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Abstract: We report on high-speed multilevel signal generation and arbitrary pulse shaping
with silicon-organic hybrid (SOH) Mach–Zehnder interferometer (MZI) modulators. Pure
phase modulation exploiting the linear electrooptic effect allows the generation of multiple
modulations formats at highest speed such as 40-Gbit/s on–off-keying (OOK) and binary-
phase-shift keying (BPSK) and 28-Gbd 4-ASK and 8-ASK with data rates up to 84 Gbit/s.
Additionally, beside NRZ pulse shaping, for the first time, Nyquist pulse shaping with silicon
modulators is demonstrated to enable multiplexing at highest spectral efficiency.

Index Terms: Electrooptic modulators, photonic integrated circuits.

1. Introduction
Silicon electrooptic modulators are key elements for photonic-electronic integration in telecommu-
nications and optical interconnects. Devices capable of generating advanced modulation formats
are of growing importance to increase bit rates while keeping symbol rates moderate and thus
compliant with CMOS driver electronics. Commercial devices, relying on the linear electrooptic
effect based on material platforms like LiNbO3, so far have shown the best results for the generation
of multilevel signals. For lack of a linear electrooptic coefficient, silicon modulators largely use free-
carrier dispersion in forward-biased pin-junctions [1]–[3] or reverse-biased pn-junctions [4]–[9]. The
latter concept enables higher modulation bandwidth [7] and has recently been used to demonstrate
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50-Gbit/s quadrature-phase-shift keying (QPSK) with a single IQ modulator [10] and 112 Gbit/s with
two IQ modulators and polarization multiplexing [11]. However, free-carrier dispersion leads to an
intrinsic coupling of amplitude and phase modulation in all-silicon devices, which may render
higher-order quadrature amplitude modulation (M-QAM, M 9 4) challenging. In addition, so far
reported nonresonant reverse-biased pn-modulators typically have voltage length products V �L not
better than 10 Vmm and offer moderate extinction ratios (ERs) in the order of (3 to 8) dB at data
rates above 20 Gbit/s [7], [9], while ERs exceeding 10 dB have been reported at lower data rates
[12], [13]. A promising candidate to improve these results is silicon-organic hybrid (SOH)
integration. SOH devices offer a linear electrooptic effect enabling pure phase modulation [14]. This
allows for the generation of ideal amplitude and phase modulated signals in an Mach–Zehnder
interferometer (MZI) configuration at moderate drive voltages [15], [16].

In this paper, we demonstrate generation of on–off-keying (OOK) and multilevel amplitude-shift-
keying (ASK) signals using an SOH modulator. The device is operated at symbol rates up to 40 Gbd
with 2 levels (OOK and binary-phase-shift keying (BPSK)] and at a symbol rate of 28 Gbd with
4 levels (4-ASK) and 8 levels (8-ASK). This is, to the best of our knowledge, the first demonstration of
high-speed multilevel signal generation with a silicon-based modulator. With this device, we are able
to generate a single polarization 8-ASK signal at a data rate of up to 84 Gbit/sVthe highest data rate
so far generated by an electrooptic MZI modulator on silicon. In addition, we demonstrate generation
of Nyquist pulse-shaped BPSK and 4-ASK signals at a data rate of 21 Gbd.

2. SOH Modulator
SOH devices combine conventional silicon-on-insulator (SOI) waveguides with functional organic
cladding materials [16]–[19]. The cross section of an SOH phase modulator is depicted in Fig. 1(a).
It consists of two 240 nm wide and 220 nm high silicon rails separated by a 120 nm wide slot [20].
The waveguide is covered with an organic electrooptic cladding material. Field discontinuities at the
slot sidewalls lead to strong confinement of the optical mode field within the electrooptic material in
the slot. In this paper, we used the electrooptic polymer M3 of Gigoptix Inc. that has a nonlinear
coefficient r33 ¼ 70 pm/V if fully poled [21]. In addition, the rails are electrically connected to metal
transmission lines by 45 nm thick n-doped silicon strips (stripload) such that the applied voltage
drops predominantly across the 120 nm wide slot, resulting not only in a strong electric field but also
in a large overlap with the optical mode. A V�L product of 2 Vmm is expected for this waveguide
geometry if the electrooptic cladding is fully poled. The individual devices which are reported here
have V�L products of (6–10) Vmm corresponding to nonlinear coefficients of (23–14) pm/V;
therefore, poling can be improved. Other groups reached in-device nonlinear coefficients of up to
58 pm/V [22], underlining the potential of the approach to significantly reduce driving voltages.

The MZI modulator configuration is depicted in Fig. 1(b). It consists of a balanced MZI and two
identical 1 mm long SOH phase modulators, Fig. 1(a). Two 2 � 2 multimode interference (MMI)

Fig. 1. (a) Schematic and simulated mode of a phase modulator. The optical field is confined in the
120 nm wide slot. The two rails of the slot waveguide are electrically connected to metal electrodes by
45 nm high n-doped (As, 1 . . . 4� 1017 cm�3) silicon strips (stripload). In this way the applied potential
drops over the 120 nm wide slot. This results in a high electric field in the slot and in a high overlap
between optical and electrical mode. (b) Schematic of the MZI modulator. The structure consists of
two phase modulators, driven by a single coplanar waveguide (CPW). 2 � 2 MMI couplers are used as
3-dB power dividers. Grating couplers are used for fiber-chip coupling. (c) Scanning electron micrograph
of a strip-to-slot converter used to couple access strip waveguides to the phase modulators.
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couplers are used for the MZI. The silicon waveguide structures were fabricated on an SOI wafer
with a 220 nm thick silicon layer and 2 �m thick buried oxide. Grating couplers are used to couple
light from a single-mode fiber to the silicon chip [23]. Fully etched strip waveguides are used as on-
chip access waveguides. Efficient coupling between strip and strip-loaded slot waveguides is
ensured by using logarithmically tapered mode converters [see Fig. 1(c)], as reported in [24]. A
single coplanar transmission line is used to drive the push–pull MZI modulator. The two phase
modulators have been poled with opposite polarities, referring to the signal electrode. The fiber-to-
fiber loss is 20 dB with an on-chip loss of 9 dB in the C-band. We measure a loss of 0.2 dB per MMI,
0.02 dB per strip-to-slot converter, 1 dB loss for the access waveguides, and 7.5 dB loss in the
1 mm long active section. It should be noted that the loss of the striploaded slot waveguides in the
active section increased only little after doping. Also, propagation losses of the waveguides remain
the same when a PMMA cladding is exchanged with the EO-polymer M3 and are thus not dominated
by absorption of the cladding. Therefore, the high propagation loss appears to be a fabrication issue.
However, recently fabricated striploaded slot waveguides had a much lower loss below 1 dB/mm,
indicating that the insertion loss of the devices can be significantly reduced by technology in future
devices.

3. Data Transmission Setup
The experimental setup is shown in Fig. 2. Two different signal generators are set up to drive the
modulator. A software-defined signal generator [field-programmable gate array (FPGA) þ digital-to-
analog converter (DAC), green] [25] is used to generate the 28 Gbd M-ASK signals based on a
pseudorandom bit sequence (PRBS) of length 211 � 1. For the generation of OOK and BPSK
signals with symbol rates of up to 40 Gbd, a second pseudorandom pattern generator is used with a
bit sequence length of 231 � 1. The electrical signal is amplified to have a voltage swing of up to 6 Vpp

for driving the device under test (DUT) via a GSG Picoprobe. A second Picoprobe with 50 �
termination prevents reflections at the end of the device. Bias-Tees are used to adjust the operating
point ð’Bias / VBiasÞ of the MZI modulator. In order to increase the conductivity of the silicon stripload
[see Fig. 1(a)], a gate voltage has been applied between substrate and stripload (see Fig. 2). A
detailed description of the effect of the gate voltage can be found in reference [14]. Light from an
external cavity laser (ECL) at a wavelength of 1559 nm is coupled to the DUT. The input power is
8.5 dBm, and the polarization is adjusted to be quasi-TE on the chip. The same light source serves

Fig. 2. Experimental setup. Two different signal generators are used. For generation of OOK and BPSK
with symbol rates up to 40 Gbd a PPG (blue) is used. A second (software defined) signal generator
(FPGA þ DAC, green) is used to generate the M-ASK signals with data rates up to 28 Gbd. The signal
is fed into the coplanar waveguide (CPW) of the modulator using a GSG Picoprobe and terminated by a
second Picoprobe at the end of the modulator. CW light is coupled into the device after adjusting
polarization. The same CW light serves as LO for the coherent detector. After amplification the signal is
detected by a DCA and by a coherent receiver (OMA).
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as local oscillator (LO) for the coherent receiver [optical modulation analyzer (OMA); Agilent
Technologies N4391A]. After the DUT, the signal is amplified using two cascaded erbium-doped
fiber amplifiers (EDFAs) and subsequently detected by a digital communications analyzer (DCA) and
by a coherent receiver.

4. Experimental Results
In this paper, SOH modulators are used to generate NRZ-OOK signals with bit rates up to 40 Gbit/s,
M-ASK signals with bit rates up to 84 Gbit/s, and M-ASK Nyquist pulse-shaped signals at a symbol
rate of 21 Gbd. OOK experiments were performed with an MZI modulator fabricated by 193 nm
deep UV lithography at IMEC, Belgium, with CMOS-like copper metallization and V� ¼ 6 V, while
the coherent experiments were carried out using a second MZI modulator with identical design
dimensions, fabricated by electron beam lithography at AMO, Germany, which has aluminum
electrodes and V� ¼ 10 V.

4.1. Generation of OOK Signals
In the first experiment, the pseudorandom bit pattern generator (PPG; see Fig. 3, blue) is used to

generate the electrical drive signal. The signal is amplified to have a voltage swing of 6 Vpp. Fig. 3
summarizes the measured eye diagrams and bit error ratios (BERs) at various data rates. At
25 Gbit/s and 40 Gbit/s, the ERs are 13.3 dB and 11.3 dB. No bit errors have been detected up
to a data rate of 35 Gbit/s in the chosen measurement time indicating a BER below 1�10�12.
At 40 Gbit/s, a BER of 1�10�11 is measured.

4.2. Generation of M-ASK Signals
Single-polarization BPSK signals at symbol rates of 25 Gbd to 40 GBd are generated [see

Fig. 4(a)–(c)], using the same pattern generator as before (see Fig. 2, blue) and adjusting the
working point to the Null point. The optical signal was detected by the OMA and recorded with
80 GSamples/s. Digital signal processing and signal analysis are performed offline. An equalizer
with a filter length of 55 symbols is used to compensate bandwidth limitations of the transmitter
electronics, theOMA, and the SOHmodulator. No bit errors have beenmeasured in a set of 10million
recorded samples at these symbol rates, although a degradation of the error vectormagnitude (EVMm

[26], [27]) from 7.2% (25 Gbit/s) to 12.1% (40 Gbit/s) is observed.
Next, BPSK, 4-ASK, and 8-ASK signals are generated and received at a symbol rate of 28 Gbd

by using a software-defined signal generator (see Fig. 2, green), which consists of an FPGA and a
DAC [25]. The length of the bit sequence was 211 � 1. For operating the modulator in the linear
regime, the drive voltage is reduced to 5.6 Vpp. The experimental results are depicted in Fig. 4(d)–(f).

Fig. 3. OOK experiment. Recorded eye diagrams at various data rates. Measured ERs and Q2-factors
are depicted in the figure. The ER is above 11 dB at all data rates. The BER was measured. In the
chosen measurement time no bit errors have been received for data rates up to 35 Gbit/s. At 40 Gbit/s
the measured BER is 1�10�11. A drive voltage of 6 Vpp, a gate field of 150 V=�m and a PRBS of length
231�1 is used.
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AnEVMm of 10.2% ismeasured for BPSK[see Fig. 4(d)]. No errors aremeasured in a set of 3.5million
recorded bits. In the case of 4-ASK [see Fig. 4(e)], an EVMm of 9.9% and a BER of 2�10�6 are
measured, well below the threshold of hard-decision FEC of 3�10�3. Next, an 8-ASK signal is
generated [see Fig. 4(f)], resulting in a gross data rate of 84 Gbit/s. An EVMm of 7.8% and a BER of
9:7�10�3 are measured, which are below the threshold of soft-decision FEC [28] ðBER ¼ 1:9�10�2Þ
resulting in a net data rate of 67.2 Gbit/s (25% overhead). Taking also into account the 50-�
termination of the transmission line, we estimate the energy consumption of the modulator to be
800 fJ/bit for the generation of 28-Gbd 8-ASK signals. We believe that improved poling procedures
and device optimizations will allow to considerably increase the performance of the modulator: In
the current device, an r33 coefficient of 14 pm/V is obtained, measured at 5 GHzVa factor of 5 below
the values obtained in polymer waveguides of the same material [21].

4.3. Generation of M-ASK Nyquist Pulse-Shaped Signals
Nyquist pulse shaping has been found to be a good candidate to increase spectral efficiency of

optical communication systems [29], [30]. While, in wavelength division multiplex (WDM) systems,
the spectrum of each carrier is usually infinitely broad, a finite rectangular spectrum with the
bandwidth of the modulation frequency can be achieved by Nyquist pulse shaping, making guard
intervals no longer necessary [31]. To do so, each bit is represented by a sinc-function in time
domain, infinitely expanded in the ideal case. The Fourier transform of the sinc-function in time
domain is a rectangular spectrum in frequency domain [see Fig. 5(a)]. The zero positions of the sinc-
function are allocated in between two bit slots Ts. A Nyquist pulse-shaped PRBS of length 29�1 is
loaded to the software-defined signal generator. At a clock frequency of 28 GHz at the DAC, the
signal is oversampled by a factor 4/3, resulting in a symbol rate of 21 Gbd [32]. The constellation
diagrams for BPSK and 4-ASK are depicted in Fig. 5(b) and (c). EVMs of 18.2% and 16% are
measured, respectively. Fig. 5(d) shows the optical spectrum of the 4-ASK signal. The expected
rectangular shape is confirmed. The consumed optical bandwidth is 21 GHz and the ER is 20 dB.

5. Conclusion
We have experimentally demonstrated, for the first time, the generation of multilevel signals in SOH
electrooptic modulators. Our device has been operated at a symbol rate of 28 GBd with up to

Fig. 4. Constellation diagrams and eye diagrams of the M-ASK signals. (a)–(c) BPSK signals at symbol
rates of 25 Gbd (EVMm 7.2%), 35 Gbd (EVMm 9.7%) and 40 Gbd (EVMm 12.1%). No bit errors were
detected. (d)–(f) M-ASK signals at a symbol rate of 28 Gbd. (d) BPSK. The EVMm is 10.2%. No bit
errors were received. (e) 4-ASK. The EVMm is 9.9% with a BER of 2� 10�6. (f) 8-ASK. The EVMm is
7.8% and the BER was 9:7� 10�3. A drive voltage of 5.6 Vpp, a gate field of 150 V=�m and a PRBS of
length 211 � 1 was used.
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8 symbols (8-ASK), resulting in a data rate of 84 Gbit/s. For BPSK and OOK, a symbol rate of 40 Gbd
has been successfully demonstrated. This is, to the best of our knowledge, the highest symbol rate
generated by an SOH MZI modulator, enabling the highest data rate generated by a single
electrooptic MZI modulator on silicon. In addition, Nyquist pulse shaping has been performed for
the first time by using a silicon modulator. We believe that our results are an important step toward
16-QAM and 64-QAM modulation using silicon devices in the near future.
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