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Frequency-Domain Block Signal Detection for Single-Carrier
Transmission

Tetsuya YAMAMOTO†a), Kazuki TAKEDA†, Student Members, and Fumiyuki ADACHI†, Fellow

SUMMARY One-tap frequency-domain equalization (FDE) based on
the minimum mean square error (MMSE) criterion can significantly im-
prove the bit error rate (BER) performance of single-carrier (SC) transmis-
sion in a frequency-selective fading channel. However, a big performance
gap from the theoretical lower bound still exists due to the presence of
residual inter-symbol interference (ISI) after MMSE-FDE. In this paper, we
point out that the frequency-domain received SC signal can be expressed
using the matrix representation similar to the multiple-input multiple-
output (MIMO) multiplexing and therefore, signal detection schemes de-
veloped for MIMO multiplexing, other than simple one-tap MMSE-FDE,
can be applied to SC transmission. Then, for the reception of SC signals,
we propose a new signal detection scheme, which combines FDE with
MIMO signal detection, such as MMSE detection and Vertical-Bell Labo-
ratories layered space-time architecture (V-BLAST) detection (we call this
frequency-domain block signal detection). The achievable average BER
performance using the proposed frequency-domain block signal detection
is evaluated by computer simulation.
key words: single-carrier, frequency-domain equalization, MMSE, V-
BLAST

1. Introduction

In next generation mobile communication systems, broad-
band data services are demanded. Since the mobile wireless
channel is composed of many propagation paths with differ-
ent time delays, the channel becomes severely frequency-
selective. In a severe frequency-selective fading channel,
the bit error rate (BER) performance significantly degrades
due to inter-symbol interference (ISI) when single carrier
(SC) transmission without equalization is used [1]. A sim-
ple one-tap frequency-domain equalization (FDE) based on
the minimum mean square error (MMSE) criterion can take
advantage of the channel frequency-selectivity and signifi-
cantly improve the BER performance of SC transmission in
a strong frequency-selective fading channel [2], [3]. How-
ever, a big performance gap from the theoretical lower
bound still exists due to the presence of residual ISI after
FDE [4]. Some advanced signal detection schemes com-
bined with equalization are thus necessary. A frequency-
domain iterative ISI cancellation technique combined with
MMSE-FDE was proposed in [4]. However, the achievable
BER performance is still a few dB away from the theoretical
lower bound. In this paper, we take another approach to im-
prove the BER performance in a strong frequency-selective
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fading channel.
We first point out that the frequency-domain received

SC signal is expressed using the matrix representation sim-
ilar to the multiple-input multiple-output (MIMO) multi-
plexing and therefore, signal detection schemes developed
for MIMO multiplexing, other than simple one-tap MMSE-
FDE, can be applied to the SC transmissions. Among the
well-known signal detection schemes for MIMO multiplex-
ing are the MMSE detection [1] and the Vertical-Bell Labo-
ratories layered space-time architecture (V-BLAST) detec-
tion [5]. Therefore, we combine equalization with both
MMSE detection and V-BLAST detection.

We propose a new signal detection scheme, which
combines FDE with MIMO signal detection, for the re-
ception of SC signals. In the proposed signal detection
combined with V-BLAST detection, a combination of ISI
cancellation and MMSE detection taking into account by
the residual ISI is carried out successively symbol by sym-
bol within a block unlike the conventional MMSE-FDE. To
clearly indicate this difference, we call our proposed signal
detection method as the frequency-domain block signal de-
tection. We use iterative detection [6] to further improve the
performance of V-BLAST detection and two types of itera-
tive V-BLAST detection are considered. The first (called the
hard decision iterative V-BLAST in this paper) uses the hard
symbol replica which is obtained from the hard decision re-
sult. The second (called the soft decision iterative V-BLAST
in this paper) uses the soft symbol replica which is generated
based on the log-likelihood ratio (LLR). In Ref. [6], itera-
tive parallel interference cancellation (PIC) using soft sym-
bol replica was proposed. On the other hand, our proposed
block signal detection used iterative successive interference
cancellation (SIC) based on V-BLAST. In Ref. [7], iterative
SIC was proposed for the signal transmissions using SC-
MIMO spatial multiplexing. The MMSE weight taking into
account the residual inter-antenna interference (IAI) after in-
terference cancellation was derived. However, the residual
ISI from the own antenna was not considered in the MMSE
weight. In this paper, we derive the MMSE weight taking
into account the residual ISI, after interference cancellation.

The remainder of this paper is organized as follows.
Sect. 2 presents the SC signal representation. In Sect. 3, our
proposed frequency-domain block signal detection which
combines equalization and iterative V-BLAST detection is
described. In Sect. 4, the achievable average BER perfor-
mance using a new frequency-domain block signal detec-
tion, which combines equalization and iterative V-BLAST
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detection in a frequency-selective fading channel is evalu-
ated by computer simulation. Sect. 5 offers the conclusion.

2. Signal Representation

The SC transmission model is illustrated in Fig. 1. Through-
out the paper, the symbol-spaced discrete time represen-
tation is used. At the transmitter, a binary information
sequence is data-modulated and then, the data-modulated
symbol sequence is divided into a sequence of signal blocks
of Nc symbols each, where Nc is the size of fast Fourier
transform (FFT). The data symbol block can be expressed
using the vector form as d = [d(0), . . . , d(Nc − 1)]T . Then,
the last Ng symbols of each block are copied as a cyclic pre-
fix and inserted into the guard interval (GI) placed at the
beginning of each block and a sequence of signal blocks is
transmitted.

Each transmitted signal block is assumed to pass
through a frequency-selective fading channel composed of
L distinct paths. The channel impulse response h(τ) is given
by

h(τ) =
L−1∑
l=0

hlδ(τ − τl), (1)

where hl and τl are respectively the complex-valued path
gain with E

[∑L−1
l=0 |hl|2

]
= 1 and the time delay of the

lth path. The GI-removed received signal block r =
[r(0), . . . , r(Nc − 1)]T can be expressed using the vector
form as

r =

√
2Es

Ts
hd + n, (2)

where Es and Ts are respectively the symbol energy and the
symbol duration, h is the Nc × Nc channel impulse response
matrix given as

h=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

h0 hL−1
... h0

. . .
... h0 0 hL−1

hL−1
...

. . .

hL−1 h0

hL−1
...

. . .

0
. . . h0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (3)

and n = [n(0), . . . , n(Nc − 1)]T is the noise vector. The tth
element, n(t), of n is the zero-mean additive white Gaussian
noise (AWGN) having variance 2N0/Ts with N0 being the
one-sided noise power spectrum density.

At the receiver, Nc-point FFT is applied to transform
the received signal block into the frequency-domain signal
vector R = [R(0), . . . ,R(Nc − 1)]T . R is expressed as

R = Fr =

√
2Es

Ts
Fhd + Fn, (4)

Fig. 1 SC transmission system model.

Fig. 2 Equivalent system model.

where F is the FFT matrix of size Nc × Nc given by

F=
1√
Nc

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

e− j2π 0×0
Nc e− j2π 0×1

Nc · · · e− j2π 0×(Nc−1)
Nc

e− j2π 1×0
Nc e− j2π 1×1

Nc · · · e− j2π 1×(Nc−1)
Nc

...
...

. . .
...

e− j2π (Nc−1)×0
Nc e− j2π (Nc−1)×1

Nc · · · e− j2π (Nc−1)×(Nc−1)
Nc

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (5)

Since the channel impulse response matrix h is a circulant
matrix, the eigenvalue decomposition using F can be applied
[7]. We have

FhFH = diag [H(0), . . . ,H(Nc − 1)] ≡ H, (6)

where H(k) =
∑L−1

l=0 hl exp(− j2πkτl/Nc), k = 0 ∼ Nc − 1,
and (.)H is the Hermitian transpose operation. Using Eq. (6),
Eq. (4) can be rewritten as

R =

√
2Es

Ts
HFd + N =

√
2Es

Ts
H̄d + N, (7)

where H̄ = HF and N = [N(0), . . . ,N(Nc − 1)]T are re-
spectively the equivalent channel matrix and the frequency-
domain noise vector. From Eq. (7), it can be understood
that the frequency-domain received SC signal can be treated
as a received signal in MIMO multiplexing using Nc trans-
mit antennas and Nc receive antennas with the channel ma-
trix H̄ (see Fig. 2). According to this understanding, a new
frequency-domain block signal detection scheme, which
combines equalization and MIMO signal detection such as
such as MMSE detection and V-BLAST detection, can be
developed for the reception of the SC signals. We can show
that the frequency-domain block signal detection combined
with MMSE detection using the equivalent channel matrix
HF is identical to the conventional one-tap MMSE-FDE. In
the next section, therefore, we consider the V-BLAST de-
tection only.

3. Frequency-Domain Block Signal Detection

Frequency-domain block signal detection combined with
iterative V-BLAST detection is illustrated in Fig. 3. V-
BLAST [5] uses interference cancellation and is composed
of i) ordering, ii) interference cancellation, and iii) signal
detection. The transmitted symbol which has the highest
signal-to-interference plus noise power ratio (SINR) among
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Fig. 3 Frequency-domain block signal detection combined with iterative
V-BLAST detection.

undetected symbols is detected by performing MMSE de-
tection [9]. However, in the case of SC transmission, since
the SINR is the same for all symbols, signal detection can be
carried out simply from the first symbol (i.e., d(0)). Then,
the replica of the symbol, which has been just detected, is
generated and is subtracted from R. A new MMSE weight
matrix for the undetected symbols is computed again and
one of these symbols is detected.

The above symbol detection and interference cancella-
tion for the reception of the nth symbol d(n) is called the nth
layer and is repeated until all of the transmitted symbols are
detected. However, since V-BLAST cannot suppress suffi-
ciently the ISI, V-BLAST is iterated a sufficient number of
times. In what follows, the signal detection in the nth layer
(n = 0 ∼ Nc − 1) of the ith iteration stage is presented.

3.1 Frequency-Domain Block Signal Detection Combined
with Hard Decision Iterative V-BLAST

In the nth layer of the ith iteration stage, the hard replica
ŝ(i)(n−1) of the symbol d(n−1), which has been just detected
in the previous layer, is generated. The frequency-domain

received signal vector R̃(i,n) =
[
R̃(i,n)(0), . . . , R̃(i,n)(Nc − 1)

]T

in the nth layer of the ith iteration stage is given by

R̃(i,n) = R −
√

2Es

Ts
H̄ŝ(i,n), (8)

where ŝ(i,n) is the hard replica vector. ŝ(i,n) is given by ŝ(i,n) =[
ŝ(i)(0), . . . , ŝ(i)(n − 1), 0, ŝ(i−1)(n + 1), . . . , ŝ(i−1)(Nc − 1)

]T
,

where {ŝ(i)(n′); n′ = 0 ∼ n − 1} are generated using the de-
cision in the present iteration stage while {ŝ(i−1)(n′); n′ =
n + 1 ∼ Nc − 1} are generated using the decision results
in the (i − 1)th iteration stage. After interference cancella-
tion, MMSE detection on the nth symbol is performed by
multiplying R̃(i,n) by an 1 × Nc MMSE weight vector W(i,n)

as

d̃(i)(n) =W(i,n)R̃(i,n). (9)

The MMSE weight vector W(i,n) is given as

W(i,n) = H̄H

⎡⎢⎢⎢⎢⎢⎣H̃H̃H +

(
Es

N0

)−1

INc

⎤⎥⎥⎥⎥⎥⎦
−1

, (10)

where

H̃ =

⎧⎪⎪⎨⎪⎪⎩
[
H̄n, H̄n+1, . . . , H̄Nc−1

]
for i = 0

H̄n for i > 0
(11)

and H̄n is the nth column vector of H̄. In the i = 0th it-
eration stage, we remove the column vectors, H̄0, H̄1, . . .,
H̄n−1, associated with already detected symbols from H̄ as-
suming that these symbols have been cancelled perfectly.
On the other hand, in the i(i > 0)th iteration stage, assuming
that all of symbols have been cancelled perfectly, we remove
all column vectors H̄0, . . ., H̄n−1, H̄n+1, . . ., H̄Nc−1 from H̄;
therefore, the weight vector described by Eq. (15) become
the maximal ratio combining FDE (MRC-FDE) weight.

Until all of the transmitted symbols are detected, in-
terference cancellation and MMSE detection are repeated.
After all the transmitted symbols are detected, the next iter-
ation is carried out. The above iteration is done a sufficient
number of times.

3.2 Frequency-Domain Block Signal Detection Combined
with Soft Decision Iterative V-BLAST

So far, we have assumed hard cancellation. The use of soft
replica reduces the influence of error propagation. The soft
replica can be generated using the LLR [4]. Using the soft
decision variable d̃(i)(n) associated with d(n), the LLR for
the xth bit, x = 0 ∼ log2M − 1, in the nth symbol, n = 0 ∼
Nc − 1, is obtained where M is the modulation level. The
soft replica s̃(i)(n) is generated using the LLR as [10]

s̃(i)(n)=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1√
2

tanh

⎛⎜⎜⎜⎜⎜⎝λ
(i)
0 (n)

2

⎞⎟⎟⎟⎟⎟⎠+ j
1√
2

tanh

⎛⎜⎜⎜⎜⎜⎝λ
(i)
1 (n)

2

⎞⎟⎟⎟⎟⎟⎠
for QPSK

1√
10

tanh

⎛⎜⎜⎜⎜⎜⎝λ
(i)
0 (n)

2

⎞⎟⎟⎟⎟⎟⎠
⎧⎪⎪⎨⎪⎪⎩2+tanh

⎛⎜⎜⎜⎜⎜⎝λ
(i)
1 (n)

2

⎞⎟⎟⎟⎟⎟⎠
⎫⎪⎪⎬⎪⎪⎭

+j
1√
10

tanh

⎛⎜⎜⎜⎜⎜⎝λ
(i)
2 (n)

2

⎞⎟⎟⎟⎟⎟⎠
⎧⎪⎪⎨⎪⎪⎩2+tanh

⎛⎜⎜⎜⎜⎜⎝λ
(i)
3 (n)

2

⎞⎟⎟⎟⎟⎟⎠
⎫⎪⎪⎬⎪⎪⎭

for 16QAM.

(12)

The LLR can be computed as [11]

λ(i)
x (n) = ln

(
p(bn,x = 1)
p(bn,x = 0)

)

≈ 1

2σ̂(i)2

n

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

∣∣∣∣∣∣d̃(i)(n) −
√

2Es

Ts
Ĥndmim

bx,n=0

∣∣∣∣∣∣
2

−
∣∣∣∣∣∣d̃(i)(n) −

√
2Es

Ts
Ĥndmim

bx,n=1

∣∣∣∣∣∣
2

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
, (13)

where p(bn,x = 1) and p(bn,x = 0) are a posteriori proba-
bilities of the transmitted bit bn,x = 1 and 0, respectively.
dmim

bx,n=0 (or dmim
bx,n=1) is the most probable symbol that gives the
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minimum Euclidean distance from d̃(i)(n) among all candi-
date symbols with bn,x = 0 (or 1). Ĥn is the nth element of

Ĥ =W(i,n)H̄. 2σ̂(i)2

n is the variance of the noise plus residual
ISI and is given by [12]

2σ̂(i)2

n =
2N0

Ts

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∣∣∣∣∣∣W(i,n)
∣∣∣∣∣∣2

+
Es

N0

⎧⎪⎪⎨⎪⎪⎩
n−1∑
n′=0

ρ(i)
n′
∣∣∣Ĥn′

∣∣∣2+
Nc−1∑

n′=n+1

ρ(i−1)
n′

∣∣∣Ĥn′
∣∣∣2
⎫⎪⎪⎬⎪⎪⎭

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ , (14)

where ρ(i)
n indicates the extent to which the residual ISI re-

mains and is given by [10]

ρ(i)
n = E

[∣∣∣d(n) − s̃(i)(n)
∣∣∣2]

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

1 − ∣∣∣s̃(i)(n)
∣∣∣2 for QPSK

4
10

tanh

⎛⎜⎜⎜⎜⎜⎝λ
(i)
1 (n)

2

⎞⎟⎟⎟⎟⎟⎠ + 4
10

tanh

⎛⎜⎜⎜⎜⎜⎝λ
(i)
3 (n)

2

⎞⎟⎟⎟⎟⎟⎠
+1 − ∣∣∣s̃(i)(n)

∣∣∣2 for 16QAM

. (15)

After the replica of the symbol, which has been
just detected, is generated, interference can-
cellation using soft replica vector s̃(i,n) =[
s̃(i)(0), . . . , s̃(i)(n − 1), 0, s̃(i−1)(n + 1), . . . , s̃(i−1)(Nc − 1)

]T
in

the nth layer of the ith iteration stage is carried out as in
Eq. (13). After interference cancellation, MMSE detection
on the nth symbol is performed by multiplying R̃(i,n) by an
1 × Nc MMSE weight vector W(i,n) as in Eq. (14).

When hard replica is used, by assuming the interfer-
ence from the symbols which have been detected is can-
celled perfectly, the weight vector is generated by using
H̃(i,n) in the nth layer of the ith iteration stage. On the other
hand, when soft replica is used, the MMSE weight vector
can be updated by taking into account the residual ISI in
each layer. In [7], iterative SIC was proposed for the signal
transmissions using SC-MIMO spatial multiplexing. The
MMSE weight taking into account the residual IAI after
interference cancellation was derived, but, the residual ISI
from the own antenna was not considered. In this paper,
we derive the MMSE weight taking account the residual ISI
after interference cancellation for our proposed frequency-
domain block signal detection.

The MMSE weight vector taking into account the
residual ISI in the nth layer of the ith iteration stage is given
by

W(i,n) = H̄H

⎡⎢⎢⎢⎢⎢⎣H̄ρ(i,n)H̄H +

(
Es

N0

)−1

INc

⎤⎥⎥⎥⎥⎥⎦
−1

, (16)

where ρ(i,n) = diag
[
ρ(i)

0 , . . . , ρ
(i)
Nc−1

]
is an Nc × Nc diagonal

matrix which represents the impact of the residual ISI. ρ(i)
n =

1 means the residual ISI is kept intact and ρ(i)
n = 0 means the

residual ISI is sufficiently reduced. Setting ρ(i)
n to 1, the nth

symbol is detected. When i = 0, the symbols with n′ = n ∼
(Nc − 1) are undetected and hence, ρ(i)

n′ becomes 1.
By using soft replica, the influence of error propaga-

tion can be reduced and the MMSE weight which takes into

account the impact of the residual ISI can be used. There-
fore, soft decision iterative V-BLAST can much improve the
BER performance compared to the hard decision iterative V-
BLAST. However, soft decision iterative V-BLAST always
requires Nc × Nc matrix inversion in all layers of each iter-
ation stage. On the other hand, hard decision iterative V-
BLAST requires matrix inversion only in the first iteration
stage (much smaller size of (Nc − n) × (Nc − n) matrix in-
version in the nth layer of first iteration stage). Therefore,
the hard decision iterative V-BLAST has reduced compu-
tational complexity compared to the soft decision iterative
V-BLAST.

4. Computer Simulation

The condition for the computer simulation is shown in Ta-
ble 1. We assume an FFT block size of Nc = 64 symbols
and a GI of Ng = 16 symbols. The channel is assumed to
be a symbol-spaced L = 16-path frequency-selective block
Rayleigh fading channel having an exponential power delay
profile with the decay factor α. Ideal channel estimation is
assumed.

4.1 Frequency-Domain Block Signal Detection Combined
with Hard Decision Iterative V-BLAST

The average BER performance of SC transmission using
frequency-domain block signal detection combined with
hard decision iterative V-BLAST detection is plotted in
Fig. 4 as a function of average received bit energy-to-
noise power spectrum density ratio Eb/N0(= (Es/N0)(1 +
Ng/Nc)/ log2 M). Also plotted for comparison are the BER
performances achievable by the one-tap MMSE-FDE and
the theoretical lower bound [13].

When MMSE-FDE is used, a big BER performance
gap from the lower bound still exists due to the residual
ISI. For QPSK (16QAM) data modulation, the gap in the
required Eb/N0 for the average BER = 10−4 is 7.2 (10.5)
dB including the GI insertion loss of 0.97 dB. On the other
hand, frequency-domain block signal detection combined
with V-BLAST detection can achieve better BER perfor-
mance than the one-tap MMSE-FDE. It can be seen from
Fig. 4 that frequency-domain block signal detection com-
bined with hard decision iterative V-BLAST detection can
improve the BER performance compared to non iterative V-
BLAST detection (i = 0). The reason for this is discussed

Table 1 Computer simulation condition.

Transmitter
Modulation QPSK, 16QAM
Block size Nc = 64

GI Ng = 16

Channel
Fading type

Frequency-selective
block Rayleigh

Power delay profile
L = 16-path exponential

power delay profile
Decay factor α = 0 ∼ 12dB
Time delay τl = l(l = 0 ∼ L − 1)

Receiver Channel estimation Ideal
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Fig. 4 BER performances using frequency-domain block signal detec-
tion combined with MMSE detection or hard decision iterative V-BLAST.

below. We focus our attention on the detection of d(n).
When i = 0, the interference from d(n + 1) ∼ d(Nc − 1)
still remain. On the other hand, when i > 0, the interference
from d(n + 1) ∼ d(Nc − 1) can be cancelled. Therefore, iter-
ative detection can suppress the ISI sufficiently for the sym-
bols with small indices. For QPSK (16QAM), the Eb/N0

gap from the lower bound for the average BER = 10−4 re-
duces by 4.5(8.5) and 3.7(8.4) dB when i = 0 and 1, respec-
tively. However, the use of more than two iterations (i > 1)
improve the BER performance only slightly due to the error
propagation.

Fig. 5 BER performances using frequency-domain block signal detec-
tion combined with MMSE detection or soft decision iterative V-BLAST.

4.2 Frequency-Domain Block Signal Detection Combined
with Soft Decision Iterative V-BLAST

The average BER performance of SC transmission using
frequency-domain block signal detection combined with
soft decision iterative V-BLAST detection is plotted in Fig. 5
as a function of average received Eb/N0. Also plotted are the
BER performances achievable by the one-tap MMSE-FDE
and the theoretical lower bound.

It can be seen from Fig. 5 that as the number of iter-
ations increases, the BER performance improves and ap-
proaches that of the lower bound. This is because the in-
fluence of error propagation can be reduced by using soft
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replica and the MMSE weight which takes into account
the residual ISI. For QPSK (16QAM), the Eb/N0 gap from
the lower bound for the average BER = 10−4 reduces by
4.0(6.2), 1.8(3.6) and 1.5(3.2) dB when i = 0, 1 and 2, re-
spectively. It can be seen that two iteration (i = 2) provides
sufficiently improved BER performance. Compared to the
hard decision iterative V-BLAST in Sect. 4.1, the soft deci-
sion iterative V-BLAST achieves smaller required Eb/N0 by
0.5(3.3) and 2.0(5.2) dB when i = 0 and 2, respectively, for
QPSK (16QAM).

4.3 Performance Comparison

Figure 6 shows the BER performance comparison between
the frequency-domain block signal detection combined with
iterative V-BLAST. For comparison, the BER performance
of the frequency-domain ISI cancellation [4] is plotted for
i = 0 (MMSE-FDE), 1, 2, 3, and 4; the use of three iteration
(i = 3) provides sufficiently improved BER performance.
For iterative V-BLAST detection, the number of iterations
which provide sufficiently improved BER performance is
used. i = 1 is used for the hard decision iterative V-BLAST,
i = 2 is used for the soft decision iterative V-BLAST. It
can be seen from Fig. 6 that the proposed frequency-domain
block signal detection combined with soft decision itera-
tive V-BLAST provides the best BER performance. In
the case of QPSK (16QAM), the frequency-domain block
signal detection combined with soft decision iterative V-
BLAST can reduce the required average Eb/N0 for an av-
erage BER = 10−4 by 0.4(1.3) dB compared to the conven-
tional frequency-domain ISI cancellation with i = 3.

Figure 7 shows the influence of the channel frequency-
selectivity (represented by the decay factor α) on the achiev-
able BER for the proposed frequency-domain block signal
detection combined with iterative V-BLAST detection (i = 1
for hard decision and i = 2 for soft decision), MMSE-FDE,
and frequency-domain ISI cancellation (i = 3). The suffi-
cient number i of iterations is used for each signal detection
method. It can be seen from Fig. 7 that the BER decreases
with α for all signal detection method because larger fre-
quency diversity gain can be obtained. However, the pro-
posed frequency-domain block signal detection combined
with soft decision iterative V-BLAST provides the smallest
BER regardless of the value of α.

Figure 8 shows the influence of block size Nc on the
achievable BER for the proposed frequency-domain block
signal detection combined with iterative V-BLAST detec-
tion, MMSE-FDE, and frequency-domain ISI cancellation.
As the block size Nc increases, the number of orthogonal
frequency-components increases with the block size Nc. As
the number of orthogonal frequency-components increases,
the achievable BER performance improves because larger
frequency diversity gain is obtained, but the performance
improvement becomes saturated for a large block size be-
cause the achievable maximum diversity order of the chan-
nel is equal to the number L of paths. Consequently, the
achievable BER performance and the computational com-

Fig. 6 BER performance comparison between frequency-domain block
signal detection combined with iterative V-BLAST and conventional
frequency-domain ISI cancellation [4].

plexity depend on the block size. Below, we discuss the
computational complexity.

4.4 Complexity

Figure 9 compares the computational complexities for the
frequency-domain block signal detection combined with it-
erative V-BLAST and conventional frequency-domain ISI
cancellation in case of 16QAM. The complexity here is de-
fined as the number of complex multiply operations required
in the signal detection. The number of iterations is set to
i = 1, 2, and 3 for the hard decision iterative V-BLAST, for
the soft decision iterative V-BLAST, and frequency-domain
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Fig. 7 Influence of frequency-selectivity.

ISI cancellation, respectively. The number of multiply op-
erations per FFT block is given in Table 2. The soft de-
cision iterative V-BLAST requires (i + 1) × Nc times ma-
trix inversion of an Nc × Nc matrix and the total number of
multiply operations is (i + 1)N4

c . On the other hand, hard
decision iterative V-BLAST requires (Nc − n) × (Nc − n)
times matrix inversion in the nth layer of first iteration
stage only and therefore, requires much less computational
complexity. The computational complexity of frequency-
domain block signal detection combined with hard deci-
sion iterative V-BLAST is about 20% of frequency-domain
block signal detection combined with soft decision itera-
tive V-BLAST when Nc = 64. The computational com-
plexity of frequency-domain block signal detection com-

Fig. 8 Influence of block size, Nc.

Fig. 9 Complexity comparison.

bined with soft decision iterative V-BLAST is about 6000
times higher than that of the conventional ISI cancellation
when Nc = 64. The frequency-domain block signal de-
tection combined with soft decision iterative V-BLAST can
improve the BER performance at the cost of increased com-
plexity compared to the conventional ISI cancellation.

In this paper, we did not consider any computation re-
duction algorithm for the matrix inversion required for it-
erative V-BLAST. Various complexity reduction algorithms
have been studied [13]–[15]. Reducing the complexity of
the proposed frequency-domain block signal detection is left
as an important future study item.
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Table 2 Number of multiply operations per block.

Hard decision iterative V-BLAST Soft decision iterative V-BLAST Frequency-domain ISI cancellation [4]
FFT/IFFT Nc log2 Nc Nc log2 Nc 2(i + 1)Nc log2 Nc

Weight computation
Nc−1∑
n=0

[
(Nc − n)3 + Nc(Nc − n)2 + Nc(Nc − n)

]
(i + 1)N4

c + (i + 2)N3
c + (i + 1)N2

c (2i + 1)Nc

Wight multiplication (i + 1)N2
c (i + 1)N2

c (i + 1)Nc

Replica generation (i + 1)N2
c − Nc (i + 1)N3

c + (i + 4)N2
c + 3(i + 15)Nc i(25Nc + 17) + Nc

5. Conclusion

In this paper, we pointed out that the frequency-domain re-
ceived SC signal can be expressed using the matrix repre-
sentation similar to the MIMO multiplexing and therefore,
signal detection schemes developed for MIMO multiplex-
ing can be applied to SC transmission. Accordingly, we
proposed a new frequency-domain block signal detection,
which combines FDE with MIMO signal detection, for the
reception of SC signals. We evaluated, by computer sim-
ulation, the BER performance of SC transmissions using
frequency-domain block signal detection combined with it-
erative V-BLAST detection in a frequency-selective block
Rayleigh fading channel.

The frequency-domain block signal detection com-
bined with iterative V-BLAST detection can reduce the
residual ISI and hence, achieve better BER performance
than the one-tap MMSE-FDE. Further-more, the use of soft
replica for the ISI cancellation can reduce the influence of
error propagation and therefore, improve the BER perfor-
mance compared to the use of hard replica. We also showed
that the frequency-domain block signal detection combined
with soft decision iterative V-BLAST provides better BER
performance than the conventional frequency-domain ISI
cancellation combined with MMSE-FDE, but, at the cost of
increased complexity. The complexity reduction of the pro-
posed signal detection is left as an important future study
item.
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