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Demonstration of tunable optical generation
of higher-order modulation formats using
nonlinearities and coherent frequency comb
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We demonstrate a tunable, optical generation scheme of higher-order modulation formats including pulse amplitude
modulation (PAM) and quadrature amplitude modulation (QAM). Using this method, 100.4 Gbit/s 16-QAM and
120 Gbit/s 64-QAM were generated from 50.2 and 40 Gbit/s QPSK signals at EVMs of 7.8% and 6.4%, and
60 Gbit/s 8-PAM were generated at an EVM of 8.1% using three 20-Gbit/s BPSK signals. We also demonstrated a
successful transmission of 80 Gbit/s 16-QAM through 80 km SMF-28 after compensating with 20 km DCF. All signals
were generated, transmitted, and detected with BER below the forward error correction threshold. © 2014 Optical

Society of America
OCIS codes:
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There has been significant interest in higher-order modu-
lation formats for optical communication systems due to
a combination of the need for increased data capacity
and spectral efficiency in terms of bit/s/Hz [1,2]. With
higher-order formats, the data are encoded at different
levels of amplitude and/or phase with higher spectral ef-
ficiency. Such formats include: (a) quadrature phase shift
keying (QPSK) as an example of 4-ary phase encoding;
(b) 4 and 8 pulse amplitude modulation (4- and 8-PAM)
as examples of 4- and 8-ary amplitude encoding; and
(c) 16 quadrature amplitude modulation (16-QAM) as an
example of 16-ary amplitude/phase encoding.

A conventional method for generating a higher-order
data signal is to use the output from an electronic digital-
to-analog converter to drive an in-phase/quadrature (I/Q)
modulator [3-5]. However, key challenges for this ap-
proach are: (a) the limited linearity of the electronics
at high baud rates, such that the spacing of the data con-
stellation points on the I/Q plot will no longer be uniform
and (b) electronic approaches may become difficult at
rates exceeding 100 Gbaud [6].

As an alternative, nonlinear optical processes hold the
promise of high-speed operation, format and phase trans-
parency, low noise, and high linearity [7]. Examples of
optical multiplexing in the phase and amplitude domains
include: (i) a nonlinear-optical-loop-mirror can be used
to optically multiplex four on—-off-keyed (OOK) signals
into one 16-QAM signal [8] and (ii) the multiplexing of
two 20 Gbit/s QPSK signals into a single 40 Gbit/s
16-star-QAM [9]. However, these methods tended to be
limited in terms of tunability. As an alternative approach,
we recently demonstrated a method to multiplex three
QPSK signals into a single 64-QAM signal using two cas-
caded, nonlinear stages, one stage to ensure coherency
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among the signals and the second stage to produce multi-
plexing [10]. However, two nonlinear stages tend to
degrade the quality of the QAM signal that is generated.
A laudable goal would be to use fewer nonlinear stages
for better efficiency and lower power consumption.

We consider here the use of an optical frequency comb to
remove the need for two nonlinear stages. Optical combs
provide multiple wavelength “fingers” with very low line-
width, such that all the comb lines are coherent with each
other [11]. This enables the ability to coherently manipu-
late the amplitude and phase of each individual finger
and then efficiently process multiple fingers together [12].

In this Letter, we demonstrate tunable optical genera-
tion of higher-order modulation formats using nonlinear-
ities and an optical frequency comb [13]. Due to the
coherency of the comb fingers, coherent multiplexing
can be accomplished in a single nonlinear stage resulting
in better performance and lower power consumption.
The comb lines are used as signal and pump sources.
Using this tunable method, 100.4 Gbit/s 16-QAM,
80 Gbit/s 16-QAM, and 120 Gbit/s 64-QAM were generated
from 40 and 50.2 Gbit/s QPSK signals at EVMs of 7.8%,
6.8%, and 6.4%, respectively. We used binary phase shift
keying (BPSK) at 20 Gbit/s as the input signal to generate
40 Gbit/s 4-PAM, 40 Gbit/s QPSK, 60 Gbit/s 8-QAM, and
60 Gbit/s 8-PAM at EVMs of 8.1%, 8.3%, 8.5%, and 8.2%,
respectively. Moreover, we demonstrated the transmis-
sion of 80 Gbit/s 16-QAM through 80 km of single mode
fiber after compensating with 20 km of dispersion com-
pensated fiber (DCF). All signals were generated, trans-
mitted, and detected with BER below the forward error
correction (FEC) threshold (3.8 x 1073).

Figure 1 shows the principle operation of our proposed
optical higher-order signal generation scheme. First, a
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Fig. 1.

Conceptual block diagram of a reconfigurable optical PAM/QAM generation scheme. In this configuration, the optical fre-

quency comb fingers are separated into two paths, the signal path and the pump path. The signal path fingers are modulated to BPSK/
QPSK signals and then injected into a PPLN waveguide after coupling with the pump fingers. In the PPLN waveguide, the modulated
fingers, S;(%)s, interact with the pump fingers P;(f)s and the CW pump P(?) to generate the output signals at higher-order formats.

mode-locked laser (MLL) generates multiple frequency
comb fingers at different wavelengths. A liquid crystal
on silicon (LCoS) programmable filter is used to select
appropriate fingers and apply complex weights on the
comb lines. Subsequently, an IQ modulator is used to
modulate lower-order QAM signals on these comb fin-
gers. Finally, these signals, along with another set of co-
herent comb fingers with equal frequency spacing and a
CW pump laser, are injected into a nonlinear element to
perform coherent addition. In our proposed scheme, only
one periodically poled-lithium-niobate (PPLN) wave-
guide is used as the nonlinear stage for realizing multi-
plexing due to the coherency between the comb lines.

The MLL generates several tens of comb fingers that
are located equidistantly in the frequency domain. The
LCosS filter select two sets of the comb fingers at two sep-
arate signal and pump paths and apply amplitude and
phase weights (complex coefficients ¢;s) on the comb
lines in the pump path.

In the PPLN waveguide, each modulated comb line at w;
and its corresponding nonmodulated line at ] are located
symmetrically around the PPLN’s quasi-phase matching
(QPM) wavelength w, (ie., ®; = 2w, — w;). Therefore,
all signals S;(f) are mixed with the weighted pumps
¢;P;(t) through independent sum-frequency-generation
(SFQG) nonlinear processes and generate ~c;S;(?) - P;(t)
terms at 2w,. Because both the signals and the pumps
are generated from coherent comb fingers, the generated
terms are coherent with each other and thus coherently
multiplexed [i.e., ~Zc;S;(¢) - P;(f)].

A continuous wave (CW) pump at wp with an electric
field P(%) also is injected to the PPLN waveguide for the
difference-frequency-generation (DFG) nonlinear proc-
ess to convert the multiplexed signal to frequency
a)Out—Za)O — wp. Hence, the electric field of the generated
signal at wq,; can be expressed as

N
Sout(t) = P*(t) x ) ¢;Pi(1).8;(t), €]
=1

in which the complex coefficient ¢; and the number of
input signals (V) can be tuned to generate different

signals. Therefore, the electrical data streams encoded
on S;s create a higher-order signal (e.g., 16-QAM, 8-PAM,
or 64-QAM) according to Eq. (1).

For BPSK signals, it is possible to generate PAM and
QAM signals because the input signals can be combined
in phase and/or in quadrature. Figure 2(a) shows the mul-
tiplexing of three BPSK signals to create an 8-PAM signal.
As can be seen, the BPSK symbols are scaled by ¢; = 1,
¢y = 0.5, and ¢3 = 0.25, respectively. A 4-QAM (QPSK)
also can be generated from two BPSK signals when ¢; =
1 and ¢y =7 [Fig. 2(b)].

However, for the QPSK signal, because the data are
encoded symmetrically on in-phase and quadrature
phase in the complex plane, only the square QAM can be
generated (i.e., 16-QAM, 64-QAM). Figure 2(c) shows that
the weight set ¢; = 1, ¢ = 0.5, and c3 = 0.25 for three
QPSK signals can generate a 64-QAM signal.

Figure 3 shows the experimental setup of the proposed
higher-order signal generation. An MLL with a 10 GHz
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Fig. 2. Generating (a) 8-PAM, (b) 4-QAM (QPSK) signals using
BPSK signals, and (c) 64-QAM using QPSK signals.




repetition rate and a 2 ps pulse width was used to generate
a coherent comb with 10 GHz frequency spacing. This op-
tical comb was sent to a delay-line interferometer (DLI)
with a free spectral range (FSR) of 20-GHz for doubling
the comb line spacing. Then, the 20 GHz comb was passed
through a highly nonlinear fiber (HNLF) after sufficient
amplification in an erbium-doped fiber amplifier (EDFA)
to generate a flat and broadband spectrum. Figure 3
shows the optical spectra of (1) the optical frequency
comb with 10 GHz frequency spacing at the MLL output,
(2) the optical frequency comb with 20 GHz at the DLI out-
put, and (3) the flat frequency comb at the HNLF output.
Then, a liquid crystal on silicon (LCoS) filter was used to
select and write complex weights on the comb fingers and
separate them into signal path and pump path. Three
comb fingers at wavelengths Ag;_3 of 15646.3, 15647.9, and
1549.5 nm were selected for the signal path, while another
three comb lines at wavelengths Ap;_3 of 1550.5, 1552.1,
and 1553.7 nm were assigned for the pump path. The comb
lines at the signal path were sent into nested Mach-
Zehnder modulators (MZMs) driven by 20 or 25.1 Gbit/s
pseudorandom bit sequences (PRBSs) 231-1 to generate
20 Gbit/s BPSK or 40/50.2 Gbit/s QPSK signals (lower-
order signals). Then, these signals were amplified, com-
bined with the comb fingers at the pump path, and injected
into 400 m DCF to induce one symbol delays between the
signals. Then, an amplified CW pump laser at 1p =
1543.6 nm was coupled with the DCF output after enough
amplification and sent to the PPLN waveguide with QPM
wavelength 1, = 1550 nm for multiplexing. All modulated
signal and comb lines were located symmetrically around
wy and interacted with each other through SFG nonlinear
processes and created the multiplexed signal at 2w, with
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Fig. 3. Experimental setup for the proposed optical QAM
transmitter: a mode-locked laser is used to generate coherent
frequency comb fingers.
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appropriate complex coefficients. Then, the CW pump in-
teracted with this multiplexed signal through the DFG
nonlinear process and converted it to ~Ag,; = 1556.6 nm.
It is worth noting that, in this demonstration, one modu-
lator was used to encode the single data pattern for all in-
put signals, and a DCF was used to induce delays between
them. Therefore, this scheme performed higher-order
modulation format generation with dependent data.
However, for creating PAM and QAM data signals from
independent data patterns it is required to encode the
comb fingers in separate modulators, and then couple
them together while maintaining the coherency between
the signals [11].

Figure 4 shows the optical generation of higher-order
modulation formats using multiple BPSK signals with dif-
ferent complex weights. The optical spectrum of the mul-
tiplexing stage at the PPLN output is shown for 40 Gbit/s
QPSK and 60 Gbit/s 8-PAM signals in Figs. 4(a) and 4(b),
respectively. For creating the QPSK signal, two 20 Gbit/s
BPSK and two comb lines were required, whereas the 8-
PAM signal can be generated by nonlinear interaction
between three 20 Gbit/s BPSK and three comb fingers.
Figures 4(c)-4(g) show data constellations for different
higher-order modulation formats created from two or
three 20-Gbit/s BPSK signals when they were weighted
with complex coefficients and multiplexed coherently.
Figure 4(c) shows two BPSK signals that are multiplexed
with ¢; = 1 and ¢y = 0.5 to generate a 40 Gbit/s 4-PAM
signal at an EVM of 8.1%. Figure 4(d) shows a 40 Gbit/
s QPSK constellation with an EVM of 8.3%, which was
generated by combining two BPSK signals of equal am-
plitudes and a 90° phase difference. Figure 4(e) shows
three BPSK that are multiplexed coherently with coeffi-
cients ¢; =1, ¢, =05, and c3 = 0.25 to generate a
60 Gbit/s 8-PAM signal with 8.2%. Figures 4(f) and 4(g)
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Fig. 4. Higher-level modulation format generation using BPSK
signals. Optical spectrum of PPLN output when (a) a QPSK
signal is generated using two BPSK signals and (b) an 8-PAM
signal is generated using three BPSK signals. The constellation
diagrams of (c¢) 40 Gbit/s 4-PAM, (d) 40 Gbit/s QPSK, (e) 60 Gbit/
s 8-PAM, (f) 60 Gbit/s type-1 8-QAM, and (g) 60 Gbit/s
type-2 8-QAM, with EVMs of 8.1%, 8.3%, 8.2%, 8.5%, and 8.7%,
respectively.
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Fig. 5. Square QAM generation using QPSK signals: optical
spectrum of PPLN output when (a) a 16-QAM data signal was
generated using two 40 Gbit/s QPSK signals and (b) a 64-
QAM data signal was generated using three 40 Gbit/s QPSK sig-
nals. The constellation diagrams of (c) 80 Gbit/s 16-QAM,
(d) 100.4 Gbit/s 16-QAM, and (e) 120 Gbit/s 64-QAM, with EVMs
of 6.8%, 7.8%, and 6.4%, respectively. (f) BER assessments of the
back-to-back (B2B) QPSK signals, generated 80 Gbit/s and
100.4 Gbit/s 16-QAM signals, and the transmitted 80 Gbit/s
16-QAM signal.

show two types of 60 Gbit/s 8-QAM constellations with
EVMs of 8.5% and 8.7% that were generated from three
BPSK signals with ¢; = 1, ¢; = 0.5, and ¢3 = 0.5f and
¢; =1+7, co = 0.5, and c3 = 0.57, respectively.

Figure 5 shows the combination of two or three
40 Gbit/s or 50.2 Gbit/s QPSK signals to create higher-
order QAMs. The spectrum of the PPLN output is
depicted for 80 Gbit/s 16-QAM and 120 Gbit/s 64-QAM sig-
nals in Figs. 4(a) and 4(b), respectively. In the 16-QAM
case, two modulated and two unmodulated comb fingers
were used whereas for the 64-QAM signal, three QPSK
and three comb lines were involved. Figure 5(c) shows
the 16-QAM constellation with an EVM of 6.8% at
80 Gbit/s when complex coefficients ¢; =1, ¢; = 0.5
were applied on two 40 Gbit/s QPSK signals. The same
complex weights were used to generate 100.4 Gbit/s
16-QAM with an EVM of 7.8% from two 50.2 Gbit/s QPSK
signals in Fig. 5(d). In order to generate a 120 Gbit/s
64-QAM signal with an EVM of 6.4%, the complex coef-
ficients ¢ =1 and ¢y, = 0.5 were applied on three
40 Gbit/s QPSK signals [Fig 5(e)]. The quality of the gen-
erated 64-QAM is lower than the other constellation

which we believe was a result of significant noise from
S5 because it was attenuated 12 dB.

The BER estimations were assessed to evaluate the
performance of the generated signals in Fig. 5(f). This
BER measurement is directly performed in the coherent
receiver. The BER versus the received optical signal-to-
noise ratio (OSNR) curves for input QPSK signals at 40
and 50.2 Gbit/s are shown for reference. The generated
80 and 100.4 Gbit/s 16-QAM for the back-to-back is
shown. The generated 100.4 Gbit/s 16-QAM showed slight
degradation in the BER assessment, which we believe
was due to the effect of the lower conversion efficiency
at the higher baud rate that can be due to the quasi-phase
matching condition in the PPLN waveguide. It was shown
that the 80 Gbit/s 16-QAM signal could be transmitted
through a 100 km fiber link (80 km SMF-28 and 20 km
DCF) under FEC threshold.

This work was made possible by support from NSF,
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