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A Novel Receiver Design for Single-Carrier Frequency Domain
Equalization in Broadband Wireless Networks with
Amplify-and-Forward Relaying

Homa Eghbali, Sami Muhaidat, and Naofal Al-Dhahir

Abstract—In this paper, we propose an efficient receiver design
for single carrier frequency-domain equalization (SC-FDE) for
relay-assisted transmission scenario over frequency selective
channels. Building upon our earlier work, we propose a novel
minimum mean square error (MMSE)-based receiver design
tailored to broadband cooperative networks. We show that, by
incorporating linear processing techniques, our MMSE-based re-
ceiver is able to collect full antenna and multipath diversity gains,
while maintaining low complexity implementation. Specifically,
under the assumption of perfect power control and high signal-
to-noise ratio (SNR) for the underlying links and assuming either
of source-to-relay (S — R) or relay-to-destination (R — D)
links to be frequency selective Rician fading, our performance
analysis demonstrates that the proposed receiver is able to
achieve a maximum diversity order of min(Lsg, Lrp)+Lsp+2,
where Lsr, Lrp, and Lsp are the channel memory lengths for
S — R, R — D, and source-to-destination (S — D) links,
respectively. Simulation results demonstrate that our proposed
receiver outperforms the conventional cooperative MMSE-SC-
FDE receiver by performing close to the matched filter bound
(MFB).

Index Terms—Single-carrier frequency domain equalization,
cooperative diversity, distributed space-time block coding(STBC),
equalization, fading channels, pairwise error probability.

I. INTRODUCTION

HE increasing demand for wireless multimedia and in-

teractive Internet services has lead to intensive research
efforts on high speed data transmission. A key challenge for
high-speed broadband applications is the dispersive nature
of frequency-selective fading channels, which causes the so-
called intersymbol interference (ISI), leading to an inevitable
performance degradation. An efficient approach to mitigate ISI
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is the use of single-carrier (SC) modulation combined with
frequency domain equalization (FDE). It has been shown that
FDE is an attractive equalization scheme for broadband wire-
less channels which are characterized by their long impulse
response memory [1], [2]. Unlike time-domain equalization
whose complexity grows exponentially with channel memory
and spectral efficiency, SC-FDE enjoys lower complexity,
due to its use of the computationally efficient fast Fourier
transform (FFT). Furthermore, SC-FDE has several advantages
over orthogonal frequency-division multiplexing (OFDM) sys-
tems [2], such as large peak-to-average ratio and the sensitivity
to carrier-frequency offsets.

Space-time coding has been proposed as a communication
technique for wireless system to realize spatial diversity by
introducing temporal and spatial correlations into the transmit-
ted signals from different antennas [3]. In [4], Alamouti has
proposed an elegant space-time block code (STBC) that guar-
antees full spatial diversity and full rate over frequency-flat
channels. Based on the work of [4], a combination of STBC
with SC-FDE for frequency-selective channels presented in
[5].

Due to size and power limitations, the deployment of
multiple antennas might not be practical for the cellular mobile
devices, as well as in ad hoc mobile. Recently, it has been
demonstrated that “cooperative diversity” provides an effective
means of improving spectral and power efficiency of wireless
networks as an alternative to multiple-antenna transmission
schemes [6-10]. The main idea behind cooperative diversity
is based on the observation that in a wireless environment,
the signal transmitted by the source nodes is overheard by
other nodes, which can be defined as partners. The source and
its partners can jointly process and transmit their information,
creating a “virtual antenna array”, although each of them is
equipped with only one antenna.

Related work and contributions: Although most of the
current literature on SC-FDE is limited to point-to-point
systems, there have been recent results reported on FDE in
the context of cooperative scenarios [6], [11]. Distributed-
STBC (D-STBC) SC-FDE has been discussed in [6], assuming
the maximum likelihood sequence detector (MLSD) equaliza-
tion. Although significant diversity gains were demonstrated,
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the complexity of the MLSD equalizers increases with the
channel memory, signal constellation size, and the number
of transmit/receive antennas. This, in turn, places significant
additional computational and power consumption loads on the
receiver side. Therefore, low-complexity equalization schemes
without sacrificing performance are particularly desirable,
especially for cases where the receiver implementation is sup-
posed to be simple and required to operate on a limited battery
power. In this paper, we propose a novel reduced-complexity
MMSE-based receiver design for D-SC-FDE transmissions
and demonstrate that our proposed receiver is able to collect
full multipath and spatial diversity orders, while providing
moderate and low complexity implementation compared to
MMSE-D-STBC-SC and MLSD, respectively.

Our contributions in this work are summarized as follows:

o Building upon our earlier work in [12], we propose a
novel reduced complexity receiver design for distributed
single-carrier frequency domain equalization in a relay-
assisted transmission scenario. We assume that either of
S — R or R — D links are frequency selective Rician
fading.

o We derive the pairwise error probability (PEP) expression
for the proposed receiver and show that a maximum di-
versity order of min(Lsg, Lrp)+ Lsp+2 is achievable,
where Lgsr, Lrp, and Lgp are the channel memory
lengths for S — R, R — D, and S — D links,
respectively.

o We present a detailed complexity analysis for the pro-
posed, MMSE-D-STBC-SC, and MLSD receivers.

The rest of this paper is organized as follows: In Sec. II, we
describe our assumptions and the relay-assisted transmission
model. The reduced-complexity MMSE-based receiver for D-
SC-STBC is proposed in Sec.IIl, followed by the diversity
gain analysis in Sec. IV. Computational complexity analysis
and numerical results are presented in Sec. V and Sec. VI,
respectively. The paper is concluded in Sec. VII.

Notation: (.), ()", and(.)" denote conjugate, transpose, and
Hermitian transpose operations, respectively. ® denotes Kro-
necker product, |.| denotes the absolute value, ||.|| denotes the
Euclidean norm of a vector, [.]x; denotes the (k,)!" entry of
a matrix, [.]x denotes the kth entry of a vector. Iy denotes
the identity matrix of size N, and Op;xps denotes all-zero
matrix of size M x M. For a vectora = [ ag aN_l]T,
[Phals =a((N — s+ ¢) mod N) where P isa N x N per-
mutation matrix. Q represents the N x N FFT matrix whose
(Lk) element is given by Q(l,k) = 1/v/N exp(—j2xlk/N)
where 0 < [,k < N — 1. A circularly symmetric complex
Gaussian random variable is a random variable Z = X +35Y ~
EN(0,0?%), where X and Y are i.i.d. N(0, "72) Bold upper-
case letters denote matrices and bold lower-case letters denote
vectors.

II. SYSTEM MODEL

A single-relay assisted cooperative communication scenario
is considered. All terminals are equipped with single transmit
and receive antennas. Any linear modulation technique such

as QAM or PSK modulation can be used. We assume amplify-
and-forward (AF) relaying and adopt the user cooperation pro-
tocol proposed by Nabar er. al. [13]. Specifically, the source
terminal communicates with the relay terminal during the first
signaling interval. There is no transmission from source-to-
destination within this period. In the second signaling interval,
both the relay and source terminals communicate with the
destination terminal.

The channel impulse responses (CIRs) for S — R,
S — D and R — D links for the j** transmission

: , : T
block are given by hl, = [th[O},...,th[LSR]} ,

{h'ng[O], s h{S‘D[LSDﬂ !

h%D[O], ey h;DLD[LRD] , respectively, where Lsgr, Lsp
and Lrp denote the corresponding channel memory lengths.
The S — R link is assumed to be frequency selective
Rician fading with power delay profile vector denoted
by vsg = [0%5(0),...,0%5(Lsg)] that is normalized
such that Zf:}lo 0%p(lsg) = 1 [14]. The random
vectors hg% p and hfg p» are assumed to be independent
zero-mean complex Gaussian with power delay profile
vectors denoted by vgp = [0%p(0),....,0%p(Lrp)] and
vsp = [0%5(0),...,0%(Lsp)] that are normalized such
that Y777 (0%, (Irp) = 1 and 3,57 0%, (Isp) = 1.
For the sake of presentation simplicity, the symmetrical
scenario, in which the R — D link is considered to be
frequency selective Rician fading is omitted here. The CIRs
are assumed to be constant over two consecutive blocks and
vary independently every two blocks.

Information symbols are first parsed to two streams of
M x 1 blocks 7, ¢ = 1,2 and then multiplied by a zero-
padding (ZP) matrix ¥ = [1}4, 0%/ e] T of size Nx M , where
¢ = max (Lsgr,Lsp,Lrp) and N is the frame length. The
use of zero-padding as the precoding method in a single-carrier
transmission scenario ensures that the available multipath
diversity is fully exploited. To further remove inter-block inter-
ference and make the channel matrix circulant, a cyclic prefix
(CP) with length ¢ is added between adjacent information
blocks. Due to the adopted precoding form, i.e., zero padding,
we simply insert additional zeros at the start of the frame as
CP. The transmitted blocks for S — R and S — D links are
generated by the encoding rule df ! = —Ja;€ ,ditt = J(_illC
k = 0,2,4,6,..., where d; = ¥x,;, i« = 1,2, is the zero-
padded information vector and J = P! is a N x N partial
permutation matrix.

hl, = and h}, =

III. MMSE-BASED RECEIVER FOR D-SC-STBC

In this section, we propose a novel, reduced-complexity
MMSE-based receiver which enjoys a remarkably simple
decoding scheme. We show in the following section that the
new proposed receiver is able to collect full antenna and
multipath diversity gains.

The proposed receiver includes an MMSE equalizer, fol-
lowed by linear processing operations. Specifically, the first
stage consists of the MMSE-D-STBC-SC scheme [6] with
frequency domain equalization, while the second stage is
responsible for extracting the underlying multipath diversity
by applying linear processing techniques in the time domain.
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The signal received at the relay terminal during the first
signaling interval is

), = /EsgHLpd] + n, (1)

where ng% is the additive white Gaussian noise vector with
each entry having zero-mean and variance of Ny /2 per dimen-
sion. The relay terminal normalizes each entry of the received
signal [rfé]n, n=1,2,...,N, by a factor of E (|[r§3]n|2) =
Esgr + Ny to ensure unit average energy and re-transmits the
signal during the second time slot. After some mathematical
manipulations, the received signal at the destination terminal
in the second time slot is given by

= /ﬁﬂgDHng{ +V/EspH)pd) +17. (2)
In (2), each entry of the effective noise term n; (conditioned
on hrp) has zero mean and a variance of p/Ny where p

L3
g_jo\hRD (m)[%. In (1)-(2),

H{g R H{g p and H%D are N x N circulant matrices with
entries [H!]x; = h!((k—1) mod N), i denotes SR, SD, RD,
respectively. Finally, Fsr, Esp and Erp are the average
energies available at the respective terminal which take into
account possibly different path loss and shadowing effects
between the S — D and R — D links, respectively. The
destination terminal normalizes the received signal by a factor
of \/p. This does not affect the SNR, but simplifies the ensuing
presentation [13]. After normalization, we obtain

v/ = VHRpHEpd] + vHLpdh +07 (3)

where n’/ is CN(0,Np) and the scaling coefficients 1,
72 are defined as 3 = ¢, and 72 = { respec-
tively, where a = (ESR/NO)ERD, b =1+ ESR/NO +

Ls
z ‘hRD (m)‘QERD/No, and ¢ = (1 + ESR/N())ESD.
0

nguming that the channel coefficients remain constant over
two consecutive blocks, i.e., Hf = Hf“ = H,, 7 denotes
SR,SD, RD, the received signals for blocks j and j + 1 are
given by

ri/ = yrHppHgpd] + /2Hgpd) + 1’ “)

Erp

is defined by p = 1+ 5224

o/t = _WHRDHSRJd;+ﬁHSDJdi+ +n/t (5)

Next, we transform the received signals to the frequency
domain by applying the DFT (Discrete Fourier Transform)
, 1.e., multiplying by the Q matrix

Qr’ = /71QHRpHsrd] + v72QHspd) + Qn’  (6)

QIFH = — ATQHY L HE d)+ /72 QHY ,d] + QIR L.

@)
Exploiting the circulant structure of the channel matrices, we
have H] = QYAJQ, where A?, i denotes SR, SD, RD, is a
diagonal matrix whose (n,n) element is equal to the n'" DFT
coefficient of h!. Using the circulant structure and dropping
the subscript j for brevity, we can write (6) and (7) in matrix

form as
Qri | _ | /71ArDAsE V2Asp uj
QJr2 V¥2Asp  —\/71ArpAsr uf

n ~ o~
, , _®)
where u] = Qd/ for i = 1,2 and j = k,k + 1. Since A is
an orthogonal matrix of size 2N x 2N, we can mul/ti ly (8)
—1/2\ .
by K = (Iz ® (71|ARD\2\ASR\2 +72\ASD\2) A"

The resulting output streams are now decoupled allowing us
to write each output sequence as

= \/Vl\ARD\2\ASR|2 +72|Asp|°Qd} +nk,,; (9

where n¥ , ; is a noise vector with each entry CN(0, Np).

The decoded signal streams in (9) are fed into a minimum
Euclidean distance decoder yielding X; and Xa, i.e., a decoded
version of the transmitted symbols.

%X; and X, are then fed into the second stage which
is capable of exploiting the underlying multipath diversity.
Specifically, consider the generation of the matrix IL;;, | =

0,1,2,..., L, as follows:
Msrpal, 0 =1,...Lsr+ Lrp +1
_ 0 p—qmod N =1
~ | H'rpH'sgr],, p—gqmod N #1,
[HSD,l]nqal = 1a tey LSD +1

_ 0 p—qgmod N =1
- [H/SDLMZ p—qgmod N # [,
Msp,l, ! =Lsp+2,...,Lsg+ Lrp +1=[H'sp]

p,q’ D.q

(10)
where 1 < p,q < N, then, (4) and (5) can be re-written as

vt =11 — (Vilsrp ¥R + P2llsp, Uke) (1)

vh =12 — (=71 Hsrp, J¥X2 + /2lsp, 1 JTXy) . (12)

where r; and ry are the received signals in (5) and (6).
Under the high SNR assumption which are only to facilitate
the analysis [13], we can safely assume that x; ~ X; and
Xo & Xo. Therefore, we can write (11) and (12) as follows:

vl = V71 Hsrp, ¥x1 + 72Hsp ¥xs + 01,  (13)

vy = —11Hsrp J¥Xs + 72 Hsp  JUX, +ng, (14)
where n; (i=1,2) is €N(0, Ny) and

[HSRDJ]p’W l=1,..,Lsr+Lgp +1
_ { HrpHsg|,, p—gmod N =1
0 p—qgmod N #1
[HSD,l]p7q7 = 1,...,LSD+1 =
{ [Hsp}p,q p—qudN:l
0 p—qgmod N #1
[HSD,Z] l=Lsp+2,....Lsg+Lrp+1 =0.
(15)
Conjugating J yl2 and using the fact JH; ;J = HEZ, we obtain

»,q’°

Iyl = —\/71HIS{RD,1‘I’X2 +V72HGp  Ux; 4 Iy, (16)
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In matrix form, we can write (13) and (14) as

yio]_

Iy}

VYiHserp:  /72Hspy Ux; | m

\/V_2H§ID,1 _\/7_1HI§RD,1 Uxo Jnp |-

He.q,l
a7
After multiplying , a7 by
—-1/2

(Iz (39 ('Yl , 2 + 72‘H5D71|2) ) ng,l’ we observe
that the output streams are decoupled (due to orthogonality

of Heq1), allowing us to write

z; = \/71\HSRD,1\2 +7Hsp [*Tx; + 1 (18)

where the noise term is still complex Gaussian with the
variance of Ny/2 per dimension. Interestingly, the frequency
selective channels are now converted in to parallel independent
frequency flat channels. The signals z},1 = 0, 1, ..., L, can now
be combined, resulting in

L
z; = Z\/M\HSRD,Z|2 +72[Hspa[*¥x; + 8, (19)
1=0
where without loss of generality, L = Lgr+ Lrp+ 1 and 1,
is complex Gaussian with variance of Nj = (L + 1)Ny/2 per
dimension. The signals in (19) are then fed into a maximum

likelihood decoder to recover the transmitted symbols.

IV. DIVERSITY GAIN ANALYSIS

In this section we present the achievable diversity order
of the proposed receiver based on the derivation of PEP
expression, following [6]. Note that the scheme is different
from [6] in the sense that the underlying channel model for
either of S — R or R — D links is frequency selective Rician
fading. After skipping some steps, which are omitted here due
to space limitation, we can write the final PEP expressions as:
Case I: Lrp > Lsg
We found the final PEP expression given as
(4n?)Esrtt o n2(@sptD)

P(x,%) < TRy

Lrp—Lsr

(E 0) LSR+1 ,(LSR+1) (LRD—LSR) (20)
( L AsD ZSD))il

where F[] represents the gamma function [15],

R = % and Asr(lsr)(Asp(lsp)) denote

the lghR (lghD) eigenvalue of codeword difference matrixes
between transmitted codeword vector and the erroneously-
decoded codeword vector.

Case II: Lsg > Lgrp

We found the final PEP expression given as

P(x,%) < [(Lsr + 1)(Lsg + 1 + Kg)]Fr0—bsn/2
(Lrp+1) L
X@fKR(ZlE]VL/D) RD RD )\RD(ZRD)—l
’ Irp=0

—1
ASD(ZSD))
(21)

L
i K DLsptk—Lrp) | f—’f 14+ Esp
RET(Lsp+k+1) IN7,
k=0 lsp=0

TABLE I
COMPARISON OF OVERALL COMPUTATIONAL COMPLEXITY

Implementation Number of Complex Multiplications

N(logl +4) + (N + 1)(Lsr + Lsp + Lrp + 2)
o< MA®
N(logy +4)

Proposed

MLSD
MMSE-D-STBC-SC

Lsr

> Ky, and K, is the Rician param-
lsp=0
eter on the ZSRth tap. It is observed from (20) and (21)
that the maximum achievable diversity order is given by

min(LSR, LRD) + Lsp + 2.

where Krp =

V. COMPUTATIONAL COMPLEXITY ANALYSIS

In this section, we focus on the computational complexity
of the proposed receiver compared to the MLSD and con-
ventional MMSE-D-STBC-SC receivers. The computational
complexity is measured based on the number of the com-
plex multiplications. The overall computational complexity
for the proposed, MLSD, and conventional MMSE-D-STBC-
SC receivers are summarized in Table I. In the complexity
expression for the MLSD receiver, M is the frame length
chosen from an alphabet containing A complex symbols and
a =max (Lsg+ Lrp +1,Lsp +1).

Fig. 1 illustrates the percentage increase in the computa-
tional complexity of the proposed receiver, plotted against
the sum of the memory order of the three links, Lgr +
Lrp + Lsp + 2, and N. For instance, for N = 2048 and
Lsr = Lrp = Lsp = 1, the computational complexity of
the proposed receiver is only 33.3% more compared to the
conventional MMSE-D-STBC-SC receiver. This percentage
is 3775% for N = 1024 and LSR = LRD = LSD =1
and 46.69% for N = 2048 and Lsr + Lrp + Lsp = 5,
as illustrated in Fig. 1. Note that even though the imple-
mentation of our receiver comes with additional complexity
in comparison with the conventional MMSE, it provides a
significant improvement in performance in terms of the symbol
error rate (SER) performance, which will be illustrated in the
numerical results section. This improvement in performance
comes at the cost of additional linear processing techniques,
which can be implemented easily in practice. It should be
further noted that the proposed receiver enjoys a much lower
decoding complexity compared to the MLSD receiver, which
has certainly prohibitive complexity, specially, when the con-
stellation size of the transmitted signals, channel memory
length, and/or the number of participating relays increases.
As an example, assuming 4 PSK modulation, for a data block
length of M = 150, N = 1024, Lsr + Lrp + 1 = 4, and
Lsp + 1 = 3, the MLSD receivers complexity is 78.51%
higher than the proposed receiver.

VI. NUMERICAL RESULTS

In this section, we present Monte-Carlo simulation results
for the proposed receiver, assuming a quasi-static frequency-
selective Rician fading channel for the S — R link, which
is suitable for suburban areas that a line-of-sight (LOS) path
often exists, and quasi-static Rayleigh fading channels for
S — D and R — D links. We assume 16-PSK modulation.
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Percentage Increase in Complexity
S

Fig. 1. Percentage increase in the computational complexity of the proposed
receiver compared to MMSE-D-SC-STBC.

Rician fading is characterized by the K, factor (K;,, = n?)
which is the power ratio of the LOS and the diffused com-
ponents. It represents Rayleigh fading for K;,, = 0, and
no fading when K;,,, — oo. This makes Rician fading as
a general model for land mobile channels [16].

First, the scenarios with different combinations of channel
memory lengths are studied. We assume Fgr/Ny = 40 dB
and consider three different scenarios. (N = 64)

1) LSR = S,LRD = Q,LSD =1and K =7dB

2) LSR = 3>LRD = 2>LSD =land K =0

3) LSR = 2>LRD = 3>LSD =land K =0

In Fig. 2, Performance of MMSE-D-SC-STBC and the pro-
posed receiver for each of these scenarios is illustrated. As a
benchmark, we also include MFB performance, which doesn’t
take ISI into account. It can be seen that identical SER
performance is achieved by interchanging the values of Lgp
and Lgrp, which confirms our previous observations from
PEP analysis. It is clear from the slope of the curves that
our new receiver is able to collect full diversity gains, i.e.,
min(Lrp,Lsr) + Lsp + 2 = 5, confirming our earlier
conclusion. Our simulation results indicate that, for the first
scenario, the proposed receiver outperforms the MMSE-D-SC-
STBC equalizer by ~5.5 dB at SER = 10~2. For the second
scenario, the proposed receiver outperforms the MMSE-D-SC-
STBC receiver by ~4.5 dB at SER = 10~2. The proposed
receiver still has a degradation of 1 dB compared to the MFB.

Secondly, we assume Esp/No = 40 dB and consider
the following cases in Fig. 3, where performance of the
following scenarios is analyzed for MMSE-D-SC-STBC and
the proposed receiver. (N = 64)

1) LSR = S,LRD = I,LSD =1 and K=7 dB
2) LSR = S,LRD = I,LSD =1 and K=0 dB
3) LSR = I,LRD = S,LSD =1 and K=0 dB
4) LSR = 1>LRD = 3>LSD =1and K=7 dB
Note that similar SER performance is achieved while inter-
changing the values of Lgr and Lrp. Our results indicate
that for the first scenario, the proposed receiver outperforms
the MMSE-D-SC-STBC equalizer by 4.5 dB at SER = 1072,
Having Lsr + Lrp + Lsp + 2 = 7, the number of complex
multiplications for the proposed receiver is 1095 while the
MMSE-D-STBC-SC receiver employs 640 complex multipli-
cation. This extra cost gives ~4.5 dB performance increase
at SER = 1072 for the proposed receiver. For the second

16-PSK Eg/N0=40dB

- @ = K=0,L=2, L =3, =1, MMSE-D-STBC-SC 5
| | —o— K=0, L=, L =2.Lo =1, MMSE-D-STBC-SC
—p— K=70B, =3, L =2, =1 , MMSE-D-STBC-SC

—— K=0, LSH=2, LHD=3,LSD=1, Proposed
5 —F— K=0, Lp=3, Lo ,=2,L =1, Proposed
—©— K=7dB, Lg=3, Lp,=2,L =1, Proposed
+ MFB, K=7dB, LSH=3’ LRD=2,LSD=1

10° . . . . . . . . .
0 2 4 6 8 10 12 14 16 18 20
Eg/NO [dB]

Fig. 2. SER performance of MMSE-D-STBC-SC and proposed receiver.

16 PSK E¢/N0=40dB
10 T

SER

—— K=0, L=, Lo=1.Lg=1, MMSE-D-STBC-SC
—t— K=7dB, LSH=3, LHD=1 ’LSD=1' MMSE-D-STBC-SC|
—g— K=0, LSR:B, LRD:1,LSD:1, Proposed

- @ = K=0, LSH=1, LHD=3,LSD=1, Proposed

—@— K=7dB, Lg=3, L =1,L =1, Proposed

—o— MFB, K=7dB, L =3, L =1L =1

10°° L L L L L L L L L
0 2 4 6 8 10 12 14 16 18 20

E/NO [dB]

Fig. 3. SER performance of MMSE-D-STBC-SC and proposed receiver.

scenario, the proposed receiver outperforms the MMSE-D-
SC-STBC receiver by ~3 dB at SER = 10~2. The proposed
receiver has a degradation of 2 dB compared to the MFB.

In Fig. 4, we assume Lsp = 4,Lrp = Lsp = 3,
N = 64, and K=7 dB and study the performance of the
system for different Fgr/Ny values. The performance of
the proposed receiver degrades as Esr/Ny decreases, which
confirms our earlier observations. It can be seen that at
SER = 1072, the proposed receiver working at Esp/No=35
dB outperforms its counterpart working at Esr/Ny=5 dB by
15 dB. Interestingly, it is observed from Figs. 2, 3 and 4
that performance improvement of the proposed receiver, in
comparison to the benchmark, increases as L increases, which
comes at low additional cost.

In Fig. 5, we plot the performance of the MMSE and pro-
posed receivers for low Fggr/Ny values. We assume 64-PSK.
Three scenarios, in conjunction with different combinations
of channel memory lengths and different Esp /Ny values, are
considered. (N = 64)



SER

726

16-PSK, K=7 dB, Lyp=4, L=l =3

—_— E;R/NO:ZO dB, MMS‘E*D*SC*STBC
—r— ESR/NO:SS dB, MMSE-D-SC-STBC
4 —Q— E¢/N0=20 dB, Proposed
—— ESR/NO:SS dB, Proposed

25

SNR (dB)

Fig. 4. SER performance of MMSE-D-STBC-SC and proposed receiver.

—e— LSR=3’LHD=1 ,LSD=3,MMSE—D—SC—STBC
—_— LSR:B‘LRD:1 .LSD:S.Proposed
—— Lgp=4L =1L =4 MMSE-D-SC-STBC
— LSR:CS,LRD:Z.LSD:G.MMSEfoS(}STBC
—— LSR=4,LRD=1 ,LSD=4,Proposed

—— Lsﬂzs,LHD=2,LSD:6,Proposed
8 n T i T | L L
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Fig. 5. SER performance of MMSE-D-STBC-SC and proposed receiver.

1) Lsg = 3,Lrp = 1, Lsp = 3, and 552 =15 dB
2) Lsg =4,Lrp =1,Lsp = 4, and ENLOR =925 dB
3) Lep =3,Lrp =2,Lsp = 6, and ETSO’? =25 dB

Simulation results indicate that in the first scenario, where
Esgr/Ny = 15 dB, the SER performance of both MMSE-
D-SC-STBC and proposed schemes significantly degrades,
although the proposed receiver still outperforms the MMSE-
D-SC-STBC equalizer, i.e. by ~ 4 dB at SER = 10~°. For
the second scenario where Egr/No = 25 dB, the proposed
receiver performs better than the first scenario, by achieving
a higher slope. The proposed receiver outperforms MMSE-D-
SC-STBC receiver, i.e. by ~ 6 dB at SER = 109, Finally,
the SER performance of both schemes is illustrated for the
third case where Esr/Ny = 25 dB and Lsg = 3,Lgp =
2, Lgp = 6. By collecting higher diversity gains, the proposed
receiver achieves the best SER performance of all three
scenarios, while outperforming the MMSE receiver i.e. by ~
7 dB at SER = 1076,

In Fig. 6, we show the performance of the proposed receiver
and MMSE-D-SC-STBC for large FFT size (IV 256)
and long channel memory lengths. We assume 64-PSK. Two
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Fig. 6. SER performance of MMSE-D-STBC-SC and proposed receiver.

different scenarios are considered.

1) Lsg =8,Lgrp =5,Lsp = 13 and £ = 0.0508

2) Lsg =20,Lgrp =5, Lsp =25 and £ = 0.0977

It can be seen from Fig. 6 that for the first scenario, where
L/N 0.0508, the proposed receiver outperforms the
MMSE-SC-STBC by ~ 6 dB at SER = 10~*. For the second
scenario, where L/N = 0.0977, the proposed receiver outper-
forms the MMSE-SC-STBC by ~ 9 dB at SER = 10~°. Note
that for both scenarios, the complexity of the proposed receiver
in terms of complex multiplications compared to the MLSD
equalizer is significantly less. However, the proposed receiver
incurs moderate computational complexity, three times more
for the first scenario, compared to the MMSE-D-SC-STBC
equalizer.

VII. CONCLUSION

We propose a novel reduced-complexity MMSE-based re-
ceiver for D-SC-STBC transmissions. We show that, by in-
corporating linear processing techniques, our MMSE-based
receiver is able to collect full antenna and multipath diver-
sity gains, i.e. min(Lsgr, Lrp) + Lsp + 2. We show that
our proposed system incurs moderate and low computational
complexity compared to the MMSE-D-STBC-SC and MLSD
equalizer, respectively.
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