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Abstract—Future wireless networks are expected to deliver
ultra-high throughput for supporting emerging applications. In
such scenarios, conventional Nyquist signaling may falter. As
a remedy, faster-than-Nyquist (FTN) signaling facilitates the
transmission of more symbols than Nyquist signaling without
expanding the time-frequency resources. We provide an acces-
sible and structured introduction to FTN signaling, covering its
core principles, theoretical foundations, unique advantages, open
facets, and its road map. Specifically, we present promising coded
FTN results and highlight its compelling advantages in integrated
sensing and communications (ISAC), an increasingly critical
function in future networks. We conclude with a discussion of
open research challenges and promising directions.

Index Terms—Faster-than-Nyquist signaling, channel capacity,
channel coding, integrated sensing and communications.

I. INTRODUCTION

As wireless networks evolve toward 6G and beyond, the
thirst for increased throughput continue to strain the spectral
resources of existing systems. While emerging technologies
such as millimeter-wave (mmWave) and terahertz (THz) com-
munications promise expanded bandwidth, the reality remains
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that spectrum is fundamentally finite and expensive. This
pressure calls for a reevaluation of physical layer signaling
schemes to push the limits of spectral efficiency without
relying solely on wider bandwidths.

Conventional digital communication systems have tradition-
ally adhered to the Nyquist criterion, which ensures inter-
symbol interference (ISI)-free transmission in the absence of
channel-induced dispersion. This Nyquist signaling paradigm
has shaped decades of waveform design, ranging from single-
carrier to multi-carrier orthogonal frequency-division multi-
plexing (OFDM) transmission and its diverse relatives. How-
ever, wireless channels typically destroy orthogonality at the
receiver side, which makes Nyquist signaling futile to a degree.
It is also worth mentioning that the 2G Global System of Mo-
bile (GSM) communications opted for deliberately introducing
controlled ISI by harnessing partial-response GMSK signaling
for spectral compactness, which required a channel equalizer.

Similarly, faster-than-Nyquist (FTN) signaling deliberately
transmits symbols at a rate higher than the Nyquist rate,
thereby also introducing controlled ISI [1]. Therefore, FTN
signaling can be considered as a special type of partial
response signaling (PRS) that imposes intentional IST on the
transmitted signal. Note again that PRS aims for improving
the bandwidth efficiency by introducing ISI for the sake of
shaping the power spectral density (PSD) of the transmitted
signal according to the bandwidth constraint. However, this
is different from FTN signaling, whose PSD is usually not
subject to optimization and is solely dependent on the choice
of the shaping pulse adopted. In fact, FTN signaling directly
increases the bit rate without directly altering the PSD or
expanding the signal bandwidth, hence, leading to an improved
constrained capacity, as it will be shown later in this paper.

A. History of FTN Signaling

Indeed, FTN technology has garnered increasing attention
in recent years, but its concept germinated in the previous
century. Notably, Shannon’s seminal 1948 paper already hinted
at the principles underlying FTN transmission. In this work,
Shannon considered a scenario where the channel bandwidth
does not match with the signal bandwidth. The following
excerpt from his original text captures this idea:

“Let these functions be passed through an ideal filter with
a triangular transfer characteristic. The gain is to be unity at
frequency 0 and decline linearly down to gain 0 at frequency

W ... First we note that a pulse % going into the filter...”



Observe that the signal bandwidth' considered was W,
while the bandwidth of the transmitted signal was 2W. Es-
sentially, this is FTN signaling with a symbol rate twice
the channel bandwidth. Although Shannon considered this
signaling approach, his paper did not elaborate further on the
relationship between channel capacity and this mismatch.

While most FTN literature recognizes Mazo as the inventor
of FTN signaling, the term “faster-than-Nyquist” firstly ap-
peared as early as 1970 [2]. Shortly thereafter, in 1975, Mazo
formally defined and analyzed FTN signaling [1]. Specifically,
Mazo focused on analyzing the relationship between the
minimum distance of FTN signals and the symbol rate under
sinc pulse shaping. He found that increasing the symbol rate
to a certain extent does not reduce the minimum Euclidean
distance. The constrained capacity of FTN signaling was stud-
ied by Rusek and Anderson in [3]. Their results showed that
increasing the rate further beyond a certain symbol rate, does
not increase channel capacity, and this threshold is determined
by the bandwidth of the shaping pulse. In the 2018 Shannon
Lecture, Shannon Award recipient Gottfried Ungerboeck also
discussed FTN-related capacity issues, further sparking aca-
demic interest in FTN transmission.

In contrast to [2], this article provides an accessible non-
mathematical overview of its principles and applications, high-
lights advanced designs and potential solutions, and explores
promising directions for future research. We commence from
the comparison of Nyquist and FTN signaling in terms of
their TD (TD) and frequency-domain (FD) properties. Then,
we show that the unique FD properties of FTN signaling
can in fact improve the constrained capacity of the system.
Specifically, our capacity analysis is based on the properties of
folded-spectrum, whose connection to the symbol rate is also
highlighted. Furthermore, the equalization of FTN signaling
is discussed in detail, including both TD and FD equalization
schemes. Based on these schemes, we present some resent
results on coded FTN signaling, where promising performance
is observed that exceeds the limit of constrained-capacity of
Nyquist signaling. The novel application of FTN signaling for
sensing is also highlighted in the paper. Our results show that
sensing with random FTN communication signals can avoid
the undesired peaks in the ambiguity function, which leads
to an improved sensing performance. Finally, some potential
future research directions of FTN signaling are provided.

II. FROM NYQUIST SIGNALING TO FTN SIGNALING

In this paper, we consider a general signaling format con-
taining linearly modulated symbols of the form

N
s(t):anh(t—nTT), (1)
n=1

where x,, is the n-th entry of the transmitted symbol vector
x of length N, h(t) is a continuous energy-normalized TD
pulse carrying the transmitted symbols, and 77 is the symbol
duration. Particularly, 7 € (0,1] in (1) is the “acceleration
factor” that controls the time separation between adjacent

I'Shannon did not deliberately consider negative frequencies.

transmitted symbols. When 7 = 1, (1) describes Nyquist
signaling, while 7 < 1, (1) represents FTN signaling. Some
plots of signal with and without FTN appear in Fig. 1.

After passing through an additive white Gaussian noise
(AWGN) channel, the received signal is typically matched-
filtered with respect to h (t) and then sampled at the symbol
rate 71. These sampled outputs form the effective channel
observations for detecting the transmitted symbol vector x.
Note that the continuous time signal in (1) has a bandlimited
spectrum, whose shape is proportional to |H (f)|?, i.e., the
spectrum (squared Fourier transform) of the pulse h (t). After
FTN rate sampling, this spectrum is periodically extended
according to the sampling rate 1/77. The spectrum after
sampling is demonstrated also in Fig. 1. It is convenient to treat
the pulse shaping, matched-filtering, and symbol-rate sampling
together as a combined module, which has a periodically
extended spectrum with respect to | H (f) |* within the nominal
bandwidth. This is commonly referred to as the “folded-
spectrum” defined by [4]
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which is the superposition of shifted scaled versions of
|H (f)|* centered at all integer discrete frequencies. It is
important to note that the frequency period in the folded-
spectrum is the reciprocal of the symbol time 77'. There-
fore, depending on the pulse h (¢) and the symbol duration
7T adopted, the shape of the folded-spectrum can change,
affecting the communication performance.

An important aspect related to the folded-spectrum is the
symbol orthogonality. According to the zero-ISI Nyquist
theorem, the received symbols will suffer from no ISI, if the
folded-spectrum corresponds to a constant value. Such signal-
ing is therefore referred to as Nyquist signaling, where simple
symbol-by-symbol detection is sufficient thanks to symbol
orthogonality. In other words, symbol orthogonality directly
impacts both the performance and complexity of detection,
which are critical aspects in practical communication systems.

Another important aspect related to the folded-spectrum
is spectral aliasing. This occurs when the pulse spectrum
|H (f)]? is not equal to the folded-spectrum |Hzq (€) |2 in
value for £ € [f%, %] [4]. From an information-theoretical
point of view, the level of spectral aliasing affects the degrees
of freedom (DoFs) of the transmission, which influences the
achievable communication rate.

A. Nyquist Signaling

Most of the wireless waveforms are designed for Nyquist
signaling. A general Nyquist signaling can be represented
by (1) with 7 = 1, when h(¢) is a T-orthogonal pulse.
The T-orthogonality of the pulse ensures that the zero-ISI
Nyquist theorem is satisfied, thereby eliminating ISI among
the transmitted symbols.

However, Nyquist signaling can suffer from spectral aliasing
when h (t) is not a perfect sinc pulse. Note that the minimum



a. FTN signals in time

b. Spectrum after sampling
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Fig. 1. The TD FTN signals, the corresponding spectrum after sampling, and the spectral efficiencies of both Gaussian and non-Gaussian constellations,
where the capacity results are derived based on independent and identically distributed symbols.

(two-sided) bandwidth requirement for a 7-orthogonal pulse
is % which can only be achieved by the sinc pulse. Unfortu-
nately, the ideal sinc pulse is not realizable in practice, because
it has a perfect low-pass spectrum; therefore, the family of
root-raised cosine (RRC) pulses are usually applied, which
can have the same TD zero-crossings for retaining no ISI.
The bandwidth of a RRC pulse is given by W = #,
with an excess bandwidth controlled by the roll-off factor
B with 0 < g < 1, which reduces to the sinc pulse for
B = 0. As a result, Nyquist signaling suffers from spectral
aliasing when 8 > 0. An illustration of Nyquist signaling with

RRC pulses is presented in the upper part of Fig. 1.a, while
its spectrum after sampling is also highlighted in Fig. 1.b.
As indicated by the figure, the spectrum appears to have
severe overlapping between adjacent replicas. According to the
properties of RRC pulses, the overlapped spectrum appears
as a rectangular shape, which satisfies the zero-ISI Nyquist
criterion but introduces spectral aliasing.

B. FTN Signaling

Again, a general FTN signaling waveform can be repre-
sented by (1) with 7 < 1. Since FTN signaling intentionally



introduces non-orthogonality among the transmitted symbols,
the application of T-orthogonal pulses is not necessary. Al-
though non-orthogonal FTN signaling signaling potentially
requires high complexity equalizers for ISI-cancellation, its
appealing spectral efficiency makes it stand out.

The TD FTN signals are presented in Fig. 1.a, while the
corresponding spectrum after receiver sampling is provided in
Fig. 1.b. For illustration, we consider two FTN cases, namely
7= 0.8 and 7 = 0.5, using an RRC pulse having 8 = 0.5. As
7 decreases, the bandlimited signaling pulses become more
densely packed in time, leading to tighter temporal overlap.
The corresponding spectrum after sampling exhibits distinct
characteristics for different values of 7. For the moderate
acceleration factor of 7 = 0.8, the corresponding spectrum
has slight overlapping between adjacent spectrum replicas,
causing spectral aliasing. By contrast, for a more aggressive
acceleration factor of 7 = (.5, the spectrum closely resembles
the original spectral shape, indicating that spectral aliasing is
effectively avoided. However, it is important to note that when
T < ﬁ, the resultant spectrum may exhibit spectral nulls,
as illustrated in the figure. These spectral nulls can further
complicate the equalization in FTN systems and we will revisit
this issue in Section IV.

IIT. CONSTRAINED CAPACITY OF FTN SIGNALING

Channel capacity is a fundamental characteristic of com-
munication systems. In the context of FTN signaling, its
capacity is often investigated based on the discrete-time system
model that considers the receiver FTN rate sampling, i.e., a
capacity constrained by FTN rate transmission and sampling.
Notice that this constrained capacity can be different from the
continuous-time capacity of the signal (1), due to the potential
spectral aliasing caused by receiver sampling.

The constrained capacity of FTN signaling was investigated
in [3], where symbols are assumed to be independent and
identically distributed and the receiver employs matched fil-
tering followed by sampling at a rate of 1/77. Let S, (§)
be the PSD of the discrete information symbols. Then, the
constrained capacity of signaling according to (1) is given by

1 S (€)
C—TT/_élog2<1+ No

where Ny denotes the one-sided PSD of the additive white
Gaussian noise (AWGN) process. Notice that the folded-
spectrum | Hyo1q (€) |? in (3) is closely related to both the pulse
spectrum |H (f)|? and the acceleration factor 7. Hence, one
can optimize |H (f)|? and 7 for improving the constrained
capacity. It can be observed from (3) that the bandwidth of
the folded-spectrum corresponds to the maximum achievable
DoF. Notably, when 7 < ﬁ, spectral aliasing is avoided, and
the folded-spectrum preserves the original shape of |H (f) |2.
In this case, the constrained capacity aligns with the clas-
sical Shannon capacity associated with the pulse spectrum,
achieving the maximum rate for independent and identically
distributed symbols.

This constrained capacity framework offers interesting in-
sights into the performance difference between FTN and

| Htora (§) |2) d¢ bits/s, (3)

Nyquist transmissions. In Nyquist signaling, the zero-ISI
Nyquist condition requires the folded-spectrum to be flat.
However, this condition can only be fulfilled via spectral
aliasing, when the shaping pulse is non-sinc. Although sinc
pulses are theoretically optimal for achieving the highest
spectral efficiency over AWGN channels, they cannot be used
in real-world systems. In practice, all systems use non-sinc
pulses, which lead to excess bandwidth and a corresponding
spectral efficiency erosion. Given this practical limitation, FTN
signaling offers an advantage over traditional Nyquist signal-
ing by making more efficient use of the available bandwidth.
Indeed, it has been shown in [3] that FTN signaling has a
higher constrained capacity than the Nyquist signaling, when
non-sinc pulses are applied.

It is important to note that the preceding discussion fo-
cuses on constrained capacity with independent and identically
distributed inputs. To further improve the spectral efficiency,
one can optimize the input spectrum. It is known that a
flat (constant) PSD over the assigned signal bandwidth is
optimal for transmissions over AWGN channels. Therefore,
the optimal assigned input spectrum is the one that ensures the
effective frequency spectrum S, (€) |Hiora (€) |? is rectangular
in shape, corresponding to uniform power allocation across
the occupied frequency band. In this case, the FTN signal
effectively reduces to a Nyquist signal using a sinc pulse with
an increased bandwidth, yet, has a higher spectral efficiency
than (3).

The capacity analysis of FTN signaling has stimulated
valuable discussions related to holistic communication system
design. For instance, Kim [5] studied the benefits of receiver
oversampling in Nyquist signaling with non-sinc pulses and
concluded that this method fails to improve achievable rates,
owing to the limited rank (dimensionality) of the effective
channel matrix. Furthermore, Yoo and Cho [6] showed the
asymptotical optimality of FTN signaling along with non-
Gaussian constellations. By using appropriate approximations,
they demonstrated that the achievable FTN rate of non-
Gaussian constellations approaches to the constrained capacity
in (3) with a reduced 7. Intuitively, this is because the
increased ISI turns the effective channel input into resemble
near-Gaussian random variable, even when the underlying
modulation (e.g., BPSK) is non-Gaussian, as 7 approaches
ZEero.

The spectral efficiency of FTN signaling with different
acceleration factors is plotted in Fig. 1.c, for both Gaus-
sian (left) and QPSK constellations (right). In the figure,
the horizontal axis is the average bit energy to noise ratio,
where Ey, = E;/R, with E; is the average baseband symbol
energy, and R being the achievable rate. The results recorded
for Gaussian constellations are computed according to (3),
where we observe that the spectral efficiency improves as 7
decreases, up to the point where 7 < 77. In this regime,
the spectral efficiency of FTN has a near-constant gap with
respect to the ideal Nyquist signaling with sinc pulse, i.e.,
B = 0, further validating the DoF optimality of FTN signaling.
The results plotted for QPSK constellations are obtained using
the Arnold-Loeliger algorithm [3] by considering a sufficiently
large number of ISI taps corresponding to 7. Observe that



the achievable rate increases upon decreasing 7, and this
improvement persists even when 7 < 77 ~ 0.769, which
validates that reducing 7 can provide shaping gains for non-
Gaussian constellations.

Finally, it is worth emphasizing that the above discussions
assume optimal detection, which is rarely feasible in prac-
tice due to its prohibitive complexity. In reality, reduced-
complexity detection is a critical enabler for practical FTN
systems. This important topic will be discussed in detail in
the next section.

IV. FTN EQUALIZATION

Equalizing FTN signals can be challenging due to severe
ISI, especially when the acceleration factor 7 is low. Note
that sampling at the FTN rate introduces colored noise at the
receiver, making the FTN equalization problem more challeng-
ing than traditional equalization for ISI channels. Most existing
research on FTN equalization can be broadly categorized
into either TD or frequency domain (FD) approaches, which
will be discussed in this section. Before delving into FTN
equalization, we first present the important related concept of
Mazo limit, which was the primary motivation for considering
FTN signaling back in the 1970s.

A. Mazo Limit

The Mazo limit provides insights into FTN detection per-
formance. In his work [1], Mazo showed that for uncoded
BPSK signaling employing sinc pulse shaping, the minimum
Euclidean distance d2;  between symbol sequences remains
unchanged even as the symbol rate increases up to a critical
threshold known as the “Mazo limit”. This finding implies
that FTN signaling can support increased symbol rates without
substantially degrading the error performance, provided that
maximum-likelihood sequence estimation (MLSE) is used.
Subsequent research confirmed the existence of Mazo limits
for other practical pulse shapes, including the RRC pulses.
For instance, the Mazo limit is 7 = 0.802 for the sinc pulse,
7 = 0.779 for an RRC pulse with roll-off factor 5 = 0.1,
and decreases further to 7 = 0.703 for § = 0.3, reflecting
the intuitive observation that the Mazo limit decreases with a
larger excess bandwidth. The physical explanation behind the
Mazo limit is not mysterious. In Nyquist signaling, the error
event corresponding to d2,; is known to be the antipodal event
that contains only a single symbol error. In FTN signaling, as
7 is reduced, other error events arise that match the Euclidean
distance of the antipodal event. The specific value of 7, where
this occurs, defines the Mazo limit [4].

The confirmation of the Mazo limit suggests that, under
optimal MLSE detector, FTN signaling does not experience
significant error performance degradation relative to Nyquist
signaling, as long as 7 remains above the Mazo limit. In practi-
cal terms, this means that FTN signaling employing sinc pulse
shaping can transmit approximately 25% more BPSK symbols
over the same bandwidth without compromising reliability.
However, it is crucial to recognize that the Mazo limit applies
only to uncoded FTN signaling under optimal MLSE detec-
tion. In practice, as 7 becomes smaller, the effective channel

memory grows significantly, making MLSE computationally
demanding. Therefore, the Mazo limit provides only limited
practical guidance. Encouragingly, recent studies have shown
that coded FTN signaling using reduced-complexity detectors
can achieve excellent performance even at acceleration factors
well below the Mazo limit. These advances suggest that
practical FTN systems can operate reliably under aggressive
symbol packing, and this topic will be further explored in
Section V of this paper.

B. Time-Domain Equalization

TD equalizers based on ISI graph models, e.g., trellises, can
achieve good error performance for FTN detection, albeit their
complexity typically escalates exponentially with the channel
memory. In the context of FTN signaling, such models are
primarily derived from three observation frameworks, namely
the Forney observation model, the Ungerboeck observation
model, and the orthogonal basis model [7].

The Forney observation model applies a whitened matched
filter (WMF) at the receiver, ensuring that the resultant noise
becomes white. Although it has the benefit of analytical
convenience, it can suffer from numerical instability when
T < ﬁ, due to having spectral nulls in the folded-spectrum
(see Fig.1.b). By contrast, the orthogonal basis model is
entirely applicable, when such spectral nulls exist [4]. This
model represents the transmit shaping pulse h (t) using a
sequence of wider-band orthonormal pulses ¢ (¢), which are
7T -orthogonal [7], thus they only exist when TlT > W. In
the orthogonal basis model, the receive shaping pulse is ¢ (¢)
instead of h(t), so that the resultant noise samples remain
white. In contrast, the Ungerboeck observation model avoids
any noise-whitening operations and operates directly in the
presence of colored noise, which is also widely harnessed for
FTN equalization.

For challenging long memories, a complete BCJR algorithm
based on the FTN trellis usually imposes excessive complexity.
To address this, most BCJR-based FTN equalizers adopt either
reduce-search or reduce-size strategies. Typical reduce-search
strategies, such as M-BCJR and T-BCJR, compute sequence
likelihoods over a subset of the ISI trellis. At each trellis depth,
a candidate set of likely states is dynamically selected based
on likelihood metrics. This is straightforward under the Forney
and orthogonal basis models, where each state probability is
directly known from the path metric. However, for the Unger-
boeck model, where such metrics lack a direct probabilistic
interpretation, conceiving reduced-search is more challenging.
To this end, a modified M-BCJR algorithm was proposed
in [8], which uses breadth-first search across multiple future
trellis depths to select near-optimal state subsets in a near
maximum-likelihood sense. On the other hand, the reduce-size
BCIJR operates on a simplified trellis by intentionally ignoring
some ISI taps. While this reduces complexity, it may lead to
performance erosion due to model mismatch.

For both reduce-search and reduce-size equalization, em-
ploying an optimized filter after matched filtering can signifi-
cantly improve error performance. For reduced-search BCJR,
minimum-phase ISI models are typically preferred. By con-
centrating energy toward the early part of the ISI response,




the trellis state selection becomes more accurate. Minimum-
phase models can be constructed by applying all-pass filters
to the received signal. In [7], a super minimum-phase model
was constructed for FTN via such filtering, allowing A/-BCJR
to operate with 2 to 4 times fewer trellis states compared
to the unfiltered model. For reduced-size BCIR, typically
channel shortening filters are applied, which are designed for
concentrating ISI energy into a reduced number of taps. These
filters aim for reducing the effective channel memory so that
neglecting the residual ISI only has minimal impact on error
performance. Since FTN signaling typically has long but weak
ISI tails, channel shortening has demonstrated promising error
performance.

C. Frequency-Domain Equalization

Frequency-domain equalization (FDE) exploits the inherent
Toeplitz structure of the ISI channel matrix in FTN signaling.
By appending a sufficiently long cyclic prefix (CP) to the
transmitted FTN symbols, the Toeplitz matrix can be approx-
imated as being circulant, hence allowing diagonalization via
the discrete Fourier transform (DFT). This allows reduced-
complexity FD equalization. The application of FDE to FTN
signals was first proposed in [9], demonstrating promising
error performance for relatively high acceleration factors 7.

FDE is particularly attractive for FTN detection due to its
low computational complexity, hence it has been adopted in di-
verse FTN studies. However, it also has its limitations. Firstly,
the use of the CP imposes a throughput erosion compared to
TD equalization, which does not require CP. More critically,
the performance of FDE degrades as 7 decreases. According
to [5], the eigenvalues of the FTN channel matrix correspond
to samples of the folded-spectrum, taken at intervals of ﬁ’
where N denotes the number of transmitted symbols. Conse-
quently, when 7 < ﬁ, the folded-spectrum contains spectral
nulls. In such cases, the corresponding subchannels carry no
reliable information, hence resulting in severe performance
degradation. To address this issue, FD power allocation has
been considered. An eigenvalue decomposition (EVD)-based
precoding scheme was introduced in [10], where a power al-
location matrix is applied across the frequency bins to address
the aforementioned problem. Specifically, when this power
allocation follows the water-filling principle, the scheme can
theoretically achieve the unconstrained channel capacity [11].
As discussed in Section III, this approach is functionally
equivalent to transmitting Nyquist signals using a sinc shaping
pulse with an increased bandwidth.

It should be highlighted that FDE enjoys appealing ad-
vantages for detecting FTN signals transmitted over non-
AWGN channels. For example, when transmitting over the
frequency-selective channel, FTN systems can suffer from
severe ISI caused by both the FTN transmission and the
channel dispersion in time. In this case, equalization in the
TD can be very challenging since the required complexity
can be prohibitive. In contrast, the required complexity of
FDE remains roughly unchanged since it complexity does not
related to the length of effective ISI taps, which makes it an
attractive solution.

V. CODED FTN SIGNALING

The adoption of FTN signaling opens new avenues for
innovative channel coding strategies. As discussed in Sec-
tion III, FTN signaling offers enhanced constrained capacity
compared to Nyquist signaling. Therefore, with appropriately
designed channel codes, coded FTN signaling has the potential
to achieve superior performance relative to its Nyquist coun-
terparts.

Most coded FTN schemes can be viewed through the lens
of pulse-shaped concatenated coding, where FTN modulation
serves as an “inner code”, concatenated with an outer code
via an interleaver. To decode such systems, turbo equalization
is typically employed, iteratively exchanging soft information
between the FTN equalizer and the outer decoder. In this
framework, powerful code design tools such as extrinsic
information transfer (EXIT) charts become applicable. For
instance, [12] proposed an improved 5G low-density parity
check (LDPC) code design for FTN signaling. Specifically,
two rule-of-thumb code design criteria were revealed: 1) no
information bits should be punctured; 2) columns having high
weights should be removed on the base graph. Intuitively,
these principles aim for preventing the decoder from becoming
overconfident during the early iterations of turbo equalization,
which is crucial since the initial soft information gleaned from
the FTN equalizer is generally less reliable. Hence, outer codes
that generate reliable extrinsic information at low signal-to-
noise ratios (SNRs) are generally preferred in FTN systems.

An alternative approach is presented in [13], which employs
a specialized class of convolutional codes known as output-
retainable codes, operating without any interleaving. In this
design, the convolutional code trellis and the FTN trellis par-
tially overlap, hence the code can be optimized by minimizing
the effective Euclidean distance among different codewords.
A key advantage of output-retainable codes is that certain
future code symbols can be inferred from the current code
trellis state, allowing a reduced-complexity BCJR algorithm
to be applied directly to the code trellis. This scheme inherits
its motivation from the channel shortening receiver and it is
therefore termed as a “code based channel shortening” scheme.
Furthermore, this convolutional coded FTN scheme can also
be concatenated with another code for further improving the
error performance [13].

Fig. 2 presents the BER performance of coded FTN signal-
ing with 7 = 2/3, comparing LDPC coded systems [12] with
concatenated convolutionally coded systems [13], where the
codeword length is roughly 64,800 and the code rate is 0.5.
As shown in Fig. 2, both approaches operate reliabily below
the constrained capacity of Nyquist signaling. Additionally,
the optimized LDPC coded FTN signaling achieves a perfor-
mance gain of approximately 0.15 dB over the concatenated
scheme, albeit at the cost of increased detection and decoding
complexity.

It should be noted that the above results also demonstrate the
practical advantages of coded FTN signaling in comparison to
the Nyquist counterpart. Specifically, with FTN signaling, the
communication signal with low code rate can be transmitted
much faster. Effectively, this can significantly boost the spec-
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Fig. 2. BER performance of coded FTN signaling, compared to the con-
strained capacity of Nyquist signaling.

tral efficiency without increasing the required time frequency
resources compared to Nyquist signaling. Therefore, coded
FTN signaling allows flexible adjustment on the symbol rate
and code rate, thereby achieving a good tradeoff between the
equalization complexity and error-correction ability. This is
particularly beneficial for practical transmission in the mid-to-
low SNR regime, where the error performance is primarily
constrained by the error-correction ability of the code. As
a result, it is expected that the coded FTN signaling with
low code rate and relatively high acceleration factor can
outperform coded Nyquist signaling with a high code rate,
even when a reduced-complexity equalizer is adopted, as
demonstrated in the above results. This makes coded FTN
attractive also for energy-efficient practical deployments.

VI. INTEGRATED SENSING AND COMMUNICATIONS USING
FTN SIGNALS

ISAC services have been identified as one of the six primary
use cases for 6G. As such, the study of FTN signaling in
ISAC systems is highly relevant to future standardization
efforts. In particular, next-generation wireless networks require
extremely high data rates, which naturally shift ISAC opera-
tions toward a communication-centric mode. In this context, it
is important to evaluate the achievable sensing performance,
when FTN signals are used primarily for data transmission.

A common approach to analyze the sensing capability of
communication-centric ISAC signals is through the ambiguity
function, which characterizes the sensitivity of the transmitted
signal to different delay and Doppler offsets, when a matched-
filtering based sensing receiver is applied. However, because
communication signals are inherently random, the ambiguity
function has to be evaluated in an expected sense. The ex-
pected squared ambiguity function of FTN signals was derived
in [14], where the randomness of the communication symbols
was exploited. The result confirms that the sensing perfor-
mance of FTN signaling critically depends on the relationship
between signal bandwidth and symbol rate. Specifically, when
the signal bandwidth is lower than the symbol rate, spectral
aliasing occurs, as discussed in Section II. This aliasing

Doppler slice (dB)

Doppler (Hz)

Fig. 3. Comparison of the Doppler slices of the expected squared ambiguity
functions with 7 = 1, 7 = 0.8, and 7 = 0.6, where the RRC pulse with
B = 0.5 is adopted as the shaping pulse.
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Fig. 4. Doppler sensing performance of both Nyquist and FTN signals with
7 = 0.6, where the RRC pulse with 8 = 0.5 is adopted as the shaping pulse.
Here, one strong target and one weak target (15% of the reflectivity strength)
are considered with normalized Doppler at 0.5 Hz and —0.4 Hz.

introduces fluctuations in the expected squared ambiguity
function along the delay axis. More significantly, aliasing leads
to undesired peaks along the Doppler dimension, potentially
causing ambiguities in Doppler sensing. It was shown that
these undesired peaks appear at integer multiples %, which
can be avoided when the bandwidth of the shaping pulse is
lower than % This aligns with the motivation of applying
FTN signaling for communications and verifies the advantages
of FTN signaling for sensing.

We illustrate the Doppler slice of the expected squared am-
biguity functions of FTN signals having different acceleration
factors in Fig. 3, where an RRC pulse with roll-off factor
B = 0.5 is used for pulse shaping. As shown in the figure,
undesired peaks appear in the ambiguity functions for 7 = 1
and 7 = 0.8, whereas no such peaks are observed for the
7 = 0.6 case. This behavior is consistent with the discussion
above. To further evaluate the impact of FTN signaling on
practical sensing performance, Fig. 4 presents the Doppler
sensing results for both Nyquist and FTN signals using the



same RRC pulse (8 = 0.5) based on maximum-likelihood es-
timation. For FTN signaling, an acceleration factor of 7 = 0.6
is used. The sensing scenario considered involves a strong
and a weak target (with 15% of the reflectivity strength of
the strong target), whose normalized Doppler shifts are 0.5
Hz and —0.4 Hz, respectively. As demonstrated in the figure,
the Nyquist signal fails to provide accurate Doppler sensing
performance, while the FTN signal excels, which confirms the
advantage of FTN signaling in communication-centric ISAC
systems.

We highlight that although FTN signaling can yield im-
proved sensing performance theoretically, practical sensing
receiver design tailored to FTN signaling have not been fully
studied yet. Conventional sensing receivers based on matched-
filtering or maximum-likelihood estimation can be used but
they may suffer from high complexity in practice. Therefore,
new sensing receivers exploiting the unique properties of FTN
signaling shall be developed in order to facilitate the sensing
application using FTN signals.

VII. FUTURE DIRECTIONS
A. Pulse Design and Generalized FTN Signaling

Most existing FTN literature has primarily focused on the
use of T-orthogonal pulses. However, as previously discussed,
this orthogonality constraint is not a strict requirement for FTN
signaling. Hence, non-7"-orthogonal pulses can also be con-
sidered. This framework opens up new research directions in
pulse shape design, where the objective is to enhance commu-
nication performance, while meeting practical constraints on
bandwidth and time duration. A potential way to design pulses
is to optimize the folded-spectrum for improving achievable
rates. Alternatively, pulse design can aim for maximizing
the minimum Euclidean distance between codewords, thereby
enhancing detection performance. In addition, novel pulses
may facilitate the FTN equalization with reduced-complexity,
e.g., the pulse shaping considered in [7], which is crucial for
practical applications of FTN signaling and its standardization.
Despite these opportunities, the design and analysis of gen-
eralized FTN signaling remain relatively underexplored and
represent a valuable direction for future investigations.

B. FTN Signaling in “Alternative Domains”

The FTN signaling discussed in this paper focuses on
squeezing together consecutive TD pulses, which can be
viewed as a direct extension of single-carrier Nyquist sig-
naling. However, the fundamental concept of FTN, which is
to deliberately violate orthogonality for enhancing spectral
efficiency, can also be extended to alternative signal domains
via non-unitary precoding. For instance, spectrally efficient
frequency division multiplexing (SEFDM) [15] applies non-
orthogonal symbol multiplexing in the FD to achieve higher
spectral efficiency. More recently, the consideration of the
symbol multiplexing in alternative domains, such as the delay-
Doppler domain, and the affine Fourier domain, has also
emerged. The extension of FTN signaling to these domains
offers promising opportunities for advanced waveform design,

enabling further potential gains in communication perfor-
mance beyond conventional TD squeezing. Such FTN tech-
niques can play an important role in future high-efficiency,
application-specific communication systems.

C. FTN Signaling with Interference Pre-cancellation

Since the interference of FTN signaling is known at the
transmitter, it is possible to apply pre-cancellation schemes to
eliminate the ISI before the transmission. A possible solution
for the pre-cancellation may be the Tomlinson-Harashima
precoding (THP), where the QR decomposition can be firstly
applied to the FTN ISI matrix followed by a symbol-wise
interference cancellation according to the triangular matrix
structure. However, the FTN ISI matrix can be highly ill-
conditioned due to the high symbol rate, which can cause
error performance degradation. Furthermore, THP is known
to be suboptimal in terms of the achievable rate due to the
“shaping loss” and “modulo loss”. However, their impacts
on FTN signaling is still unknown. Overall, the interference
pre-cancellation for FTN signaling is still underdeveloped and
can be a good solution for applications with strict receiver
complexity constraints.

D. FTN Signaling over Multipath Channels

Although FTN equalization has been extensively studied
over the years, it remains computationally demanding, par-
ticularly in multipath fading channels. In such environments,
multipath propagation can further complicate the interference
pattern and pose additional challenges for FTN receiver de-
sign. Most conventional FTN equalizers have been developed
for AWGN channels, and only a limited number of low-
complexity solutions exist for FTN equalization in the pres-
ence of multipath. Other than the FDE discussed in Section
IV-C, a promising direction is the use of iterative equalization
techniques that partition the complex interference structure
into several interconnected subproblems having reduced local
interference. Employing message passing between these sub-
components may improve detection performance at moderate
complexity.

E. FTN Signaling with Finite Block-Length Transmission

Given that FTN signaling can significantly extend the pay-
load without requiring additional time-frequency resources,
its application to finite block-length transmission is well-
motivated. Most existing studies on FTN signaling focus on
the infinite block-length regime, hence their results cannot be
directly applied to the finite block-length setting. Nonetheless,
FTN signaling is expected to offer improved achievable rates
compared to Nyquist signaling under identical time-frequency
constraints. This partly due to its higher Shannon capacity, and
partly because of the potentially reduced channel dispersion,
which generally decreases with increasing frame length. De-
spite this promising potential, research on finite-length FTN
signaling requires further in-depth investigations.



F. FTN Signaling for Secure Transmission

When the acceleration parameter 7 is unknown at the
receiver, reliable decoding of FTN signals becomes fundamen-
tally problematic because the ISI matrix, whose entries depend
on 7 and the shaping pulse, cannot be specified accurately.
Any mismatch in 7 can distort the FTN ISI matrix, yielding
model error that severely degrades equalization performance.
In practice, the receiver must either adopt non-coherent de-
tection, accepting the performance loss from discarding the
precise channel structure, or jointly estimate 7 together with
data symbols. However, none of these schemes are easy in
practice. Consequently, it is possible to apply FIN signaling
for secure transmission, where the eavesdropper has no prior
information on 7 and consequently cannot reliably decode
FTN signals. However, the discussion on FTN signaling for
secure transmission is still in its infancy and more studies are
needed.

VIII. CONCLUSIONS

FTN signaling constitutes a bandwidth-efficient design
paradigm for next-generation wireless networks. We com-
menced by summarizing recent efforts towards the standard-
ization of FTN signaling. Then, we provided an overview
of the fundamental principles of FTN signaling, emphasizing
its distinguishing features and advantages over conventional
Nyquist signaling. Furthermore, we discussed emerging appli-
cations of FTN signaling in the context of ISAC. We further
outlined several promising research directions, highlighting
key challenges and opportunities for further exploration. It
is hoped that this article will inspire continued research in
this vibrant area and contribute to the development of next-
generation communication systems.
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