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Deterministic Parity-Time Symmetry Single-Mode
Oscillation in Filterless Multimode Resonators

Huashan Yang, Shifeng Liu, Mingzhen Liu, Peng Liu, Hao Zhang, Jijun He,*

and Shilong Pan*

Parity-time symmetry has great potential for mode selection in multimode
resonators. However, in a PT-symmetry system with saturable absorption
mechanisms, the random background noise can initiate single-mode
oscillation at any of the maxima within the gain spectrum, that is, potential PT
frequencies. Such randomness impedes the acquisition of high-quality signals
at desired frequencies. Here, this work proposes a method to obtain
deterministic PT-symmetry single-mode oscillation in a filterless multimode
resonator through one-shot injection. With this technique, this work changes
the system’s gain spectrum and enhances the gain discrepancy. Utilizing the
frequency domain saturable absorption of the resonator, oscillation at desired
mode can maintain its frequency after the withdrawal of the injection signal.
To validate the concept, this work establishes a polarization-division
multiplexed dual-loop optoelectronic oscillator (OEO) with a 1-km long cavity
operated under PT-symmetry conditions. By one-shot injecting the PT-OEO,
this work effectively eliminates the randomness arising from the relatively flat
gain spectrum, facilitating oscillation at any desired potential PT frequencies
from 1.8 to 9 GHz without requiring elaborate frequency tuning structures.
Moreover, the one-shot injection technique produces ultra-low phase noise
performance, achieving a remarkable —158.6 dBc Hz~' @10 kHz. This
performance level stands in close comparison with the best phase noise

first proposed in the field of quan-
tum mechanics by Carl Bender and
Steffan Boettcher in 1998.11 After-
ward, the exploration of PT-symmetry
and its breaking phenomena was ex-
tended to optical platforms. This is due
to the mathematically homologous of
Maxwell’s equations and the Schrodinger
equation, which facilitates the realiza-
tion of PT-symmetry by manipulating
the gain and loss within coupled pho-
tonic structures.l”) In addition, the PT-
symmetry breaking process exacerbates
mode competition, thereby enabling
single-mode oscillation in multimode
resonators. Initially observed in a waveg-
uide coupler,’! PT-symmetry has since
found applications in various optical and
electrical resonators, including micro-
ring lasers,“®  microresonators,/’!]
active RLC circuits,"?! and optoelectronic
oscillators (OEOs).[1>22] However, the
presence of a heterogeneous gain spec-
trum in photonic resonators increases

values recorded for OEOs.

1. Introduction

Parity-time (PT) symmetry is a fundamental concept in physics
that describes systems governed by non-Hermitian Hamiltoni-
ans, yet still exhibit eigenstates with real eigenvalues. When
the PT-symmetry breaking condition occurs, the system mani-
fests a pair of conjugate eigenvalues. PT-symmetry theory was
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the randomness of the eigenfrequency of

PT-symmetry breaking. Eigenfrequen-

cies with comparable gains are frequent

and unavoidable, leading to the potential
for oscillations to randomly initiate at any of these frequencies.
The initiated oscillation tends to persist due to the saturable
absorption effect, a phenomenon prevalent in various photonic
resonators such as quantum-dot mode-locked lasers,/?}] fiber
lasers,?* and Q-switching lasers.[?*] Consequently, achieving os-
cillation at a specific frequency on demand presents a significant
challenge.

In this work, we propose a method to eliminate the inherent
randomness in a PT-symmetric system by employing a one-shot
injection process, enabling precise oscillation at desired Eigenfre-
quencies. External injection of a stable periodic signal into an os-
cillator is a widely employed technique in both photonics and mi-
crowave fields, which has proven effective in enhancing the per-
formance of various oscillators, including solid-state microwave
oscillators, 2] semiconductor lasers,!?”?8 OEOs,[?°! and dissipa-
tive Kerr soliton (DKS) combs.[*% A critical aspect of this tech-
nique is that the injected signal must persist throughout the os-
cillator’s operation to maintain performance enhancement.3!:32]
Unlike previous works, our injection process effectively modi-
fies the gain spectrum of the PT-symmetric system, providing
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stable additional gain to the desired eigenmode only during the
initiation stage. The seed signal generated at the desired eigen-
mode by the one-shot injection is sustained by the saturable ab-
sorption effect within the system. To validate the concept, we es-
tablish a polarization-division multiplexed dual-loop OEO. The
OEO, featuring identical loop lengths and opposite gains, is re-
alized through a polarization-division multiplexed structure em-
ploying two optical tunable delay lines (OTDLs).

Both theoretical and experimental results demonstrate that the
oscillation frequency of a PT-OEO without injection may ran-
domly occur at any of the multiple maxima in the gain spec-
trum, referred to as potential PT frequencies. In contrast, our
proposed deterministic PT-OEO can reliably oscillate at any def-
inite potential PT frequencies ranging from 1.8 to 9 GHz with
the assistance of a one-shot injection signal. The oscillation fre-
quency can sustain itself after the withdrawal of the injection sig-
nal, owing to the frequency domain saturable absorption mech-
anism inherent within the PT-OEO. Without interference from
the injection signal, the deterministic PT-OEO exhibits favor-
able phase noise performance, achieving —158.6 dBc Hz™! at
10-kHz offset with just 4.4-km optical fiber in the cavity. This
achievement closely rivals the best phase noise record observed
in OEOs.33! Additionally, a decent side-mode suppression ratio
(SMSR) of 63.8 dB is achieved through the PT-symmetry regime.
These findings not only expand the application scope of the in-
jection locking technique but also contribute to a deeper under-
standing of the injection locking mechanism across various plat-
forms. Moreover, due to the reciprocity between the time domain
and frequency domain, our work may stimulate innovative ap-
proaches for enhancing the performance of PT-symmetry oscil-
lators, which opens up possibilities for novel concepts such as
mutual injection of PT-symmetry optical systems and synchro-
nization of different PT-symmetry optical resonators like quan-
tum dot mode-locked lasers,?*! fiber lasers,!**] and Q-switching
lasers.[?]

2. Results

2.1. Principle of the Deterministic PT-OEO

Figure 1a illustrates the conceptual principle for the determinis-
tic PT-OEO. In a traditional filterless PT-OEOQ, the PT-symmetry
process can amplify the ripples in the gain spectrum y, into a
sharpened gain spectrum reminiscent of a multi-passband filter
with a new gain spectrum g,. Single-mode oscillation is enabled
by the enlarged gain difference in the new gain spectrum un-

der PT-symmetry g, = /7> — k2(see Methods). Unfortunately,

the oscillation frequency of an actual PT-OEO cannot be arbitrar-
ily selected from the passband frequencies of the multi-passband
filter formed by PT-symmetry because of the frequency domain
saturable absorption induced by the Mach-Zehnder modulator
(MZM). Since the system involves massive modes across a wide
spectral range, we take a simplified case as an example to eluci-
date the randomness in a conventional PT-OEO. As depicted in
Figure 1a, two potential PT frequencies exist, with comparable
gains at the i, and j,, modes within the narrow spectral range.
Given a relatively potent initial noise signal positioned at the j,
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mode (lower peak), the signal is rapidly amplified to the satura-
tion level after a few loops. Conversely, the noise signal at the i,,
mode (higher peak) gets suppressed due to the saturable absorp-
tion induced by the MZM. Suppose the MZM is biased at the
quadrature point, the electrical field of the output signal of the
MZM is given by

Xt (1) & A; cOs (i) + A, cos (w;t) (1)

where A; = J,(8)]:(B;) and A; = J, (B,)]:(6;) represent the ampli-
tudes of each signal, respectively. ;, = 2zV,/V_ and §; = 2zV,/V,
are the modulation indices of the electrical signal at the i,, and j,,
peaks, respectively. V;, V; and w;, o; are their voltages and angu-
lar frequencies, respectively, and V, is the half-wave voltage of
the MZM (see Methods). Substituting ; — 0 and §; - 7/2 (the
saturation point of the MZM) into A; and A;, we find that the am-
plitude of the weaker signal at w, would be suppressed by ~35%
compared to the stronger signal ;. This mechanism resembles
the saturable absorption observed in mode-locked lasers,* with
the distinction being that saturation occurs in the frequency do-
main. Since the filterless PT-OEO exhibits a relatively flat gain
spectrum, the gain difference between different peaks is not
prominent. After passing through the amplification part of the
PT-OEO, we have

>3 5065 @)

where Gpr; and Gpr; are the dimensionless loop voltage gains of
each mode of the PT-OEO, respectively. Equation (2) illustrates
that the noise at the i, mode (higher peak) can be sufficiently
suppressed by the frequency domain saturable absorption mech-
anism if single-mode oscillation is initiated at a peak with a gain
exceeding half of the maximum gain. Single-mode oscillation at
this mode can be sustained if there are no significant environ-
mental fluctuations. In the case that the oscillation is initiated at
the i, mode with the highest gain, Equation (2) is still satisfied by
exchanging i and j. In an actual PT-OEO, numerous gain peaks
satisfy Equation (2), referred to as potential PT frequencies. Con-
sequently, the oscillation frequency of a PT-OEO can randomly
be one of the multiple potential PT frequencies.

Deterministic oscillation of the PT-O can be achieved with a
one-shot injection signal. We introduce a very weak injection sig-
nal at the j,, mode (lower peak). Despite its low power, the injec-
tion signal surpasses the background noise level, resulting in a
prominent gain peak during the initial stage of the oscillation. In
addition, the injection signal serves as an effective seed signal at
the desired frequency. Consequently, the signal amplitude at the
Juu mode undergoes rapid escalation, eventually reaching the sys-
tem’s saturation power. Given that the injection power is notably
lower than the amplifier saturation power, the total output mi-
crowave power of the PT-OEO does not experience a significant
decrease after the injection is turned off. Although the small sig-
nal gain of the other peak is higher than the selected j,, mode, the
signal amplitude at this mode is too low to distinguish itself from
the noise floor due to the frequency domain saturable absorption
mechanism induced by the MZM, as described in Equation (2).
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Figure 1. a) Principle of the PT-symmetry system under external injection. The injection locking process enlarges the gain difference between the selected
mode and the other modes, thereby steering the system toward the intended oscillation frequency. Upon discontinuation of the injection, the oscilla-
tion frequency can sustain itself, thanks to the frequency domain saturable absorption mechanism of the MZM. The dashed lines indicate the spectral
positions of the cavity modes. b) Experimental setup of the injection-locked PT-OEO. LD, laser diode; PC, polarization controller; MZM, Mach-Zehnder
modulator; SMF, single-mode fiber; PBS, polarization beam splitter; OTDL, optical tunable delay line; BPD, balanced photodetector; EA, electrical am-
plifier; PS, phase shifter; EC, electrical coupler; MS, microwave source; ESA, electrical spectrum analyzer.
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2.2. Simulation and Experimental Verification

To experimentally investigate the properties of PT-symmetry in
the injection regime, we build a PT-OEO, as shown in Figure 1b.
A continuous light wave generated by a laser diode (G&H EM650)
is directed to an MZM (iXblue MXAN-LM-20), with its polar-
ization direction tuned by PC1 to minimize the polarization-
dependent loss. After passing through a length of single-mode
fiber (SMF), the optical signal is split into two paths by a PBS.
The PBS, together with another PC (PC2) and two optical tun-
able delay lines (OTDLs) labeled as OTDL1 and OTDL2, serve to
adjust the optical power splitting ratio and the time delay of the
two paths, respectively, to satisfy the PT-symmetry condition in
the OEO. The SMF is placed in a thermostatic chamber,**! ensur-
ing that the optical fiber undergoes less than 5 mm of change in
the steady state, which helps maintain the frequency stability of
the generated signal. A BPD (Discovery DCS40s) combines the
two paths and performs optical-to-electrical conversion. Follow-
ing electrical amplification (CETC WFB9158H) and phase shift-
ing, 10% of the microwave power is directed to an electrical spec-
trum analyzer (ESA, Rohde & Schwarz FSWP) for analyzing the
electrical spectrum and phase noise of the OEO. A phase shifter
(PS) compensates for the phase shift in the mutual loop induced
by OTDL1, OTDL2, and PC2. The injection locking process is
facilitated by injecting a microwave signal generated by a mi-
crowave source (MS, Agilent E8257D). A 3-dB coupler (EC2) com-
bines the injection and oscillation signals and feeds them to the
MZM.

First, a PT-OEO with 1 km SMF is built. The MS is connected
to EC2 with the injection signal turned off to ensure the cavity’s
physical properties are not altered. Keeping the cavity unchanged,
we restart the OEO twenty times. The advantage of PT-symmetry
is evident as single-mode oscillation can be readily achieved with-
out the need for RF or photonic filters. However, we observe nine
different frequencies ranging from 1.8 to 9.0 GHz. The electri-
cal spectra and their center frequencies are detailed in Figure 2a.
The mode spacing is %200 kHz, as depicted by the blue lines
in Figure 3c,d, which matches well with the loop delay, indicat-
ing the absence of Vernier effect in the cavity. Since there is no
microwave filter in the OEO loop, the spectrum of the 1.8 GHz
oscillation exhibits multiple high-order harmonics. It should be
noted that the sudden change in the noise floor at ~5.5 GHz is
attributed to the frequency response characteristic of the ESA.

To reproduce the observed behavior in the experiment and un-
derstand the underlying mechanism, we carry out a simulation
using a model adapted from[*®! (see Methods). Figure 2c¢ illus-
trates the frequency response and the spectrum evolution of a
hypothetic filterless single-loop OEO with only two very weak
ripples. In each roundtrip, numerous modes undergo similar
amplification, resulting in messy multimode oscillation, as de-
picted in Figure 2b. However, only frequencies at the peaks of
H, have the possibility of becoming dominant frequencies. The
final spectrum, shown in the inset of Figure 2c, mirrors the spec-
tral shape of H,. PT-symmetry is then introduced, as depicted
in Figure 2d-f. By applying Equation (6), the small ripples in
Figure 2b are amplified to form a transmission spectrum with a
sharp peak and a lower peak with a transmission of 0.8, as shown
in Figure 2d. The OEO can achieve single-mode oscillation with
the assistance of the steep transmission roll-off induced by PT
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symmetry. However, the oscillation frequency can be randomly
located at either peak, as illustrated in Figure 2e,f. This is because
the random fluctuation of the background noise and the gain
spectrum could result in a stronger seed signal on either peak.
Following a few loops of amplification, this seed signal tends to
dominate as the primary oscillation mode signal due to the fre-
quency domain saturable absorption mechanism induced by the
MZM, even if it originates from the lower peak.

Deterministic oscillation frequency can be realized using the
one-shot injection technique. Figure 3a) illustrates the dynam-
ics of this technique through simulation. We employed the same
simulation parameters as in Figure 2e—-g and added a 0-dBm RF
injection on the lower peak of H,. Figure 3a demonstrates that
the oscillation mode can be precisely located at the injected mode.
The injection power significantly sharpens the gain spectrum of
the OEO, resulting in high frequency purity. Subsequently, the
external injection is turned off at the 501th roundtrip to simu-
late the scenario depicted in Figure 3a, and the oscillating mode
remains located at the injected mode due to the PT-symmetry
process. The PT-symmetry process suppresses most side modes,
providing limited possible oscillation modes with sufficient gain
for single-mode oscillation. The amplitudes of the side modes
and the noisy modes increase, deteriorating the frequency purity,
as shown in the lower inset of Figure 3a. Nevertheless, the pre-
viously injected mode retains almost the largest gain and ampli-
tude, thanks to the frequency domain saturable absorption mech-
anism, as shown in Equation (2). To address the role of the sat-
urable absorption of MZM and PT symmetry in the determinis-
tic OEO dynamics, additional simulations demonstrate that both
of them are essential for achieving a stable deterministic oscil-
lation (see Supporting Information). Additionally, there is a sub-
stantial range of injection power and gain ripple tolerance for the
deterministic PT-OEO (see Supporting Information). Therefore,
despite the absence of the injection signal, the inherent random-
ness in the PT-symmetry process is eliminated by the injection
process, enabling the system to maintain the desired oscillation
frequency.

In the experiment, the power of the one-shot injection signal
from the MS is set to 0 dBm. Unlike the random oscillation fre-
quency of the classic PT-OEO, the one-shot injected PT-OEO ex-
hibits deterministic oscillation frequency. By adjusting the injec-
tion frequency, the OEO can operate at any of the nine frequen-
cies listed in Figure 2a. The close-in spectra of the injected and
the non-injected PT-OEO at two different frequencies are shown
in Figure 3c,d. In the injection regime, the 0-dBm microwave sig-
nal injection at each frequency pulls the random oscillation fre-
quencies to the injected mode, resulting in a higher SMSR of
more than 90 dB (red line in Figure 3c,d) owing to the sharper
gain spectrum under external injection. Upon turning off the in-
jection signal, the oscillating signal persists in the PT-OEO cav-
ity, maintaining the oscillation frequency at the same gain peak.
Since the PT-symmetry provides a rough filter effect, enabling the
PT-OEO to continue operating without degenerating into multi-
mode oscillation.

The frequency of the PT-OEO can be tuned simply by a one-
shot injection with a new frequency and restarting the electrical
amplifier. In Figure 3b, the initial oscillation frequency is defined
by a one-shot injection signal at 7.1 GHz. Then, it can be switched
to 7.9 GHz and back to 7.1 GHz via two one-shot injection pro-
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Figure 2. a) The measured electrical spectra of PT-OEO without injection signal. Nine different random frequencies are obtained. Each spectrum is
offset to differentiate it from the others. b) Simulated frequency response of a hypothetic filterless single-loop OEO with only two very weak ripples. c)
Simulated spectrum evolution of the OEO in (b), indicating the inability to establish single mode oscillation. Inset: the spectrum at the last roundtrip.
d) Simulated frequency response of a PT-OEO calculated from (b). e,f) Simulated spectrum evolution of the PT-OEO in (d), showing that the oscillation
can occur at either one of the peaks. Insets: spectra at the last roundtrip for each case.
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Figure 3. The PT-OEO with deterministic oscillation frequency enabled by one-shot injection. a) Simulated evolution of the spectrum for the injected
PT-OEO. The oscillation frequency can be precisely located at the injected mode, and single mode oscillation persists after the injection signal is turned
off. Insets: the spectra at the 500th roundtrip and the 1000th roundtrip. b) Measured spectrum evolution of the PT-OEO. The initial oscillation frequency
is defined by a one-shot injection signal at 7.1 GHz. The oscillation frequency can be switched to 7.9 GHz and back to 7.1 GHz with the one-shot injection
technique. c,d) Measured electrical spectra of the PT-OEO with and without injection signals at 7.104 and 7.87 GHz, respectively. e) Measured electrical
spectra of the deterministic PT-OEO at 1.81, 6.81, and 9.01 GHz, respectively. f) Measured SMSR of the deterministic PT-OEO at different oscillation

frequencies.

cesses. After injection withdrawal, the SMSR decreases to 47 and
55 dB, respectively, similar to the results without injection. This
similarity in SMSR can be attributed to the fact that the gain spec-
trum remains unchanged before and after the one-shot injection.
We notice that there is a large SMSR difference, so the SMSR of
all potential PT-frequencies is measured, which varies from 47 to
60 dB, as shown in Figure 3f. This discrepancy in SMSR can be
interpreted as indicative of the sharpness of the gain spectrum
of the open-loop OEO. Figures 3e display the electrical spectra of
the oscillation signals at 1.81, 6.81, and 9.01 GHz, respectively,
which exhibit SMSRs over 60 dB. Although the injection locking
technique is known to enhance the frequency stability of OEOs,
our deterministic PT-OEO demonstrates stability for at least 3
min and a frequency fluctuation of less than +1.2 kHz even in
the absence of an injection signal (see Supporting Information).

2.3. Deterministic PT-OEOs with Ultra-Low Phase Noise

The one-shot injection technique offers the advantage that the
output signal of the OEO is not degraded by the injection sig-
nal, allowing the use of an injection signal with poor phase
noise. To validate the merits of our proposed method, we con-
struct two ultra-low phase noise PT-OEOs using optical fibers
of lengths 1 and 4.4 km, respectively. In order to mitigate the
in-loop active noises of the OEOs, we employ high-performance
optical and electrical components.[*”! Additionally, we encase the
glue-consolidated optical fiber coils in chambers isolated from
acoustic and thermal disturbances,!*! and incorporate temper-
ature feedback systems to minimize noise arising from ambi-
ent factors. Nonlinear effects within the optical fiber cavities
are mitigated by reducing optical reflection, achieved through
the incorporation of optical isolators within the OEOs and the
connection of optical fiber cavities and other optical devices via
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fiber fusion. Similarly, microwave isolators are utilized to sup-
press reflections within the electrical paths. Both configurations
of PT-OEO achieve three deterministic oscillations at frequen-
cies of 7.7, 8.2, and 8.7 GHz, as depicted in Figure 4a—f. The
PT-OEO with a 1 km optical fiber demonstrates improved SM-
SRs of 63.4, 63.8, and 62.9 dB, respectively, thanks to our noise
suppression and fiber stabilization techniques. Similarly, the
PT-OEO with a 4.4 km optical fiber also exhibits decent SM-
SRs of 51.8, 53.4, and 52 dB, respectively. In the absence of
the injection signal, both deterministic PT-OEO configurations
maintain favorable phase noise performances across the three
oscillation frequencies. Figure 4gh illustrate the phase noises
of the injected PT-OEO, the non-injected PT-OEO, and the in-
jection signal. In the case of the 1 km optical fiber, our pro-
posed deterministic non-injected PT-OEO exhibits significantly
lower phase noise compared to the injection signal across al-
most the entire offset frequency range. For instance, the phase
noise of the 7.7 GHz signal at a 10 kHz frequency offset reaches
—148 dBc Hz™!, which is 32 dB lower than that of the injec-
tion signal. Conversely, the injected PT-OEO showcases poorer
phase noise performance of —138 dBc Hz™! at 10 kHz due to
the higher phase noise of the injection signal. In the 4.4 km
case, the proposed PT-OEO at 8.7 GHz exhibits a phase noise
of —156 dBc Hz™! at a 10 kHz frequency offset, which is 8
dB lower than the injected OEO. The improvement in phase
noise is even more significant at lower frequency offsets in the
4.4 km case, as depicted in Figure 4h. For instance, the phase
noises are —125 and —109 dBc Hz™! at 1 kHz frequency off-
set for the non-injected and injected PT-OEOs, respectively. The
phase noises of the two deterministic PT-OEOs at different fre-
quencies exhibit a considerable degree of similarity, as shown
in Figure 4i,j. In the 1 km case, the phase noises are —121.2,
—120.3, and —120.8 dBc Hz™! at 1 kHz frequency offset, and
—145.9, —149.9, and —148.6 dBc Hz! at 10 kHz frequency off-
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Figure 4. Deterministic PT-OEOs with ultra-low noise. a—f) Measured electrical spectra at different frequencies of PT-OEOs with 1- and 4.4-km optical
fiber, respectively. g,h) Measured phase noise of the injection signal and the deterministic PT-OEOs with and without injection. i,j) Measured phase
noise of the deterministic PT-OEOs without injection at different frequencies.

set, for 7.7, 8.2, and 8.7 GHz, respectively. In the 4.4 km case, the
phase noises are —126.2, —125.3, and —127.7 dBc Hz ! at 1 kHz
frequency offset, and —156.5, —158.1, and —158.6 dBc Hz ™ at
10 kHz frequency offset, for the three frequencies, respectively.
Notably, our deterministic PT-OEQ’s phase noise is comparable
to that of traditional and effective microwave filter based single-
loop OEO (see supporting information). Our meticulous engi-
neering ensures that phase noise remains at exceptionally low
levels in both cases, underscoring the reliability and precision
of our one-shot injection configurations. This superior perfor-
mance in phase noise establishes a new benchmark for stabil-
ity and accuracy in optical oscillators, making our method an
ideal choice for applications requiring frequency tunable and
ultra-low noise sources. It is worth noting that further improve-
ments in phase noise and frequency stability can be achieved
by employing longer optical fibers,!'! electrical amplifiers with
lower noise figures,’] enhanced thermal and vibration stabi-
lization systems,[*®! phase locked loops,!*! and noise cancelation
techniques.®]
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3. Discussion

A comparison of the deterministic PT-OEO presented in this
work with other tunable or ultralow-phase-noise OEOs is shown
in Table 1. The phase noises of our deterministic PT-OEOs ex-
ceed that of the tunable PT-OEO!?°] and outperforms the PT-OEO
with the best phase noise,['*] which utilizes a length of 9.1 km
optical fiber. Furthermore, the SMSRs of our deterministic PT-
OEOs are also superior to these PT-OEOs due to the utilization
of shorter optical fiber, providing additional benefits in terms of
thermal and vibration stability. The phase noise performances of
our work also exceed traditional non-tunable single or dual-loop
OEOs!*¥1 with a narrowband electrical filter and similar lengths
of optical fiber. Although the phase noise and SMSR reported
for the OEO in Ref**] is the best in Table 1, it involves multiple
noise and side mode suppression techniques and is not directly
tunable. The phase noise and SMSR of the tunable output signal
from the OEO-based frequency synthesizer in Ref3%] are gener-
ally worse than this work. Although the OEO with the recorded
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Table 1. Performance comparison of OEO.
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References Technical approaches Tunablity Fiber SMSR PN@ 1kHz PN@ 10kHz
[km] [dB] [dBc Hz™ ] [dBc Hz™ ]
[37] single-loop OEO No 1 N/A -123 —145.8
35] dual-loop OEO No 4.68 71 —124 ~151
133] single-loop OEO No 16 N/A —1452) —163b)
[39] injection locked single-loop OEO No 4.4 85 -127.2 —153.1
[39] injection locked single-loop OEO + DDS +PLL Yes 4.4 65 -115.3 —-130
[40] single-loop OEO + tunable YIG Yes 0.5 70 -752 -116
[13] PT-OEO No 9.166 26 —115% —142
[20] PT-OEO + tunable MPF Yes 7 53 —952) —134
This work PT-OEO with one-shot injection Yes 1 63.8 —120.3 —149.9
4.4 52 -127.7 —158.6

? data are read from the figures; ® The frequency offset is 6 kHz. SMSR: side-mode suppression ratio; PN, phase noise; N/A, not available; DDS, direct digital frequency
synthesizer; PLL, phase locked loop; YIG, yttrium iron garnet filter; MPF, microwave photonic filter.

—163 dBc Hz! at 6 kHz frequency offset!**! has a lower phase
noise in low frequency offset than our work, the phase noise at
10 kHz offset is deteriorated by the 16 km optical fiber. Also, sta-
bilizing such a lengthy optical fiber requires significantly more
effort. It is worth noting that all these tunable OEOs require com-
plicated tunable structures, such as tunable optical/microwave
filters(24] or frequency conversion devices,*! to change the fre-
quency of their output signals. In contrast, in our case, tunability
is achieved without the need for any extra structures.

4. Conclusion

In conclusion, we have successfully realized a deterministic PT-
symmetric photonic oscillator with the aid of a one-shot injec-
tion signal, validated on an OEO platform. The injection locking
technique effectively alters the gain spectrum of the system, am-
plifying the gain difference and eliminating the randomness of
the oscillation frequency. This has enabled the achievement of
single-mode oscillation signals ranging from 1.8 to 9 GHz with
a high SMSR of 63.8 dB. Importantly, the one-shot nature of our
method ensures that the phase noise of the oscillation signal re-
mains unaffected by the injection signal, resulting in an ultra-
low phase noise of —158.6 dBc Hz! at 10 kHz. The combination
of PT-symmetry with the one-shot injection technique opens up
new avenues for future research on optical and electrical oscilla-
tors, potentially leading to the development of high-performance
and robust photonic devices for various applications such as sig-
nal generation and sensing.

5. Experimental Section

Gain Spectrum of a PT-OEO with Injection Signal:  Theoretically, the ny,
longitudinal modes in a multimode OEO with two geometrically identical
coupled resonant cavities, as shown in Figure 1b, can be described by a
pair of coupled differential equations in the time domain.[?l With an ex-
ternal injection signal, the coupled differential equations can be written as

da” . ’ .

dt = —Jw,a, + yg”aﬂ +JKbn + yinj,acm

db @)
. ! .

dtﬂ = —jw,b, + yb”b,, +jKAy + VinjpCmy (1=1,2,3...)
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where a,, and b, are the ny, longitudinal modes in each cavity, c,, is the
injection signal at the my, mode, @, and w, aretheirangularfrequencies,
k is the coupling coefficient between the two cavities, which is a fixed value
defined by the balanced photodiode (BPD), 7, andy, denote theintrinsic
gain coefficients of the ny, longitudinal modes in each non-injected cavity,
respectively, and y;,; , and 7y, represent the gain coefficients induced by
the injection signal, respectively. Suppose a,,, b,,, and ¢, have the same
phase, Equation (3) can be rewritten by combining the two gain terms.

da, , .

d_t” = —Jw,a, + J/;nﬂ,, +JKbn

b (4)
d—t" = —jw,b, +v] b, +jka, (n=1,23..)

Since the two cavities share the same electrical devices, the gain spectra
are similar but with a different splitting ratio k and k — 1. Thus, the gain
coefficients in Equation (4) are given by

v %(InG,,+5m_”|nGinj+|nk)
()
v, = % (INGy+ 8y In Gy + In(1= ) )

where k (0 < k < 1) is the splitting ratio of the polarization beam splitter

(PBS) controlled by a (PC, PC2) before it, G, is the injection-free intrinsic

loop gain spectrum of the gain cavity with k = 1, 7 is the loop delay, G,

is the gain induced by the external injection, which is determined by the
amplitudes of a,,, b,,, and c,,, and 6,,, , is the Kronecker Delta. Compared
to a single-loop OEO, injection and power splitting terms are added in
Equation (5). As the two cavities have identical geometry, the longitudinal
modes of both cavities share the same w,,, that is, ®, =, = w,.Solv-
ing Equation (4), one can obtain the angular frequencies of the coupled
)

resonant cavity w,(q” and w,(f

Ta, * T,

Since y; and y, shares the same gain spectrum but are different in
n n

the Ink and In(1 — k) terms, one can tune k to meet the PT-symmetry con-
dition. Then we have y, = — y; =y) and y} > k. Equation (6) can be
n n

simplified as

1,2 .
ol = w, +ig, %)
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where g, = \/y,’qz — k2 is the gain spectrum under PT-symmetry condi-

tion. The oscillation modes in each cavity a, and b, share the same real
frequency w,, but have opposite gains +g,. The b, modes are suppressed
owing to the presence of negative gains, whereas a, modes with positive
gains exhibit a sharpened gain spectrum reminiscent of a multi-passband
filter.

Frequency Domain Saturated Absorption of the Mach-Zehnder Modula-
tor:  Suppose two signals at two different frequencies are fed into a Mach-
Zehnder modulator (MZM) biased at the quadrature point. The electrical
field of the output signal of the MZM is given by

Xout (t) o cos (ﬂ, cos (w;t) + p; cos (ayt) + %) (8)
where §; = 27V;/V,., B; = 2zV;/V,. are the modulation indices of the elec-
trical signal at each frequency, respectively. V;, V; and w;, w; are their volt-
ages and angular frequencies, respectively, and V, is the half-wave voltage
of the MZM. Then x,,, (t) can be expanded as

Xout (£) o sin (f; cos (w;t)) cos (ﬂj cos (wﬁ))
+ cos (f; cos (w;t)) sin (ﬂj cos (wjt)) 9)

Since f; < 1, so the w; terms can be simplified as cos(f; cos(w;t)) ~
Jo(B;) and sin(B; cos(w;t)) = 2J;(B;) cos(w;t). Thus Equation (9) can be
rewritten as

Xout (t) & 2J7 (;) cos (w;t) cos <ﬂj cos (a)jt)) +Jo (B;) sin (ﬂj cos (a)jt))
(10)

Using Jacobi expansion to the w; terms and extracting only the first-
order frequency components, Equation (10) can be written as

Xour () Jo ()1 () cos (wit) +Jo (B) 1 () cos () (n

At this point, we obtain Equation (1) in the main text.

Simulation of the OEO Dynamics:  The dynamics of the OEO can be cal-
culated using a quasi-linear model adapted from a previous work.3¢! The
complex signal of the OEO was calculated roundtrip by roundtrip, assum-
ing that the signal remains constant within each roundtrip and evolves in
the subsequent roundtrip. The input signal for each roundtrip is the RF sig-
nal applied to the MZM, and the output signal was obtained after the input
signal is processed by photodetection, amplification, and spectral shaping
steps. The input signal is given as Vi, (t, T) = Ay, | (T)exp(—jw;,t), where
@, is the central modulation frequency, A, | (T) = A, (T)lexp(jdi, (T))
is the slow varying amplitude complex envelope, T is the slow time scale
within the time of one roundtrip 7, t is the fast time scale on the order
of 27 /w., and [ indicates the number of roundtrips. Both t and [ repre-
sent the total evolution time of the signal with the relation t =/ - 7. Since
the PT-OEO involves a large number of modes, the ripples in the fre-
quency response of a broadband microwave photonic link must be consid-
ered. For simplicity, we assume the frequency responses of the MZM, the
PD, and the amplifier are homogenous within the simulation bandwidth.
Thus, the signal after passing through these devices can be expressed as
Aamp,l (T) = Aj; (T) - n, where 1 represents the efficiency of the photonic
link. We treat the ripples of the frequency response of the photonic link as
an additional device (referred to hereafter as “device F”) with a frequency
response H(w). Only frequencies satisfyingthe f = k- FSR (k=1,2,3...)
condition should be considered in the OEO, so H(w) can be written as H,,.
For a non-PT single loop OEO, H,, = exp(¥, Tjoop)- We introduce small rip-
ples in the frequency response of device F for a common filterless single-
loop OEO. For simplicity, we assume there are only two different peaks
with slightly different maximum transmissions. For the PT-OEO, H,, is
changed by PT-symmetry. Assuming the two PDs in the BPD have identi-
cal frequency responses, we can derive a frequency response with a shape
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similar to that of the non-PT-OEO, except the amplitude of the ripples

is amplified by PT-symmetry. Therefore, the signal after passing through

device F can be written as Ag |(T) = F~ {3 [F (Aamp,1(T) Hil}, where 7
k

and 7~ denote Fourier and inverse Fourier transforms, respectively, and
F (), represents the ky, Fourier component. The output signal A (T) then
serves as the input signal A, |, in the subsequent roundtrip for the non-
injected OEO, while A 1,1 = Ag | (T) + Ajpjection (T) for the injection locked
OEO.
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