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Abstract

An optical microresonator, which parameters are periodically modulated in time, can generate
optical frequency comb (OFC) spectral resonances equally spaced by the modulation frequency.
Significant recent progress in realization of OFC generators based on the modulation of
microresonator parameters boosted interest to their further experimental development and
theoretical understanding of underlying phenomena. However, most of theoretical approaches
developed to date were based on the lumped parameter models which unable to evaluate, analyse,
and optimize the effect of spatial distribution of modulation inside microresonators. Here we
develop the multi-quantum semiclassical theory of parametrically excited OFCs which solves these
problems. As an application, we compare OFCs which are resonantly or adiabatically excited in a
racetrack microresonator (RTM) and a Surface Nanoscale Axial Photonics (SNAP) bottle
microresonator (SBM). The principal difference between these two types of microresonators
consists in much slower propagation speed of whispering gallery modes along the SBM axis
compared to the speed of modes propagating along the RTM waveguide axis. We show that, due to
this difference, similar OFCs can be generated by an SBM with a much smaller size compared to
that of the RTM. Based on the developed theory, we analytically express the OFC spectrum of
microresonators through the spatial distribution of modulated parameters and optimize this
distribution to arrive at the strongest OFCs generated with minimum power consumption.

1. Introduction

An eigenstate m of an ideal lossless isolated stationary optical microresonator varies in time as exp (—iw,,?)
with eigenfrequency wy,. The eigenstates of such resonator cannot attenuate or grow and, thus, its
eigenfrequencies w,, cannot be complex valued. Situation is different for the lossless periodically modulated
systems. The behaviour of such systems is described by differential equations (e.g. Maxwell and wave
equations) whose parameters periodically depend on time. It is well known that solutions of such differential
equations can be stable as well as unstable [1, 2]. In the case of stability, the discrete set of quasi-states and
corresponding quasi-eigenfrequencies can be introduced. In the case of instability, the eigenfrequencies of
quasi-states of an ideal lossless optical resonator belong to the continuous spectrum [1-5].

In classical mechanics, resonant oscillations of a periodically modulated resonator, which infinitely grow
with time in the absence of losses, become finite in their presence [6]. Similarly, light in a modulated
resonator, being unstable in the absence of losses, qualitatively changes its behaviour in their presence. For
relatively small losses, the eigenstate of an unmodulated microresonator attenuates as exp (—iwy,t — Q,t)
where the imaginary part o, of eigenfrequency is introduced [7]. The eigenfrequency w;, of a lossless optical
microresonator, which parameters are periodically modulated with frequency wy, shifts to w,, and splits into a
comb with frequencies w,, 4+ nw, numerated by integer # (see, e.g. [8]). A practically important and still not
fully understood problem is concerned with the behaviour of spectrum of parametrically modulated
resonators with losses which are introduced internally and due to the leakage to the input—output waveguides.
Of special interest is the case of resonant excitation, when the modulation frequency w, coincides with or is
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close to the free spectral range (FSR) of the microresonator. The interest to this problem has been boosted by
recent experimental demonstrations of optical frequency combs (OFCs) generated by parametrically excited
microresonators [9, 10] following significant previous work in the field (see [9—16] and references therein).
In particular, it has been discovered, both theoretically and experimentally, that, in addition to splitting into
wp-periodic combs, the presence of losses leads to additional fine structure of OFC resonances as a function
of the input light frequency [9, 10].

Here we develop the semiclassical theory of parametrically excited OFCs in microresonators, whose
assumptions fit the common experimental conditions. Physically, the semiclassical conditions assume that
the parameters of the microresonator material vary slowly in space and time compared to the variation in
space and time of the residing electromagnetic field. Since the characteristic variation length of
electromagnetic field commonly coincides with its wavelength A, the semiclassical approximation assumes
that the refractive index and dimensions of a microresonator and of their modulation-induced perturbations
vary slowly within the distances of the order of A. This assumption well fits the experimental conditions since
the characteristic wavelength A\ ~ 1 pm is usually much smaller than the characteristic variation lengths of
the refractive index and dimensions of microresonators which are commonly 210 pm. Similarly, variation of
parametric modulation in time is characterized by its frequency w, and has to be much slower than the light
frequency w, which is in excellent agreement with the experimental conditions.

We show that, in the semiclassical approximation, calculation of the transmission amplitude exhibiting
OEFC is reduced to linear functional equations which can be solved analytically. The developed theory
accounts for multi-quantum transitions between the microresonator eigenstates as well as for the spatial
distribution of modulation (SDM). We determine the complex-shaped profile of individual comb
transmission resonances formed by the interplay between the fine splitting of eigenfrequencies proportional
to the modulation amplitude and their broadening determined by the attenuation of light. We express this
profile through the spatial and temporal dependencies of modulation parameters and optimize the SDM to
minimize the consumption of power required for the OFC generation.

As an application of the developed theory, we consider racetrack microresonators (RTMs) and Surface
Nanoscale Axial Photonics (SNAP) bottle microresonators (SBMs) illustrated in figure 1. Two critical
benefits of the SBMs compared to RTMs are revealed. We show that the effect of parametric excitation is
significantly enhanced in SBMs compared to RTMs with similar dimensions due to the slow propagation
speed of whispering gallery modes (WGMs) along the SBM axis compared to the speed of light along the
RTM waveguide. Consequently, we show that, to generate an OFC with the same repetition rate, the
dimensions of an SBM can be much smaller than the dimensions of an RTM.

Solutions of the major equations used below to derive the expressions for the OFC amplitudes are
reduced to functional equations. These equations are solved in appendices B and C. In sections 2 and 3, we
derive analytical expressions for the OFC amplitudes generated in RTMs and SBMs. In particular cases, our
results coincide with those previously obtained in [9, 10] where the modulation index—the key parameter of
the theory— was considered in [9, 10] as a lumped parameter. Beneficially, the developed theory determines
the actual dependence of the modulation index on the SDM. This allows us to understand the effect of the
SDM and, in particular, to find the optimum SDMs corresponding the minimum consumption power of
modulation required for the OFC generation in RTMs and SBMs. In contrast to the previous results, simple
analytical formulas for the complex-valued modulation indices expressed through the spatially distributed
parametric (refractive index for the RTM and WGM cutoff frequency (CF) for the SBM) modulations are
presented. Our results allow to understand and quantify the characteristic features of OFC in both types of
microresonators, e.g. the resonance splitting effect. The results of sections 2 and 3 can be better understood
after the analysis of the behaviour of parametrically modulated free microresonators considered in
appendix D for the RTM and in appendix G for the SBM. Complementary to sections 2 and 3, in
appendix M, we consider the OFC generation in modulated microresonators excited by an internal light
source, which is used in many theoretical studies of microresonators (see e.g. [10, 17-19]), and find the
direct relation between this model and the model of the input—output waveguide used in practice. For the
purpose of a more straightforward comparison of the performance of the RTM and SBM, in the main text of
this paper we consider the input—output waveguides positioned at the edge of SBMs. In appendix L we
describe an approach, which allows to generalise our results to the case of the arbitrary waveguide position.

2.RTM

The development of theory presented in this section is primary stimulated by recent experimental results and
theoretical analysis of OFC generation by parametric modulation of microresonators [9, 10] where the OFCs
were generated by an RTM [9] and a disk microresonator [10] both fabricated of Lithium Niobate. To
describe the OFC generation, the authors of [10] further developed the model Hamiltonian approach which
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Figure 1. (a) An RTM parametrically modulated by a capacitor adjacent to its waveguide (bold black lines) and, optionally, by an
additional capacitor (dashed black lines). Light is coupled to the RTM by a vertically oriented input—output waveguide. Top:
illustration of SDM induced inside the RTM waveguide by the capacitor. (b) Parametrically modulated SBM coupled to the
input—output waveguide. Top: illustration of SDM induced along the SBM. Inset: Magnified coupling region between the
input—output waveguide and microresonators.

was pioneered for the parametric modulation of optical microresonators in [14]. This theory assumes that
the modulation index is small and only single quantum transitions are possible during a single circulation of
light around the microresonator. For the same purpose, the authors of [9] used a semi-empirical theory
developed in [12] to describe the OFC generation by parametric modulation of an RTM. This theory does
not restrict the value of modulation index so that it can be smaller as well as greater than unity. Therefore,
the multiquantum transitions of light during its single roundtrip along the RTM are taken into account. For
small modulation indices, the theories [9, 12] and [10, 14] give similar results. In both theories the
modulation index was introduced as a real parameter whose relation to the SDM of the microresonator
parameters has not been investigated.

Here we consider an RTM coupled to an input—output waveguide illustrated in figure 1(a). We start with
the consideration of the one-dimensional propagation of linearly polarized light localized along the RTM

waveguide away from the coupling region. This propagation is described by the Maxwell equations

1 —1
% =-£ aatH*, 86? == ;Dy . Here c is the speed of light and the dielectric displacement D, (z,t) is related

to the electric field E, (z,t) as D, (z,t) = n* (z,t) E, (z,t) where n(z,1) is the effective refractive index.
Combining these equations, we arrive at the wave equation:

0*E 10°D

o~y =0, E@) =D/ (). (1)

For brevity, in equation (1) and below we omit the coordinate indices of E and D. We solve equation (1) for
the refractive index 7 (z, ) periodically modulated in time with frequency w:

n(z,t) = ng + in+ Anpy (2) + Anyy (2) cos (wpt) - (2)

Here ny is the original constant refractive index of the RTM waveguide and 1 < 1y determines small material
and scattering losses. In agreement with common experimental conditions, we assume that the modulation
frequency wy, is much smaller than the frequency of input light wjy, i.e. w, < wiy, and the amplitudes of the
refractive index perturbations An;(z), j = 1,2, are small compared to the original waveguide refractive
index, |Any; (Z)} < . In addition, these amplitudes are assumed to vary in space slow compared to the
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. . . . . .. .  winhg s OAn,;
oscillations of light determined by its characteristic propagation constant 3 = =% j.e. ‘ . ‘ <L p ‘Anp’

[20]. In the approximation considered, the spectral bandwidth of solution of equation (1) (and, therefore,
the OFC bandwidth) should be much smaller than the frequency of the input light w. For the modulation
induced by linear electro-optics Pockels effect (like, e.g. in lithium niobate [9, 10, 14]), Ay (2) cos(wpt) in
equation (2) is proportional to the applied voltage, Ucos (wpt) , and Any (z) can be set to zero. For the
modulation induced by electrostriction and Kerr effect, Any (z) + Anp; cos(wpt) is proportional to the

2
applied voltage squared, (Ucos (w—"t ) , which contributes both to Any,; (x) and Any (2).

2
Outside the coupling region indicated by the rectangle in figure 1(a), the field E (x, ) propagating along
the microresonator waveguide is determined by equations (A3) and (A6) of appendix A. Here, we describe
the waveguide coupling with the commonly used transfer matrix approach (see e.g. [21, 22]). For
determinacy, we assume that light propagates into the positive direction along the RTM waveguide axis z. As
illustrated in figure 1(a), the coordinate z = 2L corresponds to the beginning of the coupling region and
coordinate z = 0 corresponds to its end. The monochromatic light launched into the input—output
waveguide is set to Ey, () = exp (—iwint). Then, the output light Eyy(#) is determined by the equation:

Eoue (1) ) Ein (1) (T K
( E(0,t) =S EQ2L,t) )’ 5=\ 7 ) 3
For the lossless coupling assumed below, matrix S introduced in this equation is the unitary S-matrix.
Without loss of generality, we assume that the elements of this matrix, 7 and &, are real [23]. Then, the
condition of unitarity yields 72 + x? = 1. As shown in appendix C, substitution of the solution of
equation (1) at z= 0 and z = L into equation (3) leads to the functional equation (C3). Solution of this

equation is found analytically in appendix B. As the result, calculations detailed in appendix C yield the
comb spectral components E,, of Eyy (1):

Eout ( Z E, exp mwp win) t],
) (T wpT
E, = T6om — K~ exp |im E—i—i-arg(Q )
— im ) n )
X 7" (Gug1 [Qp|) exp | (n+ 1) —7pr+zwinT—n—owinT+zon : (4)

n=0

Here do. is the Kronecker delta, T is the time of circulation of light along the microresonator circumference
2L [24],

2ngl  250L
T— Mot _ Bo ’ (5)
Cc (%))
Qpo and €, are the modulation parameters,
Wm /dZATlpO Q OJm /dZATZpl )EXP (lwpn02> 7 6)
c
and
sin (2w, T
op = M (7)
sm(i pT)

is the resonant index. Results similar to equation (4) were previously obtained based on the lumped
modulation parameter model [9, 12, 25]. Here we elucidate and clarify those results by presenting the
expressions for the lumped parameters €2, and €2, (equation (6)) through the spatial variation of
modulated refractive index. Equation (4) is more compact compared to those obtained previously since it
contains only a single sum over the turns of light in the microresonator rather than a double sum in [12, 25].
In previous considerations, parameter {2, proportional to the time-independent component of the external
perturbation was usually set to zero, while the value of modulation index €2,, was often set equal to a real
empirical constant [9, 10, 12, 14, 25]. Equation (4) shows that the magnitude of combs |E,,|, except for the
central resonance with m = 0, does not depend on the phase of £2,; and, thus, the approximation of real (2,
can be justified for m # 0. Equations (4)—(6) allow to investigate and maximize the comb amplitudes E,, by
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optimization of the modulation index €2, which is a functional of the refractive index SDM A, (x).
Remarkably, the introduction of effective modulation index o, ’Qpl | (the argument of the Bessel’s functions
in equation (4)) allows us to simplify the expressions for the comb amplitudes as compared to those derived
in [9, 25].

The cases of major interest described by equations (4)—(7) correspond to the resonant or adiabatic
modulation when many terms contribute into the sum over n. To this end, the phases of these terms must be
close to each other, i.e. satisfy the condition of constructive interference. In particular, the attenuation due
the losses inside the microresonator and coupling should be small, i.e. K = v/1 — 72 < 1 and # < 1,as
assumed hereafter. The resonant or adiabatic excitation can take place only at or close to the conditions
wpT— 27 N,N=0, 1,2, ..., which includes the adiabatic case w,T — 0. At these conditions, we have

w1 = (=1)"" (n+1). (8)
Then, as shown in appendix C, we find
T—U(1)
Eout () = Ein (1) ———+,
(1) (1) 1—7U(s)
. aninL .
U(t) = exp |i(win —wy) T— i | Q1| cos (wpt +arg (1)) | - 9)

Here, we introduced the RTM eigenfrequencies w, corresponding to vanishing modulation, €2,; = 0, which
are defined by the quantization rule

(.L)qT+ QPOZZTF (50+q), (10)

where integers 5o > 1 and g < sy. The eigenfrequencies defined by this equation coincide which those found
in appendix D for a standing along RTM. For the resonant transmission considered below, we chose the
eigenfrequency wy close to the input frequency wy, so that |w;, — wy| < |w; — wp| and assume that g < 54 to
satisfy the conditions of our approximation ‘wq — wo‘ < wp. The result similar to equation (9) was
previously obtained in [9, 25] based on the lumped modulation parameter model with a real modulation
index €. For the weak modulation |Qp1 | < 1, equation (9) coincides with that obtained in [10]. In the
latter case, we expand the exponent in the expression for U(#) in equation (9) keeping only the first-order
term in |€2,; | and, thus, take into account only the single quantum transitions with acquisition or loss of
frequency w, during a single roundtrip of light along the RTM waveguide.

Conditions when the amplitudes |E,,| of comb lines with large numbers m >> 1 are resonantly enhanced
are of the major practical interest. For very small deviations from the parametric resonance,

K2 2nwinL

wpT =21 N+ AwpT, |Aw,T| < a, a=—+—, (11)

asymptotic calculations detailed in appendix E yield the OFC amplitude variation near the resonant
frequency w, = wy + th:
- - |m|
Bl 20| E, €= 1= 0270 —ivT= R

(win—wq)T—%mApr oo = o
|21 |1

A, = Awrq +iag, Awrg = (12)

Here we introduce the normalized comb line amplitude £, = |E,,|x 2 |Qp1 | 1/ 2, and also dimensionless
frequency deviation Awrq and full roundtrip attenuation a; measured in units of modulation index ’Qpl |
At the exact parametric resonance, when Aw, T = 0, and w,T = 2w N, N > 1, parameter A,, does not depend
on OFC line number . In this case, equation (12) coincides with that obtained in [10] under the condition
of weak modulation index |Qp1 | < 1. From equation (12), the slowest variation of the OFC power with the
line number m is achieved either at the smallest possible A, i.e. for wi, = ws, or for A 22 1. Alternatively, in the
adiabatic case, N = 0 and w, T = Aw, T, and for a small deviation of the modulation frequency w, from the
parametric resonance condition, parameter A,,, even being fixed at its smallest value at m = 0, will slowly
move out of resonance for larger m.

Numerical comparison of the comb amplitudes found from equations (12) and (4) demonstrates the
remarkable accuracy of equation (12) both for weak modulation, |{2,, ‘ < 110, 14], and strong modulation,
|Qp1 ‘ ~ 19, 25]. As an example, figures 2(a)—(c) compare the behaviour of amplitudes |E,,| as a function of
dimensionless frequency variation Awrg of the input light for the case of exact resonance, w, T = 27,
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Figure 2. (a)—(c) The behaviour of comb line power in dB, 20log (|Exx|), as a function of dimensionless frequency variation
Awrgq of the input light for the case of parametric resonance, w, T = 27, modulation index |2, | = 1, coupling parameter

% = 0.04, and full round trip attenuation (a) & = 0.05, (b) a = 0.01 and (c) & = 0.002. (d) The comb line power for the
adiabatic modulation w, T = 0.001; here other parameters are the same as in (b). In (a)—(d), circles indicate the maxima of plots.
(e) The behaviour of the maximum comb line power as a function of m for K = 0.04, and o = 0.05, 0.01, and 0.002.

modulation index ’Qpl ‘ = 1, coupling parameter x = 0.04, and different attenuation parameters

a =0.05, 0.01, and 0.002. In agreement with the condition of validity of equation (12), much better
agreement, which also holds for |Qp1 ‘ > 1, takes place in the vicinity of the maxima of the comb amplitudes,
where ||A] — 1| < 1. For the combs with numbers m smaller than m;,¢ corresponding to the inflection
condition, m < miys, the plots in figures 2(a)—(c) exhibit two peaks with maxima indicated by circles and one
minimum. For greater numbers m > iy, these plots have a single maximum. From equation (12), two
conditions, A — 0 and A — +1, correspond to the flatten frequency combs since then |A —iv/1 — A?| — 1
and the comb peaks amplitude becomes slow function of m. The first condition corresponds to two maxima
peak values of the plots in figures 2(a)—(c) at m < mijys, while the second condition corresponds to the single
minimum of these plots at m > mj,¢. For small deviation from the parametric resonance satisfying

equation (11), equation (12) remains sufficiently accurate as well, as illustrated in figure 2(d) for

Aw,T = 0.001. It is seen from this figure that the non-zero Aw, T leads to the small asymmetry of the comb
line power plot with respect to Awpg = 0.

For applications, it is usually important to evaluate the comb line amplitude as a function of m for the
fixed frequency. However, it is also interesting to look at the dependence of the comb line power maxima as a
function of their number shown in figure 2(e). It is seen that, in the dB scale, this dependence on m is
nonlinear at m < iy and linear at m > miys following equation (12).

3.SBM

SNAP microresonator structures are fabricated at the surface of an optical fibre by nanoscale deformation
[26]. Several approaches for fabrication of these resonators developed to date achieve the unprecedented
subangstrom precision [26—33]. Commonly, SNAP microresonators are fabricated from the silica fibres,
which parameters (refractive index distribution and dimensions) can be varied in time by applying strong
modulated laser field. The frequency of this field is supposed to be separated from a weaker field generating
OFC due to the induced modulation of the SBM parameters and the OFC spectrum itself. For pure silica
fibres, modulation can be induced by the combined nonlinear Kerr and radiation pressure effects [17].
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Generally, SBMs can be introduced at the surfaces of fibres fabricated of materials other than pure silica.
These fibres include fibres fabricated of dopped silica and silica fibres integrated with other materials
[34-36], as well as accurately polished [10] fibres fabricated of highly nonlinear materials such as lithium
niobate [37, 38]. Modulation of the SBMs fabricated at the surfaces of these fibres can be induced by the
applied electromagnetic field through Pockels, Kerr and radiation pressure effects, as well as their
combinations, and PZT-induced mechanical vibrations [39, 40].

The SBM considered in this section is illustrated in figure 1(b). Light is localized in an SBM in the form
of WGMs which circulate near the fibre surface and slowly propagate along its length z. Thanks to
dramatically small variation of the SBM parameters along the axial coordinate z, the expression for a WGM
propagating in an SBM is factorized as £, (¢, 7,2, ) = exp (imp ) Qup (0) Emp (2) where (z, 0, ) are the
cylindrical coordinates. The WGM slowness is ensured by the condition that its frequency w is close to a fibre
CF weyt (2,1), 1e. |w — weyt (2, )| < w. The CF varies along the fibre length and changes in time due to the
modulation of SBM parameters. First, we introduce the original CF of the unperturbed SBM, w?, (z) and its

cut
relatively small variation Aw?,, (z) so that

A

cut

(z) =W, (2) —w. (13)

cut

Here frequency wy is assumed to be adjacent to the CF, and the CF variation Aw]

0 ¢ (z) is assumed to be small
enough, [AwW?  (2) ’ < wy. The full time-dependent CF variation of the SBM is the sum of original stationary
CF variation Aw®, (z), which determines the SBM shape, much smaller variation
Awpp (2) + Awpy (z) cos(wyt) introduced by parametric modulation, and complex parameter —i~y

determined by the material losses:

Awey (2,1) = Awdy, (2) + Awyo (2) + Awpy (2) cos (wpt) — i, (14)

where |Awy (2,1)] |Awp1 (z, t)| Y<K ‘Aw?ut (2) ‘ Under these conditions, the z-dependence of the WGM
field, E,,, (2), is described by the Schrodinger equation [41, 42]:

2
i% %% —Weut (1) E=0,  weut (2,1) = wo + Awent (2,8), X = r:z)zw' (15)
Here the CF wey (z, 1) is a sufficiently smooth function of z everywhere except, possibly, at the
microresonator edges. Equations (14) and (15) were previously used in [41] to determine the OFC spectrum
for the model of time-dependent harmonic oscillator. A more general numerical analysis of the OFC
generation based on these equations was performed in [43]. Here we assume that the CF variation Aw? ,(z)
is sufficiently large and/or expanded along the axial direction to support multiple eigenmodes localized in
the SBM as required for the generation of multiple comb lines. We introduce the propagation constant
B(z,w) and propagation time 7(z,w) in the unmodulated SBM:

w) = 3 w — WO T w:i Zi W =W — W
Blaw) = /2 (Bu—Buly @), 7w) XO/B(W, Aur =~ (16

Under the assumptions made, solution of equation (15) away from the turning points can be found in the
semiclassical approximation [44] (see appendix F). This solution allows us to determine the OFC spectrum
of the modulated SBM using the approach similar to that developed in the previous section for the RTM.

In particular, the eigenmodes and eigenfrequencies of a standing along SBM are presented in appendix G.
For the stationary CE, Awy, (z) = 0, the frequency eigenvalues of the SBM are determined by the
semiclassical quantization rule similar to equation (G5) of appendix G:

L

Z/B(Z,wq) dz—l—QPo =27 (so+q+¢),
0

L
~ 2 [Auwp(2)
0= J Blown) dz. (17)

Here sp > 1 and q are integer quantum numbers and ¢ ~ 1 is the phase shift which appears due to the
reflection of semiclassical solutions of equation (15) from the turning points. Similar to equation (10), we set
wyp equal to an eigenfrequency corresponding to s = sp and consider OFCs localized near wy. From
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equation (16), the full roundtrip time of WGM circulation between the SBM axial turning points z =0 and
z=Latw=wyis

T =27 (L,w). (18)

We assume now that an SBM is coupled to a transversely oriented input—output waveguide positioned
close to the left SBM edge as illustrated in figure 1(b). The configuration shown in figure 1(b) is similar to
that experimentally investigated in [27]. In the right-hand side of the coupling region, the solution of
equation (15) can be presented as a sum of solutions propagating into the positive and negative direction
along the RTM, E~*(z,t) + E* (z,t). As in the previous section, we assume that the modulation is absent in a
certain vicinity to the right of the coupling region. In this vicinity, the boundary condition is similar to that
of the coupled RTM considered in section 2:

( E%u(tO(f)t) >:S< Eﬁ(&)t) ) SZ( iy : ) (19)

Here E, (t) = exp(—iwint) and Eoy (t) = exp(—iwint) E2,, (t) are the input and output fields in the waveguide.

At the right edge of the SBM, the boundary condition for the solution E~ (z,) + E* (z,t) corresponds to the
semiclassical condition of its evanescent decay for z > L [7]:

iT
E7 (z,t) |, 1 = exp (—2) E (z,1) |, 7L (20)

Solution of equation (15), E~(z,t) + E (2, t), with boundary conditions determined by equations (19)
and (20) detailed in appendix I yields the expression for the output field:

Eou (1) = Z E,, exp [i (mwp — win) t],

imm > ~
Em = T(SOW, — Hzexp (2) X Z_;Tn]m (O'n+1 ‘QPI‘)
L
im . o i
xexp | (n+1) —7pr+21/ﬂ(z,wo)dz+zon—7T—? , (21)

0
where the modulation induced phase shift on and modulation parameter Qpl are determined by equations

L L
~ 2 Awyo (2) ~ 2 I_ dz
Qpo = ; J 7»3 o) dz, Qp = N O/Awpl (2) cos (wp (2 T (z, w0)>> 75 o)’ (22)

and

_ sin(5pT)

" sin(l ) >

In full analogy to the derivation of equation (12) for the RTM, the asymptotic of amplitudes |E,,| at exact

parametric resonance w,T =27 N, N=0,1,2,...,is
- |—1/2. _o1=1/2) —|m|
|Em|%n2‘Qp1 £, £m:‘1—A2 A—i\/l—Az‘ ,
o o Wi —w )T ot )2 w: T
A:Ameriag, AWTQ:Ma 56: o a+:7+77nm . (24)
W, o
Here £, = || 2 Qpl ‘7 is the normalized comb line amplitude, and Z@m and dg are dimensionless

frequency deviation and full roundtrip attenuation measured in units of modulation index ‘Qpl ‘ The

validity of equation (24) is limited by the validity of the semiclassical solution of equation (15). In particular,
it assumes that the OFC bandwidth is small compared to the bandwidth of the SBM discrete spectrum.
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4.SBM vs. RTM

We are now ready to compare the OFC generation characteristics of the RTM and SBM. Due to the similarity
of expressions for the OFC spectra of the RTM and SBM (compare equations (4), (6), (7), (10), (12) and
equations (17), (21)—(24)), the major difference between these characteristics is included in the expressions
for modulation parameters {2, and Qpl defined by equations (6) and (22). The most interesting for
applications are the cases of resonant and adiabatic parametric modulation when

w,T=27N, N=0,1,2,..., (25)

where N = 0 corresponds to the adiabatic modulation, w,T < 27. For N 2> 1, the microresonator length
enabling the resonant modulation is proportional to N, e.g. for a RTM L = 7 Nc/now,. In the adiabatic case,
the OFC repetition rate is much smaller than the microresonator FSR, w, < 27”, and the microresonator
eigenfrequency dispersion is irrelevant. In contrast, in the resonant case, N > 1, the equispacing of the
eigenfrequencies, which correspond to the frequencies of the generated comb lines, is critical. The
semiclassical perturbation theory used above assumes that the FSR 27 /T is constant (i.e. the eigenfrequency
dispersion is small) with sufficient accuracy. In the case of RTM, the latter assumption suggests that the value
of modulation indices, 2, and Qpl, rather than the dispersion determines the OFC bandwidth. In the case of
SBM, the dispersion can be minimized for microresonators with parabolic, semi-parabolic [27] as well as
completely different from parabolic [42] CF variation. Increasing the SBM dimensions allow to reduce its
axial FSR and dispersion, as e.g. in long rectangular SBM [32]. However, the OFC bandwidth may be limited
by the relatively narrow bandwidth of the SBM discrete spectrum (see the discussion below).

Hereafter, we distinguish the parameters of an RTM and an SBM (where necessary to avoid confusion) by
adding ‘~’ at the top of the SBM parameters. For example, the roundtrip time and refractive index are
denoted as T and 1 for an RTM and as T and 7, for an SBM. Our analysis in the previous sections
considered the refractive index SDM Any, (z) for an RTM and the CF modulation Aw,; (z) for an SBM. To
compare the effects of these modulations, we express the amplitude ZEPI (z) of an SBM through the

amplitude of its effective refractive index modulation Avnpl (z) and effective radius variation Arg (z) with the
rescaling relation:

Dup(2) _ Amp(z) _ An(2) (26)
(:)0 N 7710 B "o .

We define the OFC-equivalent microresonators as microresonators generating similar OFCs. Provided
that the generated OFC bandwidth is not limited by the microresonators’ dispersion and by the SBM spectral
bandwidth, it follows from the developed theory that the resonantly modulated RTM and SBM are
OFC-equivalent if they generate OFCs with the same modulation indices, {1, = Qpl, central resonance
frequency wy, and repetition rate w,. Excluding the adiabatic modulation, the latter condition, together with
the resonant condition of equation (25), determines the roundtrip time T'= %’ , which should be the same
for the OFC-equivalent RTM and SBM as well.

It is instructive, first, to consider the case of the uniform SDMs, when An,,; (z) = Angl for the RTM and

— —0
Awpy (z) = Awpl for the SBM. Then, at the exact modulation resonance, w,T = 27 N, N > 1, calculations

yield ©,; = 2,1 = 0. Thus, the uniform SDM does not generate OFCs (for comparison, see appendix D
describing a standing along RTM). This is simply explained by the fact that, due to the orthogonality of the
microresonator eigenstates, the matrix elements of a spatially uniform perturbation at the different
eigenstates are zero. In contrast, for the adiabatic modulation, w, < 27” and &, < 27”, we have from
equations (6), (22) and (26):

Anp, - &121 .
Qpl = TUJ(), Qpl = — Tw(). (27)
Mo Mo

From this equation, for the same refractive indices, 1y = 7y, modulation amplitudes, Angl = Avnf,l, and
resonant frequencies, wy = @y, the SBM modulation index Qpl can be much greater than the RTM
modulation index €2,; due to the slow WGM propagation in an SBM leading to a much greater roundtrip
time T>> T.

Generally, in contrast to RTMs, light propagating in SBMs experiences multiple transverse circulations
around the SBM surface before completing the roundtrip along its axis z. Consequently, the axial propagation
speed of WGMs along the SBM axis is much slower than the speed of light along the RTM waveguide.
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Another important difference is that WGMs propagating into the positive and negative directions, E™ (z,t)
and E¥ (z,1), along the SBM axis spatially overlap and experience the same local effect of the parametric
modulation. For this reason, here we will compare the values of (2, and Qpl assuming that the SDM of
refractive index in the RTM is L/N-translationally antisymmetric, i.e. Any (24 (L/N)) = —Any; (2). This
condition also corresponds to the minimum consumption power (see the discussion below). Then,
equation (6) for €2, at the resonance condition of equation (25) is transformed into

L/N

Q1 = IND /dzAnpl( ) exp <1 TN ) ) (28)

To understand the major difference between OFC generated by the RTMs and SBMs, we assume that the

SBM is rectangular (see appendix H), i.e. its CF is constant within the microresonator length, w?, (z) = @°

[45]:
B(z,80) = Bo = \/ 200Awg,  Awo =@ — . (29)

Here Awy is the difference between the unperturbed CF of the SBM and its quasi-eigenfrequency wy defined
by equation (17). Then, we find for the roundtrip time for the SBM of length L:

- 2o ~
Fo |2y (30)
AWO

2
=0 (31)
C

while, for the RTM we have

Using equations (22), (25), (28) and (29) we find for the modulation index of the SBM:

~ w l
Qpl ( N “o

To arrive at the equivalent RTM and SBM we consider, as an example, the parametric resonance with
N =1 and assume that the central resonance light frequencies, resonance modulation frequencies, and
modulation indices of these microresonators are equal:wy = @, wp =27 /T = @, =27/ T, and Qpl = Q.
We calculate the integrals for the modulation indices in equations (28) and (32) by setting the following
similar SDM amplitudes of refractive index of the RTM and SBM (it will be shown in the next section that
these distributions correspond to the SDMs with the smallest power consumption):

N
np1 ) cos <7rzz> dz. (32)

o\hx

Anyy (2) = Angl sin (%) , (33)

~ ~0 Tz
Anpy (z) = Any, cos <i> , (34)

The spatial dependencies of these amplitudes are illustrated in figure 3(a). The SDM of the RTM in

equation (33) is chosen to satisfy the noted above condition Ay, (z+ (L/N)) = —Any,; (z) for N=1, so
that it has the opposite polarity at the opposite side of the RTM as illustrated in figures 3(a) and (b).
Generally, the SDM of an RTM can be translated along the closed RTM waveguide as a whole by substitution
z — z — z; without changing the modulation index €2,;. In particular, sin(...) in equation (33) can be
changed to cos(...). Calculation of the modulation indices using equations (28) and (30)—(34) leads to the
following simple relations ensuring the OFC-equivalence of the RTM and SBM:

2Awp
Wo

= }710 &'0 A _
L—gn—oL7 My = =——Qn,, g=

(35)

The relations given by equation (35) between the dimensions and the amplitudes of refractive index SDMs
are illustrated in figure 3. For the characteristic SBM bandwidth Awy =~ 27 - 100 GHz and light frequency
wo =~ 27 - 200 THz, we find g ~ 0.03, i.e. that the equivalent SBM is 30 times shorter than the RTM with the
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OFC-equivalent RTM and SBM

a Parametric modulation L
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Dimensions I !
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Ny |2Awg
el 2220
Ny @
Figure 3. (a) Relation between the SDMs of the refractive indices of the OFC-equivalent RTM and SBM. (b) Relation between the

lengths of the OFC-equivalent RTM and SBM. In agreement with equation (33), the SDM along the lower part of the RTM
waveguide illustrated in figure (b) has the opposite polarity compared to that along the upper part illustrated in figure (a).

same refractive index. For the modulation frequency wy ~ 27 - 100 MHz, and refractive index ny ~ 1.5, the
RTM length in this case is L = 7 c/ngw, ~ 1 m, while the length of the equivalent SBM L = gL is around
3 mm only.

In the adiabatic case, substituting the expressions for the roundtrip times from equations (30) and (31)
into equation (27), we find the relation between the lengths of the OFC-equivalent microresonators:

And
Py (36)

——0

Any,

L=g

This relation shows that for the same lengths, L = L, the refractive index modulation amplitude, which is
required to generate similar OFCs, is g~ ! times smaller for the SBM than that for the RTM. Alternatively,
similar to equation (35), for the same amplitudes of refractive index SDMs (though not necessarily equal
refractive indices), Lis g_1 times smaller than L.

Calculation of the modulation index of an SBM with arbitrary shape can be reduced to the case of
rectangular SBM by substitution of the axial coordinate z by the time variable (equation (16)):

1 / dz

Indeed, then the expression for SBM’s modulation index from equation (22) can be written down as

T/2

Qp = % / Awp (2(T)) cos <(ij <Z - T)) dar. (38)

0

Here function z = z/(7) is the coordinate z found by inversion of equation (37). At resonant or adiabatic
condition, w, T = 27 N, equation (38) is transferred to

Q= (—1)V2 / Awy (Z/(T))COS<27;T)dT (39)

which is similar to equation (32).
Small values of parameter g ensure small dimensions of the SBM compared to the RTM. This advantage
is achieved at the expense of the OFC bandwidth which may be limited by the bandwidth of the SBM
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spectrum EB ~ Z;o. To evaluate this limitation, we consider a bottle microresonator, which effective
radius variation is not necessarily small, though possesses dispersionless spectrum of eigenfrequencies, as
required for its effective resonant excitation. It was shown in [46] that such resonator should have the
semi-cosine (rather than semi-parabolic) radius variation illustrated in figure 1(b),

= A 7 N -1/2
Fz) = (ro + Aro> cos(Akz) 0<z< L~ Ak [(70 n Aro) R} - iacos < o ) ,
fo z(0and z) L Ak N

(40)

possessing equally spaced axial eigenfrequencies with the FSR Awpsg = 2cny ' (RR) =2 Here R is the axial
radius of curvature of this resonator at z = 0. For a shallow microresonator, &Q < 19, the profile defined by
equation (40) becomes semi-parabolic. Generally, the microresonator height Ary can be much smaller as
well as of the order of the radius 7. The bandwidth of this microresonator is Awg = Ary@y /7o and its length

L is defined in equation (40). From equation (31), the length of an RTM with the same eigenfrequency FSR is
L=mc/ (noszps}{) . As an example, we consider, again, the resonant parametric modulation with N =1

and @, = BEFSR = 27 /T. At this condition and for the equal resonance and modulation frequencies of the
RTM and bottle microresonator, wy = Wy, Wy = Wy, the lengths of the RTM and SBM are:

- 2372 [Aw
L= , L=< LY (41)
oWy noWp Wo

e

For the maximum (to our knowledge) OFC bandwidth achieved by the parametric modulation of an RTM
Awg ~ 10 THz at wy ~ 200 THz [9], the OFC-equivalent SBM with the same refractive index is still 5 times

. 3 %
shorter than the RTM. Indeed, from equation (41), we have % =22 (M) ~0.2.

T wo

5. OFC optimization and power consumption

The SDM of RTMs and SBMs can be optimized to arrive at the largest possible OFC at the smallest power
consumption. Here we distinguish the following cases.

(i) Pockels modulation when the refractive index SDM is proportional to the applied electromagnetic field.
In this case, we assume that the power consumption is proportional to Ppo = [Anp (z)zdz for the
RTM and to Ppy = f&dpl (z)zdz for the SBM.

(ii) Kerr modulation when the refractive index SDM is proportional to the absolute value of applied
electromagnetic field squared. In this case, we assume that the power consumption is proportional to

Prerr = [ fAnpl (2) ’ dz for the RTM and to Pyerr = [ ’Knpl (2) ’ dz for the SBM.

While the induced parametric modulation may be extended beyond the microresonator area due to the
experimental limitations, in our optimization, only the power consumed within the microresonators regions
is taken into account. The method of optimization detailed in appendices ] and K suggests that to arrive at
the strongest OFC for the given input power we have to maximize the following modulation indices, which
are rescaled to fix the consumed power:

(Pock | ZPI ‘ QKerr ‘ pl | QPock ’ i Qerr o (42)
1= s 1 = 5 1 = ) 1 5 .
r \% Prock r Prerr r Ppock r Perr

The developed method of optimization allows us to find the exact solutions for the optimal SDM for Pockels
modulation which have to be appropriately. In contrast to the optimum Pockels modulation, which is spread
along the axes of microresonators, we find below that the optimal Kerr modulation should be maximally
localized at the RTM and SBM axes.

For the parametric resonant case, w, T = 2w,ngL/c =27 N, N = 1,2,..., the optimal refractive index
SDM for the Pockels modulation of an RTM is found in appendix K as
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Figure 4. (a) Optimal SDM of refractive index for an RTM. (b) Optimized partly uniform SDM of refractive index for an RTM.
(c) SDMs of refractive index for an RTM for the model described by equation (48) with different values of parameter o indicated
on the figure. (d) Optimal SDM of refractive index for a rectangular SBM. (e) Optimized partly uniform SDM of refractive index
for a rectangular SBM. (f) SDMs of refractive index for a rectangular SBM for the model described by equation (49) with different
values of parameter ¢ indicated on the figure. (g) Optimal SDM of refractive index for a semi-parabolic SBM. (h) SDMs of
refractive index for a semi-parabolic SBM for the model described by equation (53) with different values of parameter o indicated
on the figure.

Any (z) = Angl cos <7T]f\] (z— zo)> ) (43)

where the maximum refractive index SDM amplitude Angl and shift z, are free parameters. As expected, this
SDM satisfies the condition An,, = (z+ (L/N)) = —Any (z) discussed in the previous section and is
translationally invariant due to the arbitrary parameter z;. For the SBM at the parametric resonance, the
optimal Pockels modulation of the refractive index is found as

~ 0 (Z(),(UO) & / dz
B (0 = By s | 2 [ 52t )
0

with free parameters Ez; and zg. For the case of rectangular SBM, the propagation constant 3 (z,wy) is
z-independent and equation (44) coincides with equation (34). For the adiabatic modulation, when N =0
and w,, 0, — 0, the optimal solutions of equations (43) and (44) are simplified to Ay, (z) = const for the
RTM and Any, (z) ~ 1/8(z,wp) for the SBM.

Since the accurate introduction of optimal refractive index SDMs defined by equations (43) and (44) may
be problematic in practice, it is important to understand the benefit of these SDMs compared to those which
slightly or significantly deviate from them. In addition, it is important to evaluate the power consumption
for the practically available SDMs. Below we present several examples to clarify these questions.

We start with the case of parametric resonance of an RTM with N = 1. For this case, the optimal
refractive index SDM defined by equation (43) is shown in figure 4(a) for zy = L/2. First, we consider a
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partly uniform SDM, modelling the configuration of two modulated capacitors with opposite polarity
considered in the experiment [9]:

And, zp<z<zy+1,
Anp (z) =4 —Any,  L+z,<z<L+z,+I, (45)
0 elsewhere

This configuration satisfies the condition Ay, (z+ L) = —Any, (z) discussed above. We find the following

simple expressions for the normalized modulation indices of capacitors ©'-* (1,) and o) (1,) for the

Kerr
Pockels and Kerr modulations with the fixed power:

QPock (l ) L
(cap) pl P
@Pock (ZP) QE(I)Ck (L)

) (46)

" QKerr 1 L . wl
oL (1,) _(;I:f"((i))—éa sin <2f)‘ (47)
4

These functions determine the relative values of modulation indices found for the capacitor with length /,
compared to the capacitor with length L and the same power consumption. The absence of the dependence
on shift z, in equations (46) and (47) confirms the translational invariance of modulation. Simple

calculations show that the maximum of @Pff])( (l )is achieved at [, = 0.741L (figure 4(b)) for the Pockels
(cap)

modulation and at /, — 0 for the Kerr modulation. The dependencies © . (I,) and G)K?rf) (,) are shown in
figure 5(a). For the Pockels modulation, the power benefit of the optimized capacitor length [, = 0.741L
compared to the length [, = L is 7% only. For the Kerr modulation, this power consumption can be 5- = 1.57
times smaller for [, — 0 compared to [, = L

Consider now a rectangular SBM with a partly uniform refractive index SDM similar to that described by

equation (45), where now we have to replace L — L/2,z, — 0,1, — ip, Anp (2) = Aanl (z), and

Anol — &101 The optimum SDM in this case following from equation (44) is shown in figure 4(d).
Calculatlons show that, for the Pockels modulation, the smallest power consumption is achieved at
lp =0.371L (figure 4(e)) with the 7% benefit in power consumption compared to lp = 0.5L. For the Kerr
modulation, the optimum l — 0 and the power consumption can be 7- times smaller, similar to the RTM.
The spatially uniform SDM considered above can be induced by capacitors adjacent to the
microresonators. In a more general case, the refractive index SDM is nonuniformly distributed along the
microresonator length. Such SDM can be induced by electromagnetic field of nonuniform capacitors as well
as other types of electromagnetic field sources. As an example, we consider the following SDM:s of refractive
index of an RTM and a rectangular SBM (figures 4(c) and (f)):

Any (2) = ngl ‘sin (T) cTsign (sin (%)) , (48)

()] (%)) (49>
Ccos I.: S1g Cos i s

with parameter 0. As previously, we consider the case of parametric resonance with N = 1. At ¢ — 0, these
SDMs coincide with the previous examples at [, = L for the RTM (compare figures 4(b) and (c)) and
lp = 0.5L for the SBM (compare figures 4(e) and (f)). At o = 1, these SDMs correspond to the minimum
power consumption (see equations (43), (44) and (34)).

We calculate the rescaled modulation indices defined by equation (42) as a function of parameter o and
introduce normalized modulation indices O™ (o), ol (o), oL (0),and oL (o) for the Pockels and

Pock Kerr Pock Kerr
Kerr modulations with SDMs defined by equations (48) and (49) similar to those in equations (46) and (47):

w4

Any (2) = il

) QPock (O‘) e QPock (O’) ) (Kerr (0’) e QKerr (O’)
G(sm) o) = pl 7 G(sm) o) = ~p1 7 (sin) o) = pl 7 ®(sm) o) = ~p1 ) 50
Pock ( ) Qll;(l)d( (0) Pock ( ) QE?Ck (0) Kerr ( ) leerr (0) Kerr ( ) QpKlerr (0) ( )

These functions determine the ratio of modulation indices with parameters o and o = 0 at the same
modulation power. For the Pockels modulation of an RTM, the plots of @le?k (o) and @l(f:r) (o) are shown in
figure 5(b). It is seen that, as expected, the power consumption achieves minimum at m = 1 with the SDM
shown by the red curve in figures 4(a) and (c). The power benefit of the optimized modulation compared to

the case [, = 0.5L considered above is 11%. Thus, the application of optimized nonuniform capacitors can
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Figure 5. Normalized modulation indices as functions of the refractive index SDM parameters for the Pockels modulation (red
curves) and Kerr modulation (blue curves): (a) for a partly uniform SDM, which models two capacitors with opposite polarity
adjacent to an RTM as a function of the capacitor length [,; (b) for the SDM of an RTM described by equation (48) as a function
of parameter o; (c)—(e) for the SDM of a semi-parabolic SBM described by equation (53) as a function of parameter o calculated

for different integration cutoff lengths AL indicated on the figures.

slightly improve the performance of the system considered in [9]. For the Kerr modulation of an RTM, the
power consumption achieves minimum at 0 — oo (figure 5(b), blue curve), i.e. when the SDM is strongly
localized. Then, the consumed power for the optimized SDM is 7 times smaller compared to the case /, = L
as in the case of partly uniform SDM considered above.

The results for the SBM modulation are similar. For the Pockels modulation, the optimum refractive
index SDM corresponds to 0 =1 (red curve in figures 4(d) and (f)) with 11% power benefit compared to the
case lp — 0.5L considered above. For the Kerr modulation, the power consumption is, again, minimised at
o — oo and is 5- times smaller compared to the case lp = 0.5L.

Finally, assume that an SBM has a semi-parabolic shape, with effective radius variation

~ . — \1/2
r(z) =19+ Arp— z*/2R and length L = (2Ar0R> , so that its axial eigenfrequency spectrum is

dispersionless having a constant FSR AwpgR =2cny (?OR)_I/ 2 (compare with equation (40)). Then, at the

parametric resonant condition, w, = AwFSR =27/ T, equation (22) for the modulation index and optimum
refractive index SDM (equation (43)) are simplified to

L
~ 2w Rr z Z N
Qpl = 0 0 / ”pl )dZ7 G(Z) = (1 — Ziz) (1 - 1,2) 9 (51)
0

Angi (2) = AnpyG(2). (52)

In derivation of these expressions, we used the rescaling relation, ~equati0n (26). In contrast to the
rectangular SBM, with the sine-shaped kernel in the integral for €2, (equation (32)), the kernel G(z) of the
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integral in equation (51) and the optimal Avﬂm (z) (shown in figure 4(g)) are aperiodic and have a singularity
at the turning point z = L. In the neighbourhood of this turning point, the WGM propagation speed tends to
zero and the semiclassical approximation used here requires corrections unless the contribution from this
neighbourhood into the integral in equation (51) is small.

To investigate the effect of deviation from the optimal Any, (z) defined by equation (52), we consider the
refractive index SDM

Anyi (2) = Ay, (G(2)) sign (G (2)) (53)

depending on parameter o and illustrated in figure 4(h) for 0 = 0,0.3, 1, and 3. This SDM is partly uniform
at o — 0, optimal at 0 = 1 (when Any, (z) ~ G(z)), and strongly localized at ¢ — oco. Similar to

equation (50), we introduce the ratios of modulation indices with parameters o and ¢ = 0 at the same
modulation power:

QPock (0) B QPOCk (0) QKerr (O’) B QKerr (0)
Ot (0) = g Ohk ()= G O ()= ey O (0) = g v (59)
UM N TEION - HON N RO

We estimate the size of vicinity near z = L where the expressions in equations (51) and (52) fail as having the

—~ 1 ~\ —
order of 6L = (*roR)’ (windl) '3 This expression is found from the asymptotic of an eigenfunction of the

parabolic SBM [47] near the turning point z = L. Since the integral for the modulation index in

equation (51) calculated with the refractive index SDM of equation (53) diverges at o > %, in our
calculations, we cut the integral limit in equation (51) by replacing L — L — SL. We estimate the cutoff region
gi, illustrated as a brown area in figures 4(g) and (h), for the parameters of semi-parabolic SBM
experimentally investigated in [27] setting L = 3 mm, ry = 20 ym, R = 120 m, 1y = 1.46, and

wo = 27 - 190 THz, which yields 5L = 90 pm ~ 0.03L. Consequently, figures 5(c)—(e) show the plots of
normalized modulation indices defined by equation (54) which are calculated for SL=0. 1L,0.03L and
0.01L. It is seen that, for the Pockels modulation, the optimal SDM only weakly depends on oL, However, the
power consumption for the Kerr modulation can be significantly reduced with SL.

6. Discussion

In this work, we develop the semiclassical perturbation theory which allows us to understand, describe, and
quantify the key effects in multi-quantum parametric modulation of optical microresonators and OFC
generation. In comparison to the theories developed previously (see [9, 10] and references therein), our
approach allows us to directly express the basic parameters describing OFC generation, such as modulation
index, through the SDM of microresonator parameters (e.g. refractive index). In particular, these results
allow us to optimize the SDM along the microresonator length.

In section 2, the semiclassical theory is applied to the description of OFCs generated by time modulated
RTMs. We find the analytical expressions for the OFC amplitudes using the transfer matrix approach and
semiclassical expressions for solutions of the wave equation propagating along the RTM waveguide.
Remarkably, our results confirm the semi-empirical theory [10, 12, 25] where the modulation parameter €2,
was assumed as an unknown lumped parameter. The developed theory allows us to express this parameter
though the spatial distribution of the modulation-induced refractive index variation (see equations (2)
and (6)) and thereby understand and quantify the effect of SDM on the OFC generation. In a particular case
of relatively small modulation index, ’Qpl ’ < 1 our results coincide with those of the theory developed in
[10]. We show that the asymptotic expression for the OFC amplitudes, equation (12), obtained in [10] under
the assumption prl | < 11is also valid for ‘QPI ’ ~ 1 and remarkably accurately describes the effect of
splitting of the OFC resonances discovered in [9, 10] (figure 2).

In section 3, we develop the semiclassical theory of OFCs generated by time modulated SBMs. In an
SBM, light circulates in the form of WGMs adjacent to the SBM surface and slowly propagates along the SBM
axis. The slowness of WGMs is determined by the proximity of their frequency w to a CF wey(z, t).
Compared to the theory of section 2, where the unperturbed RTM waveguide is assumed to be uniform
along its axis, the SBM properties are described by the axially dependent wcy(z, f). For this reason, the
developed theory is more complex. However, it allows to determine the expressions for the OFC amplitudes
similar to those obtained in section 2 and, in particular, find the dependence of modulation index {2,, on the
modulation-induced CF variation (see equations (14), (16) and (22)).

In section 4 we compare the performance of RTMs and SBMs. We introduce the OFC-equivalent RTM
and SBM as microresonators which generate identical OFCs and find simple criterium of this equivalence. In
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an SBM, light is circulating along the microresonator circumference in the process of slow propagation along
its axis. For this reason, light in an SBM can cover much longer distance during one roundtrip along its axis
compared to the distance the light propagates covering a roundtrip along the RTM waveguide. For this
reason, the dimensions of an SBM which is OFC-equivalent to an RTM can be much smaller than those of
the RTM (figure 3). We note in section 4 that the broadband OFC can be generated using a bottle
microresonator with effective radius variation which is not necessarily small as required in the SNAP theory.
As shown in [46], such resonators can still have the dispersionless distribution of axial eigenfrequencies.
Another possibility to expand the OFC spectral band consists in matching the axial and azimuthal
eigenfrequencies, as suggested in [48] for the nonlinear OFC generation.

In section 5, we optimize the spatial distribution of parametric modulation for RTMs and SBMs to arrive
at the smallest consumption power. We distinguish the Pockels modulation, when this power is proportional
to the amplitude of refractive index modulation, and the Kerr modulation, when it is proportional to this
amplitude squared. As shown in appendix K, for the Pockels modulation, the developed theory allows to find
the optimal spatial distributions of modulations analytically both for the RTM and SBM (equations (43)
and (44)). For RTMs, the optimal SDM is determined by a harmonic function (figure 4(a)), which can be
induced by nonuniform capacitors positioned along the RTM waveguide. Modulation of the refractive index
of RTMs is commonly induced by uniform capacitors positioned along a part of the RTM waveguide length
[9]. Then, we show that the optimal SDM is induced by two capacitors with opposite polarities and lengths
0.741L, where L is the half-length of the RTM waveguide (figure 4(b)). Similarly, for uniform SBMs, the
optimal SDMs are determined by a harmonic function (figure 4(d)), while the optlmal length of uniform
capacitors with opposite polarities inducing modulation of an SBM with length L is 0.371L (figure 4(e)).
While, for the Pockels modulation, the optimal SDMs are spread along the lengths of microresonators, the
optimal SDM for the Kerr modulation is localized. In practice, the optimal modulation distributions found
in this section are not easy to realize. For this reason, we compare them with other distribution models
(figures 4 and 5). Generally, the developed theory allows to determine and optimize the modulation
distributions with constrains determined by their practical availability.
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Appendix A. Solution of the first order partial differential equation describing
semiclassical propagation of light along the modulated waveguide

WEe are looking for the solution of the wave equation, equation (1) of the main text, with a source I, (x, t),

O’E  10°D
a5 5 an Iin 7t 9 Al
2 " aor  mE) (AD
under the condition that the source I;,(x, t) has frequency w and spatial distribution which smoothly
envelops the wave with propagation constant J3:

Iin (Za t) = eXp (71’Wt+ Iﬂz) Fin (Z) ’ ﬂ = ﬂ (AZ)

Here Fy, (x) varies slowly compared to exp (ikx). The semiclassical solution of equation (A1) is found as
E(z,t) = exp (—iwt + B2) ¥ (z,1) (A3)

where U (x, t) satisfies the first order partial differential equation

ov c oV iw exp (—iAwt
b _ZEAn(e U _ exp(—iAwi)

or T or Yo Fin(2), An(zt) =n(z,t) —no. (A4)

Solution of equation (A4) can be found analytically in the form [49]:
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U (z)=U(z1){ ® (u @Z> 4 Mo / i Fin(2)

_ = ! _ @ !
U(z,t) = exp Ic /dz An (z ,t . (z—z )) , (A5)
0

with arbitrary function ® (¢). In the absence of source I, (x, t), equation (A5) is simplified to

U (z,0)=Ulz1)® (tf ’i:z)

_ 'E ! li 7@ !
U(z,t) = exp 1C/dzAn(z,t . (z z)) . (A6)

Appendix B. Solution of the functional equation® (t) = A(t) ® (t — T) + B(¢)

We solve equation

O (t)=A(t)® (t—T)+B(1) (B1)
by substitution
O (t)=C(t) P, (1) (B2)
which yields
@1(t)A(t)g((:)_T)<I>l(tT)+](3:8. (B3)

We determine function C(#) so that the coefficient in front of &, (¢t — T) in equation (B3) is equal to unity:
Clt)=A@®C(t-T). (B4)

It is easy to verify by direct substitution that one of solutions of this equation is

oo

c)=Di(®OJJAE-nT). (B5)

n=0
Here D) (t) is an arbitrary periodic function with period T. Thus, equation (B3) takes the form:

B(r)

(I)l(t>:q)1<t— )+ (B6)

Solution of this equation is:
= B(t—nT
®, (1) :Zci+D2(t) (B7)

where D, (#) is an arbitrary periodic function with period T. Note that solution of equation (B6) can be
found from the solution of equation (B4) by taking the logarithm of both parts of equation (B4).
Combining equations (B2), (B5) and (B7) we find:

n—1
D (1) = +ZB (t—nT) [JA(t—mT)+D(¢ HA (t—mT) (B8)
n=1 m=0

where D(#) is an arbitrary periodic function with period T.
The general solution of equation (B1) can be found by adding the general solution of the uniform
equation

Do(t)=A()Po(t—T) (B9)
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to the particular solution ® () of equation (B1) defined by equation (B8). Since function A () of our
concern has the period T, = 27; and, therefore, can be presented in the form

A(t) =exp(ia(t)), a(t)= Zam exp (imwpt), (B10)

we are looking for solution of equation (B9) in the form of the Floquet solution

O () =Dy (t)exp(iat+if(r)), f()= D fuexp (imwpt), (B11)

m=—o00

mz£0
where Dy () is an arbitrary T-periodic function of t. Equations (B9)—(B11) yield:
_ap+2mq
o= T

Am

g=0,+£1,42,...

fn form #0.. (B12)

- exp (fipr)

Finally, solution of equation (B1) is a sum of solution (B8) and (B11) with parameters defined by
equation (B12).

Appendix C. Solution of the functional equation for the field in a RTM coupled to a
waveguide

From equation (3) of the main text, we find

Eout (t) = TEi (t) + KE(2L, 1) (C1)

E(0,1) = —KEi () + TE(2L,1). (C2)

Substitution of the input field E;, (t) = exp (—iwt) and functions E (0, ) and E (2L, ) from equation (D2)
into equation (C2) yields the functional equation for ® (¢):

O(t)=TAN)P (t—T) — &,

A(t) =exp |iwT — % + €0 —ﬁ—i‘Qpl | cos (wp (t—T)+arg (Qpl)) . (C3)

o0
This equation is a particular case of equation (B1). Taking into account that, for finite ), [[ A(t—mT) =0
m=0
and that the solution of our concern tends to zero for x — 0, we find from equations (B8) and (C3):

o0 n—1
(I)(t)z—li—IiZTnHA(t—mT). (C4)
n=1 m=0

Combining equations (C1), (D2), and (C4) we find:

_Ein<t)7'{1—l'€2A<t) 1+§:T”ﬁA(t—(m+l)T) }
Ein(t)T{llizA(t) 1+i7’”ﬁA(tfmT) }
:Ein(t)r{1—&2i7”ﬁA(t—mT)}. (C5)
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Next, we calculate

ﬁA(t— mT) = exp {(n%— 1 (m- zel mpo)] exp

m=0

i1 | cos (wy (t— T—mT) +arg (Qpl))]

m=0

2nwL 2
= exp {(nﬁ— 1) (in— UTW + ion)] exp {iawr] cos (wpt— (ngr )pr+ arg (Qpl)):| )

sin (2w, T
Un:’p|-(fp)' (Co)
sin (EWPT)
In the derivation of the latter expression, we used the identity [50]:
. (n+1)x
: sn ()
Zcos(kx—&—a):%cos (@—i—a). (C7)
— sin (5) 2
Combining equations (C5) and (C6), we find:
Eouw (t) = En ()T {1 —K ZT exp {(n—i— 1) (sz— ——+ zQp())
n=0
2
+ 0,41 COS <wpt— %pr—i— arg (Qpl))] } . (C8)

Application of the Jacobi-Anger formula to exp(io,,; cos(...)) in equation (C8) allows to determine the
comb spectral components E,, of Eq(t) given by equation (4) of the main text.

Close to the condition of parametric resonance or adiabatic modulation, w,T = 27 N +¢,
N=0,1,2,...,e < 1, we have

Tupr = (1) (n+1) |Qp], (C©9)

so that in equation (C8)

2
ovircos (1= 52 g (0 ) = (17" 1) syt N+ (9)
= (n+1)|Qp1| cos (wpt +arg (1)) - (C10)

Then, the sum in equation (C8) becomes a geometric series easy to calculate. In this case, function A(#) is a
T-periodic function, A (t — T) = A (¢) and we have from equation (C5):

Eout (0,1) = Ein (2L,1) T (1—5227 HA t—mT) En(2L,t)T <I—I€ZZT HA >

T—A(1)

=E, (ZL, t) TA(I‘)

(C11)

where the identity x? + 72 = 1 was used. This result coincides with equation (9) after introducing the
resonance frequency wj, satisfying equation (10).

Appendix D. Quasi-states of a standing along (uncoupled) RTM

From equation (A5), in the absence of source, Fj, (x) = 0, the general solution of equations (1) and (A1) is

_ _~ . ‘E !/ !/ _@ _/ _@
E(z,t) = exp 1wt+zﬁz+1c/dzAn<z,t C(z z)) @(t Cz), (D1)

0
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with 8 = # and An(z,t) = n(z,t) — ny where n(z,t) is defined by equation (2). We find from
equation (D1):

E(0,1)

E(2L,1)

exp (—iwt) ® (1),
exp(—iwt) A(H) @ (r—T),

2nwlL
A(t) = exp |iwT + i€y — % —G—i‘Qpl’cos (wp (t—T) +arg (Qp1))

2L
7= > (D2)
C

where parameters (2,9 and {2, are defined by equation (6). For a free RTM, this solution and its spatial
derivative should be continuous along the resonator length, i.e. satisfy the conditions: E(0,t) = E(2L,¢) and
g—f (0,1) = <€ (2L, ). In the semiclassical approximation considered, function ® is a much slower function of
z than exp (i8z) in equation (D1). Therefore, these two conditions coincide and lead to the functional
equation for ® (¢):

()=AND(t—-T). (D3)
We introduce the quasi-eigenfrequency wy by the quantization rule:
woT+ o = 2mny, 1> 1, integer. (D4)

Solution of equation (D3) is found in appendix B. For A () defined by equation (D2) with frequency w = wy,
parameters in equation (B12) are:

2nwol . Q1
= —

, a = —, a_| = a’lk7 Ay = 0 fOI‘ |m| > 1. (D5)

ap
c 2

Solutions given by equations (D1), (D4), (B12) and (D5), allow us to find the general expressions for the
quasi-eigenfrequencies and quasi-states. Here, for briefness and without loss of generality, we assume that
An(z,t) = 0 in the neighbourhood of z= 0 in the region 0 < z < z, and 2L — z, < z < 2L shown in
figure 1(a). In this region we find for the normalized at t = 0 quasi-states:

E,(z,1) = (ZL)_I/2 exp [—iwo (t— %)] U, (z,1),

U, (z,t) = exp [—iZWTq (t— H%Z) - nﬂowot—i—i‘TA cos (wp (t— %) +arg (Tp)ﬂ . (D6)

The eigenfrequencies of these quasi-states are determined as

2
wq:wo—i—%, q=0, £1,£2, ..., wy=

gl (D7)
T
The integer s > 1 in equation (D7) is chosen so that the eigenfrequency wj is close to the frequency of our
interest and the quasi-state modulation index Y, in equation (D6) is expressed through the modulation index
Q) as

T, = L (D8)

exp (zwp T) —1
Similar expressions for the quasi-states can be obtained if we introduce complex-values
quasi-eigenfrequencies by substitution w, — wy — inwo /1y and remove the attenuating factor
exp[—(nwo/no)t] from equation (D6). In this equation, we ignored the attenuation along the RTM axis z due
to the relatively large Q-factor of RTM leading to w“ﬂ—Z’T < 1. However, the latter attenuation contributes to
the widths of transmission resonances and cannot be ignored in the consideration of an RTM coupled to the
input—output waveguide.
Quasi-states E, (z,t) in equation (D6) are presented as a product of fast oscillating exponent

exp (—iwot + ifz) and relatively slow function of time and space ¥ ; (x, ) which contains the key
information about the quasi-state behaviour. For the microresonators of our interest, the intrinsic quasi-state
Q-factor, Q = 3¢, is large, Q > 1 (typically, Q ~ 10° — 10'%). The attenuation of E; (x, ) in time assumed
here is relatively slow, “";OT" = %QT < 1. The latter condition follows from Q > 1 for the cases we are primary
interested in this paper: the resonant modulation, wyT = 27 N, N=1, 2, 3,.. ., and adiabatic modulation,
Wo T« 1.
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Figure D1. Variation of the real part of the quasi-states (a; ), (b1), and (c;) and comb line amplitudes (a,), (b2), and (c2) of a
standing along RTM for different values of the modulation indices (| Y| = 1,10, and 100).

—Z”C"L and

Slow function ¥, (x,t) in equation (D6) is a product of two periodic functions with periods T' =
T,= i)—’;, where T determines the time of circulation of light along the full microresonator length 2L and T,
is the parametric modulation period. As follows from equation (D6), the effect of modulation is
characterized by the quasi-state modulation index Y, determined by equation (D8). In order to find the
frequency comb spectral components of quasi-states E, (z, t), we expand it into series of harmonics using the
Jacobi-Anger formula:

o0
2
E,(z,1) = Z Eomn exp{—i [wo + % —wpm] (t— %) — :Owot},

m=—0oQ

Eom = (2L)71/2 exp {im (% +arg (Tp))] T (I751) - (DY)

Near the condition of parametric resonance, wyT = 27N, N=1, 2, 3..., and for the adiabatically slow
modulation, wyT < 1, the modulation index magnitude |, | is large. Then, the characteristic frequency of
oscillations of ¥, (z, ) increases and becomes much greater than wy. This results in growth of the power and
bandwidth of the equidistant comb spectrum of E, (z,t) determined by equations (D8) and (D9). To
illustrate this, figures D1(a;), (by) and (c¢;) show the plots of Re (¥ (z,t)) for ’Tp‘ =1, 10, and 100.
Respectively, figures D1(a;), (by) and (c;) show the power spectra of |Ey,,| for the same parameters. It is seen
that, provided the modulation index and, consequently, the quasi-state frequency of oscillations grow
significantly, the comb spectrum becomes wide and nicely flattened.
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Generally, the field inside a weakly-coupled driven microresonator can be presented as a linear
combination of its quasi-states. For sufficiently weak coupling and losses, a coherent external source can
excite a single quasi-state provided that the eigenstates are not degenerated, i.e. under the condition that
there are no identical frequencies among frequencies wy + ZLTq — wpm of harmonics in equation (D9). At
modulation resonances and adiabatic condition, w,T — 27N, N=0, 1, 2, ..., the eigenstates become
degenerated while the magnitude of modulation index |Tp’ — 00. Then, the field excited inside the
microresonator by the external coherent source strongly depends on the spatial distribution of the source.

Special situation occurs in the case of a uniform SDM when An,,; (x) = An?,l = const along the whole

resonator length. Then we find from equations (D8) and (6) that the quasi-state modulation index is equal to
it An® . . . _ . .
T,=— 201 From this equation, we find that though T, tends to infinity in the adiabatic limit w,T — 0,

ﬂgwp
it does not have singularities at modulation resonances.

Appendix E. Asymptotic calculation of the comb amplitude for the RTM coupled to a
waveguide

Taking into account that for small coupling £ < 1 considered here we have 7 =1 — %2, the comb line
amplitude in equation (4) for m > 1 can be written down as

= im . .
|E| = K ij (gn+1 ]Qp1|) exp {(nqL 1) <2wPT+ iwin T — o+ ’Qp0>]
n=0
K2 2nwlL

)

We are interested in situations when the amplitude of |E,,| with large numbers m >> 1 is resonantly
enhanced. This can be achieved only if many terms with numbers n >> 1 contribute to the sum in |E,,|. We
suggest the interval where these terms have close phases (and, thus, contribute constructively) is within the
interval 0 < m < 0,4 ‘Qpl, since Bessel functions in equation (E1) vanish with growing m for m > ¢,,4.1. We
assume that w, T in equation (E1) is resonant or adiabatically small, i.e. w,T = 27 N+ Aw, T, n |Apr’ < 1,
N=0,1,2,....Then

Opi1 = (=DM (n41). (E2)

Since the number of terms contributing to the sum in equation (E1) is ~ a ™!, the condition of validity of
equation (E2) is |Awp T| < o First, we exclude the adiabatic case, i.e. assume N > 0. Substitution of

wp T = 2w N+ Aw, T, equation (E2), and the asymptotic expansion for the Bessel function with large order
and argument,

~ 2 12 2 2 2 —1/4 im Nmn 2 2 2 m m
T (U,H_l |Qp1|) o (71-) (O’n+1|Qp1| —m ) e cos <\/0n+1’9p1| — m? — m - acos (;) - 4)

(E3)
into equation (E1) yields:

[Enl = (2m) "2

i

ex GARS | Q1 | — m? 4 ex ip® (n)
e (7 ) 2 (o) e 1% )

n=1
1
o (n) = +4/1?|Qp1|> — m? F m - acos <|g|> +n [(win —ws) T— EmApr+ ioﬁ} ) (E4)
n pl

Here we introduced the resonant frequencies w = w; satisfying the quantization condition

wT+Qpy =27s, s>> 1, integer. (E5)
This equation is identical to equation (10). The resonant condition takes place when a sufficiently large

number of terms in equation (E4) behave smoothly as a function of n, have close phases, and, thus,
contribute constructively to I,.. This happens near the stationary point n = n;- determined by the equation

dp™ 1 1
@T(n) = :t;,/n2|ﬂp1|2 —m? + (win —ws) T— EmApr—k i =0, (E6)
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which formally results in equal complex-valued saddle points

n m (Win —ws) T — %mAprJrioﬁ

=, Am:
(AR ]

Here, the required positive value of the real part of ;5 can be ensured by selecting the appropriate signs + or
— in equation (E6) (and, thus, terms corresponding to sign + or — in the sum ¥ in equation (E4))
depending on whether the deviation of w from wj is negative or positive, respectfully. Next, choosing the
appropriate sign of the square roots, we find:

(E7)

2

2 3/2
dwi(n)| e m R 9|1 - A7 (E8)
o I S e o el miha
Using these equations, we calculate the sum in equation (E4) by the saddle point method and finally get:
|m|
1B 2 12| (1 A2) | 1/2‘/\ i\/l—Afn‘ . (E9)

For the weak modulation index, |£2,, | < 1, equation (E9) can be found directly from equation (9) of the
main text by replacing exp(i[€2,;|cos(...)) by 1 4 i[€2;| cos(...)and expanding the denominator in
equation (9) into Fourier series [50]:

1
a+bcos(x ) \/7[92 Z

n=—oo

5 In|
( () —Z) exp (inx). (E10)

Appendix F. Solution of the first order partial differential equation describing
semiclassical propagation of light along an SBM

Our analysis of the quasi-states and frequency comb generation by SBMs is based on the solutions E= (z,t)
and ¥ = (z,1) of equation (15) where indices — and +— correspond to the propagation of light along the axis
z into the positive and negative directions along z, respectively:

1

Bz
1

VB (2)

Here w is an arbitrary constant, ® < (¢) are arbitrary relatively slow function of time t, and propagation
constant 3(z), propagation time 7(z), action S(z), and action increments AS< (z, ), are determined by
equations [42]:

E= (z,w,t) = exp [—iwt £iS(z,w)| ¥+ (z,w,1),

~

U= (zw,t) = exp (:i:iASi (z,w, )@= (tF 7 (z,w)). (F1)

2 ¢
B(z,w) = \/ (Aw = Awet (2)), Aw=w—wy, Awey(2)=weu(2) —wo, X =—5—,
X nyWo
1 Z dz [
_ e _ d
< sy Se0= [see (F2)
0 0
'Y
AST A +
(z,w,t) = / wp (2 tFT(2)£7(2 )) o) X
The general solution defined by equations (F1) and (F2) is valid for
|AS™ (z,w,1)| < [S(z,w)] . (F3)
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Appendix G. Uncoupled SBM with semiclassical boundary conditions at the edges

We look for the quasi-states of the uncoupled SBM numerated by quantum number g in the form of a linear
combination of fields E™ (x,t) and E* (x,t) defined by equations (F1) and (F2):

E (z,w,t) =E7 (z,w,t) + E7 (z,w,1). (G1)

Assuming that the CF is smooth along the whole SBM length including edges, we determine the semiclassical
boundary conditions for E= (z,t) at the SBM edges corresponding to the semiclassical turning points at
z=0andz=L:E~ (0,w,t) = E~ (0,w,t)exp () and E* (L,w,t) = E~ (L,w,t)exp (—Z) [7]. Then we
find from equations (F1) and (F2):

v =0~ e (7).

T T j
o (t—i— 2> exp[—2iS(L,w) —iAS(L,w,t) +yT]| =& (t— 2) exp <_z;r) , (G2)
AS(L,w,t) =AS” (Lw,t) + AST (Lw,t), T=27(Lw).

Here T is the full roundtrip propagation time. Equation (G2) leads to the functional equation:
5 T 5 T . )
o H_E =—97 |- 5 ) exp [2iS(L,w) +iAS(L,w,t) —~T]. (G3)

For the harmonic modulation determined by equation (14),

Awp(z,t) = =iy + Awpo(2) + Awpi (2) cos(wpt),  |Aw(z,t)] < ’Awo (2)],

cut

we have

AS(Lyw,t) = on + Qpl cos (wpt) +iyT

L L
- 2 d - 2 T d
Qo = N O/Awpo (2) 5 (Z,Zw)’ Qp1 = N O/Awpl (z)cos <wp <2 -7 (z))) B(Z,Zw)' (G4)

It is convenient to fix wy in the vicinity of CF wey (2, t) by the quantization rule [7]:

1
28(L,wp) + Qpo =27 (no + 2) ,  np>> 1, integer. (G5)

Here the integer 1 is chosen to minimize the magnitude of Aw?,, (2). In the absence of modulation,

Qp0 = Q1 = 0 and material and scattering losses, v = 0, this rule determines the actual axial
eigenfrequencies of the SBM. For small deviation of frequency w from wy, we have

S(z,w) = S(z,wp) + AwT (z,wy), Aw=w —wy. (G6)
Combining equations (G3), (G5) and (G6) we have
T T ~
o (t—l— 2) = (t— 2) exp (iAwT— T+ i€2p; cos (wpt)) . (G7)

To solve equation (G7) we introduce function f (¢) so that

o7 (1) = exp(if 7 (1)) (G8)
and rewrite equation (G7) as
T T . ~
7+ 5 —f7 |t 5)= (Aw+iy) T+ Qpcos (wpt) +2mg, g=0, 1, £2, ... . (G9)
Solution of this equation is
— : Qpl . 2mq
7 () =fosin (wpt) +Et, fo=———, E=Aw+iv+—. (G10)

b
25in(w%T) T
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It follows from equation (G10) that
7 (1) =exp(if 7 (1)) = exp (fosin (wpt) +£1), @< () =27 (f)exp (T) . (G11)

Substitution of these expressions for &~ (t) into equation (G1) leads to the exclusion of undefined
frequency shift Aw = w — wy and yields the expression for normalized quasi-eigenfrequencies w, and
quasi-states E, (z,t) of a free SBM:

2mq

Wy =wo + T q=0, £1, £2, ...,
Q
E,(z,t) = Bf(Z) exp | —i (wo +iv+ 27TTq> t+ izsin(pi’PT) sin (wp (1 — 79 (2)))
X COS (Z +So(2) + 23? 70(2) + ASo (2, t)) , (G12)
where
L —1/2 2 z
dz 2 1 dz
= = = ——A cut s = )
c:¢zz%@) S J&@w,&@ watD, () X!%@
i d Z d
AS (z,t) = io/Awpo (2) BT(ZZ)—F%COS (wpt) O/Awpl (z) cos (wp (Z -0 (z))) 5 (Zz),
ASO (L, t) = on + Qpl COS ((.L)pt) s
L L
- 2 d - 2 T d
Qpo = XO/Awpo (2) ﬂT(ZZ)’ Q1 = ; O/Awp1 (2) cos <wp (2 — TO(Z)>) BT(ZZ)' (G13)

Appendix H. Rectangular SBM
We consider an SBR with a rectangular CF which is uniform in the region between its edges 0 < z < L,
Awey (2) = A2, (H1)

and has abrupt and sufficiently large negative breaks at edges z = 0 and z = L leading to the boundary
conditions E, (0,¢) = 0 and E, (L, ) = 0. We look for the quasi-states in the form given by equation (G1) so
that these boundary conditions are equivalent to conditions E (0,w,t) = —E~ (0,w, ) and

ES (L,w,t) = —E~ (L,w, t). The expressions given by equations (16), (18) and (22) for the propagation
constant, circulation time, and modulation parameters are now simplified to

2 Mo z noL 2w
B(z,wo) = fo = 1/ ;Aw?ut = 7\/ 2wo AWy, 7(2) = %a T=r7(2L,w) = c \/:?ut»
L L

, (H2)
Qo = XZBOO/A%O (z2)dz, Q= ﬁ O/Awpl (2) cos (iwp (Z - X;())) dz, x = %.
We fix wy in the vicinity of CF wey (2, t) by the quantization rule (compare with (G5)):
28 (L,wo) + Qpo =2mny, 1y >> 1, integer. (H3)
Then, the equations for functions ® ~ (¢) and ® < (¢) become:
B (1) =07 (1),
O <t+ z) exp [—2iS (L,wp) — iAS (L,wy, )] = —D (t— Z) (HY)
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Equations (H4), (H3), (G4) and (G6) lead to equation (G7) for & ~ (¢) which solution determines ® ~ (¢)
and ® © (¢) by equations (G8), (G10) and (G11). Finally, the expression for the quasi-states of the
rectangular SBM is

2 , L2 . Q , 2
E;(z,t) = \/;exp [1<wo+z’y+ %) t+12'(PLPT)sm (wp (t)(;()))] cos( Xqﬁ:; (z,t)) ,
sin ( -

(H5)
where
ASo (z,1) / A / A T2 Va6
0 (z, wpo (z ﬁ cos (wpt wp1 (z) cos | wp 2 YA .
Appendix 1. An SBM coupled to the input—output waveguide
We rewrite equation (19) as
Eou (t) = TEin () + KE~ (0,1) (I1)
E7(0,t) = —kE, (1) + TET (0,1). (12)
Substitution of the input fields
Ein (t) = exp (—iwt), (I3)
Eout (1) = exp (—iwt) Eqy, (1) (14)
and
ET(0,1) = exp (—iwt) ®F (1) (15)

into equations (I1) and (I2), yields the functional equations for ® + (1):

Eout (t) =T7+Kr®" (t)
Ot () =—k+70 (1) (16)
O (exp=dF (t—T)A(1),

where

L
A(t) = exp Zi/ﬂ(z) dz + iy + Q) cos (wp <t— Z)) - % . (17)
0

The functional equation for ® * () following from equation (I6) is:

<I>+<t+§> _TA(t)qﬁ(tZ)m (18)

Introducing ) (=2 (t+ % ), we reduce equation (I8) to the one identical to equation (C3)

B+ (1) = 78+ (t— T)exp {ZiS(L) +iAS (L,t— Z) _ ”T} —k (19)

and find the solution of equation (I8) similar to that given by equation (C4):
e’} n—1
ot (1) =—x (1 +> m[[AG- mT)> ,
n=1 m=0
~ . . T iT
A(t) = exp [21S(L) +iAS (L,t— 2) - ] .

(110)

2
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After substitution of equations (I1)—(I5) into equation (I10), we find

oo
2nwlL
Eout (1) = En () T {1 - HZZTn exp {(n +1) <in— % + iQPo)
n=0
. n+2
+ i0p41 COS <wpt— Tpr+ arg (Qpl)ﬂ } . (I11)

Expanding exp (io,,+1cos(...)) in this equation into series using Jacobi-Anger formula leads to equation (21)
of the main text.

Appendix J. Optimization of the power consumption: formulation

First, we describe the method of optimization of power consumption for the RTM. We consider the resonant
parametric modulation when w, T = 2w,noL/c = 2w N, N =1, 2, ... having the modulation index (see
equation (6) of the main text)

2L
Q1 = bl dzAnp (z) exp (”TLNZ> . (J1)
¢

Then, for the Pockels modulation the power consumption can be presented as

2L

PPock = WPock/dZAnlzyl (Z) (12)
0

with constant proportionality coefficient Wpo.
. . . . . 0 . 0
Presenting the modulation amplitude of refractive index as 1y (z) = n,,f(2), expressing n,; through

5L —1/2
Ppock from equation (J2) as 1, = Pll)éfk <Wpock f dzf? (z)> and substituting it into (J1), we have:
0

2L
[ dzAny,; (2) exp (2Nz2)

P,
|Qpl‘ _ Wo Pock |0 ' (J3)
¢V Wrouk 2L

of dzAm, (2)

Thus, to maximise the modulation index ‘QP1| for the fixed power consumption Pp,, we have to maximise
the last fraction in this expression, which, within a constant factor, coincides with the expression for Q;‘I’Ck in
equation (42).

Similar, for the Kerr modulation we have

2L

PKerr = WKerr/dZ |A”p1 (Z)‘ . (]4)

0

Similar to the Pockels modulation, after the substitution n,, (z) = 21 f(z), expressing ”21 through Pk, from
equation (J4) and substituting it into (J3), we have:

2L
[ dzAny; (2) exp (2N2)
|Qp1’ - c Wkerr : 2L ’ (J5)

{dz|Anp1 (z)‘

For the fixed power consumption Pk, we have to maximize the last fraction in the expression which, within
a constant factor, coincides with the expression for Q}ff” in equation (42).
For the SBM with arbitrary shape, the expression for the modulation index can be written down as (see

equations (22) and (26) of the main text)

L - z
~ — T 1 dz
Qp1 = /Anp1 (2)G(2)dz, G(z)=——F—=cos|@p | = — */7 ) (Jé)
/ 2 X , /B(va())
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and the optimization is performed similarly to the RTM using equations analogous to equations (J2)—(J5). In
particular, to find the optimum Any, (z) in the case of the Pockels modulation, we have to maximize the last
fraction in the expression (compare with equation (J3)):

(J7)

Appendix K. Optimization of the power consumption for Pockels modulation: exact
solution

The optimized spatial profile of parametric modulation determined in appendix ] can be found analytically.
For this purpose, starting with an SBM, we find the optimum An,, (z) maximizing the absolute value of
modulation index defined by equation (J7) using the Cauchy—Schwarz inequality:

L

/Anpl /dzAnpl /de2 (K1)

0

It immediately follows from this inequality and equation (J7) that the maximum of ’QPl ‘ is achieved for

Anp (2) ~ G(2). (K2)

For the Pockels modulation of an RTM, the approach based on the inequality in equation (K1) fails since
then the function similar to G (z) in equation (J6) is proportional to the complex exponent (see equation (J1)
for §251) and the Cauchy—Schwarz inequality is reduced to a trivial relation. In this case, we solve this
problem as follows. Assume that An,, (z)is the SDM maximizing |Qp1 ‘deﬁned by equation (J3) with fixed
power P. Then we can always find a shift z; such that

2L

s(z) = / dzAny, (2)sin (”LN (Z—zt)) 0. (K3)

0

Obviously, s(0) = —s(L/N). Therefore, since s(z,) is continuous, there exists z, such that f(z,) = 0 (Bolzano’s
intermediate value theorem). For this z, we have

2L
Qp1 = % /dzAnPl (z) cos (WLN (z— zt)> . (K4)
0

Now, using the Cauchy—Schwarz inequality

2L 2L
/dzAnpl (z) cos (7?](24—4)) /dz Anyp (z /dzcos ( z+zt)), (K5)
0 0

we conclude that the SDM which maximizes |Qp1 | in equation (J3) is
Any (2) = An}ﬁpt) (2) = Anp, cos (m N(z+z) /L). However, for an arbitrary shift z, we have

2L

2L
. i N . i N 1

/dzAnélpt) (z+20) exp <IT;Z) = /dzAnélpt) (z) exp <WLZ> = EA”gl' (K6)

0 0

Therefore, the general solution maximizing |QP1 |f0r the given power consumption P is

Anyy (z) ~ cos (T (z— zo)) (K7)

with arbitrary shift z.

29



10P Publishing

New J. Phys. 25 (2023) 103047 M Sumetsky

zZ = z=12z z=1L

Figure L1. An SBM coupled to a waveguide positioned at z = z. away from the WGM turning points z = 0 and z = L. Inset:
parameters of S-matrix in equation (L7).

Appendix L. An SBM coupled to the input—output waveguide positioned away from the
SBM edges

We consider an SBM coupled to an input—output waveguide arbitrarily positioned along the SBM axis as
illustrated in figure L1. Solutions of equation (15) in the left- and right-hand sides of the SBM can be
presented in the form defined by equations (F1) and (F2). After application of the boundary condition at the
turning point z = 0 the waves propagating towards positive (—) and negative (<) directions along the SBM
at its left-hand side, z < L/2, are found in the form:

=

E(z,t) = H* (2,6) P (t F 1. (2)), E;fght (z,t) = HF (2,1) P igh (1 F 1 (2))

B (z) . ,Z 1 Z , - L dZ .
H:t = X — — A ¢ ¢ YA c )
(z,1) /B(Z)ep zwtﬂ:zz/ﬂ(z)dzilxz/ wp (2" tFt(2) £1.(2 ))6(2/)2F’yt (2) w
- 1| [ dz
i

Here ® 4 (t F 1(z)) and @ ;g (¢ F 1c(2)) are arbitrary functions. It follows from equation (L1) that at the
coupling point
Eﬁt (ze,) = exp (—iwt) D (1), Eriiht (zc,t) = exp (—iwt) @riight (1). (L2)

The semiclassical condition of vanishing of the field to the left of the turning point z = 0 and to the right
from the turning point z = L yields [7]

Egh (07.1) = B (07 1) exp (_%> L B (I 1) = B (L ) exp <_%> W)

Here we denote the asymptotics of solutions near the right hand side of z = 0 and left hand side of z = L by
0<" and L™, respectively. From equations (L1) and (L3) we find

H™(0<,t) = H" (04, 1) Aise (1) ,
" _ i . : Oleft | -Aleft
At () = exp > + 21/5 (z2)dz+ 1QP0 + 1QP1 cos (wpt) — 29T | »
0

w2 [A . 2] dz
Q}fof = N J %@dz? Q1 = ;(/Awm (z) cos (wp (Tiert — 7 (2))) m, (L4)

30



10P Publishing New J. Phys. 25 (2023) 103047 M Sumetsky

and

H™ (L’\)t) = H+ (L’\, t) Aright (t) )

L
~ i . .Sright  .crigh
Asight (1) = exp -5~ 21/ﬁ (z)dz— 1(2;10g - 1Q;11g ‘cos (wpt) — 27 Tright | »
Zc

(L5)
L L
Q;i(;sht _ % Aw‘zgz)dz, Q= %/Awpl (z) cos (wp (Trighe — 7 (2))) ﬁd(;
It follows from equations (L1), (L4) and (L5) that
Atest (1) @15 (£ = Tier) = P (14 Tier), T = 1 (0), (L6)

Aright (t) @ ji_ght (t - Tright) =0 r_ight (t+ Tright) s Tright = Z'c (L) .

As in sections 2 and 3, we describe coupling between the input—output waveguide and SBM with the
transfer matrix approach. The relations between the input wave, Ej, () = exp (—iwt), the waves inside
the SBM defined by equation (L1) at the waveguide position z = z, and the output wave Eqy (t) =
Eg?,)texp (—iwt) are defined by the matrix equation:

Eout (t) Ei (t) T K K
El:& (267 t) =S El?ﬁ (ZC, t) ; S= -k X T (L7)
E g (26,1) Efigne (26:1) —Kk X

The physical meaning of elements of S-matrix is illustrated in the inset of figure L1. As in the previous cases,
without loss of generality we assume that these elements are real [23]. It follows from the unitarity of
S-matrix that

7+ 2RE =1,
2 2
K4 xi4+r =1,
* (L8)
r—7+x =0,
K*+2xr=0.

These relations allow to express all elements of S-matrix through one of them. For example, for the assumed
small waveguide-SBM coupling, x < 1, we have:

2 ﬁZ

= -, =1-— 2) = _— L9
r 7 7 K%, X > (L9)
Using equation (L2), we reduce equation (L7) to

ES () = 7 (@5 () + @ e 1))

D ()=—r+xP (1) + r® e (1)

D Lo (1) = —h 1@ G () + X P (1) (L10)

The last two equations in equation (L10) together with two equations equation (L6) are four functional
equations which determine the four unknown functions ® . (),® . (),® ji_ght (t),and @ ., (1), while the
first equation in equation (L10) determines the output field. The analytical solution of these equations has
not been found here. However, these equations can be solved for the important case when the SBM is axially
symmetric with respect to its centre z = L/2, i.e. when Awl, (5 —z) = Awl, (4 +z). We assume the
excitation of SBM to be symmetric as well, so that Aw, (% -z, t) = Aw, (% +z, t) and the input—output
waveguide is positioned at the SBM centre, z. = L/2. Then, the field in the SBM can be ether axially
symmetric or antisymmetric with respect to z = L/2. We are interested only in symmetric solutions since the
antisymmetric solutions vanish at the SBM centre and, therefore, do not couple to the waveguide. From
equation (L2), the latter condition requires that <I>1fft (t)=® T (t) and equations (L6) and (L10) are

right
simplified to:
Equ (1) =7+ 259 [ (1)
~ T T\-
Aleft(I)l—gﬁ <t— 4) = —K+ (X + r)q)ltft (t+ 4>

The latter equation here is simply reduced to equation (B1) which is analytically solved in appendix B.

(L11)
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Appendix M. An RTM with an internal light source

The parametrically excited RTM with a light source is described by equation (A1). Then, the general solution
of equation (A1) is determined by equation (A5) with arbitrary function ® (¢). For the harmonic
modulation of refractive index determined by equation (2), the continuity condition E(0,t) = E (2L, ¢) yields
the functional equation for ® (1):

D(t)=A0P(t—T)+B(), (M1)
where
A(t) = exp |iwT 4 iy — ﬂwT—i— i|€p1 | cos (wpt—i— arg (QPI) — pr)] (M2)
o
and
2L .
B(1) = %A(t) exp[—iAwin (t— T)| F,  Fn = / dxexp (_MP”“Z) Fn(2). (M3)
iw c
0

Function @ (¢) satisfying equation (M1) is found as (see appendix B):

1oC — ) )
d(1)= TZ}OFM exp|—iAwiy (t — T)] § exp[2i|Qp1 | cos(wy(t — T) + arg(p1))]

o0
. . n+2
—l—Zexp(I(n + 1) Awin T) exp (21| Q1 |01 cos(wpt + arg(Qp1) — Tpr)) ,
n=0
(0 T
o M (M4)
sin(5w,T)

Taking into account that E(0,t) = exp(—iwgt)® (¢), we find:

N,

E(0,1) = ,f;?mexp(—iwint+ iAwinT) ¢ exp[2i|Qp1 | cos(w,(t — T) 4 arg(21))]

21

- 2nwL 2
JrZexp <(n +1) (iAwin - W)) exp (2i|Qp1 |y 1 cOS (wthr arg(Qp1) — ’1;_pr>>
¢

n=0

(M5)

We note the similarity of this expression for the field and equation (C8) for the output field for the RTM
coupled to an input—output waveguide. This result justifies the approximation of a realistic input—output
waveguide coupled to microresonator by an internal source used in several publications (see, e.g. [10,
17-19]).
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