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Abstract—The use of electrical precompensation for high-speed
operation of lumped MZMs is demonstrated for 50 Gb/s PAM4
modulation through experiment and simulation. An accurate
equivalent circuit model is fitted to S11 measurements and then
used to analyse design trade-offs in terms of system performance,
energy consumption and drive voltage requirements. If precom-
pensation is not used, careful selection of source resistance with
respect to electrode and packaging inductance is shown to be crucial
for high-speed modulation. Increasing the electrode inductance is
shown to be beneficial as it introduces inductive peaking, which
allows optimum performance with a higher source impedance.
Furthermore, combining precompensation with a slight inductive
peaking and optimised source resistance is demonstrated to reduce
drive voltage requirements and further reduce the energy dissi-
pated in the equivalent circuit.

Index Terms—Electro-optic modulators, intensity modulation,
predistortion, silicon photonics.

1. INTRODUCTION

HE growth of media streaming and cloud storage is driving
data centre expansion, placing demands of high speed
and low power on the next generation of short-reach opti-
cal transceivers. Recent interconnect standards have targeted
the 100G and 400G data rates through multi-fibre or multi-
wavelength channels operating at 25 Gbps and 50 Gbps [1],
[2]. Of the photonic technologies available to meet these re-
quirements, silicon photonics (SiP) notably offers the potential
for high-density, low-cost components using mature CMOS
foundries. Typical SiP modulators use depletion-mode, plasma-
dispersion-effect phase shifters combined in interferometric
structures such as micro-ring modulators (MRMs) or Mach-
Zehnder modulators (MZMs).
MZMs can be designed to be much more insensitive to
temperature variations than MRMs, making them attractive for
data centre applications. To keep the half-wave voltage (V)
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of SiP MZMs low, the phase shifter length must be relatively
large, typically in the order of a few millimetres. Keeping the
electro-optic bandwidth high at these lengths means MZM elec-
trodes are normally designed as transmission lines, minimising
travelling wave effects such as RF attenuation, RF reflections
from impedance mismatch, and the velocity mismatch between
the optical and electrical waves in the device. These travelling-
wave MZMs (TW-MZMs) require a terminating resistor at the
end of the electrodes to achieve impedance matching, typically
of resistance R = 50 (2 (although certain designs benefit from
freeing their source and/or termination impedance from a 50 2
environment [3]-[6]). Recent demonstrations of such devices
have reached bit rates of over 100 Gb/s using advanced mod-
ulation formats and digital signal processing (DSP) [7]-[10].
However, there are two drawbacks to having this terminating
resistor. Firstly, the energy consumption of the MZM will be
dominated by the resistor in each electrode according to V2 /2R,
where V,,, is the peak-to-peak voltage across the phase shifter,
and assuming the modulation is a simple, two-level, non-return-
to-zero (NRZ) format. Secondly, the voltage available from the
output stage of the driver amplifier is now dropped across two
circuit elements in series: the internal matching resistor of the
driver and the terminating resistor of the MZM. Assuming as a
first approximation that the MZM electrodes do not introduce
any loss, the effective voltage across the phase shifter is halved,
reducing the phase shift produced per drive voltage. In contrast,
lumped MZMs, which do not have terminating resistors, act as
a capacitive load, and so avoid these two issues. The effective
voltage across the phase shifters is equal to the drive voltage,
and their energy consumption for NRZ modulation follows the
charging and discharging of a capacitor as C Vp?p /4, where C' is
their capacitance, where the energy is dissipated through series
resistive elements in the circuit such as the source resistance
and junction resistance. However, the lack of a terminating
resistor means that lumped MZMs must be kept very short
(typically <1 mm) or suffer heavy bandwidth impairment due
to reflections from the open-ended electrodes. As mentioned,
shorter electrodes require higher V; driving voltages and hence
there would be a clear advantage in terms of drive conditions
if lumped MZMs with long electrodes could be used for high-
speed modulation. Several papers in recent years have focussed
on designing lumped MZMs for operation with high bandwidths
through optimisation of doping levels and patterns [11]-[13],
silicon-organic hybrid (SOH) phase shifters [14], [15], mean-
dered electrodes [16]-[19], passive equalisation [20], [21] and
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Fig. 1. Experiment setup for precompensated 50 Gb/s PAM4 modulation with

the lumped MZM.

novel driver designs that avoid 50 2 environments entirely
by using drivers with lower output resistance [11], [13], [19],
switched-capacitor [22] or open-collector [23] schemes.

We have previously shown how electrical precompensation
and receiver-side equalisation can be used to enable 50 Gb/s
modulation with an unterminated, lumped MZM of length 1.5
mm [24]. In this paper, we expand on this work by removing
the need for receiver-side equalisation and compare through
equivalent circuit modelling the trends in increased drive voltage
and energy requirements when using precompensation and in-
ductive peaking for various driver source impedances. The paper
is organised as follows: firstly, in Section II, the use of electrical
precompensation is shown through experiment to enable 50 Gb/s
PAM4 signalling despite the low bandwidth of the MZM. Next,
in Section III, an equivalent circuit model of the lumped MZM
is fitted to S11 measurements to allow accurate modelling of
the lumped MZM’s high-frequency performance and energy
requirements. In Section IV, the performance of the MZM with
and without a typical 50 €2 termination is compared. Next,
in Section V, various methods of boosting the lumped MZM
bandwidth at the driver to reach 50 Gb/s PAM4 modulation are
compared. Finally, we come to a conclusion in in Section VI.

II. TRANSMISSION EXPERIMENT

The experimental setup used to characterise the RF perfor-
mance of the lumped SiP MZM is shown in Fig. 1. Differential
electrical drive signals were generated by a 100 GSa/s arbitrary
waveform generator and digital-analog converter (AWG/DAC)
with 33 GHz analog bandwidth, then amplified by a commercial
32 GHz linear RF amplifier before being applied to the MZM in
dual-drive, push-pull mode via a high-speed GSGGSG probe.
Identical DC bias of —3 V was added to each RF drive signal via
an external bias tee. A deliberate, small asymmetry in the MZM
arm lengths allowed quadrature operation to be reached by finely
tuning the commercial C-band laser in a 2 nm range around
1550 nm, avoiding the need for DC or thermal bias sections
in the arms. The MZM is from IMEC’s iSIPP25G process and
uses depletion-mode phase shifters based on rib waveguides of
rib width 500 nm, rib height 220 nm, slab height 90 nm, and
length 1.5 mm, with a lateral PN junction placed at the centre
of the rib. Due to the high loss of the non-optimised grating
couplers on this device (approx. 6 dB each), the output of the
MZM was boosted by an erbium-doped fibre amplifier (EDFA).
The optical signal was filtered using a 0.8 nm bandpass filter
(BPF) to remove the out-of-band EDFA noise before being
detected by a commercial 40 GHz photoreceiver (Rx). The
resulting electrical signal was sampled by a 33 GHz, 100 GSa/s
real-time oscilloscope (RTO). Before connecting to the MZM,
the RF components and cables (excluding the RF probe) had
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Fig. 2. (a) Measured frequency response of the lumped MZM at a bias of

—3 V. (b) Measured 50 Gb/s PAM4 eye diagram from the lumped MZM using a
matched electrical precompensation filter in the AWG/DAC to obtain a 25 GHz
fourth-order Bessel response. The outer ER is 3 dB.

been connected directly to the RTO. Their frequency roll-off
was measured using flat-spectrum, Schroeder-phased harmonic
signals (SPHS) [25], and then compensated out of the system
for subsequent high-speed measurements by applying suitable
zero-forcing filters at the AWG/DAC. The frequency response
of the MZM was also measured using SPHS and is plotted in
Fig. 2(a) at a bias voltage of —3 V, showing a steep roll-off due
to its relatively long length for a lumped design.

To measure the ER of the MZM’s output when no precom-
pensation is applied, a lower-speed 5 Gbaud NRZ signal was
transmitted. The ER was calculated from the resulting optical
signal’s rails and found to be 9 dB for a peak-to-peak drive
voltage of 3 V in each arm. A 50 Gb/s PAM4 pattern was formed
from two PRBS15 patterns, with the most-significant bit (MSB)
and least-significant bit (LSB) shifted by half a pattern, and then
transmitted using the AWG. Due to the very low bandwidth of the
MZM, the measured eye diagram was completely closed. Using
this sampled signal, a 41-tap, fractionally spaced (two taps per
symbol) FIR filter was generated offline in Matlab to compensate
for the frequency response impairments in the system. This
relatively high number of taps was used to fully cover the width
of the MZM’s impulse response as a general proof of concept
that low-bandwidth lumped MZMs can be precompensated to
work at high bit rates, taking advantage of the AWG’s ability
to apply as many taps as needed to maximally compensate
for the MZM’s performance. To reduce the energy overhead
in the predistortion, a lower number of taps would be used in
a driver with a feed-forward equaliser (FFE) circuit, at which
point optimisation of the number of taps would be necessary
for a particular device. The matched filter was adapted using a
least-mean square (LMS) algorithm and designed to produce an
ideal fourth-order Bessel response with a 3 dB bandwidth equal
to the symbol rate when convolved with the frequency content of
the transmitted signal. The filter was then subsequently applied
at the AWG/DAC as an electrical precompensation filter to
produce an ideal 50 Gb/s PAM4 waveform. The peak-to-peak
drive voltage into each arm of the MZM was 3 V. The resulting
measured eye diagram is shown in Fig. 2(b) as obtained from the
RTO. The optical input power to the receiver is —5 dBm. The
signal exhibits clear eye opening, although the precompensation
causes the outer ER to reduce to 3 dB.
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III. LuMPED MZM MODEL
A. Simulation Testbed

Although 50 Gb/s PAM4 modulation is achievable with the
lumped MZM in this setup, the low bandwidth of the modulator
means that there is a significant drop in the ER of the signal
after precompensation. To investigate more general lumped
MZMs than this device and have the freedom to sweep device
parameters such as the driver source impedance, it is convenient
to use a simulation testbed. This also allows investigation of
the energy consumption trends of the modulator by accurately
knowing the time-domain voltage and current waveforms in
the device. This section describes the model used. The code
for the testbed was internally developed and written entirely in
Matlab. The pattern generation and analysis used is identical to
those in the experimental setup of Fig. 1; the simulation testbed
simply replaces the DAC, laser source, MZM, and photodiode
with suitable models. The electrical bandwidths of the DAC and
photoreceiver are modelled via fourth-order Bessel responses
with a 3 dB point equal to the symbol rate. The modelled
photodiode has a noise-equivalent power (NEP) of 24 pW/+/Hz
and an ideal responsivity of 1.

B. SiP MZM Structure

To model the SiP MZM structure, the depletion-mode phase
shifters in each arm are first modelled after the method described
by [26]. The phase shifters are based on rib waveguides of
rib width 500 nm, rib height 220 nm, and slab height 90 nm,
with a length (L) of 1.5 mm. Optical mode simulations with
FEMSim software give an effective index (n.g) of 2.57 and
a group index (ng) of 3.84. A lateral doping profile is used,
with the junction placed in the centre of the waveguide. The
choice of p-type and n-type doping levels then determines the
free carrier absorption « and effective refractive index nes of
the phase shifter, providing them from the model as a function
of applied voltage. The electric field of the outgoing light
from the MZM is then related to the that of the incoming light
FEi, through Eo = 1 + E5, where

By (t) = 5 EnA; (t) exp (i, + iy (1)) (1)
Ei,As

3 €
Ey (t) =% (t) exp (icp2) ©)

are the respective electric fields in each arm of the
MZM. The terms A; (t) = \/exp(a(V4(t))L) and Ay (t) =

exp(a(Va(t))L) account for the propagation loss of the
electrical field in the waveguides, which is here due to the
voltage-dependent free carrier absorption. The terms ¢ (t) =
(27T/)\,)A7’Leff(‘/1 (t))L and (252 (t) = (27T/)L)Aneff(‘/2(t)>L rep-
resent the phase shift from the voltage-dependent refractive
index change. The phase term ¢, is a phase offset introduced by
length asymmetry to allow tuning of the phase without adjusting
electrical bias. Itis set to 7/2 to operate the MZM at its quadrature
point.
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Fig. 3. (a) Equivalent circuit model of the driver and phase shifter for the
lumped MZM, including parasitics. (b) Thévenin equivalent circuit with respect
to the junction capacitance C';.
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C. S11 Fitting

To accurately model the bandwidth and energy consumption
of a lumped MZM, a suitable equivalent circuit model must be
obtained. Typically, some variety of LRC circuit with additional
parasitics is used to model lumped modulators of this type [13],
[27]. Fig. 3(a) shows such a circuit, based on a model provided by
the IMEC foundry for this lumped MZM which was produced
in their iSIPP25G process. Here, R, is the source resistance
of the driver (typically 50 ), C,, is the parasitic capacitance
of the RF bond pads, 2, is the resistance of the bulk silicon,
C) is the capacitance through the oxide layer, and L. is the
inductance of the electrodes. The parameters R; and C; are
the junction resistance and capacitance, respectively, which are
dependent on the doping levels of the silicon phase shifter. For
a given angular frequency w, the complex impedances of these
parameters can be obtained in the usual fashion: the complex
impedance for a resistance R is given simply by R, while
the complex impedances of a capacitance C' and inductance
L are given by 1/iwC' and iwL, respectively. The complex
impedances resulting from the circuit parameters in Fig. 3 will
be respectively labelled as Zrs, Zcm, Zrps Zcps Zrj» and Zj.
As the voltage dropped across the junction capacitance is the
crucial load voltage for obtaining modulation with the MZM,
this has been labelled Vipaqa (w).

While R; and C; can be modelled directly by knowing the
geometry and doping of the lateral PN junction [28], knowledge
of the additional parasitic elements is best obtained by fitting
the circuit model to the S11 parameter (reflection coefficient) of
the device [27]. This is a better choice for fitting than the S21
parameter (transfer function) as it is a one-port measurement
on a VNA, removing extraneous factors from the measurement
such as a photoreceiver or the optical transit time of the MZM
(discussed later in this section). In terms of impedances, the S11
parameter can be expressed as

T = Zuszms ®
where Znod = Zcm || (Zcp —+ ZRp) || (ZRJ' —+ ch —+ ZLelec) and
Zsource = ZRs are the complex impedances of the MZM chip and
voltage source, respectively. The S11 parameter of the lumped
MZM is measured at various bias voltages over frequencies from
10 MHz to 40 GHz by connecting each arm in turn to a VNA
using an RF cable and a high-speed GS probe. Appropriate short-
open-load (SOL) calibration is used to de-embed the effects of
the cables and probe from the measurement.
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TABLE I
CIRCUIT VALUES OBTAINED FROM FITTING OF THE MEASURED S11
PARAMETER FROM THE LUMPED MZM FOR VARIOUS BIAS VOLTAGES

Bias Rj G Letec Cm Rp Cp
\Y] ] [fF] [pH] [fF] [ [fF]
0 10.7 770 75 100 1000 200
-1 10.6 685 75 100 1000 200
-2 10.4 612 75 100 1000 200
-3 10.3 564 75 100 1000 200
-4 10.2 529 75 100 1000 200
-5 10.0 501 75 100 1000 200
-6 9.9 477 75 100 1000 200
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(a) Frequency (GHz) (b) Frequency (GHz)
Fig.4. Fitofthe equivalent circuit model to the (a) Real and (b) Imaginary part

of the measured S11 parameter at various bias voltages. Solid lines are measured
data, dotted lines are the fits.

Equation (3) is then fitted to the measured S11 data at each
bias voltage using Matlab’s finincon function. As I' is complex
valued, its real and imaginary parts are separated during the
fitting; the respective differences between the real and imagi-
nary parts of the measured data and analytical expression are
calculated individually before being combined into one mean
squared error. Appropriate bounds for the fit are decided upon
using sample circuit values provided by IMEC for a shorter 0.5
mm MZM in the iSIPP25G process, combined with coarse brute
searches over the parameter space to identify trends in the fit.
For the final fittings across the range of bias voltages, the values
of Leiee, Crm, Ry and C), are held fixed at sensible mean values
obtained from trial fits to reflect the fact that the electrode, bond
pads and bulk silicon structure should be unaffected by changes
in voltage.

The resulting fitted circuit parameters are shown in Table I for
the various reverse bias voltages. The measured S11 parameter
and corresponding fitted curves are shown in Fig. 4 for a selection
of bias voltages. Close agreement is seen between the measured
and fitted data, sufficient to use the equivalent circuit model to
identify key trends in behaviour.

D. Circuit Transfer Function

With an accurate equivalent circuit model determined for the
lumped MZM, the load voltage V)y,q that falls across the junction
capacitance C} at various frequencies can now be determined.
The transfer function that determines this voltage with respect
to the source voltage is the S21 parameter. Due to the multiple
circuit elements present, it is convenient to use the Thévenin
equivalent of the circuit to simplify the treatment. By doing
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so, the voltage source and various complex impedances in the
model for the lumped MZM are replaced with an equivalent
combination of a single voltage source Vy in series with a single
impedance Zty as shown in Fig. 3(b). The Thévenin voltage is
given by

Vin () =Va (W) 2 7287 “)

where, for ease of notation, we have set Z; = Zcm || (Zrp +
Zep || (Zietee + Zre) and Zy = Zgs + Z1. The frequency-
dependent Thévenin impedance is given by

Zra = ([ Zrs || Zem || (Zrp + Zcp) + Zietee) || Zre) + Zrj-
&)
The load voltage across the junction capacitance C); is then
given by

Vit (@) = Vin (@) rmisige ©

The crucial transfer function of the circuit that determines the
MZM frequency response is then

Huoa () = S @)

The current drawn is given by dividing the source voltage by
the net impedance of the source and the modulator:

Vs (w) (8)

I (W)= zxtz0z) -

For the PRBS waveforms used later in this paper, the power
can then be calculated in the time domain by taking a dot
product with P (t) = 1 Re{V(¢t) - I*(t)}, where I* represents
the complex conjugate of the current.

E. Effect of Optical Transit Time on Frequency Response

Once the voltage transferred to the capacitor C'; has been
determined from (6), the final frequency-dependent effect that
must be considered at high frequencies is the finite transit time
of the light from one end of the phase shifter to the other. For
electrodes below the lumped element cut-off length, the voltage
present in an MZM arm at a given instant in time can be assumed
to be identical regardless of the position on the electrode. Optical
phase shift occurs as the light propagating in the MZM arm sees
achange in effective index due to applied voltage. This effective
index change is then a function of voltage, which is in turn a
function of time, i.e., Aneg(V (¢)). The transit time of the light
through the phase shifter can be expressed as 7, = L/v,, where
v, s the group velocity of the light, given by v, = ¢/n,. Here,
c is the speed of light in vacuum and n, is the optical group
index of the silicon waveguide. Crucially, if 7, is significant with
respect to the time variation of the voltage, the instantaneous
voltage present along the electrode at the time the light enters
the phase shifter will have changed in value by the time light exits
the phase shifter, weakening the overall modulation effect. This
effect is similar to the well-known velocity mismatch between
optical and electrical waves in TW-MZMs [29], but is treated
differently due to the inherent lumped-element assumption that
the RF signal is uniform over the electrode at any point in time.
As derived in [30], the effect the optical transit time has on the
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frequency response can be expressed as

Hop (w) _ lfexpl(fiw‘rg) (9)

W ’

the magnitude of which simplifies nicely to a sinc function:
|Hop(w)| = sinc(7yw/2). From this, we can obtain a 3 dB
bandwidth for a given MZM length due to optical transit time as
fr =044/ 7y = 0.44¢/(Lng). For the 1.5 mm lumped MZM
studied in this work, the corresponding f; of 22.9 GHz should
be investigated for the 25 Gbaud PAM4 signals in question. As a
judge of its potential impact, Fig. 5 plots the magnitude squared
of the frequency response resulting from (9). Notably, the roll-off
is virtually identical over this range of frequencies to that of a
fourth-order Bessel filter with the same 3 dB bandwidth. The
group delays of both responses are flat (not plotted). Given that
the 3 dB bandwidth in question is 91.6% of the 25 Gbaud symbol
rate, such a roll-off can be expected to have minimal impact on
the signal quality. The effect of the optical transit time on system
performance will be investigated further in Section IV.

Finally, it should be noted that this bandwidth description
does notinclude the possible onset of travelling-wave effects (RF
attenuation, RF reflections, and velocity mismatch of optical and
RF waves) over the length of this 1.5 mm MZM for which the
lumped model cannot entirely account. Modelling such effects
necessitates a longer simulation flow and knowledge of the elec-
trode characteristics that are not immediately accessible [3]. A
typical rule of thumb for the boundary between travelling-wave
and lumped operation of a device is to require the electrode
length to be acceptably small relative to the wavelength of the
RF signal passing through it, such as within a ratio of a tenth [30]
or, less stringently, a quarter [22], [31]. A suitable expression for
this is ILg = (Arro/7MRrE) - A, Where Agpg is the free-space RF
signal wavelength (given by the ratio of the speed of light in
vacuum to the signal frequency), ngr is the RF refractive index
of the electrode and A is the arbitrary constant that determines
the acceptable length ratio. The relevant length for determining
lumped operation can be increased by making the RF contact
point at the middle of the electrodes halfway along the device
length [16], i.e., the signal travels 0.75 mm in each direction
along a 1.5 mm MZM. Assuming ngr =~ 4 [17], the maximum
length for lumped operation in this case is then 10.5 GHz for
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A = 1/10 or 26.1 GHz for A = 1/4. However, it should
be recognised from this discussion that the boundary for a
lumped-element regime is relatively loosely defined and is not a
hard cut-off; the bandwidth is gradually penalised as the device
is lengthened. If needed, to ensure lumped electrical operation in
the upper region of frequencies, the MZM could be implemented
with a meandered design [16]-[19]. This has been shown to
keep the given RF distances electrically short (around 0.25 mm)
while maintaining relatively long effective MZM phase shifter
lengths (around 1.5 mm). As such, the analysis carried out using
the lumped frequency response model in the rest of this paper
can be seen as a way of identifying key trends in performance
for various driver parameters while using a simple, convenient
model.

IV. EFFECT OF REMOVING THE TERMINATION RESISTOR

With a model determined for the frequency response of the
lumped MZM, various drive circuit conditions can now be
analysed. The analysis will start by examining the effect of a
having or not having a 50 2 termination resistor on a lumped
MZM. From here on, the terms terminated and unterminated
will be used respectively for these conditions. As the circuit
parameters derived from the S11 fitting in Table I showed a
high junction capacitance (attributed to high doping levels), an
MZM with lower-doped PN junctions (5 x 10'” cm~3 for both
p and n sides) will be modelled in the following simulations,
with the junction capacitance C; adjusted accordingly. The fitted
junction resistance [2; was higher than values of approximately
6-8 2 obtained using modelling following the method in [28]
over doping levels of 5 x 10'7 cm™3 to 10'® cm 3, which is likely
attributable to extra parasitic effects. Its value was therefore
left unchanged from the fit. The other elements of the circuit
also kept fixed. Hence, the final circuit parameters serve as a
typical, representative example of a more moderately doped
SiP depletion-mode phase shifter with higher bandwidth than
our measured device, while using the additional knowledge of
the parasitic elements gained from the S11 fitting. The values
used are therefore as follows: Vpips = —1 V, R; = 10.6 €,
Leiec = 75pH, C; = 350fF, C,,, = 100fF, R, = 10002, and
Cp = 200 fF. The value of the termination resistor, when used,
is Ry = 50 Q. Otherwise, it is set to a very large impedance to
remove its effect from the circuit. A low peak-to-peak RF drive
voltage of 1 V in each arm is used here.

Removing the termination resistor from the MZM has a no-
ticeable effect on the magnitude and group delay of the frequency
response, as shown in Fig. 6(a) and (b), respectively. The most
obvious change is an increase of 6 dB in the power of the
modulation at low frequencies, which corresponds to twice the
effective voltage Vjoaq falling across the junction capacitance.
Essentially, the MZM presents an infinite impedance at low
frequencies as its behaviour is dominated by the capacitance C);
of the PN junction. It acts similarly to a simple series RC circuit,
which results in a high reflection coefficient. The energy from the
driver is only consumed in the resistive parts of the equivalent
circuit. This is beneficial in reducing the required modulation
voltage for a given ER. However, similarly to our results in
[24], the 3 dB bandwidth decreases significantly without the
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Gbaud NRZ and PAM4 signals.
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Fig. 7. (a) Simulated PAM4 eye diagrams at 10 Gbaud and 25 Gbaud for
the terminated and unterminated MZM. (b) Corresponding BER curves, with-
out/with effects of optical transit time.

termination, dropping from 11.4 GHz to 6.2 GHz. The group
delay is also degraded, with the unterminated case reaching a
maximum group delay of 33 ps as opposed to the 17 ps of the
terminated case.

To get a qualitative sense of the effect of these frequency
responses on signals, simulated PAM4 eye diagrams for the
terminated and unterminated MZMs in a back-to-back link are
shown in Fig. 7(a) for 10 Gbaud and 25 Gbaud. For a fair com-
parison, the set source volage is adjusted to ensure that the same
Vioad falls across the junction capacitance in both the terminated
and unterminated cases, i.e., the peak-to-peak source voltage
from the driver is 1 V in each arm for the unterminated MZM and
2 Vineach arm for the terminated MZM. Although the 10 Gbaud
eyes are relatively similar, there is a marked difference in eye
quality between the 25 Gbaud eyes, with the unterminated MZM
showing complete eye closure due to its ~6 GHz transmitter
bandwidth. This comparison is shown quantitatively in Fig. 7(b),
where the corresponding BER curves are shown against optical
power at the receiver. While 10 Gbaud PAM4 is not unduly
stressed by the absence of the termination, 25 Gbaud PAM4 is
less forgiving, with the unterminated MZM flooring at error rates
well above a typical forward-error correction (FEC) threshold of
1073, Also shown on this graph are the equivalent BER curves
obtained when the effect of the optical transit time on frequency
response (9) is not included in the simulation. The resulting
differences between the corresponding curves are very small
for all cases due to the relative high bandwidth of this effect
(fr = 22.9 GHz), and so this effect will be omitted in future
simulations in this paper. This has the advantage of simplifying
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the analysis and discussion of the MZM to deal only with the
equivalent circuit model.

V. IMPROVING THE LUMPED MZM BANDWIDTH THROUGH
DRIVER CONSIDERATIONS

A. Method 1: Use Predistortion

As shown experimentally in Section II, a bandwidth-limited
system can be precompensated at the transmitter to produce an
ideal signal at the receiver, provided the frequency response of
the system is known and sufficient drive voltage is available.
In the following sections, it will be assumed that the driver can
increase its peak-to-peak source voltage as necessary to boost the
high frequencies of the signal. The resulting increase in energy
dissipation and drive voltage will be noted. The magnitude and
group delay of the frequency response of the modelled termi-
nated MZM and unterminated MZM were shown in Fig. 6, where
the 25 GHz Bessel response also shown corresponds to that of the
unterminated MZM with precompensation applied. Although
such precompensation produces an ideal PAM4 eye, it does
require additional drive voltage and, hence, energy consumption,
if the ER is to be kept the same after precompensation.

The reason for the increase in energy consumption can be seen
in a familiar way in the time domain with PRBS waveforms;
Fig. 8 shows the source voltage, drawn current and load voltage
waveforms for a 25 Gbaud signal for the three cases. For clarity,
NRZ is shown rather than PAM4. As could be expected, the
terminated MZM requires a 2 V peak-to-peak source voltage
to produce a 1 V peak-to-peak load voltage, and draws current
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lumped MZM in terms of (a) Magnitude squared and (b) Group delay for a low
electrode inductance. (c) and (d) Correspond respectively to a higher electrode
inductance.

throughout each symbol duration, while the unterminated MZM
needs half the source voltage and draws current only at symbol
transitions. Most noticeably, the precompensated-unterminated
MZM still draws current only at the symbol transitions, but the
required peak-to-peak source voltage has increased to 2.1 V,
similar to that of the terminated MZM. The spike of drive voltage
present at the start of each symbol is typical of a waveform
that is precompensated to account for low link bandwidth. It
counteracts the slow rise and fall times that are present in the
time-domain, giving a “net” ideal load waveform, as shown in
Fig. 8(c). For 25 Gbaud PAM4 signals, the terminated MZM
consumes 0.42 pJ/bit, the unterminated MZM consumes 0.07
pJ/bit, and the precompensated unterminated MZM consumes
0.19 pl/bit. Although the precompensated-unterminated MZM
still uses less energy per bit than the terminated MZM, the
similar, doubled source voltage required for each is not ideal.
Hence, the next section will examine another method of dealing
with the low bandwidth of lumped MZMs.

B. Method 2: Reduce Source Resistance

Although precompensation solves the problem of the lumped
MZM’s low bandwidth, it is not an ideal solution in this case
as it causes a doubling of the required peak-to-peak source
voltage. Alternatively, the bandwidth of a lumped MZM can be
extended by reducing the source resistance R4 from the typical
50 © to a much smaller value to achieve impedance matching
between source and modulator [19]. The resulting effect on
the lumped MZM’s frequency response is shown in Fig. 9(a)
and (b). As R, reduces, the magnitude rolls off more gently
and the group delay decreases towards zero and flattens out.
These two effects are conducive to better eye quality and BER.
Towards very low values of R (5 €, highlighted in red), the
magnitude of the frequency response starts to rise above zero.
This is caused by the inductance of the electrode (75 pH) taking
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effect and causing a small amount of inductive peaking. This
small magnitude of this peaking, which shows only at very low
source resistances indicates that the lumped MZM essentially
follows RC behaviour. This is to be expected, given that the only
non-resistive or capacitive element in the circuit is the inductance
of the electrode Lgje.. The fitted value for this (75 pH) can be
considered to be quite low, given that such an exercise for a
similar lumped MZM in another work [27] gave a much higher
value of 375 pH.

A potential reason for this difference in inductance is the
geometry of MZM electrodes; treating them as two parallel
busbars, or long rectangular cuboids, the effective inductance
associated with each is approximated by [32]

[ — kol

o | (%) + 3], wa<t, (10)

where [ is the length of the electrodes, d is the separation of the
electrodes as measured between two corresponding points on
each, w is the electrode width and ¢ is the electrode thickness.
This equation holds predominantly for low frequencies but can
still be used to identify trends in how electrode inductance
changes with geometry. Clearly, a larger inductance can be ar-
rived upon for the same length MZM if greater separation occurs
between the signal and ground electrodes, or if the electrodes
are made thinner in height or narrower. The exact trade-offs in
the choice of MZM electrode geometry are beyond the scope of
this paper and will not be discussed further. However, given
that MZMs can have larger values of electrode inductance
than our fitted value, the resulting effect on the bandwidth and
system performance is worth analysing. In addition, regardless
of the inductance of the electrodes themselves, if wire bonds
(as opposed to bump bonds) are used to electrically couple a
driver to the MZM, significant inductance can be added, which
can be used to inductively peak the frequency response and
extend bandwidth [33]-[35]. For example, using the rule of
thumb of 1 nH/mm for a typical wire bond of diameter 25
pm [36], the larger inductance value of 375 pH in [27] can be
reached from our fitted value of 75 pH with a short wire bond
of length 300 um. As there are many possible values of Lejec
depending on design, the following analysis will use the two
previously mentioned inductance values (75 pH and 375 pH) as
representative examples of low-inductance and high-inductance
cases, respectively.

Fig. 9(c) and (d) show the frequency response of the circuit
in terms of magnitude and group delay when the inductance
has been increased to 375 pH. The effect of the inductance
is now far stronger as the source resistance is lowered, with
noticeable inductive peaking exhibited below 25 €2 (marked in
red). The resonant frequency that determines the location of
this peak occurs near \/1/(2rLC'), where C' is the net value
of the capacitances of the circuit and L is the inductance.
Taking . = L. and summing the parallel capacitances to get
C = C; + C,, (the other capacitance C), can be ignored due
its very large corresponding series resistance Ry), the calculated
resonant frequency is then 12.25 GHz, closely matching what is
seen in the figures.
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Such peaking naturally improves the MZM’s 3 dB bandwidth,
as demonstrated in Fig. 10(a), where the bandwidths of the
low-inductance and high-inductance cases are compared. The
high-inductance MZM gives greater 3 dB bandwidth than the
low-inductance MZM for source resistances from 50 €2 to 17.5
€, after which inductive peaking causes the bandwidth to drop
off quickly. However, there is a price to pay due to the extra
inductance since it causes greater energy consumption in the
circuit, as shown in Fig. 10(b) where the energy consumed per
bit is shown against source resistance for 25 Gbaud PAM4 and
NRZ. The increase is small (7 fJ/bit for PAM4) when the source
resistance is a standard 50 €2, but grows more significant as
the source resistance is decreased, being 17 fJ/bit more energy
intensive when the source resistance is 25 €2, and requiring 57
fJ/bit more for a 5 (2 source resistance. In the figure, for the same
symbol rate (25 Gbaud) and voltage swing, PAM4 appears ~3.5
times more power efficient than NRZ. This should be viewed
simply in terms of the energy dissipated in the equivalent circuit
model; it does not factor in any additional energy consumption
from more complex PAM4 driver circuitry. It is caused by the
RMS values of voltage and current being lower by a factor of
0.75 in the PAM4 signal due to the intermediate symbol levels
being of smaller amplitude than the outer symbol levels. With
one in every two symbols on average in a PAM4 waveform being
an intermediate level, the energy consumption is then reduced
by a factor of 1/(0.75 - 0.75 - 2) =~ 3.56.

Although a viewing of Fig. 10(a) shows that the maximum 3
dB bandwidth occurs when R, and L. are lowest, this is not
guaranteed to be most suitable design choice for the 25 Gbaud
PAM4 symbol rates of interest. There are practical challenges
in creating such a circuit; every electrical trace and transistor in
the driver adds to the net source impedance, adding difficulty
to the circuit design, while the packaging process can easily
contribute to inductance. Hence, the effect of lowered source
resistance on the required receiver power for a given bit rate
should be investigated to evaluate overall system performance
and potentially find an optimum value for R;.
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Fig. 10(c) compares the 25 Gbaud PAM4 system performance
of the low-inductance MZM and the high-inductance MZM,
showing against source resistance the required power at the
receiver for a BER of 1073, The 25 Gbaud NRZ case is also
shown for reference. For the low-inductance case, the required
power decreases monotonically with lowered source resistance,
reaching a minimum when Ry is 5 €2, i.e., when the 3 dB
bandwidth is maximised. Near the minimum point, there is
a 5 dB power penalty between the NRZ and PAM4 signals,
which is to be expected due to the eye openings decreasing by a
factor of three for the four-level signal. For the high-inductance
case, the optimal source resistance is 25 (2 rather than the
lowest possible value, as could be expected from a reading
of Fig. 9(c) and (d). Generally, the optimal overall frequency
response for a transmission system is one that remains flat for
longest (or rolls off slightly) towards the symbol rate. For values
of R, above 25 (2, the dominant system impairment is low
bandwidth, while below this, over peaking from the inductance
starts to take effect. As indicated in the figure, the regions
to the left and right of this optimal source resistance can be
classified respectively as the inductive peaking regime and the
low-bandwidth regime. There is minimal difference (less than
0.25 dB) penalty in the lowest required Rx power between the
low-inductance and high-inductance case; this is important, as it
shows that the requirements on lowering source resistance can be
significantly relaxed for a lumped MZM that has an appreciable
amount of inductance. Furthermore, although the trough-like
shape of the Rx power curve for PAM4 in Fig. 10(c) suggests
that best performance requires exactly 25 ) source resistance,
the required Rx power degrades by only 1 dB over the range of
18 € to 34 ). Again, this relaxes the design constraints for an
implementation of such a driver. As could be expected, 25 Gbaud
NRZ is less sensitive to variations in source resistance than its 25
Gbaud PAM4 counterpart due to its simpler eye shape; the region
of over-peaking from inductance does not have noticeable effect
until approximately 10 €2 source resistance. In fact, the optimal
source resistance for NRZ (20 €2) is marginally lower than that
of PAM4, as slight over-peaking benefits the simpler two-level
signal; there is no outer eye impacted by the overshoot in an
NRZ signal as there would be in PAM4. This emphasises the
need to carefully tune source resistance and inductance against
one another if attempting to inductively peak a PAM4 modulator
in comparison with the more relaxed needs of an NRZ modulator.

C. Method 3: Reduce Source Resistance & Use Predistortion

With two distinct methods proposed for improving the band-
width of lumped MZMs, a question regarding a third naturally
arises: what happens if both precompensation and a lowered
source resistance are implemented?

Fig. 11(a) shows the simulated required Rx power for the same
high-inductance MZM, now with and without precompensation
to optimise the signal. The precompensation applied is a matched
filter that is again designed to give a fourth-order Bessel response
with a 3 dB bandwidth of 25 GHz. As could be expected,
precompensation results in the best possible receiver sensitivity
regardless of the source resistance; provided sufficient source
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voltage is available from the driver and the frequency response
is well known, the linear impairments of the system can be
compensated perfectly. Notably, the required Rx power of the
non-precompensated case at optimal source impedance matches
that of the precompensated case. Certainly, any real implantation
of aMZM and driver will have features in the frequency response
that a simple reduction in source impedance and inductive
peaking cannot perfectly compensate. However, this result does
point towards the potential for a well-designed driver without
precompensation to at least approach the performance of a
precompensated scenario.

Although precompensation resolves the issue of bandwidth
regardless of source resistance, the required source voltage and
resulting energy dissipated are heavily affected by the type of
bandwidth impairment in question; compensating for the effects
of low bandwidth is not the same as compensating for the effects
of over peaking. Fig. 11(b) shows the required source voltage for
precompensating the signal, plotted against source resistance.
The non-precompensated case is shown for reference. The peak-
to-peak source voltage is highest for the 50 {2 source resistance,
with 1.8 V required in each arm. This is slightly less than
the 2 V that was needed to precompensate the low-inductance
MZM in Fig. 8(a) as the bandwidth is slightly better with higher
inductance at a standard 50 €2 source impedance. The required
source voltage decreases with the source resistance, until a
knee is reached when R, = 22.5 (2, very close to the source
resistance for minimum required Rx power. Beyond this point,
the voltage needed remains relatively constant at approximately
1 V. Essentially, as the chosen source resistance strays into the
low-bandwidth regime, the required drive voltage when using
precompensation increases. In contrast, no extra drive voltage
is needed in the inductive-peaking regime. The resulting effect
of precompensation on the energy consumption of the circuit
is shown in Fig. 11(c), where the energy dissipated per bit for
25 Gbaud NRZ and PAM4 waveforms is shown against source
resistance. The non-precompensated case is again shown for
comparison. The precompensated case dissipates approximately
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twice the energy of the non-precompensated case at standard
50  source resistance. However, as established earlier, the
bandwidth of the non-precompensated lumped MZM is too low
at this source resistance for 25 Gbaud PAM4 transmission, so
its energy saving is not a significant plus. When the system
performance is of both cases is equal (i.e., when Ry = 25 (),
the energy dissipated is exactly equal. Below this point, in the
inductive peaking regime, the precompensated case dissipates
less energy per bit than non-precompensated case.

The reason for this transition in energy performance can be
seen clearly by looking at the precompensated waveforms for the
drawn current and source voltage in the time domain. Fig. 12(a)
shows the drawn current for two example source resistances in
the low-bandwidth ( R, = 50 2) and inductive peaking regimes
(Rs = 20 Q). Forease of analysis, 25 Gbaud NRZ is used rather
than PAM4. Due to the precompensation, the current flowing in
the circuit is identical for both cases. However, when viewing the
corresponding source voltages in Fig. 12(b), a clear difference is
seen. In the poor-bandwidth regime, naturally the peak-to-peak
voltage has increased, providing a spike of voltage at the symbol
transitions to account for the insufficient circuit rise time. In the
inductive peaking regime, however, the opposite occurs. The
presence of the resonant peak in the frequency response means
that certain high frequencies in the signal now have too much
power, and the source voltage must be reduced just after the
symbol transitions to compensate and flatten the response. The
power, i.e., the dot product of the source voltage and current
waveforms, is then reduced for the precompensated, inductively
peaked MZM. As a result, one potential for a low-power, low-
voltage design of lumped MZM driver is to reduce the source
impedance as much as possible, while adding inductive peaking
and precompensation.

Finally, while Fig. 11(a) showed that the performance of the
lumped MZM with optimal inductive peaking matches that of
the precompensated scenario in a back-to-back (B2B) PAM4
link, a comparison should also be made of their performance
over optical fibre, as subtle differences in their eye quality can
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TABLE II
COMPARISON OF KEY METRICS FOR THE DISCUSSED DRIVE OPTIONS FOR
25 GBAUD PAM4 WITH THE UNTERMINATED LUMPED MZM WITH
Lejec = 375 pH. SSMF LENGTH REFERS TO THE MAXIMUM DISTANCE
ACHIEVABLE AT AN FEC BER THRESHOLD OF 103

Precomp & Low Precomp &

500 . lower

N 50Q impedance .
driver . . impedance
driver driver R

driver

Vsource 1Vpp 2.1Vpp 1Vpp 1Vpp

Rsource 50Q 50Q 250 <25Q
Econsumption 70 fi/bit 190 f)/bit 95 fl/bit <95 fl/bit

o . .
ER 4dB 4dB

Max SSMF
length

N/A 13 km

14 km

13 km

result in different link performance. Hence, a sweep of required
power at the receiver for a BER of 10~ was performed against
optical fibre length for these two cases when R, = 25€). The
simulated fibre is standard single mode fibre (SSMF) with a
group velocity dispersion of 17 ps/nm-km. Fig. 13 shows that
the transmission performance of both drive schemes is similar,
with less than 1 dB in sensitivity penalty between the curves up to
12 km of fibre. Noticeably, the drive method using only inductive
peaking slightly outperforms the electrical precompensation
method over optical fibre, reaching 1 km further before flooring
above the FEC threshold. We attribute this to slight over-peaking
in the frequency response counteracting the effects of chromatic
dispersion [37].

D. Summary of Design Options

The drive options discussed in this paper to increase the
bandwidth of a lumped MZM are summarised in Table II, which
compares the required source voltage and energy dissipation
per bit to achieve a 25 Gbaud PAM4 signal with 4 dB ER.
The listed voltage refers to the peak-to-peak source voltage
needed in each arm of the MZM when operating in push-pull
fashion. The listed energy per bit refers to the energy dissipated
in the equivalent circuit of Fig. 3(a) with the typical circuit
values used throughout the simulations in this paper. For a
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50 © drive scenario, using an unterminated, lumped MZM and
applying precompensation causes the drive voltage requirement
to increase significantly, exceeding that which would be required
for a terminated MZM of the same length. If the constraint
of a 50 2 environment can be relaxed while still employing
precompensation, lowering the source resistance until some
inductive peaking occurs can offer the best combination of eye
quality, power consumption and peak-to-peak voltage. Notably,
careful tuning of the source resistance and inductive peaking
canresultin a precompensation-free modulator with comparable
BER performance to a precompensated case.

It should be emphasized that this work looks only at trends
in energy consumption for various drive methodologies; the
driver is modelled here as ideal voltage source in series with
a simple source resistance and does not include any additional
energy overheads such as the static power consumption of a
driver used to generate the precompensated electrical PAM4
signals. Instead, it focusses on the increased output swing for
a given precompensation, which is crucial both in terms of the
energy consumption and for the choice of silicon technology
used (CMOS or BiCMOS). It should also be recognized that
reducing the output impedance of the driver is not a trivial
task and requires some trade-offs in design. For example, re-
ducing the output impedance of a driver using current-mode
logic (CML) will lead to an increase in power consumption
in the driver as more current flows across the output/source
resistors [38], making it a non-ideal solution for this case. A
less energy-hungry approach is to drive the MZM with the
output of a CMOS inverter, which naturally has a low source
impedance and benefits from a small footprint [20], [39], [40].
Unfortunately, the binary nature of inverter outputs means that
electrical precompensation of the signal is not possible with such
a simple drive scheme. In this case, predistortion techniques
would be restricted to inductive peaking such as presented here
or alternative passive RC equalisation methods [20]. If electrical
precompensation is desired, a linear driver amplifier would be
required; such a driver with a relatively low source impedance
(30 ©2) has been demonstrated previously in the literature for an
unterminated MZM [6].

Finally, while this work focusses on 50 Gb/s solutions, further
bandwidth enhancements would be possible with a more opti-
mised junction design that provides more phase shift efficiency.
Indeed, achieving a lumped MZM of shorter length (and smaller
footprint) while maintaining the same V would fit well with the
datacentre industry’s recent moves towards co-packaged optics
(CPO) [41]. In particular, silicon-organic hybrid (SOH) phase
shifter designs have recently shown promise for achieving large
phase shifts with very short electrodes operating as unterminated
devices [15], in which case predistortion of lumped MZMs could
be particularly relevant towards 100 Gb/s and beyond.

VI. CONCLUSION

In this paper, drive methodologies for lumped MZMs are com-
pared systematically in terms of peak-to-peak source voltage
requirements, energy consumption, and system performance.
After experimentally demonstrating 50 Gb/s PAM4 with a very
low-bandwidth lumped MZM using electrical precompensation,
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an accurate equivalent circuit model is used to analyze driver
design tradeoffs for high-speed PAM4 signaling. The model
shows that reducing the source impedance of the driver signif-
icantly improves the electrical bandwidth of the lumped MZM
from 6 GHz for a 50 €2 case to 38 GHz for a 5 €2 driver. Addi-
tionally, a moderate amount of additional electrode inductance
(300 pH) introduces inductive peaking, which is shown to relax
the requirement of having a very low source impedance and en-
able the same system performance at a higher driver impedance
of 25 (). Furthermore, careful selection of source impedance
and inductive peaking can allow equivalent performance as
for the case of precompensation, showing the potential for a
well-designed driver to reduce the need for transmitter-side
DSP. Finally, the use of precompensation in combination with
a low-source-resistance, inductively peaked lumped MZM is
shown to further reduce the energy dissipated in the equivalent
circuit.
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