT operation is given by

~S ið Þ
l ¼ F ið ÞT

l Yl−B
ið ÞT
l

�S i−1ð Þ
l ; ð21Þ

where F ið Þ
l ¼ F ið Þ

1;l ⋯ F ið Þ
K ;l

h i
is a matrix of size MxK with

all UEs' feedforward vector coefficients, B ið Þ
l ¼ B ið Þ

1;l ⋯
h

B ið Þ
K ;l�T is a matrix of size KxK with all UEs' feedback vector

coefficients, and ~S ið Þ
l ¼ ~S ið Þ

1;l ⋯ ~S ið Þ
K ;l

h iT
.

Figure 3 Iterative receiver structure based on IB-DFE PIC approach.
For this approach, the matrices F ið Þ
l and B ið Þ

l are com-
puted to minimize the average bit error rate (BER) of all
UEs, and for a QPSK constellation, the average BER can
be approximately given by

BER≈Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K

1
L

XL−1
l¼0

MSEl

vuuuut
0
BBB@

1
CCCA: ð22Þ

Here, the MSEl is the overall mean square error on the
frequency domain samples given by

MSEl ¼ E ~S ið Þ
l −Sl

��� ���2� �

¼ E tr ~S ið Þ
l −Sl

� �
~S ið Þ
l −Sl

� �H� �� � ð23Þ

Replacing (21) in (23) and after some mathematical
manipulations, it can be shown that (23) is reduced to

MSEl ¼ tr FHl R
Y
l Fl

� �þ tr BH
l R

�S;�SBl

� �
þKσ2s−2tr Re FHl R

Y;S
l

n o� �
þ2tr Re BH

l R
�S;S

n o� �
−2tr Re BH

l R
�S;Y
l Fl

n o� �
ð24Þ

with the correlation matrices RY;S
l and R

�S;S defined as

RY;S
l ¼ E Y�

l Sl
� � ¼ HH

l Rs

R
�S;S ¼ E �S�Sl

� � ¼ HH
l Rs

(
ð25Þ

Note that the correlation matrices RY
l , R

�S;�S , and R
�S;Y
l

were already defined in (14).
Contrarily to the SIC approach, to minimize the average

BER, we need to minimize the overall MSE at each sub-
carrier. Here, to avoid the bias, we force the received
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amplitude to K, i.e., 1L

XL−1
l¼0

tr FT
l H

T
l

� � ¼ K . The constrained

optimization problem can be formulated as

min
Fl ;Bl

MSEl s:t
1
L

XL−1
l¼0

tr FTl H
T
l

� � ¼ K : ð26Þ

We also use the KKT conditions to solve the optimiza-
tion problem. The Lagrangian associated with this prob-
lem is now given by

L Fl;Bl; μð Þ ¼ MSEl−μ
1
L

XL−1
l¼0

tr FTl H
T
l

� �
−K

 !
; ð27Þ

where μ is the Lagrangian multiplier. The KKT condi-
tions are

∇FlL Fl;Bl; μð Þ ¼ 0

∇BlL Fl;Bl; μð Þ ¼ 0

1
L

XL−1
l¼0

tr FT
l H

T
l

� �
−K ¼ 0

:

8>>>><
>>>>:

ð28Þ

After lengthy mathematical manipulation, we finally
obtain the feedforward and feedback matrices with the
iterative index dependence,

F ið Þ
l ¼ HH

l IK−P i−1ð Þ2
� �

Hl þ σ2
N

σ2
S
IM

� �−1

HH
l Ω

ið Þ; ð29Þ

and

B ið Þ
l ¼ HlF

ið Þ
l −IK ; ð30Þ

with

Ω ið Þ ¼ IK−P i−1ð Þ2
� �

−
μ ið Þ

σ2
SL

IK : ð31Þ

In this approach, the Lagrangian multiplier is selected, at

each iteration i, to ensure the constraint 1L

XL−1
l¼0

tr FTl H
T
l

� � ¼
K . Since all users are detected in parallel, for the first iter-

ation (i = 1), P(0) is a null matrix and �S 0ð Þ
l is a null vector.

The complexity of the SIC approach is slightly higher
than the PIC one. For the SIC, we need to invert a
matrix of size MxM for each user on each iteration,
while for the PIC one, we need to invert a matrix of size
MxM for all users on each iteration, i.e., the SIC ap-
proach requires K − 1 more matrix inversions per iter-
ation. Since in the receiver SIC structure, each user is
detected individually and sequentially, the delay is also
higher.
4. Performance results
In this section, we present a set of performance results,
analytical and numerical, for the proposed IB-DFE-based
PIC and SIC receiver schemes. Two different scenarios
are considered:

� Scenario 1, we assume two UEs (K = 2) and a BS
equipped with two antennas (M = 2).

� Scenario 2, we assume four UEs (K = 4) and a BS
equipped with four antennas (M = 4).

For both scenarios, the main parameters used in the
simulations are N-FFT size of 1,024; L-DFT size set to
128 (this represents the data symbols block associated to
each UE); sampling frequency set to 15.36 MHz; useful
symbol duration is 66.6 μs, cyclic prefix duration is
5.21 μs; overall OFDM symbol duration is 71.86 μs; sub-
carrier separation is 15 kHz, and a QPSK constellation
under Gray mapping rule, unless otherwise stated. Most
of the parameters are based on LTE system [33].
The channel between each UE and the BS is uncorre-

lated and severely time dispersive, each one with rich
multipath propagation and uncorrelated Rayleigh fading
for different multipath components. Specifically, we as-
sume a Lp = 32-path frequency-selective block Rayleigh
fading channel with uniform power delay profile (i.e.,
each path with average power of 1/Lp). The same con-
clusions could be drawn for other multipath fading
channels, provided that the number of separable multi-
path components is high. Also, we assume perfect chan-
nel state information, synchronization and |αk|

2 = 1, ∀ k.
The results are presented in terms of the average bit
error rate (BER) as a function of Eb/N0, with Eb denoting
the average bit energy and N0 denoting the one-sided
noise power spectral density. In all scenarios, we present
the theoretical and simulation average BER perfor-
mances for both proposed receiver structures: IB-DFE
PIC and SIC. For the sake of comparisons, we also in-
clude the matched filter bound (MFB) performance.
Figures 4 and 5 show the performance results for the

first scenario, considering IB-DFE PIC and IB-DFE SIC,
respectively. Starting by analysing the results presented
in Figure 4, it is clear that the proposed analytical
approach is very precise, especially regarding the first it-
eration. Note that for this iteration, the IB-DFE PIC re-
duces to the conventional MMSE frequency domain
multi-user equalizer, since P(0) is a null matrix and |αk|

2 =
1, ∀ k is a null vector. Although there is a small difference
between theoretical and simulated results when we have
iterations, mainly due to errors in the estimation of vari-
ance of the overall error at the FDE output (see (7)) and
the non-Gaussian nature of the overall error, our analytical
approach is still very accurate, with differences of just a
few tenths of decibels. As expected, the BER performance
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Figure 4 Performance of the IB-DFE PIC structure for scenario 1.
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improves with the iterations, and it can be observed that
for the fourth iteration, the performance is close the one
obtained by the MF, many for high SNR regime. There-
fore, the proposed IB-DFE PIC scheme is quite efficient to
separate the users and achieve the maximum system di-
versity order, with only a few iterations.
From Figure 5, we can also see that the analytical ap-

proach proposed for the IB-DFE SIC structure is very
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Figure 5 Performance of the IB-DFE SIC structure for scenario 1.
accurate. The BER performance approaches, with a
number of iterations as low as 4, very closely to the limit
obtained with the MFB. This means mean that this re-
ceiver structure is also able to efficiently separate the
UEs, while taking advantage of the space-frequency di-
versity inherent to the MIMO SC-FDMA-based systems.
Comparing the SIC and the PIC approach, it is clear that
for the first iteration the SIC approach outperforms the
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PIC one. It can be observed a penalty of approximately
1 dB of the PIC against the SIC, for a BER = 10−3. This is
because the SIC-based structure to detect a given user
takes into account the previous detected ones, with the
exception for the first user. However, when the number
of iteration increases, the performance of the PIC ap-
proach tends to the one given by the SIC approach. We
can observe that the BER performance of both ap-
proaches is basically the same for four iterations.
Figures 6 and 7 show the performance results for the

second scenario, considering IB-DFE PIC and SIC, re-
spectively. From these figures, we basically can point out
the same conclusions as for the results obtained in the
previous ones. We can see that similarly to the first sce-
nario the proposed analytical approaches for both IB-
DFE SIC and PIC structure are very accurate. However,
comparing the results obtained for this scenario with the
ones obtained for scenario 1, we can see that the overall
performance is much better. This is because our receiver
structures can take benefit of the higher space-diversity
order available in this scenario, since they are efficient in
removing both multi-user and inter-carrier interferences.
The previous results indicate that IB-DFE receivers

can have excellent performance, close to the MFB, for
MIMO systems with QPSK constellations. One question
that arises naturally is if this is still valid for larger constel-
lations such as QAM constellations. In fact, the perform-
ance of a DFE for larger constellations can be seriously
affected due to error propagation effects. As an example,
we present in Figure 8 the performance results for 16-
QAM constellations in the second scenario, considering
-4 -2 0 2 4
10

-5

10
-4

10
-3

10
-2

10
-1

Eb/

B
E

R

Iter.1 Sim.
Iter.1 The.
Iter.2 Sim.
Iter.2 The.
Iter.4 Sim.
Iter.4 The.
MFB

Figure 6 Performance of the IB-DFE PIC structure for scenario 2.
IB-DFE SIC approach. Clearly, we are still able to ap-
proach the MFB, although we need more iterations, the
convergence is less smooth and we only approach the
MFB for lower BER (and, naturally, larger SNR). Although
these good results might be somewhat surprising, we
should have in mind that an IB-DFE is not a conventional
DFE due to the non-causal nature of the feedback. More-
over, the error propagation effects are much lower in IB-
DFE receivers due to the following issues:

� Symbol errors (which are in the time domain) are
spread over all frequencies. Due to the frequency-
domain nature of the feedback loop input, a symbol
error has only a minor effect on all frequencies.

� The FDE is designed to take into account the
reliability of estimates employed in the feedback
loop. When we have a large number of symbol
errors, the reliability decreases and the weight of the
feedback part decreases.

� When we have a decision error, we usually move to
one of the closer constellation symbols, i.e., the
magnitude of the error is usually the minimum
Euclidean distance of the constellation, regardless of
the constellation size. This is especially important
for larger constellations.

As we pointed out, an IB-DFE can be regarded as a
complexity turbo equalizer implemented in the frequency-
domain which does not employ a channel decoder in the
feedback loop. For this reason, it has a turbo-like behavior
with good performance provided that the BER is low
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No, dB



-4 -2 0 2 4 6 8 10 12 14
10

-5

10
-4

10
-3

10
-2

10
-1

Eb/No, dB

B
E

R

Iter.1 Sim.
Iter.1 The.
Iter.2 Sim.
Iter.2 The.
Iter.4 Sim.
Iter.4 The.
MF

Figure 7 Performance of the IB-DFE SIC structure for scenario 2.

Silva et al. EURASIP Journal on Wireless Communications and Networking 2013, 2013:292 Page 9 of 10
http://jwcn.eurasipjournals.com/content/2013/1/292
enough. That is why we can only approach the MFB for
larger SNR.

5. Conclusions
In this paper, we designed and evaluated multi-user re-
ceiver structures based on the IB-DFE principle for the
uplink SIMO SC-FDMA systems. Two multi-user IB-
DFE PIC- and SIC-based processing schemes were con-
sidered. In the first approach, the equalizer vectors were
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Figure 8 Performance of the IB-DFE SIC structure for scenario 2 and 1
computed by minimizing the mean square error (MSE)
of each individual user at each subcarrier. In the second
one, the equalizer matrices were obtained by minimizing
the overall MSE of all users at each subcarrier. For both
cases, we proposed a quite accurate analytical approach
for obtaining the performance of the proposed receivers.
The results have shown that the proposed receiver

structures are quite efficient to separate the users, while
allowing a close-to-optimum space-diversity gain, with
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performance close to the MFB (severely time-dispersive
channels) with only a few iterations. The performance of
both PIC and SIC receiver structures is basically the
same after three or four iterations. However, the main
drawback of the SIC approach is the delay in the detec-
tion procedure, which is larger than for the PIC, since it
detects one user at each time. Thus for practical sys-
tems, where the delay is a critical issue, the PIC ap-
proach can be the best choice.
To conclude, we can clearly state that these techniques

are an excellent choice for the uplink SC-FDMA-based
systems, already adopted by the LTE standard.

Competing interests
The authors declare that they have no competing interests.

Acknowledgements
This study was supported by the Portuguese Fundação para a Ciência e
Tecnologia (FCT) COPWIN (PTDC/EEI-TEL/1417/2012), CROWN (PTDC/EEA-TEL/
115828/2009), and ADIN (PTDC/EEI-TEL/2990/2012) projects.

Author details
1DETI, Instituto de Telecomunicações, University of Aveiro, Aveiro 3810-193,
Portugal. 2Instituto de Telecomunicações, Faculdade de Ciências e
Tecnologia, University Nova de Lisboa, Lisboa 1099-085, Portugal.

Received: 15 July 2013 Accepted: 9 December 2013
Published: 30 December 2013

References
1. HG Myung, J Lim, DJ Goodman, Single carrier FDMA for uplink wireless

transmission. IEEE Vehicular Mag. 1(1), 30–38 (2006)
2. HG Myung, DJ Goodman, Single Carrier FDMA: A New Air Interface for Long

Term Evolution (John Wiley & Sons, Hoboken, 2008)
3. H Holma, A Toskala, LTE for UMTS-OFDMA and SC-FDMA based radio access

(John Wiley & Sons, Hoboken, 2009)
4. A Gusmão, R Dinis, J Conceição, N Esteves, Comparison of Two Modulation

Choices for Broadband Wireless Communication, in Proceedings of the IEEE
Vehicular Technology Conference (Tokyo, 2000)

5. D Falconer, S Ariyavisitakul, A Benyamin-Seeyar, B Eidson, Frequency domain
equalization for single-carrier broadband wireless systems. IEEE Comm. Mag.
4(4), 58–66 (2002)

6. J Proakis, Digital Communications, 3rd edn. (McGrraw-Hill, New York, 1995)
7. N Benvenuto, R Dinis, D Falconer, S Tomasin, Single carrier modulation with

non linear frequency domain equalization: an idea whose time has come–
again. IEEE Proceedings 98(1), 69–96 (2010)

8. R Dinis, D Falconer, Iterative Block Decision Feedback Equalization
Techniques (IB-DFE) for Broadband Wireless Systems, in Proceedings of
Wireless World Research Forum (Oslo, 2004)

9. N Benvenuto, S Tomasin, Block iterative DFE for single carrier modulation.
Electron. Lett. 39(19), 1144–1145 (2002)

10. R Dinis, A Gusmão, N Esteves, On Broadband Block Transmission over
Strongly Frequency-Selective Fading Channels, in Proceedings of IEEE Wireless
(Calgary, 2003)

11. R Dinis, A Gusmão, N Esteves, Iterative Block-DFE Techniques for Single-
Carrier-Based Broadband Communications with Transmit/Receive Space
Diversity, in Proceedings of International Symposium on Wireless Communication
Systems (Port Louis, 2004)

12. R Dinis, R Kalbasi, D Falconer, A Banihashemi, Iterative layered space-time
receivers for single-carrier transmission over severe time-dispersive channels.
IEEE Comm. Lett. 8(9), 579–581 (2004)

13. R Dinis, P Silva, A Gusmão, IB-DFE receivers with space diversity for CP-
assisted DS-CDMA and MC-CDMA systems. European Trans. Telecomm.
18(7), 791–802 (2007)

14. R Dinis, P Silva, T Araújo, Turbo equalization with cancelation of nonlinear
distortion for CP-assisted and zero-padded MC-CDM schemes. IEEE Trans.
Commun. 57(8), 2185–2189 (2009)
15. R Dinis, P Carvalho, L Bernardo, R Oliveira, M Pereira, P Pinto, Frequency-
domain multipacket detection: a high throughput technique for SC-FDE
system. IEEE Trans. Wireless Commun. 8(7), 3798–3807 (2009)

16. S Okuyama, K Takeda, F Adachi, Frequency-domain iterative MUI
cancellation for uplink SC-FDMA using frequency-domain filtering, in
Proceedings of the IEEE Vehicular Technology Conference (Ottawa, 2010)

17. M Tüchler, J Hagenauer, Turbo equalization using frequency domain
equalizers, in Proceedings of the Allerton Conference (Monticello, 2000)

18. M Tüchler, J Hagenauer, Linear time and frequency domain turbo
equalization, in Proceedings of the IEEE Vehicular Technology Conference
(Atlantic City, 2001)

19. M Tüchler, R Koetter, A Singer, Turbo Equalization: Principles and New
Results. IEEE Trans. Commun. 50(5), 754–767 (2002)

20. C Laot, R Le Bidan, D Leroux, Low-complexity MMSE turbo equalization: a
possible solution for EDGE. IEEE Trans. Wireless Commun. 4(3), 965–974 (2005)

21. N Benvenuto, S Tomasin, Block iterative design and detection of a DFE in
the frequency domain. IEEE Trans. Commun. 53(11), 1867–1875 (2005)

22. A Gusmão, P Torres, R Dinis, N Esteves, A turbo FDE technique for reduced-CP
SC-based block transmission systems. IEEE Trans. Comm. 55(1), 16–20 (2007)

23. R Visoz, AO Berthet, S Chtourou, France Telecom Res. & Dev, Issy-les-
Moulineaux, Frequency-domain block turbo-equalization for single-carrier
transmission over MIMO broadband wireless channel. IEEE Trans. Commun.
54(12), 2144–2149 (2006)

24. J Luzio, R Dinis, P Montezuma, SC-FDE for offset modulations: an efficient
transmission technique for broadband wireless systems. IEEE Trans.
Commun. 60(7), 1851–1861 (2012)

25. FC Ribeiro, R Dinis, F Cercas, A Silva, Efficient detection and quantization
requirements for the uplink of base station cooperation systems, in
Proceedings of the IEEE Vehicular Technology Conference (Québec City, 2012)

26. G Huang, A Nix, S Armour, Decision feedback equalization in SC-FDMA, in
Proceedings of the IEEE International Symposium on Personal, Indoor and
Mobile Radio Communications (Cannes, 2008)

27. TW Yune, JB Lim, GH Im, Iterative multiuser detection with spectral efficient
relaying protocols for single-carrier transmission. IEEE Trans. Wireless Commun.
8(7), 3789–3797 (2009)

28. Q Wang, C Yuan, J Zhang, Y Li, Frequency domain soft-decision feedback
equalization for SC-FDMA with insufficient cyclic prefix: IJCSI intern. J. Comp.
Science 9(6), 103–108 (2012)

29. R Dinis, P Montezuma, N Souto, J Silva, Iterative Frequency-Domain
Equalization for General Constellations, in Proceedings of the IEEE Sarnoff
Symposium (Princeton, 2010)

30. J Silva, R Dinis, N Souto, P Montezuma, Single-carrier frequency domain
equalisation with hierarchical constellations: an efficient transmission technique
for broadcast and multicast systems. IET Comm. 6(13), 2065–2073 (2012)

31. S Boyd, L Vandenberghe, Convex optimization (Cambridge University Press,
Cambridge, 2004)

32. S Haykin, Adaptive Filter Theory, 3rd edn. (Prentice Hall, Upper Saddle River, 1996)
33. 3GPP, LTE Physical Layer–General Description. No 3. 3GPP TS 36.201 V8.1

(3GPP, Sophia-Antipolis Cedex, 2007)

doi:10.1186/1687-1499-2013-292
Cite this article as: Silva et al.: Performance evaluation of IB-DFE-based
strategies for SC-FDMA systems. EURASIP Journal on Wireless Communications
and Networking 2013 2013:292.

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	1. Introduction
	2. System model
	3. Multi-user IB-DFE receiver strategies
	3.1 IB-DFE SIC approach
	3.2 IB-DFE PIC approach

	4. Performance results
	5. Conclusions
	Competing interests
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


