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Spectrum efficient data transmission is of key interest for high capacity optical communication systems
considering the limited available bandwidth. Transmission of the high speed signal with higher-order
modulation formats within the Nyquist bandwidth using coherent detection brings attractive performance
advantages. However, high speed Nyquist signal generation with high order modulation formats is
challenging. Electrical Nyquist pulse generation is restricted by the limited sampling rate and processor
capacities of digital-to-analog convertor devices, while the optical Nyquist signals can provide a much higher
symbol rate using time domain multiplexing method. However, most optical Nyquist signals are based on
direct detection with simple modulation formats. Here we report the first experimental demonstration of
high speed all optical Nyquist signal generation based on Sinc-shaped pulse generation and time-division
multiplexing with high level modulation format and full-band coherent detection. Our experiments
demonstrate a highly flexible and compatible all optical high speed Nyquist signal generation and detection
scheme for future fiber communication systems.

he bandwidth demand of the network data service continues to grow at around 30% to 60% per year, driven

by more and more video streaming and proliferation of cloud computing, social media, and mobile data

delivery in both long haul backbone and short haul optical networks'~'°. Considering the requirement of cost
reduction per bit per Hz, higher-speed underlying optical transmission interfaces and higher spectrum efficiency
technology is becoming more and more important. The technology options for transmission with higher band-
width efficiency are being intensively studied, which comes in two major categories: reducing the signal spectrum
bandwidth requirement or increasing the modulation levels''*°. The former uses orthogonal multiplexing tech-
nologies based on optical or electrical waveform generation, known as the orthogonal-frequency-division-multi-
plexing (OFDM) in frequency domain or Nyquist pulse technology in time domain''~'; the latter uses multi-level
advanced modulation formats enabled by coherent detection, such as QPSK, 16-QAM, 64-QAM and even higher
order QAMs**?¢, Until now, OFDM with high-order modulation formats has been widely investigated, using
both electrical and all optical OFDM signal generation'>"'*. Especially in Ref. [15], a 26 Tb/s line-rate super-
channel transmission system utilizing all-optical OFDM has been demonstrated based on 16QAM and coherent
detection. Compared with OFDM, Nyquist signal transmission has several unique advantages such as lower
receiver complexity, lower receiver bandwidths and lower peak-to-average power ratios which give better per-
formances under fiber nonlinear impairments'®>">*%, The high transmission capacity with high spectrum
efficiency has also been demonstrated by the single-laser 32.5 Tbit/s Nyquist WDM transmission based on
12.5GBaud PDM-16QAM with 325 optical carriers in*”. However, most Nyquist pulse-shaping methods for each
carrier reported are either too complex'® or restricted by the electronics speed because of the limited sampling rate
and limited processor capacities'”’.

Most recently, a novel all-optical method to produce Sinc-shaped Nyquist pulses of very high quality has been
proposed based on the direct synthesis of a rectangular shaped and phase-locked frequency comb in*®. However,
the full-band modulation, multiplexing and detection are not investigated in this work. Although Nyquist signal
modulation, multiplexing and detection is similar to the optical time-division multiplexing (OTDM) in previous
works**, some important features are not considered for Nyquist signals. When we look at the previous OTDM
works, the most recent experiment has achieved a symbol rate of 1.28 Tbaud and a single-channel bit rate of
10.2 Tb/s with RZ 16-QAM modulation and coherent detection. However, the local oscillator (LO) is not free-
run, and a precisely synchronized and complicated receiver is needed for channel multiplexing*~*. In order to
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detect the signal in each time division, a large number of receivers are
needed in normal OTDM signal detection. In addition, the OTDM
relies on short pulses occupying large bandwidth in the frequency
domain which reduces the spectral efficiency*~*°. The combination
of Nyquist pulse generation and OTDM system is reported in*'~**.
However, these works are mainly on the on-off keying or differential
phase-shift keying. Higher-order modulation and coherent detection
are not mentioned in these works. Again, the receivers in these
works®'** are typical OTDM one with complicated channel demul-
tiplexing setups. In addition, as analyzed in*, the Nyquist pulses
in*7** are not an optimal one but with very large roll-off factors
(0.4 or even 0.5). In**, the optical pulse-shaper yields the worst Sinc-
approximation compared with digital and electrical method.
Therefore, multiplexing using this kind of pulses results in a non-
optimal use of bandwidth.

Therefore, in this paper, we report the first experimental demon-
stration of high speed all optical Nyquist signal generation based on
Sinc-shaped pulse generation and time-division multiplexing with
high level modulation format and coherent detection. A developed
all optical Nyquist pulse generation method is proposed and demon-
strated in our experiments based on the radio frequency driven
Mach-Zehnder modulators (MZM) and band-pass optical filter,
which is more flexible and compatible compared with previous
works. High-order modulated Nyquist pulse with 32.5, 62.5, 75
and up to 125GBaud QPSK signals are multiplexed. Different with
regular OTDM system with complicated demultiplexing setup, the
generated and multiplexed Nyquist signals are detected as one full
signal using a high speed digital coherent receiver. The Nyquist
signals are sampled and off-line processed using digital signal pro-
cessing algorithms. To the best of our knowledge, it is the highest
baud rate Nyquist QPSK signal generation, coherent detection and
digital processing record. Our experiments demonstrate a highly
flexible and compatible all optical high speed Nyquist signal genera-
tion and detection scheme for future fiber communication systems.

Fig. 1 shows the principle of the all optical Nyquist pulse genera-
tion, high-order formats modulation based on inphase and quadrat-
ure (I/Q) modulators, multiplexing and digital signal processing. The
flexible Nyquist pulse is generated by using a frequency-locked, lin-
ear-phase comb source cascade with a tunable band-pass filter (BPF).
The frequency-locked comb source can be realized by the radio
frequency (RF) driven cascaded Mach-Zehnder modulators
(MZM), of which each sub-carriers are with linear phase relation®®.
The sub-carrier frequency spacing and the total bandwidth of the
comb are tunable, which can be realized by adjusting the frequency of
RF signal and the pass-band of the BPF. This method for all optical
Nyquist pulse generation is developed from the previous work in*.
Different with the method in**, we add one tunable BPF here. There
are two main advantages by adding on BPF. First, the undesired side-
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bands can be greatly suppressed to reduce the crosstalk by using the
BPF. The results in®® show the power suppression of unwanted com-
ponents is only 21-27 dB. However, the power suppression of
unwanted higher-order sidebands can be larger than 40-dB by using
the BPE. Second, one can easily adjust the time-division channel
numbers by changing the pass-band bandwidth of BPF, without
changing the bias and driven voltage which is quite sensitive and
hard to matching each other as analyzed in*®. Assuming the N tone
frequency-locked comb with central frequency f,, carrier spacing of
Af, and equal amplitude Ey/N, then time-domain expression of the
optical field of the comb can be expressed as

(N—-1)/2
En(t)= ﬁo Z expli2n(fy + nAf)t+jé + jng,)
—(N—-1)/2
= Ey exp (72nfy +jo) sin[TNAf(t +1o)] (1)

N sin[rAf(t +70))

= Ey exp (727fy +j) i (= D)N=Dsin ¢([NAF(t—nT 4 10)]

Here T = 1/Af, which is the pulse repetition period. We define a time
delay 7y, which satisfies ¢, = 2nAfty.Therefore, for a N tone fre-
quency-locked comb with linear phase and equal amplitude, the time
domain optical signal is a periodic Sinc-shaped Nyquist pulse with
period of T and zero-crossing pulse wide of 2T/N.

Assuming the bandwidth of BPF is B, the tone number of the comb
is N = B/Af. Changing the bandwidth of the BPF or the comb carrier
spacing can change the pulse width and also the repetition period as
shown in inset (a) in Fig. 1. The periodic Sinc-shaped Nyquist pulse
sequence is then split into N branches for independent modulation
with accurate delay of t,, = n'T/N + KT, here n = 0 ~ N-1 and K is
any non-negative integer. The symbol duration for multiplexed
Nyquist signal is T/N. After combination, a modulated Nyquist sig-
nal with baud rate of B or NAf can be obtained. For the Nyquist pulse
before modulation, the roll-off factor is practically zero with the
rectangular comb spectrum. However, as analyzed in*, since the
modulation in time-domain corresponds to a convolution in fre-
quency domain; the spectrum of the modulated Sinc-shaped pulses
is given by the convolution of the frequency comb and the frequency
representation of the modulating signal. Therefore, the spectrum of
modulated Nyquist pulse is actually broadened after modulation and
the spectrum roll-off or excess bandwidth is no longer zero.

It is worth noting that this actual excess bandwidth, as a ratio of the
Nyquist frequency, does not depend on the roll-off factor of the
unmodulated pulses, since the factor is zero before modulation.
The Nyquist bandwidth of the signal is
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Figure 1| The principle. All optical Nyquist pulse can be generated by a frequency-locked comb source cascaded with a band-pass filter. The high-order
formats modulation is realized by inphase and quadrature (I and Q) signal modulation; Nyquist signal generation can be realized by time-domain
multiplexing; Full-band signal coherent detection and digital signal processing can be realized by a common coherent detection setup.
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Figure 2 | The effective roll-off factor after modulation versus the tone
number. The effective roll-off factor (or the excess bandwidth) of
modulated Nyquist signal is f = 1/N.

BNyquist =B= NAf

(2)

The modulation baud rate for each pulse is Af. Therefore, as shown in

figure above, the effective bandwidth after modulation is Begecrive =

(N + 1) 4f. Thus, the effective excess bandwidth and effective fre-
quency roll-off factor after modulation is

(N+DAf 1

1= —1=_

NAf N

Beﬁ’ctive

ﬁ effctive —

BNyquist (3)
Therefore, the effective roll-off factor (Note: Here the effective roll-
off should be delimited from the general used roll-off factor for
raised-cosine signals; We use the term “effective roll-off factor” to
describe the excess bandwidth occupied by the Nyquist signal after
modulation) or the excess bandwidth of modulated Nyquist signal is
Befetive = 1/N. The effective roll-off factor after modulation versus the
tone number is shown in Fig. 2. We can see that, 0.2 and 0.1 effective
roll-off factor after modulation can be obtained when the comb is
with 5 or 10 tones. At the coherent receiver, one free-run continuous

Splitter

wave (CW) local oscillator (LO) laser working at the central fre-
quency of the comb is used for coherent homodyne beating. As
mentioned before, the full-band coherent receiver is simpler com-
pared with the typical OTDM receiver reported in**=**. The simpler
receiver setup mainly shows in two aspects: the reduced number of
receivers and the free run LO. Instead of using a large number of
receivers of smaller bandwidth, we propose to use one full-band
receiver with wider bandwidth. The receiver size can be reduced
and the structure can be simplified. It is easier for integration. On
the other hand, as shown in*7, in order to get the right time slot, the
receiver-side LO should be strictly synchronized pulse source. It is
hard to implement such synchronization in practical system.
However, in our experiment, the LO is commercial available, free-
run, CW ECL, which is quite easy for implementation. No strict
synchronization pulse demultiplexing®>* or comb source LO* is
used in the receiver side, while a full-band coherent detection and
digital signal processing (DSP) is applied. The DSP is based on regu-
lar algorithms and subsystems, which is commonly used in coherent
system® '

Results

Here we present a proof-of-concept experimental setup for all-
optical Nyquist pulse generation, signal modulation with high order
modulation formats and full-band coherent detection with one
receiver. As shown in Fig. 3, all-optical Nyquist QPSK signal are
generated and coherent detected. One external cavity laser (ECL) is
used as the light source with wavelength at 1549.50 nm, linewidth
less than 100 kHz and output power of 14.5 dBm. One commercial
MZM driven by the RF source is used for the frequency-locked comb
generation. Here, we choose RF at 6.25 and 12.5 GHz with a 1:2
frequency doubler for the comb generation with 12.5 and 25-GHz
carrier spacing, respectively. One electrical amplifier (EA) is used to
boost the amplitude of the RF signal. It is worth noting that the
voltage of the drive RF signal and the DC bias should be adjusted
simultaneously and matching each other to obtain a flattened and
linear phase multi-tones. In our case, we choose the driving voltage
about 2V,,; and the DC bias about 0.52V,,; and V,,; is half-wave
voltage of the modulator. One polarization-maintaining tunable
optical filter (PM-TOF) is used to choose the comb tones. The
PM-TOF is the commercial wavelength- and bandwidth-tunable
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Figure 3 | Experiment Setup of all-optical Nyquist QPSK signal generation and full-band signal coherent detection. (RF: radio frequency; PS: phase
shifter; PPG: programmable pulse generator; EA: electrical amplifier; ECL: external cavity laser; MZM: Mach-Zehnder modulator; I/Q Mod.: In-phase
and quadrature modulator; PM-TOF: polarization-maintaining tunable optical filter; PM-OC: polarization-maintaining optical coupler; T1 ~ T4:
tunable optical delay-line consists of fixed fiber jumper and manually tunable optical time delay; ATT: tunable attenuator; LO: local oscillator).

| 4:6156 | DOI: 10.1038/srep06156



; , ; 0 : ,
o1 il () 5x12.5GHz
Il 1 Comb
T 201 | \‘\M\H \\‘ U T 2
@ r \U \ &
o ol 1 3
= 0] ‘u“‘\”“\y‘ \‘““‘“”“" — 401
g 1 /\J/ | Al U
z & w{\‘w : .,
60+ |\ \ M
T e 1256H2 Mprd
804 spacing

T T T
1549 1550 1551

Wavelength (nm)

T
1548

1548

1549
Wavelength (nm)

| \ (b) (c)
| 1 = -20 1
/\‘\M Il 5
| -c 7
| =~ -40
‘\; c
\ 1 3 = - —
‘w o -60
k | i
W ‘ -804 | 62.5-GBaud Nyquist QPSK|

T T T
1549 1550 1551

Wavelength (nm)

T
1550 1551 1548

Figure 4 | Optical Spectra. (a) and (b) show the generated optical comb with 12.5-GHz carrier spacing before and after the band-pass filter; (c) shows the
generated optical comb after modulation. The resolution of figure 4 (a), (b) and (c) is 0.02 nm. The power difference of each tone in the comb is

less than 0.3 dB.

optical band-pass filter (Alnair Lab, BVF-200). The filtering band-
width is variable from 0.1 nm to 15 nm, and the center wavelength is
tunable from 1525 nm to 1610 nm. It has an ideal flat-top response
with sharp roll-off > 150 dB/nm and the out-of-band suppression is
about 50 dB. It has negligible chromatic dispersion less than 0.1 ps/
nm. The TOF does not compensate the phase relation since the linear
phase can be easily achieved. However, we can use this filter to
suppress the 2nd-order sidebands to equalize the power to achieve
more flattened comb. The power difference of the generated 5-tone
comb after the filter is less than 0.3 dB.

Fig. 4 (a) and (b) show the optical spectra of the generated optical
comb with 12.5-GHz before and after the PM-TOF. The PM-TOF is
with bandwidth of 62.5 GHz (5 X 12.5 GHz) in this case. Fig. 4(c)
shows the optical spectrum of the Nyquist signal after modulation.
We can see the full-band Nyquist signal with spectrum approaching
rectangular shape. The excess bandwidth or roll-off factors are 0.2,
since 5 peaks are used in this comb with 5 time division sub-channels.

Asanalyzed in previous section, the Sinc-shaped Nyquist pulse can
be generated after the PM-TOF. Fig. 5(a) shows the time domain
waveform of the 5 X 12.5 GHz combs. We can see the Sinc-shaped
Nyquist pulses obtained with four zero-crossing points between each
Nyquist pulses and the pulse repeating period is 80 ps. For Nyquist
signal modulation, we first directly modulate the Nyquist pulse and
then multiplex these time-division channels by polarization-
maintaining optical coupler (PM-OC) with polarization-maintaining
tunable optical delay-line (PM-TDL, T; ~ T,). Noting that in our

(@

\

f

Zero
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;'

experimental demonstration, each branch carries the same data
sequence. Therefore, to ensure the orthogonality as well as the de-
correlation between tributaries, the delay time should be long enough.
In our experiment, the polarization maintaining (PM) tunable delay
line consists of a fixed fiber delay lines (PM fiber jumpers, about 5 ns
delay for per meter) and a manually tunable time delay module (0 ~
300 ps tunable delay). For QPSK modulation, the 12.5GBaud binary
in-phase (I) and quadrature (Q) data signals are generated by a pro-
grammable pulse generation (PPG) cascaded with a 2: 1 multiplexer
(Mux). The I/Q modulator is biased at the null point and driven at
full swing to achieve zero-chirp 0 and m phase modulation. One
electronic phase shifter (PS) is used for the PPG clock signal split
from the same RF source for comb generation. It can synchronize the
modulation I/Q signals and the Nyquist pulses, keeping the peak of
the Nyquist pulses within the QPSK symbol durations.

In order to form a 5 channel Nyquist pulse time-division multi-
plexing, two pairs of 1 : 2 PM-OC and 1 : 4 PM-OC are used with four
PM-TDL. Each Nyquist pulse branch is delayed long enough for
decorrelation and the delayed time length is the integer multiples
of the symbol duration (T/N, 16 ps for 62.5GBaud Nyquist signal).
For the 5 X 12.5 GHz combs, T1 is 10 ns + 16 ps, T2 is 20 ns +
32 ps, T3 is 30 ns + 48 ps, and T4 is 40 ns + 64 ps. There is about
125 symbols delay between each branch for decorrelation. Using this
transmitter setup, we generate 62.5-GBaud Nyquist QPSK signals of
which the time-domain waveform is shown in Fig. 5. Symbol dura-
tions of 16 ps for the 62.5-GBaud Nyquist QPSK signals can be

20 ps/div

(b) ()

(d)

(e)

20 ps/div 20 ps/div

20 ps/div

20 ps/div

Figure 5 | Time-domain waveform and the multiplexing process of the 62.5GBaud Nyquist signal. (a) is the Sinc-shaped Nyquist pulses of 5 X

12.5 GHz combs; (b) ~

(e) show the process of 62.5GBaud Nyquist QPSK signal multiplexing. There are 2, 3, 4, and 5 branches Nyquist signals in Figs. 5

(b), (), (d) and (e), respectively. In the measurement, the pulse waveforms are measured after one EDFA and the input power of oscilloscope is keep at
one fixed value for protection, thus the pulse amplitude shows weaker as more pulses added. The pulse amplitude of the figure 5 (a) is measured before
modulation and multiplexing, thus the power is larger than other figures. Additional insertion loss is added after modulation and multiplexing.
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Figure 6 | Optical spectra and the time-domain waveform of the 75-GBaud Nyquist signals. (a) shows the optical spectrum of the Nyquist pulse of
3 X 25-GHz comb after the PM-TOF and before modulation (b) shows the time-domain Nyqusit pulse waveform of the 3 X 25-GHz comb; (c) shows the
waveform of the multiplexed 75-GBaud Nyquist QPSK signal; (d) shows the modulated and multiplexed 75-GBaud Nyquist QPSK signal. The

power difference of each tone in the comb is less than 0.3 dB. The resolution of (a) and (d) is 0.02 nm.

observed. Figs. 5(b), (), (d) and (e) clearly show the time-domain
multiplexing process of the 62.5GBaud Nyquist signal generation by
5 channel Nyquist pulse. There are 2, 3, 4, and 5 branches Nyquist
signals in Figs. 5 (b), (c), (d) and (e), respectively. Since all the
Nyquist pulse are multiplexed at the zero crossing points, orthogonal
overlap in the time domain can be obtained without ISI. Therefore,
the modulated Nyquist pulses with accurate time-division multiplex-
ing show minimum ISI and maximum spectral efficiency. The pulses
are not so symmetric for the measured waveform in Fig. 5. We believe
the waveform shape asymmetry in these measured pulses is due to
the overshoot problem caused by the optical sampling oscilloscope in
pulse fall and rise. A high performance and larger bandwidth sam-
pling oscilloscope designed for fast pulse signals would have better
measurement performance.

Higher baud rate Nyquist signal can be generated by using combs
with more tones or larger carrier spacing. Here, we successfully gen-
erated 75 and 125-GBaud Nyquist QPSK signals by using the 25-
GHz spaced combs. Using the RF source working at 12.5 GHz, we set
the bandwidth of the BPF at 75 GHz to generate the 3 X 25-GHz
comb as shown in Fig. 6(a). As analyzed in Section 2, the waveform of
the Sinc-shaped Nyquist pulse is also changed. Fig. 6(b) shows the
time-domain Nyquist pulse waveform of the 3 X 25-GHz comb. We
find that there is two zero-crossing points between each Nyquist
pulse. The pulse repeating period is 40-ps, which is only half of that
ofthe 5 X 12.5-GHz comb. Therefore, only 3 delay-line branches are
used here with time delay of the integer multiples of the symbol
duration. For the 3 X 25 GHz combs, T1 and T2 are about 5 ns +
13.33 ps, 10 ns + 26.66 ps, respectively. There is also about 125

symbols delay between each branch for decorrelation. The waveform
of the multiplexed 75-GBaud Nyquist QPSK signal is also shown in
Fig. 6(c) with 13.33-ps symbol duration. The optical spectrum of the
Nyquist pulse after signal modulation and multiplexing is shown in
Fig. 6(d). The effective roll-off factor after modulation is 0.33, since
only three-tone comb is used.

Besides the tunability of the Nyquist pulse generation using dif-
ferent radio frequencies as shown above, we also verify the flexibility
of the pulse generation by changing the bandwidth of the BPF but
keeping the same radio frequency. Using the same RF source at 12.5-
GHz, we increase the bandwidth of PM-TOF to 125 GHz to generate
the 5 X 25-GHz comb as shown in Fig. 7(a). Fig. 7(b) shows the time
domain waveform of the generated 5 X 25-GHz comb. Compared
with the 5 X 12.5-GHz comb, we find that the pulse repeating period
is reduced to 40 ps. There are four zero-crossing points in each
period. The waveform of the modulated and multiplexed 125-
GBaud Nyquist signal is shown in Fig. 7(c). The symbol duration
is 8 ps for the generated 125-GBaud Nyquist signal. For the 5 X
25 GHz combs, T1 ~ T4 are 5 ns + 8 ps, 10 ns + 16 ps, 15 ns +
24 ps and 20 ns + 32 ps, respectively. About 125 symbols delay are
obtained between each branch for decorrelation. The optical spec-
trum of the modulated and multiplexed 125-GBaud Nyquist signal is
shown in Fig. 7(d). The effective excess bandwidth or roll-off factor
after modulation is also 0.2.

At the receiver side with full-band signal coherent detection, a
free-running ECL with linewidth less than 100 kHz is utilized as
LO as shown in Fig. 3. An optical 90° hybrid is used for phase-
diversity coherent detection. The 3-dB bandwidth of the balanced

g ' ' \—‘ 5x25GHz Comb (b) 1 ' ' j '
(a) ‘\ I ] N | Zer0| ———— > (d)
— 201 H ‘ (‘ \ \ 1 [\ crossin_ [\ 40ps I\ 20 :
\ 1 w / \
& I ” AN/ . =
N n ‘\ 1 T
B 40 j \‘\ || \| \“‘ | 10 pS/dIV g -40
[ | ] I I -
(] 1. | il Q i
s ”‘\ “ Vi ‘ | (C) 8ps g
ncz -60 |/ H - o -604
" . L, . 1 [ 125-GBaud Nyquist QPSK
804, 1y MW""”" W"‘”’frmm -80-
1548 1549 1550 1551 10 ps/div 1548 1549 1550 1551

Wavelength (nm)

Wavelength (nm)

Figure 7 | Optical spectra and the time-domain waveform of the 125-GBaud Nyquist signals. (a) shows the optical spectrum of the Nyquist pulse of 5 X
25-GHz comb after the PM-TOF and before modulation (b) shows the time-domain Nyqusit pulse waveform of the 5 X 25-GHz comb; (c) shows
the waveform of the multiplexed 125-GBaud Nyquist QPSK signal; (d) shows the modulated and multiplexed 125-GBaud Nyquist QPSK signal. The
power difference of each tone in the comb is less than 0.3 dB. The resolution of (a) and (d) is 0.02 nm.

| 4:6156 | DOI: 10.1038/srep06156



Offline digital signal
processing
1

GSOP

Clock Recovery
T/2 CMA
Time Partitioning
4 Power FOE
Carrier Recovery
BER

v

BER

1E-5

(a)

1E-3 4

== Theoretical 62.5GBaud QPSK

1E-4 -

—&— Nyquist 62.5-GBaud QPSK

- /= Theoretical 75GBaud QPSK
Nyquist 75-GBaud QPSK

= <= Theoretical 125-GBaud QPSK}

—P— Nyquist 125-GBaud QPSK
T T T T T T T

20 24 28 32
OSNR (dB/0.1nm)

Figure 8 | Off-line DSP blocks and Back-to-back bit-error-ratio results versus the OSNR. (a) shows the off-line DSP blocks for the Nyquist QPSK signal
recovery. (b) shows the back-to-back BER performance of the generated all-optical Nyquist 62.5, 75 and 125-GBaud QPSK signal versus the optical
signal-noise-ratio (OSNR in 0.1 nm reference bandwidth) is measured compared with the theoretical values.

detector is 50 GHz. The sampling and digitization (A/D) is realized
by the high speed real-time digital oscilloscopes with 160-GSa/s
sample rate and 65-GHz electrical bandwidth, which is wide enough
for the 125-GBaud Nyquist signal. After the ADC, the off-line DSP is
then applied for four channel 160-GSa/s sampled data sequence. The
off-line DSP is shown in Fig. 8(a), which is similar to that used for
regular coherent systems, including the compensation for I/Q imbal-
ance, time recovery, linear equalization, frequency offset estimation
(FOE) and carrier phase recovery (CPR)*”*'. The data is first
resampled to 2 samples per symbol, and then processed by the modi-
fied QPSK DSP blocks as shown in Fig. 3. Since the phase between the
symbols in each tributary is unknown, we need to do the time parti-
tioning after the classic linear equalizer constant-modulus algorithm
(CMA), and before the FOE and CPR.

To measure the signal performance with full-band signal coherent
detection, we test the back-to-back bit-error-ratio (BER) perform-
ance of the generated all-optical Nyquist 62.5, 75 and 125-GBaud
QPSK signal versus the optical signal-noise-ratio (OSNR in 0.1 nm
reference bandwidth). As shown in Fig. 8(b), compared with theor-
etical BER curve, there is 4-dB OSNR penalty for Nyquist 62.5 and
75-GBaud QPSK signals, and there is about 6-dB penalty for the 125-
GBaud QPSK signal due to the inaccurate time delay. These theory
curves are the limit of achieved BER performance (the best perform-
ance) for different Baud rate signals. We believe the discrepancy
between theory and experiment results is due to two main reasons.
The first one is the inaccurate time delays for signal multiplexing.
Since the fixed PM fiber jumpers are commercial and non-adjustable,
the PM manually tunable delay line is used for accurate pulse posi-
tion adjusting. The resolution of this module is 0.05 mm in moving
distance reading which is corresponding to 0.33-ps delay change.
However, since the delay line is manually tunable, in the experiment
we have to use the optical sampling oscilloscope for pulse orthogonal
time-division multiplexing. Compared with programmable time
delay line or integrated optics-delay, larger delay error exists for
the manually tunable delay line. This time delay error reduces the
pulse orthogonality in time domain and causes ISI. For this reason,
the generated Nyquist signals are degraded by the ISI induced by
time error in multiplexing. Second, we believe the bandwidth lim-
itation of optoelectronic devices used in our system is another reason.
The balanced PDs used in our experiment for coherent detection are

with 50 GHz 3-dB bandwidth. This bandwidth limitation will cause
additional penalty. We believe better performance can be achieved by
integrated signal generation and modulation setup with wideband
optoelectronic devices. Therefore, we report the first experimental
demonstration of high speed all optical Nyquist signal generation
based on Sinc-shaped pulse generation and time-division multiplex-
ing with high level modulation format and full-band coherent
detection.

Discussion

Here in this paper, we report the first experimental demonstration of
high speed all optical Nyquist signal generation based on Sinc-shaped
pulse generation and time-division multiplexing with high level
modulation format and full-band signal coherent detection with
one receiver. A simple all optical Nyquist pulse generation method
is proposed and demonstrated based on the Mach-Zehnder modu-
lators driven by the radio frequency cascaded with a band-pass
optical filter. Nyquist pulse with 62.5, 75 and up to 125GBaud
QPSK signals are generated and detected. One high speed coherent
receiver with 160 GSa/s sample rate and 65-GHz analog bandwidth
is used for the full-band signal. The effective roll-off factor of Nyquist
QPSK signal of 0.2 after modulation is realized. To the best of our
knowledge, 125Gbaud is the highest baud rate record for the all-
optical Nyquist QPSK signal generation, and coherent detection by
one receiver based on digital signal processing. The previous record
baud rate for one coherent receiver for full-band signal detection is
107Gbaud in*™* and 110GBaud in*.

The flexibility of this method is also verified. Compared with
previous work in*, additional BPF is used for comb generation gives
more tunability for different Nyquist pulses generation. As analyzed
in this paper, the roll-off factor of the modulated Nyquist signal
based on this method is determined by the number of the tones of
the comb within the BPF bandwidth. Therefore, one simple approach
to get smaller roll-off factor is to reduce the carrier spacing and
increase the BPF bandwidth. For a fixed BPF bandwidth, reducing
the carrier spacing means more branches of sub-channels used.
Therefore, more modulators with lower data rate are needed.

Here, a full-band coherent detection shows the simply receiver
side setup for signal recovering. Compared with the regular
OTDM receivers, only a free-running LO is needed with a common
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Figure 9 | The power differences and the phase relation of the generated 5-tone comb by varying the normalized driving voltage and the DC bias.
(a) shows the power difference of the 5 tone-comb versus the normalized driving voltage and the DC bias; (b) shows the phase relation of 5 tones versus the

driving voltage and DC bias.

coherent receiver setup. The Nyquist signal is detected as one full-
band signal, without optical demultiplexing before detection.

Finally, using this method, we demonstrate a highly flexible and
compatible all optical high speed Nyquist signal generation and
detection scheme for future fiber communication systems. It enables
high speed transmission with high spectrum efficiency and simple
system setup.

Methods

Experimental measurement. All the transmitter and receiver optical and electrical
devices are commerecially available. The two laser sources in our experiment for signal
modulation and homodyne beating are both working at 1549.50 nm with the output
power of 14.5 dBm and the linewidth less than 100 kHz. The I/Q modulator is based
on LiNbO3 waveguides with a modulation bandwidth of 27-GHz. The balanced PDs
used in our experiment are from u2t with 50 GHz 3-dB bandwidth. At the receiver,
the digital ADCs are working at 160 GSa/s with 65 GHz bandwidth as a real-time
sampling scope (Lecroy, Labmaster 10-65 Zi). The sampled waveforms were stored
and processed offline by using MATLAB in a computer. The optical spectra of the
signals are all measured by a commercial optical spectrum analyzer (Yokogawa,
AQG6370B). The time-domain waveforms of the Nyquist pulse and multiplexed
signals are all measured by an optical sampling oscilloscope (Agilent 8611B) with
65 GHz bandwidth.

Comb Generation. In our experiment demonstration, we use one single MZM and
one PM-TOF to generate the 5 tones comb with equal amplitude and linear phase. To
realize the conditions given by above Eq. 2, we need to adjust the voltage of the RF
driving signal and the DC bias for optimal output.

Using the same method in**, we can expand the output of MZM by Bessel function.
For zero-chirp MZ intensity modulator, assuming the RF driver signal voltages
represented as aVj,cos(2nAft), and the DC bias voltages as bV, then the output of the
single MZM can be expanded by Jacobi-Anger expansion as

+ 0
E(t)= n;«@ (—1)*{cos (g b)an( g a) cos2n(fy +2nAf)t] W

+ sin(gb)hn,l(ga) cos2n(fy + (2n— AP}

Here J,, is the n-th order Bessel function of the first kind, V,,; is the half-wave voltage of
the modulator and a and b are the normalized driving voltage and DC bias. Therefore,
two degrees of freedom, modulation and bias index can be used to equalize the
amplitude and phase of each frequency tone of generated comb. To obtain the Sinc-
shaped pulse, the comb should satisfy the equal amplitude and linear phase condi-
tions given by above Eq. 1. From Eq. 4, we can see that the phase of each tone is
dependent on the sign of the amplitude, either 0 or m. Therefore, assuming the phase
of the center carrier is 0, the phase of the 5 tones can be {0, 0, 0, 0, 0} or {0, =, 0, 7, 0}.
The even tones should have the same phase. Using the Eq. 4, we can plot the power
difference and also the phase relation of the 5-tone comb by varying the normalized
amplitude and DC bias, as shown in the Fig. 9 below.

From above Fig. 9, several conclusions can be made. First, there are several optimal
zones with RF driving voltages and DC bias values (black zones in Fig. 9(a)) to achieve
a flattened 5-tone comb generation with smallest power differences. The power
difference is determined by both driving voltage and DC bias. Second, we find the
linear phase relation of generated tones is only determined by the driving voltage. The
linear phase relation of the 5 tones is easy to achieve by applying an appropriate

driving voltage with a large tunable range. Third, the optimal zones in Fig. 9(a) and
linear phase zones in Fig. 9(b) can both be satisfied, since there are several overlapping
areas. However, we can see that, the area of optimal zones for flattened comb with
smallest power difference is much smaller than that of the linear phase zones.
Compared with the phase relation, the power difference is much more sensitive to the
value of driving voltage and DC bias. Finally, since the linear-phase condition of the 5-
tone comb is much easier to achieve, the equal power conditions can be relieved by
using power equalizer devices, such as filters or wavelength selective switch (WSS). In
our case, we choose the driving voltage about 2V,; and the DC bias about 0.52 V.,;. The
power differences of the generated 5-tone comb for the 5 X 12.5 GHz, 3 X 25 GHz,
and 5 X 25 GHz comb after the filter are all less than 0.3 dB.

OSNR and offline BER measurement. The OSNR is measured by using the optical
spectrum analyzer (Yokogawa, AQ6370B) and the ASE noise is measured within
0.1 nm. In our experiment, the signals are sampled and stored by using a real-time
sampling scope (Lecroy Labmaster 10-65 Zi) with 160 GSa/s and the BER is
measured by comparing with the original transmitted data pattern after the offline
processing. The recording length is set longer enough for BER counting. The original
transmitted data pattern is pseudo-random bit sequence with the length of 2'°-1 for
signal generation. In our experiment, the measured BER value is stable and without
much fluctuations.

Theory BER Curves. From the basic digital communication theory*’, we have BER of
QPSK signal for additive white Gaussian noise (AWGN) channel as

BER= %erfc(\/SNRb) (5)

SNR,, is the signal-to-noise ratio per bit, known as E;/Nj, the energy per bit per noise
power spectral density.

Optical communication uses OSNR where the signal can be in one or two polar-
izations and the noise is summed over both polarizations. The noise is in a fixed
bandwidth of 0.1 nm (~12.5 GHz)*. Therefore, the definition of OSNR can be
expressed as*:

PS

OSNR= ———— 6
2I\IASEBmf ( )

where Py is the total average signal power summed over the two states of polarization,
Ny is the spectral density of amplified spontaneous emission (ASE) in one polar-
ization and the reference bandwidth B, is commonly taken to be 12.5 GHz, cor-
responding to a 0.1 nm resolution bandwidth of optical spectrum analyzers at
1550 nm carrier wavelength (193.4 THz carrier frequency). We have

P P R,

OSNR = = =
2NjseBs  2No* 12.5GHz 2% 12.5GHz

SNR, 7)

where N is the spectral density of AWGN in one polarization. Ny and N g are
assumed to be equivalent. Therefore, we have the relation of SNR;, with OSNR as

OSNR 2 12.5GHz _ OSNR * 2 % 12.5GHz

'NR, = =
SNR; R kRslog, (M)

(®)

where Ry is the symbol rate (Baud rate), M is the modulation order (M = 4 for QPSK
signal), k is the polarization-multiplexing number (k = 1 in our case). Thus,
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substituting above Eq. 8 into Eq. 5, one obtains the following expression of the BER of

QPSK
1 OSNR %2 % 12.5GHz_ 1 OSNR % 12.5GHz
BER= - —_— ) =— _— 9
2 o0~ 2 O

The theory BER with OSNR curves in Fig. 8 (b) are obtained by above Eq.9.
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