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Optical cavities find diverse uses in lasers, frequency combs, optomechanics, and optical signal pro-
cessors. Complete reconfigurability of the resonant frequency as well as the loss enables development of
generic field programmable cavities for achieving the desired performance in these applications. Conven-
tional reconfigurable cavities are generally limited to specific material platforms or specific optical tuning
methods and require sophisticated fabrication. Furthermore, the tuning of the loss is coupled to the res-
onance shift in the cavity. We propose and demonstrate a simple and generic interferometer in a cavity
structure that enables quasiperiodic modification of the internal cavity loss and the cavity resonance to
reconfigure the Q factor, transmission characteristics, and group delay of the hybrid cavity, with simple
tuning of the optical phase in the interferometer. We also demonstrate methods to decouple the tuning
of the loss from the resonance shift, that enables resonance-locked reconfigurability. This structure also
enables resonance shift to both shorter and longer wavelengths using the same phase-tuning technique,
which is challenging to achieve in conventional reconfigurable cavities. These devices can be imple-
mented in any guided-wave platform (on-chip or fiber-optic) with potential applications in programmable

photonics and reconfigurable optomechanics.
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I. INTRODUCTION

Optical cavities are ubiquitous in modern technology,
such as lasers [1,2], frequency combs [3], nonlinear optics
[4,5], optomechanics [6—11], sensing [12,13], signal pro-
cessing [14], computing [15,16], and communication [17].
The resonant frequency of an optical cavity depends on
the effective refractive index (real part) experienced by the
light inside the cavity, while the cavity loss depends on
the optical losses inside the cavity as well as the losses
at the input-output couplers. Reconfiguring both the reso-
nant frequency and the loss in an optical cavity is useful
in programmable optical circuits and photonic computing
[18-24] to extract the desired performance from the cav-
ity. Tuning the cavity resonance is readily achieved by
phase-tuning (change in real part of the effective refractive
index) methods like thermo-optic [25-27], electro-optic
[28-30], or all-optical methods [31,32]. Applications such
as cavity optomechanics, optical delay lines and mem-
ories, where the photon lifetime in the cavity plays an
important role, require reconfigurable cavity loss [33—38].
However, reconfiguration of the optical loss in the cavity
is restricted to specific tuning methods, device structures,
or material platforms [39]. Such techniques involve opera-
tion at high optical intensities [31], high electric fields [39],
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integration of electroabsorption materials [28,29] or ther-
mally activated phase-change materials [40,41]. Most of
these approaches are not generic to all photonic material
platforms or optical tuning techniques [39]; integration of
other materials is often inherently lossy and significantly
alters the optical mode in the cavity, limiting the applica-
tions of these optical cavities. It is therefore desirable to
have a generic reconfigurable optical cavity that can work
on any photonic material platform with any phase-tuning
approach.

One such class of reconfigurable optical cavity involves
tuning the input-output coupling to the cavity using
a thermo-optically or optomechanically tunable coupler,
which alters the external losses and reconfigures the loaded
quality factor (Q) of the cavity [19,22,42—46]. In these
methods involving a single coupler, precise control over
the tuning is challenging. A simpler and more efficient
solution is to use an interferometer as a distributed coupler
into the cavity [33-35]. In this two-point coupled optical
cavity structure, tuning the phase difference between the
two arms of the interferometer creates a controlled change
in the effective power coupled into (or leaking out of) the
cavity, thus modifying the coupling and the loaded Q. This
structure has been successfully employed in photonic inte-
grated circuits for various signal-processing applications,
where significant changes in the cavity transmission are
required [33—35]. However, the standalone input-output
relation of the optical cavity is inevitably altered in this
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approach (see Supplemental Material [47]). Many appli-
cations such as cavity optomechanics, quantum optics,
photonic cavity molecules (higher-order optical cavities)
treat the optical cavity as a standalone structure and the
input-output coupling is effected by generic methods such
as a tapered optical fiber or point and racetrack coupled
waveguides [6—11,48]. The presence of the interferometer
at the coupler limits the cavity’s usage in such applications.
In these applications, it is useful to tune the internal Q
of the cavity, instead of the loaded Q, so that the recon-
figurable optical cavity can be treated as a standalone
entity independent of the coupler. A generic phase-tuning
approach for both internal loss and resonance shift, that can
be applied on any photonic platform, would be extremely
useful to achieve full reconfigurability of an optical cavity.
An ideal reconfigurable cavity is expected to allow inde-
pendent control over the resonant frequency and the cavity
loss, that has remained a challenge using the conventional
approaches. This work demonstrates such an optical cavity.

In our work, we embed a geometrically balanced Mach-
Zehnder interferometer (MZI) within the optical cavity
(a microring resonator). In contrast to the interferomet-
ric coupler, this implementation tunes the internal loss (or
internal Q) of the cavity by modulating the power lost to
the radiation modes during interference (when the waves in
the two arms recombine) within the cavity. We show that
the interferometer-embedded microring resonator (IMRR)
structure readily achieves similar desirable changes in the
cavity transmission as the two-point coupled microring
resonator [33-35]. The simple reconfiguration from an
undercoupled cavity to an overcoupled cavity allows for
tuning and switching the cavity delay between optical
delay (negative) and optical advance (positive). In addi-
tion, we observe a wide variety of quasiperiodic changes
of both the resonant wavelength and the cavity loss at
different interferometer configurations. Such reconfigura-
bility allows us to induce both blueshift and redshift in
the cavity resonance with the same phase-tuning tech-
nique in the same photonic platform. The cavity structure
is general to any traveling-wave optical cavity imple-
mented in optical fibers or integrated photonic platforms
and any phase-tuning technique can be used to achieve the
desired reconfigurability. Our structure enables reconfig-
uration of the cavity loss without shifting the resonance
for resonance-locked operation [18], which is the goal
for an ideal reconfigurable cavity. These fully reconfig-
urable optical cavities open unexplored avenues in optical
memories and cavity optomechanics.

II. INTERFEROMETER-EMBEDDED
MICRORING RESONATOR

Phase tuning involves, tuning the refractive index (real
part) of the optical medium. The resultant change in the

FIG. 1. (a) Phasor illustration of phase tuning in an ordinary
optical cavity (E denotes the field in the cavity). (b) Phasor
illustration of phase tuning in an interferometer-embedded opti-
cal cavity (E7, denote the fields in the top and bottom arm
of the interferometer, respectively). (¢) Optical micrograph of
the interferometer-embedded microring resonator (highlighted
section shows the MZI).

phase of the electric field of the propagating wave is illus-
trated in Fig. 1(a); the magnitude of the transmitted field
does not change. On the other hand, phase tuning in one
arm of a MZI, while leaving the phase of the other arm
unchanged, tunes both the magnitude and phase of the
resultant field, as shown in Fig. 1(b). Thus, a MZI converts
pure phase tuning to loss tuning in the transmitted wave.
We utilize this effect to realize phase-reconfigurable loss
in an optical cavity.

We demonstrate the working of this modified optical
cavity, using the IMRR structure implemented on a silicon-
on-insulator (SOI) platform as shown in Fig. 1(c). The
details of the fabrication of the devices can be found
within the Supplemental Material [47]. The MZI (high-
lighted) is embedded in the closed path of the microring
resonator (MRR). The waveguides have a cross section of
450 x 220 nm? and operate in the fundamental quasi-TE
mode in the 1550-1600 nm wavelength range. The bus
waveguide is directionally coupled to the cavity. The geo-
metrical round-trip length of the cavity L = 184 um, of
which the MZI covers [ = 63 um; both arms of the MZI
are equal in length. The splitter of the MZI is realized using
a directional coupler with power splitting ratio y : (1 — y).
The combiner is realized using a Y junction, that combines
an equal power fraction ¥ from each arm with an overall
insertion loss of 0.5 dB in our design [49]. We note that
this loss is a limitation of our implementation, but not of
the IMRR structure. The combiner could also be realized
using a directional coupler to achieve additional design
flexibility, with some optical power tapping out of the
cavity into a drop port. The phase tuning is implemented
using Ti/Pt heaters that are above the waveguides with an
SiO; spacer of 1 um thickness to avoid unwanted optical
absorption by the metal. We study many such devices with
multiple bus-cavity coupling and multiple splitting ratios
of the MZI.
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The field transmission [f(w)] at a frequency w to the
through port of an optical cavity is given by [14]

Kcoup

() =1~ - G
J (@ — @) + Kioss /2 + Kcoup/z

where k¢oup 1s the bus-cavity coupling and ko is the inter-
nal loss; the resonant frequency wg = 27w ¢/ Ares, Where Apes
is the resonant wavelength and c is speed of light in vac-
uum. In our modified cavity, the loss and the resonant
frequency can be expressed as (see Supplemental Material
for the derivation [47])

Kioss = ”L—g[;L —Iny —In(142/5(1 = y)sing)], 2)
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where ¢ is the fractional propagation loss per unit length
in the cavity and ¢ is the tunable phase difference between
the top and bottom arms of the MZI; m is the resonance
order. It can be seen from Eqgs. (2) and (3) that both cav-
ity loss and resonant wavelength can be reconfigured with
¢, which is the result of embedding the MZI in the cav-
ity. We tune ¢ thermo-optically using the Ti/Pt heaters
[26] and record the input-output transmission spectra of
the devices using a tunable-laser source at the input and a
photodetector at the output.

1
m 4+ — arctan (
2

I11. PHASE-TUNABLE INTERNAL LOSS AND
RESONANCE SHIFT

When the cavity is reconfigured from an undercoupled
condition (Keoup < Kioss) OF overcoupled condition (keoup >
Kloss) to critical coupling (Kcoup R Kioss), the extinction ratio
(ER) reaches a maximum [14,50]. Figure 2(a) shows the
phase-reconfigured transmission of an IMRR with a 50 :
50 power splitter (y = 0.5); the legends show the values
of ¢ proportional to the heater power (the heater effi-
ciency is estimated as 0.0247 rad/mW using the method
described in the Supplemental Material [47]). The cavity
is reconfigured from an initially undercoupled condition
to critical coupling and back by tuning ¢ with the heater.
The extracted ER and Q factor are shown in the inset of
Fig. 2(a); the dashed line corresponds to the critical point.
At critical coupling, the ER is maximum as expected,
with an overall change from 0 to 30 dB. An overall five-
fold change in Q factor [Q = @/ (Kioss + Kcoup)] from 2000
to 10000 is observed, which is due to the change in
Kloss 1 Kcoup- The extracted values of kioss and keoup [using
Eq. (1)] are shown in Fig. 2(b). Since ko is indepen-
dent of ¢, the O factor follows the change in s as a
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FIG. 2. (a) Thermo-optically reconfigured input-normalized

transmitted power response (experimental) for an IMRR with
equal power in both arms (y = 0.5) and an initial undercoupled
condition at different phase shifts ¢; inset shows extracted ER
and Q factor with the critical point marked by the dashed line,
(b) extracted internal loss (kjess), resonance shift (Algs), and
group delay (7, in logarithmic scale), (c),(d) similar results for
an initially overcoupled cavity.

function of ¢. The crossover between kioss and kcoup indi-
cates the critical coupling condition. Using the estimated
phase responses [®(w) = Zt(w)] from Eq. (1), the group
delay (t, = —d®/dw) at resonance (w = wy) is shown in
Fig. 2(b). At critical coupling, the phase response is the
sharpest, resulting in maximal group delay, where nega-
tive sign indicates delay [51-54]. The redshifted resonant
wavelength (A) is shown in Fig. 2(b).

Similar responses for an initially overcoupled cavity are
shown in Figs. 2(c)-2(d). In this case, it is observed that
Kloss 18 tuned from slight overcoupling to large overcou-
pling (causing degradation in ER) and then to a crossover
indicating critical coupling (maximal ER) and finally to
undercoupling (ER degrades from the maximum). The
observations at critical coupling remain unchanged. How-
ever, the overcoupled region has an opposite slope of the
phase response, resulting in positive values of t,, indi-
cating group advance instead of delay [51—54]. Thus the
IMRR can be used to reconfigure the cavity between
undercoupled and overcoupled conditions through a crit-
ical coupling point, to achieve the desired reconfiguration
of ER, Q factor, and z,.

When y = 0.5, the tuned A, has monotonic redshift
with ¢ [with expected discontinuities at A¢ = (4m —
1) /2 for integer values of m]. This can be readily under-
stood by rotating one of the phasors (of equal length) in
Fig. 1(b). On the other hand, cavities with y < 0.5 [pha-
sors of unequal length in Fig. 1(b)] allow for continuous
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FIG. 3. (a)-(c) Quasiperiodic variations in Kisscoup (logarithmic scale), A, ER, and O (extracted from experimental data) for

y = 0.5,0.3,0.2, respectively, with ¢: the blueshift is more gradual for smaller y. (d),(e) Input-normalized transmitted power response
(measured) and phase response (extracted from experimental data) for y = 0.2 at different thermo-optically tuned ¢ (responses

vertically offset for clarity).

quasiperiodic tuning of both ks and As. We show the
quasiperiodic tuning of the loss and resonant wavelength
of three cavities (y = 0.5,0.3,0.2) at various values of ¢
in Fig. 3; the complete set of transmission responses for the
three devices can be found within the Supplemental Mate-
rial [47]. The quasiperiodic tuning enables estimation of ¢
in Figs. 2 and 3, as outlined in the supplementary infor-
mation [47]. We note that the quasiperiodicity observed in
Fig. 3 deviates from the perfect periodicity expected from
Egs. (2) and (3). We believe such a deviation is due to
the wavelength dispersion of the silicon waveguides and
directional-coupler based splitters, and also due to stray
heat transfer from the heater to the nearby directional cou-
plers and the rest of the optical cavity. Such effects can
be reduced by using low-dispersion waveguide platforms
such as silicon nitride, broadband directional couplers, and
local electro-optic or thermo-optic (with thermal isolation)
phase tuners [25].

We track a single resonance in each of the cavities;
the free spectral range (FSR) of all the optical cavities
is approximately equal to 2.6 nm. For the three cavi-
ties, we observe multiple transitions between undercoupled
and overcoupled conditions through critical points, whose
effect, similar to Fig. 2, is evident in Figs. 3(a)-3(c); the
data in Fig. 3(a) is from the same device as Figs. 2(a)-2(b).
A peculiar observation in the cavities with y = 0.3 and
y = 0.2 is that A, has a tunable redshift followed by
blueshift. Such a blueshift does not occur for y = 0.5;
instead a sudden jump in resonant wavelength is observed
in Fig. 3. The quasiperiodic resonance shift is clearly

illustrated with the normalized transmission responses for
y = 0.2 in Fig. 3(d); the corresponding phase responses
are shown in Fig. 3(e). Conventional integrated photonic
platforms such as silicon and silicon nitride have positive
thermo-optic coefficient and hence, thermo-optic tuning
allows only for redshift of the cavity resonance [25]. How-
ever, with the IMRR structure we achieve both thermo-
optic blueshift and redshift in a silicon photonic cavity.
Since the IMRR structure is generic to all phase-tuning
methods such as electro-optic, all-optic, thermo-optic, etc.,
any phase tuning in any material platform can result in
regions of both redshift and blueshift. Such previously
unexplored tuning is extremely useful in reconfigurable
photonics and photonic signal processing.

IV. INDEPENDENTLY RECONFIGURABLE
INTERNAL LOSS AND RESONANCE SHIFT

For applications such as photonic computing and sig-
nal processing, it is desirable to selectively tune the cavity
loss without shifting the resonant wavelength [18]. In the
IMRR, this can be achieved by phase tuning both the
arms of the MZI, as illustrated in Fig. 4(a) where the
resultant field has the same phase (6y) but different mag-
nitudes depending on the phases ¢ and §; the required
relation between ¢ and § (derivation present within the
Supplemental Material [47]) is given as

sin 90

sin(fy + &) = —cos(90 o0

cos(Gy + ¢). 4)
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FIG. 4. (a) Phasor illustration of the resonance-locked loss
tuning by rotating both phasors simultaneously. (b) Optical
micrograph of the IMRR with one heater on each arm of the
MZI. Normalized transmitted optical power (experimental) at
different phase tuning (heater powers in legends), (c) only at the
top heater, (d) only at the bottom heater. (¢) Normalized trans-
mitter optical power (experimental) showing resonance-locked
thermo-optic reconfiguration of ER and Q factor; inset shows lin-
ear relationship between the powers applied at the two heaters,
(f) transmitted phase response (extracted from the transmitted
optical power).

We implement such phase tuning by placing a heater on
each arm of the MZI as shown in Fig. 4(b). The spec-
tra acquired by tuning only the top heater and only the
bottom heater are shown in Figs. 4(c)4(d), respectively.
The legends state the applied power at the top and bottom
heaters that are proportional to ¢ and &, respectively; accu-
rate phase estimation (as in Figs. 2 and 3) is not possible
for the particular heaters used in the device, since we do not
tune over a complete period of A and «jss. We observe
that while phase tuning in the top arm changes both A and
Kloss>» 0Ny Ares 18 tuned using the bottom arm; it is similar
to an ordinary MRR because for y = 0.2, 80% of the opti-
cal power travels in the bottom arm that is tuned and the
interferometer has negligible effect on the field. When both
the heaters are in operation, the resonance can be locked
at a particular A.s, while kjoss can be tuned to achieve
change in ER, Q factor, and transmitted phase response.
Figures 4(e)—4(f) show the normalized transmission and
phase response when the resonance shift is suppressed; the
heater powers of the top and bottom heater, respectively,
are mentioned in the legends. It is observed that the heater
powers have a linear relationship (in the limits of small

angles in Fig. 4), as shown in the inset of Fig. 4(e). Hence,
a feedback control loop can be used to lock the cavity
resonance, while reconfiguring the internal loss. Further-
more, the linear relation can also be used to control both
the heaters using a single voltage supply for simpler opera-
tion. This provides us a unique method to tune the Q factor,
group delay, and ER of the cavity, while always operating
at the resonance.

We compare the demonstrated capabilities of our struc-
ture to the demonstrations using other structures used
in reconfigurable photonics such as reconfigurable Bragg
gratings [18] and two-point coupled microring resonators
[33-35] in Table I. In comparison to the reconfigurable
Bragg gratings [18], our work demonstrates control of
internal dissipation in the cavity, is generic to the type of
phase-tuning approach and material that can be used, and
has less fabrication overhead. The advantage offered by our
approach is that the number of control knobs (electrodes
for thermo-optic or electro-optic tuning) that need to be
simultaneously controlled are two and can be reduced to
one, since the two optical phases are related [as shown in
Eq. (4) and the inset of Fig. 4(e)]. Since the dependence
is approximately linear in the regime of operation used in
our experiments, a single electrical input with a divider cir-
cuit can be used to simultaneously control the phases in the
two arms. Another consequent advantage is the possibility
of implementing a closed-loop feedback for stabilizing the
cavity resonance while controlling the dissipation.

The two-point coupled microring resonator [33—35] can
also achieve similar results as Fig. 4(e) (see theoretical
results within the Supplemental Material [47]). However,
it cannot achieve the results shown in Fig. 4(f), due to the
presence of an unavoidable broadband phase shift with the
tuned phases of the interferometer arms. This is a con-
sequence of the placement of the interferometer at the
bus-cavity coupler. In our structure, the phase response
does not have a background (broadband) shift when the
phases in the interferometer arms are altered. On the
other hand, in the two-point coupled microring resonator
[33-35], the interferometer itself is the coupler to the opti-
cal cavity; hence, altering the directional couplers changes
multiple characteristics of the transmission response, lim-
iting the design flexibility. In the IMRR, we have the
flexibility to change the bus-cavity coupling using any
generic directional-coupling scheme, while simultaneously
adjusting the power-splitting ratio between the two arms
of the interferometer, as shown in the results of various
devices in Fig. 3. The placement of the interferometer
also affects the applications of the device. The transmis-
sion response of our structure has remarkable similarity
with that of an ordinary microring resonator [see Egs. (S6)
and (S7) within the Supplemental Material [47] ]. Hence,
our structure can be more readily used in almost any
application of the microring resonator, including higher-
order reconfigurable filter synthesis, higher-order cascaded
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TABLE I. Comparison of works on independent control of cavity resonance and dissipation of an optical cavity.

Key [18]

[33-35]

Our work (IMRR)

Standing wave

External loss through grating
mirrors

Local electro-optic/all-optical
tuning; thermo-optics is
challenging

p-n junctions required for
electro-optics

Cavity type

Type of dissipation
controlled

Phase-tuning method

Fabrication overhead

AER at fixed resonance 10 dB

Broadband phase shift Unknown
during phase tuning

Required no. of control >3

electrodes/knobs for
resonance-locked
operation

Max. no. of optical design 3
parameters

Scalability to higher-order
reconfigurable cavities

Simple

Traveling wave
External bus-cavity

coupling loss
Any method

Overhead depends on
tuning method used (no
intrinsic overhead)

Not demonstrated
(theoretically possible)

Traveling wave
Internal cavity loss

Any method

Overhead depends on the
tuning method used (no
intrinsic overhead)

>20 dB (depends on
proximity to critical

coupling)
Yes No
<2 <2
6 8
Challenging Simple

reconfigurable resonators, cavity optomechanics, photonic
cavity molecules, etc. [6—11,48].

In our experiments and simplified theoretical analysis,
we consider the phases ¢ and § as wavelength-independent
parameters for a single optical resonance. However, we
note that we are using an index-tuning approach to alter the
phases. Therefore, both ¢ and § are wavelength dependent
and simultaneous locking of multiple resonances to get
results similar to Fig. 4(e) for all resonances is challeng-
ing. Furthermore, the chromatic dispersion of the refractive
index inhibits such performance. We also consider the geo-
metric lengths of the two arms of the interferometer to
be the same. Having a different geometric length of the
two arms of the interferometer would also produce simi-
lar results, but has two important consequences. Firstly, it
produces a phase offset between the two combining waves,
which shifts only the quasiperiodic curves shown in Fig. 3;
such a shift can be helpful in engineering the cavity loss
and resonance shift at zero applied phase shift. Secondly, it
also changes the relative magnitudes of the two combining
fields due to unequal propagation loss in the two arms, thus
adding a constant loss in the magnitude of the combined
field. This effect is similar to a lossy directional-coupler
based splitter and combiner, as is also encountered in the
two-point coupled microring resonator [33—35]. It can also
be used to engineer the device response such as the back-
ground loss in the cavity, irrespective of the applied phase
shift. We have taken both these effects into consideration
in our derivation within the Supplemental Material [47].
Both of these effects alter the quasiperiodic variation of

loss and resonance shift in the device, but do not impede
the functionality of the device in achieving results similar
to Fig. 4.

In conclusion, we show that embedding an interferome-
ter within a traveling-wave optical cavity enables complete
reconfiguration of the internal loss, resonant wavelength,
transmission characteristics, and group delay of the cav-
ity. We also demonstrate that the interferometer can be
engineered to achieve the desired quasiperiodic modifi-
cations in the loss and the resonant wavelength. This
structure provides a unique method to achieve both blue-
and redshifts of the cavity resonance by the same phase-
tuning mechanism. In the context of thermo-optic tuning,
it implies that irrespective of the sign of the thermo-optic
coefficient of the waveguide material (such as positive
for silicon), one can observe both thermo-optic blueshift
and redshift of the resonance, which is an useful asset
for universal reconfigurable cavities. Another advantage
of the interferometer-embedded cavity is that the internal
loss can be tuned independent of the resonance shift by
simultaneously tuning the phases in both arms of the inter-
ferometer. This offers the practical advantage of tuning the
parameters related to loss such as Q factor, ER, and group-
delay while still operating at the same resonant frequency
(wavelength). The generic structure can be implemented
in any guided-wave platform, such as integrated photonics
or fiber optics. Exotic photonic material platforms, such
as lithium niobate and boron nitride, can benefit from this
structure in applications, such as optical modulation, non-
linear optics, and quantum optics [55,56]. While it can also
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be implemented in free space, the reflections induced by
destructive interference in the MZI need to be carefully
addressed. The versatility of the IMRR makes it a promis-
ing candidate for reconfigurable photonics and photonic
signal processing and opens up a set of tools for cavity
optomechanics and optomechanical memories.
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