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SUMMARY
We present recent progress of high-speed Mach-Zehnder
modulator technologies for advanced modulation formats. Multi-level
quadrature amplitude modulation signal can be synthesized by using parallel Mach-Zehnder modulators. We can generate complicated multi-level
optical signals from binary data streams, where binary modulated signals
are vectorially summed in optical circuits. Frequency response of each
Mach-Zehnder interferometer is also very important to achieve high-speed
signals. We can enhance the bandwidth of the response, with thin substrate. 87 Gbaud modulation was demonstrated with a dual-parallel MachZehnder modulator.
key words: optical modulator, quadrature amplitude modulation, lithium
niobate, Mach-Zehnder interferometer

1.

Introduction

Recently, huge-capacity transmission over 10 Tb/s [1]–[3]
was achieved by using diﬀerential quadrature-phase-shiftkeying (DQPSK) which can provide high spectral eﬃciency
together with enhanced tolerance to chromatic dispersion
and polarization mode dispersion [4]–[10]. An integrated
lithium niobate (LN) modulator consisting of parallel integrated two small Mach-Zehnder interferometers (MZIs) can
be used for high-speed DQPSK signal generation, where the
modulation speed can be higher than 40 Gbaud [11], [12].
The integrated modulator is called a dual parallel MachZehnder modulator (DPMZM), which can be also used
for single-sideband (SSB) modulation [13], frequency-shiftkeying (FSK) [14]–[17], optical frequency sweep [18], [19],
etc. In addition, high-speed 16-level quadrature-amplitudemodulation (16-QAM) can be achieved by a quad-parallel
MZM (QPMZM) consisting of four MZIs [20], [21]. Parallel MZMs including, DPMZM and QPMZM, can synthesize complicated multilevel optical signals from binary data
streams. Thus, to drive the modulators, we can use highspeed electric components designed for binary modulation
formats. The number of levels in the optical signal depends
on the number of integrated small MZIs (MZI elements,
henceforth) embedded in a parallel integrated photonic circuit.
Frequency response of each MZI element is also very
important to achieve high-speed signals. The frequency reManuscript received November 10, 2008.
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sponse would have a smooth roll-oﬀ outside the 3 dB bandwidth of the response, so that the modulator can generate a
high-speed optical signal which has a wider spectrum than
the 3 dB bandwidth. Over 100 Gbaud optical intensity modulation was demonstrated by using an LN modulator consisting of an MZI [22], [23], where the frequency response
over −3 dB point should be very important. Modulator response is limited by velocity mismatch between electric
and lightwave signals, and also by response of electrodes,
though response of electro-optic (EO) eﬀect in LN is fast
enough even for over 100 GHz signal generation. The velocity mismatch can be mitigated by traveling wave electrodes,
while the response of electrodes are dominated by loss in
material and also by mode-coupling with substrate modes.
Frequency response of material loss has smooth roll-oﬀ. On
the other hand, the mode coupling would have large impact
on the response where the signal frequency is higher than the
substrate mode cut-oﬀ frequency. When the substrate thickness is small, the cut-oﬀ frequency would be higher [24],
[25]. Thus, this particular loss due to the substrate mode can
be suppressed by using thin LN substrate. Precise frequency
response measurement is diﬃcult in millimeter-wave region,
and measurement techniques themselves would be important research subjects.
This paper is organized as follows. In Sect. 2, the concept of parallel MZMs is described briefly. The total expected bitrate generated by an integrated modulator depends
on the number of MZI elements and the frequency response.
In Sect. 3, some experimental results of DQPSK and 16QAM are shown, where multilevel optical signals can be
synthesized in integrated parallel MZMs. The modulation
speed can be higher than 40 Gbaud with a DPMZM, so that
the bitrate can be higher than 80 Gb/s. By using a QPMZM,
we can achieve 50 Gb/s transmission where the modulation
speed is 12.5 Gbaud. We can expect to achieve a single
channel 100 Gb/s transmission using polarization division
multiplexing. Section 4 describes discussion on frequency
response. A fabricated DPMZM with travailing-wave coplaner waveguide (CPW) electrodes on thin LN substrate
can provides enhanced frequency response over 40 GHz,
Response in a range from 5 GHz to 63 GHz was measured
by using two diﬀerent methods: electric frequency domain
network analyzer technique, and optical spectral measurement of high-speed modulated lightwaves.
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Fig. 1

QPSK using DPMZM.

Fig. 3

Fig. 2

2.

256QAM using OPMZM.

16-QAM using QPMZM.

Integrated Modulators for High Data Rate Signal
Generation

A DPMZM consists of two MZI elements embedded in a
photonic circuit, as shown in Fig. 1. DPMZMs designed
for over 40 Gbaud have two high-speed electrodes in each
MZI element, in order to achieve push-pull operation on zcut LN substrate [11]. X-cut substrate with a single highspeed electrode can also provide balanced push-pull operation, however, modulation eﬃciency is smaller than in zcut substrate [14]. For DQPSK modulation, two binary
data streams are applied to the two MZI elements (MZA
and MZB ), to achieve control of in-phase (I) and quadrature (Q) components. Figure 2 shows a schematic of 16QAM using a QPMZM, where a pair of two-bit codes for
in-phase (I1 , I2 ) and for quadrature (Q1 , Q2 ) components are
fed to four MZI elements. While a DPMZM can generate a
2 bit/symbol DQPSK signal from two binary data streams,
a QPMZM can achieve 4 bit/symbol from four binary data
streams. In general, a parallel MZM with N MZI elements
can generate an N bit/symbol lightwave signal from N binary data streams. Bitrate of optical modulated output generated from N electric binary data streams can be expressed
by B = N × R (R: symbol rate). For example, by using an
octet-parallel MZM (OPMZM) we can generate 256-QAM
from eight binary data streams (I1 , I2 , I3 , I4 , Q1 , Q2 , Q3 and
Q4 ,) where N = 8, as shown in Fig. 3.
To achieve high bitrate signal generation, we need integrated modulators with an array of MZI elements (N ≥ 2)
designed for large symbol rate R. To increase the symbol
rate R higher than 40 Gbaud, we need flat modulator frequency response up to millimeter wave region where mode
coupling between CPW and substrate modes may occur as
shown in Fig. 4. The response would have some dips or large
loss due to the mode-coupling. When the substrate thickness
is small, the cut-oﬀ frequency of the substrate mode goes up

Fig. 4

Undesired mode coupling between CPW and substrate modes.

to high, so that the dips and loss can be suppressed in a millimeter region over 40 GHz. In this work, we focused on
integrated LN modulators with two or more MZI elements
with thin substrate to increase both N and R for high bitrate
optical modulation [24].
3.

High-Speed Optical Multilevel Modulation Using
DPMZM and QPMZM [4], [20], [21]

For QPSK modulation, a pair of data signals are applied to
the two MZI elements in a DPMZM, to achieve control of
in-phase and quadrature components [11], [12]. We demonstrated 80 Gb/s DQPSK by using a fabricated DPMZM on a
z-cut LN substrate [4], where Vπ of each MZI elements was
2.5 V in push-pull operation at low frequency. Optical 3 dB
bandwidth of each electrode was larger than 27 GHz. The
total optical insertion loss of the packaged modulator was
5.1 dB. The length, width and hight of the package were, respectively, 127 mm, 10 mm and 12 mm. Figure 5 shows the
experimental setup for DQPSK modulation. As shown in
Fig. 1, the DPMZM has two MZI elements (MZA and MZB ).
The electrodes A1 and A2 in Fig. 5 are for MZA , while B1
and B2 are for MZB . The electrodes C1 and C2 are for control of optical phase between the in-phase I and quadrature
Q components generated at MZA and MZB . Each of MZI
elements was in a minimum transmission bias point, where
optical phase diﬀerence between the two MZI elements was
adjusted to π/2 by using the electrode C1 or C2.
A pair of NRZ data streams at 40 Gb/s were obtained
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Fig. 5

Experimental setup for DQPSK modulation.
Fig. 8

Fig. 6

80 Gb/s optical DQPSK signal.

Fig. 9

Fig. 7

BER curves of demodulated DQPSK signal.

Eye diagrams of demodulated optical DQPSK signal.

from a 4 : 1 multiplexer that combines four 10-Gb/s sub
channels of 27 − 1 pseudo-random-bit-sequence (PRBS). As
shown in Fig. 5, one of the streams was fed to MZA for I
component modulation, and the other was fed to MZB for
Q component. The amplitude of I and Q signals at the in-

16-QAM synthesized from two QPSK signals.

put ports of the modulator was 6.5 V (peak-to-peak), corresponding to 2 Vπ at 40 Gb/s, to generate an 80 Gb/s optical DQPSK signal at the output port of the modulator.
As shown in Fig. 6, we measured an optical spectrum of a
DQPSK signal at the output port of the modulator, without
using any optical filters, where full spectral width measured
20 dB down from the maximum of the central wavelength
peak was 60 GHz. At the DQPSK demodulator shown in
Fig. 5, the DQPSK signal generated at the modulator was
decoded by a one-bit delay interferometer whose constructive and destructive ports were connected to a balanced photodetector. We used a single receiver to decode each 40 Gb/s
tributary by adjusting the diﬀerential optical phase in the
one-bit delay interferometer (Δφ) at π/4 or −π/4. Figure 7
shows eye diagrams measured at the electric output of the
balanced photodetector. In back-to-back transmission, clear
eye openings were observed for the two tributaries whose
symbol rate was 40 Gbaud. We measured a back-to-back
BER curve of a sub channel extracted from each tributaries
by a 1:4 demultiplexer, as shown in Fig. 8, where the receiver sensitivity at the BER of 10−9 was −20 dBm.
By using a QPMZM consisting of two DPMZMs, we
demonstrated high-speed 16-QAM [20], [21]. Figure 9
shows principle of optical 16-QAM modulation in our
scheme, where the 16 QAM signal can be synthesized by
superposing two QPSK signals with diﬀerent amplitudes.
The intensity diﬀerence between the QPSK signals is set at
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Fig. 10 Experimental setup for for 16-QAM using a QPMZM; TLD: tunable laser diode, PPG: pulse-pattern generator, BPF: bandpass filter.

6 dB. The large amplitude QPSK (QPSK 2 in Fig. 9) determines the quadrant where the symbol is mapped, while the
small-amplitude QPSK (QPSK 1) fixes the position of the
mapping in each quadrant. By the combination of QPSK
signals, totally 16 symbols are mapped with equal spacing
in a phaser diagram. Note that such a 16-QAM mapping
can be achieved from binary data sequences without handling multilevel electric signals.
The QPMZM was fabricated by the hybrid integration
of LN waveguide modulators and silica-based planner lightwave circuit (PLC) based couplers [20]. Optical 3 dB bandwidth of each electrode was about 10 GHz. Vπ of each MZI
was 2.9 V. The total optical insertion loss of the fabricated
device was 10 dB. Figure 10 shows experimental setup. In
the transmitter side, a CW light generated from an external cavity laser diode was 16 QAM modulated with the QPMZM. Each arm of the modulator was push-pull driven with
12.5-Gb/s binary NRZ data with the length of 215 − 1 PRBS,
which was generated from a typically used 4-ch pulse pattern generator, where one DPMZM was driven in the range
between −Vπ and Vπ to generate large-amplitude QPSK. The
other DPMZM was driven in the range between −Vπ /2 and
Vπ /2 to generate small-amplitude QPSK. The 16-QAM signal was transmitted over 50-km SMF and demodulated with
a QAM receiver. In the QAM receiver, another external cavity laser diode was used as the local oscillator (LO) and frequency detuning between LO and signal was tuned within
less than 500 MHz. Carrier phase and data recovery functions were implemented by a so-called oﬀ-line processing,
i.e. emulated by a numerical computer. Figure 11 shows
typical constellation maps of the received QAM signals: (a)
back-to-back, (b) 50-km transmitted signals, respectively.
With the received power larger than −25 dBm, the bit-errorratio (BER) was always less than the FEC limit (BER =
2 × 10−3 ).
4.

Frequency Response of a Fabricated DPMZM with
Thin LN Substrate [25]

We fabricated a DPMZM on a thin LN substrate, where
the thickness t was 0.1 mm. The thin substrate was bonded
on a thick LN substrate with low dielectric adhesive. The
DPMZM device used for 80 Gb/s DQPSK shown in the
previous section was also measured as a reference, where
t = 1.0 mm. We measured the modulator response by using

Fig. 11 Constellation maps of 12.5 Gbaud 16 QAM: (a) Back-to-back,
(b) 50-km transmitted.

Fig. 12 Modulator frequency response measured by network analyzer
based electric domain frequency sweep technique.

a lightwave component analyzer based on millimeter-wave
network analyzer technique (Agilent N4373B), as shown in
Fig. 12. A1 and A2 denote electrodes on upper and lower
arms of MZA , while B1 and B2 are upper and lower electrodes of MZB . Modulator frequency response can be obtained from the modulated optical signal, where a small sinusoidal electric signal is applied to the modulator. The
response uncertainty of the lightwave component analyzer
in millimeter region over 50 GHz is ±2.8 dB. The measured
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Fig. 13 Response diﬀerence between DPMZMs with t = 0.1 mm and
1.0 mm.

response at 63 GHz was only 3 dB above the noise floor of
the lightwave component analyzer. Thus, we deduce that
our measured results in this region would have a few dB uncertainty. Figure 13 shows the response diﬀerence between
the DPMZMs with t = 0.1 mm and t = 1.0 mm. When
the modulation frequency was higher than 40 GHz, the response for t = 0.1 mm was larger than t = 1.0 mm, where
the diﬀerence was 1.5–3.5 dB. The deviation of the diﬀerence would be due to the measurement uncertainty or the
error in the modulator fabrication. On the other hand, the
response diﬀerence was very small in a frequency region
lower than 40 GHz, where the signal frequency is smaller
than the cut-oﬀ frequency.
We also measured the modulator frequency response
by using an optical spectrum analyzer. A high-speed nonreturn-to-zero (NRZ) on-oﬀ-keying (OOK) electric signal
was fed to a pair of electrodes, in order to achieve optical
OOK with a single MZI in a DPMZM. The other MZI can
be in oﬀ-state by adjusting dc bias voltage. Frequency response of the modulator can be estimated from an optical
spectrum of the modulated signal. A reference optical spectrum was measured by feeding the same NRZ OOK signal to
a reference modulator. Then, we obtained optical sideband
intensities for the reference and the modulator under test, as
functions of the oﬀset frequency from the optical carrier frequency. Twice the diﬀerence between the intensities in dB
equals the modulator response diﬀerence in dB, because the
electric current generated by a photodetector is proportional
to the optical power.
We applied a 87 Gbaud binary electric signal to the
DPMZM. Figure 14 shows the spectrum of 87 Gbaud optical OOK signal generated by the DPMZM, where a pair
of high-speed multiplexer (SHF 408) outputs were directly
fed to two electrodes of the DPMZM (A1 and B1). Clear
eye opening was achieved, as shown in Fig. 15. We also obtained similar results with electrode A2 and B2 (data not
shown). As a reference, we also measured an 87 Gbaud
OOK signal generated by the DPMZM with t = 1.0 mm.
Modulator response diﬀerence was calculated from optical
spectra for t = 0.1 mm and t = 1.0 mm, as shown in Fig. 16
(solid line), where the diﬀerence measured by the lightwave

Fig. 14

Optical spectrum of 87 Gbaud optical OOK signal.

Fig. 15

Eye diagram of a demodulated signal.

Fig. 16 Modulator response diﬀerence was calculated from optical spectra for t = 0.1 mm and t = 1.0 mm (solid line), and the diﬀerence measured
by the lightwave component analyzer, (dashed line).

component analyzer, the average of four curves in Fig. 12,
was also plotted (dashed line). Both results show that the
DPMZM with thin substrate has enhanced response in the
millimeter region over 50 GHz, though there is some difference between results by the optical spectrum analyzer
and by the network analyzer. Comparison between the two
methods may provide us a calibration technique or precise
response measurement. If the chirp parameters of the modulator is large and depends on the modulation frequency, the
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response measured by the optical spectra would be aﬀected
by that of the chirp. However, even if the device structure
has asymmetry, the dependence of the chirp parameter on
the modulation frequency is small [26].
As shown in Fig. 12, the frequency response for t =
0.1 mm had a smooth roll-oﬀ in a region from 40 GHz to
63 GHz. The response for t = 1.0 mm had excess loss in
this region, due to the mode-coupling. Thus, we conclude
that the LN modulator with the substrate of t = 0.1 mm can
suppress the undesired mode-coupling which causes excess
loss in modulator response. We note that the optical mode
field dimension is smaller than 0.1 mm. Thus, we deduce
that the optical insertion loss is not aﬀected by the change
of the substrate thickness.
5.

Conclusion
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Enhanced modulator response in millimeter-wave regime
was achieved by using thin LN substrate. High bitrate signals can be generated by a DPMZM or QPMZM with thin
substrate, because modulation rate R and the number of
MZIs N can be increased simultaneously, where a possible
bitrate would be R × N. Clear eye opening was achieved
with a fabricated DPMZM (N = 2) at R = 87 Gbaud.
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