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Abstract: We demonstrate high-speed silicon modulators optimized for operating at the
wavelength of 2 µm. The Mach-Zehnder interferometer (MZI) carrier-depletion modulator
with 2 mm phase shifter has a single-arm modulation efficiency (Vπ ·Lπ) of 2.89 V·cm at 4 V
reverse bias. Using a push-pull configuration it operates at a data rate of 25 Gbit/s OOK with
an extinction ratio of 6.25 dB. We also proposed a mathematically-analysed streamlined IMDD
PAM-4 scheme and successfully demonstrated a 25 Gbit/s datarate PAM-4 with the same 2 mm
modulator. A Michelson interferometer carrier-depletion modulator with 0.5 mm phase shift
length has also been shown with modulation efficiency (Vπ ·Lπ) of 1.36 V·cm at 4 V reverse bias
and data rate of 20 Gbit/s OOK. The Michelson interferometer modulator performs similarly to a
Mach-Zehnder modulator with twice the phase shifter length.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Rapidly growing internet demand has stimulated innovations in fibre based communications
system such as erbium doped fibre amplifiers (EDFA), wavelength division multiplexing (WDM)
and high-spectral efficiency coding [1]. With the digital signal processing (DSP) assisted coherent
detector, we are about to touch the capacity limit of conventional single core single mode fibres
(SMFs) [2,3]. To further keep up with demand and to bust the “capacity crunch”, industry has
recently settled on adopting spatial division multiplexing (SDM) as an imminent next step; that
is to use multi-core and multiple parallel fibres to further scale up the capacity. Massive fibre
parallelism however may face diminishing return eventually and the associated scaled-up power
consumption can be another complication. If only we could replicate the success of the EDFA
and WDM by developing technologies to further increase spectral efficiency without a significant
increase in power consumption. Such technologies when used in conjunction with SDM, would
be able to sustain a capacity boost in the long run.

One possible route is to enhance the fundamental property of the optical fibre and hence
increase the Non-Linear Shannon Limit. An emerging candidate is hollow-core photonic bandgap
fibre (HC-PBGF), creating bandgaps through an engineered wavelength-sized cladding structure,
which traps the majority portion of the optical mode inside an air core. Air has orders of
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magnitude lower Rayleigh scattering and has an infrared absorption edge at a significantly longer
wavelength. The loss in hollow core fibre is hence dominated by surface scattering and the optimal
low-loss window has shifted to an optical wavelength around 2 µm. It could theoretically reach
around 0.1 dB/km for a 19c-sized air core fibre [4,5], compares favourably to the 0.2 dB/km-loss
of SMF fibre that is widely used currently. Furthermore, due to the air core, hollow-core fibre
exhibits exceptionally low nonlinearity. This means it can sustain a much higher launch power,
hence gaining a higher optical signal to noise ratio (OSNR) and a higher spectral efficiency.
Other merits of hollow-core fibre include lower latency [6], dispersion control [7], high thermal
stability [8] and high radiation hardness [9].

Wavelengths around 2 µm coincides well with the gain windows of thulium ions. Thus
thulium-doped fibre amplifiers (TDFA) can be used as a counterpart of the EDFA in the C-band.
Furthermore, the Silicon-on-Insulator (SOI) platform with a 220 nm Si top layer is compatible
with a 2 µm wavelength. This makes the 2 µm wavelength CMOS fabrication compatible and
large scale integration become viable. The triumvirate of hollow-core fibre, TDFA and silicon
photonics can therefore enable a new telecommunication window at 2 µm.

Silicon based defect detector has shown to operate at 20 Gbit/s at 2 µm [10]. Recently there
are exciting breakthroughs in silicon based 2 µm modulators, with 12.5 Gbit/s OOK MZM [11],
20 Gbit/s OOK MZM [12], 50 Gbit/s OOK MZM (post-FEC) [13], and 12.5Gbit/s OOK ring
[14]. In this work, we explore and demonstrate high-speed PAM-4 operation and Michelson
interferometer modulators both at 2 µm wavelength. Compared to some previous works, the
devices showed low insertion loss, high extinction ratio and is FEC or DSP free.

2. Design and fabrication

The plasma dispersion effect in silicon has been widely used in C-band and O-band high-speed
silicon modulators. As shown in Fig. 1, light at a 2 µm wavelength has a stronger interaction with
both electrons and holes than at 1550 nm [15], resulting a higher refractive index change. The
modulator in our design uses a reverse biased PN junction as its phase shifter, and is optimized for
operating at a 2 µm wavelength. The optimization is carried out in a series of simulations using
both Silvaco TCAD for electrical analysis and Matlab [16] for the optical mode calculation.

Fig. 1. Plasma dispersion effect in silicon at 1550 nm and 2000 nm wavelength, predicted
by the semi-empirical equations [15]. (a) The refractive index change against change in
carrier concentrations. (b) The absorption coefficient change against change in carrier
concentrations.

The phase shifter exploits the carrier depletion effect, and as shown in Fig. 2(a) it comprises a
PN junction. The device is fabricated in a CORNERSTONE multi-project wafer (MPW) run
[17]. The active run uses 220 nm SOI wafers with a 2 µm buried oxide (BOX) layer. The silicon
rib waveguide is 550 nm wide and etched to a thickness of 100 nm in the slab region. The top
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silicon dioxide cladding layer is at least 1 µm thick, which is sufficiently thick to contain the
swelled optical mode of 2 µm and minimize the mode overlap with the metal electrodes on top of
the waveguides.

Fig. 2. (a) The phase shifter cross section of the 2 µm MZI modulator. (b) Self-aligned
process used in CORNERSTONE MPW.

The n-type doping is implanted through a self-aligned mask so that the junction appears
angled and positioned towards the n side. In the self-alignment process, depicted in Fig. 2(b),
a silica hard mask was used to etch the rib waveguide and also as a mask for the phosphorous
implantation. The photo resist edge can then be placed anywhere within the rib width and the PN
junction position will be independent of the resist edge. In order for the n-type dopant to penetrate
enough into the waveguide, the implantation is performed at an angle of 45 degrees and without
any rotation. The self-alignment step helps reduce the junction position variation across devices
introduced by the lithography [18]. The target doping concentrations in the simulation are 3.8e17
cm−3, 1.1e18 cm−3, 1.5e17 cm−3, 7.5e17 cm−3, 1e20 cm−3 and 1e20 cm−3 for the p, n, p (rib), n
(rib), p+, and n+ regions respectively. The higher n to p-type doping ratio helps the depletion
region expands into the p-type doped side. The highly doped region separation is defined by the
distance between the inner edge of the highly doped region and the waveguide centre. According
to the Fig. 3, the simulated junction bandwidth improves when such the separation distance is
small. But the optical mode will strongly interact with the free carriers if the highly doped region
is too close to the waveguide, resulting a large optical loss. Due to the annealing step performed
after the implantation, the actual doping profile will be a gradual transition; this has been taken
account for in the simulation. In this work, the highly doped regions are 1.3 µm away from the
waveguide centre.

Fig. 3. MZI modulator phase shifter simulation of variation in highly doped region
separation at 1950 nm wavelength. (a) Simulated loss. (b) Simulated Lπ .
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Fig. 4. Optical microscope image of the Mach-Zehnder modulator.

2.1. Mach–Zehnder Interferometer Modulator (MZM)

The Mach-Zehnder modulator (MZM) contains two 2 mm long arms each with the phase shifter
shown in Fig. 2(a). A travelling wave electrode is used to ensure propagation of the RF and
optical signals. The microwave effective refractive index is tuned to be 3.8 - 4.1 in the operating
frequencies. The optical microscope image of the 2 mm long MZM is shown in Fig. 4.

The modulator is optimized solely for 2 µm operation, the MZM now includes gratings
couplers and MMIs as opposed to previously demonstrated butt-coupling and Y-splitter approach
[12]. The design parameters for the 1x2 and 2x2 MMI are listed in Table 1 and Fig. 5. In
simulation, the insertion loss for each MMI is no bigger than 0.1 dB. The grating coupler is
optimized for a 2 µm wavelength, the etch depth is 70 nm, the pitch of the gratings is 0.92 µm,
the duty cycle is 0.552 (i.e. for each period silicon width is 0.508 µm and the air gap width is
0.412 µm) and the fully etched waveguide hosting the gratings is 10 µm in width. A taper with
length of 500 µm tapers from the 10 µm wide grating region down to the width of the single
mode strip waveguide, 550 nm. The multi mode region of the grating coupler is designed to have
fully etched borders without slabs, the strip waveguide is used to bridge between the coupler and
the rib waveguide in the active region. Also a relatively higher bend loss is experienced at a 2 µm
wavelength than in C-band, the use of strip waveguides helps to keep the bend loss low. There is
also a transition taper that gradually converts the strip access waveguide to a rib waveguide in the
active region.

Fig. 5. Schematics diagram of MMI geometric parameters.

2.2. Michelson Interferometer Modulator (MIM)

The Michelson interferometer modulator resembles a MZM, but it uses reflectors to reflect light
back from both arms, as shown in Fig. 6(a). Therefore, instead of combining and interfering the
light from both arms at a second MMI, the Michelson interferometer uses the same MMI to split
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Table 1. Design parameters for 2 µm
wavelength 1x2 MMI Splitter and 2x2 MMI 3dB

Coupler.

1x2 MMI 2x2 MMI
Etch Depth 220 nm full etch 220 nm full etch

Wwg 0.55 µm 0.55 µm

Wtap 2.25 µm 2.25 µm

Ltap 10 µm 10 µm

WMMI 6 µm 6 µm

LMMI 23.44 µm 92.19 µm

S 3.25 µm 3.25 µm

the incident light and combine the reflected light. Thus light passes forth and back in total twice
in the phase shifter which nearly doubles the efficiency of the modulator.

Fig. 6. (a) Optical microscope image of the Michelson interferometer modulator with loop
mirror design. (b) Scanner mask layout for the looped mirror design in the Michelson
interferometer.

In our design we used looped mirrors as reflectors as shown in Fig. 6(b). The looped mirror is
advantageous in terms of reflectivity and ease of fabrication but introduces slightly larger optical
delays compared to more compact mirrors such as metal reflectors or 1-D photonics crystal
mirrors. The loop mirror consists of a 1x2 MMI with parameters from Table 1 and a section of
waveguide arc. The total arc length is 319.26 µm.

The phase shifter length in the MIM is 0.5 mm. As a reference and for comparison, an MZM
with the identical phase shifter design but twice the phase shifter length (1.0 mm) has been placed
along side.

3. Experimental methodology

3.1. Experimental setup

Figure 7 shows a diagram of the experimental setup used during the DC and RF testing of the 2
µm modulators. A Thorlabs TLK-L1950R tunable laser is used as a seed of a bespoke TDFA.
The TDFA is then pumped by an EDFA. Polarisation control is essential for the grating coupler,
and for this we used a custom made fibre based polarisation controller made from SM2000 fibre
with thin jacket and Thorlabs paddles. Light is coupled into and out of the Device Under Test
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(DUT) with grating couplers. A Thorlabs low speed 2 µm InGaAs detector with internal gain
is used for fibre alignment and low speed characterisation. During the RF characterisation, an
EOT ET-5000 high speed 2 µm InGaAs detector is used. The detector has a rated bandwidth of
>12.5 GHz, and is the bottleneck in the high-speed link. For the electrical path, a pseudorandom
binary sequence (PRBS) is outputted from an SHF 12104A Bit Pattern Generator (BPG) with
a maximum 2 V peak-peak signal. In the push-pull configuration, no further RF amplifier is
required. In the PAM-4 and MIM testing, a linear amplifier (SHF-S804A) is used to amplify
the peak-peak voltage to 4V. The RF signal is combined with a DC bias in a bias Tee and is
launched into the DUT via a ground-signal-ground-signal-ground (GSGSG) probe. External
50Ω termination is applied to the output end of the modulator with another GSGSG probe.

Fig. 7. High-speed RF measurement set up for 2 µm wavelength modulator during PAM-4
characterisation.

3.2. Principle of streamlined PAM-4 operation

3.2.1. Existing optical PAM-4 modulation architectures with MZMs

There are mainly three methods to generate optical PAM-4 signal with MZMs.
Figure 8(a) illustrates a standard travelling wave MZM with a PAM-4 electrical drive signal.

The electrical PAM-4 signal is generated by merging two electrical NRZ signals with an electrical
digital-to analogue converter (DAC). It is however difficult to design a high performance DAC, or
for it to be cost effective in a product. Furthermore, the amplification of electrical PAM-4 signal
requires dedicated highly-linear drive amplifier, which pose further challenge for high speed
electrical devices. Lastly, in a single MZM, PAM-4 requires a higher optical extincation ratio
(ER) and hence a longer device compared to OOK for a similar BER performance. The extended
length may leads to adverse effects in the RF bandwidth.

The second option is to use a segmented MZM as shown in Fig. 8(b). Compared to the
previous standard MZM, this shortens the arm length on each segment and helps maintain a high
bandwidth. Both segments uses standard NRZ electrical driving signals, which involves no DAC
and is therefore easier to generate. Nevertheless, the segmented design is inherently subject to



Research Article Vol. 29, No. 10 / 10 May 2021 / Optics Express 14444

Fig. 8. (a) Conventional MZM with electronic DAC. (b) Segmented MZM with dual
NRZ drive signal. (c) Parallel MZM with regulated dual NRZ drive signal. (d)Proposed
streamlined PAM-4 modulation with dual-drive MZM. RV stands for reverse bias voltage.
The upper arm NRZ 1 signal is been amplified to be 6 dB larger than the lower arm NRZ 2
signal. The more amplified drive signal carries the MSB and the other carries the LSB.

delay issue. The most significant bit (MSB) and least significant bit (LSB) driving signals need
to be precisely tuned to offset the delay in the optical link. Controlling the delay in high datarate
signals could be rather challenging to implement.

In Fig. 8(c) a pair of parallel MZMs are used to realise a PAM-4 transmitter. Both MZMs are
identical in length, eliminating the delay issue. The MSB side then requires 6 dB more amplified
NRZ signal than the LSB side. Extra phase shifters (often thermal) need to be added to fine tune
the phase of the optical MSB signal and LSB signal so that they match each other. Since each
modulator is only modulating half of the total input light, the driving peak-to-peak voltage would
need to be higher than the segmented version to achieve the same ER.

3.2.2. Proposed streamlined IMDD PAM-4 with dual-drive MZM

We have proposed a streamlined method to implement the PAM-4 transmitter with a standard
MZM. It needs only minimal modification of the current characterisation setup and without using
an Arbitrary Waveform Generator (AWG). As illustrated in Fig. 9 the PAM-4 signal is generated
by feeding NRZ electrical signals with different peak-to-peak power into each arm of the MZM.
At the detection end, any phase information has been discarded and only intensity information is
interpreted.

Here we analyse the system mathematically to prove the validity of the method. To simplify
the calculation, zero optical loss has been assumed in each arm and the plasma dispersion effect
induced loss has been neglected. The transfer function of a 1x1 MZI [19] can be simplified to

EOUT

EIN

≈ 1
2 [e

j(ωt−φ1) + ej(ωt−φ2)] (1)

= ej
φ1+φ2

2 cos
(︁ φ1−φ2

2
)︁

(2)
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Fig. 9. Proposed streamlined PAM-4 modulation with dual-drive MZM. RV stands for
reverse bias voltage. The upper arm NRZ 1 signal is been amplified to be 6 dB larger than
the lower arm NRZ 2 signal. The more amplified drive signal carries the MSB and the other
carries the LSB.

where EIN is the optical input amplitude, EOUT is the optical output amplitude, ϕ1 and ϕ2 are the
phase delays induced in arm 1 and arm 2. The term φ1+φ2

2 is the argument, which corresponds to
the phase shift. And

|︁|︁ cos
(︁ φ1−φ2

2
)︁ |︁|︁ is the magnitude, which corresponds to the amplitude change.

In a MZM, the phase shift in each arm ϕi consists of inherent propagation delay ϕ′i and phase
shifter induced delay ∆ϕi. If we assume that the phase shifter response is linear, the phase change
∆ϕi induced is linearly proportional to the reverse bias voltage Vi imposed.

ϕ1 = ϕ
′
1 + ∆ϕ1 ≈ ϕ′1 + π

V1
Vπ

(3)

ϕ2 = ϕ
′
2 + ∆ϕ2 ≈ ϕ′2 + π

V2
Vπ

(4)

When operating at the quadrature point, ϕ′1 − ϕ
′
2 = π/2. Therefore,

EOUT

EIN

=
1
2
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[︁ φ′

1+φ
′
2

2 +
π

2Vπ
(V1+V2)

]︁
· cos

[︂ϕ′1 − ϕ′2
2

+
π

2Vπ
(V1 − V2)

]︂
(5)

=
1
2

ej
[︁ φ′

1+φ
′
2

2 +
π

2Vπ
(V1+V2)

]︁
· cos

[︂ π
4
+
π

2Vπ
(V1 − V2)

]︂
(6)

The reverse bias voltages Vi each consists of a DC bias voltage Vbiasi and an RF AC signal with
peak-to-peak voltage of Vppi .

V1 = Vbias1 ±
Vpp1

2
(7)

V2 = Vbias2 ±
Vpp2

2
(8)

If Vpp1 = 2Vpp and Vpp2 = Vpp, V1 − V2 can then take these four distinctive levels.

V1 − V2 =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(Vbias1 − Vbias2 ) +

1
2 (Vpp1 + Vpp2 )

(Vbias1 − Vbias2 ) +
1
2 (Vpp1 − Vpp2 )

(Vbias1 − Vbias2 ) +
1
2 (−Vpp1 + Vpp2 )

(Vbias1 − Vbias2 ) +
1
2 (−Vpp1 − Vpp2 )

(9)
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=

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(Vbias1 − Vbias2 ) +

3
2Vpp

(Vbias1 − Vbias2 ) +
1
2Vpp

(Vbias1 − Vbias2 ) −
1
2Vpp

(Vbias1 − Vbias2 ) −
3
2Vpp

(10)

Since,
IOUT

IIN

= cos2
[︂ π
4
+
π

2Vπ
(V1 − V2)

]︂
(11)

Therefore the output intensity of the MZM will also take four distinctive levels, if max(V1 −
V2)<Vπ/2. The phase information is lost in the detection, and the whole system is effectively a
intensity-modulation, direct detection (IMDD) PAM-4. However due to the residue phase in each
output level, coherent application is not possible with this scheme. The linearity of PAM can be
improved by choosing a RF driving signal with moderately small peak-to-peak voltage Vpp.

If Vpp1 = Vpp and Vpp2 = Vpp, V1 − V2 can then take three distinctive levels.

V1 − V2 =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
(Vbias1 − Vbias2 ) + Vpp

(Vbias1 − Vbias2 ) + 0
(Vbias1 − Vbias2 ) − Vpp

(12)

It is now a transmitter with a 3-level dual-binary signal output.
We have build a proof-of-principle simulation in Lumerical Interconnect to testify the proposed

scheme. We fed two streams of 25 Gbit/s PRBS signals into each arm of a model MZM. The
bias voltage is -2 V on both arms and the peak-to-peak voltages of the RF signal are 1 V and 2 V,
corresponding to least significant bit (LSB) and most significant bit (MSB) respectively. A full
coherent detector captures both phase and amplitude information and generates a constellation
diagram. Figure 10 shows the heat map constellation diagram. It clearly shows four distinctive
intensity modulation levels. The uneven spacing between levels are owing to non-linear response
of the model modulator.

Fig. 10. Simulated the heat scatter constellation diagram of signal output from a streamlined
PAM-4 transmitter, emphasizing the four intensity modulation states. I and Q both have
arbitrary unit (A.U.).
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4. Results and analysis

4.1. MZM OOK

The measured light intensity spectra under various bias DC voltages for the MZM that comprises
a 2.0 mm long phase shifter is shown in Fig. 11(a). The phase shift for each DC voltages is
extracted in Fig. 11(b). The single-arm modulation efficiency (Vπ ·Lπ) at a reverse bias of 4 V is
2.89 V·cm at 1950 nm.

Fig. 11. (a) Normalised light intensity spectra from the MZM at 0–6 V reverse bias voltages.
(b) Phase shift for a MZI modulator with 2 mm long phase shifter. (c) Insertion loss of the
2 mm MZM device and its two reference structures (MZM without metal electrode, MZI
without metal nor doping).

The high-speed RF characterization is carried out in a push-pull configuration. The DC bias is
-4.5 V. An high-speed 27 − 1 psuedorandom-bit-stream OOK signal directly outputted from a
BPG with a peak-to-peak amplitude of 2 V is applied on each arm. At wavelength of 1956.5 nm,
the device modulates at 10 Gbit/s with an extinction ratio of 12.7 dB, as shown in Fig. 12(a), at
20 Gbit/s the extinction ratio is 10.3 dB, as in Fig. 12(b), and at 25 Gbit/s the extinction ratio
is 6.25 dB, as in Fig. 12(c). Because of the bandwidth limit of the detector we were unable to
obtain an open-eye diagram for data rates greater than 25 Gbit/s at a 2 µm wavelength.

Fig. 12. Eye diagram for MZI modulator at 1956.5 nm wavelength. (a) Data rate 10 Gb/s,
Extinction ratio 12.7 dB. (b) Data rate 20 Gb/s, extinction ratio 10.3 dB. (c) Data rate 25
Gb/s, extinction ratio 6.25 dB.

As indicated in Fig. 11(c), the insertion loss of the MZM with 2 mm phase shifters is 4.96 dB.
A reference structure with all low dose and high dose doping but no metal is measured with an
insertion loss of 4.76 dB. A third reference structure comprises only MZI without doping nor
metal is shown to have a insertion loss of 1.25 dB. We could then deduce that doping accounts
for a majority of the loss difference between MZM and MZI (around 3.51 dB), while metal
electrodes only accounts for around 0.2 dB loss.

4.2. MZM PAM-4

The same MZM with 2 mm long phase shifters is used to perform the PAM-4 experiment.
We have applied -4.5 V reverse bias on both arms. The LSB arm is fed with RF signal with
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peak-to-peak voltage of 2 V directly outputted from the BPG. While for the MSB arm, the signal
goes through a linear amplifier to provide a 4 V peak-to-peak signal. The two channels contain
independent 27 − 1 PRBS signals. This satisfies the PAM-4 condition in Eq. (10). RF-wise,
the delays between the channels are adjusted in BPG to compensate for the propagation delay
difference in the RF cables. The operation wavelength used is 1956.5 nm.

Figure 13(a) shows the eye diagram of a 20 Gbit/s PAM-4 signal (10 Gbaud), with an extinction
ratio of ER00−11 = 8.9 dB. Figure 13(b) shows the eye diagram of a 25 Gbit/s PAM-4 signal (12.5
Gbaud/s), with an extinction ratio of ER00−11 = 20 dB. The high extinction ratio is due to the
device not operating at the quadrature point. We have also tested the 30 Gbit/s PAM-4 signal
as shown in Fig. 13(c) – the eye however is not open. This is likely caused by the noise from
amplified spontaneous emission (ASE) introduced in the TDFA. The eye does not suffer from the
nonlinear response as in Fig. 10. This is mainly because the peak to peak voltages (2 V and 4 V)
are significantly smaller than the Vπ (14.45 V for the 2 mm MZM driven by single arm), the
modulation response is therefore mostly linear in this regime.

Fig. 13. Eye diagram showing PAM-4 operation of a 2 mm MZI modulator at a wavelength
of 1950 nm. (a) 20 Gbit/s PAM-4. (b) 25 Gbit/s PAM-4. (b) 30 Gbit/s PAM-4.

4.3. MIM

The Michelson interferometer could produce significant back propagating light. Hence an optical
isolator between the output TDFA and the device is essential to prevent any disturbance of the
TDFA and the seed laser due to back reflections from the measured device.

In the DC regime, as shown in Fig. 14(a), the 0.5 mm long Michelson modulator has almost
identical modulation efficiency to that of a 1 mm long MZM. They both have about half the
efficiency of the 2 mm long MZM as expected. At a -4 V DC bias voltage, the 1 mm MZM has a
measured modulation efficiency (Vπ ·Lπ) of 2.78 V·cm, whereas the Michelson interferometer
modulator provides around double the performance due to its double pass, reaching 1.36 V·cm.

The measurement results obtained from loss analysis structures as given in Fig. 14(b) shows a
similar result to the MZM case. The insertion loss of a Michelson interferometer modulator at
zero bias is approximately 4.1 dB. The passive waveguide loss is ∼2.45 dB, doping loss 1.1 dB
and the metal and vias contribute to the remaining 0.55 dB loss.

For RF characterisation, only a single arm is driven. The 27 − 1 psuedorandom-bit-stream
OOK signal output from the BPG is amplified from 900 mV to 4 V peak-to-peak with an SHF
S804A linear amplifier. The DC bias voltage is -2 V for the looped mirror Michelson modulator
and -2.2 V for the MZM. To operate both devices at the quadrature point, a picked wavelength of
1954.10 nm is used for the Michelson modulator and 1955.10 nm for the MZM. The Michelson
modulator with 0.5 mm long phase shifters gives an extinction ratio of 1.45 dB at 8 Gbit/s, and
extinction ratio of 0.8 dB at 20 Gbit/s. The MZM with 1.0 mm phase shifters gives an extinction
ratio of 1.98 dB at 8 Gbit/s, and extinction ratio of 1.97 dB at 20 Gbit/s. The eye diagrams of 0.5
mm MIM and 1.0 mm MZM are given in Fig. 15.

The degradation of the extinction ratio at 20 Gbit/s for the Michelson modulator is likely
due to the mismatch of electrical and optical signal propagation. For moderately low datarates,
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Fig. 14. (a) DC modulation efficiency of a looped-mirror Michelson interferometer
modulator with 0.5 mm long phase shifter and a Mach-Zehnder interferometer modulator
with 1.0 mm long phase shifter. (b) Insertion loss of the 0.5 mm Michelson interferometer
modulator and its two reference structures (MIM without metal electrode, Michelson
interferometer without metal nor doping)).

Fig. 15. Eye diagram for the 0.5 mm Michelson interferometer modulator and 1 mm MZI
modulator at a wavelength of 1950 nm. (a) 0.5 mm MIM: Data rate 8 Gb/s, Extinction ratio
1.45 dB. (b) 1 mm MZM: Data rate 8 Gb/s, Extinction ratio is 1.98 dB. (c) 0.5 mm MIM:
Data rate 20 Gb/s, Extinction ratio 0.89 dB. (d) 1 mm MZM: Data rate 20 Gb/s, Extinction
ratio 1.97 dB.

MIM can be approximated as a lumped model and the degradation is minute; but at a datarate
of 20 Gbit/s, the RF modulation efficiency drops significantly. This can be solved by adopting
highly efficient modulation schemes and therefore significantly reducing the modulator length,
for example accumulation type silicon modulators or Pockels effect modulators.

5. Conclusion

2µm wavelength optimised carrier-depletion MZM and MIM have been designed, fabricated
and characterised. The MZM with 2 mm long phase shifters operates at 25 Gbit/s OOK with
an extinction ratio of 6.25 dB in a push-pull configuration. The insertion loss at zero bias is
4.96 dB and the single arm Vπ ·Lπ efficiency is 2.89 V.cm at 4 V reverse bias. A streamlined
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IMDD PAM-4 method has been proposed and mathematically analysed. The method is used
to obtain 25 Gbit/s PAM-4 with the same MZM with 2mm long phase shifters. A Michelson
interferometer modulator (MIM) with 0.5 mm long phase shifter length is demonstrated to have
similar modulation strength to that of a MZM with 1.0 mm long phase shifter. The single arm
Vπ ·Lπ efficiency of the MIM is 1.36 V·cm at 4 V reverse bias. Both MIM with 0.5 mm long
phase shifters and MZM with 1 mm long phase shifters operate at 20 Gbit/s OOK with single
arm driving.
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