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Abstract: Faster-than-Nyquist (FTN) signaling is regarded as a potential candidate for improving
data rate and spectral efficiency of 5G new radio (NR). However, complex detectors have to be
utilized to eliminate the inter symbol interference (ISI) introduced by time-domain packing and the
inter carrier interference (ICI) introduced by frequency-domain packing. Thus, the exploration
of low complexity transceiver schemes and detectors is of great importance. In this paper,
we consider a discrete Fourier transform (DFT) block transmission for multi-carrier FTN signaling,
i.e., DBT-MC-FTN. With the aid of DFTs/IDFTs and frequency domain windowing, time- and
frequency domain packing can be implemented flexibly and efficiently. At the receiver, the inherent ISI
and ICI can be canceled via a soft successive interference cancellation (SIC) detector. The effectiveness
of the detector is verified by the simulation over the additive white Gaussian noise channel
and the fading channel. Furthermore, based on the characteristics of the efficient architecture
of DFT-MC-FTN, two pilot-aided channel estimation schemes, i.e., time-division-multiplexing
DBT-MC-FTN symbol-level pilot, and frequency-division-multiplexing subcarrier-level pilot within
the DBT-MC-FTN symbol, respectively, are also derived. Numerical results show that the proposed
channel estimation schemes can achieve high channel estimation accuracy.
Keywords: faster-than-Nyquist; multicarrier transmission; non-orthogonal waveform; channel
estimation; equalization; pilot-aided; interference cancellation

1. Introduction
In order to meet the unprecedented requirement for high-data-rate transmission and to achieve
higher spectral efficiency, non-orthogonal transmission techniques in time- and/or frequency
domain have attracted worldwide attention in the academia and the industry, especially during
the standardization process of the 5G new radio (NR) [1]. Faster-than-Nyquist (FTN) was originally
proposed by Mazo in 1975 [2]. As a kind of non-orthogonal transmission technology, FTN has
broken the traditional Nyquist criterion and the data rate can be increased by 25% at the expanse
of introducing ineluctable inter-symbol interference (ISI) artificially. Therefore, FTN transmission
technology has attracted wide attention in recent years as a potential time-domain solution to
effectively improve spectral efficiency. Furthermore, FTN signaling has also been studied in a frequency
domain [3–6] and then extended to both time and frequency domains [7–10]. The principle of frequency
domain FTN signaling is that the modulated symbols are multiplexed onto the non-orthogonal
sub-carriers which are placed at closer spacing compared to an OFDM system, i.e., bandwidth
compression, thus less bandwidth resource can be occupied. At the receiver, complex detectors
such as the maximum likelihood (ML) detector should be adopted to cancel the artificially introduced
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inter-carrier interference (ICI), however, with the complexity growing exponentially with the system
size, e.g., the number of subcarriers or the constellation size.
To tackle the high transceiver complexity problem, a number of efficient transceiver schemes
have been developed for the FTN signaling transmission [11–14]. For example, Ref. [13] proposes
a circulated block transmission scheme, i.e., CB-FTN, in which circular convolution instead of the
linear convolution is utilized to conduct the pulse shaping. Thus, low-complexity frequency domain
equalization can be employed at the receiver to compensate for the channel impairment and the
inherent ISI. Ref. [14] proposes the discrete Fourier transform (DFT) based block transmission
for faster-than-Nyquist signaling (DBT-FTN) scheme where the implementation complexity of
DBT-FTN system can be reduced significantly by DFT based signal generation and frequency-domain
equalization (FDE) in the transmitter and receiver, respectively. Ref. [8] develops a new multicarrier
FTN signaling transceiver with an FTN mapper and a linear minimum mean square error (LMMSE)
equalizer. There are also works on other low complexity detectors like nonlinear detection algorithms
based on maximum a posteriori (MAP) [15], Turbo-based frequency domain equalization [16,17]
and improved linear equalization algorithms [18]. To the best of our knowledge, these approaches,
however, are mainly designed for the FTN system with one-dimensional compression and perform
efficiently only for the additive white Gaussian noise (AWGN) channel scenario. In terms of fading
channels, the inherent ISI and/or ICI of the FTN signaling combined with the ISI induced by the
fading channel will even challenge the accuracy of the channel estimation. Under such circumstances,
the efficient single-tap frequency domain channel estimation schemes for the OFDM system cannot be
utilized directly due to the existence of the mixed interference [19–21]. Thus, the exploration of the
efficient channel estimation schemes for FTN signaling is of great importance.
The state-of-the art studies on the channel estimation in the FTN system can be divided into two
categories, i.e., pilot-aided channel estimation schemes and the ones without the pilot. To save the pilot
overhead, the channel estimation schemes without an assisted pilot are proposed by using differential
modulation and correlation coefficient matrix to carry on non-coherent detection [22]. However, it is
different from the current mainstream modulation scheme and cannot be compatible with the existing
multi-carrier FTN transmission schemes. In terms of the pilot-aided channel estimation, the pilot-aided
channel estimation schemes consist of two parts: (1) Channel estimation using orthogonal pilots:
As the subcarrier interval of the FTN signal is the same as that of the OFDM system, the compatible
channel estimation scheme can be adopted. However, compared with the FTN signal, the time duration
of an orthogonal pilot symbol is longer than that of the FTN symbols due to the lower data rate in
each subcarrier, resulting in a slight decrease in the spectral efficiency [23–27]. Furthermore, the pilot
symbols and the data symbols are time division multiplexing and the longer symbol period will lead
to the inapplicability of rapidly time-varying multipath fading channels. (2) Channel estimation using
DBT-MC-FTN pilots: When the DBT-MC-FTN symbol is used as the pilot for channel estimation,
the period of the symbol is the same as that of an orthogonal symbol while the subcarrier interval is
compressed. As a result, there is no effect on the spectral efficiency, but the self-introduced ISI and ICI
will affect the accuracy of channel estimation [28–32]. Moreover, to apply the above channel estimation
and equalization scheme, some frame structures based on FTN transmission have been proposed
in [9,10,15,33,34].
In this paper, a low complexity two-dimensional compression scheme called DFT based block
transmission for multicarrier faster-Than-Nyquist (DBT-MC-FTN) signaling is proposed. The key idea
of the proposed DBT-MC-FTN can be depicted as follows. By resorting to the circular convolution and
DFT operation, an efficient transceiver architecture is derived. The proposed DBT-MC-FTN transmitter
can be viewed as the concatenation of several smaller size DFTs, frequency domain window, and a
larger size IDFT, and the receiver is the corresponding reverse process. As a result, flexible time- and
frequency domain compressions can be achieved in a unified manner. One difference between our
scheme and the one proposed in [8] is that frequency domain compression cannot be achieved for
the latter, thus full use may not be made of the scarce spectral resource. To combat the multipath
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effect in the fading channel, a cyclic prefix (CP) is added to the DBT-MC-FTN symbol so that channel
induced ISI can be eliminated through frequency domain equalization. Moreover, since the artificially
introduced ISI and ICI in the DBT-MC-FTN system are known to us when the compression factor is
determined, the ISI and ICI can be computed offline and canceled via the soft successive interference
cancellation (SIC) detector at the receiver with an acceptable complexity.
To sum up, the novel contributions of this paper are as follows:
•

•

•

We first propose a DFT based block transmission for multicarrier FTN signaling scheme,
i.e., DBT-MC-FTN, where the two-dimensional compression in both time-domain and
frequency-domain can be realized efficiently by adjusting the operation parameters.
CP-based channel frequency domain equalization and soft SIC detector are deployed respectively
to eliminate the ISI and ICI introduced by the channel and the two-dimensional packing in the
DBT-MC-FTN signaling. The effectiveness of the proposed detector is verified by the simulations.
Based on the special structure of the proposed DBT-MC-FTN scheme, two pilot transmission
schemes for channel estimation have been proposed. The two schemes are time-division
multiplexing (TDM) non-orthogonal pilots and multiplexing orthogonal pilots in the same
time-frequency resource, respectively. We demonstrate that time-domain estimation using
non-orthogonal pilots performs better while other schemes have error floors when the simple
least square (LS) algorithm is implemented.

The remainder of this paper is organized as follows. In Section 2, we present the system model of
the proposed DBT-MC-FTN system and propose the corresponding receiver that takes consideration of
the influence of a multipath fading channel. Furthermore, a soft SIC equalizer has also been provided
to estimate the self-introduced interference. In Section 3, the methodologies of implementing the
two pilot transmission and channel estimation schemes have been introduced, respectively. Section 4
provides the channel estimation (CE) and bit error rate (BER) performance results of the proposed
scheme. Finally, Section 5 includes the conclusions and future work.
Notation: Matrices, vectors, and scalar quantities are denoted by boldface uppercase, boldface
lowercase and normal letters, respectively. Appendix A presents notations used in this paper.
2. System Model of DBT-MC-FTN
Based on our previous work in [11,12], FTN signaling is further applied in both time and
frequency domains. In this work, a unique DFT-based block transmission for multi-carrier FTN
signaling, i.e., DBT-MC-FTN has been proposed. Figure 1 depicts the schematic block diagram of the
DBT-MC-FTN transceiver.
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Figure 1. Block diagram of the DFT based block transmission for multicarrier faster-than-Nyquist
(DBT-MC-FTN) transceiver: (a) transmitter: Scheme I: Channel estimation using DBT-MC-FTN pilots;
Scheme II: Channel estimation using orthogonal pilots; (b) receiver.
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2.1. DBT-MC-FTN Transmitter
DBT-MC-FTN is essentially a multi-carrier scheme. Denote xm (d) as the dth complex QPSK
symbol modulated on the mth subcarrier, then the continuous-time transmitted signal of DBT-MC-FTN
signaling can be expressed as
D −1 M −1

g(t) =

∑ ∑

xm (d)w (t − dβTs ) e j2π

mαt
Ts

,

(1)

d =0 m =0

F

where w(t) is the continuous-time unit energy pulse with the Nyquist symbol interval Ts , M, and D
are, respectively, the numbers of occupied subcarriers and the symbols transmitted on each subcarrier.
α(α ≤ 1) and β( β ≤ 1) denote the frequency packing factor (FPF) and the time packing factor (TPF),
respectively. We set v = α · β as the joint time-frequency packing factor. For α = 1 and β = 1,
an orthogonal system is obtained, while for α < 1 or β < 1, frequency-domain or time-domain packing
occurs between the subcarriers or symbols. Figure 2 illustrates the time-frequency grid comparison
between the multicarrier FTN system and the orthogonal systems, from which the relationship between
the desired signal and introduced ISI/ICI can be recognized clearly. As a result, the improvement of
spectral efficiency is obvious.

Frequencydomain packing

Orthogonal
signaling
Multicarrier
FTN signaling
ISI

ICI

Time-domain
packing

T

Figure 2. Illustration of the time-frequency grid of multicarrier FTN symbols and orthogonal symbols.

By sampling the signal in Equation (1) at the sampling period of Ts /Ns , the discrete signal can be
written as


mαq
1 D −1 M −1
g(q) = √
xm (d)w q − dN f
e j2π Ns ,
(2)
∑
∑
Q
N s d =0 m =0
where N f = βNs , 0 ≤ q ≤ Q − 1,
−1
∑nL=
0

√1
Ns

is a normalization scaling factor. w(n) is a Ns -orthogonal pulse

with the length of L, where
w(n)w∗ (n − dNs ) = 0 when d 6= 0. The operator of ((·))Q represents
the Modulo-Q operation where Q = D × N f and Q > L. By applying Q-point IDFT operation to both
sides of Equation (2), the frequency-domain expression of DBT-MC-FTN signal can be derived as
G (i ) =

√

M −1

D

∑

Xm (i − mαβD )W (i − mαβD ),

(3)

m =0

where 0 ≤ i ≤ Q − 1, Xm (i ) is the D-point DFT of xm (d) and W (i ) is the Q-point DFT of w(n).
Equation (3) can be interpreted as follows. The data symbols transmitted on each subcarrier are first
transformed into the frequency domain with D-point DFT, and then extended circularly to Q points.
Each Q-point output signal is multiplied by a frequency-domain window whose length is variable
according to the TPF β. After the summation of the M Q-point signals circularly with the shift interval
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mαβD, Q-point IDFT, and CP padding, finally, DBT-MC-FTN signaling is generated, as shown in
Figure 1a. Note that the two-dimensional time-frequency packing can be realized in a unified manner
via the overall packing factor v. The time-domain packing is implemented by adjusting the window
length, and the frequency-domain packing is realized by multi-carrier cyclic shift summation with
the FPF α. Change the window length and the multi-carrier summation cyclic shift interval at the
same time, time-frequency packing can be simultaneously realized. It is worth pointing out that
the proposed DBT-MC-FTN scheme can be viewed as the fast-than-Nyquist extension of SC-OFDM
(i.e., DFT-S-OFDM). In the case of M = 1, α = β = 1, and the window is a rectangular pulse, obviously,
it becomes the traditional SC-OFDM. If the rectangular pulse is used, the proposed scheme without
time-frequency packing will transformed into an N ×SC-OFDM scheme. To take the general cases
into consideration, the coefficients of all the M D −point DFTs will be packed, sequentially mapped,
and superimposed on each subcarrier of the Q-point IDFT within the DBT-MC-FTN symbol; hence,
this is the faster-than-Nyquist extension of SC-OFDM.
The DBT-MC-FTN signaling can be also expressed in matrix form. Let V = {v0 , v1 , ..., v M−1 } be
the output signal matrix on M subcarriers before Q-point IDFT operation, the symbol vector on the
mth carrier can be given as
√
vm = DSm WTQ,D F D xm ,
(4)
H
where xm = [ xm (0), xm (1), · · · , xm ( D − 1)] T is the data signal vector on the mth subcarrier, F D and F D
are the D × D Fourier/Inverse Fourier transform matrix, TQ,D = [I D , I D , · · · , I D ] T indicates Q × D
cyclic extension matrix with D-dimensional identity matrix I D . W = diag{W (0)W (1) · · · W ( Q − 1)}
is defined as the frequency-domain window matrix and Sm is the mth cyclic shift matrix. As a result,
after the multi-carrier summation in Equation (3) and Q-point IDFT, the transmitted DBT-MC-FTN
signal vector in Equation (2) can be shown as
H
g = FQ
ΩΛX = ΦX,

(5)

where Ω=[S0 S1 · · · S M−1 ], Λ= diag(WTQ,D F D ), X = [x0 x1 · · · x M−1 ] T and Φ is the equivalent
matrix of the transmitter.
2.2. DBT-MC-FTN Receiver
Assume that, in a DBT-MC-FTN transmission block, the time domain impulse response of
a multipath fading channel is approximately constant. Then, at the receiver, the channel impulse
response (CIR) vector can be denoted as h = [h1 , h2 ..., hQ ] T . After CP removing, the received signal
can be expressed as
y = g ⊗ h + z,
(6)
where y = [y1 , y2 , · · · , yQ ] T is the receiver signal vector, z = [z1 , z2 , · · · , zQ ] T denotes the
additive white Gaussian noise (AWGN) with zero mean and the variance of σ2 , ⊗ stands for the
circular convolution.
Because of the periodicity of the transmitted symbol, Equation (6) can be rewritten in the form of
a circulant matrix as follows:
y = Hc ΦX + z = Θh + z,
(7)


Φ1 Φ Q · · · Φ2


 Φ Φ · · · ... 
 2 1

T
where Hc is a circulant matrix constructed by h = [h1 , h2 ..., hQ ] . Ψ =  . .
, Φk is the
 . . ..

.
.
.
Φ

Q 
Φ Q · · · Φ2 Φ1
kth row of Φ. Θ is a Q × Q circulant matrix whose first column vector is v=Φx and hence can be
written by
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(8)

After demodulation, the demodulated signal matrix R = [r0 r1 · · · r M−1 ] T can be expressed as
R = Φ H Hc ΦX + ZΦ H = Heq X + ZΦ H ,

(9)

where Φ H is the conjugate transpose matrix of Φ, and C = Φ H Φ is the correlation matrix regardless
of the effect of the channel. ZΦ H is the noise matrix contaminated by the demodulation matrix Φ H .
Heq is the equivalent channel matrix containing the transceiver and the channel. In summary, as the
inverse of the DBT-MC-FTN transmitter, the structure of the DBT-MC-FTN receiver can be depicted in
Figure 1b.
2.3. Equalization Scheme
The mixed interference experienced at the DBT-MC-FTN receiver is composed of the ISI induced
by the fading channel and the ISI/ICI introduced by time-frequency packing. Benefitting from the
special structure of the DBT-MC-FTN, the mixed interference can be tackled separately in this paper.
Since the effect of channel estimation and channel equalization are not the focus in this section,
we assumed that a perfect channel state information (CSI) is applied and the simple minimum mean
squared error (MMSE) algorithm is utilized to the channel equalization. To further eliminate the
ISI/ICI introduced by the two-dimensional packing, a soft SIC scheme has been designed in this
section. âm = { âm (0), âm (1), · · · , âm ( D − 1)} is assumed as the frequency domain soft estimated
signal generated from the extrinsic log-likelihood rate (LLR) Le obtained by the decoder at the end of
the last iteration. Based on the interference cancellation principle in [35], the received signals on the
mth subcarrier after ICI cancellation can be expressed as
M −1

rm = zm −

∑

Cm,m0 âm0 ,

(10)

m0 =0,m0 6=m

where 0 ≤ m ≤ M − 1, C is the correlation matrix in the case of ideal channel estimation as mentioned
in Section 2.2.
Then, the ICI soft canceled symbols are fed up to the ISI cancellation process. The system model
containing the color noise in Equation (9) is called the Ungerboeck model [36]. As a result, a MAP
equalization combined with a Bahl–Cocke–Jelinek–Raviv (BCJR) algorithm based on the Ungerboeck
observation model is adopted in this paper to deal with the ISI introduced by time domain packing.
The conditional probability density function of the modulated sequence vector r and the modulation
symbol vector a with the BCJR algorithm is proportional to
p(r|a) ∝ exp
∝

2
N0

∏ exp
k

R

∑

!
a∗k rk

k

1
R
N0

a∗k rk

k

− ∑ Ck,k | ak | − ∑ ∑
2

!!
2R (Ck,l a∗k al )

k l =1

k

k

1
− Ck,k | ak |2 − a∗k ∑ Ck,l al
2
l =1

(11)

!!
,

where N0 is the channel noise power of the AWGN channel, C is the correlation matrix obtained
from Equation (9) according to the proposed DBT-MC-FTN transceiver. It can be observed from
Equation (11) that the BCJR algorithm based on the Ungerboeck observation model can deal with
colored noise instead of a whitening filter with acceptable complexity. Then, the iterative operation
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is following to further eliminate the residual interference in the currently demodulated symbols to
improve the accuracy.
3. Proposed Channel Estimation Schemes
The non-orthogonality nature of DBT-MC-FTN signals in the two dimensions challenges the
channel estimation. In order to adapt DBT-MC-FTN to the practical fading channel, two pilot-aided
channel estimation schemes have been developed, i.e., the non-orthogonal channel estimation
scheme based on the time-division-multiplexing DBT-MC-FTN symbol-level pilot, and the orthogonal
channel estimation scheme via the frequency-division-multiplexing subcarrier-level pilot within the
DBT-MC-FTN symbol. The two CE schemes are depicted in Figure 1a where Scheme I is based on the
time domain pilot insertion and the pilot symbols can be compressed flexibly in both time domain
and frequency domain by the same factor as the data symbols, and Scheme II presents the frequency
domain pilot transmission scheme and the pilot symbols remain orthogonal regardless of the changes
in the compression factor of the data symbols.
3.1. Scheme I: Channel Estimation Using DBT-MC-FTN Pilots
In this method, a DBT-MC-FTN pilot is applied to each subframe. As shown in part (I) marked
in Figure 1a, the pilot symbol is mapped to the subcarriers as the modulated data symbols do in the
time domain, i.e., the pilot and data symbols are time division multiplexing. Figure 3 depicts the
time-frequency grid of the DBT-MC-FTN system where the pilot symbol is located at the first symbol
in one subframe. The packing factors in the DBT-MC-FTN pilots are the same as the data symbols,
therefore the spectral efficiency will not be affected. Another advantage that we can employ is that,
once the FPF and TPF are known, the self-introduced ICI and ISI are deterministic and can be described
mathematically by C.
D subsymbols

Data

xM 1 (0)

xM 1 ( D  1)

x0 (0)

x0 ( D  1)


Ts
T

(a)

t

f

 Ts

(b)

sub-bands

B

M

Pilot

D subcarriers

N f samples

f

f

B

 DTs t

Figure 3. DBT-MC-FTN time-frequency resource block of one subframe: (a) DBT-MC-FTN transmission
subframe structure; (b) the time-frequency grid of a DBT-MC-FTN symbol.

Next, the single tap frequency-domain channel estimation (FD-CE) scheme and time-domain
channel estimation (TD-CE) scheme have been applied, respectively.
In the case of single tap FD-CE, the estimated CIR can be obtained via LS algorithm as given below:
ĥ F = X−1 R.

(12)

The mean squared error (MSE) can be calculated by
MSEFD−CE = E{(h − X−1 R) H (h − X−1 R)} = E{(X−1 ZΦ∗ ) H (X−1 ZΦ∗ )}
H
H −1
= E{ZΦ
Z Φ ∗ }.
∗ ( XX )

(13)
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According to Equation (7), the estimated CIR in the time domain with the LS algorithm can be
calculated as
ĥ T = (Θ H Θ)−1 Θ H y,
(14)
where Hc can be constructed by taking ĥ T as the first column and cyclic shifting ĥ T . Then, inverse
1
H−
c of Hc can be utilized to equalize the received data symbol to compensate for the channel effects
as follows:
1
−1
−1
yeq = H−
(15)
c y = Hc Hc Φx + Hc z.
Similar to Equation (13), the MSE of TD-CE is given by
MSETD−CE = E{(h − ĥ T ) H (h − ĥ T )}

= E{(h − (Θ H Θ)−1 Θ H y) H (h − (Θ H Θ)−1 Θ H y)}

(16)

= E{[(Θ H Θ)−1 Θ H z] H [(Θ H Θ)1 Θ H z]}
= E{z H Θ[Θ H Θ(Θ H Θ)]−1 Θ H z]}.

As shown in Equation (7), Hc is a Toeplitz matrix whose first column is h = [h1 , h2 ..., hQ ] T . As a
result, Heq is a diagonal matrix where there is no packing in time domain or frequency domain,
i.e., orthogonal system. Thus, a simple single-tap FD-CE can be implemented by Equation (12).
In this case, we have ΘΘ H = Ns I Ns and it can further be obtained that MSEFD−CE =
σZ2
Ns .

σZ2
2
σX

and

MSETD−CE =
However, when it turns to the DBT-MC-FTN system with two-dimensional packing,
there are off-diagonal elements in Heq due to the ISI/ICI introduced by time/frequency domain
packing and ICI introduced by the filter trailing. Since the pilot symbols are modulated and packed as
the DBT-MC-FTN symbol in a non-orthogonal manner, in such case, the single-tap FD-CE algorithm is
not applicable anymore. Thus, the channel estimation will be processed in the time domain.
3.2. Scheme II: Channel Estimation Using Orthogonal Pilots
In this scheme, the pilot signals and data signals are multiplexed on the subcarriers within a
subframe in the frequency domain before the Q-point IDFT, as shown in part (II) marked in Figure 1a.
We defined P = [ P(0), P(1), · · · , P( Np − 1)] T as a Np -length pilot symbol. The pilot and data symbols
are mapped to the subcarriers as follows:
G ((u − 1)η + 1) = P(u),

(17)

G ((u − 1)η + ν + 1) = F ((u − 1)η + v),

(18)

where { G (i ), i = 0, 1, ..., Q0 − 1} denotes the multiplexed frequency-domain symbol with the length of


Q0 = Q + Np , η = Q0 /Np , b·c represents the floor operation. u = 0, 1, ..., Np and v = 1, 2, ..., η. As a
result, the CSI can be directly estimated via LS without interpolation as follows:
ĥ = P̂./P,

(19)

where ./ represents the element division. Then, the complete CIR can be obtained by interpolation
algorithms such as linear interpolation and DFT interpolation [37]. As the pilot symbols are inserted
into the subcarriers as the data symbols after the data block generation, the pilot and data symbols
share the same time-frequency resources in an orthogonal manner. Therefore, the two-dimensional
packing of the data symbols has no negative impact on the pilot symbols. Thus, the channel estimation
can be implemented independently within each subband, which is different from Scheme I.
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4. Simulation Results
In this section, system performances of the equalization schemes and channel estimation schemes
will be evaluated over different channel emulation scenarios. We perform simulation by MATLAB
2018b on the Intel(R) Core(TM) i7-5930 K CPU under 3.5 GHz and 64-bit Windows 7 operating system.
One shot of the COST 207 typical urban (TU) channel delay profile with six taps is used in all simulation
scenarios with a multipath channel [38]. The experimental system specifications are shown in Table 1.
Table 1. Experimental system specifications.
Title 1

Nyquist Rate Signaling

DBT-MC-FTN

Channel model

additive white Gaussian noise (AWGN)
typical urban-6 (TU-6)
16
30
900
15.36
Quadrature Phase Shift Keying (QPSK)
root-raised cosine (RRC)
0.3
30
30
1
1
1
2

AWGN
TU-6
16
30
540, 720
15.36
QPSK
RRC
0.3
30
18, 24
0.8, 0.6
0.8, 0.6
0.8, 0.6
2.5, 3.33

Number of occupied subcarriers (M)
Number of the symbols transmitted on each subcarrier (D)
Inverse Discrete Fourier transform (IDFT) size (Q)
Sampling frequency (MHz)
Modulation scheme
Type of pulse-shaping filter
Roll-off factor of filter
Shift-orthogonal interval (Ns )
Shift interval of the shaping filter(N f )
Frequency packing factor (FPF, α)
Time packing factor (TPF, β)
Joint time-frequency packing factor (v)
Spectral efficiency (bps/Hz)

4.1. CE Performance
Firstly, as shown in Figure 4, the MSE curves of TD-CE and FD-CE schemes using non-orthogonal
DBT-MC-FTN pilots over the TU6 channel are evaluated. The performance at Nyquist rate,
i.e., α = β = 1 is set as the performance bound. For TD-CE, it is evident that, with the increase of β and
α, the MSE results are gradually reduced to approach the bound. This is because the ISI/ICI introduced
by two-dimensional packing in the system gradually decreases with the increase of the packing factors.
Similar results occur when FD-CE is implemented and it can be observed that TD-CE can obtain a
more accurate channel estimation than FD-CE at low Eb /N0 . When it comes to high Eb /N0 , an error
floor occurs. The reason behind this is that the ISI/ICI introduced by packing and the out-of-band
emission (OOBE) caused by the filter trailing can be dealt with in the case of TD-CE, but the single-tap
FD-CE only considers the diagonal elements of C. Thus, even in the case of no packing, the error floor
still occurs due to the effects of the filter and this effect is related to the sideband shape of the filter,
e.g., the roll-off of the root-raised cosine (RRC) filter.
Next, the MSE performance of LS channel estimation using orthogonal pilots is investigated in
Figure 5. The linear and DFT interpolation methods have been utilized, respectively. It can be observed
that, under the condition of LS channel estimation, DFT interpolation performs better than linear
interpolation although the error floor occurs in both two interpolation methods compared to that
of the TD-CE in Figure 4. Thus, an improved interpolation scheme can be implemented for higher
accuracy, but it is not the focus in this paper. Furthermore, slight performance loss occurs when the
system is compressed. The reason is that the increment in the power of the data symbol due to the
packing results in a slight deviation of the SNR, which is negligible. Therefore, we can conclude that
the performance of channel estimation using orthogonal pilots is not affected by the packing of the
system, as mentioned.
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Figure 4. Mean squared error (MSE) performance of time-domain channel estimation (TD-CE) and
frequency-domain channel estimation (FD-CE) methods using DBT-MC-FTN pilots over the TU-6
channel, where the parameters of the DBT-MC-FTN system were set to (α, β)=(0.8, 1), (0.6, 1), (1, 0.8)
and (1, 0.6).
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Figure 5. MSE performance of least square (LS) channel estimation with linear and DFT interpolation
methods using orthogonal pilots over the TU-6 channel, where the parameters of the DBT-MC-FTN
system were set to (α, β)=(0.8, 1), (0.6, 1), (1, 0.8) and (1, 0.6).

4.2. BER Performance with SIC Equalization
Furthermore, the BER performance of the proposed channel estimation in the DBT-MC-FTN
system using orthogonal pilots have been shown in Figure 6 and Figure 7, respectively. First,
to investigate the BER performance of the proposed SIC, a perfect CSI of AWGN channel is assumed
to neglect the effect of the channel estimation effect. As shown in Figure 6, the performance of Nyquist
rate system, i.e., β = α = 1 is set as the performance bound and it can be observed that with the
packing in the time or frequency domain, the BER performance performances a certain loss compared
to the orthogonal system. With the increase in the number of the iteration, the BER performances will
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be improved gradually to approach the performance bound. It is observed that the BER performance
with FPF α = 0.8 can save up to 25% of bandwidth with a performance loss of less than 0.5 dB at
Pe = 10−3 with five iterations while there is a little performance penalty of about 1 dB in the case of
the system with TPF β = 0.8. Hence, we can conclude that the proposed soft SIC has a better effect on
the ICI introduced by frequency domain packing than the ISI introduced by time domain packing.
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Figure 6. BER performance of DBT-MC-FTN and orthogonal symbols over the AWGN channel,
where the parameters of the DBT-MC-FTN system were set to (α, β)=(0.8, 1) and (1, 0.8), and the
number of iterations were set to 0 and 5.
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Figure 7. BER performance of DBT-MC-FTN and orthogonal symbols with perfect and estimated
channel impulse responses (CIRs) over the TU-6 channel, where the parameters of the DBT-MC-FTN
system were set to (α, β)=(0.8, 1) and (1, 0.8), and the number of iteration was set to 5. LS channel
estimation with DFT interpolation method using DBT-MC-FTN pilots over the TU6 channel, and ZF
channel equalization was utilized.
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Next, to investigate the effect of the two-dimensional packing on the DBT-MC-FTN system in
a fading channel, the interference introduced by a fading channel has been taken into consideration.
As shown in Figure 7, the LS channel estimation with DFT interpolation method using DBT-MC-FTN
pilots and ZF channel equalization have been utilized. Observe in Figure 7, in the case of the
perfect CIR, there is a significant performance loss relative to the performance bound. Nevertheless,
the BER performance has been improved with the increase of the iterations, as shown in Figure 6.
The performance loss can be owing to the fact that the estimation error existing in the LS channel
estimation algorithm with DFT interpolation will lead to bit errors in the channel-equalized signals.
Furthermore, when it comes to the case of estimated CIR, the BER performance loss is around 4 dB at
Pe = 10−3 , compared to that of the perfect CIR. The reason is that the residual interference resulting
from the previous LS channel equalization step will be mixed into the ISI tackled later, which will
amplify the error propagation effect of the following SIC detection. Hence, certain joint channel
estimation and signal detection schemes could be explored to further improve the performance.
5. Conclusions and Future Work
In this contribution, an efficient transceiver architecture of the two-dimensional packing FTN
signaling based on the DFT block transmission, i.e., DBT-MC-FTN scheme has been proposed. Then,
a soft SIC detector has been utilized to eliminate the inherent ISI and ICI. The BER performances
over the AWGN and fading channels showed that the proposed SIC detector can eliminate the mixed
interference effectively as the number of iterations increases, making the proposed DBT-MC-FTN
signaling an efficient method to improve the spectral efficiency. In addition, based on the characteristics
of the realization structure, two pilot-aided channel estimation schemes for the DBT-MC-FTN system
have been developed. The MSE simulation results demonstrated the feasibility of the proposed two
channel estimation schemes.
Note that, in this paper, the channel-induced ISI and the manually introduced ISI and ICI due to
time-frequency packing are dealt with separately. When the soft SIC detector at the receiver is employed
to cancel the inherent ISI/ICI, the residual interference will be mixed into the ISI which is caused by the
previous LS channel equalization step, resulting in certain performance loss. Therefore, to further improve
the system performance, joint detection schemes to tackle the mixed interference should be explored
in the future. Additionally, in terms of the channel estimation scheme, conventional linear and DFT
interpolation methods have been utilized to derive the complete CIR. However, the estimation accuracy
needs to be further improved with more advanced interpolation methods, which are also our future work.
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Abbreviations
The following abbreviations are used in this manuscript:
AWGN
BCJR
BER
CE
CIR
CP
CS

additive white Gaussian noise
Bahl–Cocke–Jelinek–Raviv
bit error rate
channel estimation
channel impulse response
cyclic prefix
cyclic suffix
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CSI
DBT-MC-FTN
DFT
FD-CE
FDE
FTN
ICI
IDFT
ISI
LS
MAP
ML
MMSE
LMMSE
OOBE
RRC
SIC
SNR
TD-CE
TDM
TU
ZF

channel state information
DFT based block transmission for multicarrier faster-than-Nyquist
discrete Fourier transform
frequency-domain channel estimation
frequency-domain equalization
faster-than-Nyquist
inter carrier interference
Inverse Discrete Fourier transform
inter symbol interference
least square
maximum a posteriori
maximum likelihood
minimum mean squared error
linear minimum mean squared error
out-of-band emission
root-raised cosine
successive interference cancellation
signal-to-noise ratio
time-domain channel estimation
time-division multiplexing
typical urban
zero forcing

Appendix A. Notation
xm (d)
α
β
M
D
Ts
Tf
L
Q
vm
V
H
FD / FD
T Q,D
W
Sm
g
Ω
Λ
X
Φ
y
z
Hc
Ψ
Θ
r
C
ZΦ H
Heq
p

the dth complex symbol modulated on the mth subcarrier
frequency packing factor (FPF)
time packing factor (TPF)
the number of subcarriers
the number of the symbols transmitted on each subcarrier
Nyquist symbol interval
shift interval of the filter
the length of the time domain shaping filter
the length of circular expanding
the output signal vector on the mth subcarrier before Q-point IDFT operation
the output signal matrix on M subcarriers before Q-point IDFT operation
D × D Fourier/Inverse Fourier transform matrix
Q × D cyclic extension matrix with D-dimensional identity matrix I D
the frequency-domain window matrix
the mth cyclic shift matrix
transmitted DBT-MC-FTN signal vector
a matrix consists of M cyclic shift matrixes Sm
a diagonal matrix with diagonal element WTQ,D F D
a signal matrix consists of signals on M subcarriers
the equivalent matrix of the transmitter
the receiver signals vector
the additive white Gaussian noise (AWGN) with zero mean and the variance of σ2
a circulant matrix constructed by h
a circulant matrix constructed by Φ
a Q × Q circulant matrix with first column vector is V =ΦX
the signal vector after demodulation
the correlation matrix regardless of the effect of the channel
the noise matrix contaminated by the demodulation matrix Φ∗
the equivalent channel matrix containing the transceiver and the channel
Np -length pilot symbol vector
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