
RESEARCH ARTICLE
www.lpr-journal.org

A Sub-Picojoule per Bit Integrated Magneto-Optic
Modulator on Silicon: Modeling and Experimental
Demonstration

Marijn P. G. Rombouts,* Fotini Karinou, Paolo Pintus, Duanni Huang, John E. Bowers,
and Nicola Calabretta

Integrated magneto-optic (MO) modulators are an attractive but not fully
explored alternative to electro-optic (EO) modulators. They are current driven,
structurally simple, and could potentially achieve high efficiency in cryogenic
and room temperature environments where fJ bit−1 optical interfaces are
needed. In this paper, the performance and energy efficiency of a novel MO
modulator at room temperature are for the first time assessed. First, a model
of the micro-ring-based modulator is implemented to investigate the design
parameters and their influence on the performance. Then, a fabricated device
is experimentally characterized to assess its performance in terms of bit rate
and energy efficiency. The model shows efficient operation at 1.2 Gbps using
a 16 mA drive current, consuming only 155 fJ bit−1. The experimental results
show that the MO effect is suitable for modulation, achieving error-free
operation above 16 mA with a power consumption of 258 fJ bit−1 at a
transient limited data rate of 1.2 Gbps.
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1. Introduction

Increasing demands for artificial intel-
ligence, machine learning and 5G net-
works are boosting the growth of datacen-
ters while imposing tight energy require-
ments on cloud operators. Higher data
rates and increased energy efficiency are
needed to reduce both the operation ex-
penditure and the environmental impact.
In order to meet these requirements, it
is apparent that innovation is required to
design more efficient and faster optical
interconnects.[1] To that end, opticalmod-
ulator efficiencies have to be pushed to-
wards fJ bit−1 regimes to reduce the end-
to-end link efficiency to a few pJ bit−1.[2]

Efficiencies of fJ bit−1 have been
demonstrated so far in the literature
by various voltage-driven, electro-optic

(EO) modulators.[3–6] Complementary to these EO modulators,
early works have proposed the concept of current-driven mod-
ulators using magneto-optic (MO) effects. In such devices, the
modulation is achieved via the change of the magnetic field in-
duced by an alternating current.[7–9] MO devices have the ex-
clusive capability to interface with other current-driven circuits,
enabling various applications where this compatibility is the
key.[7] The efficiency of MO devices could potentially be de-
creased by orders of magnitude by decreasing the required cur-
rent. This can be achieved by making use of efficient MO ma-
terials, by exploiting the efficiency improvements of these ma-
terials at low temperatures[7,10–12] and by co-integration with
superconductive circuits.[9] This makes such a device a com-
pelling solution not only for future classical networking architec-
tures, but also for solving the interconnect bottleneck in quan-
tum computing architectures.[13] “fJ bit−1” interfaces are needed
to transfer information from cryogenic environments to room
temperature, a challenge which currently hinders the scalabil-
ity of such architectures beyond tens of qubits.[14,15] Various MO
integrated devices have been reported over the years, for ex-
ample, optical isolators,[16–18] (plasmonic) circulators,[19–21] and
sensors.[22] A theoretical magneto-plasmonic phase-shifter has
been proposed,[23] but practical MO modulators have not been
thoroughly investigated.
In this work, we investigate the potential of MO modulators

based on a micro-ring resonator (MRR) structure. The small size

Laser Photonics Rev. 2023, 2200799 2200799 (1 of 9) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

 18638899, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202200799 by U

niversity O
f C

alifornia, Santa B
arbara, W

iley O
nline L

ibrary on [24/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.lpr-journal.org
mailto:m.p.g.rombouts@tue.nl
https://doi.org/10.1002/lpor.202200799
http://creativecommons.org/licenses/by-nc-nd/4.0/


www.advancedsciencenews.com www.lpr-journal.org

Figure 1. a) The electrical hfss model with the waveguides in green and the coil in red. b) The current magnetic field strength relationship calculated
from hfss for various SGGG layer thicknesses. c) A detailed overview of all components in the MRR device model. d) The circuit simulation set-up in
interconnect.

of MRRs improves driving speeds and relaxes the power con-
sumption. A detailed electrical and optical simulation model is
developed to infer on the performance and energy efficiency of
the MO modulator. First, the electrical model is developed using
the electromagnetic field solver ansys hfss. The electrical prop-
erties (resistance and inductance) of the electromagnet are eval-
uated and the magnetic field strength is measured at the inter-
face of the MO layer. Then, using Lumerical’s mode solver, the
electrical information is used to calculate the MO effect and to
determine the impact on the waveguide properties. The MO ef-
fect is combined with the MRR to assess its performance and
efficiency using the optical circuit simulator Lumerical inter-
connect. At last, a comparable fabricated MRR based MO device
is experimentally characterized in the lab to assess its transmis-
sion performance, efficiency, and the bandwidth of theMOeffect.
Our results show that the model is able to accurately describe
the MO effect and that it delivers solid results when combined
with a MRR structure. Data rates exceed 10 Gbps when an ideal
MO response is assumed. The experimental characterization of
the actual MO device shows error-free operation above 16 mA,
achieving a power consumption of 258 fJ bit−1 at a transient lim-
ited data rate of 1.2 Gbps. Higher data rates could possibly im-
prove efficiency.

2. Magneto-Optic Modulators

When an MO material is exposed to an external magnetic field,
energy levels within the matter split according to the Zeeman
effect.[24] This splitting has an impact on the optical properties of
the material and causes anisotropic and gyrotropic behavior.[25,26]

The presence of the magnetic field causes electron spins, which
are aligned along and opposite to the field, to have different lev-
els of energy. One effect is a distinction in material permittivity
for left- and right-handed circularly polarized light: 𝜀r,LHCP and
𝜀r,RHCP, respectively. The strength of the MO effect is given by ei-
ther the Verdet constant V in ◦ T−1 m−1 or the Faraday Rotation
𝜃F in

◦ cm−1.
Its primary optical effects can be distinguished by the orien-

tation of the magnetic field with respect to the propagation di-
rection of the optical field. For integrated waveguide structures
the non-reciprocal phase shift (NRPS) effect[27] is exploited which
is induced as follows. When the magnetic field is perpendicu-
lar to the direction of propagation, the longitudinal propagation

constant can be changed magnetically resulting in a phase shift.
When a microstrip is placed on top of the structure as shown
in Figure 1b, parallel to the waveguide, the magnetic field is per-
pendicular and induces the NRPS effect in the MO layer. With an
asymmetric waveguide structure, where theMO layer is on top of
the waveguide, the NRPS effect causes a forward propagating TM
polarized wave to experience a change in effective index when the
rotating (or reflecting) electric field component of the propagat-
ing wave overlaps with the magnetically biased MO material. To
modulate light, the polarity of the magnetic field is changed.
Various MO materials exist differing in optical transparency,

MO effect strength and ease of fabrication.[7,10–12,28–31] For the de-
vice under study in this paper, cerium substituted yttrium iron
garnet (Ce:YIG) is used. It conveys a relatively low transparency
of 60 dB cm−1 and a strong MO effect of −4800◦ cm−1 for a sat-
urating in-plane magnetic field strength of only 50 Oe.[20] The
latter is important to achieve a low power consumption.
Applying this material on top of optical structures such as

MRRs andMach-Zehnder interferometers (MZIs), theMO effect
can be used to control the output intensity by shifting the spec-
trum or by means of interference[16,17] For MRRs, the spectrum
can be shifted by changing the effective index neff. In a MRR, the
resonant wavelength is

𝜆0 =
neff(𝜆0) L

m
, with m = 1, 2, 3,… (1)

where L is the optical path length or the ring circumference and
m is an integer mode number.[32] The resonant wavelength shift
(RWS) of the spectrum Δ𝜆 is given by:

Δ𝜆 = ||𝜆 − 𝜆0
|| = 𝜆

Δneff
ng

(2)

whereΔneff is the effective index variation, and ng is the group in-
dex.

3. Modulator Modeling

To evaluate the efficiency and effectiveness of the MO, various
solvers of ansys Lumerical are used to construct a model of a
MO modulator.
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3.1. Modeling Non-Reciprocal Phase Shift

To describe the MO effect and to calculate the change in effective
index, a permittivity tensor is used[33]

𝜀r =
⎛⎜⎜⎝
𝜀xx 0 0
0 𝜀yy 0
0 0 𝜀zz

⎞⎟⎟⎠ + K
⎛⎜⎜⎝

0 Mz −My

−Mz 0 Mx
My −Mx 0

⎞⎟⎟⎠ (3)

with 𝜀xx, 𝜀yy, and 𝜀zz being the diagonal material permittivities or
the square of the refractive index. The MO effect is added with
M being the magnetization and K a complex material parameter.
When KMx or KMy are purely imaginary, forward, and backward
modes only differ in the phase constant, which is theNRPS effect.
Mz gives rise to TE–TM mode coupling, which can be neglected
if the magnetization vector is in the xy-plane and the light prop-
agates in the z-direction.
For a waveguide system using a slab Ce:YIG layer, TM wave

compatible stack-up and a horizontal magnetic field perpendic-
ular to the waveguide (x-direction) as shown in Figure 1b, the
permittivity tensor becomes

𝜀r =
⎛⎜⎜⎝
𝜀xx 0 0
0 𝜀yy j𝜀yz
0 −j𝜀yz 𝜀zz

⎞⎟⎟⎠ (4)

where the off-diagonal terms are responsible for the MO effect
and are directly related to Faraday rotation constant 𝜃F by 𝜀yz =
2nCe:YIG𝜃F∕k0. For Ce:YIG, the refractive index equals 2.22 and k0
is the wavenumber defined by 2𝜋∕𝜆0.
There is no analytical description of the behavior of 𝜃F with re-

spect to themagnetic field strengthH for Ce:YIG.However, since
Ce:YIG saturates magnetically, a good empirical approximation
is[34]

𝜃F(Hr) = 𝜃0F × tanh
Hr

H0
r

(5)

where 𝜃F saturates to −4800◦ cm−1 when Hr > 50 Oe. H0
r is set

to 24 Oe and the temperature dependence is not considered.

3.2. Simulation Methods

First, the electrical and magnetic characteristics of the device
must be determined in order to quantify the strength of the MO
effect. Using ansys hfss, a electromagnetic field solver, the device
is modeled as shown in Figure 1a. Using the frequency response
of the electromagnet, its frequency dependent resistance and in-
ductance are extracted. For various DC currents, the magnetic
field strength is computed at the interface of the waveguide and
MO layer.
The supported opticalmodes are simulated using the finite dif-

ference eigenmode solver (FDE) using Lumerical’s mode for the
cross-section of a waveguide. The field within the ring is calcu-
lated by applying a conformal transformation to the result of a
straight waveguide. Parameters such as 𝛽, neff, ng and the loss
are exported over a frequency range between 1500 and 1600 nm.
The coupling section is simulated using a 3D finite difference
time domain (FDTD) solver, where the mesh is locally refined to

ensure properly resolving fields over the gap. The coupler is as-
sumed to be symmetric and lossless. Hence, only the coupling
coefficient is evaluated.
The MO effect is modeled by activating the Ce:YIG layer in

mode by applying Equation (4) to the bent-waveguide model. The
tensor is diagonalized and supplemented by a transformation
matrix by calculating the eigenvalues and eigenvectors. By sweep-
ing 𝜃F from −4800◦ cm−1 (positive current) to +4800◦ cm−1 (neg-
ative current), the change neff is calculated. 𝜃F is linked to the
input current by Equation (5) and the hfss model.
All data is gathered in interconnect to construct a ring res-

onator as shown in Figure 1c,d. The MO effect is applied as a
perturbation to the ring using the difference relation between neff
and I. Temperature effects and fabrication errors have not been
included in the model.

4. Numerical Results

The modeled device is adapted from ref. [19], its geometry and
layer stack are shown in Figure 1a,b, respectively. A 20 µm ra-
dius MRR is used with a bus waveguide to ring waveguide gap
of 250 nm. The silicon-on-insulator (SOI) device is wafer bonded
to the MOmaterial, which is deposited on a lattice matched sub-
stituted gadolinium gallium garnet (SGGG) substrate. On top of
the structure, a single-turn gold coil is deposited. The waveguides
of 600 by 230 nm support TM polarized waves. On top of the
waveguide, a 10 nm SiO 2 layer is assumed as a byproduct of the
plasma activation during the wafer bonding process. The thick-
ness of the Ce:YIG and SGGG substrate layer are 400 nm and
2 µm, respectively. The thickness of the SGGG layer has been
reduced to the lowest thickness found in literature to improve
magnetic coupling for maximumMO efficiency.[20] It is notewor-
thy that achieving this thickness is not straightforward. Likewise,
the Faraday rotation for the Ce:YIG is set to the strongest fig-
ure found, where thematerial is deposited in a way that is similar
or equal to the reference device.[20]

4.1. Electromagnetic Field Analysis

The thickness of the SGGG layer determines the degree of mag-
netic coupling, as shown in Figure 2a. For a 2 µm thick SGGG
layer, the magnetic field strength is linearly related to the elec-
tromagnet current with a rate of 257 Oe A−1. At 10 µm, it has
decreased to 112 Oe A−1. Given the simple structure of the elec-
tromagnet, a series equivalent circuit containing a resistor and
inductor is assumed. Its frequency dependency is shown in Fig-
ure 2b. Below 10 GHz, the frequency characteristics of electro-
magnet are constant, giving a resistance of 0.68 Ω and an induc-
tance of 77.4 pH. The coil of gold is 1.5 µm thick, 3 µmwide. The
resistance increases due to the skin-effect, leading to an increase
in power consumption at higher frequencies.

4.2. Ring Resonator Characteristics

The TM modal fields within the ring are shown in Figure 3a,b.
The Ey component of the TM wave shows an evanescent tail into
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Figure 2. a) The magnetic field strength calculated from hfss for various
SGGG layer thicknesses. b) Inductance and resistance of themodeled elec-
tromagnet over various frequencies. The coil of gold is 1.5 µm thick and
3 µm wide.

the Ce:YIG layer and a strong confinement in the SiO2 layer.
The impact of this SiO2 buffer on the propagation loss is clear
when the layer is removed, as the loss increases from 29.68 to
35.62 dB cm−1. The real parts of the effective index (neff) and
group index (ng) aremeasured to be 2.262 and 3.484, respectively.
Based on results from the characterized MO device (Section 5),
ng is set to 4.5, to match the model to the characterized device.
In the coupling section, where the ring resonator meets the

bus waveguide, the coupling coefficients are obtained by simu-
lating a bus waveguide and a quarter bent waveguide with the
same stack-up as for the previously simulated waveguides. Var-
ious gap widths are evaluated, for which the cross-coupling co-
efficients 1 − t2 and the round-trip loss coefficients 1 − a2 (black
dashed lines) are calculated in Figure 3c. The round-trip loss is
invariant to the gap since the result is equal for each variant. At
1550 nm and a gap width of 250 nm, 9% of the power is found to
couple into the ring. The waveguide loss in dB within the ring is
calculated using −4.34 log a2∕L and equals 29.86 dB cm−1. Com-

bining the results into interconnect, the optical spectrum is
calculated as shown in Figure 3d. Notice how the minima align
with the intersections of t2 and a2 in Figure 3c. By controlling the
gap, the critical coupling point can be shifted and the shape of
the notch can be controlled. By fitting Lorentzian curves to each
notch in the spectrum, the effect of the gap on the full-width half-
maximum (FWHM) is demonstrated in Figure 3e. For a gap of
250 nm at 1548 nm, we observe an FSR of 4.19 nm, an FWHM
of 0.120 nm, a Q-factor of 12874 and a Finesse of 34.82.
Figure 3f shows the MO effect for various combinations of

design parameters. The legend can be found in Figure 3g. The
design parameters stepped from the most optimal model to a
model that matches the characterized device (more on this in
Section 5). All parameters affecting the modulator performance
and efficiency are included, these include the Faraday Rotation
(𝜃F), SGGG layer thickness (t), the MRR gap width (g), and ng.
The impact of an error in ng is demonstrably large, whereas the
gap width has no impact. The opposite is true for the analytically
evaluated extinction ratio (ER) in Figure 3g. Here, the gap width
is themain differentiator in themodulator characteristic, and the
impact of the MO strength is negligible. With a 250 nm gap, the
ER settles to 26 dB after tens of mA. The model using a tighter
gap of 220 nm settles to 12 dB, mainly due to the overcoupled
configuration which reduces the achievable ER. The efficiency of
the device can be found in the steepness of the curve for low cur-
rents, where the MO strength causes negligible differences. The
efficiency is affected by the increase in FWHM (or decrease in
Q-factor) by using a tighter ring resonator gap.

4.3. Transmission Modeling

Next, the transmission characteristics of the modeled MO mod-
ulator are assessed in Figure 4. Figure 4a demonstrates the

Figure 3. a) The Ey component in the waveguide cross section. b) TheHx component. c) Loss and transmission coefficients (a2 and t2, respectively) for
various gap widths of the MRR. d) Optical transmission spectrum for various MRR gap widths. e) FWHM for various MRR gap widths. f) RWS versus
the drive current for various design parameters. The legend of (g) can be used. g) ER versus current for various design parameters.

Laser Photonics Rev. 2023, 2200799 2200799 (4 of 9) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 4. a) MO effect shown on theMRR spectrum with a 10 mA drive current. b) Eye-diagrams of random data with a 10 mA (top) and 50mA (bottom)
drive current at 10 Gbps. c) Waveforms of random data for various I at 10 Gbps. d) Efficiency of the modeled modulator at various bitrates, using an
inductance of 77.4 pH and a resistance of 0.68 Ω, respectively. The measured line has an inductance of 200 pH and a resistance of 1 Ω.

wavelength shift for a 10 mA drive current. By applying a bipolar
current (e.g., −10 mA representing a binary zero, and +10 mA
representing a binary one), the spectral shift is maximized while
a zero average current through the system is maintained. This is
important to avoid steady-state losses in current drivers, which
improves energy efficiency. The laser is aligned to the minimum
of the notch with a negative drive current. A pseudo-random bi-
nary sequence of length 231 − 1 (PRBS-31) with non-return-
to-zero (NRZ) coding is applied using various drive currents to
generate the waveforms and eye-diagrams. Figure 4b shows the
eye-diagram at 10 mA (top) and 50 mA (bottom) drive current
at 10 Gbps. Be aware that the bitrate is limited as described in
Section 4.4. The waveform and eye diagram in Figure 4b,c shows
an overshoot at higher drive currents, due to the temporal wave-
length shift of the trapped light within the ring during the transi-
tion. A larger RWS translates to a stronger overshoot.[35] Due to
the low current, heating effects are assumed to be minimal and
the overall efficiency is expected to be high. All data are obtained
using a CW laser source with a linewidth of 1 MHz and a power
of 0 dBm.
To assess the efficiency of themodulator, the energy consumed

per bit is calculated. Assuming a random bit sequence with an
equal distribution of ones and zeros, on average a single bit is
estimated to consume[9]:

Eb =
1
2
LI2p + I2pRTb (6)

where L is the coil’s inductance, R the equivalent resistance, Ip
the peak current and Tb the bit time. The first half describes the
charging and discharging of themagnetic field, halved by the ran-
dom distribution of ones and zeroes. The second half describes
the power dissipated per bit by resistive losses in the coil.[9] The
inductance and resistance values found in the hfss model are
used. Figure 4d shows the energy per bit Eb for various bitrates.
The marked line is a comparison to the measured device, using
the measured R and L as presented in Section 5. All curves sat-
urate as the drive current increases, caused by the transfer func-
tion of the MRR. Ideally, with only 1 mA, 0.60 fJ bit−1 can be
achieved using 1.2 Gbps. More realistically, higher drive currents
are probably needed to open the eyes with the presence of noise,
as confirmed in Section 5. For example, at 16 mA, 155 fJ bit−1 is
achieved at 1.2 Gbps, respectively. Combined with Figure 3g, this

gives an ER of 8.7 or 24.6 dB, depending on the ring resonator
gap width.

4.4. Model Limitations

Since only the necessary effects for a MO modulator have been
integrated, the model will have some limitations. Among these
are temperature, caused by Joule heating of the electromagnet
and environmental circumstances. As the modeled currents are
relatively low, Joule heating is not assumed to have impact.
Device bandwidth is essential when assessing the maximum

data rate of MO modulators. To ensure the results seen in Fig-
ure 4b,c is correct, bandwidth limiting sources must be eval-
uated. Typically, carrier movement, electrode induced RC time
constants and the optical Q-factor limit the bandwidth in case
of EO based MRRs. For our MO modulator, similar sources are
expected. The electromagnet induces a L∕R time constant and
optically the Q-factor limits the speed. Besides, the impact of the
driver should be considered as this might add additional resis-
tive losses or even add capacitive effects to the driving path. It is
expected that the MO effect has a limited bandwidth, which is
currently not assumed in the model.
The speed of the MO effect depends on the magnetization

dynamics of the MO material, where electrons require time to
adjust their spin to a changing external magnetic field. Multi-
ple parameters describe the magnetization speed, for which the
Gilbert damping 𝛼 and themagnetic field strengthH are themost
important. When critically dampened, that is, 𝛼 = 1, the mate-
rial requires t ≈ 2∕𝛾𝜇0H s to respond and align to the reversed
magnetic field.[36] With low damping rates (𝛼 < 1) and low mag-
netic field strengths, the magnetic reversal time increases, possi-
bly limiting switching performance. Note that the magnetization
properties of the used Ce:YIG are not known and Lumerical does
not have native support for this particular effect. Characterization
of the device is needed to assess the actual achievable bandwidth
of the device. Similar characterization results have demonstrated
a modulation rate of 2 Gbps,[9] therefore we believe the model
results at 10 Gbps to be infeasible.

5. Experimental Characterization

A fabricated MO modulator is experimentally characterized to
demonstrate its behavior and asses its performance. The chip has

Laser Photonics Rev. 2023, 2200799 2200799 (5 of 9) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 5. a) Overview of the transmission setup. Static characteristics are measured using a constant current source. The modulator is in all cases
temperature controlled to 20◦C, the light is coupled to the edge-couplers of the chip using lensed fibers as shown in the picture. The MO layer is just
visible as the translucent layer on top. b) Spectrum of the MRR at various DC currents using a 6 dBm laser source. c) Wavelength shift with respect to
the DC current for two directions of light propagation.

MRRs equal to the model in terms of geometry as described in
Section 4. The MO layers differ with 𝜃F of −4500 ◦ cm−1 and an
SGGG layer thickness of 5 µm.
The chip is vacuum mounted on a copper chuck and tem-

perature controlled using a thermo-electric cooler (TEC) set at
20◦C. The set-up is set to stabilize before performing the mea-
surements to prevent temperature gradients from the TEC. Us-
ing lensed fibers, light is coupled in and out of the chip in
TM polarization, set using a polarization controller. A schematic
for transmission experiments is shown in Figure 5a. By sweep-
ing the laser wavelength and measuring the received power,
the spectrum of the ring is measured. Similar to Section 4,
the ring properties have been extracted by fitting Lorentzian
curves. Comparing the FWHM with the model (Figure 3e), we
see that the actual device matches the results for a ring res-
onator with a tighter gap of 220 nm. Extracting the coupling co-
efficients using the methods by McKinnon et al.[37] as shown
in Figure 3c, the assumption of a smaller gap is confirmed.
This difference can be explained by fabrication tolerances, as
there is only a 5% difference in the waveguide width. Here,
the waveguide loss is found to be similar to the model with
28.30 dB cm−1.
Using a constant current source and a 40 GHz, 150 µm

ground-signal probe, the current through the coil is varied with
steps of 10 mA from −100 to 100 mA. By measuring the spec-
trum around the notch for every level of current, the spectral shift
is recorded as shown in Figure 5b,c. Figure 3 shows the modeled
MO shift. Besides the spectral shift, we note an insertion loss (IL)
of 23 dB, which can be attributed to the large Ce:YIG surface. The
measured response has a different shape, which ismainly caused
by the Joule heating of the coil, causing the parabolic shape and
a redshift in the MRR spectrum. The MO effect can be found
in the distinction between forward and backward propagation as
a result of non-reciprocity. Furthermore, Figure 3f isolates the
measured MO effect by removing the redshift from the results.
The MO effect is measured to be weaker than the correspond-
ing modeled device (where the SGGG thickness equals 5 µm).
The discrepancy in observed MO effect is expected to be related
to the mismatch seen in the group index. The latter might indi-
cate an increase in TMmode confinement and hence dispersion.
Hence, possible explanations include but are not limited to the
delamination of the MO layers, existence of air bubbles between

the waveguide and MO layers, oxidation, or other structural is-
sues caused by aging or transport.
The dominant temperature effect can be tempered by apply-

ing higher frequency signals, as the thermo-optic effect has a re-
sponse time in the order of microseconds.[38,39] A pattern gener-
ator and an RF amplifier with a high saturation power are used
to supply power to the chip. Additional attenuators are added
to reduce the gain and temper the reflections caused by the
impedance mismatch between the RF feed and the chip. The full
transmission setup is shown in Figure 5a. The modulator output
has been sampled using an Agilent 83434A 10 Gbps lightwave
receiver. The currents indicated in Figure 6 are determined from
the peak to peak output voltage of the pattern generator and the
amount of amplification and attenuation in the RF feed using

IRMS =

√
4Z0PL

(Z0 + ZL)(Z0 + ZL)∗
(7)

where Z0 is the characteristic impedance of 50 Ω, ZL is the load
impedance and PL is the electrical power at the tip of the probe.
The RMS current is assumed to be equal to the peak current of
the data signal. For all experiments a PRBS-31 sequence is used,
unless mentioned otherwise.
The waveform and eye-diagrams shown in Figure 6a show the

performance at 1.2 Gbps. On both the rising and falling edges,
a damped oscillation with a frequency of 1.08 GHz is visible. No
deviation is observed by changing the setup or operation param-
eters, contrary to the transients shown in Figure 4c. As the tran-
sients can be folded over by aligning the laser wavelength to the
center of the optical notch, the transient is expected to be an elec-
trical resonance in proximity of the chip.
The bandwidth of the chip can be estimated on the rise and fall

times at high bitrates. At 1.2 Gbps, the fastest edge is measured
to be around 163 ps, whereas at higher bitrates, the rise time de-
creases to only 63 ps. Assuming a first order system response,
using BW = 0.35∕𝜏rise gives a modulator bandwidth of 5.5 GHz.
However, using a similar device, a 2 Gbps modulation rate has
been established.[9] Further material characterization is needed
to conclusively assess the switching limitations of Ce:YIG.
Figure 6b demonstrates the BER versus the receiver input

power. A commercial MZM (Integrated Optical Components
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Figure 6. a) Waveform demonstrating the rising and falling edge times and three eye diagrams at 13.8, 33.2, and 88.4 mA (top right, bottom left, and
bottom right, respectively). b) bit error rate (BER) curves versus the received input power of a reference Mach-Zehnder modulator (MZM) and the MRR
at various current levels and a PRBS-31 sequence. c) Power penalty for various ER at three BERs. d) Power penalty for various bitrates at 33.2 mA for
three BERs. A PRBS-7 sequence is used. e) Eye diagrams where the laser is aligned to the linear section of the notch at 22.2 and 55.3 mA (top and
bottom, respectively). f) BER performance difference with a linear aligned eye (AL, dashed lines) and where the zero-level is aligned to the center of the
notch (A0, solid lines). g) Extinction ratio versus current and the energy consumption per bit versus current. h) Eye diagrams of using an AWG to limit
the bandwidth of the input signal. The top and bottom rows show 200 Mbps and 1 Gbps, respectively.

Ltd., max. 10 Gbps, zero chirp MZM) is used as a reference. For
the modulator, the laser is aligned such that the zero level is lo-
cated in the minimum of the notch. The results in Figure 6a,b
shows that the modulator performance improves with increas-
ing modulating current. All points have been fitted with linear
curves. Above 20 mA, the fitting error is small and all curves
demonstrate error-free operation (i.e., BER < 10−9). An error
floor appears below 20 mA. At 13.8 mA, error-free operation is
not possible. Especially at low currents, where the ER is low, the
results are sensitive to noise and the fibre alignment of the setup.
The power penalty versus the ER is demonstrated in Figure 6c.
With the received optical power referenced at 88.4 mA for a BER
of 10−9, 16.6 mA (ER of 2.94 dB) gives a power penalty of 8.0 dB.
Next, Figure 6d shows the impact of bitrate on the power

penalty. The graph shows that the transient limits the perfor-
mance to around 1.5 Gbps. At higher bitrates, the BER perfor-
mance degrades quickly. For example, at 2 Gbps, no error-free
transmission is possible, where at 2.2 Gbps, the transient allows
for a very small eye.
The alignment sensitivity of the modulator in terms of wave-

length is demonstrated in Figure 6e,f. The solid lines represent a
laser alignment with the zero-level in the notch of the modulator
spectrum (A0, top eye), the dashed lines represent a alignment in
the linear region of the notch (AL, bottom eye). For both current
levels, the power penalty is about 1.5 dB. The A0 alignment gives
a clear advantage when linearity is not needed.
Figure 6g shows the trade-off between power consumption and

ER. By increasing the current, the opening of the eye and the ER

increases. The exponential shape is similar to Figures 3c and 4d.
Further increasing the ER comes at a cost of a significant increase
in power consumption. This behavior is similar to the model,
where the RWS is large causing the ER to saturate. The values for
Eb are calculated using Equation (6), withR = 1Ω and L = 200 pH
(characterized by Pintus et al.,[9]). For efficient operation, 16.6mA
of current results in error-free transmission for only 258 fJ bit−1.
At 1.2 Gbps, the eye diagram is open. Using a different bitrate,

the transient can severely distort the waveform. Using an arbi-
trary waveform generator (AWG), the rise time of the RF feed sig-
nal has been reduced to minimize the transient. Figure 6h shows
the effect at 200 Mbps (top) and 1 Gbps (bottom). Ideally, the sig-
nal should be generated using the inverse modulator response,
but a faster AWG was not available at the time.

6. Discussion

Bymodeling and characterizing a MOmodulator, we have built a
large set of tools to achieve greater insight inmagneto-optics. The
model shows confident steady-state results, calculates the MO
effect accurately and gives insights in the dynamic response of
the optical device. The characterization has confirmed the MRR
model and shows us that MO based modulation works.
Efficiency is an important driver for MO based modulators.

Themodel demonstrates that the achieved fJ bit-1 efficiency could
be further improved by tweaking the design of the MRR. By tun-
ing the resonator gap, the critical coupling point can be shifted.
This reduces the energy required to shift the spectrum and leads

Laser Photonics Rev. 2023, 2200799 2200799 (7 of 9) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Table 1. Comparison of the MO modulator to similar state-of-the-art modulators.

Platform Structure Year BW [GHz] IL [dB] Pk. ER [dB] R [Gbps] Footprint [ µm2] Eb [fJ bit
−1] Source

ITO on SOI PC 2020 1.9 7.8 3.5 3 43 18.3 [5]

SOI MRR 2015 - 1.8 6.2 6 1500 5 [4]

SOI MRR 2009 11 2 15 10 1000 50 [40]

SOI MRR 2012 1.7 3 8 2 100 180 [41]

SOI + Ce:YIG MRR 2022 5.5 25 2.9 1.2 1600 258 This work

BW, Bandwidth; IL, insertion loss; ER, extinction ratio; R, data rate; ITO, indium tin oxide; SOI, silicon on insulator; PC, photonic crystal; MRR, microring resonator.

to a stronger optical isolation. The cost of a larger gap is a higher
Q-factor, reducedmodulation speed, and spectral bandwidth. The
latter causing laser tuning and stabilization to become more crit-
ical. Using different MO materials or improving magnetic cou-
pling helps to improve the efficiency, but Figure 3g proves that
the actual improvement in terms of ER versus current is limited,
especially when low Q resonators are desired.
Electrically, the efficiency could be further improved from

258 fJ bit−1 to tens of fJ bit−1 by ironing the transient out to
achieve higher bitrates. The driver is not considered in this es-
timation. Note that no commercial drivers exist that are able to
efficiently power themodulator. Novel designs are needed to han-
dle the inductance of the coils at high bitrates, whilst maintain-
ing maximum efficiency (i.e., beyond 80%). Impedance match-
ing could help to improve efficiency even further, by minimiz-
ing the reflected—and hence wasted—power. Adhering to the
50 Ω standard might be beneficial for compatibility, but opting
for lower matched impedances will help to keep added resistive
losses to a minimum.
At last, Ce:YIG has demonstrated to be sufficiently powerful to

modulate light. Even though the model has demonstrated a low
impact of the MO effect on the modulating efficiency, material
engineering on Ce:YIG would be useful to reduce overall opti-
cal losses. Given that the characterized device showed a weaker
MO effect (Figure 3f), it might be viable to opt for different ma-
terials with a weaker MO effect. This might be favorable when
the replacing MO materials are more transparent and easier to
fabricate and deposit on platforms such as SOI, SiN, or InP.
Compared to various mature EO modulators from Table 1,

competing state-of-the-art, low-speed, and small modulators do
not significantly outperform the characterized MO modulator at
16.6 mA. It seems that with some optimization MO modulators
can become a great power-efficient tool. Ideally, the propagation
losses and the efficiency of the MO effect should be improved,
as demonstrated in the model, such that operation with single or
sub-mA currents are possible. Regardless, the results are surpris-
ingly promising and give confidence for future versions.

7. Conclusion

Amagneto-opticmodulator has beenmodeled electrically and op-
tically to assess its dynamic performance and energy efficiency.
Results show efficient operation of 155 fJ bit−1 at 1.2 Gbps with
an extinction ratio of 24.6 dB. Characterization of a similar device
demonstrates error-free operation at 16.6 mA with an extinction
ratio of 2.9 dB. Extinction ratios up to 8.8 dB can be achieved

using a higher drive current. Our investigation shows that the
magneto-optic effect has large potential to enable energy efficient
data transmission links.
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