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Abstract: To improve the detection reliability and reduce the
computational complexity of multiple-input-multiple-output
(MIMO) single carrier-frequency-domain equalization ( SC-
FDE) systems, a novel iterative signal detection algorithm,
called iterative interference cancellation (IIC), is proposed.
Moreover, a receive diversity lower bound (RDLB) is derived
as a benchmark to evaluate the bit error rate performance. The
proposed IIC utilizes the initial value provided by the basic
linear equalization algorithm, progressively removes the inter-
layer interference by the iterative process, and gradually
improves the reliability of the detected results. The results
indicate that the proposed IIC approaches to the RDLB at the
E,/N, of 9 dB and 16 dB for 4-ary and 16-ary quadrature
amplitude modulations, respectively. The computational
complexity of an iterative loop is linear to the number of
transmit antennas, and the overall complexity is lower than
that of a popular vertically Bell laboratory layered space-time
detector when the antenna size is larger than 3 x 3. Therefore,
the proposed algorithm remarkably enhances the reliability of
MIMO SC-FDE systems with an antenna size of not less than 3
x 3 and is computationally efficient and practical even in
large-dimension MIMO systems for Sth-generation (5G) or
beyond 5G communications.
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systems;
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ultiple-input-multiple-output ( MIMO) single-carri-
Mer-frequency-domain equalization ( MIMO SC-
FDE)"" has received great attention as it possesses a simi-
lar capacity and spectral efficiency to MIMO orthogonal
frequency division multiplexing ( OFDM) with a lower
peak-to-average power ratio and less sensitivity to carrier

Received 2021-11-02, Revised 2022-11-27.

Biographies: He Bo (1976—), female, Ph. D. candidate; Cao Luhui
(corresponding author), female, senior engineer, caolh@ sdu. edu. cn.
Foundation items: The National Natural Science Foundation of Shan-
dong Province (No. 62071276), the Key Research and Development
Project of the Ministry of Science ( No.
2020 YFC0833203) .

Citation: He Bo, Du Yan, Cao Luhui, et al. An iterative reaching-di-
versity bound detector for MIMO SC-FDE systems[ J] . Journal of South-
east University (English Edition), 2023,39(1):62 —67. DOI: 10. 3969/

j- issn. 1003 —7985.2023.01. 007.

and Technology

frequency offset. Consequently, it has been employed as
one of the backbone technologies in the standards of long-
term evolution (LTE)"™ and is widely concerned by the
research community and industry™™ .

Similar to MIMO OFDM systems, MIMO SC-FDE
systems can be considered as multiple parallel independ-
ent narrow band MIMO systems in the frequency domain,
which are called sub-systems. Both equalization and deci-
sion are completed in the frequency domain for MIMO
OFDM systems'”, and the probability density function
(PDF) of each decision statistic relates only to its own
sub-system. Unlike MIMO OFDM systems, MIMO SC-
FDE systems reframe the output matrix for IDFT trans-
form after frequency-domain equalization and then make
decisions and realize the detection process in the time do-
main. The PDF of each decision statistic is related to all
sub-systems. Hence, the complexity of its maximum
likelihood (ML) class algorithm is much higher than that
of MIMO OFDM systems, and the ML class algorithm is
difficult to implement due to its prohibitive complexity.

Linear algorithms'”’, including the minimum mean-
square error ( MMSE) criterion and zero-forcing ( ZF)
criterion-based algorithms'®, and enhanced linear algo-

rithms"”

have polynomial complexity. However, they
suffer from noise and residual inter-layer interference
(ILI), and their bit error rate ( BER) performance re-
quires improvement. Therefore, iterative receivers are ap-
plied to further reduce the complexity of matrix inversion
in the linear detection algorithm for large MIMO sys-
tems'™* " .

Various iterative equalizers have been proposed to miti-
gate the noise. Among them, a promising scheme is fre-
quency-domain equalization with noise prediction ( FDE-
NP), which predicts the noise of the current time slot by

1 Meanwhile, a block-iterative deci-

the previous ones
sion feedback equalizer with noise prediction ( NP-BI)
predicts the noise by that of all remaining time slots in the
previous frame''". Clearly, the BER performance of NP-
BI is slightly better than that of FDE-NP due to its full-
usage information. summarized a general

framework for both time- and frequency-domain iterative
12]

Guvensen

block-wise equalization'
However, as the number of antennas increases, the ILI
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has been becoming the main bottleneck of the receivers of
MIMO SC-FDE systems. To overcome this deficiency,
state-of-art interference cancellation algo-
rithms, such as vertically Bell laboratory layered space-
time ( V-BLAST), e
streams are detected per layer in V-BLAST, and the up-
per layer will be canceled as interference when it detects
the lower layer. Unfortunately, as the upper layer has
less diversity gain and causes more errors in V-BLAST al-
gorithms,

An iterative structure is beneficial to the improvement
of the overall diversity gain and BER performance'” . An
efficient algorithm is developed in the following context:
each layer exhibits a comparable diversity gain due to its

successive

have been proposed Information

it decreases the entire BER performance.

iterative interference cancellation process.
1 System Model and Problem Statement
1.1 System model

A MIMO SC-FDE system with N, transmit antennas
and N, receive antennas is considered, which is illustrated
in Fig. 1. The wireless propagation environment is char-

| Bit stream |——| Mappmg'——l Add CP X

| Bit stream |—>| Mappmg|——| Add CP

S e

acterized by slow multipath Rayleigh fading, and the
channel impulse response keeps invariant during a block
transmission cycle and may vary per block'”'.
mum delay of the channel impulse response is no longer
than N_ taps.
between the N, transmit and N,

The maxi-

The frequency-selective fading channels
receive antennas are un-
correlated to each other. Excellent channel state informa-
tion (CSI) is assumed to be available at the receiver, but
no available CSI is imposed on the transmitter. N -inde-
pendent parallel data streams are launched from N trans-
mit antennas, and each stream is called a layer. Each lay-
er is launched in frames,
cyclic prefix (CP), a copy of the N, symbol of the end
part of a frame, is inserted in front of this frame; N, =
N, — 1 is required to remove the inter-symbol interfer-

ence (ISI). Further, N, =N, is assumed to separate N.-
1]

whose length is set to N.. A

independent data streams . A frame of the [-th layer is
denoted by x, = {x,, x,, ..., x)°}, [=1,2, ...,
symbol xf( k=1,2,...,N.) comes from the Gray-encoded
M-ary quadrature amplitude modulation (QAM) constel-
lation with bits of information, and its average power is

o, =2(M-1)/3.

N., where

Receive .
detection :
Y .
Remove FFT | 2% 4—| Bit stream

Fig.1 Block diagram of MIMO SC-FDE systems

The original received frequency-domain baseband sig-
nal matrix is expressed as
Y=y v .. Y Y] (1)
where Y* = {Yf, Y'Z‘ Yﬁ,k}T for k=1, 2, ..., N, denotes
the received signal vector of the k-th sub-channel and su-
perscripts in ( - )" represents transpose.

The input-output relation at the k-th sub-channel is giv-
en by

Ny
= YHX +W =HX +W k=12 _.,N,
=1
(2)
where the additive noise vector W* = (W}, W}, ..., vak 3

is assumed to be i. i. d. circularly symmetric complex

. . . 2
Gaussian with zero mean and variance o,. The channel

frequency response of thek-thsub-channel is denoted by

H' e C"**" as C is the complex matrix (or vector), Y* e
C"*" is the output vector, and X“ e C**' indicates the in-
put vector. The input matrix X = [X' X’ X"

can also be expressed as[X| X, XI,I], where
X, =DFT(x) =F, (x), I=1,2, .., N;. Here F, de-
notes the DFT matrix with N, dimensions.

1.2 Problem statement

The detection algorithm aims to restore the original data

block x, which includes two basic procedures: equaliza-
tion and decision. The frequency-domain equalization is
to invert the effect of the channel, that is,
statistical equation, where the input vector X" is estimated
by the output signal vector ¥* and sub-channel matrix H"*.

X =fY | HY k=1,2, .., N, (3)

to solve the

When all of the estimated signal vectors f("( k=1, 2,
..., N.) are obtained, they are reorganized into N, data
frames.

X, ={X.X,..,X"} [=1,2, .., N; (4)
These N, frames are converted into time domain statis-

tics by IDFT (or IFFT) transformation; that is,
§,=F,'(X) I=1,2,.., N, (5)

where F p;cl denotes the IDFT matrix with N, dimensions.
The decision procedure is to slice the elements of statistic
vector §, as coordinates on the M-ary QAM constellation
map, according to the ML criterion; that is,

x,=D(§) 1=1,2, .., N, (6)
where D( - ) denotes the decision operation. Ideally, %,
=x,; that is, the launched frame is completely restored,

and the BER is 0. However, in general, equalization and

decision processes cannot completely eliminate interfer-
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ence and noise. Therefore, ¥, is close, but not equal to x,
(I=1,2,...,N;).

2 RDLB and IIC Algorithms for MIMO SC-
FDE Detection

Regarding spatially multiplexed systems, interference
sources may come from two aspects: ISI and ILI. If sub-
channels are orthogonal to each other, the ISI, which is
caused by frequency-selective fading while experienced in
multipath propagation environments, can be effectively
eliminated using appropriate signal processing methods.
Meanwhile, the ILI results from the superposition on the
receiving ends of N, bunches of independent transmission
To date,
completely cancel this mutual interference but to suppress
it to the extent possible. Clearly, the more thoroughly the
interference is suppressed, the better the possible BER
performance.

It is easy to understand that a genie-aided system with
attainable RDLB implies that it is ILI-free, which is theo-
retically equivalent to N, parallel independent single-input

data streams. there is no effective means to

multiple-output ( SIMO) systems. In SIMO systems, a
data stream from a transmitter is simultaneously received
by the N, receiving ends, and N,-received copies are ob-
tained. The possibility of multiple copies undergoing
deep fading simultaneously is greatly reduced. Therefore,
the system receiving reliability can be greatly improved
by combining based on the ML criterion. Consider the
RDLB of this ideal case in the following aspects.

2.1 Receiving-diversity bound

Without loss of generality, the output vector of the /-th
layer at the k-th sub-channel is

PP=H'X +W  1=1,2,...N;; k=1,2, ..., N. (7)

If the maximum ratio combination (MRC) criterion is
followed™, then the estimated value of the input frequen-
cy-domain component in the 1-th layer is obtained; that is

Xy =X, +(H) "W k=1,2, ..., N, (8)
where (H)) " =[(H))"(H))] ' (H;)". The values are
organized into a frame after estimating all N_ input fre-
quency-domain components.

X =[x X .. X X)] =
(X, X; X"+ W, =X, + W, (9)
where W, = ((H,) " W', (H;)*W*, .., (H)) " W'}
After the IDFT (or IFFT) transformation, )V( , s converted
to statistic vector §,

§,=F;'(X) =x,+F;'W, (10)

Recovered symbols X, are obtained by judging the sta-

A

tistic vector §,; that is, £, = D(S§,). At this point, the

BER of %, is further analyzed. From Eq. (10), the pend-
ing statistic vector §, comprises two parts: the originally
launched data frame x,, whose components come from
the coordinates of the M-ary QAM constellation, and the

. . -1 = A e
zero mean Gaussian noise vector F W,. Thus, §, is a
complex Gaussian vector, whose expectation is vector x,,
and the correlation matrix can be expressed as

B,=F,'ELWW/!I|F, [=1,2,.,N, (1)

E[W,W}]'] = diag[g]
g2=1{8,8 - &y }T =

2

g, Iy + g2 Iy + g2 Ney + ) 29T
N7C{ | CH) (5 (FCH) |5 [ CH) T 7
(12)

where E[ - ] denotes the expectation function. The co-
variance matrix B, = [bf./.] (i,j=1,2, .., N.), whose di-
agonal entries b'kk( k=1,2, .., N.) are the covariance of
the statistics and

2 Ne
g, -
by =2 I H| ™ (13)

NC k=1

For the rectangular M-ary QAM constellation with Gray

coding, the virtual part is independent of the real part for

the components of the statistic vector. Each component is

decided independently based on the minimum distance
criterion. Thus,

VM -1
V' Mlog,M

where Q( - ) is the Gaussian tail function. The total BER
of the system is the average BER of all N, layers; that is

P,~4 Q(2b;") (14)

N

1-1/2
/MNTlogzMIZf 0257

P o~ 4(/M -1)

b

(15)

2.2 IIC algorithm for MIMO SC-FDE detection

The proposed IIC algorithm treats all transmitted sig-
nals as interference except for the desired stream from the
target antenna. Further, the ILI is reconstructed based on
the intermediate detection results. Therefore, the recon-
structed ILI are subtracted from the received and remai-
ning signals with the reduced interference achieving a lar-
ger diversity order. The IIC algorithm (see Fig.2) is de-
scribed in detail in the following. First, linear equaliza-
tion is performed for each sub-channel of the MIMO SC-
FDE system, and the initial equalized output vector )A((’;
k=1,2, ..., N, is obtained; that is

X, =G'Y" k=12 ..,N, (16)

Subscript 0 represents the initial value, and subscript
N, indicates the N, ,-loop iteration, the same as below.
If the MMSE is adopted, the equalization matrix G =
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h <—| Renew |<—|D( J )H Output|

Initial value

Reconstruction) [ IDFT

Fig.2 Proposed IIC for MIMO SC-FDE/MA systems
2 -1
[(H")”Hk +U—;1Nr] (HY", where G* ¢ €™, and if
a-x
ZF is adopted, the equalization matrix G* =
[(HY"H"] '(H")". Here, superscripts in ( - )" repre-
sent the conjugate transpose. All the initial equalized out-
put vectors can be written as matrix X,.

A

=% X .. X .. X1-=

(X, X,, X, X 0" an

where XM represents the first /-th layer initial equalized
output vector and its dimension is N, [ =1, 2, ..., N,.
Further, X,, denotes the launched symbol of the /-th lay-
er, according to Egs. (3) to (6)

£,,=D(F;'(X,)) 1=1,2,...,N, (18)

Then, take the [-th layer update as an example to de-
scribe the iterative update process, and transform X, by
DFT to obtain the estimated value in the frequency do-
main of the corresponding m layer signal; that is

X,, =F,(£,) m=1,2, .., Ny m#l
X()m = [X(IJ X(ZJm X(IJ\:;]

m

(19)

The k-th component X;, represents the estimated value
of the k-th sub-channel of the m-th layer. According to
X,,, the reconstruction symbol in the frequency domain
of the m-th layer is expressed as

E =X

‘HY k=1,2,.., N, (20)

Ignoring the noise, E' denotes the receiving contribu-
tion of the m-th component to the receiving Y*, and H' is
the m-th column of the k-th sub-channel. Finally, the in-
terference cancellation of the /-th layer is expressed as

Ny
E =Y - 3 E,

(21)

where E| is a vector with N x 1 dimension, which can be
regarded as the N, receiving copies of symbol X, adding
the noise. The new estimated value X} of X} is achieved
when MRC is adopted.
X, =(H)'E, k=12, ..

. Ne (22)

)A(H = {X}yl, X, . )A(f{“l} is reorganized into a frame.
According to Egs. (3) to (6), the new detection result of
the /-th layer is achieved after the DFT transformation and
decision.

£,=D(F,' (X)) 1=1,2,..,N, (23)

If the initial detection ¥, is not too bad, the error prop-
agation (EP) caused by £, can be offset by the diversity
gain (see Eq. (22)). Compared with the initial estimate
value £, £, , possesses a slightly higher accuracy rate.
Then, the reconstruction signal (see Eq. (20)) of the I-th
layer is replaced by

E, =X H,

k=1,2, ... N, (24)

A slightly better result is achieved, and the BER de-
creases after the iterative update process. The above
process is performed per layer until the updated result of
all N; layers is obtained. If all the N, layer estimation re-
sults are updated once, this is called a 1-loop iteration.
To achieve a balance between performance and complexi-
ty, several parameters should be considered when selec-
ting iteration loops, such as modulation order M, antenna
dimension N, x N, and frame length N,.

3 Computational Complexity and Simulations
Analysis

3.1 Computational complexity analysis

In this study, the computational complexity is meas-
ured by the number of complex multiplications and com-
plex additions per block. The computational complexity
calculation is divided into two parts: coefficients and
equalization. According to NP-BI'', the forward fre-
quency-domain MMSE equalization, which includes one-
time FFT, N times C"*" x C"**' matrix multiplications,
and one-time IFFT, requires N[ N.N; +0. 5(N; + Ny)
log,N] complex multiplications and N[ N.N; + (N; + Ny)
log,N] complex additions. Then, the forward frequency-
domain MMSE equalizer Gk(k =1,2, .., N) costs N( N;
+ N3N, +N;) complex multiplications and N(N; + N3N,
+N;) complex additions.

The complexity for a loop of the IIC equalization is
one-time FFT, one-time IFFT, one-time Ef(k =1,2, ...,
N.; 1=1,2, ..., N;) calculation, one-time MRC, and in-
terference elimination. Hence, N, ,loop iteration requires
N, ,(N;Nlog,N + NN.N; + NN.N;) complex multiplica-
tions and N, (2N, Nlog,N + NN.N, + 2NN, N,) complex
additions. The complexity of the IIC coefficient calcula-
tions includes E} (k= 1,2, ... Nos 1 =1, 1, ..., 1),
MRC coefficients (Hf) *, and one-time FFT. Thus, it
also requires N (0. 5N;log,N + 3NN, — N,) complex
multiplications and N( N log,N + 2N N, — N;) complex
additions. Further, the total complexity of the proposed
TIC requires N[ (N, +0.5N,)log,N + 4NN, - N, + N, +
N.N, +N,] +N,,NN,(log,N +2N,) complex multiplica-
tions and N[(2N, + N,) log,N + 3N,N, - N, + Nj +
N.N, + N1 + N, NN, (2log,N + 3N,) complex addi-
tions.

Fig. 3 shows the variation trend of computational com-
plexity with an increase in the antenna scale. Here, N,
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=4 and N. =1 024. It can be summarized that the linear
algorithm MMSE has the smallest amount of computa-
tion, while NP-BI and FDE-NP and the proposed IIC
have similar calculation complexity. With an increase in
the number of transmitting and receiving antennas, the
operational complexity of the V-BLAST algorithm increa-
ses significantly and exceeds that of NP-BI, FDE-NP,
and IIC.

14r
— MMSE
12k —— V-BLAST
— 1IC
10k —— NP-BI
—— FDE-NP
8

N s N

4 5 6 7 8
Number of transmit/receive antennas

[}
N
(V%)

Numbers of complex multiplications/10°

Fig.3 Calculation complexity comparison

In addition, the proposed IIC has a parallel scheme in
which multiple layers can renew simultaneously in a loop
(at most, half of all layers). Therefore, the practical
computational efficiency can be further enhanced, espe-
cially in large antenna scale systems.

3.2 Simulations analysis

The performance of the proposed IIC algorithm is eval-
uated through simulations. Typical urban channel model
COST 259 is employed in simulations. The sampling rate
is 2 x 10" samples per second, the frame length N, =
1 024, CP length is 64, modulation modes are 4-ary
quadrature amplitude modulation (4QAM), 16-ary quad-
rature amplitude modulation (16QAM), and 64-ary quad-
rature amplitude modulation (64QAM). Iterative loops
N, for 64QAM is 8, for 16QAM is 6, and for 4QAM
is 4.

Fig. 4 shows the influence of iterative loops on the per-
formance of IIC algorithms, Fig.4 (a) is for 4QAM, and
Fig. 4(b) is for 16QAM. The compared algorithms are
MMSE, V-BLAST'"", and the IIC algorithm of 1-loop,
2-loops, (N, — 1)-loops, and N,,-loops, where V-
BLASTS are based on the MMSE. The simulations show
clearly that the BER performance of the IIC algorithm en-
hances with an increase in the loops of iteration, especial-
ly in the initial few loops.

The performance enhancement comes from the efficient
mitigation of the EP, which is introduced by incorrect de-
tection results and hinders the acquisition of maximal di-
versity gain. However, as the loop of iteration increases,
IIC improvements tend to saturate. At a higher SNR, the
curves of the proposed IIC are close, and then at 9 dB
for 4QAM and 16 dB for 16QAM, they approximately

L — MMSE
—e— V-BLAST
—— 1-loop IIC
——2-loops 1IC
—v—3-loops IIC
107 —a— 4-loops 11C
---- Lower bound
1077 1 1 1 1 ]
3 5 7 E 9 11 13
b
T(,/dB

(a)

101

10°T

1072

BER

10*F— MMSE
—— V-BLAST
—— -loop IIC
—+—2-loops IIC
| .= 7-loops 1IC
107 8-loops 11C
---- Lower bound
1 1

4 8 12

N 16 20 24
A-/dB

(b)
Fig.4 Uncoded BER performance for MIMO SC-FDE sys-
tems. (a) 4QAM; (b) 16QAM

approach their RDLBs.

The performances of several detection algorithms are
compared in Fig.5, where N, =N, =4, and the modula-
tion mode is 64QAM. Evidently, the proposed IIC is ro-
bust against high modulation order and performs much
better than other algorithms.

10°-

10
— MMSE
—— V-BLAST
——[IC

—o— NP-BI
—— FDE-NP

‘IO*G 1 1 1 1 I
17 19 21 23 25 27

E
N—:/dB

Uncoded BER performance for MIMO SC-FDE systems

Fig. 5

4 Conclusions

1) IIC, an iteration algorithm, was proposed for the
detection of the MIMO SC-FDE system and compared
with NP-BI and FDE-NP. Simulation results revealed that
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the proposed IIC algorithm has a high performance, espe-
cially in systems with large-scale antennas and/or high
modulation order.

2) Then, the RDLB of the BER performance for MI-
MO SC-FDE systems has been derived in the typical
broadband wireless propagation environments character-
ized by multipath Rayleigh fading, which is facilitated to
evaluate and compare the BER performance of detection
algorithms since ML class algorithms are impractical due
to their prohibitive complexity.

3) The computational complexity of the proposed IIC
has been further analyzed. The computational complexity
of an iterative loop is linear to the number of transmit an-
tennas. Hence, IIC is computationally efficient and prac-
tical even in large-dimension MIMO systems.

4) The proposed IIC algorithm and derived RDLB are
also suitable for MIMO SC-FDMA systems.
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