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A Principle of Non-Hermitian Wave Modulators by
Indefinitely Small Physical Controls

Youngsun Choi, Yu Sung Choi, Seok Ho Song, Kyungsik Yu, Nimrod Moiseyev,

and Jae Woong Yoon*

Interferometers and resonant cavities are indispensable driving mechanisms
for compact, high-speed, and low-power modulators and switches in modern
signal processing systems. However, their limitations in key performance
metrics critically restrict present data-processing capabilities. Here, a
completely different wave-modulation mechanism is proposed based on
non-Hermitian dynamics near an exceptional point (EP) singularity. The
proposed modulator is enabled by EP-bypassing adiabatic processes that
exclusively select different final states depending on active trigger signal
possibly at indefinitely small magnitude in principle. Importantly, this
operation principle does not involve any explicit frequency-dispersive feature
in stark contrast to interference or resonance effects. In addition, it can be
implemented in available device-engineering platforms such as integrated
optical circuits. Therefore, it is of great interest to further investigate the
proposed principle for improved signal-processing systems on forthcoming

demand.

1. Introduction

Exceptional point (EP) is a parametric singularity where multiple
eigenstates in non-Hermitian coupled wave systems become
coalescent and the completeness of corresponding Hilbert
space breaks down.l!! Consequently, EPs produce various
anomalous effects including spontaneous symmetry-breaking
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phase transition,*™!

selectivity, 1% chiral state transfer,|
and divergent resonance shifts.[1314]
These phenomena are fundamentally
related to self-intersecting Riemann-
sheet geometries of complex eigenvalue
spectra around an EP.

In particular, time-asymmetric state
transfer for dynamically encircling
an EP22 is arguably one of the
most exotic non-Hermitian proper-
ties originating from the characteristic
Riemann-sheet geometries. In this
unique non-Hermitian effect, slow adia-
batic processes along a closed parametric
loop around an EP create robust time-
asymmetric state evolution that poten-
tially enables novel device classes.[20-22]
In further studies, the time-asymmetric
effect persistently appears even for para-
metric loops not enclosing an EP!?} and
for fast Hamiltonian hopping processes beyond the adiabatic
limit.[>*] These results suggest that the essential condition for
the time-asymmetric final-state selection is not merely the
topological inclusion of an EP but the presence of a specific
parametric region where the imaginary-eigenvalue Riemann
sheets cross each other while the real-eigenvalue Riemann
sheets anticross, e.g., the parity-time (PT) symmetric axis in the
unbroken-symmetry phase.

Toward this end, we speculate that the time-asymmetric state-
transfer effect could be one interesting instance out of wider va-
riety of novel dynamic properties obtainable from the unique
Riemann-sheet geometries. Very recently, near-EP adiabatic pro-
cesses along the PT-symmetric axis show intriguing effects such
as stopped light without any coherent nonlinear processes!?!
and robust transmission of spatially coded information in the
presence of significant symmetry-breaking power exchange.[?!
Therefore, it is of great interest to further investigate near-EP dy-
namic effects in search of novel non-Hermitian properties under
various control schemes.

In this paper, we propose a near-EP adiabatic-process config-
uration that enables extremely efficient state modulation with-
out any interference or resonance mechanisms indispensable for
conventional approaches.[?’! In the proposed modulation mech-
anism, we use a slow dynamic return process narrowly bypass-
ing an EP in the adiabatic limit. Such dynamic process selects a
different final state depending on the bypass parity with respect
to the EP. A complete switching action between two orthogonal

strong direction
11,12]
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final states and subsequent probability modulation are possibly
driven by an indefinitely small change in the bypass parity in
principle. We provide essential underlying physics, key optimiza-
tion parameters, and a potential realization scenario in a pho-
tonic integrated circuit platform. Importantly, optical switches
and modulators are constituent building blocks in modern sig-
nal processing and communication systems and they demand
ever-increasing performance measures in terms of power con-
sumption, data rate/bandwidth, and footprint size. In this consid-
eration, the proposed modulation mechanism may significantly
improve such performance qualities beyond fundamental limita-
tions in the conventional approaches.

2. Fundamental Theory

We consider a time-varying binary system described by a
Schrédinger-type equation

< |y () = H(o) [y (o) (1)
_ |p(z) +iq(z) 1
HE =1 "1 —pi —ia(o) @

where 7 is relative time to the interstate coupling period.
This type of Hamiltonian has been widely studied for PT-
symmetric effects,[>1% geometric-phase properties,!'"12] and
time-asymmetric processes!>~??] in association with EP singular-
itiesatp=0and g = +1.

The key interest here is to investigate dynamic response |y (7))
for H(r) under specific conditions that p and g slowly change in
time along a segment trajectory very closely bypassing an EP, as
schematically illustrated in Figure 1a. In this figure, the two by-
pass trajectories are identical in most of the parts and the only
differences are in the close vicinity of the EP. One detours the
EP on the left while the other on the right. The question is how
much the final states differ if they are evolved from an identi-
cal initial state for these two parametric trajectories. In order to
describe such two conjugate trajectory cases in a mathematically
convenient way, we define a bypass trajectory by a relation as

p=fwB(q) 3)

where B(q) is a certain positive function which has nonzero val-
ues only in the close vicinity of the EP and f__ is a switching factor
which takes f,, > 0 for a bypass on the right or f,, < 0 for a by-
pass on the left, as indicated in Figure 1a. f, also can be used to
continuously tune the distance of the trajectory from the EP. For
a given parametric trajectory due to Equation (3), a slow bypass
round-trip process is obtained by appropriately selecting q(z) pro-
file over a given time window T, as shown in Figure 1b.
According to the standard quantum adiabatic theorem, a dy-
namic state in a slowly time-varying system in the adiabatic limit
predominantly stays in the instantaneous eigen state if the pro-
cess starts from an eigenstate.[?®] Instantaneous eigenstate is re-
ferred to as adiabatic state in general. In our discussion hereafter,
|w (7)) and |u(r)) denote the dynamic and adiabatic states, respec-
tively, and we begin our argument on the basis of the standard
adiabatic theorem. The adiabatic state |u_(r)) for a given initial
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Figure 1. Narrow bypass processes around an exceptional point (EP) for a
robust wave switching effect. a) Parametric p—q trajectories bypassing an
EP. f,,, is the switching factor in Equation (3). b) Example time-dependent
profile q(z) for a complete EP-bypass roundtrip process. Conceptual illus-
tration of adiabatic and dynamic passages of complex-energy expectation
value (H) for c) negative bypass trajectory (f,,, < 0) and d) positive bypass
trajectory (f,,, > 0). (H) = (H),, = (w|H|y) for dynamic-state passages
and (H) = (H), = (u[H|u) for adiabatic passages. Therein, |S) and |A) de-
note the symmetric and antisymmetric modes, respectively, while |G) and
|L) represent the gain and loss modes, respectively.

eigenstate is determined by either one of eigenvectors |E, ) such
that its corresponding eigenvalue E, = +[1 + (p + ig)*]"/* as well
as state-vector itself are continuous along a given p—q trajectory.

A convenient way for describing the adiabatic state characteris-
tics is to see adiabatic expectation-value passage (H), = (u|H|u).
In Figure 1c, we show (H), passages (dotted curves) for a nega-
tive bypass (f,, < 0). We see that (H), passage for adiabatic state
|u, (7)) from the upper-energy eigenstate |S) = 271/2[1 1] (sym-
metric mode) at the starting point (p = q = 0) is connected to gain
mode |G) = (2q)™?[in™* #]" around the turning point at r = T,
where the system stays in the broken PT-symmetry phase, ie.,
q(T,) > 1 and p(T,) =~ 0. Here, n = [q + (q° — 1)}/?]Y/? which is
greater than 1 in the broken PT-symmetry phase.

(H), passage for another adiabatic state |u_(z)) evolved from
the lower-energy eigenstate |[A) = 27/2[1 —1]T (antisymmet-
ric mode) at the starting point is connected to loss mode
ILy = (2g)%[in #7']* around the turning point at = T, in the
broken PT-symmetry phase. Therefore, the adiabatic states for a
negative bypass process (f;,, < 0) are characterized by two differ-
ent courses {|u, (f,, < 0)):|S) = |G) — |S)} and {|u_(f,,, < 0))
IA) = [L) — [A)}.

In contrast, the adiabatic states in positive bypass processes
(faow > 0) take completely opposite courses {|u,(fy,, > 0)):
[S) = |L) = |S)} and {|u_(f;,, > 0)): |A) = |G) — |A)}, as shown
in Figure 1d. This f,-dependent adiabatic-state switching effect
is an essential consequence of the proximity of the EP as a modal
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branch point and the inherent antisymmetry in the imaginary-
eigenvalue splitting with respect to p such that (double signs in
same order)

+|p|"/?(1 + i)forp > 0

+|p|/3(1 — i)forp < 0 )

E.(Ipl << 1,q~1) z{

Dynamic state |y/(r)) evolution can be readily predicted once
|u, (fi)) is determined. In contrast to the conventional Hermi-
tian cases, |y(z)) for a non-Hermitian H does not always fol-
low the adiabatic state because gain mode |G) exclusively over-
takes system’s response in the strong imaginary-splitting regime,
regardless of any selected initial state.['>2!] In our case, |y (7))
in |u_(f,, < 0)) or |u,(f,, > 0)) is instable as these adiabatic
states involve loss mode |L) around the turning point in the bro-
ken PT-symmetry phase. |y (7)) transiently staying in such in-
stable adiabatic states undergoes an antiadiabatic jump toward
the other adiabatic state |u, (f,, < 0)) or |u_(f;, > 0)) involving
|G) and finally ends up in the corresponding adiabatic final state
[, (fi < 0)) =|S) or |u_(f,, > 0)) = |A) at = = T as an exclusively
preferred final dynamic state depending on f, .

Intriguingly, switching of the preferred final state in EP-bypass
processes in the adiabatic limit depends only on the sign of
switching factor f,, in principle, not explicitly on its absolute
magnitude. Note that connection of the adiabatic states to the
gain and loss modes does not change as far as f;, keeps its sign.
Therefore, this state switching mechanism is potentially available
even with an indefinitely small physical change that flips the sign
of f,, around a certain critical condition.

The EP-bypass process and associated switching effect may
seem similar to the EP-encirclement process in our previ-
ous work!'"”!8] because they both involve a common essential
physics—antiadiabatic jump from the loss mode to the gain
mode. Nevertheless, the two process configurations are distin-
guished from each other in their resultant actions. First, the ac-
tion is time-symmetric in the EP-bypass process while it is time-
asymmetric in the EP-encirclement process. In other words, the
preferred final states for the forward and backward time direc-
tions are identical in the EP-bypass process whereas they are to-
tally different from each other in the EP-encirclement process.
Second, the state flip between the initial and final states happens
in the opposite conditions for the two process configurations.
The dynamic state in the EP-bypass process flips whenever the
antiadiabatic jump is involved. In contrast, the dynamic state in
the EP-encirclement process flips whenever the state evolves in a
totally adiabatic manner during the entire process. Most impor-
tantly, the EP-encirclement process in the previous study is hardly
applicable by itself alone for any efficient state-switching or mod-
ulation mechanism because it demands time-reversal of the en-
tire process, which seems uneasy if there is no additional switch
that exchanges the input and output ports. However, the EP-
encirclement process might provide an efficient state-switching
mechanism if the parametric loop is very close to the EP so that
the encircling direction is switchable with certain small physical
stimuli. We consider that this is an interesting subject for follow-
up study in the future.
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3. Numerical Analysis on the Key Effects

In further quantitative study on the proposed concept, an impor-
tant issue is to appropriately configure speed V = d(p + ig)/dz
of parametric change such that the process keeps nonadiabatic
transition from the stable to the instable adiabatic state as low as
possible over the entire process. This problem is related to the
standard adiabatic condition!17-28]

|<u+* |dH/df|u_)( ~|V| << |E, —E_|? (5)

in our case. Equation (5) implies that the speed of parametric
change should be considerably low (| V| = 0) near the EP where
|E, — E_| = 0. Therefore, it is reasonable to take V as a func-
tion of AE = E, — E_ on the reference trajectory p,.((r) = B[q()],
rather than as a certain arbitrary function of z, which should be
subject to random numerical optimization. Among a wide va-
riety of possible functional forms, we take a simple trial form
as

V] = Vi NJAEY (0)
where V,,, is average speed, ] is speed-profile order, and N, is a
normalization constant for a relation Vivg = 2L,/ T with L, de-

noting segment path length of the reference bypass trajectory on
p—q plane. We use speed-profile order ] as an optimization param-
eter for maximizing the state-switching effect for given trajectory
B(g) and process time T.

In addition, we assume a reference bypass trajectory

B(0<q<4q,) =B,0[2(q—a)/w| 62, -q/w] (7)

where 6(x) is a Gaussian unit-step function
1 [ 2
0(x) = —\/_/ exp (—5 )df (8)
T J -0

¢, and g, are bypass range bounds and w is bypass ramp width.
We use the classical Runge—Kutta (RK4) method to numerically
solve Equation (1) under these conditions.

Numerically demonstrating the proposed switching effect, we
take a trial case with By = w = 0.01, q; = 0.99, ¢, = 1.01, and
q, = 1.4. The negative (f,,, = —1) and positive (f,, = +1) bypass
trajectories in this case are almost identical and the slight differ-
ence is only in a tiny region (0.99 < g < 1.01) around the EP,
as shown in Figure 2a. We calculate dynamic state |y) for a suffi-
ciently large process time at T'= 100 and an optimal speed-profile
order at | = 1.5. The results are summarized in Figure 2b,c for
fow =—1and +1, where dynamic expectation-value (H),, passages
as functions of q are indicated in comparison with the adiabatic
expectation-value (H), passages. Therein, we confirm that final
dynamic state |y (T: f;,, < 0)) ~ |S) whereas |y(T: f,, > 0)) = |A)
regardless of the initial-state selection, as predicted previously.
Remarkably, extinction ratio r,,, = [(S|w(T: f,,, = =1))]* |{S|w(T:
Jow =+1))|7? of the symmetric-state probabilities in the final states
is 2.3 x 10* (43.6 dB) for this trial case with extremely narrow EP-
bypass trajectories.

Modulation characteristics under continuous switching factor
f.w control in this trial case are shown in Figure 3a, where we
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Figure 2. State-witching effect for very narrow EP-bypass processes. a) Trial reference bypass trajectories for f;,, = +1. Parameters for the reference
bypass trajectory function in Equaton (7) are g, = 0.99, g, = 1.01, q, = 1.4, w = 0.01, and B, = 0.01. Circular insets show magnified (x5) views of the
trajectories near the EP at p = 0 and g = 1. Dynamic-state passages of (H),, for b) a negative bypass (f;, = —1) and c) a positive bypass (f,,, = +1) in
comparison with the adiabatic-state passages of (H),. We assume |y (0)) = |S) or |A), T= 100, and j = 1.5.
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Figure 3. Switching performance for the trial bypass trajectories in Fig-
ure 2a. a) Probability Pg of finding final state |y (T)) in symmetric eigen-
state |S) as a function of switching factor f,,, for T =50, 100, and 500. b)
Dependence of extinction ratio r.,, on process time T for / = 1.5. Here,
Feit = (SIW(T: faw = = I(Slw(T: fo = +1))[72, indicating a ratio of
symmetric-state probability for the negative bypass to that for the posi-
tive bypass. c) Dependence of extinction ratio r,,, on speed-profile order J
for T= 50, 100, and 500.

present f,-dependent symmetric-state probability Py = |(S|w)|*
[{(w|w )| in the final state. In the ideal adiabatic limit (T — o0),
Py (f.,,) represents a step function taking 1 for f,, < 0 or 0 for
fuw > 0. The step-like switching profile is persistent even in a non-
ideal condition for T = 500 in this trial case. Therefore, the pro-
posed concept is arguably capable of producing a high-extinction
modulation triggered by indefinitely small physical controls on
fw as far as it secures the adiabatic condition over the entire pro-
cess.
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As process time T decreases, step-like profile of Pg(f,,) grad-
ually turns into a continuous function with a maximum in the
negative f, domain and a minimum in the positive f,, domain.
This characteristic profile-shape dependence is understood that
the state-switching effect disappears for |f,| >> 1 or T — 0 as
the adiabatic condition in Equation (5) is no longer sustainable
for large bypass trajectories or for small process time. In such
nonadiabatic limit, probability distribution over the two eigen-
states gets even, i.e., Ps — 1/2, because the coalescent singular
eigenstate at the EP yields identical projections onto the two in-
dependent adiabatic states.

Dependence of state extinction ratio ., = [(S|y(T: f, = —
NP KS|w(T: fiy = +1))[? on process time T reveals the mod-
ulation performance in greater details for the adiabatic, nonadi-
abatic, and their intermediate domains, as shown in Figure 3b.
In the highly adiabatic limit for T > 1000, r,,, monotonically in-
creases with T in the large value region beyond 107 (70 dB). In
the nonadiabatic limit for T < 50, r,,, quickly approaches 1 (0 dB)
at T = 0 as explained previously. In the intermediate domain
(50 < T < 1000), the dependence of r,,, on T shows two major fea-
tures: Rapid growth toward the adiabatic-limit dependence and
periodic peaks. These peaks in r,,, appear with a period AT = 55
and are related to periodic minima of the symmetric-state prob-
ability in the final state for f,, = +1, i.e., |{S|y(T: fiy = +1))]* = 0
resulting in diverging r,,,.

In particular, |y (z: f,,, = +1)) after the antiadiabatic jump dom-
inantly evolves along a stable adiabatic state ending up in an-
tisymmetric eigenstate |A) at ¢ = T, implying |w(T: f,, = +1))
~ |A) and thereby |(S|y/(T: f;,, = +1))|* ~ 0 in the adiabatic limit.
However, the state evolution under intermediately adiabatic con-
ditions yields non-negligible projection onto the instable adia-
batic state ending up in symmetric eigenstate |S) at z = T. Mag-
nitude of this projection at the end of the process is described by
nonadiabatic transition amplitude!'”]

T

—i / AE(@t)dt| dr 9)

T

/(u |dH/dr|u ) exp

E () - E_(7)

in our case. The key factor associated with the periodic maxima

in r.,(T) is the exponential term in the integrand of Equation (9).

© 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

85U017 SUOWWIOD 3AIE1D) 3(eotidde ayp Aq peusenob afe ssjone VO ‘8N JOSa|ni 104 A%eig1T8UIUO AB]IA UO (SUORIPUCO-PUE-SWLBY IO A8 1M AReIqIeUI|UO//SANY) SUORIPUOD PUe SLLB | 8L} 39S *[£202/50/80] Uo Ariqiauliuo Ao ‘Areiqi Aisieaiun BueAueH Aq 085002202 10d1/200T OT/10p/w00" A3 | imA g1 BUIIUO//SCY WOl papeojumod ‘0 ‘6688€98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

This term describes oscillation of instantaneous nonadiabatic
transition at time 7. Note that AE is predominantly real-valued
toward the end of the process for which the system stays on the
PT-symmetric axis in the unbroken-symmetry phase. Therefore,
the exponential term in the integrand represents oscillation. Su-
perposition of the instantaneous nonadiabatic transition ampli-
tudes at the end of the process results in interference-like peri-
odic fringe in C over process time T domain and the minima in
this fringe produce sharp periodic spikes in r,,.

Associated with the nonadiabatic transition which should be
minimized for stronger modulation effect, speed-profile order J
in Equation (6) is a key optimization parameter for given refer-
ence trajectory function B(g) and process time T. For [ =0, speed
|V| = |d(p + ig)/dz| of parametric change is constant at average
speed V,,, over the entire process. As J increases, the parametric
change slows down from V,,, near the EP where AE ~ 0 while it
speeds up beyond V,,, otherwise. J tunes this speed-adjustment
condition depending on the magnitude of AE. In the highly adia-
batic limit, the optimal J for strongest modulation effect must be
close to 1 because it conforms the standard adiabatic condition
in Equation (5). In contrast, optimal J in the intermediately adia-
batic domain might be substantially deviated from 1 due to non-
negligible nonadiabatic transition amplitudes and their intricate
superposition effects. In Figure 3c, we show the dependence of
r. on J for several selected T values. The optimal | for given T'is
~1.5 for T = 50 and 100 in the intermediately adiabatic domain
and it shifts toward 1 for T = 1000 in the highly adiabatic limit.
The periodic maxima are again due to the interference-like fringe
in nonadiabatic transition amplitude C.

4. Potential Realization on an Integrated-Optics
Platform

The proposed modulation principle can be favorably imple-
mented in a photonic integrated-circuit platform. Guided pho-
tonic modes in a coupled waveguide structure follows the dy-
namics due to Equation (1) with parametric relations 7 = «z,
p = Re(An.g) (2x)'ky, and g = Im(Anq) (2x)7'k,, where z is
position along the waveguide transmission axis, « is interchan-
nel coupling constant, An is complex effective-index differ-
ence between the two waveguide channels, and k, is vacuum
wavenumber.l'7®] With these parametric relations, we can es-
timate magnitudes of real physical parameters required for the
proposed effect. The interchannel coupling constant is a key
scaling factor and it is given by x = 7 b~!, where b is beat
length, which is typically in the order of 10 um in the telecom-
munications bands around wavelength 4 = 1.5 pm for group IV
or ITI-V semiconductor structures. Subsequent conversion be-
tween the normalized and real physical parameters is footprint
length L = k !T ~ 3.3 X T um, depth of the dynamic refractive-
index modulation Re(An g) = 2k k,"'Ap ~ 0.15 X Ap, the max-
imal difference of imaginary effective index Im(An.) = 2«
k,7'q, = 0.15 X q,. For the trial case in Figure 3 with T = 100,
Ap=0.02, and g, = 1.4 in Figure 3, conversion to the real physical
parameters yields L ~ 330 um, Re(An ¢) ~ 3 X 107, and Im(An.g)
~ 0.21. These values are favorably acceptable in practical struc-
tures. Even in cases where certain experimental restrictions re-
quire substantially smaller parameter values, there are still much
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room for further parametric optimization of reference path B(g)
and speed profile V(z) for given required Ap, gq,,, and T values.

We note that g is determined by the imaginary-part difference
of the effective indices for the two waveguide channels and it
does not necessarily require balanced gain and loss in principle.
This property is based on the gauge invariance of the key non-
Hermitian dynamics. A generic coupled-mode equation for a bi-
nary waveguide system can be written as

d |a| _ . |mky & | [y
dz az] =t [ K nkl |a, (10)
where a; and n; are amplitude and effective index of the guided

mode at waveguide channel j, respectively. Taking a gauge trans-
formation such that

a; — a;exp(in,koz — 7,2) (11)
where n, = Re(n, + n,)/2 is the average effective index and
7. = koIm(n; + n,)/2 is the average attenuation constant, com-
mon changes in the magnitudes and phase retardations at the
two waveguide channels are eliminated in the dynamics descrip-
tion and the coupled mode equation in Equation (10) reduces to
Equation (1) with the parametric mapping of = kz, p= Re(An.g)
(2x) kg, g = Im(Ang) (2x) 'k, and An,g = n, — n,. This im-
plies that the desired non-Hermitian dynamics is fully obtain-
able in the absence of the perfect balance between gain and
loss, i.e., Im(n; + n,) = 0 and y, = 0, as long as the common
attenuation (y, > 0) or amplification (y, < 0) is in acceptable
levels for given measurement conditions, as previously demon-
strated by many experimental works in the literature.[318:2429.30]
For non-Hermitian systems involving resonant cavities, however,
very small amount of gain-loss imbalance might be seriously
detrimental to the experimental observability because effects of
the common attenuation or amplification are greatly enhanced
by factors in the order of resonance quality factor.[!>1*3132] In our
case based on nonresonant elements, the gain-loss balance con-
dition is not strictly required. Therefore, the desired time-varying
non-Hermitian Hamiltonian can be synthetically constructed by
appropriately configuring An, g along propagation axis z, as previ-
ously established using various index-control schemes with state-
of-the-art thin-film deposition and nanolithography techniques.

Particularly for potential photonic modulators or switches
based on the adiabatic EP-bypass processes, active control mech-
anism for p(z) is crucial for driving the bypass-parity change
and it can be conveniently obtained using various electro-optic
(EO) effects available in practice.[?333*] For example, the free-
carrier plasma effect in III-V compound semiconductor media
produces Re(An, ) ~ 107 for carrier density change in the order
of 10'® cm3,3* which is obtainable by applying electrical bias
voltage or current across a pn or pin junction along the waveg-
uide core axis.

In Figure 4a, we schematically illustrate a coupled-waveguide
electro-optic modulator under such a control scheme. A single-
mode waveguide at the input splits into two channels to form a
binary non-Hermitian system where the desired EP-bypass pro-
cesses happen. The two waveguide channels merge at the output
single-mode waveguide so that a symmetric part of the final state
freely transmits through, while its antisymmetric part is totally
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Figure 4. Potential realization in an optical waveguide structure. a)
Schematic of an EP-bypass waveguide modulator with an electro-optic tun-
ing mechanism for bypass-parity control. b) Bypass trajectories for on and
off states of a trial waveguide structure. c) Optical transmission through a
trial waveguide structure for the on and off states at wavelength 1550 nm.
The effective-index profiles for the on and off state follow the on and off
trajectories in (b), respectively. In this calculation, we assume InGaAs core
(refractive index 3.53), SiO, clad (refractive index 1.444), and speed-profile
order = 4. Here, we apply identical gain and loss at 2189 cm™" in the upper
and lower channels, respectively. d) Transmitted output intensity profiles
for the on and off states in comparison with the input intensity profile.

rejected. The bypass-parity change is driven by an electro-optic
control signal injected at one channel.

Assuming this device configuration in an InGaAs-core and
Si0,-clad structure, we numerically demonstrate a decent power-
modulation operation as shown in Figure 4b—d. We apply on and
off bypass trajectories in Figure 4b to a pair of InGaAs slab waveg-
uides with core width 180 nm, interchannel gap 300 nm, and foot-
print length 100 um. Switching between these on and off bypass
trajectories are induced by refractive index change An =2 x 107
in the InGaAs core at one waveguide channel. Figure 4c shows
transmission of near-infrared light at 1550 nm wavelength and
transverse-magnetic polarization (electric field normal to the pa-
per plane) for the on and off bypass trajectories. We see a strong
amplified transmission at the output for the on state and a weak
attenuated transmission for the off state. We note that absolute
output power values for the on and off states are variable with the
modal gain constant but their ratio is independent. Intensity ratio
between the on and off output states, i.e., on/off extinction ratio,
is 15.6 dB in this calculation. In comparison, a Mach-Zehnder
interferometer (MZI) structure with identical index change, core
width, and footprint length yields a substantially lower extinction
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ratio ~3.2 dB for an operation around the maximal on-state effi-
ciency point.

In this MZI structure, the refractive index change required
for the complete output extinction with = phase difference be-
tween the two waveguide arms is An, = 3.89 x 10~% which is 1.9
times larger than given An = 2 x 107, resulting in the lower ex-
tinction ratio when we assume the waveguide design and refrac-
tive index change identical to the EP-bypass structure. Although
the MZI structure might be further optimized for better perfor-
mance, it should be quite challenging to make it surpass our pro-
posed structure without increasing its footprint length and index
change. The only way is to reduce An_ by a factor below 1/1.9 and
this requires enhanced core-confinement factor I' of the guided
mode by a factor above 1.9. The enhanced core-confinement fac-
tor to the required level may be obtained by increasing the core
width. However, it is impossible in our particular case because
the core-confinement factor in our simulated case is 0.78 and its
enhancement by a factor of 1.9 yields I' ~ 1.48, which substan-
tially exceeds the theoretical limit of I" < 1 for physically conceiv-
able waveguide designs. Therefore, the EP-bypass approach con-
siderably alleviates technical issues associated with unfavorable
trade-off between the on/off extinction ratio and device-footprint
length in the conventional interferometer-based approaches.

Importantly, the device-footprint length is directly related
to modulation speed limit which is imposed by resistance-
capacitance (RC) time constant involved in EO signal-injection
electronics. Although the exact speed-limit value depends on
EO effect types and detailed structure geometries, shorter de-
vice yields a smaller RC-time constant and, thereby, higher speed
limit in general. Considering that 100 Gbit s data rate is ob-
tainable with a 1 mm long MZI using a depletion-based free-
carrier EO effect phase shifter,® our numerical result with a
0.1 mm long device suggests a potential Tbit/s-level data rate
in a high-extinction regime around 15 dB, which is remarkably
higher from the marginally acceptable 3 dB convention.

Although the speed limit in the index change is a crucial factor,
precise estimation of the modulation speed limit requires time-
domain electromagnetic analyses for given spatiotemporal pro-
files of presumable dynamic change in the refractive index. The
direct time-domain analyses basically requires separate numer-
ical calculations independent of the frequency-domain spatial-
mode analyses based on Equation (10). Note that time 7 in Equa-
tion (1) is mapped onto position z along the optical axis of the
waveguide system in Equation (10) which is formulated from
the frequency-domain Maxwell’s equations. Nevertheless, the
frequency-domain solutions due to Equation (10) can be used
for time-domain analyses by means of the Fourier transforma-
tion. In the Fourier-transformation-based time-domain analyses,
time-varying dielectric-constant distribution is decomposed into
spectral amplitudes e(w), frequency dependent effective index
n,(w) and coupling constant « () are calculated for given e(w), the
spectral amplitudes of the output at each sampled frequency is
calculated based on Equation (10), and the inverse Fourier trans-
formation of the output spectral amplitudes finally yields the out-
put amplitude solution in the time domain.

In this respect, spectral bandwidth Av of remarkable on/off
extinction ratio conveniently provides a reasonable estimation
of the maximally achievable limit of the modulation speed. Al-
though detailed information on the generated pulse properties
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are obtainable from the Fourier-transform-based time-domain
analyses, a simple bandwidth calculation should provide a rea-
sonable estimation as far as we only concern modulation speed
limit. We numerically estimate 3 dB bandwidth A4, 45, a wave-
length range that sustains extinction ratio exceeding 3 dB, as con-
ventionally used. In our simulated case, A4, 45 ~ 90 nm and cor-
responding frequency bandwidth Av, 4, ~ 11 THz. This value
implies a speed limit for 3 dB modulation ~11 THz that can be
supported by the proposed effect. We note in the state-of-the-
art MZI modulator technologies on the LiNbO; and semicon-
ductor photonic platforms®! that RC-time-constant-limited 3 dB
bandwidth of electro-optic index modulation is below 100 GHz
and our obtained Av,,, due to the EP-bypass effect for this
trial design is well beyond that level. In another consideration,
Alygy & 90 nm is substantially narrower than one may ex-
pect from the interference-free adiabatic processes. This is be-
cause speed of the parametric change is too fast and the cou-
pled guided mode evolves in a poorly adiabatic condition in this
specific case. The process time parameter T = 12.1 in this case
and this is substantially smaller than 1000 for highly adiabatic
cases in Figure 3b. Therefore, one can readily increase A4, 45 by
increasing device footprint length. In our additional calculation
for identical structure with footprint length 500 um, we confirm
Al 45 > 430 nm and the corresponding spectral band covers the
entire optical telecommunications band from 1250 to 1680 nm.
In addition, Av, 4, = 54 THz for this longer foot-print design.
This improvement favorably involves an additional enhancement
of the peak extinction ratio up to 57 dB as a result of improved
adiabaticity in the parametric change.

5. Conclusion

We have developed a wave-modulation principle based on adi-
abatic processes in the vicinity of an EP. For slow adiabatic re-
turn processes along a parametric trajectory narrowly bypassing
an EP, the final state flips between two orthogonal states in re-
sponse to the bypass-parity change that is possibly excited even
by arbitrarily small physical stimuli. This state-switching effect
originates from the stability flip in a binary non-Hermitian eigen-
system across an EP and does not rely on interference or res-
onance excitations which are key operation principles of con-
ventional switches and modulators. Application of this effect to
a semiconductor coupled-waveguide structure have theoretically
shown practical feasibility for creating highly compact electro-
optic modulators of which performance might go beyond the pre-
vious limitations. Therefore, it is of our great interest to further
study in both theory and experiments for optimal device designs
and optoelectronic control architectures in pursuit of Tbit/s-level
signal-processing systems on forthcoming demand. In addition,
we hope that our results may motivate more extensive research
on dynamic non-Hermitian properties and their device appli-
cations, taking advantages of their characteristic features from
enhanced degrees of control freedom and relaxed physical con-
straints.
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