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Incoherence-assisted mode excitation in non-Hermitian resonant systems
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We introduce and experimentally demonstrate an approach for selective mode excitation in non-Hermitian
resonant systems using incoherent light. This method eliminates the need for precise phase control that is often
required in coherent excitation schemes. Using this technique on a silicon photonic platform with coupled ring
resonators, we successfully excite the topological edge state of a non-Hermitian Su-Schrieffer-Heeger model.
Our work shows that incoherence-assisted excitation is a robust and passive strategy for topological state
preparation, which broadens the scope of non-Hermitian topological photonics, thereby providing a practical
and experimentally viable tool for selective mode excitation.
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I. INTRODUCTION

Non-Hermitian systems, characterized by their ability to
exchange energy with the environment, provide a more ac-
curate representation of many real-world physical systems.
Non-Hermiticity is not merely an unavoidable feature in cer-
tain systems, such as lasers and sensors—where performance
inherently depends on energy exchange—but also gives rise
to unique phenomena that have no counterparts in Her-
mitian physics. Examples include exceptional points [1,2],
nonorthogonality of eigenmodes [3], loss-induced topological
phase transitions [4–7], and the non-Hermitian skin effect
[8–10]. These phenomena have been widely explored for their
fundamental implications and potential applications in optics
[11–14].

A central aspect of many non-Hermitian systems is the
selective excitation of specific modes, which plays a crucial
role in both fundamental studies and practical applications.
In non-Hermitian topological models, for instance, exciting
edge modes enables robust transport properties and protection
against specific types of disorders [15]. In quantum optics,
precise mode excitation in waveguide arrays and resonators
is essential for efficient generation and manipulation of en-
tangled photon pairs [16,17], which in non-Hermitian lattices
can be critical for quantum sensing [18,19]. Additionally, in
gain-loss engineered structures, selective mode excitation fa-
cilitates the exploration of exceptional points and parity-time
symmetry breaking [1,20], leading to unconventional light
dynamics.
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Among the different platforms for the implementation of
non-Hermitian systems, coupled resonator lattices play an
important role in optics and photonics [21,22]. These systems
can acquire a non-Hermitian nature by engineering the losses
or through coupling to external channels. While selective
excitation of a single mode in Hermitian resonant systems
can often be achieved by simply tuning the input field fre-
quency to match the eigenfrequency of a desired mode, the
situation is not trivial for non-Hermitian resonant systems due
to the nonzero decay rate of the modes. Specifically, using
a single-port excitation with a real-frequency field typically
results in a steady-state response involving a linear superpo-
sition of multiple modes rather than the exclusive excitation
of the desired mode. This challenge underscores the need for
strategies to efficiently excite a single mode in non-Hermitian
resonant systems. To address this issue, several strategies have
been proposed. One approach involves engineering gain and
loss to counteract the decay rate of the desired mode, effec-
tively restoring it to a lossless state, or tailoring dissipation
to selectively suppress undesired modes while preserving the
desired mode with minimal loss [23]. Another method relies
on using complex-frequency excitations to selectively excite
a specific mode [24–26]. However, these approaches intro-
duce additional complexities and may not be feasible in all
platforms. For instance, in passive photonic platforms, imple-
menting optical gain is often impractical. Engineering gain
and loss to selectively counteract the decay of a desired mode
requires integrating the system on an active platform, which
presents significant practical challenges depending on the in-
tended application. Alternatively, a complex input frequency
that matches the eigenfrequency of the target mode must
have a negative imaginary component, implying exponential
temporal decay. Consequently, the input power decreases over
time. While modulation schemes with carefully shaped ampli-
tude profiles could potentially overcome this limitation, they
require precise knowledge of the system and the ability to
perform ultrafast amplitude modulation, which may not be
feasible in many platforms. A more feasible alternative is
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to use a multiport input signal, wherein multiple resonators
are simultaneously excited with a real-frequency field. This
method enhances control over mode selection and energy
distribution while eliminating the need for gain but requires
precise control over the relative phases and amplitudes of the
multiport input signal.

In this work, we propose and experimentally demonstrate
an alternative approach based on incoherent excitation of non-
Hermitian systems, where the relative phases of a multiport
input signal vary randomly in time such that the resulting input
is effectively incoherent. Our method offers two significant
advantages. First, it enables efficient mode excitation without
the need for the precise phase adjustments typically required
by coherent excitation schemes. While incoherent excitation
does not outperform optimally phase-matched coherent driv-
ing, it significantly reduces sensitivity to phase noise and
simplifies the experimental setup by removing the need for
complex phase-locking hardware. Second, our approach is re-
markably robust: It remains effective even when the excitation
signal has suboptimal spatial overlap with the desired mode.
This feature further streamlines implementation, making the
technique highly practical for a wide range of applications.

II. RESULTS

We consider a non-Hermitian resonant open system in
which non-Hermiticity arises due to coupling with external
channels, i.e., input/output ports, and the presence of intrinsic
loss. Within the framework of linear temporal coupled mode
theory (TCMT) [27], the light dynamics in this system is
governed by the equation

i
d |a(t )〉

dt
= Ĥ |a(t )〉 + i�̂ |b(t )〉 , (1)

where |b(t )〉 represents the input field vector and |a(t )〉 de-
scribes the evolved system state. The matrices Ĥ and �̂

correspond to the system Hamiltonian and the coupling be-
tween the input channels and resonators, respectively. A
general incoherent input cannot be represented by a single
deterministic vector; rather, it must be described as a random
function or stochastic process [28]. Since the input field is
a randomly varying vector, the corresponding system state
|a(t )〉 also becomes a random process. In this case, Eq. (1)
takes the form of a stochastic differential equation (SDE), and
determining the system dynamics |a(t )〉 would, in principle,
require methods from stochastic calculus, such as Itô inte-
gration [29]. However, in this work, we focus on a special
case where, despite the randomness of the input field, the
system dynamics can be analyzed without resorting to SDE
techniques. To explain this, we note that resonant systems are
characterized by a time constant, τs—the characteristic time
it takes for the system to reach its steady-state response after
excitation by a coherent input (see Appendix A). Following
such an excitation, the system first undergoes a transient evo-
lution, and after approximately one time constant, it settles
into a steady state in which the intracavity power no longer
changes in time (see Appendix A). Now, consider a spatially
incoherent input field vector, in which the phases of the indi-
vidual field components evolve randomly in time. The input
field is characterized by a finite coherence time τc, defined as

the timescale over which these phases remain approximately
constant. We assume the coherence time, τc, is longer than the
system’s time constant: τc > τs. During the transient evolution
toward the steady state, the phases of the individual field
components can be regarded as approximately constant, so
the system responds as if driven by a coherent input. Once the
system reaches steady state, the phases of the input field vector
may change randomly, causing the system to enter a new
transient period and subsequently reach another steady state
corresponding to the new input phases. We emphasize that
these steady states are forced responses of a driven-dissipative
system and are not eigenstates of the evolution operator; their
phase dependence arises solely from the external drive. If
the detector’s response time, τd , is longer than the coherence
time of the input, i.e., τd > τc, the measured output signal
effectively represents an average over multiple steady-state
responses corresponding to different random input phases. Al-
though these steady states are random, the temporal dynamics
connecting them follows the same deterministic evolution as
that of a coherently driven system. Consequently, the random-
ness observed in the measurement originates from averaging
over these distinct steady-state responses during the detec-
tor’s integration time. The conditions discussed above for the
coherence time, time constant of the system, and detector
response time are readily achievable in practical experiments.
For example, in the integrated photonic platform used in our
work, the relaxation time of the system is approximately
τs ≈ 1 ns (see Appendix A). To satisfy the condition τc > τs,
the incoherent input must have a coherence time longer than
1 ns, corresponding to a bandwidth of about �ω � 100 MHz.
The detector’s integration time should also satisfy τd > τc,
which can be met using detectors with millisecond-scale re-
sponse times—readily available in standard photodetectors
and power meters. Therefore, the assumed condition τs <

τc < τd is experimentally feasible and provides a means to
bridge the deterministic transient dynamics—governed by
coherent excitation—with the statistical ensemble of steady
states produced under incoherent driving.

To investigate the steady-state response of the system, we
employ the frequency-domain resolvent, also known as the
Green’s operator

|A(ω)〉 = Ĝ(ω)i�̂ |B(ω)〉 , (2)

where Ĝ(ω) is the Green’s operator Ĝ(ω) ≡ (ωÎ − Ĥ )−1.
In this formulation, |A(ω)〉 = FT (|a(t )〉) and |B(ω)〉 =
FT (|b(t )〉) denote the Fourier transforms of the evolved state
and the input field, respectively, with FT (·) representing the
Fourier transform operation. Note that Eq. (2) applies to co-
herent input fields with separable time dependence, |b(t )〉 =
b(t ) |u〉. Although incoherent input signals do not strictly
meet this condition, the equation remains valid if we con-
sider the incoherent signal as an ensemble average of many
coherent signals with random phases [30,31]. Therefore, the
state of the system under incoherent excitation is a mixed
state, which can be described either as an ensemble of pure
states |A(ω)〉 or, equivalently, by a frequency-domain density
matrix—also referred to as the coherence matrix—defined
as ρ̃(ω) ≡ 〈|A(ω)〉 〈A(ω)|〉, where 〈·〉 denotes an ensemble
average over realizations of the input field. Using Eq. (2),
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one can directly show that the system’s coherence matrix is
related to the input coherence matrix, ρ̃s, via the resolvent
operator according to ρ̃(ω) = Ĝ(ω)�̂ρ̃s(ω)�̂†Ĝ†(ω), where
ρ̃s(ω) ≡ 〈|B(ω)〉 〈B(ω)|〉 characterizes the statistical proper-
ties of the incoherent input field vector.

For non-Hermitian resonant systems that do not ex-
hibit exceptional points—such as the one considered in this
study—the Green’s operator can be expressed as [32]

Ĝ(ω) =
∑

n

∣∣ψ r
n

〉 〈
ψ l

n

∣∣
ω − �n

, (3)

where |ψ r
n〉 (〈ψ l

n|) are the right (left) eigenvectors of
the Hamiltonian satisfying Ĥ |ψ r

n〉 = �n |ψ r
n〉 (〈ψ l

n| �∗
n =

〈ψ l
n| Ĥ†). The left and right eigenvectors are normalized

through the biorthogonality relation, 〈ψ l
n|ψ r

m〉 = δnm. The
corresponding eigenvalues, �n, represent the system’s eigen-
frequencies, with their imaginary parts indicating the decay
(Im(�n) < 0) or growth (Im(�n) > 0) rate of the associated
modes.

We note that the system response may also be described
within a time-domain framework, as governed by the follow-
ing master equation:

d ρ̂(t )

dt
= −i(Ĥ ρ̂ − ρ̂Ĥ†) + D̂(t ), (4)

where ρ̂(t ) ≡ 〈|a(t )〉 〈a(t )|〉 denotes the time-domain coher-
ence matrix of the system state, and

D̂(t ) ≡
∫ t

0
Û (t − t ′)�̂ρ̂s(t

′, t )�̂†dt ′ + H.c. (5)

represents the input signal or the drive contribution. Here,
ρ̂s(t ′, t ) ≡ 〈|b(t ′)〉 〈b(t )|〉 denotes the time-domain coherence
matrix of the input field and Û (t ) ≡ e−iĤt is the system evo-
lution operator. A detailed derivation of Eq. (4) is provided
in Appendix B. To determine the steady-state response of
the system within the time-domain framework, we impose
the stationarity condition d ρ̂

dt = 0 and consider the asymptotic
limit t → ∞. Under these conditions, Eq. (4) reduces to the
Lyapunov equation:

(−iĤ )ρ̂ + ρ̂(−iĤ )† + D̂(∞) = 0, (6)

whose solution uniquely determines the steady-state response
of the system. In the case of a narrow-band incoherent input
with a well-defined central frequency ω, as shown in detail in
Appendix B, the coherence matrix is given by

D̂(∞) = iĜ(ω)�̂Ŝ(ω)�̂† + H.c., (7)

where Ŝ(ω) denotes the power spectral density of the input
field. Equation (7) can be applied to a general input signal
with an arbitrary spectral profile to determine the asymptotic
drive term D̂(∞). For example, as shown in Appendix B, in
the case of a fully incoherent input signal with a broadband
spectrum uniformly covering all frequencies, the drive term
reduces to D̂ = �̂Ŝ�̂†. In the remainder of this paper, we
employ a frequency-domain framework to analyze the system,
as it provides enhanced physical insight into the parameters
that control the selective excitation of specific system modes,
along with their spectral and resonance characteristics.

Based on Eqs. (2) and (3), the excitation of a given mode—
under either coherent or incoherent excitation—is governed
by three primary factors: (1) the decay rate of the mode; (2) the
spatial overlap between the input signal and the target mode;
and (3) the real part of the mode’s eigenfrequency relative to
the input frequency. In general, an input signal with frequency
ω can excite all the eigenmodes |A(ω)〉 = ∑

n cn(ω) |ψ r
n〉,

with amplitude coefficients cn(ω) = 〈ψ l
n|i�̂|B(ω)〉
ω−�n

. Accordingly,
if a particular mode, say, mode No. m, exhibits no decay,
Im(�m) = 0, then tuning the input frequency to the mode’s
eigenfrequency, ω = �m, and ensuring a nonzero overlap
between the input signal and the mode’s left eigenvector,
〈ψ l

m|i�̂|B(�m)〉 
= 0, will predominantly excite mode No. m,
while keeping the excitation of other modes negligible, as
cm(�m) → ∞. However, in reality, cm(�m) does not diverge
indefinitely; instead, nonlinear effects emerge, governing the
system dynamics and preventing unbounded growth. This
scenario mirrors the selective excitation of a single mode
in a Hermitian resonant system, where tuning the input fre-
quency to match the eigenfrequency of a mode with zero
decay rate ensures that the target mode dominates the system
response while contributions from other modes remain negli-
gible. We refer to this as the efficient excitation of a single
desired mode. However, for passive systems (i.e., systems
without any optical gain) with intrinsic loss, all system
modes exhibit a finite decay rate, i.e., Im[�n] 
= 0. Conse-
quently, tuning the input frequency to match the real part
of a mode’s eigenfrequency, along with ensuring a nonzero
overlap between the input and the mode’s left eigenvector,
is not sufficient for efficient excitation of a desired mode. In
this case, the amplitude coefficient becomes cm = 〈ψ l

m|i�̂|B(ω)〉
−Im[�m] ,

which remains finite and should be contrasted with the Her-
mitian case where cm → ∞ as Im(�m) → 0. Therefore, the
denominator of the mode amplitude coefficients cm in non-
Hermitian passive systems is nonzero and, depending on the
decay rate of each mode, can deviate significantly from zero.
As a result, efficient excitation cannot be achieved solely
through frequency tuning. To enhance the value of cm and
thereby improve the excitation efficiency of a specific mode
(say, mode No. m), one must increase the numerator of cm,
i.e., the overlap term 〈ψ l

m|i�̂|B(ω)〉. This requires engineer-
ing the spatial profile of the input field to better match the
field coupled to the resonators, i.e., i�̂ |B(ω)〉, with the eigen-
vector of the desired mode. Using multiple input ports can
enhance the overlap of the input signal with the desired mode,
defined as 〈ψ l

m|i�̂|B(ω)〉, thereby improving excitation effi-
ciency. However, precise phase adjustment of the input signals
is crucial, as improper phase tuning can further degrade ex-
citation efficiency. Additionally, selective excitation becomes
challenging when the real parts of the eigenfrequencies of
two modes are very close to each other—specifically, when
their separation is smaller than the linewidth of the input
signal. In such a case, both coherent and incoherent excitation
schemes are fundamentally limited in their ability to address
the modes independently. To demonstrate this concept, we
consider the topological non-Hermitian Su-Schrieffer-Heeger
(SSH) model [33,34]. This model is experimentally real-
ized using a chain of seven microring resonators, shown
in Fig. 1(a), on a programmable integrated photonic plat-
form, which consists of a hexagonal mesh of Mach-Zehnder
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FIG. 1. (a) Non-Hermitian SSH model implemented using a one-dimensional (1D) array of seven ring resonators. Each unit cell (outlined
by a dotted rectangle) consists of two rings with unbalanced losses l1 and l2, intracell coupling t1, and intercell coupling t2. (b) Experimental
implementation of the ring resonator chain on a programmable integrated photonic platform. Each programmable unit is a Mach-Zehnder
interferometer, as shown in the inset, which consists of two multimode interferometers and two phase shifters. The loss in each ring is
controlled by its coupling to the output port (indicated in green and pink). The coupling between adjacent rings is adjusted via the common
MZI shared between them (depicted in dark and light cyan). The input ports for rings No. 1 and No. 3 are implemented using MZIs (shown in
brown), and rings No. 3 and No. 4 can be excited in a similar manner. (c), (d) Plots of the real and imaginary parts of the eigenfrequencies for
the non-Hermitian SSH model implemented using a 1D array of ring resonators. (e) Visualization of the eigenvectors for the non-Hermitian
SSH model under consideration, with the color of each bar representing the phase of the mode amplitude at the corresponding ring resonator.

interferometers (MZIs), depicted in Fig. 1(b). Each MZI com-
prises two multimode interferometers (MMIs) and two phase
shifters, as shown in the inset of Fig. 1(b), allowing precise
control over both the power splitting ratio and the phase of
light at the MZI outputs. It is worth noting that the incoherent
excitation scheme proposed here does not rely on the reconfig-
urability of the platform; it can, in principle, be implemented
on any application-specific (nonreconfigurable) photonic ar-
chitecture as well. This configuration enables dynamic routing
of light across the chip from the input to the output ports or
confinement within a ring resonator, which is formed by six
interconnected MZIs. The coupling between adjacent ring res-
onators is engineered such that the intracell coupling strength
is set to t1 = 0.99 GHz, while the intercell coupling strength
is adjusted to t2 = 1.56 GHz via the shared MZI between
two rings. Each ring resonator is characterized by a quality
factor of Q ≈ 4 × 104, an intrinsic loss of lo = 0.56 GHz,
and a resonance frequency of fo = 193.5 THz. To engineer
the desired non-Hermitian effects, a staggered loss pattern of
L1 = 0.03 GHz and L2 = 0.22 GHz is imposed by selectively
extracting a fraction of light from alternating rings to the out-
put ports. The total loss of each ring is therefore li = l0 + Lj ,
where i is the ring index and j = 1, 2. All input ports are
coupled to their respective ring resonators with a coupling
strength of k = 0.44 GHz. The experimental characterization
of these model parameters is achieved through single-ring and
double-ring add-drop filter measurements, as detailed in the
Appendix of Ref. [7].

Figures 1(c) and 1(d) present the real and imaginary parts
of the model’s eigenfrequencies, showing that all modes ex-
hibit a nonzero decay rate. Our focus is on the excitation of
the edge mode (i.e., mode No. 4), which has lower decay
rate compared to the other modes and it is topologically pro-
tected. If the desired mode had a higher decay rate instead,
the concept of incoherent-assisted excitation would still hold,
though its impact would be less pronounced—particularly in
low-Q ring resonators, such as those used in our experiments.

A detailed analysis of a bulk mode excitation, supporting the
discussion here, is presented in Appendix C.

By comparing the power distribution across the ring res-
onator chain with that of the desired mode (in this case, the
edge mode), we can estimate how efficiently the edge mode
has been excited. The spatial distribution of the power is
represented as P = [p1, p2, . . . , p7], where pi is power at ith
ring resonator. To quantify how close the state of the system is
to the edge state, we define the following parameter, referred
to as mismatch index:

η =
∣∣∣∣ P
|P| − Pe

|Pe|
∣∣∣∣, (8)

where Pe is the power distribution of the edge mode and

| · | stands for vector norm, i.e., |P| =
√

p2
1 + p2

2 + · · · + p2
7.

If the field coupled to the system matches the eigenvector
associated with the edge state, the mismatch index is zero.
Conversely, as the field coupled to the system deviates further
from this eigenvector, the system response increasingly differs
from the edge state, leading to a higher mismatch index.

The spatial distribution of field amplitudes across the chain
of ring resonators for all the modes is shown in Fig. 1(e).
As can be seen in Fig. 1(e), the edge state (mode No. 4)
is predominantly localized at ring No. 1, with its amplitude
vanishing at even-numbered rings. The color of the bars rep-
resents the phase of the field at each ring resonator.

Let us now consider a situation with strong spatial overlap
of the input signal with the desired eigenmode, specifically a
two-port input signal, where one port excites ring No. 1 and
the other excites ring No. 3 with equal amplitudes but a rela-
tive phase of �φ. To analyze how the system’s state evolves as
a function of �φ, we plot the mismatch index as a function of
the relative input phase when exciting rings No. 1 and No. 3,
shown as the blue line in Fig. 2. The details of numerical simu-
lation and calculations are given in Appendix D. As expected,
Fig. 2 confirms that the mismatch index reaches its minimum
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FIG. 2. Mismatch index η for exciting rings No. 1 and No. 3 with
a coherent input signal having a relative phase of �φ, as predicted us-
ing TCMT for the experimental model parameters given in the paper.
The average mismatch index for coherent excitation is η̄coh = 0.44,
while for an incoherent input signal, it is ηincoh = 0.26 .

at �φ = π—the exact phase difference between rings No. 1
and No. 3 of desired eigenmode (mode No. 4)—and increases
progressively as �φ deviates further from π . While exciting

ring No. 1 and ring No. 3 through their respective input ports
with a relative phase of �φ = π can achieve strong overlap
with the edge state, an incorrect relative phase between the
inputs can significantly hinder the efficient excitation of the
edge mode. To further examine this experimentally, we first
excite the system with a coherent input, once with a relative
phase of �φ = 0.15π and then again with a relative phase of
�φ = π . One of the MZIs on the programmable platform,
placed in the path of the input port exciting ring No. 3, is
used to adjust the relative input phase. To ensure precise
phase tuning, we compare the experimental power spectrum
of the rings (red solid line) with the TCMT-derived spectrum
(dashed blue curve) for each case, as shown in Figs. 3(a) and
3(b), respectively. This comparison is crucial, as the power
spectrum is highly sensitive to the relative phase between
the two input ports. The experimental data are normalized
so that the maximum power spectrum of each ring aligns
with the TCMT-derived maximum, compensating for varia-
tions in coupling loss at the input/output ports. After setting
the relative phase, we measure the normalized power at each
ring resonator for an input signal with a frequency matching
the real part of the eigenfrequency of the edge state (mode
No. 4), i.e., f = Re[�4]/2π = fo, where �4 represents the

FIG. 3. Power spectrum of the ring resonators obtained from experimental measurements (red line) and TCMT analysis (dashed blue line)
by exciting rings No. 1 and No. 3 with a coherent input signal having a relative phase of (a) �φ = 0.15π and (b) �φ = π . The experimental
data are normalized so that the maximum power in each spectrum matches the maximum power obtained from TCMT.
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FIG. 4. Power spectrum of the ring resonators obtained from experimental measurements (red line) and TCMT analysis (dashed blue line)
under incoherent excitation of rings No. 1 and No. 3. Incoherent excitation is achieved by averaging 50 coherent excitations with random
relative phases. The experimental data are normalized so that the maximum power in each spectrum matches the maximum power predicted
by TCMT.

eigenfrequency of mode No. 4. Figure 5(a) shows the spatial
power distribution for a coherent input signal exciting rings
No. 1 and No. 3 with �φ = 0.15π , obtained from experimen-
tal measurements (brown dashed line) and TCMT analysis
(red line). The spatial power distributions presented through-
out this work are normalized by their vector norm, as defined
below Eq. (8). Additionally, the spatial power distribution for
�φ = π is presented, with experimental results (dashed green
line) and TCMT predictions (blue line). Figure 5(a) clearly
illustrates how the system state is influenced by varying the
relative input phase. An improper choice of relative phase can
lead to the excitation of multiple modes instead of exclusively
targeting the desired mode. This effect is further reflected
in the increased mismatch index for coherent excitation with
�φ = 0.15π , measured experimentally as ηcoh

exp = 1.07, while
TCMT analysis predicts ηcoh

TCMT = 1.00.
In contrast, an incoherent input signal, where rings No. 1

and No. 3 are excited with random relative phases, results in a

consistently efficient excitation of the edge state. To generate
an incoherent input, we randomly vary the relative phase
between the two ports and compute the ensemble average of
the measured power distributions. It is worth mentioning that
equivalent incoherent inputs can be generated externally, for
example, by using a fiber-based phase shifter [35] or by in-
troducing enough path-length imbalance [36] before coupling
light into the chip. For input signals with coherence time τc

longer than the system relaxation time τs, each realization
can be considered quasicoherent during the transient, allowing
the system to reach a steady-state response corresponding to
that realization. The detector then effectively averages over
many such realizations, reproducing the statistical effect of
incoherent driving. This approach is equivalent to using a
physical incoherent input with appropriate coherence time.
The average power spectrum of the rings, measured experi-
mentally for 50 input signals with randomly varying relative
phases, is shown in Fig. 4 (red solid line) and compared with

FIG. 5. (a) Spatial power distribution of the edge state (gray line) compared to the system’s spatial power distribution following excitation
with a coherent input at frequency f = fo, coupled to rings No. 1 and No. 3. Experimental measurements and TCMT predictions are shown
for two relative input phases, �φ = 0.15π and �φ = π . (b) Spatial power distribution under incoherent excitation, with experimental results
(dotted red line) and TCMT predictions (dashed blue line).
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the TCMT prediction (dashed blue line). The sequence of
random-phase pulses does not need to occur within a specific
time interval as long as τs < τc < τd is satisfied. In this case.
each random-phase realization of the input can be viewed
as a quasistatic excitation that persists long enough for the
system to reach a steady state before the phase changes.
From Fig. 4, the spatial power distribution for an incoherent
input signal at frequency f = fo is extracted and presented in
Fig. 5(b) for both experimental measurements (red dotted line)
and TCMT predictions (blue dashed line). The correspond-
ing mismatch indices are ηincoh

exp = 0.30 for the experimental
data and ηincoh

TCMT = 0.26 from TCMT analysis. The results
indicate that, for the given model parameters, incoherent
excitation yields a lower mismatch index compared to the
average mismatch index obtained under coherent excitation,
η̄coh = 0.44. This is a meaningful improvement of 60% over
the phase-averaged coherent case, while remaining within a
practically achievable configuration. It should be emphasized
that the incoherent excitation scheme provides this improve-
ment without requiring any phase optimization or calibration.
This implies that an incoherent input signal can excite the
edge state more efficiently than a coherent input signal with
a randomly chosen or imprecisely tuned relative phase. In
realistic experimental settings, however, the degree of phase
control is highly system dependent. Variations in fiber length,
on-chip routing, thermal fluctuations, laser instabilities, and
coupling-induced phase drifts can render precise phase stabi-
lization between input ports challenging or impractical [37].
A discussion of phase instability in multiport excitation with-
out active phase control, along with experimental evidence,
is provided in Appendix E and Supplemental Material [38].
Consequently, we evaluate the average of η over random input
phases as a phase-independent performance metric, providing
an experiment-agnostic benchmark for comparing coherent
and incoherent excitation schemes. While specific implemen-
tations may define alternative figures of merit based on the
achievable level of phase control, the averaged η̄coh adopted
here offers a robust and general measure of excitation effi-
ciency under realistic conditions. Moreover, this improvement
could be even more pronounced if the intrinsic losses of the
ring resonators were further reduced.

As shown in Fig. 2, a coherent input signal exciting rings
No. 1 and No. 3 with a relative phase of |�φ − π | < π/4 still
ensures efficient edge mode excitation due to the relatively
flat behavior of the mismatch index curve around |�φ − π | <

π/4. This occurs because, for all modes except the edge state
(mode No. 4), the field amplitudes at rings No. 1 and No.
3 are in phase, whereas only for the edge mode, they are
out of phase [see Fig. 1 (e)]. Consequently, an input signal
with |�φ − π | < π/4 has a strong overlap with the edge state
while maintaining minimal overlap with other modes, thereby
suppressing their excitation. However, even in this scenario,
incoherent excitation proves to be more effective than coher-
ent excitation with a randomly chosen phase. The mismatch
index for incoherent excitation remains significantly lower,
highlighting its superior mode selectivity.

Next, we examine a less intuitive scenario where an in-
coherent multiport input signal can enhance mode excitation
even when the input has significant overlap with multiple

modes. For instance, consider an input signal exciting rings
No. 3 and No. 4. The input port of ring No. 4 has no direct
overlap with the edge mode but strongly overlaps with modes
No. 1, No. 3, No. 5, and No. 7. Similarly, while the input port
of ring No. 3 has considerable overlap with the edge mode, it
also strongly overlaps with other modes, such as modes No.
1, No. 2, No. 6, and No. 7. Consequently, the input signal
exciting rings No. 3 and No. 4 not only excites the edge mode
but also leads to significant excitation of other modes.

Figure 6(a) presents the mismatch index for a two-port
excitation at rings No. 3 and No. 4 as a function of the relative
phase �φ, assuming zero intrinsic loss in the ring resonators.
This assumption is made to emphasize the high sensitivity of
the system to phase adjustments. Unlike the previous case,
the mismatch index curve is no longer flat near its minimum,
indicating that incoherent excitation outperforms coherent ex-
citation when the input phase is not precisely tuned. The
sensitivity of mode excitation to the relative phase is more
pronounced in this two-port excitation scheme compared to
the case of exciting rings No. 1 and No. 3, which is due to the
stronger coupling of the input ports at rings No. 3 and No. 4
with multiple modes beyond the edge state. Figure 6(b) shows
the mismatch index as a function of the relative phase, but
considers the intrinsic loss present in the ring resonators used
in our experiment. While intrinsic loss reduces the impact of
phase sensitivity, the results still demonstrate that incoherent
excitation achieves better mode selectivity compared to ran-
domly phased coherent excitation, even in a low-Q system.

The spatial optical power distribution for the incoherent
input exciting rings No. 3 and No. 4 is obtained by first
averaging the power spectra over 50 coherent input signals
with randomly varying relative phases, as shown in Fig. 7
(red solid line for experimental data and dashed blue line
for TCMT predictions), and then extracting the spatial power
distribution at f = fo. The resulting distribution is depicted in
Fig. 8, yielding a mismatch index of ηincoh

exp = 0.61 from ex-
perimental measurements (red dotted line) and ηincoh

TCMT = 0.58
from TCMT analysis (green dash-dotted line). These values
confirm that incoherent excitation effectively enhances the
selective excitation of the edge mode. To further highlight
the impact of phase tuning in coherent excitation, Fig. 8 also
plots the spatial power distribution for a coherent input with a
relative phase of �φ = 3π/2 (dashed blue line), resulting in
a significantly higher mismatch index of ηcoh

TCMT = 0.99. This
demonstrates that when the relative phase deviates from the
optimal value, the excitation efficiency of the edge mode is
severely degraded, leading to substantial power distribution
among other modes. These results further reinforce the key
observation that incoherent excitation offers a more robust
approach in scenarios where phase sensitivity is high. Even
in a system with non-negligible intrinsic loss, such as the
one used in our experiment, incoherent excitation consistently
outperforms random-phase coherent excitation, leading to a
more efficient excitation of the edge mode.

Having established the excitation behavior in the ideal sys-
tem, we now examine the robustness of the excited topological
mode under incoherent excitation. To this end, we intro-
duce deliberate disorder in the coupling coefficients between
the ring resonators, following a Gaussian distribution with a
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FIG. 6. Mismatch index η for exciting rings No. 3 and No. 4 with a coherent input signal having a relative phase of �φ, as predicted by
TCMT, based on the experimental model parameters. The analysis is performed considering two scenarios for the intrinsic loss of the rings:
(a) lo = 0 and (b) lo = 0.56 GHz.

standard deviation of σ1,2 = 0.1 × t1,2. We generate 500 dis-
tinct disorder realizations of the system and excite each
configuration with incoherent inputs for two representative
cases. In Case 1, the edge mode is excited through input ports
coupled to rings No. 1 and No. 3, while in Case 2, a bulk
mode (mode No. 2) is excited through input ports coupled to
rings No. 2 and No. 4 (see Appendix C). Figures 9(a) and 9(b)
show the normalized steady-state power distributions along
the ring array for Cases 1 and 2, respectively. As evident from
these figures, the incoherent input continues to selectively ex-
cite the desired modes, yielding ensemble-averaged mismatch
indices of 〈ηedge

incoh〉 = 0.276 and 〈ηbulk
incoh〉 = 0.267 for the edge

and bulk modes, respectively, where 〈·〉 denotes averaging
over all disorder realizations. Notably, for both cases, the
mean mismatch index remains close to that of the correspond-
ing ideal (disorder-free) systems, with standard deviations of
σ

edge
η = 0.01 and σ bulk

η = 0.008. It is also worth emphasizing
that the edge-state excitation exhibits slightly higher robust-
ness compared to the bulk-state excitation. This is reflected
in the smaller average standard deviation of the normalized
power distribution, σ

edge
p = 0.002, which is approximately

two times lower than that of the bulk mode excitation,

σ bulk
p = 0.004. These results demonstrate that incoherent ex-

citation provides statistical stability against coupling disorder
and preserves the inherent robustness of the topological edge
mode.

Finally, it is worth mentioning that the proposed approach
can also be extended to systems operating near exceptional
points. By considering the resolvent (Green’s) operator for-
malism for such systems, as discussed in Ref. [32], it can be
seen that the nonzero decay rate of the modes still limits the
excitation efficiency. In this regime, employing a multiport
input configuration can enhance the overlap between the exci-
tation field and the desired mode. Similar to passive systems,
the excitation efficiency in this case remains sensitive to the
relative phase of the input ports, and incoherent excitation
can provide improved robustness compared to coherent inputs
with imperfect phase control.

III. CONCLUSION

In this study, we investigated the role of incoherent excita-
tion in selectively exciting modes in non-Hermitian resonant
systems. By implementing a topological non-Hermitian SSH

FIG. 7. Power spectrum of the ring resonators obtained from experimental measurements (red line) and TCMT analysis (dashed blue line)
for incoherent excitation of rings No. 3 and No. 4. Incoherent excitation is realized by averaging 50 coherent excitations with randomly varied
relative phases. The experimental data are normalized so that the peak power in each spectrum aligns with the maximum power predicted by
TCMT.
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FIG. 8. The spatial power distribution of the edge state (gray
line) is compared to the system’s spatial power distribution after
exciting the system with a coherent input at frequency f = fo, cou-
pled to rings No. 3 and No. 4, as predicted by TCMT (dashed
blue line). Additionally, the spatial power distribution for an inco-
herent input signal is shown, with experimental results (dotted red
line) and TCMT predictions (dash-dotted green line) presented for
comparison.

model using a photonic platform with microring resonators,
we demonstrated that incoherent input signals can enhance
excitation efficiency compared to coherent excitation with an
arbitrary phase, but not relative to optimally phase-matched
coherent excitation. For cases where the input ports are pri-
marily coupled to a single mode, such as the excitation of
rings No. 1 and No. 3, coherent excitation with a prop-
erly tuned relative phase (close to π ) effectively excites the
edge mode while suppressing other modes. However, we
showed that incoherent excitation still provides a more robust
excitation scheme, as it eliminates the sensitivity to phase
fluctuations and achieves a lower mismatch index on average.
In scenarios where the input ports have significant overlap
with multiple modes, such as the excitation of rings No. 3 and
No. 4, we found that phase sensitivity is more pronounced.
When the relative phase deviates from its optimal value, mode
selectivity is severely degraded, leading to a high mismatch
index. Our results show that incoherent excitation outperforms
phase-mismatched coherent excitation in such cases, ensur-
ing a more efficient and stable excitation of the edge mode.
Furthermore, we analyzed the impact of intrinsic losses in
our experimental system, which consists of ring resonators
with a moderate Q factor of Q ≈ 4 × 104. Even in the pres-
ence of loss, the advantage of incoherent excitation persists,
reinforcing its potential as a practical strategy for enhancing
mode selectivity in non-Hermitian photonic systems. Overall,
our findings highlight the fundamental role of incoherence
in mitigating phase sensitivity and improving excitation ef-
ficiency in non-Hermitian resonant systems. These results
could be relevant for various applications of photonic topo-
logical insulators and non-Hermitian systems, where precise
mode control is essential.
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APPENDIX A: COHERENT EXCITATION OF
NON-HERMITIAN RESONANT SYSTEMS

The formal solution of Eq. (1) is given by

|a(t )〉 = U (t ) |ao〉 +
∫ t

0
U (t − t ′)�̂ |b(t ′)〉 dt ′, (A1)

where |ao〉 ≡ |a(t = 0)〉 and U (t ) ≡ e−iĤt is the system evo-
lution operator. For a coherent input signal |b(t )〉 = |bo〉 e−iωt ,
Eq. (A1) can be further simplified by expanding the evolution
operator in the eigenbasis of the system Hamiltonian resulting
in the following solution:

|a(t )〉 =
∑

n

∣∣ψ r
n

〉 〈
ψ l

n

∣∣ao〉 e−i�nt

−
∑

n

∣∣ψ r
n

〉 〈
ψ l

n

∣∣i�̂|bo〉
ω − �n

(e−i�nt − e−iωt ). (A2)

For a passive system, the intrinsic losses cause all eigenfre-
quencies to possess negative imaginary parts, Im(�n) < 0,
whose absolute values correspond to the decay rates of the
respective modes. Consequently, the first and second terms
in Eq. (A2) represent transient contributions that decay ex-
ponentially and vanish after a characteristic system time
t > τs, where τs ≡ 2π/� and � ≡ Max(|Im(�n)|) denotes
the largest modal decay rate. Beyond this time, the system
reaches a steady state, which is described by the third term in
Eq. (A2).

For our experimental platform shown in Fig. 1(b), the
temporal evolution of the modes under coherent excitation
through rings No. 1 and No. 3 is presented in Fig. 10, illus-
trating that the system initially undergoes a transient evolution
lasting approximately τs = 1.02 ns, after which it reaches a
steady-state response.

APPENDIX B: TIME-DOMAIN FRAMEWORK
AND MASTER EQUATION

The state of the non-Hermitian resonant system driven by
an incoherent input signal is described by the system coher-
ence matrix ρ̂(t ) ≡ 〈|a〉 〈a|〉. The master equation governing
the time evolution of ρ̂(t ) is obtained by taking its time
derivative and employing Eq. (1) together with its Hermitian
conjugate to eliminate the derivatives of |a〉 and 〈a|. This

023182-9



AMIN HASHEMI et al. PHYSICAL REVIEW RESEARCH 8, 023182 (2026)

FIG. 9. Spatial power distribution along the ring resonators for (a) edge-mode excitation and (b) bulk-mode (mode No. 2) excitation
through incoherent input for 500 disorder realizations with coupling fluctuations σ1,2 = 0.1 × t1,2.

yields

d ρ̂

dt
= −i(Ĥ ρ̂ − ρ̂Ĥ†) + �̂ 〈|b〉 〈a|〉 + 〈|a〉 〈b|〉 �̂†. (B1)

Under the assumption of incoherent excitation, where the
coherence time τc exceeds the system time constant τs (i.e.,
τc > τs), Eq. (A1) and its Hermitian conjugate can be invoked
to substitute for |a〉 and 〈a| in the third and fourth terms of
Eq. (B1). This procedure leads to Eq. (4).

The solution of the master equation depends on the sta-
tistical properties of the input field, characterized by the
coherence matrix ρ̂s(t, t ′) ≡ 〈|b(t )〉 〈b(t ′)|〉, where |b(t )〉 de-
notes the input field vector driving the system. Assuming
that the input coherence matrix satisfies the conditions of the
Wiener-Khinchin theorem [31], it can be expressed as

ρ̂s(t, t ′) = 1

2π

∫ +∞

−∞
Ŝ(ω)e−iω(t−t ′ )dω, (B2)

where Ŝ(ω) denotes the power spectral density of the input
signal.

For resonant systems, one is typically interested in the
response to excitations with frequencies close to a system res-

FIG. 10. Temporal evolution of the system’s mode for a coherent
excitation of the experimental platform shown in Fig. 1(b) obtained
through TCMT analysis. The vertical gray dashed line shows the
system’s constant time τs = 1.02 (ns).

onance. In this regime, the power spectral density of the input
signal can be approximated as Ŝ(ω) = 2π Ŝoδ(ω − ωo), where
ωo denotes the resonance frequency and Ŝo is a constant ma-
trix. For the spatially incoherent input considered in this work,
Ŝo is diagonal, thereby precluding correlations between fields
at different input ports. For such an ideally narrow-band input
field, the coherence matrix reduces to ρ̂s(t, t ′) = Ŝoe−iωo(t−t ′ ).
Substituting this expression into Eq. (5) and expanding the
time-evolution operator in the basis of the Hamiltonian eigen-
vectors yields

D̂ = i
∑

n

∣∣ψ r
n

〉 〈
ψ l

n

∣∣
ωo − �n

�̂Ŝo�̂
†(1 − e−i(�n−ωo)t ) + H.c. (B3)

For the lossy resonant system considered here, Im(�n) 
= 0
for all modes, ensuring that the transient terms decay in
the long-time limit. Consequently, one obtains D̂(t → ∞) =
iĜ(ωo)�̂Ŝo�̂

† + H.c.
Another extreme case corresponds to a white-light in-

put, i.e., a broadband excitation with a flat spectral profile
uniformly spanning all frequencies. In this regime, the in-
put coherence matrix is given by ρ̂s(t, t ′) = Ŝoδ(t − t ′),
which follows from Eq. (B2) upon assuming a frequency-
independent power spectral density Ŝ(ω) = Ŝo. Substitution of
this expression into Eq. (5) yields D̂ = �̂Ŝo�̂

†. In performing
the time integration involving the Dirac delta function, the
Stratonovich midpoint rule has been adopted [29], ensuring
a consistent treatment of the singular correlation function.

To demonstrate the equivalence between the time-domain
framework and the frequency-domain approach employed in
this work, Fig. 11 presents the spatial power distribution of the
system obtained using the time-domain master equation (blue)
and the frequency-domain resolvent formalism (red). Results
are shown for excitation of rings No. 1 and No. 3 [Figs. 11(a)
and 11(b)] and rings No. 3 and No. 4 [Figs. 11(c) and
11(d)], for both narrow-band and broadband input signals,
respectively. Good agreement between the two approaches is
observed.

APPENDIX C: INCOHERENT EXCITATION
OF A BULK MODE

In this Appendix, we analyze the proposed incoherent ex-
citation scheme for selectively exciting a bulk mode of the

023182-10



INCOHERENCE-ASSISTED MODE EXCITATION IN … PHYSICAL REVIEW RESEARCH 8, 023182 (2026)

FIG. 11. Spatial power distribution along the ring resonators under incoherent excitation. (a), (b) Excitation of rings No. 1 and No. 3 with
narrow-band input at ωo and broadband (white-light) input, respectively. (c), (d) Same as panels (a) and (b) for excitation of rings No. 3 and
No. 4. Results from the time-domain master equation (blue) and the frequency-domain resolvent approach (red) are in excellent agreement.

system shown in Fig. 1, specifically mode No. 2. As illustrated
in Fig. 1(e), the input ports coupled to rings No. 2 and No.
6 exhibit strong spatial overlap with this mode; therefore,
these ports are chosen for excitation. Figure 12(a) presents the
mismatch index as a function of the relative phase between
the input signals, demonstrating the improved efficiency of
the incoherent excitation, with ηincoh = 0.26, compared to the
averaged coherent excitation, η̄coh = 0.39. The correspond-
ing spatial power distribution for the incoherent excitation is
shown in Fig. 12(b) (red line), which closely matches that of
bulk mode No. 2 (gray line), confirming the expected excita-
tion behavior. It is worth noting that, for a fixed number of
input ports, spatially localized modes (such as the topological
edge mode) can generally be excited more efficiently than

modes that are extended across the entire system (such as
bulk modes), regardless of whether coherent or incoherent
excitation is employed. As a result, using only two input ports
to excite bulk modes is inherently less efficient than exciting
a localized topological mode.

APPENDIX D: NUMERICAL SIMULATIONS

To model incoherent excitation in the frequency-domain
framework, the input field is treated as a statistical ensemble
rather than a single phase-defined waveform. Specifically, the
amplitudes injected through the input ports are kept fixed
while their relative phases are randomized with a uniform
distribution within [0, 2π ) range, representing a spatially

FIG. 12. (a) Mismatch index η for exciting rings No. 2 and No. 6 with a coherent input signal having a relative phase of �φ, as predicted
by TCMT, based on the experimental model parameters. (b) Spatial power distribution for the incoherent excitation (red line) compared with
the eigenmode profile of bulk mode No. 2 (gray line)
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incoherent input. For example, for excitation of rings
No. 1 and No. 3 with an incoherent input at frequency
ωo [Fig. 5(b)], the input field is taken as |B(ω)〉 =
[eiφ1 , 0, eiφ2 , 0, 0, 0, 0]T δ(ω − ωo), where the phases φ1,2 are
treated as independent random variables. In contrast, for
coherent excitation [Fig. 5(a)], these phases are fixed. For
the spectra shown in Fig. 4 (Fig. 3), the input signal
is given by |B(ω)〉 = [eiφ1 , 0, eiφ2 , 0, 0, 0, 0]T , with random
(fixed) phases for incoherent (coherent) excitation. For each
realization of the input phases, the system response is
computed using the deterministic frequency-domain solu-
tion of the coupled-mode equations given in Eq. (2). The
steady-state observables under incoherent driving—here, the
intracavity powers—are obtained by ensemble averaging over
1000 independent phase realizations. Convergence is veri-
fied by increasing the number of phase realizations until
the ensemble-averaged observables become independent of
the sample size. In this sense, the simulation implements
a Monte Carlo ensemble method [39], where stochasticity
enters only through the input statistics while the system
evolution itself remains deterministic. The approach is equiv-
alent to propagating the second-order statistical properties of
the input through the linear system response and provides
a computationally straightforward alternative to stochas-
tic differential-equation methods. The averaged quantities
therefore represent experimentally measurable powers under
incoherent excitation. From the resulting intracavity powers
under incoherent and coherent excitation, the mismatch index
is computed using Eq. (8), as shown in Fig. 2.

APPENDIX E: PHASE INSTABILITY IN
MULTIPORT EXCITATION

While integrated photonic platforms can, in principle, sup-
port multiport excitation with well-defined relative phases,
achieving such control typically requires careful system de-
sign. For example, a coherent laser source can be coupled into
the chip and subsequently split into multiple on-chip paths,
each routed to a distinct input port. By incorporating tunable
phase shifters along these paths, it is possible to precisely
control and stabilize the relative phases of the input fields. In
the absence of such phase-stabilization mechanisms, however,
the relative phases between different input channels are gen-
erally not well controlled. For instance, if light is delivered
to multiple input ports via separate optical fibers without ac-
tive phase locking, environmental perturbations (e.g., thermal
fluctuations or mechanical vibrations) as well as instabilities
in the laser introduce random phase variations between the

FIG. 13. (a) Schematic of the experimental setup used to verify
input phase instability. Interference occurs in the on-chip 3-dB MZI,
labeled as IMZI and highlighted in green. LD: laser diode; PC:
polarization controller; TA: tunable attenuator; EOM: electro-optic
modulator. (b) Modulated input signal at one output of the beam
splitter with a modulation frequency of 1 MHz. (c) Corresponding
output signal from one port of the on-chip MZI. The strong degra-
dation of the modulation in panel (c) indicates fluctuations of the
relative phase between the two inputs.

inputs. To illustrate this effect, we consider the simple con-
figuration shown in Fig. 13(a). A laser source is first passed
through an amplitude modulator, after which the modulated
signal is split by a fiber-optic beam splitter. The two outputs
are then independently coupled into the chip and fed into the
two input ports of an on-chip 3-dB MZI. Figure 13(b) shows
the modulated input signal at one output of the beam splitter,
while Fig. 13(c) shows the corresponding output signal from
one port of the MZI. In the ideal case of a stable relative phase
between the two MZI inputs, the output would preserve the
modulation profile. However, as observed in Fig. 13(c), the
modulation is significantly degraded, indicating substantial
phase fluctuations between the input channels. In fact, the
relative phase spans the full 0 to 2π range, leading to inversion
of the interference from maxima to minima. This behavior
provides direct evidence of phase instability in the absence of
active control. Videos S1 and S2 in the Supplemental Material
[38] further illustrate the temporal fluctuations of both the
input and interfered signals, respectively.
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