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Abstract—In this article, we propose a novel concept of differentially
encoded multi-carrier faster-than-Nyquist (DMFTN) signaling with non-
coherent detection, which is robust against a detrimental doubly selective
fading channel. In the proposed scheme, by approximately diagonalizing the
FTN-specific inter-symbol interference (ISI) and noise correlation matrices,
the traditional differential encoding and noncoherent detection algorithm
is directly applied to MFTN signaling, which allows us to dispense with any
channel state information at the receiver in a dispersive channel. Owing
to the reduced frame duration of MFTN signaling, our proposed DMFTN
scheme is capable of mitigating detrimental Doppler effects compared to
the traditional differentially encoded orthogonal frequency-division multi-
plexing scheme.

Index Terms—Differential encoding, doubly selective fading channel,
faster-than-Nyquist signaling, multi-carrier, noncoherent detection,
Nyquist criterion, orthogonal frequency-division multiplexing.

I. INTRODUCTION

Single-carrier faster-than-Nyquist (FTN) signaling [1], [2] has the
potential of overcoming the limitation of the classic Nyquist criterion,
i.e., the information loss associated with an excess bandwidth. The
symbol interval of FTN signaling is set toT = τT0 (0 < τ ≤ 1), where
τ is referred to as a symbol packing ratio, andT0 is the minimum symbol
interval free from inter-symbol interference (ISI). Information-theoretic
analyses of FTN signaling can be found in [3], [4], [5], [6], [7]. In [3],
Rusek and Anderson revealed that FTN signaling achieves a higher in-
formation rate than its conventional Nyquist signaling counterpart when
a realistic RRC shaping filter, having an excess bandwidth, is employed.
Importantly, the information rate is increased by FTN signaling for
1/(1 + β) ≤ τ ≤ 1, where β is the roll-off factor of an RRC shaping
filter, while no further improvement is achieved for τ < 1/(1 + β).
Moreover, Kim [4] investigated the capacity of FTN signaling precoded
by an orthogonal matrix calculated by the eigenvalue decomposition
(EVD) of an FTN-specific ISI matrix. To further improve the informa-
tion rate, EVD-precoded FTN signaling with optimal power allocation
was developed in a number of studies [2], [5], [6], [8], where the optimal
power allocation that maximizes the achievable information rate was
derived. More specifically, EVD-precoded FTN signaling with optimal
power allocation employing a realistic RRC shaping filter (β > 0) was
shown to achieve an information rate identical to the theoretical upper
bound (Shannon capacity) of Nyquist signaling, which is achieved by
the idealistic rectangular shaping filter (β = 0). Moreover, in [7], EVD-
precoded FTN signaling with optimal power allocation was extended
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to that supporting a frequency-selective fading channel while allow-
ing a marginal information rate loss. In [9], reduced-complexity fast
Fourier transform (FFT)-spread multi-carrier FTN (MFTN) signaling
with power allocation was proposed, which achieves a bit-error-ratio
(BER) performance close to the bound achieved by its full-complexity
counterpart [7] that is information-rate-sense optimal while signifi-
cantly reducing the computational complexity to O(N logN), where
N denotes the transmission block size

As mentioned in [7], [10], single-carrier FTN signaling may have the
potential of achieving additional gain relative to its Nyquist signaling
counterpart in a rapidly time-varying channel because the symbol
interval of FTN signaling is smaller than that of Nyquist signaling.
However, no extensive performance investigation and analysis of such
a gain of FTN signaling in a time-varying channel have been reported.
Additionally, the transmitter of EVD-precoded FTN signaling [7], [10]
requires feedback from the receiver to acquire accurate channel state
information (CSI) in addition to excessively high computational com-
plexity, and hence its direct application to a time-varying channel is not
realistic. Furthermore, in [11], differential encoding and noncoherent
detection were applied to single-carrier FTN signaling. However, the
scenarios applicable by [11] are limited to the frequency-flat channels.

Against the above-mentioned background, the novel contributions
of this paper are as follows: Motivated by low-complexity MFTN
signaling proposed in [9], we propose a novel concept of open-loop
differentially encoded MFTN (DMFTN) signaling and its noncoherent
detection, which allows us to dispense with any CSI at either transmitter
or receiver. The main merits of the proposed scheme are four-hold. First,
since FTN signaling is capable of reducing a symbol interval as far as
τ ≥ 1/(1 + β)without imposing any information rate loss, the effect of
Doppler shift, dominated by a symbol interval, is significantly reduced.
Second, our noncoherent MFTN detection allows us to dispense with
any channel estimation at the receiver, even in a frequency-selective
channel, unlike the conventional noncoherent MFTN signaling, which
is also robust against the existing coherent counterpart suffering from
potential channel estimation errors. Third, the proposed scheme is
constituted by an open-loop structure, and hence our transmitter does
not need any feedback from the receiver, unlike the conventional MFTN
of [9]. Fourth, the FFT-based diagonalization significantly reduces the
computational complexity in comparison to the optimal EVD-based
counterpart [7], [10] without sacrificing any substantial performance
loss.

II. SYSTEM MODEL

A. Coherent MFTN Signaling Without Cyclic-Prefix Insertion

In this section, we review the system model of conventional open-
loop (unprecoded) coherent MFTN signaling. First, the frequency-
domain (FD) information symbols sk = [sk,0, sk,1, . . . , sk,N−1]

T ∈
CN , where sk,n represents the M-point phase-shift keying (PSK)
symbol on the nth subcarrier in the kth transmit frame, are transformed
into their time-domain (TD) counterparts as follows:

xk = [xk,0, xk,1, . . . , xk,N−1]
T ∈ CN (1)

= QHsk, (2)

where Q ∈ CN×N denotes the normalized discrete Fourier transform
(DFT) matrix, whose mth-row and lth-column entry is defined by
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(1/
√
N) exp[−2πj(m− 1)(l − 1)/N ]. We assume E[|sk|2] = σ2

s =
1, where E[·] is the expectation operation. Then, the TD symbolsxk are
passed through an RRC shaping filter having the impulse response q(t)
with the symbol interval T = τT0. When successively transmitting the
K MFTN frames, the corresponding transmit signal is represented by

x(t) =

K−1∑
k=0

N−1∑
n=0

xk,nq(t− (n+ k)T ). (3)

Note that the MFTN signal with τ = 1 and β = 0 corresponds to the
conventional OFDM signal.

Assuming an L-tap fading channel, the received signal after passing
through a matched filter q∗(−t) at the receiver is given by [12]

y(t) = x(t)⊗ h(t, γ)⊗ q∗(t) + n(t)⊗ q∗(t) (4)

=

K−1∑
k=0

N−1∑
n=0

L−1∑
l=0

hl(t)xk,ng(t− (n+ k)T − γl) + η(t), (5)

where ⊗ represents the convolution operation, while we have g(t) =∫ ∞
−∞ q(ζ)q

∗(t− ζ)dζ and η(t) =
∫∞
−∞ n(ζ)q

∗(t− ζ)dζ. Furthermore,
n(t) represents a complex-valued Gaussian random signal, having a
power spectral density ofN0. Moreover, h(t, γ) represents the impulse
response of an L-tap doubly selective fading channel, which is defined
as follows: h(t, γ) =

∑L−1
l=0 hl(t)δ(γ − γl) [13], where γl denotes the

propagation delay of the lth path, while δ(·) is the delta function.
Furthermore, hl(t) represents the lth-tap complex-valued channel co-
efficient at time t, which has the correlation defined by E[hl(t)h

∗
l (t+

m)] = J0(2πmFd), whereFd is the normalized Doppler frequency and
J0(·) is the zero-order Bessel function of the first kind. By samplingy(t)
at t = mT (m = 0, 1, . . . ,KN − 1), the received sample is obtained
as

y(mT ) =
K−1∑
k=0

N−1∑
n=0

L−1∑
l=0

hl(mT )xk,ng((m− (n+ k))T − γl)

+ η(mT ), (6)

where the noise samples η(mT ) (m = 0, 1, . . . ,KN − 1) have an
FTN-specific correlation of E[η(ξT )η∗(ζT )] = N0g((ξ − ζ)T ). The
correlation between the channel coefficients hl(ξT ) and hl((ξ + ζ)T )
is defined by

E [hl(ξT )h
∗
l ((ξ + ζ)T )] = J0 (2πζτFdT0) . (7)

Note that the channel correlation depends on the symbol packing ratio
τ [7], as shown in (7).

B. CP-Assisted Coherent MFTN Signaling

We next present the system model of CP-assisted MFTN signal-
ing [9], where we assume a quasi-static frequency-selective fading
channel for the sake of explanation. At the transmitter, the 2ν-length
CP symbols [xk,0, xk,1, . . . , xk,2ν−1]

T are added to the end of xk as
follows:

ak = [ak,0, . . . , ak,N+2ν−1]
T ∈ CN+2ν (8)

= [xk,0, . . . , xk,N−1, xk,0, . . . , xk,2ν−1]
T (9)

= Acpxk, (10)

where

Acp =

[
02ν×(N−2ν) I2ν

IN

]
∈ R(N+2ν)×N , (11)

and 02ν×(N−2ν) is the (2ν × (N − 2ν))-sized zero matrix. The re-
ceived signal is represented by

y(t) =
K−1∑
k=0

N−1∑
n=0

L−1∑
l=0

hlak,ng(t− (n+ k)T − γl) + η(t). (12)

By removing the first and last ν samples in the kth received frame
yk = [y(k(N + 2ν)T ), . . . , y((k + 1)(N + 2ν − 1)T ]T , the kthN -
length received frame is obtained as [9]1

rk = [rk,0, . . . , rk,N−1]
T ∈ CN (13)

= RcpGhAcpx+ η (14)

where Rcp = [0N×ν IN 0N×ν ] ∈ RN×(N+2ν). Moreover, Gh in (14)
is the ((N + 2ν)× (N + 2ν))-sized FTN-specific ISI matrix, whose
ath-row and bth-column entry is given by Gh(a, b) =

∑L−1
l=0 hlg((a−

b)T − γl). Furthermore, by assuming g(aT ) = 0 for |a| > ν, the re-
ceived frame (14) is approximated as [14], [15]

rk 	 Gcxk + η. (15)

The matrix Gc ∈ CN×N in (15) is a circulant matrix.
Based on the EVD,Gc is factorized intoGc = QHΛQ, whereΛ =

diag{λ0, . . . , λN−1} ∈ CN×N is the diagonal matrix whose diagonal
entries are computed by the FFT of the first column ofGc. Furthermore,
η is the correlated noise components having the FTN-specific correla-
tion matrix E[ηηH ] = N0G, where G ∈ RN×N is a Toeplitz matrix,
whose first column and first row are given by [g(0), g(T ), . . . , g((N −
1)T )]T and [g(0), g(−T ), . . . , g(−(N − 1)T )], respectively.

As mentioned in [9], for sufficiently large N and in the range of
τ > 1/(1 + β), G is approximated by a circulant matrix as follows:
G 	 QHΨQ, where Ψ = diag{ψ0, . . . , ψN−1} ∈ RN×N is a diag-
onal matrix having the diagonal elements computed by the FFT of
g = [g(0), g(T ), . . . , g(mT ), 0, . . . , 0, g(−mT ), . . . , g(−T )]T (0 ≤
m ≤ 
N/2 − 1�). Similar to [9], we assume m = 
N/2 − 1�.

Therefore, by multiplying Q by (15), the received frame is approx-
imately diagonalized as follows:

rk,d = Qrk (16)

= Λsk + ηf, (17)

where ηf = [ηf,0, . . . , ηf,N−1]
T = Qη. The noise components ηf are

approximately whitened as follows: E[ηfη
H
f ] = N0QGQH 	 N0Ψ.

III. PROPOSED DMFTN SIGNALING

In this section, we propose a novel open-loop DMFTN signaling,
having a high resilience against the effects of Doppler shift owing to
the reduced frame interval.

A. Transmitter Structure

At the transmitter, the information symbols are differentially en-
coded over the successive transmit MFTN frames as follows:

dk,n = dk−1,nsk,n for k ≥ 1, (18)

where dk,n denotes the M-point differentially encoded PSK (DPSK)
symbol on the nth subcarrier in the kth transmit frame, and we assume

1Note that (14) holds when sufficiently long CP symbols are added and the
detrimental effects of inter-frame interference (IFI) are ignored.
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d0,n = 1 for simplicity.2 Then, the TD symbols are given by

ck = QHdk, (19)

wheredk = [dk,0, . . . , dk,N−1]
T . Moreover, the 2ν-length CP symbols

are added to the kth transmit frame ck as follows:

ek = [ek,0, . . . , ek,N+2ν−1]
T ∈ CN+2ν (20)

= [ck,0, . . . , ck,N−1, ck,0, . . . , ck,2ν−1]
T (21)

= Acpck. (22)

In this paper, we consider the successive transmission of the (K + 1)
DMFTN frames to evaluate the effects of a doubly selective channel in
a fair manner.

The average transmit energy per frame of the proposed
DMFTN signal is calculated as follows: [2], [7] E = E[eHGe] =∑N−1

n=0 φk, where Φ = QAT
cpGN+2νAcpQ

H , and φk is the kth
diagonal entry of Φ. Moreover, GN+2ν ∈ R(N+2ν)×(N+2ν) is a
Toeplitz matrix, whose first column and first row are given by
[g(0), g(T ), . . . , g((N + 2ν)T )]T and [g(0), g(−T ), . . . , g(−(N +
2ν)T )], respectively. Therefore, to maintain a constant average transmit
energy per frame, irrespective of the CP length 2ν, the transmit symbols

dk is scaled by a factor of
√
N/
∑N−1

n=0 φk.

B. Receiver Structure

When the CP length is sufficiently longer than the effective IFI
length, the kth sampled frame after removing the CP symbols is
represented by

rk = [rk,0, . . . , rk,N−1]
T (23)

	 Gcck + η, (24)

where we assume a quasi-static frequency-selective fading channel for
ease of explanation. Note that we consider a doubly selective fading
channel in our numerical simulations in Section IV. The sampled frame
(24) is diagonalized as follows:

tk = [tk,0, tk,1, . . . , tk,N−1]
T (25)

= Qrk (26)

= Λdk + ηf, (27)

Thus, the received sample tk,n is represented by [18], [19]

tk,n = λndk,n + ηf,n (28)

= λndk−1,nsk,n + ηf,n. (29)

By assuming a static fading channel over the two symbol intervals, we
have tk−1,n = λndk−1,n + ηf,n. Then, (29) is further modified to

tk,n = λndk−1,nsk,n + ηf,n (30)

= tk−1,nsk,n + ηf,n − ηf,nsk,n. (31)

Hence, similar to conventional TD DOFDM, the data symbol is esti-
mated in a noncoherent manner without requiring any CSI as follows:

ŝk,n = arg min
sk,n∈S

[
|tk,n − tk−1,nsk,n|2

]
, (32)

2Unlike the TD differential encoding scheme employed in this paper, the
differential encoding can also be carried out in the FD, i.e., the data symbols
can also be differentially encoded over the successive subcarriers in the same
transmit frame [16], [17].

where S denotes the legitimate set of sk,n. The receiver complexity of
our DMFTN signaling scheme is dominated by the FFT operation of
(26), whose complexity is as low as O(N logN) [9].

To elaborate a little further, since precoding is deactivated in the
proposed DMFTN signaling scheme, unlike [7], [10], the CSI feedback
from the receiver to the transmitter is not needed. This allows us to
construct an open-loop transceiver structure, which is free from any
feedback delay.

Additionally, note that there have been other schemes [20], [21],
such as re-sampling and pilot-based Doppler compensation, which are
developed to reduce the effects of the Doppler shift in the doubly
selective fading channel. However, our scheme relies on the reduction
of a symbol interval by employing FTN signaling, which is different
from [20], [21]. Hence, amalgamating the proposed scheme with [20],
[21] may further improve the achievable performance while the detailed
investigation is beyond the scope of this paper.

C. Three-Stage-Concatenated Turbo-Coded Architecture

At the transmitter, the information bits are encoded by a recursive
systematic coding (RSC) encoder. Then, the RSC-encoded bits are
interleaved by the outer interleave Π1. The interleaved bits are further
encoded by a unity rate coding (URC) encoder, and the URC-encoded
bits are interleaved again by the second interleaver Π2. The channel-
encoded bits are then input into our DMFTN signaling block, including
the DPSK, the IFFT, and the CP blocks. Here, we employ the half-rate
RSC encoder, which has a constraint length of two and octal generator
polynomial (3, 2)8.

At the receiver, after matched-filtering, sampling, CP removal, and
FFT-aided diagonalization, the iterative turbo decoding is carried out
between the three soft-input soft-output (SISO) decoders, i.e., the
log-likelihood ratio (LLR) calculator, the URC decoder, and the RSC
decoder. The number of outer decoding iterations between the URC
and the RSC decoders and that of inner decoding iterations between
the URC and LLR calculation blocks are represented by Iout and Iin,
respectively. After the Iout outer iterations, the estimated information
bits are output from the RSC decoder.

Based on Bayes’ formula, the LLR of the ith bit bi,k,n associated
with the received sample tk,n is computed as

L(bi,k,n|tk,n) = ln
p (bi,k,n = 0|tk,n)
p (bi,k,n = 1|tk,n) (33)

= Le (bi,k,n) + La (bi,k,n) , (34)

where p(·) denotes a probability density function (PDF). Moreover,
Le(bi,k,n) and La(bi,k,n) in (34) represent the extrinsic LLR and the
a priori LLR, respectively, which are defined by

Le(bi,k,n) = ln

∑
sk,n∈S0

p (tk,n|sk,n) exp (Li)∑
sk,n∈S1

p (tk,n|sk,n) exp (Li)
(35)

La (bi,k,n) = ln
p (bi,k,n = 0)
p (bi,k,n = 1)

, (36)

where Li =
∑B−1

m=0,m �=i bm,k,nLa(bm,k,n). Also, S0 and S1 in (35)
denote sets of the nth symbol for bi,k,n = 0 and for bi,k,n = 1, respec-
tively. Moreover, a PDF p(tk,n|sk,n) is calculated as

p (tk,n|sk,n) = 1
π2ψkN0

exp

(
−|tk,n − tk−1,nsk,n|2

2ψkN0

)
. (37)
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Fig. 1. BER performance of the proposed three-stage turbo-coded DMFTN
signaling scheme, where the symbol packing ratio was set to τ = 0.82. The
normalized Doppler frequency was set to Fd = 0, 9.6 kHz, 12.8 kHz, 14.4 kHz,
and 16 kHz.

IV. SIMULATION RESULTS

In this section, we present the simulation results of the achievable
BER performance of our proposed three-stage turbo-coded DMFTN
signaling system. More specifically, we consider two representative
doubly-selective fading channels, i.e., 3GPP TDL-B channel [22],
which corresponds to a typical non-line-of-sight (NLOS) 5G commu-
nication channel, as well as the underwater acoustic (UWA) communi-
cation channel [23].

First, the doubly selective Rayleigh fading of 3GPP TDL-B channel
profile [22] was used, where the power of each path was normalized
such that the sum of each power becomes unity. The channel coefficients
were generated based on the Jakes model to satisfy the correlation of
(7), similar to [12], [13], while assuming the 12 scatterers. Moreover,
we employed the system parameters of N = 512, K = 10, β = 0.25,
and 2W (1 + β) = 100 MHz, unless otherwise noted.

Fig. 1 shows the achievable BER performance of our proposed
DMFTN signaling scheme, where the packing ratio was set to τ = 0.82.
For the normalized Doppler frequency, we considered Fd = 9.6 kHz,
12.8 kHz, 14.4 kHz, and 16 kHz. The CP length was set to ν = 50
and ν = 61 for τ = 1 and τ = 0.82, respectively, while differential
quadrature phase-shift keying and the the number of subcarriers of
N = 512 were employed. Hence, the spectral efficiency was given
by 0.618 bps/Hz and 0.729 bps/Hz for τ = 1 and τ = 0.82, respec-
tively. Additionally, we plotted the BER bounds for the time-invariant
channel (Fd = 0). For comparison, we also plotted the curves of
the conventional DOFDM scheme (τ = 1). As shown in Fig. 1, for
the time-invariant and slowly time-varying scenarios of Fd = 0 and
9.6 kHz, the BER performance of the proposed DMFTN signaling
scheme was slightly lower than its DOFDM counterpart. By contrast,
our proposed DMFTN signaling outperformed conventional DOFDM
in the higher Doppler frequency scenarios with Fd ≥ 12.8 kHz while
benefitting from the rate enhancement effect of MFTN signaling. This
is because the frame duration of DMFTN signaling is smaller than its
DOFDM counterpart, and hence the detrimental effects of the channel’s
time-selectivity are mitigated.

Fig. 2. BER performance of the proposed three-stage turbo-coded DMFTN
signaling scheme with τ = 0.82, where the SNR was fixed at 15 dB. The
normalized Doppler frequency Fd was varied from 24 kHz to 10 kHz in steps
of 1 kHz.

Fig. 3. BER comparisons of the three-stage-concatenated turbo-coded
DMFTN and MFTN signaling schemes, where we employed τ = 0.82 and
Fd = 12.8 kHz.

Fig. 2 shows the BER performances of our proposed DMFTN
signaling with τ = 0.82 and conventional OFDM (τ = 1), where the
normalized Doppler frequencyFd was varied from 24 kHz to 10 kHz in
steps of 1 kHz. The CP length was set to ν = 50 and 61 for τ = 1 and
0.82, respectively. The target SNR was fixed at 15 dB. Note that in con-
ventional DOFDM, the one possible solution for mitigating detrimental
Doppler effects is to shorten the frame length while accepting a sacrifice
in the form of an increase in CP loss. Hence, for comparison, we plotted
the BER performance of the DOFDM scheme with N = 420, whose
frame duration is almost identical to that of the DMFTN scheme with
N = 512 and τ = 0.82, where the spectral efficiency was set to be the
same as the DMFTN scheme (0.729 bps/Hz).3 As shown in Fig. 2, it
was found that our proposed DMFTN signaling scheme achieved the
best performance in the entire Fd range.

Fig. 3 shows the BER comparisons between the proposed DMFTN
signaling scheme and the conventional MFTN signaling scheme, where
the Doppler frequency was given by Fd = 12.8 kHz, and the other

3In the conventional DOFDM scheme with N = 420, the 0.729 bps/Hz
spectral efficiency was achieved by simultaneously using DQPSK and the
8-DPSK.
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Fig. 4. BER performance of the proposed three-stage turbo-coded DMFTN
signaling scheme in the UWA channel at an SNR of 20 dB. The normalized
Doppler frequency Fd was varied from 0.8 Hz to 0.56 Hz.

simulation parameters were the same as those used in Fig. 1.4 We
considered a parameter rp, which represents the insertion ratio of
the number of pilot blocks over that of data blocks. For example,
rp = 1 indicates that a single pilot block was inserted for each data
block, while rp = 0.5 means that a single pilot block is inserted for
every two data blocks. Also, we assumed that in the MFTN signaling
scheme, the idealistic perfect CSI was acquired at the beginning of
the data block, i.e., just after the pilot block. Observe in Fig 3 that
the conventional MFTN signaling scheme with rp = 0.5 and that
with 0.25 exhibited the worse BER performance than the proposed
DMFTN signaling scheme due to the effects of channel estimation
errors. By contrast, the conventional MFTN signaling scheme with
rp = 1 outperformed the proposed DMFTN signaling scheme, which
is because of the idealistic perfect CSI assumption at the beginning
of every data block. Additionally, it is confirmed in our extensive
simulations that the proposed DMFTN signaling scheme outperforms
the conventional MFTN signaling scheme when the mean square error
between the estimated and actual CSI is higher than 0.01.

Next, to evaluate the achievable BER performance of the proposed
DMFTN scheme in a doubly selective fading channel under more severe
conditions, we show the simulation results in a UWA communication
channel. We considered the UWA channel profile reported in [23]. In
the rest of this section, we considered the bandwidth of 2W (1 + β) = 5
kHz. Due to the significantly low propagation speed of sound under-
water (1500 m/s), the UWA channel is inherently broadband despite
having a low bandwidth of 5 kHz, and the channel suffers from severe
Doppler effects even with a small motion of the terminal [23]. Similar
to [16], [25], we assumed that the channel coefficients are phase-rotated
due to the Doppler effects as follows: hl(ξT ) = hl(0)ej2πξτFdT0 .

Fig. 4 shows the achievable BER performance in the UWA com-
munication channel, where the packing ratio was varied from τ = 1 to
0.82 in steps of 0.02. The CP length was set to ν = 60, 61, 62, 63, 64,
66, 68, 70, 72, and 74 for τ = 1, 0.98, 0.96, 0.94, 0.92, 0.9, 0.88, 0.86,
0.84, and 0.82, respectively. The normalized Doppler frequencyFd was
set to 0.8 Hz, 0.76 Hz, 0.72 Hz, 0.68 Hz, 0.64 Hz, 0.6 Hz, and 0.56 Hz,
which correspond to the velocities 0.346 km/h, 0.328 km/h, 0.311 km/h,
0.294 km/h, 0.277 km/h, 0.259 km/h, and 0.242 km/h, respectively, for

4Also, as shown in [24], the additional 4ν-length pilot block is required
for channel estimation in the MFTN signaling scheme. Hence, in the MFTN
signaling scheme, the number of transmission bits per symbol was varied such
that the spectral efficiency became the same as that of the proposed DMFTN
signaling scheme.

Fig. 5. BER performance of the proposed three-stage turbo-coded DMFTN
signaling scheme with τ = 0.82 in a UWA channel at an SNR of 20 dB. The
normalized Doppler frequency Fd was varied from 1 Hz to 0.4 Hz.

a carrier frequency of 12.5 kHz. Finally, the SNR was fixed at 20 dB.
In Fig. 4, it was found that for Fd ≥ 0.64 Hz, the BER of the proposed
DMFTN scheme decreased upon decreasing the packing ratio τ while
outperforming its conventional DOFDM counterpart (τ = 1).

Moreover, Fig. 5 shows the BER performance of the proposed
DMFTN scheme with τ = 0.82, where the Doppler frequency Fd was
varied from 1 Hz to 0.4 Hz in steps of 0.04 Hz. The SNR was fixed
at 20 dB. Similar to Fig. 2, we plotted the BER performance of the
DOFDM scheme (τ = 1, N = 512) with the same frame duration and
spectral efficiency as the DMFTN scheme for comparison. As shown
in Fig. 5, while the conventional DOFDM scheme having N = 512
exhibited a marginal performance advantage in the slowly time-varying
scenarios ofFd = 0.44 Hz and 0.4 Hz,5 our proposed DMFTN signaling
scheme outperformed the DOFDM benchmark schemes over the entire
regime of Fd ≥ 0.48 Hz.

V. CONCLUSION

In this paper, we proposed the novel concept of low-complexity
DMFTN signaling, which allows us to dispense with any CSI at either
transmitter or receiver in a time-varying dispersive channel. Since the
received DMFTN signals are approximately diagonalized by relying
on the circulant-matrix approximation of the FTN-specific ISI and
noise correlation matrices, noncoherent detection is enabled. As the
explicit benefits of the reduced frame duration of our MFTN signaling,
our proposed DMFTN scheme is capable of mitigating detrimental
Doppler effects and improving the detection performance in a rapidly
time-varying fading scenario.
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