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Filterless Reception of Terabit, Faster Than Nyquist
Superchannels With 4 GHz Electronics

Abhinand Venugopalan
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Abstract—Data transmission speeds in excess of 1 Terabit per
second (Tbit/s) are predicted with the evolving needs of modern
applications, ranging from new communication technologies to
data intensive computing and emerging paradigms like internet-of-
things and augmented reality. The bandwidth limitation of current
electronics, however, may represent a critical challenge in achieving
such high data rates. Here, we experimentally demonstrate how,
with the help of photonics, a single faster than Nyquist (FTN)
superchannel with a 3-dB bandwidth of 662.5 GHz and a data
rate in excess of 1 Tbhit/s can be detected and processed with just
4 GHz electronics. The method does not need any kind of filter,
optical delay line, pulse source, electronic post processing or other
sophisticated electronic or photonic equipment. It is simply based
on orthogonal sampling in a Mach-Zehnder modulator (MZM) by
sinc-pulse sequences. Therefore, it has the potential to be integrated
into any photonic platform. The presented approach may be a
straight-forward solution to meet the demands of future terabit
communication and measurement systems with cost-effective, in-
tegrated devices.

Index Terms—Data communication, high-speed transmission,
optical modulation, orthogonal sampling, faster than Nyquist
signaling.

1. INTRODUCTION

HE unpredictable demand for global internet connectiv-
T ity, especially during the Covid-19 pandemic, has led to
an increase in the required bandwidths for data centers and
worldwide communication systems to support remote access
for work and education, video conferencing, online gaming,
factory automation, autonomous driving, the Internet of Things
and streaming, to name just a few [1], [2]. For data centers, data
rates of 400 Gbit/s are already being deployed, and it is predicted
that they will go beyond 1 Tbit/s in the near future [3], [4]. Even
for the wireless access to the communication systems via 6 G and
beyond, peak data rates of 1 Tbit/s are envisioned [5]. To meet
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the growing demand for high-speed data traffic, current solutions
increase the spectral efficiency of the modulation format, they
use advanced scaling or multiplexing together with sophisticated
error correction, or they simply incorporate new communication
hardware like few mode and few core fibers [6]. However, all of
these solutions are accompanied by a complex, power hungry
signal processing [7].

To detect and process a 1 Tbit/s signal, limited to its Nyquist
bandwidth, with 28% overhead for the forward error correc-
tion [3] transmitted using dual-polarization and 16-quadrature
amplitude modulation (16-QAM), for instance, requires a re-
ceiver with a bandwidth of 80 GHz, which is far beyond the
abilities of the standard complementary metal-oxide semicon-
ductor (CMOS) technology. Other materials like InP and SiGe
offer higher bandwidths [8], [9], [10]. However, this leads to
challenges in terms of seamless integration with the following
CMOS based digital signal processing (DSP) [11]. Another
severe problem for the reception of high-bandwidth signals
is the aperture jitter in the electronic sample and hold circuit
based analog-to-digital converters (ADCs) [12]. The sample and
hold circuit can be seen as a switch, which samples the current
amplitude value and keeps it constant for a while. But after
the clock signal has been received by the circuit, it is uncertain
when the sample and hold really opens or closes. Although
extremely precise clocks with jitter values in the zeptosecond
(1072! s) range have been shown [13], state of the art ADCs
show jitter values of only 100 fs (103 s) [14]. The jitter reduces
the effective number of bits (ENOB) of the ADC for higher
bandwidths and therefore, the tolerance of the receiver against
the signal-to-noise ratio, especially for spectrally efficient, high-
symbol rate signals.

High-bandwidth signal detection up to several hundreds of
GHz has been reported in [15], [16], [17]. In [15] and [16],
signals with bandwidths exceeding 100 GHz were detected
through a spectrally sliced coherent detection. This technique
utilizes optical filters to decompose a broadband signal into
several spectral slices, individually detected using an optical
frequency comb as a multi-wavelength local oscillator (LO).
In [16], for instance, a coherent receiver with a bandwidth
of 228 GHz is implemented using optical filters and an ar-
ray of photodetectors, processing slices of individual optical
bandwidths of 40 GHz to detect a 214 GBd dual-polarization
quadrature phase shift keying (QPSK) signal with a line rate
of 856 Gbit/s. Such methods heavily depend on high-quality
optical filters for the spectral slicing of the optical signal. These
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Fig. 1.

Schematic illustration of the proposed system (a). The incoming high-bandwidth signal with the bandwidth Bgsc is split into three branches, each

equipped with an MZM. By driving the MZMs with a phase-shifted, sinusoidal radio frequency, the incoming high-bandwidth signal is sampled orthogonally. This
down-converts each spectral slice with an optical bandwidth B into three sub-signals, which can then be detected and processed with coherent detectors (CoDs)
and electronics with a baseband bandwidth of B/6 (c). To process all spectral slices simultaneously, each CoD is driven with a comb line from a frequency comb
as LO. Since the frequency spacing between the comb lines is six times higher than the bandwidth of the CoD, no filter is needed to separate the slices. The comb
consists of & lines (b) and defines the overall bandwidth of the incoming signal with Bsc = kB and the number of spectral slices k.

filters introduce additional insertion loss and make the overall
schemes challenging to miniaturize. An alternative approach
without optical slicing filters is presented in [17], showcasing
a waveform measurement in a bandwidth exceeding 600 GHz
with optical frequency combs as multi-wavelength LOs. This
method involves an array of inphase/quadrature receivers fed by
the complete optical waveform and by time-delayed copies of the
full LO comb. However, the signal spectrum includes bandgaps
within the individual slices, compromising spectral efficiency
within the available 600 GHz band. Moreover, variable optical
delay lines and balanced photodiodes with bandwidths up to
100 GHz were also employed, making the integration very
challenging.

Here, we experimentally demonstrate the detection of a signal
with a bandwidth of 662.5 GHz and achieve a data rate of
up to 1.485 Thit/s. To the best of our knowledge, this is the
highest bandwidth that has been detected and processed in an
experiment [17]. Additionally, the coherent receiver consists of
photodiodes and electronics with a bandwidth of only 4 GHz
and is based on parallel orthogonal sampling in a MZM [18],
[19]. The parallel sampling divides the high-bandwidth optical
signal into several low-bandwidth ones, which can then be
processed using low-speed electronics. Due to this bandwidth
reduction, the signal can be processed with a higher signal-to-
noise and distortion ratio (SINAD) and corresponding ENOB
value [20], which enables higher spectral efficiencies and may
reduce the power consumption for subsequent electronic signal
processing. Moreover, we do not have any guard bands inside
the 662.5 GHz bandwidth and show a symbol rate of 742.5
GBd, corresponding to a 12% FTN transmission. Therefore,
the presented concept might be able to solve the bandwidth
bottleneck problem of receivers for future communication
systems.

The article is structured as follows. In Section II, the con-
cept is explained. Section III describes the experimental setup
and presents the results. Finally, a brief discussion about the
proposed system in Section IV followed by a conclusion in
Section V is given.

II. CONCEPT

A schematic representation of the high-bandwidth receiver
is shown in Fig. 1(a). Although the broadband signal has no
guard-bands in the spectrum, we assume that the overall optical
bandwidth Bgc consists of k spectral slices with the bandwidth
B so that; Bsc = kB (please see Fig. 1(b)). First, the power of
the signal with the whole optical bandwidth Bgc is splitinto three
branches and orthogonally sampled by sinc-pulse sequences in
an MZM [18], [19]. This sampling is described for a single slice
in more detail in Fig. 1(c). In accordance with the sampling
theorem, each bandwidth-limited signal can be seen as a sum-
mation of time-shifted sinc pulses, weighted with the sampling
values. Therefore, each sampling value can be retrieved by an
integration of the multiplication of the signal with a sinc pulse
with the right bandwidth and time shift. Unfortunately, sinc
pulses are just a mathematical construct and cannot be generated
in a practical system. Alternatively, each signal can as well be de-
scribed as a superposition of time-shifted, orthogonal sinc-pulse
sequences periodically weighted with the sampling values [12]
as shown with s(t) in Fig. 1(c). A sinc-pulse sequence with
the repetition rate x7 and duration 77, from the peak to the
first zero crossing, corresponds to a flat, phase-locked frequency
comb of N lines and spacing A f, with a comb bandwidth of
B = NAf inthe frequency domain [21]. Mathematically, such a
sinc-pulse sequence can be described by the following equation:

I sin(rBx)
2ot N sin (”—BI)
Bzer\z N

2 (1 2rlBt
— | =+ Z cos ( )
N |2 P N

= ) sinc(Bt —IN). (1)
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Therefore, a sinc-pulse sequence (second term in (1)) is the
superposition of IV cosine functions with a spacing of A f (third
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term) and equivalently it is the superposition of an unlimited
number of ideal sinc pulses (fourth term):

sinc(t) == lim (sm(”)).

x—1 T
zeR\{0}

2

In the frequency domain, the sinc function corresponds to a
rectangular function:

[Fe(sine(t))] (f) = TL(f). 3)

Thereby, F; is the Fourier transform and II( f) = 1 for | f| < 1/2,
172 for | f| = 1/2 and O elsewhere [19]. All the superimposed
ideal sinc pulses in the last term of (1) have the same bandwidth,
B, and are time shifted to each other, so that the maximum of the
following pulse is in the /N-th zero crossing of the previous one.
This superposition of the unlimited pulses is possible without
any kind of inter-symbol-interference between them, because
they are orthogonal to each other [21].

Here we have restricted the number of comb lines to
N = 3. Such a flat three-line frequency comb can be achieved
by using an intensity modulator and adjusting the bias and radio
frequency (RF) voltage driving the modulator in a way that the
carrier and sidebands have the same amplitude [21], [22]. As
depicted in Fig. 1(c), by multiplying the spectral slices with a
sinc-pulse sequence of the right time shift, periodical sampling
values with 1/3™ of the original sampling rate and 1/6™ of the
baseband bandwidth can be retrieved. The sinc-pulse sequence
generation and multiplication is carried out simultaneously in
one single MZM. To get the whole information of the slice, two
more orthogonal sinc-pulse sequences have to be multiplied.
For orthogonality, these sinc-pulse sequences have to be time
shifted to the zero crossings of the first one. For the sampling
with the 3-line sinc-pulse sequences, since just a single RF tone
is required, the orthogonality between parallel branches can be
realized through a phase shift of the driving frequency of the
modulator, which can be adjusted very precisely in the electrical
domain. However, experiments and simulations have shown that
a slight phase change of the sine wave driving the modulators
still leads to very good results [18].

In the experiments we create a superchannel sgc(t) with a
bandwidth Bsc by a superposition of k-spectral slices. The
whole transmission signal is described by all the spectral slices
together with the respective carriers, of angular frequency w),
and phase ,,, as follows:

Zsp

The p-th slice s,,(t), with a baseband bandwidth of B/2, can be
written in accordance to the sampling theorem as follows [23]:

i s (%) -sinc(Bt —m) . Q)

ssc(t -cos (wp - t+ ¢p) . 4)

sp(t) =

According to (5), each single slice can be described as a super-
position of time-shifted, sinc pulses of bandwidth B, each of
which weighted with a single sampling value. The same signal
can be described as the superposition of time-shifted, sinc-pulse
sequences, each of which periodically weighted with 1/N-th of
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the sampling values:

sp(t)

S (o a5

(FE(F )
-sine(Bt — (1 — 1) — mN) . (6)

As single sinc pulses, sinc-pulse sequences are orthogonal to
each other. Therefore, 1/(kN)-th of the whole information of
the superchannel can be retrieved by a multiplication of the
superchannel with a sinc-pulse sequence with the right band-
width and time shift, followed by a coherent detection with a
local oscillator signal with one of the w,, center frequencies in
a low-bandwidth Bsc/(2kN) = B/(2N) coherent detector. If
the whole information of the superchannel has to be detected
in real time, k - N parallel branches are necessary. But, each of
these branches only needs low bandwidth electronics reduced to
Bsc/(2kN).

In Fig. 1(a), all spectral slices of the incoming signal are
orthogonally sampled in the three branches simultaneously.
Therefore, the optical bandwidth and sampling rate of all the
slices has been reduced by 3 for each of the three branches. Since
the baseband width is half the optical bandwidth, the information
in the single branch can be retrieved with a CoD and a following
electronic signal processing with a bandwidth of B/6.

Each of the parallel CoDs is driven with a single line from
a frequency comb as LO. For each CoD, the frequency of this
line should be in the vicinity of one of the slice centers. The
spacing between the comb lines is f and corresponds to the
optical bandwidth of the slice B. Therefore, it is six times higher
than the bandwidth of the down-converted sub-signal. Due to
the huge bandwidth difference, no optical or electronic filter is
needed. The other two sub-signals from this and all the other
slices can be detected in the branches with a phase shift of 120°
and 240° by parallel coherent detection with the comb lines. Of
course, the bandwidth difference can further be increased and the
required bandwidth of the photodiode and the CoD can further
be reduced by increasing the value of N [18].

III. EXPERIMENT AND RESULTS
A. Experiments

A schematic illustration of the experimental setup is shown
in Fig. 2. Since we cannot generate signals with very high
bandwidth in our lab, we were using equidistant, flat spectral
lines from an optical frequency comb as carriers for data mod-
ulation. The output of a fiber laser centered at 193.40 THz is
converted to a frequency comb by a Fabry-Perot electro-optic
phase modulator, which acts as an OCG. The input RF and
bias to the OCG determines the spacing and number of lines
in the frequency comb. Since the comb spectrum of the OCG
is triangular, individual comb lines are selectively attenuated to
generate a flat comb by using a waveshaper (Finisar-1000 s)
as programmable filter. In the first set of experiments, 25 lines
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Experimental setup for high-bandwidth signal detection. LD: laser diode, OCG: optical comb generator, WS: waveshaper, EDFA: erbium-doped fiber

amplifier, BPF: bandpass filter, RDTU: reconfigurable dispersion test unit, OSA: optical spectrum analyzer, RFG: radio frequency generator, AWG: arbitrary

waveform generator.

with a spacing of 25 GHz were used for signal generation.
On each of these 25 lines the same 24 GBd Nyquist QPSK
signal is modulated by a Tektronix OMS5110 Optical Transmitter.
In order to analyse the data of the single slices without post
processing, the 24 GBd slice consists of three multiplexed 8 GBd
QPSK Nyquist channels, each modulated with an independent
pseudorandom binary sequence (PRBS-7) signal. Please note
that this gives a 24 GBd Nyquist signal [24]. To decorrelate the
data content, a dispersion of 567 ps/nm is incorporated, which
corresponds to a transmission in a standard single mode fiber
with a length of 32 km. Optical amplifiers followed by filters
for amplified spontaneous emission noise reduction were used
to compensate for the losses.

At the receiver, we were realizing just one single sub-branch
of the concept presented in Fig. 1(a). Therefore, for each single
measurement we are just measuring the 8 GBd sub-signal of
one single slice. To accomplish this, the MZM was driven by
an 8 GHz sinusoidal frequency and the bias of the modulator
was set such that the carrier and sidebands after modulation
have the same amplitude for a flat comb. Since the PRBS-7
used for signal generation is periodic, the whole information
can be received by shifting the phase of the RF signal driving
the MZM successively to 0°, 120° and 240°. By tuning the LO
in the CoD, the information of all spectral slices can be received
with a bandwidth of 4 GHz, without any filtering of individual
slices. However, the bandwidth of the CoD for the experiments
was 33 GHz and could not be changed. To reduce the bandwidth
to 4 GHz, we were using an electronic software filter after the
detection of the signal. Please note that a real low-bandwidth
CoD and ADC would provide a much better SINAD [20]. A
coherent modulation analyzer (Tektronix-OM1106) conducted
the necessary DSP of the recorded waveforms in a real-time
oscilloscope (Tektronix DPO73304). This allowed for the visu-
alization of symbol constellations, eye diagrams and the mea-
surement of performance metrics such as the Q-factor. Forward
error correction, pre-distortion, dispersion compensation, or any
other kind of signal post-processing were not employed in the
experiment.

In the second set of experiments, the bandwidth of the in-
dividual slices was increased beyond the comb spacing. This
allows for a transmission at a rate faster than the Nyquist limit.
This was achieved by reducing the frequency spacing of a comb
with 33 lines to 20 GHz and modulating each line with 22.5
GBd QPSK data. For the detection, the sampling MZM was
driven by a 7.5 GHz sinusoidal frequency. Here again, due
to the bandwidth of our real-time oscilloscope of 33 GHz, a
digital low-pass filter with a bandwidth of 3.75 GHz was used

to emulate a low-bandwidth device and the signal processing
of the detection device for the measurement of the signals was
incorporated. No additional signal post-processing was used.
As we will show, the information can be detected from the
high-bandwidth signals without any filters. But, since the output
power of the laser diode is spread over the whole bandwidth,
the optical signal-to-noise ratio (OSNR) of the generated high-
bandwidth signals is quite low. Therefore, for the bit error rate
(BER) measurement, we were using a 25 GHz optical filter and
subsequent amplification before the coherent detection. Please
note that this is 5 GHz broader than the single slice for the
FTN signal. A Gaussian white noise was then added to the
signal and the noise level was tuned with a variable optical
attenuator.

B. Results

The comb for the 1.2 Tbit/s signal with 25 lines and 25 GHz
spacing had a flatness of less than 1 dB as shown in Fig. 3(a).
The spectrum of the transmitted signal, after modulation with
600 GBd QPSK data and an overall bandwidth of 624 GHz
is depicted in Fig. 3(b). Each slice was modulated with 24
GBd data, since this defines the maximum of our equipment.
Therefore, the slices have a rectangular spectrum, transmitting
data with the theoretically maximum symbol rate of 24 GBd in
a rectangular optical bandwidth of 24 GHz. However, since the
comb spacing is 25 GHz and the resolution of the OSA in our
experiments is 4 GHz, an intensity drop between the slices of
around 2 dB can be seen.

For analysing the method, the sub-signals for the slices at the
edges and in the center of the 624 GHz spectrum have been
detected without filtering by tuning the frequency of the LO at
the coherent receiver (193.1 THz, 193.7 THz and 193.4 THz),
respectively. At an OSNR of 12 dB, the three sub-signals were
received with a Q-factor of around 15 dB. The eye and constel-
lation diagrams after the detection are shown in Fig. 3(c). The
whole information of each slice can be retrieved by switching the
phase of the RF signal driving the sampling modulator (0°, 120°
and 240°). In Fig. 4, the OSNR sensitivity of the sub-signals is
characterized. As mentioned before, for this measurement the
slices are optically filtered and amplified with an erbium-doped
fiber amplifier followed by a sweep of the noise level by adding
a Gaussian white noise to the filtered slices. The inset in Fig. 4
shows the eye and constellation diagrams from one of the sub-
signals of the slice with the lowest center frequency (left of the
spectrum) at an OSNR of 27.5 dB. The BER values in Fig. 4 are
an estimate based on the measured Q-factor (in linear scale) of
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Fig. 3. Frequency comb (a) and signal spectrum (b) of bandwidth 624 GHz
for Nyquist data transmission. The inset in (b) shows the spectral slices at the
center of the transmitted spectrum. The OSA resolution was set to 4 GHz. The
eye and constellation diagrams for one of the received sub-signals (8 GBd out
of 24 GBd) of the slices at the center and edges of the transmitted spectrum are
shown in (c).

the detected signal. Since for higher Q-factors a very long record
length is necessary to measure the associated BER, the following
relationship is used to plot the BER curves: BER ~ %erfc( %)
[25].

For demonstrating FTN transmission, an optical frequency
comb of 33 lines with 20 GHz spacing was used, as shown
in Fig. 5(a). Each comb line was modulated with 22.5 GBd
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received with a Q-factor of 22.2 dB, is shown in the inset, estimated BER (dotted),
hard decision FEC limit (3.8E-3, green dashed).

(3 x 7.5 GBd Nyquist QPSK data), which corresponds to a rect-
angular bandwidth of 22.5 GHz. Therefore, the spectral overlap
between adjacent slices is 22%. The overall signal spectrum
has a bandwidth of 662.5 GHz and the QPSK symbol rate is
742.5 GBd, resulting in a data rate of 1.485 Tbit/s. As can be
seen from Fig. 5(b), there are peaks in between the different
spectral slices. These peaks are a kind of interference at the
spectral overlap of two adjacent slices. The eye and constellation
diagrams after detection of the sub-signals for the slices at the
edges and the center without an optical filter are shown in
Fig. 5(c), respectively, the Q-factor was around 13.2 dB. The
measurement of the Q-factor and calculated BER against OSNR
(again with a 25 GHz optical filter and subsequent amplification)
is depicted in Fig. 6. The inset shows the eye and constellation
diagram for one of the sub-signals of the slice located at the left
edge of the transmitted spectrum, with an OSNR of 24.2 dB.

IV. DISCUSSION

The presented receiver has successfully achieved a data re-
ception rate exceeding 1 Tbit/s with a detector bandwidth of
just 4 GHz. No high-quality filters, pulse sources, specialized
optical or electronic equipment or non-linear optical effects were
needed. Additionally, the delay between the parallel branches for
orthogonality can be finely adjusted through the phase of the RF
driving the modulator and no additional optical delay lines and
corresponding compensations for mismatches in the delay or
amplitude are required. Therefore, the integration of the system
seems to be straightforward.

To address the escalating need for greater channel capacity
in communication networks, we also explored FTN signaling.
In FTN signaling the data is transmitted at a symbol rate faster
than the Nyquist limit. This enhances the spectral efficiency
and achieves higher channel capacity compared to the Nyquist
signal. Several approaches towards FTN signaling have been
reported in [26], [27], [28]. Here, we have experimentally
demonstrated the reception of FTN signals with a spectral
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Fig. 5. Frequency comb (a) and signal spectrum (b) with a bandwidth of
662.5 GHz for FTN data transmission. The inset in (b) shows a part of the
spectrum at the center (OSA resolution, 4 GHz). The eye and constellation
diagrams for one of the sub-signals (7.5 GBd out of 22.5 GBd) of the slices at
the center and edges of the transmitted spectrum are shown in (c).

overlap of 22%. This reduces the Q-factor, however, a pre- or
post-processing of the signals was not necessary.

Since the detection bandwidth is reduced to 4 GHz, the
SINAD and ENOB of the detection is improved in compari-
son to the direct detection of the high-bandwidth signal. The
enhancement mainly results from the reduced influence of the
aperture jitter [29]. A detailed analysis and experimental veri-
fication is reported in [20]. However, since there are no ADC
with a bandwidth of 600 GHz, a direct analysis of the SINAD
and ENOB improvement is not possible for the presented work.
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Instead, we could define the improvement for the single slice.
But, if spectrum slicing is used, the slice has to be filtered out
of the high-bandwidth signal by an optical filter, which may
lead to additional distortions. Given that an ideal rectangular
filter is available and the filtered slice is measured with an ADC
with a bandwidth of 12 GHz, its ENOB and SINAD would be
lower than by the detection with our method. In [30] it was
demonstrated, for instance, that detecting a 24 GBd (24 GHz)
signal with 4 GHz ADC in three branches shows a Q-factor
improvement of 2.2 dB. This improved quality of the detected
signal may result in a lower requirement for power consumption
in any following signal processing.

V. CONCLUSION

In conclusion, we have experimentally demonstrated the re-
ception of a terabit FTN superchannel with up to 1.485 Tbit/s
data rate with 4 GHz electronics. The bandwidth requirement for
signal detection was reduced by sampling the signals in parallel
branches with orthogonal sinc-pulse sequences. The simultane-
ous sampling and frequency comb generation by an MZM, with
all parameters adjusted and controlled via the RF driving the
modulator is highly flexible in terms of the change of bandwidth
and sampling rate. Moreover, just standard and low-bandwidth
optical and electronic components were employed. Therefore,
this method maybe a viable solution for next-generation Tbps
data centers as well as for optical and wireless networks.
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