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ABSTRACT We present a broadband coherent orthogonal frequency-division multiplexing (OFDM)
transceiver based on orthogonal sampling and low bandwidth electronic analog signal processing. Wideband
superchannels, without any guardband are aggregated from low bandwidth OFDM channels in the time
domain by orthogonal Nyquist sinc-pulse sequences with a rectangular bandwidth. Therefore, the method
is called OFDM-Nyquist-time division multiplexing (TDM). Simulation and experimental results will be
discussed for optical systems. However, with some modifications the same principle can be used for wireless
or THz signals. In simulations, we show a 40 GHz bandwidth, 160 Gbps, 16-QAM, 128 OFDM x 5-Nyquist-
TDM transceiver based on 4 GHz electronics for the digital-to-analog (DAC), analog-to-digital (ADC)
conversion and for the digital signal processing, including Fourier transform. For the experiment, we verify
the processing of a 24 GHz bandwidth, 48 Gbps QPSK, 512 OFDM x 3-Nyquist-TDM signal with a 4 GHz
transmitter and receiver. Since the proposed method drastically decreases the sampling rate and bandwidth
requirements for the Fourier processing, the DAC and ADC, it can be a promising alternative for future
communication systems with the highest possible symbol rate.

INDEX TERMS Optical frequency comb, Nyquist TDM transmission, optical OFDM, coherent transceiver.

I. INTRODUCTION
With the steady introduction of new applications, technolo-

gies, and services, global traffic has been experiencing expo-
nential growth. Over the past decade, the need for high-speed
data communication and advanced signal processing has
fueled numerous research efforts [1], [2], [3], [4], [5], [6],
[71, [8]. Among other multi-carrier modulation techniques,
orthogonal frequency division multiplexing (OFDM) has

receiver [2], [3], [9], [10]. In addition, they require high-speed
digital signal processing (DSP) for the Fourier processing
in the transmitter and receiver to multiplex and demultiplex
the orthogonal subcarriers. High-bandwidth electronics suf-
fer from jitter problems and power consumption. Therefore,
several modified OFDM schemes have been proposed as a
possible solution [2], [3]. Spectrum slicing, assisted by an
optical comb at the receiver has been presented in [2]. How-

been extensively studied in communication systems as one
possibility to meet the exponential rise of internet traffic
requirements [1], [2], [3], [4], [5], [6], [7], [8], [9]. OFDM
is well known for its many advantages such as subcarrier
flexibility, and high spectral efficiency [1], [2], [3], [4], [5],
[6], [7], [8], [9]. Wideband OFDM transceivers, however,
rely on a high-speed digital-to-analog converter (DAC) in the
transmitter and an analog-to-digital converter (ADC) in the
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ever, spectrum slicing has very high demands on the filter
functions for sub-band filtering in addition to the increased
post-processing complexity for signal reconstruction. A mod-
ified low-bandwidth, sub-Nyquist sampling receiving scheme
has been proposed for intensity modulation-direct detection
(IM-DD) OFDM systems in [3]. The system effectively
reduces the bandwidth and sampling rate required for the
ADC along with the demands for Fourier processing at the
receiver side. This was achieved by an analog demultiplexing
of 4 groups of OFDM data subchannels, time multiplexed to a
12.5 GHz bandwidth. However, the digital time multiplexing
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of the subcarriers adds up to the DSP complexity at the
transmitter, as it requires digital pre-processing of the data.
Additionally, for this method a high sampling rate and band-
width DAC at the transmitter side is essential. Furthermore,
high-bandwidth pulse shaping and digital pre-distortion shap-
ing were required additionally.

In this work, we propose a wideband coherent optical
OFDM transceiver concept for optical communications based
on orthogonal sampling with sinc-pulse sequences and time-
division multiplexing (TDM) in parallel branches as a proof
of concept [11], [12]. With some modifications, the same
concept might be implemented in various other communica-
tion schemes, including radio-over-fiber, free space wireless,
Terahertz or millimeter wave communications. The sampling
rate and bandwidth of the Fourier processing, as well as that
of the DAC and ADC is reduced by the number of branches
M [13], [14]. This bandwidth reduction may come with an
additional resolution and signal-to-noise and distortion ratio
(SINAD) improvement of the received signal. For M = 3, for
instance, a SINAD improvement of 9 dB is expected [15].
No special pre-processing is required and the orthogonal
sampling is achieved by driving an intensity modulator, like
an MZM or a ring modulator [16], with sinusoidal radio
frequencies, generated by a frequency oscillator (FO). For a
frequency down-conversion of the input signal by 3, just one
single frequency is required.

The system does not rely on any pulse source or a DAC for
pulse generation, DSP, optical filters, nonlinearity, or optical
delay lines. Instead, it utilizes single frequency oscillators,
electrical phase shifters, multipliers, and properly biased
Mach-Zehnder modulators (MZM). Since the bandwidth of
the generated superchannel is rectangular, even higher data
rate channels can be aggregated by an additional wavelength
division multiplexing (WDM). A similar superchannel aggre-
gation without guard band, based on three WDM channels,
each of which consisting of three Nyquist TDM sub-channels,
was successfully demonstrated for the generation, reception,
and processing of high-bandwidth data with low-bandwidth
integrated devices [12], [17], [18]. We have presented exten-
sive theoretical studies and background of the system in [12]
and especially the accompanied supplementary material.
Here, we extend this concept to the widely used OFDM, with
greatly reduced DSP bandwidth.

The paper is organized as follows: Section II explains
the basic principle of the proposed transceiver. Section III
describes the OFDM-Nyquist-TDM-WDM multiplexing.
Section IV discusses the simulation. The experimental
results are presented in Sec. V. Section VI includes system
non-idealities discussion and Sec. VII concludes the paper.

Il. BASIC CONCEPT

Before we describe the OFDM-Nyquist-TDM concept,
we will first review the idea of orthogonal sampling [11],
[19]. Theoretically, a DAC is a Dirac-Delta sequence with
the correct repetition rate, weighted with the sampling points
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and send through a rectangular filter. Due to the rectangular
filter shape, any bandwidth-limited signal can be seen as
the superposition of single sinc pulses, weighted with the
sampling points and time-shifted to each other in a way, that
each sampling point of a subsequent sinc pulse is in the zero
crossing of the previous. Due to the orthogonality of the sinc
pulses, the single sampling point could be retrieved in the
receiver by an integration over the multiplication between the
incoming signal and a sinc pulse with the right bandwidth and
time shift. Dirac-Delta sequences are unlimited in frequency,
whereas sinc-pulses are unlimited in time. Thus, both are just
mathematical constructs.

Sinc-pulse sequences instead, have the same property of
orthogonality, but, are a flat, rectangular, phase-locked fre-
quency comb in the spectral domain [20], [21], [22]. The
simplest sinc-pulse sequence (with two zero crossings), is just
a single, direct current (DC) shifted sinusoidal frequency,
or in the frequency domain, a DC and one single frequency.
In the same way as sinc pulses, sinc-pulse sequences can be
used to generate and detect each bandwidth-limited signal.
The only difference is, that a sinc pulse encodes a single
sampling point, whereas a sinc-pulse sequence defines and
samples periodic sampling points. For the simplest sinc-pulse
sequence (two zero crossings), the repetition time is three
times longer than the pulse duration. Therefore, with three
identical but time-shifted sinc pulse sequences in three paral-
lel branches, for instance, the whole signal can be generated
and received. But, in each branch, the single sinc-pulse
sequence, weighted with the periodic sampling points repre-
sents a signal with only 1/3" of the bandwidth and sampling
rate. This will be used in the OFDM transceiver. By increas-
ing the number of comb lines, the bandwidth and sampling
rate requirements can be further reduced, of course. For M
branches, n = (M-1)/2 equidistant RF frequencies from an
oscillator are required.

The wideband OFDM-Nyquist-TDM transceiver, consist-
ing of M = 3 parallel branches, can be seen in Fig. 1. The
wideband OFDM signal has a total bandwidth of B and a total
number of orthogonal frequency subcarriers Mx N. In each
branch, the / and Q components are generated by a low
bandwidth DAC and a conventional OFDM modulation with
a B/(2M) bandwidth and N inverse fast Fourier transform
(IFFT) points per branch (or the number of orthogonal OFDM
channels). Therefore, we have Iy to Iy;_; for the Inphase
and Qg to Oy —1, for the quadrature components, as shown
in Fig. 1 for M = 3. For the orthogonal multiplexing of the
three OFDM signals, we use sinc-pulse sequences with two
zero crossings [12]. In the equivalent frequency domain, this
corresponds to a flat, three-line frequency comb in the optical
domain with a rectangular bandwidth. In the baseband, it is
a single, DC-shifted sinusoidal frequency. This frequency is
generated by an FO and for each branch time-shifted and
weighted with the sampling points of the OFDM sub-channel.
The OFDM sub channel weighted sinc-pulse sequences are
the blue, red, and yellow traces, shown in Fig.1. The time
shift between the sinusoidal frequencies is achieved by a
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FIGURE 1. Concept figure. The colored lines indicate the different low-bandwidths OFDM sub-signals for M=3.
FO: frequency oscillator, MZM: Mach-Zehnder modulator, CD: Coherent detection.

phase change of A¢y = (2wk)/M, where k =0,1, ---, M —1
between the channels. For M = 3, this corresponds to 0°,
120°, and 240°. All three phase-shifted and weighted sinu-
soidals are summed up and used to drive the I or Q branch of
an [-Q modulator. The required DC shift of the sinusoidals is
accomplished by adjusting the bias of the modulator. A mod-
ulator with a bandwidth By can modulate OFDM signals
with the bandwidth B = 2-By;. The generated optical signal is
transmitted over a standard single-mode fiber (SSMF). Please
note that a wireless or THz-OFDM signal can be achieved
with the same method. In this case, the sinusoidal together
with an additional DC has to be weighted with the sampling
points, and the laser and modulator have to be replaced by an
appropriate source and mixer.

To demultiplex and receive a low-bandwidth sub-channel
from the wideband OFDM-Nyquist-TDM signal, it has to
be multiplied with a sinc-pulse sequence with the correct
bandwidth and time shift (or phase). For optical signals, this
can be done by an intensity modulator driven with a sinusoid
with the same frequency as in the transmitter. The required
DC shift of the sinusoid is again achieved by adjusting the
bias of the modulator. In each of the three branches just
1/3" of the sampling points are received, representing again
the low bandwidth blue, red, and yellow signals in Fig.1.
For the detection of these signals, a coherent detector (CD)
with a baseband bandwidth of B/(2M) is sufficient [2] and
the bandwidth of the modulator is the same as that in the
transmitter B/2. The other sub-signals are demultiplexed by
driving the modulators in the other branches with the same
electrical frequencies but with a phase shift of A¢y. Finally,
the coherently detected B/(2M) low-bandwidth sub OFDM
signal is demodulated by a conventional demodulation pro-
cess with a fast Fourier transform (FFT) of only N.

lll. OFDM-NYQUIST-TDM-WDM

In a Nyquist-WDM (N-WDM) system, normal data is shaped
to a sinc-shaped Nyquist pulse in the time domain, which
corresponds to a rectangular spectrum in the frequency
domain [12]. These rectangular individual signals can then
be stacked adjacent to each other without a guard band
in between in the frequency domain. This enables the
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transmission at the maximum possible symbol rate. How-
ever, in practice, it is impossible to generate an infinitely
long sinc-pulse, which is necessary to achieve a perfect
rectangular spectrum. As a result, in N-WDM experi-
ments, advanced filtering, spectrum shaping and DSP tech-
niques with high bandwidth have been employed to shape
the pulses to resemble a single sinc-pulse as closely as
possible [12], [24], [25].

Unlike the Nyquist approach, the faster-than-Nyquist
(FTN) technique depends on sending non-orthogonal pulses
in the time domain for transmission [26], [27]. In an
attempt to improve the spectral efficiency, the time spac-
ing between the pulses (symbol interval) is shortened to
pack more data into the same channel. Such a system also
requires pulse shaping and the loss of orthogonality results
in ISI problems, which must be compensated. This com-
pensation may increase the DSP and hardware detection
complexity [26], [27].

OFDM exploits orthogonal sinc-shapes in the frequency
domain (please see Fig. 2 (a)). The generation, multiplexing
and demultiplexing can be achieved by an inverse or forward
Fourier transform of all channels together in a digital sig-
nal processor (DSP). However, for high symbol rates, this
requires very high bandwidth electronics for the transmitter
and receiver [1], [2], [3], [12].

In the proposed OFDM-Nyquist-TDM system, we have
combined OFDM (Fig. 2 (a)) with Nyquist TDM (Fig. 2 (b)).
In contrast to Nyquist WDM, it is not based on single
sinc-pulses, instead, sinc-pulse sequences are used. In the
frequency domain, these sinc-pulse sequences are a rectan-
gular frequency comb, which can be produced by a modula-
tor, driven with sinusoidal frequencies [20]. Each individual
sequence transmits 1/M -times the information of the broad-
band OFDM signal. Here M is the number of frequencies in
the optical comb, or the number of parallel branches in the
transmitter and receiver. This should not be confused with the
orthogonal OFDM sub-frequencies. In each of the M parts
of the OFDM signal, N orthogonal OFDM sub-frequencies
with a frequency spacing of Afp in a total bandwidth of Af
= N Afo, are used to encode the information with the maxi-
mum possible symbol rate. The total bandwidth of the single
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FIGURE 2. OFDM-Nyquist-TDM-WDM multiplexing. N orthogonal OFDM
frequencies with the frequency spacing Afg are orthogonally multiplexed
in the frequency domain to build one of M sub-signals (a). These
modulated sub-signals may have a time varying shape, which is
orthogonally sampled by one of M sinc-pulse sequences (for instance the
blue one in (b)). Then all M sampled signals are orthogonally multiplexed
in the time domain to form a rectangular channel with the bandwidth B =
MAf = MN Afg (b). These rectangular channels may be further
multiplexed in the frequency domain to build an
OFDM-Nyquist-TDM-WDM superchannel without any guard band (c).

OFDM sub-signal Af coincides with the frequency spacing
between the comb lines. Therefore, these OFDM frequen-
cies are orthogonal in the frequency domain. Additionally,
all the M sinc-pulse sequences are orthogonal in the time
domain. Thus, the orthogonal frequency domain sub channels
can additionally be multiplexed in the time domain. Due to
orthogonality, this multiplexing can as well be carried out
with the maximum possible symbol rate. So, the broadband
OFDM-Nyquist-TDM signal consists of M x N OFDM sub
frequencies with a total bandwidth of B = M Af = MNAfo
But, for the generation, detection and processing of the signal
with the aggregated bandwidth B, ADC, DAC and DSP with
a bandwidth of Af/2 = B/(2M) are sufficient. Moreover, the
OFDM-Nyquist-TDM signal has a rectangular bandwidth.
Therefore, as for Nyquist-WDM, the OFDM-Nyquist-TDM
channels can be further aggregated without any guard band
to OFDM-Nyquist-TDM-WDM superchannels (Fig. 2 (c)).
For the generation and detection of these superchannels
again only electronics with a bandwidth of B/(2M) would be
necessary [12].

IV. SIMULATION SETUP AND RESULTS

This section describes the simulation setup and achieved
results for the proposed OFDM-Nyquist-TDM transceiver
system, obtained by the Optisystem software.

A. SIMULATION SETUP

Figure 3 illustrates a schematic diagram for the simulation
of the OFDM-Nyquist-TDM transceiver. In the transmitter,
three 8 GBd OFDM sub-channels (M = 3) were generated
with a baseband width of 4 GHz (B/2M) for the I and Q
components to build a 24 GHz optical bandwidth OFDM-
Nyquist-TDM signal with 24 GBd symbol rate.
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For each sub-channel, the / and Q components are gen-
erated by mapping a stream of pseudo-random bit sequence
(PRBS) data with 16-, 32- and 64-quadrature amplitude mod-
ulation (QAM) formats. The signal is then feet to an N-IFFT
with N = 128 subcarriers. All frequency subcarriers were
used for data transmission except for the middle one, which
is preserved for the suppressed optical carrier. After that, a
5% cyclic prefix (CP) is assigned to reduce the effect of
inter-symbol interference and the parallel signal is converted
to a serial data stream.

In each of the three branches, the digital data is con-
verted by a 4 GHz DAC to an analog I and Q waveform.
After that, all 3 sub-channels (Io9,I1 and I2, and Qg,01
and Q) are multiplied, or orthogonally sampled with three,
phase-shifted 8 GHz radio frequencies from an FO. These
sub-channels are then orthogonally added up by an analog
adder. The superposed 24 GBd I and Q components are mod-
ulated to an optical wave in the conventional band of optical
telecommunications (193,1 THz) through a 12 GHz band-
width IQ-modulator, which is properly biased to generate a
multiplexed signal of B = 24 GHz total bandwidth (3 x 128
OFDM sub-channels). The corresponding total transmitted
netto data rate is 96, 120, and 144 Gbps with 16-, 32-, and
64-QAM, respectively.

The output signal from the IQ-Modulator is amplified via
an Erbium-doped fiber amplifier (EDFA) to compensate for
the power loss and filtered with a 1 nm optical bandpass filter
to reduce the amplified spontaneous emission (ASE) noise.
The signal is then sent through an SSMF of 5 km length with
a 16 ps/(nm-km) dispersion coefficient. For the presented
simulations, all noise parameters (e.g., shot noise, thermal
noise, noise figure, ASE noise) for all the components of the
setup were turned on. The CW laser has 100 kHz linewidth.
The EDFA was assumed to have a noise figure of 4 dB and
for the dark current of the balanced photodiodes 5 nA were
assumed.

At the receiver, the 24 GHz signal is first split into three
branches by a power splitter. In each branch, the signal is
multiplied with a phase-shifted sinc-pulse sequence of M /B
repetition rate by an MZM to demultiplex the three sub-
signals. The MZMs in the 1%, 20d and 3" branches are
driven with the same 8 GHz radio frequency and 0°, 120°,
and 240° phase shifts to recover the 1%, 21d and 3" OFDM
sub-signals, respectively. The demultiplexed signal is then
detected in parallel with a coherent detector (CD) of 4 GHz
bandwidth. Finally, in each branch the 4 GHz OFDM
sub-signal is demodulated using the inverse of the modulation
process.

A 5 sub-channel (M = 5) system was also simulated by
orthogonally superimposing 5 analog 4 GHz OFDM sub-
signals. For this, the signal has to be multiplied with a sinc
pulse sequence with four zero crossings. This can be achieved
by driving the modulator in the transmitter and receiver with
radio frequencies of 8 and 16 GHz. These two frequencies are
used for all 5 branches but with a 360°/5 = 72° phase shift in
between. The five channels are then added up and transferred
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FIGURE 3. Simulation setup for the proposed system. CW: Continuous wave laser, EDFA: Erbium-doped fiber amplifier,
0-BPF: Optical band pass filter, PC: Polarization controller. For 5-channels a 1-to-5 splitter and two additional branches

with a phase shift of k x 72°, with k = 0,..,5 are needed.

to the optical domain by a 20 GHz IQ-modulator. The total
symbol rate of the multiplexed superchannel is 40 GBd
(40 GHz bandwidth and 160 Gbps with 16-QAM mapping
of the 5 x 128 OFDM sub-channels).

In the receiver, the signal is split into 5 branches, multiplied
with a sinc-pulse sequence with 4 zero crossings in the mod-
ulator and detected and processed with a 4 GHz bandwidth
CD and DSP.

B. SIMULATION RESULTS

The optical spectrum of the generated 24 Gbd, 16-QAM
OFDM-Nyquist-TDM signal is depicted in Fig. 4 (a). Since
we are using OFDM and Nyquist-TDM together, the rect-
angular bandwidth signal contains the maximum possible
symbol rate. In the receiver, the OFDM signal is demulti-
plexed by multiplying it with a sinc-pulse sequence with two
zero crossings. In the equivalent frequency domain, this is the
convolution between the rectangular OFDM spectrum and a
rectangular, three-line frequency comb with the same band-
width. The result is the triangular spectrum, which can be
seen in Fig. 4 (b). Only the central 8 GHz optical bandwidth
part is detected by the 4 GHz baseband bandwidth CD.

04 (a)

20

Normalized Power (dB)
Normalized Power (dB)

30 30

193.06

193.08 193.10 193.12

Frequency (THz)

193.14 193.06 193.08 193.10 193.12

Frequency (THz)

193.14

FIGURE 4. Optical spectrum of the 3-channel, 16-QAM OFDM-
Nyquist-TDM (24 GHz total bandwidth) signal (a), and (b), for the
demultiplexed single channel after the modulator in the receiver. Please
note, that the baseband width of the 8 GHz in the middle correspond

to 4 GHz, which are detected by the CD and processed by the DSP.

Figure 5 shows the calculated Q-Factor in dependence
on the optical signal-to-noise ratio (OSNR) for the signal.
The Q-Factor values, which were calculated from the
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FIGURE 5. OSNR versus Q-Factor for the 3-sub channel, 24 GHz
OFDM-Nyquist-TDM signal with 16-,32-, and 64-QAM in a back-to-back
(B2B) configuration.

constellation mean (@) and standard deviation (o) values [1],
[28], are shown for 16-, 32-, and 64-QAM OFDM signals for
a back-to-back (B2B) configuration. The threshold at which
the signal can still be transmitted error free by adding an
additional forward error correction (FEC) [29] is presented
by the dashed line. As can be seen, OSNRs of around 14.4,
17.1, and 20.5 dB are required to reach the 9.6 dB Q-Factor
threshold for 16-, 32-, and 64-QAM, respectively.

Fig. 6 shows the bit error rate (BER) against the OSNR for
the same system. The BER was calculated from the error vec-
tor magnitude (EVM) as described in [30]. At the 1.3E-3 BER
threshold, an EVM% of 15.3, 10.8, and 7.7 were obtained for
an OSNR of around 14.4, 17.1, and 20.5 dB, with 16-, 32-,
and 64-QAM, respectively.

The constellation diagrams of the recovered three chan-
nels at the receiver for a back-to-back (B2B) configuration
are shown in Fig. 7 (a), (b), and (c). The calculated aver-
age EVM% for the 22.3 dB Q-factor is 3.43 with zero bit
errors, proving the successful demultiplexing by the proposed
method. The constellation diagrams after 5 km SSMF are
shown in Fig. 7 (d), (e), and (f). For the 16 dB Q-factor

VOLUME 11, 2023



Y. Mandalawi et al.: High-Bandwidth Coherent OFDM-Nyquist-TDM Transceiver

IEEE Access

102 4 —v— 16-QAM
1.3¢-3 BER |—s— 32.QAM
s— 64-QAM

EVM% =7.7

10-3 i

107 5
10-5_
10-6_
107 3

Log10 ( BER)

10-8 p
10-9 J
10—10 i

10-11 T T T T
10 15 20 25 30

OSNR (dB)

FIGURE 6. Calculated Log10 (BER) as a function of OSNR for the 24 GHz
OFDM-Nyquist-TDM signal with 16-,32-, and 64-QAM.

the demultiplexed sub-channels have 7.14 EVM% on aver-
age with a BER of 1.4E-10. It should be noted, that we
did not implement any nonlinearity or chromatic dispersion
compensation.

The constellation diagrams of the recovered three chan-
nels at the receiver for a back-to-back (B2B) configuration
are shown in Fig. 7 (a), (b), and (c). The calculated aver-
age EVM% for the 22.3 dB Q-factor is 3.43 with zero bit
errors, proving the successful demultiplexing by the proposed
method. The constellation diagrams after 5 km SSMF are
shown in Fig. 7 (d), (e), and (f). For the 16 dB Q-factor the
demultiplexed sub-channels have 7.14 EVM% on average
with a BER of 1.4E-10. It should be noted, that we did not
implement any nonlinearity or chromatic dispersion compen-
sation.

To show the expandability and flexibility of the proposed
transceiver, 5-channels with a total bandwidth of 40 GHz
and a data rate of 160 Gbps (16-QAM) were simulated. The
optical spectrum of the transmitted an demultiplexed signal
is depicted in Fig. 8 (a) and (b). Only the 4 GHz part of
the demultiplexed spectrum will be detected and processed.
Furthermore, the Fourier processing power is reduced by 5,
from 20 to 4 GHz.

The constellation diagrams for the 1%, 3", and 5™ sub-
channel are shown in Fig 9 for the B2B case (left) and 5 km
transmission in an SSMF (right). The average EVM% for the
B2B case was 3.42 without errors and a Q-Factor of 22.32 dB.
After a 5 km SSMF transmission, the EVM% was 11.31,
resulting in a BER of 2.8E-5 and 12 dB Q-factor.

V. EXPERIMENTAL SETUP AND RESULTS

A. EXPERIMENTAL SETUP

To validate the proposed OFDM-Nyquist-TDM transceiver,
proof of concept experiments were carried out. The setup is
shown in Fig. 10. For the sake of simplicity and due to a lack
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FIGURE 7. Received constellation diagrams of the 3 sub-channel, 24 GHz
OFDM-Nyquist-TDM, 16-QAM, signal for B2B, (a), (b), and (c)), and 5 km
of SSMF ((d), (e), and (f)).
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FIGURE 8. Optical 40 GHz spectrum for the 5-channel, 16-QAM OFDM (a),
and (b) for the demultiplexing after the modulator in a single branch of
the receiver. Please note that here again only the 8 GHz in the middle are
detected by the 4 GHz CD.

of equipment, only one arbitrary waveform generator (AWG)
was used in the transmitter for / and another one for Q.
The 48 Gbps OFDM signals were generated and multiplexed
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FIGURE 10. Experimental setup for a 3-channel OFDM-Nyquist-TDM
transceiver. AWG: arbitrary waveform generator, DSO: digital storage
oscilloscope.

by the described method, but offline with MATLAB. The
sampling rate and bandwidth of the DAC has restricted the
maximum possible data rate to 48 Gbps. The demultiplexing
was done subsequently in a single branch by an appropriate
phase shift adjustment of the sinusoidal signal. Since a PRBS
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was used, which is periodic anyway, the broadband signal
has been calculated from the sub-signals by offline post-
processing.

As optical source, a fiber laser (NKT photonics
ADJUSTIK E15) at 1550.116 nm was implemented. Each of
the M = 3 sub-channels contains N = 512 OFDM subcarriers
with 4-QAM, modulated with a PRBS. All the subcarriers
except the middle one, which was left for the suppressed
optical carrier, were carrying data and a CP of 5% was added.
The generation of the OFDM signal follows the ordinary
process as described in Section III. A without additional DSP
or pre-distortion. The three sub-channels were summed up
after being multiplied with a single tone, 8 GHz sinusoidal
signal with a proper bias and phase shift of 0°, 120°, and
240°, respectively. The components were then uploaded into
an AWG (AWG7001A) for I and another one for Q working
at a sampling rate of 48 GSs. Therefore, each OFDM has an
optical bandwidth of 8 GHz (4 GHz baseband for I and Q).
The outputs of the AWGs were fed to an IQ-modulator which
was biased properly to achieve a linear modulation. An EDFA
together with a 1 nm bandpass filter, for reducing the ASE
noise, were used to amplify the signal.

To demultiplex the 8 GHz OFDM sub-channel from the
24 GHz superchannel, the incoming signal was fed to a single,
properly biased MZM, driven with an 8§ GHz frequency with
a certain phase shift. The demultiplexed signal was detected
by a CD (OM 3245). Since the CD had a higher bandwidth
than the required 4 GHz, we have used digital lowpass fil-
tering after detection. Finally, the signal was recorded with a
real-time oscilloscope (Tektronix DPO73304) and the OFDM
demodulation and analyses were carried out offline with
MATLAB.

B. EXPERIMENTAL RESULTS

The optical spectrum of the 512 x 3, 4-QAM OFDM-
Nyquist-TDM superchannel is plotted in Fig. 11 (a) and the
demultiplexed 8 GHz single sub-channel spectrum after the
MZM in the receiver can be seen in Fig. 11 (b).

(a) 24 GHz (b) 8 GHz
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FIGURE 11. Optical spectrum of the transmitted 512 x 3, 4-QAM OFDM
signal (a), and (b) for the demultiplexed signal after the modulator in the
receiver (8 GHz bandwidth). Please note that the deviation from the
rectangular shape is mainly due to the limited spectral resolution of the
OSA.

Figure 12 presents the measured constellation and eye dia-
grams of the successfully recovered and demodulated three
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FIGURE 12. Constellation and eye diagrams for the 15t (a, b), 2" (c, d),
and third channel (e, f) for the B2B case.

sub-channels. The average measured EVM% was 18.97 and
the BER was 6.76E-8 with clean constellation diagrams and
a clear eye-opening.

VI. DISCUSSION

The orthogonality of the TDM multiplexing depends on the
time shift between the single sinc-pulse sequences. In the pro-
posed method, this time shift can be precisely controlled by
the electrical phase of the sinusoidal signals. At the receiver,
the phase shifter can be scanned and locked to the maximum
eye-opening of the recovered data [12], for instance. Never-
theless, a moderate change of the phase does not severely
degrade the transmission as shown in [12]. To observe the
penalty for the Q-Factor and EVM when changing the ideal
time shift (phase shift) at the receiver, a simulation verifica-
tion has been done for a 24 Gbd, 16-QAM, three sub-channel
OFDM system. Almost no performance penalty was notice-
able for a time inaccuracy of up to 200 fs. Even for a relatively
high time inaccuracy of 1 ps, which corresponds to a phase
change of 0.8 % (2.88°) for the 8 GHz RF signal, the
Q-Factor showed a penalty of 4 dB and the EVM penalty
was 2%, compared to the ideal case. Phase shifters with
a phase accuracy of +0.35° for an 8 GHz frequency are
available on the market [31]. In a 65 nm CMOS platform,
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a phase shifter from 21 GHz to 30 GHz with a phase error
from 0.28° to 0.88° has been shown [32]. Even for higher
frequencies (56 GHz to 65 GHz), a phase error of 1.4° was
reported in [33].

Reducing the input frequency and bandwidth of the DAC
and ADC is accompanied with a signal quality improvement
in terms of achievable signal-to-noise and distortion (SINAD)
ratio and with a resolution improvement (effective number
of bit (ENOB)). We have investigated this improvement
for orthogonal sampling-assisted ADC [15]. The SINAD of
an ADC increases quadratically with the jitter. Although
even integrated oscillators can show jitter values of 20 fs,
state-of-the-art electronic ADC have jitter values of around
100 fs [23]. This is because even for very low jitter clock
sources an electronic ADC shows an additional aperture jitter,
which means that; even for very stable clock signals, the
actual switching time of the sample and hold stage in an elec-
tronic ADC is uncertain. This is not the case for orthogonal
sampling-assisted ADC. For a 10 fs jitter of the orthogo-
nal sampling and a 100 fs jitter of the following electronic
ADC, the SINAD can be improved by 9 dB for 3 branches,
higher improvements are possible by increasing the number
of branches [15].

The effect of non-idealities on the sinc-shaped Nyquist
pulse generation has been studied in detail for different roll-
of-factor, ripple and sideband suppression ratios [34], [35].
Compared to an ideal flat comb, a 2 dB ripple in a 3-line
comb only increases the root mean square error of the pulses
by 3%. This value is decreased for a higher number of comb
lines (1.9 % for a 5-line comb). In a recent work, we have
investigated the effect of non-ideal combs on the signal-to-
noise and distortion (SINAD) ratio achievable in orthogonal
sampling assisted analog-to-digital converters [15]. For a
three-line comb with a 3 dB ripple the SINAD penalty was
around 2 and for a nine-line comb 1 dB [15]. However, even
for an integrated, monolithic, electronic-photonic modulator
chip (ePIC-MZM), the measured ripple of a three-line comb
was less than 0.1 dB [35]. Additionally, the flatness of the
comb can be locked to the eye-opening of the received data
and adjusted by the biasing point of the MZM modulator, for
instance.

Since the scheme utilizes frequency (OFDM) and time
(Nyquist TDM) multiplexing techniques, we believe that
it is sensitive to fiber dispersion at long distances. This
can be compensated by electronic pre- or post-dispersion
compensation techniques, or by dispersion compensating
fibers. However, the implementation of these methods may
require further investigation. For a single carrier Nyquist-
TDM, the transmission of 4-QAM, 24 GBd over 40 km
of fiber with a Q-factor of 14.48 dB has been shown [12]
without any pre- or post-processing of the data. By a digital
dispersion compensation, Nyquist-TDM-WDM 112.5 Gbd
DP-QPSK data has been transmitted over 640 km of
fiber [36]. Additionally, a Nyquist pulse TDM transmission
over 525 km with 160 GBd was also demonstrated with a
dispersion-managed fiber link [37]. E
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VIi. CONCLUSION

In conclusion, we have presented by simulation and in a
proof-of-concept experiment a wideband coherent optical
OFDM-Nyquist-TDM transceiver system that dramatically
reduces the necessary electronic bandwidth for the DAC,
ADC, and Fourier transform in the transmitter and receiver.
Especially the bandwidth reduction of the processed signal is
accompanied with a higher resolution of the electronic DAC
and ADC and may therefore offer an improved signal-to-
noise and distortion ratio for the received signal [15]. This
is achieved by orthogonal multiplexing of M-OFDM sub-
channels in the time domain by Nyquist sinc-pulse sequences.
The transmitter only uses an IQ-modulator, and electrical
components like a frequency oscillator, phase shifters, mix-
ers, and an adder. The OFDM sub-signals are demultiplexed
and received in M parallel branches by a single MZM and
low bandwidth CD, ADC, and electronic signal process-
ing. In simulations, a 5-channel OFDM-Nyquist-TDM with
a total data rate of 160 Gbps was detected and processed
by 4 GHz electronics. The signal was transmitted over 5 km of
SSMF with a BER of 2.8E-5 without using any pre- or post-
compensation. Moreover, an experimental proof-of-concept
for a 3-channel system with a 24 GHz signal bandwidth,
requiring 4 GHz electronics was demonstrated. Due to the
reduced bandwidth for the DAC, ADC, Fourier processing,
and DSP, the presented method could be a potential solution
to keep up with continuously increasing data rates in future
communication systems.
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