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ABSTRACT In this paper, we investigate the advantages of multiple-input multiple-output (MIMO) faster-
than-Nyquist (FTN) signaling under a fixed utilized bandwidth and multipath fading channels. We present
derivations of the input-output relationships for MIMO-FTN systems and decompose the MIMO transmis-
sion scheme into spatial and spectral precoding procedures. An approximated frequency-domain equalizer
(FDE) is introduced at the receiver as an effective solution to decode the signals. The simulation results
reveal that FTN signaling outperforms conventional Nyquist signaling under the fixed-bit transmission in
terms of the bit error rate (BER) and throughput. It is shown that FTN signaling has the applicability of a
lower-level modulation process, which might decrease the peak-to-average power ratio (PAPR), while there
exists a tradeoff between PAPR and BER/throughput. Moreover, the advantages of the approximated FDE
and FTN-SCFDE systems are confirmed in the MIMO configuration.

INDEX TERMS Faster-than-nyquist (FTN) signaling, multiple-input multiple-output (MIMO), fixed-bit

transmission, fixed utilized bandwidth, frequency domain equalization (FDE).

I. INTRODUCTION

In recent years, the traffic demand for mobile broadband
services has exponentially increased, and the standards for
sixth-generation wireless communication (6G) are increas-
ingly discussed [1], [2]. As a key capability, 6G systems are
envisioned to provide extremely high peak data rates exceed-
ing 1 Tbps [3]. To this end, a promising technique called
faster-than-Nyquist (FTN) signaling has attracted increasing
attention to achieve higher data rates and spectral efficiency
since the 1970s [4], [5], [6], [7]. Generally, the Nyquist
pulse-shaping criterion [8] is frequently adopted to guaran-
tee orthogonality and avoid inter-symbol interference (ISI)
within data transmission. However, a guard band is required
to ensure orthogonality, resulting in bandwidth efficiency
loss.
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In FTN signaling, ISI is intentionally allowed by sampling
the data streams faster than the Nyquist rate [4], [S]. Since
more non-orthogonal signals are transmitted, the data rate
can be improved by breaking the orthogonality principle
without expanding the bandwidth. Specifically, compared
with conventional Nyquist signaling, the data transmission
of FTN signaling is performed under a compressed symbol
period of T = ¢Tp, where { symbolizes the compression
factor (or symbol packing ratio), and Ty represents the symbol
interval that obeys the Nyquist criterion. Initially, FTN signal-
ing was proposed to be applied to time-domain signals, and
the following combination with single-carrier (SC) systems
has become mainstream in FTN-related research over the
past few decades [6], [7], [9], [10], [11], [12], [13]. Mean-
while, as a pioneering work, [14] introduced the concept of
multicarrier FTN (MFTN) signaling, whose signals might
experience ISI and/or inter-carrier interference (ICI) during
transmission. The concept of MFTN gradually garnered the
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TABLE 1. A brief comparison of the related FTN literature.

MIMO TX modulation scheme | multipath | colored noise detection method

This paper v SC, OFDM (MFTN) v v FDE

9] v (STMIM) coded-SC v v Gaussian MP

[10] v SC - v - (capacity analysis)

[11] SC v FDE/ML

[12] SC v v FDE

[13] v SC - v - (capacity analysis)

[18] v SC v iterative FDE

[19] v SC v v FDE

[20] SC decision feedback

[16] MFTN v v FDE

[17] v (IM) MFTN v v VAMP

[21] NOMA v v ML

[22] v NOFDM ML

interest of researchers [14], [15], [16], [17], which further
highlights the flexibility of FTN signaling.

It is well-known that utilizing multiple antennas at the
transceiver side is an effective method to obtain a higher
transmission rate. Therefore, integrating the multiple-input
multiple-output (MIMO) technique with FTN signaling has
attracted significant attention naturally [10], [13], [18], [23].
In [23], the Mazo limit on a MIMO channel was investigated.
The authors in [10] and [13] derived the capacity expres-
sions and demonstrated the superiority of MIMO-FTN-SC
systems. Reference [18] demonstrated the effectiveness of
MIMO-FTN in terms of bit error rate (BER) and mutual
information. Although the signal compression and multiple
antennas lead to a greater transmission rate at the transmitter,
the detection reliability degradation and the receiver com-
plexity invoked by ISI become inevitable in the FTN systems.

It is challenging to design the detection algorithm for
the receiver to recover the received signal in such a severe
environment. Recently, numerous equalization and detec-
tion methods have been developed to eliminate the effects
of ISI. We can briefly divide them into two main categories:
(a) iterative algorithms [9], [11], [17], [18], [20], [21], [22],
[24] and (b) one-tap equalizers [11], [12], [16], [19], [25].
For iterative methods, diversified algorithms are designed
to decode the received signals. Examples include message
passing-related algorithms [9], [17], maximum-likelihood
(ML) estimation [11], [21], [22], and decision feedback algo-
rithms [18], [20], [24]. On the other hand, one-tap equalizers
based on classic zero-forcing (ZF) and minimum mean square
error (MMSE) criteria are most commonly used. The equal-
izers in [11] and [12] were developed based on the additive
white Gaussian noise (AWGN) environment. However, espe-
cially for MMSE equalizers, which involves calculating the
noise covariance matrix, the effect imposed by the colored
noise from ISI should be introduced. Hence, [16], [19],
[25] used approximated MMSE-frequency-domain equaliz-
ers (FDE) considering colored noise to enhance detection
accuracy and reduce computational complexity. Owing to
easy implementation and ease of simulation, this work adopts
the one-tap MMSE-FDE at the receiver.

In addition, in previous MIMO-FTN studies, a single
modulation scheme is usually assumed. In [9], a space-time
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multimode (STM) index modulation (IM) scheme with a
Gaussian message passing (GMP)-based receiver was pro-
posed to enhance the BER performance of an FTN-coded
SC system given the same spectral efficiency and reduce the
complexity compared with existing methods. In [17], another
iterative method called the vector approximation message
passing (VAMP) algorithm was applied to an IM-MFTN
system. The results revealed the effectiveness of the VAMP
algorithm and IM-MFTN systems. In [22], experiments
were conducted to demonstrate that FTN-non-orthogonal
frequency division multiplexing (NOFDM) is promising
under the MIMO scheme. Moreover, [19] adopted the
MIMO-FTN systems employing SC-FDE, considering the
impact of colored noise. According to our investigation,
the comparisons between different modulation schemes are
barely clarified.

Although enormous works have discussed FTN, some top-
ics and investigations of MIMO-FTN systems remain open
aside from the FTN literature. For instance, the restriction of
the bandwidth expansion imposed by the pulse-shaping filter
has been seldom concerned. Bandwidth resources are incred-
ibly precious in realistic communication systems. Therefore,
distinct from the aforementioned works that have gener-
ally determined a given bandwidth and accepted the excess
generated by the pulse-shaping filter, we assume the total
utilized bandwidth to be identical in this study, where it is
also necessary to address the energy difference caused by
the filter to achieve reasonable comparisons. Developing a
more comprehensive system model to coordinate the present
MIMO-FTN systems is another essential task.

Consequently, we summarize the necessary techniques into
a MIMO-FTN precoded OFDM system model to include the
FTN-SC and MFTN schemes together with the mathematical
analyses. Additionally, we briefly compare some of the most
related studies in Table 1. The major contributions of this
study are as follows:

o A MIMO-FTN precoded OFDM system model is intro-
duced to easily implement FTN-SC or MFTN sys-
tems by assigning the desired precoders. Comprehen-
sive derivations of the overall MIMO effective channel
matrix are also presented. We integrated several impor-
tant techniques into a single system model concurrently.
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o Approximated MMSE-FDE [16], [19], [25] is exploited
to eliminate the ISI and colored noise effects in the
equalization procedures at the receiver, which was first
demonstrated to be compatible with MIMO systems
in [19]. However, we provide more comparisons among
higher-order modulation schemes, while merely QPSK
is used in [19].

o To clarify the effect of FTN signaling, we mainly
focus on the fixed-bit transmission, which represents
the almost same spectral efficiency. Besides, extra sim-
ulations such as peak-to-average power ratio (PAPR)
comparison and the effectiveness of MIMO configura-
tion are also conducted.

« To conduct more practical simulations and achieve con-
sistent spectral efficiency by the fixed-bit transmission,
we fix the total occupied bandwidth in each case. Our
results verify that MIMO-FTN systems can provide
satisfactory performance in terms of BER, PAPR, and
throughput under multipath fading channels.

The rest of the paper is organized as follows. The mathe-
matical analyses of the MIMO-FTN precoded OFDM system
model and the FDE considering the effect of the colored noise
are described in Section II. In Section III, simulation results
reveal the performance gains of SISO/MIMO-FTN systems
under the multipath fading channel, especially for SC-FDE
employing FTN signaling. Finally, concluding remarks are
given in Section I'V.

Notations: X, X, and x represent column vectors, matrices,
and scalars, respectively. X7 and X¥ denote the transpose
and transpose-conjugate operation, respectively. The ith and
(i, Hth entry of x and X is denoted by [x]; [X]; ;, respectively.
|x| denotes the absolute value of x. o and ® symbolize
the Hadamard and Kronecker products, respectively. For the
expected value operator, E{-} is used.

Il. SYSTEM MODEL AND ANALYSIS

A. MIMO-FTN PRECODED OFDM SYSTEMS

In this section, we construct a more general system model,
a precoded OFDM system, to cover the difference between
the FTN-SC and MFTN systems. The transceiver block
diagram of a MIMO-FTN precoded OFDM system can be
illustrated in Fig. 1. There are N; transmit antennas and N,
receive antennas. In the p-th data stream (0 < p < N; — 1),
an N-length complex-valued modulated symbol vector s, =
[5p.05 -+ Sp.n—1]1T € CN with zero mean and unit variance
is transmitted as the information bits. First, each symbol
vector is precoded by the matrix P followed by an N-point
inverse discrete Fourier transform (IDFT) matrix Fﬂ , whose
(m, n)-th entry is defined as &27"/N /\/N. To avoid inter-
block interference (IBI), the cyclic prefix (CP) with length G
is inserted in front of the information-bearing signal x,,:

0 e |
Xepp = AcpPFis,, Acp = [ Gx“;NQ G]. (1)
After the CP insertion, a time-domain filter g(¢) pulse-shapes
the (N + G)-length signal Xp ,, where we assume g(¢) is a
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root-raised cosine (RRC) filter with a roll-off factor o and
unit energy throughout this paper [26]. To achieve the FTN
transmission, a symbol interval 7 = Ty is set to generate
the pulse-shaped FTN signal:

N+G—1

Xepp() = D [Xepplag(t —nTo), )

n=0

where Ty is the minimum symbol interval under the Nyquist
criterion and ¢, 0 < ¢ < 1 represents the time-domain
compression factor.

Between the p-th transmit antenna and g-th receive antenna
(0 < g < N, — 1), we assume each FTN signal streams
experience a L-tap frequency-selective fading channel h, , €
CL with the channel coefficients [hypli ¢ =0, 1,---,
L — 1). At the receiver, a matched filter g*(—¢) is adopted
and the resultant signals are sampled at the interval T.
Therefore, in the context of multipath fading channels, the
matched-filtered signal of the g-th receive branch y,(f) can
be represented as [19]

Ni—1L—-1
Y = D" D> Ty plilXep play (t — (L +mT) + ny(),
p=0 (=0 n
3)
where
Yt = / E)g* (1 — E)dE, ny(1)= / ng(®)g" (1 —E)dE,
4)

and n,(t) represents white Gaussian noise of g-th receive
antenna with power Np.

After the CP removal, the N-length received block a € (o
can be obtained as

N;—1
a; = Z chHISI,q,pxcp,p + Ng»
p=0
Rop = [Ovcg I Oyg ] )

where Rcp denotes the CP removal matrix, Hisy g, €
CW+GXWN+G) represents the channel matrix including the
effects of ISI induced by FTN signaling and the multipath
fading, and 7, is the sampled version of n,4(7). Specifically,
the (k, m)-th entries of Hjgy can be calculated by

L—-1

> Iy, iy KT = (m+DT).  (6)
=0

[HISI,q,p]k,m =

Moreover, when the CP length is sufficiently long as G > 2L

and we assume g(kT) = 0, |k| > (—2;, the approximated

channel matrix Hy p approx = RepHy p,1s1Acp Will become

circulant, and the input-output relationship is given by [16]
Ne—1

a; ~ Z Hq,p,approxxp + 1y @)
p=0
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FIGURE 1. lllustration of the block diagram of the proposed FTN signaling system employing precoded OFDM.

With the aid of the circulant feature, Hy ; approx can be diag-
onalized by t.he DFT matrix as Hy p approx = Ffvl Ay pFn.
However, it is noteworthy that when the number of taps
increases, Hy p approx Will no longer be circulant. In such a
condition, the off-diagonal terms in A, appear and conse-
quently worsen the detection reliability.

B. FREQUENCY DOMAIN EQUALIZATION OF MIMO-FTN
SYSTEMS CONSIDERING THE COLORED NOISE

Initially, we will emphasize the overall input-output relation-
ship based on the MIMO systems. The precoding procedures
can be divided into spectral and spatial modulation [27] as
Fig. 2, corresponding to the frequency and spatial domain,
respectively. According to the derivation in [27, Lemma 1],
we can construct an overall effective channel matrix Hegr
given by

Hegr = Wspec ° (HWspat) (®)

where Wypee € CNrNXNN represents the extended spectral
precoding matrix, H € CN"V>*Nt denotes the collection of
MIMO channels per-subcarrier, and Wy € CNMV s the
assemblage of the spatial precoders.

In (8), Wpa is acquired by concatenating the spatially
precoded matrices on the subcarrier-level by Wgpy =
[Wo,spat, - - » Wn—1,spat]. In this study, we consider the case
with W, spat = In,, n =0, --- , N — 1 to simplify the analy-
sis, where the comparisons between various spatial precoding
schemes are left for future work.

On the other hand, coefficients in the spectral precoder will
equivalently impose the effect to the N, x N; channel matrices
for each subcarrier. Therefore, Wpec extends the precoding
matrix P in (1) as

Wspec =P® 1N,,N, (9)
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FIGURE 2. lllustration of the spatial and spectral precoding.

\Y

where 1y, n, denotes a N, x N; all-ones matrix. If we consider
the SISO systems with Ny = N, = 1, Wpec will reduce to P.

Finally, for the channel matrix H, it is acquired by rear-
ranging A, , based on the subcarrier index as

[Ao,0ln,n [Ao,n,—1]nn

H, = : . : e CNNe (10)
[AN,—I,O]n,n te [ANr—l,N,—l]n,n

and all the channels per-subcarrier are further collected as

H = [H], .- HL_|17. Next, we define the overall input
data vector t = [tg~-~ t,{ , t{,_l]T e CMN ¢, =
[$n,0, 5 Sn, N,,1]T and similarly reshape the received sig-

nal a,, noise vector 7, as r, 7). The transmission from t to r
can be expressed as an overall single MIMO transmission:

r = Hegt + 1. (11)

After constructing the input-output relationship, we would

move on to equalization to recover the signal. The received

signal is converted to frequency-domain via DFT and an
overall FDE based on the MMSE criterion is adopted sub-
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sequently [7], [25]:

1 _
Wamse = B (Her HE + = (FH @Iy ) Elpn(Fy@1y, ) "

s

12)

where E; represents the power of the transmitted signal.
However, due to the data-compressing characteristic in FTN
systems, the noise components at each receive antenna 5, will
be colored, and the corresponding covariance matrices can be
computed by

Eln,nl1= NoT € RV*N,
[Tlim = y((k —m)T), (13)

which will also make the term E[yn®] far from diagonal
and induces high computation complexity. Note that for the
cases of conventional Nyquist signaling, { = 1 will lead
to an identity noise covariance matrix (I' = Iy), and the
MMSE-equalizer has the well-known form as

No _
Wahite = H (HerHE, 4 = ) L (14)
A

To ensure the subcarrier-wise operation in E[pp’], we need
to simplify FgE[nqngl JFy in (13). Reference [7] proposed
that the noise-related term can be approximated by a diagonal
matrix No®, to reduce the computation loading, whose n-th
diagonal entry is calculated by

N-1N-1
1 J2mr(k—m)n
(@l == > > gt —mDe 0. (15)
k=0 m=0
Finally, we can obtain the time-domain estimated symbol
t as the following equation and appropriate rearrangement
follows behind if needed:

t = Wymse(Fy ® Iy, )r. (16)

Ill. SIMULATION RESULTS
In this section, we perform numerical simulations by MAT-
LAB to verify the performance of MIMO-FTN systems under
multipath fading channels. Since it has been proven that the
RRC pulse-shaping filter induces (1+«) times greater system
bandwidth than that of the normal bandlimited communica-
tion systems [26], such the limitation of bandwidth should be
included for fair and more practical comparisons. Different
from some existing works that consider a given Nyquist band-
width or even didn’t highlight the bandwidth limit to transmit
data [12], [13], [16], [17], [19], [20], [21], [28], [29], the total
utilized bandwidth is fixed in our simulations. Precisely, the
concept of the power spectrum can be illustrated in Fig. 3,
which shows the effects of bandwidth extension along with
the corresponding energy difference ensuring the consistent
transmitted power caused by the various roll-off factors of the
RRC filter.

Therefore, we assume the overall occupied bandwidth
2W = 2W'(1 +a) = 20MHz, where the effective bandwidth
2W' is used for the Nyquist bandwidth in each case and
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FIGURE 3. A schematic figure of the fixed bandwidth in this study.

the adjacent channel leakage power is almost 0 dB. Some
related simulation parameters are summarized in Table 2. The
constellation pattern for I6APSK is [4, 12], of which 4 inner
points are concentric with radius ro = 0.5, and inner/outer
radius ratio = 2.57 [30]. Furthermore, we acquire the channel
coefficients [h]; of the L-tap fading channel with the distribu-
tion CN(0, 1/L) and assume the channel estimation is ideal.
For more accurate results, we average the results of at least
5000 channel realizations.

TABLE 2. Related simulation parameters used in this study.

Total Bandwidth 2W 20 (MHz)
Numbers of antennas | Ny = N, 1,2, 4
Data length N 128
Modulation scheme M QPSK (M=4), 8PSK (M=8)
16QAM, 16APSK (M=16)
cross 32QAM, 32PSK (M=32)
Cyclic prefix length G 30
Pulse shaping filter RRC, a = 0.25, 0.5
Number of path L [1, 30]
Oversampling factor 10

To evaluate the system performance, we mainly take bit
error rate (BER) and system throughput as the performance
metrics in this section. Here, we approximate the throughput
by the binary entropy function H(x) = —xlog,x — (1 —
x)log,(1 — x) and the BER, which is given by [7], [19],
and [31]

Ni—1
N log,M
Throughput = 1—H(P, 17
ghp N+G1§;(1+a)( (Pep)) (17)

where M and P, denote the constellation size and the
uncoded BER of the p-th stream obtained by the computer
simulations, respectively.

A. PERFORMANCE COMPARISONS WITH DIFFERENT
ROLL-OFF FACTORS

Fig. 4 provides the performance with the change of roll-off
factor o and compressing factor ¢ of SISO-SCFDE sys-
tems, where QPSK is assumed. In the simulations, we follow
Fig. 3 assuming the total transmitted power is identical and
define carrier-to-noise ratio (CNR) as CNR = E;/Ny x
log,M (dB). The BERSs in Fig. 4(a) gradually deteriorate as
¢ reduces because the ISI effects induced by symbol com-
pression oppositely raise, where { = 1.0 corresponds to the
Nyquist signaling. Besides, it is observed that the case with
o = 0.25 has more significant degradation than that with
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FIGURE 4. Transmission performance comparisons between different «
and ¢ of SISO-SCFDE systems with L = 1 and approximated FDE.

o = 0.5 due to the lower Mazo limit [4], [7]. In contrast,
the curves in Fig. 4(b) prove that condensing the symbols
does improve the throughput with BER degradation. How-
ever, although « = 0.25 offers higher throughput until ¢
diminishes to 0.7 thanks to the less bandwidth expansion,
it results in worse BERs and the drop eventually flips the
inclination when ¢ = 0.6. Based on these findings, in the
following discussion, we would focus on the @« = 0.5 cases
to allow a wider modifiable range of ¢ with maintaining
reasonable detection reliability.

B. FIXED-BIT TRANSMISSION OF SISO SYSTEMS

Next, we want to demonstrate the advantages of FTN over
typical Nyquist signaling in SISO systems employing SC-
FDE (P = Fy). Fig. 5 shows the BER and throughput
in the context of a single path (L = 1), where the com-
pressing factors are assigned based on the assumption of
fixed-bit transmission. In this study, under the aforemen-
tioned assumption of fixed total bandwidth, fixed-bit trans-
mission represents the transmission under the same spectral
efficiency. For example, 3-bit transmission corresponds to
Nyquist-8PSK and FTN-QPSK with ¢ = 0.67 decided by the
factor (log,M)/¢ . InFig. 5(a), itis evident that FTN signaling
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FIGURE 5. Fixed-bit transmission performance comparisons of
SISO-SCFDE systems with L = 1 and approximated FDE.

has superior detection reliability than Nyquist signaling in
most cases due to the utilization of lower-order modulation
processes. For example, FTN-8PSK outperforms Nyquist-
16APSK/16QAM and FTN-16APSK/16QAM accompany
lower BER than Nyquist-32QAM.

Next, the system throughput results calculated by (17) are
shown in Fig. 5(b). It can be observed that the outcomes will
be asymptotic to 128/158 x 1/1.5 x logo,M /¢ =~ 0.54 x
(bit number) and the cases with FTN signaling outperform
Nyquist counterparts, especially in the low-CNR region.
In 4-bit and 5-bit cases, FTN-8PSK and FTN-16APSK/
16QAM lead to higher throughput while in the 3-bit case,
a low compressing factor dilutes the BER difference between
FTN-QPSK and Nyquist-8PSK. It is because FTN systems
require squeezing the data symbol period more to achieve
the transmission of an additional bit with the decrease of the
transmitted bit, which increases the effects of ISI and leads to
performance degradation.

Moreover, Fig. 6 shows the results of simulating the SISO
SC-FDE systems under the multipath fading channels with
L = 30 to reveal the effects of multipath fading. Here,
distinct from the previous case that can perfectly meet the
approximation (7) and avoid IBI, the number of paths is
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FIGURE 6. Fixed-bit transmission performance comparisons of
SISO-SCFDE systems with L = 30 and approximated FDE.

set to be larger than G/2 on purpose. As we mentioned in
Sec. II-A, the circulant feature no longer exists, and the
off-diagonal terms in Ag o appear as L increases. With such
an extreme setting, we want to observe the interaction among
degradation from IBI, multipath fading, and benefits from
FTN signaling.

Similar to Fig. 5, FTN also outperforms Nyquist sig-
naling and the gap moderately increases with the trans-
mission bits. In higher-bit transmission (4 and 5-bit), the
ISI influences more on the case with higher order modula-
tion schemes due to their shorter minimum Euclidean dis-
tances (MED). However, under the multipath environments,
FTN-16APSK/16QAM have larger performance gaps than
Nyquist-32QAM/PSK thanks to the benefits of lower-order
modulation and frequency diversity.

Fig. 7 shows the complementary cumulative distribu-
tion function (CCDF) of the PAPR. Based on Fig. 7, one
can find that in 5-bit transmission, there is a tradeoff
between BER and PAPR for FTN-16APSK/16QAM and
Nyquist-32PSK/32QAM, which results from the 32PSK hav-
ing shorter MED but almost unchanged amplitude levels
compared with the 16 APSK, while 16QAM/32QAM has the
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FIGURE 7. PAPR comparisons from 2 to 5-bit transmission with various
modulation schemes employing FTN or Nyquist signaling.

worst PAPR but satisfactory BER due to the rectangular-
based shape. As for 4-bit cases, the PAPR of FTN-8PSK is
slightly better than Nyquist-16APSK. The reason is that the
modulation level can be reduced by squeezing the symbol
period under the FTN criterion while retaining the transmis-
sion rate. Finally, when the 3-bit transmission is considered,
although FTN-QPSK offers good detection performance, the
PAPR performance is more terrible than Nyquist-8PSK. This
phenomenon originates from the over-compressed symbol
period might sample the pulse-shaping filter at more possible
amplitude levels and invokes higher PAPR.

C. PERFORMANCE EVALUATIONS OF MIMO-FTN SYSTEMS
After demonstrating the advantages of SISO-FTN systems,
we turn to investigate the performance of MIMO schemes.
In this part, we conduct the simulations based on the analysis
in Sec. II. For the parameter settings, we start from 2 transmit
and receive antennas (N; = N, = 2) and take the orthogonal
frequency division multiplexing (OFDM) scheme as a bench-
mark, where 16QAM is assumed. In addition, we reveal the
effectiveness of the FDE considering the colored noise effect.
In Fig. 8, we would like to divide the results into three topics:
(a) solid and dash lines represent the difference between FDE
with and without considering the colored noise, (b) colored
lines show the system performance with different levels of
compressing factor ¢, and (c) circle and triangle symbols
denote two precoding matrices P in (1) (P = Fy and Iy),
indicating SC-FDE and OFDM, respectively.

Firstly, from Fig. 8(a), approximated equalizers from (15)
can alleviate the colored noise, and it is shown that the gap
between two FDE methods is the largest when ¢ = 0.7,
which results from more noticeable colored noise induced
by FTN signaling in (13). Compared with FTN signaling
cases, it is noteworthy that if { = 1 (i.e., Nyquist signaling),
the FDE performance plots will overlap as we mentioned
in (14) of Sec. II-B. Secondly, we put our attention on the
change in the compressing factor. One can observe that BER
increases rapidly with the decrease in ¢ because ISI becomes
more serious, which is similar to Fig. 4. Next, since the
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FIGURE 8. Transmission performance of 2 x 2 MIMO-FTN with L = 30.

compressing procedure in FTN-OFDM systems is performed
in the frequency domain equivalently, we can observe that the
BER performance deteriorates rapidly as ¢ decreases because
of the ICI. Besides, in both Nyquist and FTN signaling, cases
utilizing MMSE-SCFDE outperform their MMSE-OFDM
counterparts, especially in high-CNR regions. The benefits
stem from the frequency diversity and the averaged subchan-
nel error variance of MMSE-SCFDE [32, Chap. 6, 7].

Fig. 8(b) reveals the throughput performance of approxi-
mated FDE. The relationship between SC-FDE and OFDM
is identical to the BER plot. Moreover, it is obvious that the
signal compressing affects the value of throughput more sig-
nificantly than BER does. Consequently, for FTN signaling,
some sacrifice of the BER is inevitable to pursue higher data
rates. In this case, we would say that ¢ = 0.8 provides better
BER and satisfactory throughput while ¢ = 0.7 would be
a preferable choice to obtain the highest throughput though
some BER is sacrificed, where there is another tradeoff
between BER and throughput.

D. INFLUENCE OF THE MIMO SCHEME ON THE FTN
SIGNALING

Finally, we discuss the benefits of increasing the antenna
number as shown in Fig. 9. We assume that there
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FIGURE 9. Transmission performance of SISO/MIMO-FTN systems with
N¢ =Ny =1, 2, 4, L =30 with approximated FDE.

are 1, 2, or 4 antennas each at the transmitter and the receiver
sides under the 4-bit transmission. In Fig. 9(a), it can be
seen that BER performance improves with the increase in
the antenna configuration because of the spatial diversity.
The supremacy of FTN signaling over conventional Nyquist
signaling and SC-FDE over OFDM has been verified again
in MIMO settings. Note that for MIMO-FTN systems, it can
be expected that as N; (N,) grows, the influence of colored
noise might be more serious correspondingly, but the spatial
diversity gain overcomes the degradation and results in the
enhancement.

The throughput results are plotted in Fig. 9(b). In both
2 x 2 and 4 x 4 MIMO cases, FTN signaling prevails
over Nyquist signaling owing to the lower-order modulation
process and compressed symbol sampling period. Moreover,
the large number of data streams brings about a consider-
able throughput performance upturn compared with the SISO
cases as expected.

E. SUMMARY OF SIMULATION RESULTS

In this subsection, we summarize the simulation results to
highlight the observations in the simulation results. Our find-
ings of each subsection in Sec. III are as follows:
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o In Sec. III-A, we show the impact of @ and ¢ on the BER
and system throughput. Lower ¢ accompanies more ISI,
which worsens the BER as expected but enhances the
throughput. On the other hand, although lower « has the
potential for higher throughput, the BER degradation is
reckoned with.

e In Sec. III-B, the effectiveness of SISO-FTN over
conventional Nyquist signaling is shown under
frequency-flat and frequency-selective channels. The
performance gap is more evident in the 5-bit transmis-
sion cases. Moreover, the tradeoff between PAPR and
BER is revealed along with analyzing the supremacy
of FTN signaling. Specifically, FTN-8PSK exhibits bet-
ter performance than Nyquist-16APSK in both BER
and PAPR.

o We discuss the numerical simulations of MIMO-FTN
in Sec. III-C. The advantages of approximated FDE,
the effect of the compressing factor, and the differ-
ence between FTN-SCFDE and FTN-OFDM (MFTN)
are depicted. There might be a compromise between
BER and throughput with the change of ¢ in the signal
transmission. Besides, FTN-SCFDE achieves satisfac-
tory outcomes in contrast with FTN-OFDM, especially
in high-CNR regions. Part of the results also fit the
inclinations in [16], [19], and [28].

o Sec. III-D simply demonstrates the gain acquired by
the growing antenna number under multipath fading
environments.

IV. CONCLUSION

In this study, we primarily investigated the system per-
formance of SISO/MIMO-FTN-SCFDE systems, in which
MFTN (FTN-OFDM) was also regarded as a benchmark.
We presented a MIMO-FTN precoded OFDM system model
and mathematical analyses. Specifically, the MIMO scheme
was decomposed into spatial and spectral precoding proce-
dures for compatibility with the system model. To eliminate
the effect of ISI and colored noise, we used a one-tap
approximated FDE to recover the signals. We fix the total
utilized bandwidth in the simulations and considered the
corresponding energy difference for more practical and rea-
sonable comparisons. In both SISO and MIMO cases, the
simulation results verified that FTN signaling has better BER
and throughput performance under fixed-bit transmission.
Moreover, the PAPR plot revealed the tradeoff between PAPR
and BER/throughput and the capability to reduce the modula-
tion level in FTN signaling. We demonstrated the benefits of
the approximated FDE and spatial diversity gain from MIMO
under multipath fading channels.
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