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Abstract—A plethora of new applications will be enabled by
next generation wireless networks. These demand sophisticated
medium access control and physical layer protocols in order
to fulfill the requirements in terms of spectral efficiency, bit
error rate (BER), energy efficiency, reliability, and security,
among others. This paper develops an advanced space-time
multiple-input, multiple-output (MIMO) solution that builds
on the concept of space-time shift keying (STSK) for single-
carrier frequency domain equalization (SC-FDE). STSK-aided
SC-FDE, or SSF, ensures space-time and frequency diversity
in dispersive channels, but can only support suboptimal linear
receiver schemes. We therefore introduce a turbo equalizer for
SSF in frequency-selective multipath channels. It enables inter-
symbol-interference cancellation by means of iterative space-
time processing. We coin it the iterative space-time block equal-
izer (SSF-ISTBE). We provide the mathematical formulation
for the proposed SSF-ISTBE framework in non-linear channel
conditions. We demonstrate that the SSF-ISTBE achieves a
substantial 4 dB gain in terms of BER over the linear minimum
mean square error equalizer while significantly reducing the
computational complexity of the optimal maximum likelihood
SSF. When considering practical transceivers, in particular non-
linear power amplifiers, the gain of the SSF-ISTBE becomes
more prominent over state-of-the-art approaches, demonstrating
its robustness against non-linear distortion.

Index Terms—Single-carrier, MIMO, STSK, Iterative space-
time block equalizer, Frequency-domain equalization.

I. INTRODUCTION

Commercial wireless applications demand continuous ad-
vances of wireless communication systems to efficiently use
the spectral resources and counter different types of impair-
ments. The conceived applications of 5G and beyond are
categorized as enhanced mobile broadband (eMBB), massive
machine type communication (mMTC) and ultra-reliable low
latency communication (URLLC) [1]. Compared to 5G, 6G
systems will be needed to satisfy the increasingly hetero-
geneous communications requirements and to enable new
applications and services. 6G networks are thus expected to
offer [2]:

o ultra-high data rates of up to 1 Tbit/s;

« ultra-high energy efficiency;

« massive low-latency access and response; and
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« extended frequency band operation, from microwave to
visible light communications.
It is expected that mobile channels are going to severely
limit the performance of wireless systems in achieving the
aforementioned goals.

Mobile wireless channels are characterized as frequency se-
lective inducing severe inter-symbol interference (ISI). In this
regard, orthogonal frequency division multiplexing (OFDM)
and cyclic-prefix single-carrier transmission with frequency
domain equalization, hereafter SC-FDE, are proven to be
effective against ISI [3]. The applications of the aforemen-
tioned physical layer (PHY) techniques depend on the of-
fered features. OFDM enables simpler receiver implementation
while suffering from high peak-to-average power ratio (PAPR).
Thanks to its increased diversity, SC-FDE signaling with the
addition of cyclic prefix (CP) is more robust against frequency-
selective multipath channels with sub-optimal low-complex
receivers, while maintaining low PAPR. For this reason, SC-
FDE is being considered as a potential candidate for future
wireless systems.

Recently, researchers have started investigating SC-FDE for
its resilience against Doppler effects, making it a favorable
choice for vehicular applications [4]. On the other hand, the
Doppler spread has detrimental effects on OFDM, destroying
orthogonality of subcarriers and causing irreducible error
floors. This compels the need for complex algorithms at
the receiver to overcome the performance degradation, hence
increasing the overall computational complexity of the system.
Both OFDM and SC-FDE provide multiple-input, multiple-
output (MIMO) extensions, and different variants of MIMO
are supported by the aforementioned transceivers. These in-
clude spatial modulation [5], spatial multiplexing [6] and
space-time block coding [7], to name a few, and are considered
for systems with different application requirements in terms of
bit error rate (BER), data rate, energy and spectral efficiency,
or other criteria. A multi-purpose MIMO scheme providing
numerous advantages over the aforementioned techniques by
combining space-time block coding with index modulation
(IM) is proposed in [8] and is known as space-time shift keying
(STSK). STSK-systems enable a flexible trade-off between
diversity and multiplexing in dispersive environments.

Because of its characteristics, STSK is being considered
as the potential MIMO candidate for applications that are
demanding high data rates with stringent error rate require-
ments, see [9]. Of particular interest is the STSK-aided SC-
FDE system, or SSF, which is well-suited for mobile wireless



applications. One of the biggest hurdles in achieving near
optimum performance is the lack of efficient receiver designs.
To this aim, we propose a novel frequency domain turbo
equalizer that operates iteratively to minimize the residual ISI
in space-time blocks at the output of the demodulation process.
We coin it iterative space-time block equalization for SSF
(SSF-ISTBE). The SSF-ISTBE is able to minimize the residual
ISI in highly dispersive channels and, as a result, to increase
the signal-to-interference plus noise ratio (SINR). This paper
provides the following contributions:

o The ISTBE is proposed for SSF MIMO systems leverag-
ing IM.

o We analytically derive the parameters for near-optimal
performance of the proposed ISTBE receiver.

o We provide analytical closed-form expressions for feed-
forward and feedback coefficients in the presence of non-
linear solid state power amplifiers (SSPAs). The non-
linear SSPA is modeled using the simple, yet accurate
Bussgang’s theorem which allows evaluating the impact
of non-linear distortion on the proposed framework.

o The detailed computational complexity analysis shows
the trade-offs between performance and complexity.

The paper is structured as follows: Section II discusses
the related work. In section III we define the system model.
Section IV introduces the SSF-ISTBE and models the impact
of non-linear HPAs as part of the proposed framework. Section
V provides details about the simulation setup, and analyzes
the performance and complexities. Finally, the conclusions are
drawn in Section VL.

Notations: Throughout the paper we use the following no-
tations: bold typefaces denote block of symbols and matrices,
whereas, regular typefaces denote single symbol and its corre-
sponding matrices; (-)* and (-)¥ denote the complex conjugate
and Hermitian operations, respectively; vec(-) represents the
vectorial stacking operation; Iy denotes the identity matrix of
the size N x N. The expectation operation is denoted as E(-).

II. RELATED WORK

STSK-based systems, such as STSK-OFDM [8], have
shown remarkable performance in narrowband channels where
individual carriers are experiencing flat flading. However,
their performance is significantly impacted by frequency se-
lective wideband channels. This is witnessed in [10] where
STSK-aided single carrier-FDMA (SC-FDMA) are proposed
for dispersive channels. STSK-aided SC-FDMA, due to the
inherent multipath frequency diversity, shows performance
improvements over STSK-OFDM systems with sub-optimal
linear receivers (MMSE and ZF). However, the performance
of general MIMO-OFDM systems with a sub-optimal MMSE
receiver erodes in dispersive fading channels. Also, the STSK-
OFDM performance is severely limited in practice due to
its high PAPR [11]. In [11], STSK-aided constant envelope
OFDM is proposed for future wireless systems because it
completely overcomes the SSPA non-linearity by exhibiting
0 dB PAPR at the cost of reduced spectral efficiency [12].
For this reason, SC-FDE with cyclic prefix has been widely
considered for single-carrier systems in dispersive environ-
ments. SC-FDE is robust against frequency selective channels

[3] and against non-linear SSPAs due to its reduced envelope
fluctuations without sacrificing the spectral efficiency.

The authors of [13] justify the superiority of the MIMO-
SC waveform over its OFDM counterpart in millimeter wave
channels and, moreover, analyze the robustness of the former
against hardware impairments. The inherent residual interfer-
ence in MIMO-enabled SC-FDE systems severely reduces the
diversity order in time-dispersive channels when sub-optimal
linear equalization is employed. Since linear receivers are
not capable of removing the interference we need to study
non-linear iterative approaches for MIMO-enabled SC-FDE.
A non-linear equalizer based on the turbo principle, as first
proposed in [14], is considered for massive MIMO SC-FDE
in [15] where the proposed approach shows performance close
to that of a matched filter bank (MF). Similarly, SC spatial
modulation (SC-SM) systems with the turbo receiver in the
time domain is proposed in [16]. A frequency domain version
of the turbo equalizer for SC-SM system is considered in [17]
and enables soft-decision feedback for canceling the residual
interference. Similarly, [18] proposes the a-priori information-
based iterative turbo equalizer for SC-SM in dispersive chan-
nels. A turbo equalizer with generalized approximate message
passing is considered for SC-SM systems in [19]. Another
variant of the turbo equalizer is proposed in [20] for general-
ized SC-SM systems and enables performance improvements
by adopting unique feedback information for the demodulation
process. From the aforementioned works it is evident that
different flavors of the turbo equalizer can be conceived for
performance improvement.

To the best of our knowledge, non-linear block equalization
in the framework of SSF-ISTBE have not been studied. More-
over, none of the aforementioned works deals with non-linear
distortions incorporated in the DFE framework. The authors of
[21] use the linear approach proposed in [10] for STSK-aided
SC-FDE systems in millimeter wave channels. The STSK-
aided SC-FDE with a linear MMSE receiver outperforms
spatial modulation (SM)-aided SC-FDE in the presence of
hardware impairments and channel estimation errors. How-
ever, a comparative analysis between SC-FDE and OFDM
considering optimal and sub-optimal receiver architectures has
not been analyzed in open literature. Moreover, the SSPA of
RF front-ends considerably contributes to the cost and size of
the transmitter. Therefore, SC transmission for IoT applica-
tions is studied in [22] because it provides path diversity gain,
low transmission complexity, and low PAPR.

We, therefore, present a cost-effective and efficient solution
that can be regarded as an important step-ahead of [21].
Specifically, we introduce a frequency domain turbo equal-
ization based on an iterative approach to cancel the residual
interference in frequency selective channels in the presence
of non-linear distortions. Such an approach provides near-
optimal performance for the considered SSF-framework when
compared against state-of-the-art approaches. The proposed
transceiver is particularly suitable for the uplink, which may
use inexpensive SSPA in the transmitter.

Our framework is well-suited for various applications and
the 6G service type eMBB + URLLC, which demands not just
low error rates but also low latency. It is worth mentioning
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Fig. 1. Transmitter architecture of the SSF system with PA.

that in 6G systems there will be application-specific physical
layer designs. The proposed SSF-ISTBE is able to address
the challenges of many emerging applications operating in
dynamic and dispersive radio environments.

III. SYSTEM MODEL

We consider the cellular uplink where a mobile terminal
is transmitting and a static base station is receiving. The
transceiver employs STSK where the transmitter is equipped
with M antennas and the receiver with /N antennas. Moreover,
we assume that the cardinality Q of the dispersion matrix (DM)
is available to the transceiver. The transmitter architecture,
shown in Fig. 1, divides the input bit stream into two bit
stream subsets, one for indexing the g-th dispersion matrix
and one for QAM/PSK-modulation mapping. The generated
STSK codeword is stored in a buffer of size Ny symbols and
the resulting block is transmitted by M cyclic-prefixed SC
transmitters, employing bandlimited pulse shaping filters. The
STSK codeword is generated with log,(Q) bits indexing the
g-th DM, among the Q available DMs, each of size M x T,
where T is the duration of the STSK-codeword. The selected
DM disperses the energy of the k-th input information symbol,
taken from a K-ary PSK or QAM constellation. The STSK-
codeword x,, is then given as,

Xn:O~xkA1+~~-+1~£EkAq+“~+0‘£L’kAQ, (D

where x,, € CM*T" and only the g-th DM is activated as a
result of log,(Q) in the n-th symbol/subcarrier. It should be
emphasized here that only a single DM is activated at any
given time during the n-th symbol period in a block. Every
column of the selected matrix is then transmitted from the M-
antenna array at a baud-rate of 7'/, where T . is the time
duration of the transmitted block.

The following parameters characterize the STSK transmis-
sion: the number of transmit antennas M, the number of receive
antennas N, the cardinality Q of the set of DMs, and the
codeword duration 7. Specific STSK configurations are then
identified as: (M,N,T,Q), where T accounts for the degree of
time diversity provided that M > T.

The DM sets are generated in advance and made available
to the SC-FDE system prior to transmission. The matrices
are generated using the optimization rule described in [8]. A
discussion of the generation process is beyond the scope of
this paper.

At the receiver, the signal is first frequency down converted.
After analog-to-digital (A/D) conversion and filtering, the

cyclic prefix is removed from the digital STSK-aided SC
signal. Then, the sample stream is serial-to-parallel converted
and transformed to the frequency domain by the Np-point
Fast-Fourier Transform (FFT). We consider the channel to
be quasi-static and that it remains stationary for one block
period T, [8]. Under this assumption, the received and FFT-
transformed SC-STSK signal matrix Y is of size NpN x T
and can be expressed as:

Y = HS + Z. )

H is the channel matrix of size NgpN X NrpM in the trans-
mitted block, Z is the Ng x N received AWGN vector of
i.i.d. components with zero-mean and o} variance, and S =
[x1, - ,Xny] is the block of transmitted STSK codewords of
size Np M x T.

IV. PROPOSED ITERATIVE RECEIVER FOR SSF

In this section, we discuss the proposed ISTBE framework
by formulating the mathematical derivation of the feedforward
(FF) and the feedback (FB) filter coefficients in the presence
of ideal and non-ideal HPAs.

A. The ISTBE Framework

One of the main differences between SC-FDE and OFDM
is that the former does not employ the inverse-FFT (IFFT) at
the transmitter side and, therefore, sub-optimal equalization in
the frequency domain is the only viable solution to decode the
SC-FDE signal [21]. However, the SC-FDE multi-user variant,
called SC-FDMA, does employ DFT as well as IFFT in the
transmitter chain for multi-user transmission. SC-FDE and
OFDM exhibit the same overall computational complexity. It
is worth mentioning that the performance of sub-optimal linear
approaches, such as minimum mean square error (MMSE) and
zero forcing (ZF), may be far from the matched filter bound
(MFB) [23]. This is due to the inability of the linear equalizers
to remove the existent ISI at the output of the equalization
process. In order to tackle this issue, we propose a novel
non-linear frequency domain turbo equalization specifically
for SSF systems. Fig. 2 shows the block diagram. Prior to
equalization, the signal is converted from analog to digital,
followed by the CP removal. The signal Y is fed into the
iterative equalization block. For the sake of clarity we drop
the dimensions of the matrices. The estimated block in the
frequency domain after the i-th iteration is,

S:=F,Y - B;S; i, 3)

where F; is an M x [N matrix containing the FF coefficients for
a SSF block, B; is the M x M matrix of the FB coefficients for
a SSF block and Si,l is the estimated block of Ny symbols
in the frequency domain obtained in the previous iteration.
Equation (3) can also be written for n-th SSF symbol as,

X, =P X, - B X @)
where )N(An is the n-th noisy SSF symbol of received block
Y and X! is the n-th estimated SSF symbol in previous

iteration. The equalized SSF symbol in i-th iteration is X}
is obtained with the help of the coefficients and the estimated
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Fig. 2. The proposed ISTBE for SSF.

SSF symbol is fed back from the previous iteration, hence, the
process is termed as turbo receiver. Since the interference is
removed in the frequency domain, the per-symbol mean square
error (MSE) at the i-th iteration is given as,

Ng
MSE® = A}%ZE‘ [|X;’L —Xnﬂ, (5)
n=1

Once the (5) is computed, the signal is converted into time-
domain for symbol estimation. Symbol &/, is the IDFT of X .
The decision block applies vectorial stacking, vec (+), to &% for
the sake of convenience of matrix computation involved in the
final decision for estimating the DM ¢ and symbol k:

(4, k) = argmin ||, — £2¥||, (6)
q,k
where,
pn = vec(dy,) € CMTXY, 7
/-@Z’k =Axy 8)

and A is the dispersion matrix set given as
A = [vec(Ay),vec(Ag),--- ,vec(Ag)] € CMT*Q  (9)
T

q—1 —Q

e Coxt, (10)

Substituting (4) in (5) we get

o_ LN i _ i giml ?
MSE® = 1 z_:lE U(Fan BiXxi-Y_ X, } .
i (1D
The MSE can be elaborated for the computation of the FB
and FF coefficients; this is given in Appendix A. The per-
symbol MSE for each iteration depends on the computation of
coefficients [, and B,, in frequency domain. The parameters
of these filters update iteratively; the FF filter is responsible
for partially equalizing the residual interference and rest of it
gets equalized by the FB filter. The FB filter coefficient B,
measures the reliability of the reconstructed interference that
is subtracted from the partially equalized signal coming from
the FF filter.

Demodulation

In order to minimize (11) such that the FB component B,
cancels out the interference from other symbols in the i-th
iteration, we define the following constraint [23]:

Np
> B, =0
n=1

Applying the Langrange multipliers method to minimize (11)
yields

12)

Np
U(F!, B X)) = MSE® +§)%{AiZB;}. (13)
n=1
The coefficients of (13) can be found by setting the gradient
of W(F! B! \) to zero, i.e.

VFH\IJ - O
VBV =0 (14)
V)\\If = 0.

Using (41), (42) and (43), the gradients in (14) can be
calculated from
V¥ s B+ FVHI (= (5 H, S5 — HI' 25 =0,
. 0 0
VgV FlH, — 2o —1=0,
VAT 3 B =0,

(15)
where o2 is the receiver noise and p’ is the correlation
coefficient in the i-th iteration defined as

;  Elipxy
O’x

Equation (15) can be further simplified for the n-th SSF
symbol as,

Fy, = . 7> (17)
Lo HE (1= (p=1)2) o 5
0

Bl =p""'(F - H,—1). (18)

For QPSK systems, the correlation coefficient p’ can also
be obtained using the estimated SNR 4° at the output of
demodulation process as

p'=1-2P;, (19)



where the error probability is
B =Q (V7).

and Q(u) = 5 [~ et’/2dt. Together with hard decision
estimates, the correlation coefficient reduces the error prop-
agation and thus helps with the convergence. The correlation
coefficient is calculated based on the assumption that the
noise at the output of equalizer is Gaussian distributed and is
thus well-approximated by a Gaussian distribution. Moreover,
the residual ISI can also be approximated by a Gaussian
distribution from the central-limit theorem. Regarding higher
order modulations, e.g. 16QAM and 64QAM, the reliability
coefficient can be derived, but the derivation process is tedious
due to the number of possible regions where a symbol can fall
into and, hence, the final expression includes numerous terms.
So an approximation is used to derive the reliability coefficient
p as a function of the SNR at the equalizer output using the
Gaussian CDF [24]:

(20)

1 1
p=-+ ierf (ays +0), 2n

2

where a and b are the parameters to be determined.

It is worth noting that the STSK encoder is added in the
FB chain, as shown in Fig. 2, in order to reconstruct the ISI
that is to be removed iteratively from the received signal. This
is stated mathematically in (3). STSK-aided systems can be
regarded as space-time index modulation systems where the
removal of the ISI in both space and time is required for
adequate performance.

B. Iterative Reduction of Nonlinear Distortion

SSPAs play a significant role in wireless communication
transmitters because of their signal-amplifying characteristics.
But, as the magnitude of the input signal voltage gets into the
nonlinear region, this results in non-linear signal distortion
[25].

The M transmitters are equipped with solid state power am-
plifier (SSPA) whose input-output relationship can be modeled
as

:[m]: n
= n

; (22)

where " is the magnitude of the n-th STSK codeword symbol
in the m-th transmitter chain, A, is the output saturation level
and parameter p controls the smoothness of the transition from
linear to the saturation region. The phase modulation (PM)
nonlinear characteristic is negligible in an SSPA. The input-
output backoff (IBO-OBO) characteristics is typical for real
SSPA used in wireless transmission systems and is shown
in Fig. 3. The Gaussian nature of the frequency domain
STSK-codeword S makes the Bussgang’s theorem applicable
and thus, the non-linearly distorted signal block Si4 =
[xL(d), ce ,XNF,(d)] after the SSPA can be decomposed into
two uncorrelated terms [26] [27]:

Xn,(d) = gxn + dnv (23)

0 FeTE s m RN
m
1 o
o
7/
2 o
7
i}
3 /
/
m

4 /
o /
)
) sl

5 /
2 /
o /

6 }j

/
7 /
/
/
8 m
/
/
9l i
/
10 . . . . . . .
-20 -17.56 -15 -125 -10 -7.5 -5 -25 0
1BO (dB)

Fig. 3. IBO-OBO characteristics of the SSPA with smoothness factor p = 2,
Ao, =1and As = 2.6.

where
FE {xnx:‘ }

b = —— O (24)
O—I
Parameter d is the distortion of variance o3 caused by the
SSPA and is a function of the input signal envelope and
the SSPA characteristics. The model that we propose can be
straightforwardly extended to the Volterra series model if we
need to consider memory effects in our model. However, it
will increase the complexity of our simulation setup with an
accuracy that will be similar to the current modeling approach.
With an IBO applied to the input signal, the scaling factor is

&, — 1 and (23) reduces to

Xn,(d) = Xn +d,. (25)

The distortion term d,, is confined to a single codeword
symbol in the SSF-block because the CP-length of the block
is larger than the multipath delay spread [27]. Moreover, d,
can be combined with the AWGN term in (2) and minimized
with the help of the proposed ISTBE framework. Therefore,
considering the SSPA nonlinearity, (40) becomes

, 1 e . .
MSE) = 5 3 (E UX;MIF] + 0% — 2R {E [XI,X,] }) ,
" (26)
where sz 4 18 the estimated STSK-codeword in the presence
of SSPA distortion. The derivation of the terms given in (26)
is given in (27).
Moreover, we have

E[Xi*,X,] = X HIFM - Bi*E {an(:';l*} . @8
It is worth mentioning that the distortion term D,, caused by
the nonlinear distortion is uncorrelated with X,, for the n-th
codeword symbol and, hence, E [X,,D,] ~ 0 at any point in
the ISTBE framework. Applying (27) and (28) in (26), we



derive M SE,; shown in (29). As in section IV, we apply the
Langrange multipliers method to minimize the MSE in the
presence of the SSPA distortion. The coefficients F, ; and
Bfm 4 can then be obtained by taking the gradient of the MSE
and setting it to zero and are

. HH Ux
Fra= T (30)
Lot HE(L— (pi=1)2) Hy P00
0]
and
B =p" (Fl.H, - S (31)
n,d — P n n Ug{ I O_QD )

where o3 represents the distortion variance caused by the
SSPA saturation and is dependent on the variance of the
input signal o2. It is worth mentioning that the MIMO-order
increases the robustness against SSPA non-linearity when the
number of independent data stream is fixed. As seen in Fig. 1,
the energy of the single QAM/PSK-symbol disperses over M
antennas (space) and 7 symbols (time). Hence, the variance
at the output of the STSK operation is given as [28]

R
o2 = (M) o,

where R = min(M,T) is the rank of the STSK-codeword.
Parameter R denotes the number of independent streams
(diversity) in the system. With increasing MIMO-order, the
distortion term in (27) is O’% — 0 and thus provides the
immunity against SSPA distortions as (27) approaches (41).
Such a trend is prominent in the SSF framework where the

PAPR is in the 3-5 dB range.

(32)

V. SIMULATION RESULTS

Simulations have been performed with the parameters pro-
vided in Table I. An iterative pragmatic receiver [29] in the
SSF framework is considered for comparison together with
the SO maximum likelihood (ML) [8], SO-MMSE [10], SO-
ISTBE, and the SSF-based suboptimal MMSE equalizers [21].
The pragmatic receiver is also an iterative receiver that takes
the oversampled signal for equalization. More specifically, the

TABLE I
SIMULATION PARAMETERS
Parameters Value
Sampling Frequency 5 MSamples/sec
Bandwidth 5 MHz
Roll-off factor, o 0.20
STSK configuration 222Q & 442Q
Dispersion Matrix, Q 2,4
Modulation Order QPSK
Channel Model Extended Vehicular Channel - A
Block Size 512
Iterations N; for ISTBE 3
CP length 16

where superscript o indicates oversampling. With a-priori
known matched pulse shape filter coefficients P, the filter

coefficients F° and B° for the n-th subchannel can be
computed as
~ 0_2
Hf Py
FP, = —— g (34)
L+ (- ()2 %
0

B, =pit (Fn H, — 1) , (35)
where H is the oversampled version of the frequency domain
channel response. After the equalization process, the signal is
downsampled before demodulation.

The STSK system achieves the maximum diversity order of
N -min(M,T) and the matched filter bound can be computed
as in [30] as

2 LSSl

flnl

Pbound =F (36)

We further assume that the channel coherence time is
less than the STSK codeword duration. The roll-off factor is
considered for both SO and SSF systems, which results in a
spectral efficiency o of

FF and FB filter coefficients work in the oversampling domain log, (Q - K)
on the SSF block as = Tata (+a) [bps/ H z]. (37)
S¢ =F/Y° - B{S{ ,, (33)
L oy L N 2
B[1%5ul"] = B||Fi+ D) - B+ D]
27)
= B H PP (0% +0b) +|Bi|* 0% + |BL 0% — 20 { By i, B | X, X7 | + B [ DD |}
1 & 2 12
MSE}, = N%Z{ H.HYF.FM (0%, +0D,) + |BL| ok, +|BL| o
(29)

P {B;’L*F;Hn (E [Xj,Xf;l*} +E [D:’LD:';“D } +o% —2R {ag(n HEFiH _ pirp [an(f,fl*} }}



A. Convergence Analysis of the SSF-ISTBE

Because of its iterative nature, it is important to analyze the
behavior of the ISTBE as a function of the number of iterations
Nj. Indeed, Ny drives the computational complexity of the
proposed framework and is further discussed in Section V-C.
It is therefore important to converge to a stable performance
within a few iterations so that the computational complexity
remains low. In this regard, Fig. 4 shows the convergence
performance of the ISTBE for the considered STSK config-
urations for a fixed Fj/N, of 8 dB. With N; = 3 the SSF-
ISTBE systems converges, thus confirming its suitability. The
iterative pragmatic receiver converges to a higher BER because
of the increased in-phase/quadrature interference (IQI) and ISI.
This is further discussed in the next subsection. Note that at
N = 1, the ISTBE is equivalent to the MMSE receiver as p’
is 0 in (19) for the first iteration. However, as the iteration
process takes its course, the ISTBE is able to remove the
inherent interference and nonlinear distortion, where applica-
ble, resulting in a significant increase in performance over the
MMSE receivers.

B. Link Performance Analysis

First we consider the (2,2,2,2) configuration. The results
are shown in Fig. 5. This configuration offers a spectral
efficiency of o = 1.25 bps/Hz. The proposed framework,
SSF with ISTBE, has proven to be the suitable candidate
for systems with relaxed data rate requirements. The SSF-
ISTBE is able to achieve gains as high as 4 dB over the SSF-
MMSE, 2 dB over the SSF-based pragmatic receiver and 3
dB over the SO-ML for E,/N, > 10 dB. The SSF-based
pragmatic receiver equalizes the oversampled received signal
while computing the feedforward and feeback filter coefficient.
As a result, the filtering process becomes complex and yields
a complex overall impulse response at the equalizer’s output.
This gives rise to significant IQI and ISI, which bound the
performance in the high SNR regime. On the other hand,
the ISTBE effectively removes the inherent ISI that severely
bounds the performance of the SSF when sub-optimal linear
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Fig. 4. Convergence of the proposed SSF-ISTBE and state-of-the-art receivers
for the considered STSK configurations at Ey, /N, = 8 dB. The convergence
line indicates iteration number Ny at which the BER remains the same for
subsequent iterations.
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Fig. 5. Performance of the ISTBE and state-of-the-art receivers for SSF and
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efficiency is ¢ = 1.25 and the roll-off factor oo = 0.2.
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Fig. 6. Performance of the ISTBE and state-of-the-art receivers for SSF and
SO in the extended vehicular channel-A. A non-linear SSPA is considered
with p = 2. The spectral efficiency is ¢ = 1.25 and the roll-off factor is o =
0.2.

techniques are employed. It is important to note that the
SO-ISTBE framework is reduced to SO-MMSE in terms of
performance and computation because of the orthogonality
among subcarriers and the negligible inherent ISI.

In order to evaluate the performance of the ISTBE scheme
with a higher single-user spectral efficiency of o = 1.667
bps/Hz, we increase the dispersion matrix cardinality Q to 4.
Without loss of generality, we choose (4,4,2,4)-QPSK as the
STSK configuration. In this configuration the eigenvalues of
the DM set are (0.0000,0.0000,0.9422,2.2876). Practically
speaking, the DM set has a rank of 2 because the remaining
two values are negligible. Hence, the transmit diversity order
will remain 2 as in (2,2,2,2). So the performance will be
comparable to (2,2,2,2) with a higher p, as seen in Fig. 7.
We observe that the proposed SSF-ISTBE outperforms all the
considered receiver designs for both SO and SSF by exploiting
diversity, where a gain margin of 4 dB is observed over SSF-
pragmatic and SSF-MMSE in rich scattering environments of
typical frequency selective channels. The SSF-based oversam-
pled pragmatic receiver cannot exploit the diversity because
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TABLE 11
SSPA INPUT BACKOFF VALUES.

2,2,2,2)-QPSK

@4,2.4)-QPSK

SSF

IBO =5 dB

IBO =0 dB

IBO =5 dB

IBO =5 dB

of the highly correlated subchannels. Its performance thus
deteriorates in the high SNR regime, as shown in Fig. 7. In the
next set of results, we present the comparison between SSF
and SO in the presence of a non-linear SSPA in the transmitter.
The backoff values are reported in Table II. The backoff values
are computed from average values of waveforms. Notice
that the IBO values are not high because considering QPSK
as opposed to higher order quadrature-amplitude modulation
schemes. We can see from Fig. 6 that the performance of
the SSF with the proposed receiver outperforms the rest of
the considered systems considering practical RF hardware
impairments and mitigation techniques. The underlying STSK-
configuration allows R = 2 and, hence, even systems like SSF
(exhibiting low PAPR) require 5 dB IBO. With the help of
Fig. 3, the corresponding OBO of 0.5 dB as the SNR penalty is
applied in all the cases. The non-linear SSPA severely impacts
the performance of the pragmatic receiver resulting in 5 dB
loss with respect to the proposed SSF-ISTBE receiver in the
high SNR regime. The SSPA adversely effects SO systems
due to clipping of envelope fluctuations which makes the
transmitter less power efficient. Therefore, the SNR decreases
and the BER increases. This trend is clearly visible in the high
SNR regime where the proposed SSF outperforms the SO-ML
with a margin of 4 dB.

Increasing the MIMO-order allows to disperse the input
QPSK-modulated symbol energy over a large number of
transmitter chains. Because of (32), the input signal energy
in each RF chain is reduced and, hence, the SSPA operates
in the linear region. This is an advantage of SSF systems,
where the SSPA saturation does not impact the performance.
However, SO systems are still required to operate with IBO
of 5 dB in this use case. As shown in Fig. 8, the proposed
SSF-ISTBE enables performance improvements over SO-ML

(4,4,2,4)-QPSK configuration with SSF and SO

Tnput backoff (IBO) of 5dB is applied to SO systems
only as PAPR of SO is

5dB IBO is applied to pragmatic tr

PAPR effects.
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Fig. 8. Performance of the ISTBE and state-of-the-art receivers for SSF and
SO in the extended vehicular channel-A. A non-linear SSPA is considered
with p = 2. The spectral efficiency is o = 1.667 and the roll-oft factor o =
0.2.

with a margin of around 2 dB. In addition, the SSF-ISTBE
does not employ an IBO and, hence, is more power efficient
compared to the SO system. The situation is much worse
for the pragmatic receiver because of the highly correlated
subchannels that do not yield a diversity gain and the non-
linear effects of the SSPA with the necessary IBO.

With reduced diversity order 7' < M, the SSF-MMSE
receiver does not fully exploit the diversity and the spectral
efficiency decreases (Fig. 8). A similar trend can be seen
for SO-MMSE where the BER decays slowly with SNR in
the presence of non-linear SSPAs that are found in practical
systems.

C. Computational Complexity

The computational complexity analysis here provides in-
sights into the computations involved in demodulating the
received signal. We investigate the computational complexity
of the proposed ISTBE against the ones proposed in recent
literature: SO-ML [8], SSF-MMSE [21], SSF-pragmatic, and
SSE-ML. The SSF-ISTBE framework requires channel state
information (CSI) at the receiver for coherent detection of
the source information in every iteration to update the FF
coefficients. Therefore, it poses a slightly higher, yet affordable
computational complexity with respect to the system presented
in [21]. The computational complexities of the proposed and
the state-of-the-art schemes are measured in terms of the
number of real-valued multiplications and are captured in
Table III.

The complexity associated with the computation of the
frequency domain FF coefficients F' of the ISTBE is

comp | |1+ HH(1— (o~ H)2)H. X 71HH§
1 1 S O B BRE )
— 4MN (M+1),

where H, is the channel response for the n-th codeword
2

symbol, p is the reliability coefficient, and % is the chan-

nel SNR. The complexity involved in the estimation of the



TABLE III

COMPUTATIONAL COMPLEXITIES OF THE PROPOSED AND THE CORRESPONDING STATE-OF-THE-ART DETECTION SCHEMES

Receiver Computational complexity per bit
SSF-MMSE AM?N +8MN +4MTQ +2QK' + Q + 2K
SO-ML AMNTQ +4ANTQL +2NTQL
SSF-ML Q- K)NF
SSF-ISTBE Ny (AMN(M +2) + 4MTQ + Q + 2QK’ + 2K + 2Np logs(Nr) + NeMT + AMNT)
SSF-pragmatic | N; (AOvMN(M +2) +4MTQ + Q +2QK' + 2K + 2Np logy(Np) + Np MT + 4OvMNT)
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Fig. 9. Computational complexity of the SO and SSF receivers with M = 4,
N=4, Np =128, T=4 and N; = 3.

DM index ¢ and the symbol k as given in (6)-(10) is
AMN +4MTQ + Q + 2QK’ + 2K. The two IFFT/FFT op-
erations and the STSK-encoding in the feedback loop require
2Nplogy(Np) and Ny MT real multiplications, respectively.
Therefore, the overall complexity in terms of real-valued
multiplications per iteration is given as

complexity = 4AMN(M + 2) + 4MTQ + Q + 2QK’
+ 2K + 2Nplogy(Np) + NeMT +4MNT

(39)

Fig. 9 illustrates this. It is worth mentioning that the complex-

ity of the ISTBE is almost constant with respect to the DM

cardinality in logrithmic scale. The overall complexity order

is driven by the block length Ng. The order of magnitude

increase when compared to practical legacy equalizers is

reasonable for today’s transceivers.

VI. CONCLUSIONS & FUTURE WORK

In this work we propose an SSF framework for the uplink of
mobile wireless systems, enabling diversity gains over state-of-
the-art iterative SSF receivers and SO solutions with optimal
and sub-optimal receivers in dispersive channels. The perfor-
mance gain of the SSF-ISTBE is shown to be significant also
when non-linear distortions are present in the system along
with multipath propagation. Albeit the reduced computational
complexity of linear systems, specifically SSF-MMSE and

SO-MMSE, the performances of these systems are quite far
from the matched filter bound. The proposed framework is
able to achieve near-optimum performance by minimizing
the inherent ISI with an affordable computational complexity
increase over linear equalizers.

In future work, we will develop a multiuser framework for
the STSK-aided SC-FDMA with the proposed receiver design.
Another important aspect to be considered is the practical
implementation of such a receiver design using software-
defined radios (SDRs). In this regard, software prototyping can
be performed with GNU Radio which allows to experimentally
assess the performance in RF field experiments. Example
applications of the proposed framework can be found in the
context of the AERPAW project [31] aimed at implementing
and testing emerging and new broadband technology and ap-
plications to accelerate advances of unmanned aerial systems
using a practical testbed in a large-scale production environ-
ment. The spectral efficiency, energy efficiency, and adequate
BER performance in dispersive environments makes the SSF-
ISTBE a viable solution for emerging wireless contexts and
suitable for development and testing using SDRs and the
AERPAW testbed. In such a framework, the impact of terminal
mobility on the algorithmic performance can be assessed as
a function of practical time varying channel characterizations,
channel state information outages, and Doppler frequencies,
among others.

APPENDIX A
MATHEMATICAL MANIPULATION OF THE MEAN SQUARE
ERROR IN THE PROPOSED RECEIVER

The mathematical formulation of the MSE is important to
derive the feedback B and feedforward F coefficients for the
ISTBE receiver in the SSF-framework.

Considering ideal channel estimation H available at the
receiver, for the n-th symbol using (5) we get

MSE' = Nl%i (B (1% + 0% — 2R { B [XiXa]}).

(40)



With the help of (4) and (40), we obtain the statistical terms

and

B[I%i] = £ UFX _ B;X;—ﬂ

= FE [R50 R + |BL[ 0% - (41)

2R { Bl FiHLE [ XX}
B[ XiXi| = ok HaHE + oy, 42)
E[X;X,] = o HE (FiF) - BYE[X,%7] . @)
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