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ABSTRACT

The growth of artificial intelligence applications demands ever larger and more complex deep learning models, dominating today’s—and
tomorrow’s—data center and high-performance computing systems. While traditional electronics are failing to keep pace with application
demands, silicon photonic (SiPh) interconnects have emerged as a necessary technology to support these systems. SiPh-driven wavelength-
division multiplexing (WDM) offers a particularly promising path toward supporting incredibly high-aggregate link bandwidth in a compact
and efficient form factor. One of the basic building blocks of these integrated WDM interconnects is the SiPh resonator. Their inherent wave-
length selectivity and compact footprint allow for efficient data transmission multiplexed across dozens of carrier wavelengths. Used as add-
drop (AD) filters, SiPh resonators are critical to constructing integrated tunable wavelength-selective optical circuit switches as well as for
demultiplexing the different carrier wavelengths toward independent wavelength-insensitive photodiodes in a dense wavelength-division
multiplexing receiver. Resonators in the all-pass (AP) configuration are widespread as well, allowing for wavelength-selective modulation to
drive aggregate link bandwidths far beyond the individual channel data rate. Unlike SiPh Mach–Zehnder modulators (MZM), resonant mod-
ulators can be driven using low, complementary metal-oxide-semiconductor drive voltages, allowing for tight co-integration between pho-
tonic integrated circuits, fabricated with larger process node technologies, and electronic integrated circuits, designed to exploit the
advantages of the latest node. To push toward practical peta-scale interconnects, a comprehensive review of SiPh resonators is required,
addressing bottlenecks and design constraints at both the architecture and device levels. We first describe the predominant integrated link
architectures and identify their limits. We then discuss the device-level design considerations that can be made for both AD and AP configu-
ration resonators to overcome the system level limits with novel resonator device designs. Analytical models and numerical simulation of res-
onators are validated by experimental measurement of devices fabricated in a commercial 300-mm foundry, showing a clear path toward
volume manufacturing. The demonstrated resonant modulators and filters support the feasibility of increasing the aggregate bandwidth of
resonator-driven SiPh interconnects into the peta-scale regime.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0160441
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I. INTRODUCTION

Accompanied by massive increases in computation power over
the past two decades, artificial intelligence (AI) applications have been
widely deployed in many scientific and industrial fields such as
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medical imaging, recommendation systems, and natural language
processing. The ever-growing requirement for more accurate AI appli-
cations has driven the demand for larger and more complex deep
learning (DL) models, which require an increasingly larger share of the
computation power and energy consumption in today’s data center
(DC) and high-performance computing (HPC) systems.1 In response
to this rapid model and dataset growth, distributed deep learning
(DDL) has been proposed. DDL helps mitigate the memory and com-
putational limitations of individual devices by partitioning the large
model (or the dataset) onto multiple computing nodes using various
parallelization strategies. These computing nodes cooperate on a train-
ing task, each processing a sub-part of the model and synchronizing
results with other nodes via an intermediary network. However, cur-
rent hardware solutions can only provide high-bandwidth connections
for a limited group of computing nodes, rendering the communication
among the computing nodes a key bottleneck in the training process.2,3

Each Nvidia DGX node connects 8–16 GPUs using high-speed
NVSwitches and NVLinks for up to 900 GB/s aggregate bidirectional
bandwidth4 and relies on 400Gb/s InfiniBand links to carry the inter-
node communication traffic. This bandwidth discrepancy has been
shown to severely limit the communication efficiency during the train-
ing process.2 The newest Nvidia DGX system (H100) aims to bridge
this gap by extending NVSwitches and NVLinks for inter-node com-
munication but is currently only able to scale up to 256 GPUs in a
DGX-Super-POD. In addition to the bandwidth bottleneck, the energy
consumption of these DL training models has become prohibitively
high and brings severe impact onto the environment.5

To tackle the bandwidth and energy problems posed by DL train-
ings, an emerging trend is to incorporate embedded silicon photonics
(SiPh) technologies in the network as a means to achieve peta-scale
bandwidth interconnects6–12 with high energy efficiency and high-
bandwidth densities.10,13 These SiPh chips can leverage the mature
complementary metal-oxide-semiconductor complementary metal-
oxide-semiconductor (CMOS) foundries used to fabricate microelec-
tronics chips, resulting in a clear path to low-cost volume scaling and
compatibility with standard semiconductor packaging techniques.14

SiPh combined with dense wavelength-division multiplexing
(DWDM) is a particularly promising direction toward achieving these
interconnects. With relatively modest per-carrier baud rates (� 25 Gb/
s), the energy per bit can remain low, while aggregate bandwidth den-
sity scales via massive parallelism; this is primarily achieved by increas-
ing the number of parallel optical carriers. An example of a
commercial SiPh interface is TeraPHY,9 which supports up to 2 Tb/s
bandwidth per chiplet. Recently, a promising Kerr frequency comb-
driven SiPh transceiver architecture15 has been reported, driven by an
integrated frequency comb16 DWDM light source and using (de-)
interleavers to split and combine wavelength channels in order to
achieve massive parallelism and scale up the data transmission band-
width within a single fiber. In both of these examples, SiPh resonators
are used to both perform wavelength-selective modulation and photo-
detection on the transmitter and receiver ends of the photonic inte-
grated circuit (PIC) architecture, respectively. The inherent wavelength
selectivity of these resonators, along with their compact footprint and
energy-efficient operation,7 is critical toward realization of the aggres-
sive bandwidth density and energy efficiency metrics (1 Pb/s/mm2 at
100 fJ/b7,17) required for the next generation of DC and HPC
interconnects.

Resonant devices provide a further advantage over non-resonant
devices—for example, the Mach–Zehnder interferometer (MZI)—as
the resonator field enhancement enables drastically more compact
footprint, compatibility with leading-edge CMOS node driving vol-
tages, and substantially lower energy consumption. Due to these attrib-
utes, a resonator-driven system’s bandwidth density scalability is
dramatically increased since the compact footprints and low driving
voltages allow for close co-integration of PIC with electronics at
unprecedented bandwidth densities.18,19 Here, we aim to describe the
design trade-offs at both the system and device levels for these scalable
resonator-driven optical interconnects, which must be made to push
the limits at both levels and achieve the next generation of integrated
optical interconnects and the systems that rely upon them.

II. RESONATOR-BASED INTERCONNECTS

For any DWDM system, the aggregate bandwidth-per-fiber
(ftotal) is calculated as the per-channel modulation bandwidth (fk) mul-
tiplied by the number of multiplexed wavelength channels (Nk). For
the most part, fk is determined by the bandwidth limitations of indi-
vidual devices, to be discussed in greater depth in Sec. III. Maximizing
Nk is strongly dependent on the high-level circuit architecture.
Consider the most basic scalable resonator-based DWDM architecture,
a single array of cascaded resonators, illustrated in Fig. 1(a). The limi-
tation on Nk can be calculated as

Nk ¼ floor min
FSR
Dkag

;
ILlimit

ILoff
þ 1

� �� �
; (1)

FIG. 1. (a) Basic schematic of a resonator-based 1xN integrated wavelength demulti-
plexer, with a modulated multi-wavelength source input from the right. Demultiplexing
devices in this case are illustrated as individual resonators in the add-drop configura-
tion. (b) Annotated transmission spectrum at the leftmost end after the cascaded res-
onator array 1� 10 wavelength demultiplexer, with dropped spectral content of each
resonator illustrated in a different color. Each resonators drops a Lorentzian-shaped
section of spectral content with full-width half-maximum (DkFWHM), which repeats
along the wavelength axis with the periodicity of the free spectral range (FSR). The
number of wavelength channels that can be fit within a single FSR is determined by
the spectral distance between adjacent channels (Dkaggressor).
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where free spectral range (FSR) is for the cascaded resonators, Dkag is
the distance between a channel carrier wavelength and an adjacent res-
onance corresponding to a different channel, ILlimit is the maximum
tolerable difference in received power from the first to last channel in
the array, and ILoff is the off-resonance IL of each resonator. FSR and
ILoff are determined by the specific device design and will be discussed
further in Sec. IIIA.

The two key interconnect architectures that must be kept in
mind are transceivers and optical circuit switches (OCSes). For a
resonator-based DWDM system, many of the physical layer
design optimization choices are strongly correlated between these
two systems, allowing for efficient co-design targeting extreme
bandwidth density scaling within a fully reconfigurable intercon-
nect fabric.

A. Dense wavelength-division multiplexing
transceivers

For transceivers, the transmitter and receiver architectures of
resonator-based SiPh transceivers are typically near-symmetric, mir-
rored around the I/O interface, as illustrated in Fig. 2(a). At the
receiver end, the PIC architecture strongly resembles an OCS, but with
photo-detectors at the resonator drop ports rather than an off-chip
fiber coupled interface. The transmitter side consists of a cascaded
array of all-pass (AP) configuration resonators, such as the one shown
in Fig. 2(b). The resonant modulators imprint information on respec-
tive carrier frequencies via modulation of the resonator effective index
(neff ), shifting the resonance between blocking and non-blocking
states.23–27 As with wavelength-selective OCSes, ftotal ¼ fk � Nk, but
both terms become further constrained by the additional architecture

FIG. 2. (a) Exemplary single-FSR resonator-based DWDM transceiver architecture, requiring all spectral channels to fit within a single resonator FSR. (b) Micrograph of an indi-
vidual microdisk modulator, with RF contacts separated into quadrants and a rectangular integrated thermal tuner comprised of doped silicon.7,20 (c) Proposed schematic of a
multi-FSR resonator-based DWDM transceiver architecture, utilizing ring-assisted MZI based even-odd interleaving to increase the channel spacing at the cascaded resonator
arrays.7,15,21 (d) Spectral transmission of the multi-FSR regime transceiver from the input to output of the cascaded resonator array. Increased channel spacing leaves room for
additional aliases to fall in the space between channels at the resonator arrays. In this case, the aggressor channels become a full FSR apart instead of the channels spectrally
adjacent, as annotated, but otherwise the resonator design considerations remain the same as for a single-FSR regime link, with the exception of increased sensitivity to reso-
nator FSR selection.22
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and device-level design considerations for the resonant modulators.
For example, at the transmitter side, Dkag requires additional margin
due to the reduction in worst case channel spacing introduced by the
shift in resonance requires to modulate.28

Integrated Kerr frequency combs are a promising solution for
driving IMDD DWDM receivers at a large scale, since they offer sev-
eral advantages over platforms based on DFB arrays and supermode
laser diodes. However, it remains a challenge to achieve sufficient
comb line power and conversion efficiency for line spacings
of< 100GHz, which sets a practical lower limit on the achievable
channel spacing. Furthermore, the maximum micro-resonator FSR is
limited by practical design constraints and excess bend radiation losses.
To this end, the resonator FSR must be carefully chosen to prevent res-
onance aliases from overlapping with non-target comb lines. The typi-
cal strategy is to design the resonator FSR such that it extends beyond
the spectral bandwidth of the link, ensuring no alias resonances fall
near a channel. Since the de-interleaved even and odd groups of comb
lines nearly preserve the spectral bandwidth of the original comb, how-
ever, it is infeasible to design micro-resonators with FSRs greater than
the comb bandwidth beyond a limit due to the prohibitively small
physical dimension required that both raise manufacturability and
bend loss concerns.23 Thus, in this single-FSR regime, there is a practi-
cal limit on the number of usable channels assuming a constant chan-
nel spacing.

In contrast, a multi-FSR channel arrangement scheme aims to
place resonance aliases in between the modulated channels while
maintaining an adequate spacing between each channel and its nearest
aggressor for crosstalk minimization. To mathematically formulate the
problem of finding a valid multi-FSR channel arrangement, we define
the following two auxiliary variables:7

S ¼ Dkch
Dkag

; (2a)

F ¼ FSR
Dkag

; (2b)

where Dkch is the effective channel spacing on each bus after de-
interleaving, Dkag is the reduced spacing between a channel and its
nearest aggressor alias, and FSR is the resonator free spectral range.
The quantities S and F represent the channel spacing and the reso-
nator FSR normalized to the aggressor spacing. With these auxiliary
variables defined, find a valid resonator FSR, one would need to find a
proper pair of integers for S and F satisfying Eqs. (2a) and (2b)
under the constraint of Dkag being adequately large to minimize cross-
talk. It has been shown that a valid multi-FSR solution occurs when
the following two conditions are simultaneously met: (i)S andF are
co-prime integers, i.e., having no common factors other than 1, and
(ii) F is greater than or equal to Nch, the desired number of channels
on each bus.7 In this way, we can continue to scale up the number of
channels per bus without being limited by the FSR of the resonators
[Fig. 2(d)].

It is possible to further scale these SiPh-DWDM transceiver
architectures by multiplexing over additional dimensions, beyond just
the wavelength dimension. Multi-dimensional scaling allows for the
multiplication of ftotal by the number of orthogonal multiplexing axes
utilized, K. The combined total multi-dimensional per-fiber-band-
width becomes fhybrid ¼ K � ftotal. There has been particularly high

interest in exploring polarization division multiplexing (PDM) and
mode division multiplexing (MDM) as paths toward achieving these
multi-dimensional transceivers. While not compatible with one
another, both PDM and MDM techniques are on their own funda-
mentally compatible with DWDM, only requiring the necessary mar-
gin in the link budget to accommodate additional penalties
contributed by their respective non-ideal added (de)multiplexing devi-
ces. Physical realization of these hybrid links requires compact and
low-loss, SiPh devices that are both broadband and demonstrate high
channel isolation. There are many such integrated PDM devices that
have been proposed and demonstrated.29–32 It is now common for
SiPh devices to demonstrate insertion loss (IL)< 1 dB and polarization
crosstalk suppression as high as 20dB on-chip. Furthermore, PDM
can be realized with standard single-mode fiber (SMF) interconnects
between chips, assuming the link budget allows for increased crosstalk.
In the case that the link budget does not provide such margin, PDM
may still be feasible by substituting SMF for polarization-maintaining
fiber (PMF), which utilizes a unique cross section that eliminates the
cylindrical symmetry of SMF to create fast and slow propagation axes,
maintaining polarization orthogonality along the fiber channel. Unlike
PDM, MDM allows for K> 2, but can be limited by device perfor-
mance and complications that arise from requiring few-mode fiber
(FMF) or multi-mode fiber (MMF), rather than standard SMF,
between PIC nodes. A number of recent studies have been shown
simultaneous support for MDM and broadband DWDM supported
by novel integrated devices, both for handling multiple propagating
modes intra-PIC and inter-PIC.33–37 While the inclusion of PDM or
SDM with DWDM can introduce additional IL and crosstalk penalties
to the link due to imperfect devices, significant work has been devoted
over the years to reducing losses and crosstalk between orthogonal
modes in devices such as waveguide bends,38,39 mode (de-)multi-
plexers,33,35,40,41 and polarization converters.42

B. Wavelength-selective optical circuit switches

Aside from using resonator-based circuits to improve data trans-
mission and reception, another area where they may be useful is in the
interconnect fabric. DC and HPC traffic workloads have been shown
to exhibit high degrees of spatial locality.43,44 To cope with the traffic
imbalance, researchers proposed using reconfigurable OCSes to
dynamically allocate more bandwidth to traffic hotspots by simulta-
neously switching all the wavelength channels from any given input
port to any output port (i.e., spatial switching).45 However, these spa-
tial OCSes lack the ability to selectively route individual wavelengths in
the wavelength domain to achieve higher switching granularity, which
is especially useful for DWDM architectures.

Wavelength-selective optical circuit switches enable one to estab-
lish all-to-all networks with low complexity, where computing resour-
ces are directly interconnected through leveraging the properties of
DWDM. One of the most reliable and extensively researched realiza-
tions of wavelength-selective OCSes is the arrayed waveguide grating
router (AWGR). Since AWGRs are passive optical components, recon-
figuration within the routing fabric is not feasible. Consequently, to
address different endpoints, rapid wavelength-tunable lasers must be
employed at each node’s transmitter, as AWGRs allocate spatial desti-
nations based on an optical signal’s carrier wavelength as well as spatial
input. While the development of fast wavelength-tunable lasers contin-
ues to be a subject of ongoing research,46 AWGRs are mature,
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commercially accessible, with radix of 370� 370 well-demonstrated in
the literature.47 For a dynamic wavelength-selective switch fabric, one
can look toward implementations which feature microring resonator
(MRR) in its interconnects. The inherent wavelength selectivity of
MRR switching cells lends itself toward the straightforward develop-
ment of wavelength-selective switching topologies in silicon photonics.
Currently, the MRR-based switches with the largest radix include the
8� 8 crossbar48 and switch-and-select,49 but have been experimentally
emulated to include a 16� 16 Clos.50 The metrics seen in Dai et al.50

can be seen to correlate very closely with the scaling proposed in previ-
ous studies,49 making a practical case for the 128� 128.

Spatial-and-wavelength-selective switches are an extension on the
classical wavelength-selective variants, as they allow for signal routing
on both the wavelength and spatial domains. Particularly, they can steer
any subset of channels in an input multi-wavelength signal to a given
spatial destination; a capability that is currently lacking but desirable in
both data center and high-performance computing applications for
handling heterogeneous traffic patterns.51,52 The inceptive designs of
these novel switching architectures were straightforward: demultiplex-
ing input DWDM signals on the wavelength domain, collecting and
spatially reroute channels of the same wavelength, then re-multiplexing
the result to form a DWDM output.53,54 However, to do so in a non-
blocking manner requires an unsustainable number of switch elements
(SEs) at scale. More modern architectural iterations work to integrate
spatial switches with wavelength-selective components—decreasing the
hardware complexity of the interconnects considerably.55

III. RESONANT DEVICES
A. Add-drop filters

As a result of their inherent wavelength selectivity, compact foot-
print, and efficient resonance tuning (thermally or otherwise), SiPh
resonators are ubiquitous in integrated DWDM systems.15,33,35,56,57

Furthermore, SiPh resonator-based DWDM systems boast unrivaled
design flexibility at both device and system levels due to the develop-
ment of parameterized models that accurately capture the physical
device behavior.58,59 These parameterized models can be used to
develop resonators for both add-drop (de)multiplexing filters60,61 as
well as active high-speed modulators;23,24,62 applications even exist uti-
lizing their non-linear phase response near resonance, such as ring-
assisted MZI (RAMZI) devices.63–65

The most basic building blocks of the DWDM receiver or OCS
are the resonant add-drop (AD) filter. Figure 3 illustrates a basic sche-
matic of a first-order AD ring resonator, as well as typical transmission
spectra, all annotated with the most relevant parameters. Assuming
incident light at the “In” port of Fig. 3(a), spectral transmission for
first-order resonators at the “Through” and “Drop” ports follows:59

Ethrough
Ein

¼ ejðpþ/Þ r2a� r1e�j/

1� r1r2aej/
; (3a)

Ithrough
Iin

� Tthrough ¼ r22a
2 � 2r1r2a cos/þ r21

1� 2r1r2a cos/þ r21r
2
2a2

; (3b)

Edrop
Ein

¼ ejðpþ/=2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r21
� �

1� r22
� �

a
q

1� r1r2aej/
; (3c)

Idrop
Iin

� Tdrop ¼
1� r21
� �

1� r22
� �

a

1� 2r1r2a cos/þ r21r
2
2a2

; (3d)

with r being the E-field self-coupling coefficient of the waveguide and
r2 ¼ 1� k2, where k is the E-field cross-coupling coefficient between
the waveguide and resonator, a being the E-field self-coupling coeffi-
cient of the resonator for each round trip around the cavity, relating to
the power attenuation coefficient, atotal, as a2 ¼ expð�atotalÞ, and
/ ¼ bL, where b ¼ 2pneff=k; neff is the effective index of the propa-
gating optical mode in the resonator, and L is the round trip cavity
propagation length. While not directly used as wavelength de-
multiplexing filters, the AP resonator configuration is a sub-category
of AD, lacking the add-drop coupled waveguide opposite the in-
through coupled waveguide, and can be modeled with the same equa-
tions by setting r2 to 1. AP resonators and their applications in trans-
ceiver architectures as modulators will be further discussed in
Sec. III B.

While seemingly independent, many of these parameters are fun-
damentally intertwined with one another along with the physical
(sub-)device properties, thus becoming a complex design space with a
slew of trade-offs that must be considered to achieve the target perfor-
mance metrics. For example, while it is clear that b is strongly depen-
dent on k, neff and the coupling coefficients are functions of k as well.
Before untangling these complex co-dependencies, it is helpful to
define several additional relevant terms,59

kres ¼ neffL
m

; m ¼ 1; 2; 3…; (4a)

FSR ¼ k2

ngL
; (4b)

DkFWHM ¼ 1� r1r2að Þk2res
pngL

ffiffiffiffiffiffiffiffiffiffi
r1r2a

p ; (4c)

FIG. 3. (a) First-order radial ring filter with straight coupling waveguides in the AD
configuration. Input–output waveguide ports are labeled, with self-coupling and
cross-coupling coefficients annotated consistent with Eqs. (3) and (4). (b) Modeled
spectral transmission near the resonance for a critically coupled first-order AD reso-
nator with kres � 1550 nm. (c) Spectral transmission of the same resonator model
over a wider wavelength range, illustrating the resonance periodicity.
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a resonance wavelength, kres, occurs whenever an integer multiple, m,
of wavelengths fits within one optical round trip of the resonator cav-
ity, defined as the geometric path length of the propagating mode, L,
multiplied by the mode’s effective index, neff . For a single device,
repeated resonances will occur, with the periodicity equal to the aver-
age FSR over the wavelength span between a given set of kres;m and
kres;mþ1, which is a function of the mode’s group index, ng. DkFWHM is
the filter’s Lorentzian full-width half-maximum (FWHM).
Additionally, the resonator Q factor can be calculated as
Q ¼ kres=DkFWHM.

We can use the two sets of equations, Eqs. (3) and (4), to make
several initial observations regarding the design space. First, critical
coupling will occur when r1 ¼ r2a, meaning that the ERthrough will be
maximized, while the on-resonance drop-port insertion loss, ILon, will
be minimized (a typically desired outcome). Second, in agreement
with common intuition, minimizing a—preferably such that
a � 1—results in better performance (lower ILon) and a more simple
set of equations to work with. Third, it is clear that for fixed coupling
and loss coefficients, the FSR is proportional to DkFWHM; thus, to
achieve the same filter bandwidth with a different FSR, the coupling
strength must be designed accordingly, as illustrated in Fig. 4.

The terms neff , ng, L, and a present in Eqs. (3) and (4) are all
determined by the resonator’s physical waveguide geometry, such as
width and bend radius, and ng can be calculated from the wavelength-
dependent neff as ng ¼ neff � k0

dneff
dk . Referring to Fig. 3(a), an AD

resonator is constructed out of several constituent sub-devices: the
waveguides constructing the resonator itself (at least one pair of bent
waveguides), and the coupling sections connecting the input–output
waveguides to the resonator. Figure 5 illustrates several styles of
AD resonator, showing examples of both single-mode rings and
multi-mode disks, as well as a variety of coupling geometries. It should
be noted that while the largest resonator FSR is typically achievable
with the geometry shown in Fig. 5(b), such a geometry is also highly
susceptible to increased ILoff , as described in Eq. (1), due to the tightly
bent coupled waveguide geometry. The bent waveguide sections create the all-important loopback

path allowing for the resonance to occur, and their physical character-
istics can dominate geometric design complexity. The Lumerical
MODE solver is used to determine the fundamental transverse-electric
(TE) mode parameters for a given bent 2D waveguide cross section,
parameterized in Fig. 5(a). To allow for a unified geometric description
consistent between single-mode rings and multi-mode disks, we
describe the bent waveguide geometry with the radius defined as the
origin curvature out to opposing waveguide sidewall, and the wave-
guide width measured back from the outer sidewall toward the inner
sidewall. In these coordinates, the bent waveguide transitions from a
ring to a disk when the radius is equal to the width, a threshold
denoted by the dashed red line in Figs. 6(b)–6(f). The neff and ng were
calculated for the fundamental TE mode for the 2D cross section of
bent waveguide at k¼ 1550nm for a variety of waveguide widths and
bend radii.

It can be seen in Figs. 6(b)–6(d) that as the width of the wave-
guide increases, the neff becomes less dependent on the inner portion
of the waveguide, while as the radius decreases the neff becomes more
sensitive to variations along the outer waveguide wall, effectively corre-
sponding to local changes in the radius [as defined in Fig. 6(a)].
The impact of this relative sensitivity to variation is most apparent
when measuring the standard deviation in kres for the same resonator
across multiple copies of the same device. This measurement was done

FIG. 5. Schematics and corresponding microscope images for (a) non-uniform cou-
pling for ring resonator with radius R¼ 5lm and G¼ 170 nm, (b) phase-matched
coupling for disk resonator R¼ 4.5 lm, G¼ 200 nm, and coupling angle hc¼ 30�,
and (c) racetrack ring with R¼ 1.75 lm, G¼ 150 nm, and extended coupling length
Lc ¼ 0.5lm.66

FIG. 4. Resonator FWHM as a function of resonator FSR and coupling strength—
defined as the magnitude of optical power coupling coefficient (k2)—for a lossless
(a¼ 1) and critically coupled (r1 ¼ r2 () k21 ¼ k22 ) AD resonator. Note that the
FWHM increases with FSR for a fixed k2, meaning the filter Q factor is inversely
proportional to FSR independent of coupling.
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for both single-mode rings and multi-mode disks over a full 300mm
wafer fabricated by AIM Photonics, with the measurement results plot-
ted in Fig. 7. In agreement with that intuition, Figs. 7(a) and 7(b) show
the normalized through transmission for a disk resonator with a radius
of 1.6lm with a conformal coupler, measured across 64 reticles.
Figure 7(c) demonstrates close matching between the FSR for simu-
lated and measured disk resonators over a range of radii. Figure 7(d)
shows that for equivalent FSR, a single-mode ring resonator has sub-
stantially greater 1r variation in resonance location than a multi-mode
disk resonator, in agreement with the expected increased fabrication
sensitivity for single-mode bent waveguides from Fig. 6(d).

As stated before, minimizing the round trip resonator loss is
attractive, and often a top priority for meeting design metrics. This loss
can manifest from several sources, such as bend radiation loss, propa-
gation loss (typically a combination of material loss and sidewall
roughness), mode mismatch loss, and loss due to the couplers. The
same Lumerical MODE solver was used to record the expected bend
radiation loss of the TE0 mode in a bent waveguide. Illustrated in
Fig. 8(a), radiative bend loss is inversely proportional to both the wave-
guide width and the waveguide radius. Furthermore, as shown in
Fig. 6(d), as the waveguide width increases the mode becomes less sen-
sitive to variations in outer sidewall (j@neff=@radiusj), also reducing
losses due to sidewall roughness, especially for modes that have crossed
into the whispering gallery territory and no longer interact with the
inner wall of the bent waveguide. Thus, whispering gallery resonator
modes typically have a much greater intrinsic Q than their non-
whispering gallery counterparts.23

Loss is not necessarily always undesirable; particularly in the case
of multi-mode resonators, it can be very helpful to induce mode selec-
tive loss. Referring back to Fig. 6(c), once TE0 can be considered a
whispering gallery mode, the propagation characteristics (including
loss) are no longer dependent on the internal bent waveguide interface.
On the other hand, higher-order modes (such as TE1) are less spatially
confined and so will still significantly interact with the internal wave-
guide beyond the whispering gallery cutoff radius of TE0, as shown in
Fig. 9(a). Therefore, mode selective loss to attenuate higher-order
mode resonances and preserve the disk FSR can be achieved through
selective placement of metal vias and/or silicon dopants [due to free
carrier absorption (FCA)], such as what might be used to form an inte-
grated heater. By proper design of selective loss, a disk with radius
¼ 3:5 lm, shown in Fig. 9(b), can be treated as a single-mode resona-
tor with an FSR and intrinsic Q factor greater than a single-mode radi-
ally bent waveguide would typically allow. Properly designing with
mode selective loss in mind is particularly critical for multi-mode disk
modulators, where there is a direct trade-off between distance from the
metal contact and series resistance through doped silicon, which can
limit modulation bandwidth.7,67

To couple into, and out of, a standard resonator, a four-port
device is necessary. In most cases, this device is a variation of DC,
though in the case of racetrack style rings, a 2� 2 multi-mode interfer-
ometer (MMI) is frequently employed.68 Several coupling schemes are
illustrated in Fig. 5, with schematic adjacent to microscopic or SEM
image of a representative fabricated device. There are two key parame-
ters to consider with any coupler, wavelength-dependent coupling

FIG. 6. (a) Numerically solved E-field profile at 1550 nm of the fundamental TE mode for a 2D cross section of a bent silicon-on-insulator (SOI) waveguide (silicon region out-
lined in white). The radius is measured from the origin of curvature (on the right) to the outer sidewall of the bent waveguide (on the left). The waveguide width is measured
from the outer sidewall toward the inner sidewall. (b) neff of the TE0 mode for 400 nm � width � 5000 nm and 1:6lm � radius � 5lm. (c) The marginal change in neff with
respect to the width to the right of the contour line (@neff@width

¼ 1� 10�5) TE0 can be considered a whispering gallery mode, where the mode does not interact with the internal
waveguide structure beyond that threshold. (d) The marginal change in neff with respect to small changes in outer radius, showing increased mode interaction with the outer
sidewall at small radii. (e) ng for the waveguide configurations, used in Eq. (4b) to calculate (f) the FSR of a resonator constructed out of a constant radially bent waveguide.
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strength, k2ðkÞ and ILðkÞ. Looking at Eq. (3), coupling and loss coeffi-
cients are strongly intertwined when it comes to device performance, a
and r2, in particular, are completely indistinguishable in the equation
for Tthrough. In the case of a lossless resonator (a � 1), the coupling

FIG. 8. (a) Radially dependent fundamental TE0 mode radiative bend loss for a
simulated bent SOI waveguide cross section in the Lumerical MODE solver. As the
bend radius decreases, bend loss increases. Conversely, as waveguide width
increases radiative bend loss decreases, allowing for a high Q resonator to be con-
structed out of more tightly bent, but wider waveguides. (b) The number of sup-
ported propagating modes found by the Lumerical MODE solver for the same
radius and width. Higher-order modes fail to be supported as the bend radius
reduces, reducing the risk of undesired coupling to those higher-order modes.65

FIG. 9. (a) Stacked cross-sectional slices (at a height of 110 nm) for the mode E-field intensity of many 220 nm tall SOI microdisk resonators of different radii for the first two
TE modes, simulated in the Lumerical MODE solver. The x axis is normalized relative to the disk radius so that the outer edge of the disk is always at x¼ 1. TE1 is more
broadly distributed in the radial direction both inward and outward from the edge of the disk. (b) Microscope image of a fabricated AD microdisk filter, with the heavily doped
integrated heater ring visible, designed to attenuate TE1þ resonances via FCA while minimally impacting TE0. (c) Transmission spectrum for the through port of the AD micro-
disk filter with and without the integrated heater doping, showing the efficacy of creating mode selective loss. In this case, the heater attenuated the TE0 resonances more than
intended, but more conservative placement of the doped heater will achieve the desired higher-order resonance suppression with minimal impact on TE0.

FIG. 7. (a) Measured and normalized through port spectral transmission of a disk
filter with radius¼ 1:6lm and FSR¼ 74 nm, measured on 64 reticles sampled
over a full 300mm wafer. (b) Magnified plot of the L-band resonance of the disk fil-
ter on each reticle. (c) Disk FSR vs drawn radius showing simulation in close agree-
ment with measured FSR. (d) Simulated disk j@neff=@radiusj as a function of
radius, plotted on the same horizontal axis as the measured 1r standard deviation
in resonance location, showing a strong positive correlation. A single-mode ring’s
measured 1r resonance variation for an equivalent FSR is also shown for
comparison.

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

Appl. Phys. Rev. 10, 041306 (2023); doi: 10.1063/5.0160441 10, 041306-8

VC Author(s) 2023

 21 M
arch 2024 17:34:26

pubs.aip.org/aip/are


strength and path length will entirely determine the filter bandwidth,
as described in Fig. 4. Only considering the case of DC, the maximum
k2ðkÞ is a function of the coupling length, coupling gap, and phase
matching between arms. A fundamental convenience can be observed
here, as the FSR is increased the required maximum k2 to support the
same filter DkFWHM goes down as well, allowing for a reduced coupling
length, which is in geometric agreement with the resonator shrinkage
that is tied to the increased FSR.

For the most uniform spectral resonator characteristics, the most
uniform broadband coupling coefficients are desired. A symmetric DC
tends to exhibit a strong wavelength dependence, but there are many
alternative coupling schemes making use of asymmetric geometries
that are demonstrated to be both more broadband and robust to fabri-
cation variations.69–73 Bent directional couplers (BDCs), which can be
referred to as conformal couplers as shown in Fig. 5(b), are particularly
promising as they allow for increasing the Lc and having a more mode
selective coupling to TE0 for a multi-mode disk.7 In the case of an AD
resonator, increasing Lc and thus k2 primarily serve to increase the
DkFWHM or reduce the drop port’s ILon by increasing the ratio of a to
r2 so that coupling out to the waveguide is much greater than coupling
out due to loss. In terms of mode-selective coupling, Fig. 10 shows the
coupling into the TE0 and TE1 modes of a microdisk resonator for a
straight-coupled waveguide and conformal-coupled waveguide
designed to couple into TE0. For the former, the difference between
mode coupling is less pronounced and the more widely dispersed TE1
mode field’s evanescent tail overlaps more with the coupling wave-
guide allowing k2TE1 > k2TE0. On the other hand, in the conformal cou-
pler case, the angular phase matching between TE0 in the resonator
and the coupling waveguide dominates the resultant coupling coeffi-
cients, despite the greater TE1 field overlap that is still present. By min-
imizing power coupled into higher-order resonator modes,
suppressing the corresponding resonances becomes easier utilizing
techniques such as induced mode selective loss as described before.

Inmost cases, the resonator cannot be considered completely loss-
less, especially in the coupling region. Excess loss of the coupler device
has two primary effects, one being the degradation of the resonator Q
factor as a result of a reducing,59 and the other is the increase in ILoff
that is accumulated in the through path.66 While the unloaded Q of a
disk resonator’s TE0 mode is much larger than a single-mode rings
unloaded Q for the same FSR,23 the introduction of the waveguide cou-
pling region disturbs that. The smaller the resonator, the more abrupt
the transition into and out of the coupling region tends to be. In fact,
the phase-matched coupler is especially lossy due to the mode mis-
match at the S-bend inflection and phase matching requirement to nar-
row the waveguide resulting in substantially more bend loss, as
described in Fig. 8(a). Recently, an adiabatically varied quasi-ellipsoid
single-mode ring resonator was demonstrated [shown in Fig. 5(c)].66

The straight waveguide coupling allows for reduced mode mismatch in
the coupling region, resulting in substantial reduction of coupler loss.
This permits off-resonance light to pass by the filter relatively unim-
peded, as shown in Fig. 11, and an increase in the limit for Nk in a
DWDM system by allowing for the second term in Eq. (1) to grow.

To determine the minimum permissible Dkag term from Eq. (1),
we must calculate the channel crosstalk penalty as it relates to both the
spacing between channels and the DkFWHM of the filters themselves.
For this purpose, we can calculate the drop-port transmission of an
ideal lossless AD filter, with a � 1 and r1 ¼ r2 ¼ r, as

Tdropideal ¼
1� r2ð Þ2

1þ r4 � 2r2 cos
2neff 1� r2ð Þ

ngr
v0

 ! ; (5)

where v0 is a normalized detuning parameter, v0 ¼ Dkag
DkFWHM

.

It is clear from Eq. (5) that the impact of channel spacing on
crosstalk is directly proportional to the DkFWHM of the filter. To reduce
crosstalk between channels due to spectral overlap, v0 should be maxi-
mized, so DkFWHM should be minimized. At the same time, DkFWHM

must be broad enough to capture the spectral content comprising the
signal information for the targeted channel. To determine this mini-
mum DkFWHM, the experiment described in Fig. 12(a) was done, using
a tunable bandpass filter (TBF) (II–VI Waveshaper) and variable

FIG. 10. (a) Layout of a microdisk resonator of R ¼ 4lm with a conformally cou-
pled waveguide on the top side and a non-uniform straight waveguide coupling on
the bottom side. Coupling strength from waveguide to microdisk simulated in
Lumerical FDTD for (b) coupling via conformal coupler designed to selectively cou-
ple into the microdisk TE0 and (c) coupling via non-uniform coupler, much more
strongly coupled into TE1 than TE0.

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

Appl. Phys. Rev. 10, 041306 (2023); doi: 10.1063/5.0160441 10, 041306-9

VC Author(s) 2023

 21 M
arch 2024 17:34:26

pubs.aip.org/aip/are


optical attenuator (VOA) (Keysight N776A) to emulate a range of
Lorentzian transmissions with constant peak transmission, shown in
Fig. 12(b). A pulse pattern generator (PPG) (Anritsu MP1900A) gen-
erated a pseudo-random bit sequence (PRBS) 231 � 1 bits long
(PRBS31) at 16Gb/s to drive a linear reference transmitter (Thorlabs
MX35E) and output a modulated optical signal. An erbium doped
fiber amplifier (EDFA) (Fiberlabs AMP-FL8021-CLB) was used to

overlay broadband spectral noise and the 80 GSa/s real-time oscillo-
scope (Keysight DSOZ632A) captures the eye diagrams of the filtered
16Gb/s PRBS31 signal after being converted back to an electrical signal
by a 40GHz photoreceiver (Thorlabs RXM40AF). The eye diagram Q
factor is converted to an estimated bit error rate (BER), BERest, by
Freude et al.74

BERest ¼ 1
2
erfc

Qffiffiffi
2

p
� �

: (6)

The BERest for a range of input powers and programmed
DkFWHM s is measured and plotted in Fig. 12 as dots, with a polyno-
mial fit line. To validate BERest the photoreceiver electrical output was
connect to the receiver input of the PPG to measure the real BER for
several configurations, which are plotted as triangular markers on
Fig. 12, in good agreement with Eq. (6). Due to the filtering out of
broadband EDFA noise, a 0.5 dB improvement in receiver sensitivity is
observed to maintain a constant BER for the filter DkFWHM being
reduced from � 5� the data rate (� 80GHz) to 2� the data rate
(32GHz). Once the DkFWHM reduced below 2� the data rate, signifi-
cant signal degradation occurred. In the presence of high-frequency
signal distortion, it has also been demonstrated that setting the filter
DkFWHM to be 2� the data rate can result in 3 dB gains in signal qual-
ity via equalization in the optical domain.75 Setting the minimum

FIG. 11. Transmission of 30 cascaded identical disk resonators with conformal cou-
pling and 30 cascaded miniaturized racetrack single-mode rings with straight wave-
guide coupling. Cutback measurements for each showed 0.1 and 0.02 dB ILoff ,
respectively, despite the single-mode ring having 60% larger FSR.66

FIG. 12. (a) Experimental setup for measuring signal impact of optical filter. The VOA after the filter is set to automatically adjust attenuation to maintain constant output power
to compensate for additional peak attenuation at narrower DkFWHM. (b) Measured transmission spectrum of programmable optical filter set to Lorentzians of varying DkFWHM.
(c) BER at several constant received optical powers for a 16 Gbps NRZ optical signal. Triangular marker measurements are direct BER measurements simultaneously mea-
sured with the signal Q. Dots correspond to automated Lorentzian DkFWHM sweeps that measured signal Q and converted to BERest as defined by Eq. (6). Solid lines corre-
spond to a polynomial fit.
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DkFWHM to be twice the data rate, we can determine the minimum
Dkag to satisfy a specific threshold of crosstalk suppression, calculated
by Eq. (5). Using �20 dB as a common acceptable crosstalk suppres-
sion threshold,76 it follows that the minimumDkag for a first-order res-
onator drop demultiplex would need to be at least 5� the DkFWHM

and 10� the data rate per wavelength.
Taking the case of a single-FSR link configuration, as described in

Fig. 2(a), and assuming an FSR covering the full C-band (4.8 THz), to
maintain �20dB crosstalk at the receiver for a data rate of 25 Gbps,
only 19 carrier frequencies could be utilized. In the case of a reduced
crosstalk suppression requirement (>�20 dB), reducing Dkag relative
to a given DkFWHM is one option. Another alternative to increase the
channel count would be to implement more complex architectures,
such as the multi-FSR link configuration as described in Fig. 2(b) or
implementing a multi-dimensional multiplexing scheme as described
earlier. Recent work showed a promising path toward increased aggre-
gate link bandwidth due to the combination of reduced channel data
rate allowing for additional link margin, which in turn permitted
increased crosstalk and signal truncation penalties and thus closer
channel spacings.22 As the crosstalk is more due to the Lorentzian filter
shape than any significant spectral overlap of the signals propagation
along the channel, utilizing an architecture like the multi-FSR link,
particularly the flat-top even-odd interleavers, can efficiently double
the channel spacing at each stage, multiplying the effective spectral uti-
lization and bandwidth of the resonator-based optical interconnect.

B. All-pass modulators

The relatively passive design principles for AD resonant filters
equally apply to AP resonant modulators. Simply modifying Eq. (3)
setting r2 ¼ 1 converts the AD configuration to the AP configuration.

The same FSR, IL, and crosstalk constraints remain as with the AD fil-
ters, but additional optimizations and design choices are added to sup-
port high device electro-optic bandwidth. Most critically, these include
optimization of the active electro-optic region and choosing operating
bias targets, both electrical and optical. While there are three main cat-
egories of resonator modulation—index (neff ), loss (a), and coupling
(r1) modulation—index modulation is by far the most common, espe-
cially for DWDM interconnects.25 Index modulation is performed by
creating a waveguide in which the neff of the propagating optical mode
is dependent on an applied voltage gradient, most often by using the
dopants to create a PN diode within the optical waveguide.7,23,77 These
p-type and n-type dopants are placed in close proximity to form the
PN diode and can be forward or reverse biased by an external driving
signal to modulate neff . While a greater change in neff can be achieved
via forward biasing and injecting free carriers into the waveguide, the
modulation bandwidth is limited and requires complex pre-emphasis
techniques to exceed single-digit GHz bandwidths.77,78 On the other
hand, in reverse bias index modulation is performed by varying the
width of the PN diode depletion region where it overlaps with the opti-
cal mode; this change in depletion width modulates the neff via the
plasma dispersion effect. Depletion mode index modulators can sup-
port tens of GHz bandwidth per-carrier wavelength, and integrating
them into resonant devices allows for error-free data transmission to
be achievable at CMOS-compatible drive voltages.7,15,23,79

Furthermore, modulation by charging and discharging the junction
capacitance, Cj, does not consume DC power, and the energy per bit
can be calculated as Ebit ¼ 1=4CjV2

pp, allowing for reported � 1 fJ/bit
modulation efficiency up to data rates of 25 Gbps.23

Figure 13 illustrates the fundamental operating principles for a
depletion mode resonant modulator. Figure 13(a) shows an aerial

FIG. 13. (a) Schematic of an AP disk modulator with a conformal coupler designed to selectively excite the TE0 mode. (b) Cross section of a vertical junction doping profile for
the disk modulator, showing junction, series, and contact dopings. (c) Simulated 2D free carrier profile of the cross section at 0 and 1 V reverse biases with corresponding
depletion widths. (d) Small-signal circuit of a depletion mode resonant modulator. (e) A measured disk modulator resonance shifting due to various applied reverse biases.
Deeper reverse bias corresponds with red shifting of the resonance and vice versa. (f) Loss due to FCA decreases as the depletion width grows with deeper reverse bias,
showing a transition between undercoupled and overcoupled regimes at �1:5 V � Vapplied � �1 V.
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schematic view of a typical AP configuration disk modulator, including
the mode selective conformal coupler, similar to the one shown in
Fig. 5(b). Figure 13(b) is a possible cross section for the vertical PN
junction in the plane of optical propagation, with the whispering gal-
lery mode field plotted to show overlap with the lightest doped PN
diode region. For an abrupt PN junction, the theoretical depletion
width, wd, is given by

wd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eðND þ NAÞð/bi � VÞ

qNAND

s
; (7)

where e is the permittivity of silicon, ND is the donor dopant concen-
tration, NA is the acceptor dopant concentration, /bi is the built-in
voltage, q is the elementary charge, and V is the applied bias. For sili-
con at 300K with ND ¼ NA ¼ 2:5� 1018 cm3; /bi � 1 V, Eq. (7)
gives wd � 30 nm, similar to the numerically simulated vertical
junction-free carrier profile results shown in Fig. 13(c).7 For a disk
modulator, contact and series dopings should be placed in accordance
with the same principles as demonstrated in Fig. 9, in order to suppress
higher-order mode resonances while adding minimal excess attenua-
tion to TE0. We can use the whispering gallery cutoff threshold as
described in Fig. 6(c) to determine the minimum distance between
disk edge and higher concentration dopants, which can be defined as
the minimum junction width (wj). Minimizing wj, or otherwise dimin-
ishing the electrical path length from the driver to the optical mode,
reduces the series resistance of the junction (RSj), thus increasing the
modulator RC bandwidth. Another avenue of mode selective loss gen-
eration in the disk modulator configuration is to add a drop bus wave-
guide, converting the resonator to an asymmetric AD configuration
that is much more strongly coupled to higher-order modes, such as
the one shown in Fig. 10.

Figure 13(d) shows a small-signal RC approximation of the
depletion mode modulator assuming a short trace length between elec-
trical pads and the photonic device.67 With increased reverse bias, the
geometric path length of the resonator remains unchanged, but the
change in neff directly affects the / term in Eq. (3), shifting the reso-
nance and changing the transmission characteristics of a fixed carrier
wavelength near the resonance. This resonance shift can be seen in
Fig. 13(e) and is typically referred to as the depletion response,

measured in GHz (or sometimes pm) per applied Volt. Depletion
response measurements as high as 30 GHz/V have been reported for
disk modulators utilizing a vertical PN junction due to the improved
overlap between optical mode and depletion region relative to an equiva-
lent lateral PN junction, which typically shows depletion responses far
less than even 5 GHz/V.23,80 Figure 13(f) plots the dependence of
ERthrough and DkFWHM on Vapplied, showing critical coupling is achieved
at Vapplied � 1:25V, with the resonator being undercoupled and over-
coupled with shallower and deeper reverse biases, respectively. The DC
depletion response measurement is used to characterize steady-state per-
formance metrics of depletion mode modulators. For energy-efficient
broadband DWDM, modulation is typically in the on-off keying (OOK)
non-return to zero (NRZ) format, comprised of a sequence of high- and
low-power optical signal strengths, representing a series of binary 1’s
and 0’s.7,21 A power penalty, defined as the difference in input power
required to achieve the same BER at the receiver relative to an ideal sig-
nal, is added on top of the baseline IL of the device due to the non-
infinite modulation extinction ratio (ER) and can be calculated as7

PPOOK=NRZ ¼ 10 log10
r þ 1
r � 1

� �
þ 10 log10

2r
r þ 1

� �
; (8)

where r is the linear ER and can be calculated as r ¼ 10ER=10. To mod-
ulate, a fixed detuning wavelength, Dkmod, is chosen relative to the
mean resonance position where applying 6Vpp=2 will shift the reso-
nance between blocking and non-blocking positions for the carrier
wavelength, k, as shown in Fig. 14(a). Figure 14(b) shows the ER and
IL as a function of Vpp and Dk based on the depletion response mea-
surements in Fig. 13(e). Taking the ER and IL at a fixed Vpp¼ 1.5V,
we can calculate the total penalty as PPtotal ¼ ILþ PPOOK=NRZ and
determine an optimal operating point for Vpp and Dk, minimizing
PPtotal as shown in Fig. 14(c). Looking more closely at PPOOK=NRZ, we
can separate the terms into the power penalty from having non-
infinite ER [PPER ¼ 10 log10

rþ1
r�1

� �
] and the power penalty from

reduced average optical power due to the expectation of equi-

probabilistic 1’s and 0’s transmitted [PPOOK ¼ 10 log10
2r
rþ1

	 

]. Figure

15(a) plots the dependence of PPOOK=NRZ on signal ER and the contri-
bution of these constituent parts, showing asymptotic approach to

FIG. 14. (a) Index modulated OOK NRZ is performed by shifting the modulator resonance between blocking and non-blocking states relative to a fixed carrier wavelength. The
IL and ER are a function of both the peak-to-peak voltage swing (Vpp) and detuning wavelength (Dk). Resonance extinction ratio, ERthrough, as a function of coupling strength,
k2, into the resonator fundamental mode for a simulated microdisk modulator with dopant profile as shown in Fig. 13. Critical coupling occurs at k2 ¼ 0:029. (b) Derivative of
ERthrough with respect to k

2. For the same ERthrough ¼ 15 dB, the sensitivity to variations in k2 is half as much on the overcoupled side (k2 ¼ 0:04) as on the undercoupled side
(k2 ¼ 0:02).
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3 dB with ER ! 1. Figure 15(b) plots the derivative of PPOOK=NRZ
with respect to signal ER, suggesting pursuing signal ER beyond
� 12dB results in strongly diminishing returns. As shown in
Fig. 14(c), the ER is fundamentally tied to IL and the optimal operating
point is not necessarily where ER is maximized.

The DC depletion response measurements suggest expected
modulation performance when the resonant modulator is operating
well below the electro-optic bandwidth limits (f el-opt3 dB ), which can be
calculated as7

f el-opt3dB ¼ 1

f el3dB

� �2

þ 1

f opt3dB

 !2
2
4

3
5
�1

2

; (9)

where f el3dB is the 3 dB bandwidth of the modulator small-signal circuit
model, illustrated in Fig. 13(d), and f opt3dB is determined by the modula-
tor’s photon lifetime limit and can be approximated as
f opt3dB �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

p � 1
p

� DkFWHM. While a higher modulator Q, and thus a
lower DkFWHM, would result in a more favorable modulation IL and
ER trade-off in terms of detuning, there is a practical limit to the
achievable modulation bandwidth, as shown in Fig. 16. The Dk factor
will also affect the cumulative electro-optic modulator bandwidth, as
peaking occurs depending on the detuning frequency between the res-
onance and carrier which can extend the modulation bandwidth past
the photon lifetime limit.25,26,67

The resonator coupling regime also has a strong affect on modu-
lation characteristics. While it is relatively straightforward to design
symmetric coupling schemes to achieve broadband critical coupling in
the AD filter configuration due to targeting a � 1, in the case of an AP
modulator, a< 1 is primarily due to the FCA loss from implanted
dopants in the waveguide. As a result, a becomes relatively broadband,
while r1 is strongly wavelength dependent, as shown in Fig. 10. The
asymmetry between a and r1 with respect to optical wavelength means
that an AP modulator designed for critical coupling at one wavelength
will show substantial degradation of ERthrough at adjacent FSRs, as well
as when the resonance is thermally tuned. In the case of ultra-
broadband DWDM links utilizing many individual wavelength chan-
nels, it is desirable to have relatively uniform spectral performance.21

Figure 17(a) shows the resonance extinction ratio, ERthrough, as a

function of coupling strength, k2, into the resonator fundamental
mode for a simulated microdisk modulator with 2.9% round trip loss.
Critical coupling occurs at k2 ¼ 0:029. As shown by Fig. 17(b), the
same ERthrough ¼ 15 dB, the sensitivity to variations in k2 is half as
much on the overcoupled side (k2 ¼ 0:04) as on the undercoupled
side (k2 ¼ 0:02). At critical coupling the ERthrough is orders of magni-
tude more sensitive to k2 and therefore also strongly varies with wave-
length. In addition to reducing resonance wavelength dependence, it
can also be seen in Figs. 17(c) and 17(d) that the characteristic trade-
off between IL, ER, and Dk is significantly more favorable for an over-
coupled modulator. This is particularly the case for microdisk modula-
tors, which are more susceptible to the self-heating effect due to their
large intrinsic Q factor, forcing them to be required to modulate only
in the Dk < 0 region at per line powers appropriate for telecommuni-
cation applications.81

An additional design consideration that is unique to the resonant
modulator is requiring two sets of internal circuitry, one for the inte-
grated thermal phase-shifter and the other to support high-speed RF
modulation, both visible in Fig. 2(b).20 Due to foundry constraints,
such as minimum metal widths and gaps, this forces an asymmetry
between the maximum FSR for thermally tunable AP modulators and
AD filters, as the latter only requires the integrated heater. It is possible
to place a doped silicon heater outside the resonator circumference
instead, but a minimum distance from the resonator edge must be
determined to avoid perturbing the optical mode. If not properly
designed, this perturbation can degrade the resonator Q, change the
coupling conditions, and create undesired back reflections in the cav-
ity. Increasing this distance lowers the chance of detrimental optical
coupling, but also effectively reduces the heater efficiency as more ther-
mal power must be dissipated to result in an equivalent change in
waveguide temperature. The larger the modulator FSR, the larger this
distance must be, as it can be seen in Fig. 9(a) that the TE0 mode’s eva-
nescent tail extends further out of the resonator as radius decreases.
The thermal conductivity of the material bridging the gap between the

FIG. 15. (a) The OOK NRZ modulation power penalty, PPOOK=NRZ, and it constitu-
ent components plotted against the signal ER. As the power penalty associated
with non-infinite ER, PPER, goes down with increased ER, the modulation insertion
loss, represented by PPOOK, increases toward 3 dB due to equally probable 0 and
1 bits in the transmitted data. Overall, as ER ! 1; PPOOK=NRZ ! 3 dB. (b) The
derivative of PPOOK=NRZ with respect to ER, showing rapidly diminishing returns for
ER greater than � 12 dB. FIG. 16. Electro-optic bandwidth based on a combination of the electrical bandwidth

and optical photon lifetime limited bandwidth, which is determined by the resonator
Q factor, as described in Eq. (9). The total modulation bandwidth for index modula-
tion based resonant modulators is thus constrained by both the small-signal electri-
cal circuit bandwidth and the modulator Q factor, setting a practical maximum Q for
a resonant modulator designed to support a specific bandwidth.
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doped heater and resonator also plays a role in determining an external
heater’s efficiency, as silica is far less thermally conductive than silicon.
Placing the integrated heater externally from the resonator, with the
gap between heater and optical mode being entirely comprised of sil-
ica, further reduces thermal tuning efficiency and therefore link effi-
ciency.82 One possible solution to this asymmetry in modulator and
filter FSR is to modify the transceiver architecture to accommodate the
differential in transmitter and receiver resonator FSR, for example,
halving the number of interleaver stages for the receiver relative to the
transmitter in a multi-FSR implementation similar to the one shown
in Fig. 2(c).21

Alternatively, a more aggressive external heater spacing can be
pursued by targeting a heater silicon geometry that is phase mis-
matched as much as possible to the resonator’s fundamental TE mode.
Linear phase mismatched waveguides have been demonstrated in the
context of tightly routed linear waveguides, allowing for drastically
reduced crosstalk over hundreds of lm of near propagation.83,84

Similarly, we can design the external doped silicon heater so that the
angular neff is different enough as to be functionally transparent to the
resonator TE0 mode, despite near physical proximity. An example of

one such device is shown in Fig. 18(a), where the microdisk modulator
radius is 2lm, with an external heater that is only 500 nm away from
the outer disk edge. By constructing the heater out of half-etched
height silicon, a common foundry capability typically used for rib
waveguides, an enormous angular neff mismatch is achieved, with
the resulting modulator resonance showing near critical coupling
and preserved Q in Fig. 18(b). The thermal tuning efficiency and
depletion response are similar in magnitude to vertical junction micro-
disk modulators manufactured in the same process with similar mate-
rials and dopant characteristics.7,80 Numerical device simulations
suggest even more aggressive external heater spacing may be possible,
possibly as low 200nm for microdisk modulators with radius � 2 lm,
and FSR � 60 nm. This and future demonstrations support the feasi-
bility of fully symmetric resonator-based DWDM transceiver architec-
tures, pushing the aggregate per-fiber-bandwidth limit to Tb/s and
beyond.7,21

IV. CONCLUSION

In summary, we have explored the architecture and device-level
design trade-offs for first-order resonator-driven integrated DWDM

FIG. 17. (a) Resonance extinction ratio,
ERthrough, as a function of coupling
strength, k2, into the resonator fundamen-
tal mode for a simulated microdisk modu-
lator with dopant profile as shown in
Fig. 13. (b) Derivative of ERthrough with
respect to k2. (c) Characteristic depletion
mode modulator resonance shifts for an
undercoupled and an overcoupled reso-
nant modulator, the undercoupled resona-
tor gets closer to critical coupling with
deeper reverse bias and vice versa. (d)
ER and IL as a function of Dk for fixed
Vpp¼ 1.5 V and an undercoupled and
overcoupled resonant modulator.
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links that can support future peta-scale optical interconnects. A com-
prehensive analysis combining analytical models, numerical simula-
tion, and experimental measurements is performed to demonstrate
application-specific resonator design methodology for both AD filters
and AP modulators. We show that, for a wavelength demux of cas-
caded first-order AD resonators, the minimum Dkag should be at least
10 times the data rate to support OOK data communication. The case
for designing resonant intensity modulators toward the overcoupled
regime is also presented, particularly for microdisk modulators sensi-
tive to the self-heating affect. Additionally, a novel microdisk modula-
tor with a half-etched external doped silicon heater is demonstrated
with larger than 20dB resonance ERthrough; DkFWHM � 30 GHz, FSR
� 58 nm, with 0.6 nm/mW thermal tuning efficiency and 50pm/V
depletion response.

The combined results in this work provide a foundational frame-
work for optimizing micro-resonator structures in DWDM systems.
The wavelength-selective, energy-efficient, and footprint compact
nature of these micro-resonator structures establish a basis for
enabling flexible and energy-efficient scalability of communication sys-
tems in DC and HPC environments up to the peta-scale level. By
leveraging these resonator structures, this massive bandwidth scaling
can be directly integrated onto each compute node. This integration
empowers the optimization of interconnect solutions to efficiently
handle the substantial data movement in large-scale deep learning
trainings, thereby mitigating energy consumption and alleviating the
bandwidth discrepancy bottleneck, paving the way for the realization
of increasingly advanced AI model capabilities.
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