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Parity-time-symmetric optoelectronic oscillator

Jiejun Zhang and Jianping Yao*

An optoelectronic oscillator (OEO) is a hybrid microwave and photonic system incorporating an amplified positive
feedback loop to enable microwave oscillation to generate a high-frequency and low-phase noise microwave signal.
The low phase noise is ensured by the high Q factor of the feedback loop enabled by the use of a long and low-loss
optical fiber. However, an OEO with a long fiber loop would have a small free spectral range, leading to a large
number of closely spaced oscillation modes. To ensure single-mode oscillation, an ultranarrowband optical filter
must be used, but such an optical filter is hard to implement and the stability is poor. Here, we use a novel concept
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to achieve single-mode oscillation without using an ultranarrowband optical filter. The single-mode operation is
achieved based on parity-time (PT) symmetry by using two identical feedback loops, with one having a gain and
the other having a loss of the same magnitude. The operation is analyzed theoretically and verified by an experi-
ment. Stable single-mode oscillation at an ultralow phase noise is achieved without the use of an ultranarrowband
optical filter. The use of PT symmetry in an OEO overcomes the long-existing mode-selection challenge that would
greatly simplify the implementation of OEOs for ultralow-phase noise microwave generation.

INTRODUCTION

The generation of a microwave signal with a low phase noise at a high
frequency is of great importance for applications such as modern ra-
dars and communications systems (1-3). A quartz resonator can have
a high Q factor and can be incorporated in an electronic oscillator to
generate a low—phase noise microwave signal. However, the frequency
range of an electronic oscillator using a quartz resonator is limited to
10 to 100 MHz. For high-frequency microwave signal generation, fre-
quency multiplication has to be used, which will deteriorate the phase
noise performance. Microwave generation based on a cryogenic sapphire
oscillator can produce a microwave signal at a higher frequency with a
very low phase noise, but its practical applications are limited owing to
the requirement of an ultralow-temperature cooling system (4-7).

Optical techniques have been proven to be effective in generating
high-frequency and low-phase noise microwave signals. For example,
a microwave signal with a central frequency of around 10 GHz and a
phase noise down to —170 dBc/Hz at an offset frequency of 10 kHz can
be generated by beating two comb lines from an optical comb (8, 9).
Optical frequency division implemented by phase-locking an optical
frequency comb to a cavity-stabilized laser source can generate a 10-GHz
microwave signal with a phase noise of —150 dBc/Hz at an offset fre-
quency of 10 kHz (10, 11).

On the other hand, a microwave signal with a low phase noise can be
generated by an optoelectronic oscillator (OEO) (12-15). An OEO is a
hybrid microwave and photonic system incorporating an amplified
positive feedback loop to enable microwave oscillation to generate a
high-frequency and low-phase noise microwave signal. The low phase
noise is ensured because of the high Q factor of the feedback loop
enabled by the use of a long and low-loss optical fiber. Since the advent
of an OEO two decades ago (12), researchers have managed to generate
a microwave signal at an ultralow phase noise. For example, a 10-GHz
microwave signal with a phase noise as low as —163 dBc/Hz at an offset
frequency of 6 kHz was demonstrated by using a 16-km-long optical
fiber delay line in the feedback loop (13, 14).

The increase in the cavity length of an OEO is motivated by the
low phase noise (15), which is feasible since the loss of a state-of-the-
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art optical fiber is as small as 0.2 dB/km in comparison to that of
360 dB/km of a typical microwave coaxial cable (1). The use of a
20-km fiber would only introduce a 4-dB insertion loss that can be
easily compensated by an amplifier, but can result in a phase noise better
than —150 dBc/Hz at an oscillation frequency of several gigahertz (15).
Although the loss is not likely an issue, the greatest challenge in imple-
menting an OEO with a long loop is the large number of closely spaced
longitudinal modes because of its small free spectral range (FSR), which
makes stable single-mode oscillation extremely difficult. One solution to
achieve a single-mode OEO is to use a highly frequency-selective filter
to select one longitudinal mode and suppress the other modes (13). For
example, to achieve single-mode oscillation in an OEO with a cavity
length in the order of 10 km, an optical filter with a Q factor in the order
of 10° is required. However, most high-Q resonators (16-20) demon-
strated so far can only have a Q factor of less than 10°. An optical
resonator with a Q factor of more than 10° is extremely difficult to man-
ufacture as it requires a lengthy and complicated polishing process and
stringent requirements for high-quality packaging. To implement a
single-mode OEO using a more practical optical resonator that has a
lower Q factor, a multiloop configuration that uses the spectral Vernier
effect has to be adopted (21). In a multiloop OEO, the Q factor of the
entire OEO cavity is determined by the longest feedback loop, while the
FSR is determined by the shortest feedback loop. Thus, the phase noise
is maintained low. Since the FSR is increased, the Q factor of the optical
resonator could be much smaller. For example, by using dual loops in
an OEO (21), the Q factor of the optical resonator can be reduced by a
factor of 10°. However, a multiloop OEO has a very complicated struc-
ture, which will severely affect the stability of the operation.

Recently, parity-time (PT) symmetry has been proven to be a simple
and effective solution for mode selection in an oscillator, such as an
integrated optical ring laser (22-24) and a pure electronic oscillator
(25). By using two cross-coupled resonators with an identical geometry
but opposite gains, that is, the gain in one resonator is equal to the loss of
the other resonator, PT symmetry is achieved. By manipulating the gain,
loss, and the coupling ratio between the two resonators, PT symmetry
can be broken for a specific mode, which would enjoy a much higher
gain compared with other modes, and thus a stable single-mode oscilla-
tion can be achieved. Although such a technique has been demonstrated
for single-mode lasing of a dual-cavity laser source and single-frequency
oscillation of a dual-loop electronic oscillator, it has never been used in
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an OEO—a hybrid microwave and photonic system that can generate a
high-frequency microwave signal at an ultralow phase noise.

Here, we propose a new scheme to achieve single-mode oscillation
of an OEO without the use of an ultranarrowband optical filter. The
single-mode operation is enabled based on PT symmetry by using
two feedback loops with one having a gain and the other having a loss
of the same magnitude for the oscillating microwave signal. By manip-
ulating the gain, loss, and the coupling ratio between the two feedback
loops, PT symmetry can be broken for one mode, and a single-mode
oscillation at this mode is achieved. In the proposed PT-symmetric
OEO, the two feedback loops are formed by splitting an intensity-
modulated optical signal into two channels and detecting the signals
from the two channels at a balanced photodetector (BPD; consisting
of two PDs, PD1 and PD2). Two microwave signals are generated,
which are combined and fed back to the intensity modulator. Note that
balanced detection will introduce a © phase difference between the two
signals at the output of the BPD. A tunable delay line (TDL) is
incorporated before PD1, which is controlled to have a delay length
equal to half of the wavelength of the oscillating microwave signal
and thus functions as a 1 phase shifter, to offset the & phase shift due
to the balance detection. Thus, the two microwave signals at the output
of the BPD are summed in phase. Because of the PT-symmetric
configuration, despite the fact that the OEO has a long loop length with
a large number of densely spaced longitudinal modes, the OEO can
support single-mode oscillation without the need for a high-Q filter
to perform mode selection, and thus the system is significantly simpli-
fied. In addition, an added advantage of the proposed configuration
using balanced detection is that the noise from the laser source can
be partially suppressed (26), which would further enhance the noise
performance of the OEO. The proposed PT-symmetric OEO is exper-
imentally demonstrated. A microwave signal at 9.867 GHz with a phase
noise as low as —142.5 dBc/Hz at an offset frequency of 10 kHz is gen-
erated. The phase noise density corresponding to the side modes is
measured to be —68.7 dBc/Hz, which confirms the effectiveness of using
PT symmetry for side-mode suppression.

The block diagram of the proposed PT-symmetric OEO is shown in
Fig. 1. As can be seen, an LD is used to generate a light wave, which is
coupled into an MZM via a PC1. Note that PC1 is used to minimize the
polarization-dependent loss. The modulated signal at the output of the
MZM is then launched into a coil of SMF for a long time delay. To ex-
ploit the effect of PT symmetry, two identical and mutually coupled
feedback loops, with one having a gain and the other having a loss of
the same magnitude, are constructed. This is done by using a PBS jointly

with a second PC (PC2) to split the modulated signal into two channels.
Considering that the light wave from the LD is linearly polarized, the
joint operation of PC2 and the PBS can achieve light splitting with a
tunable splitting ratio by tuning PC2. Note that PC2, which consists
of a half-wave plate sandwiched between two quarter—wave plates,
can be used to alter the polarization direction of the incoming light rel-
ative to the PBS by rotating the half-wave plate (27). Arbitrary power
splitting ratios can be obtained at the inputs of PD1 and PD2. The two
optical signals are then sent to a BPD to perform balanced detection to
generate two microwave signals that are out of phase. A TDL is
incorporated before PD1, which is controlled to have a delay length
equal to half of the wavelength of the oscillating microwave signal
and thus functions as a  phase shifter, to offset the & phase shift due
to balance detection. The microwave signals are then combined in
phase. Since the cross-coupling between the two loops can be controlled
by tuning PC2, the gain and loss can be adjusted to be equal in magni-
tude, to achieve PT symmetry. The signals at the output of the BPD are
then amplified by an EA and fed back to the MZM via a microwave
splitter to close the OEO loop. The microwave splitter is used to tap a
fraction of the microwave signal for spectrum analysis using an ESA and
phase noise analysis using a signal analyzer.

Under PT symmetry, the gain and loss of the two loops are equal in
magnitude. The PT symmetry can be broken by tuning PC2 to allow a
longitudinal mode with the highest gain to be selected to oscillate, while
other modes will be suppressed. Single-mode oscillation is thus
achieved. Compared with any other OEOs demonstrated so far, a dis-
tinct feature of the proposed OEO is that no high-Q factor optical or
microwave filter is needed for single-mode oscillation. The oscillation
occurs for an OEO mode that experiences the highest gain.

Because the gain and loss loops have identical lengths, the coupling
between the two OEO loops breaks the degeneracy of the modes in
each cavity, resulting in a frequency splitting of the original eigenmodes
in each loop. The eigenfrequencies of the PT-symmetric system can be
written as (23)

-+ — 2
o) = @, + iYa, - Yo, o K2 — (Yan - Ym) (1)

where a,, and b,, are the amplitude of the nth modes in the gain loop
and the loss loop, respectively; o, is the nth eigenfrequency of the lon-
gitudinal modes of the two loops without PT symmetry coupling; «,, is
the coupling coefficient between the two loops for the nth modes; and
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Fig. 1. Block diagram of the PT-symmetric OEO. LD, laser diode; PC, polarization controller; MZM, Mach-Zehnder modulator, SMF, single-mode fiber; PBS, polarization beam
splitter; =, microwave combiner; EA, electrical amplifier; ESA, electrical spectrum analyzer.

Zhang and Yao, Sci. Adv. 2018;4:eaar6782 8 June 2018

20of 6

8T0Z ‘g aung uo /B10°Bewsousios saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

0.5

Ag E

Agpr 1

o
N
T

o
w
T
\

=)

()
:
.

Gain difference

©
-_—
T

096 094 092 09
Gain ratio Y./ or—Y.:1/%

1 0.98

Fig. 2. Gain difference enhancement with PT symmetry. The gain difference
between the oscillating mode and the secondary mode within a regular single-
loop OEO (blue) and a PT-symmetric OEO (red) is illustrated for comparison.

Y,, andy, represent the gain and loss coefficients of the gain loop and
the loss loop for the nth mode, respectively.

Assuming that the exact PT symmetry condition (identical gain and
loss in magnitude) can be satisfied by tuning PC1 to achieve single-
mode oscillation for a mode denoted by #n = 0, that is, v, = —v,, =
Yo» Eq. 1 can be written as

oy Y = oo+ /i =13 2)

It can be seen from Eq. 2 that, when the gain/loss coefficient is
smaller than the coupling coefficient within each loop, the two loops
exhibit broken degeneracy with an eigenfrequency splitting related to
the coupling ratio. However, when the gain/loss coefficient exceeds
the coupling coefficient, the eigenfrequency splitting becomes an imag-
inary number. The electrical field can be written as

E? = exp(wot)exp(lg,|t) ®)

where g, = /3 — V3. As can be seen from Eq. 3, PT symmetry will
be broken when the gain coefficient exceeds the coupling coefficient.
A pair of amplifying and decaying modes will be generated in the PT-
symmetric OEO with an identical frequency, which is the dominat-
ing mode that oscillates in the OEO.

It should be noted that, even in a conventional OEO, single-mode
oscillation can be achieved as the net loop gain exceeds unity for a spe-
cific mode. This requirement is extremely stringent and impractical as
the difference between the net gains of two adjacent OEO modes is too
small to ensure a single and dominant mode due to the small FSR. PT
symmetry can greatly enhance the gain difference between the domi-
nant mode and a secondary mode. Note that a secondary mode is
one that has a net gain smaller than that of the dominant oscillating
mode. To analyze the gain difference enhancement, we denote the
secondary mode with n = 1 and assume it in critical oscillation condi-
tion. In a single-loop OEO, the gain difference between the oscillating
mode and the secondary mode in critical condition is given by

Ag = Yo — Ya (4)
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Fig. 3. S21 magnitude response of the OEO with only one loop closed. It is
measured by a vector network analyzer (VNA) connected between the MZM and
the EA with the measurement direction indicated in Fig. 1.

In comparison, the gain difference between the oscillating mode
(n=0) and a secondary mode (n = 1) in a PT-symmetric OEO can be
deduced from Egq. 1, given by

Ya, — Vb, \
Agpr = Y5 — (%) (5)

To visualize the effectiveness of using PT symmetry in enhancing
single-mode oscillation, the gain difference between the oscillating
mode and the secondary mode with and without PT symmetry is simu-
lated based on Eqs. 4 and 5. In Fig. 2, as the gain/loss coefficient for the
secondary mode decreases from 100 to 90% of that of the oscillating
mode, the PT-symmetric loops have a significantly enhanced gain
difference as compared with that of a single loop. The gain difference
enhancement is especially strong wheny,, or —v, is close to Yo, which is
the case for our OEO. Owing to the strongly enhanced gain difference,
the use of a PT-symmetric OEO to achieve stable single-mode oscilla-
tion is an effective solution.

In the proposed OEO, balanced detection is used to generate two
out-of-phase microwave signals, corresponding to the two feedback
loops with one having a gain and the other having a loss. One added
advantage of using balanced detection is that the noise from the LD
can be partially cancelled (26). Thus, the phase noise performance of
the PT-symmetric OEO can be further improved.

RESULTS AND DISCUSSION

An experiment is performed to study the operation of the PT-symmetric
OEO shown in Fig. 1. The optical carrier from the LD has a central
wavelength of 1550 nm and an optical power of 16 dBm, which is sent
to the input of the MZM via PC1. The MZM is biased at the quadrature
point. We first measure the open-loop response of the OEO with only a
single loop connected, which is carried out by tuning PC2 to direct all
optical power to PD1. The long fiber in the loop is an SMF of 9.1 km.
Since no microwave frequency-selective components are used, the OEO
loop exhibits a relatively flat gain spectrum with a few gain peaks be-
tween 5 and 10 GHz, as shown in Fig. 3. The frequency range where
the net loop gain exceeds unity is measured to be 12.1 GHz, which
contains 5.33 x 10° longitudinal modes. To select a single mode, an
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Fig. 4. The electrical spectra of the microwave signals generated by the PT-symmetric OEO. The spectra are measured at a central frequency at 9.867 GHz.
(A) Multimode oscillation measured with a resolution bandwidth (RBW) of 3 MHz. (B) Single-mode oscillation measured with an RBW of 3 MHz. (C) Single-mode oscillation
measured with an RBW of 9.1 kHz. (D) Single-mode oscillation measured with an RBW of 9 Hz.

ultranarrowband optical filter or a microwave filter must be used in
the OEO loop or a PT-symmetry scheme should be used.

Then, we study the mode selection capability of the OEO when PT
symmetry is used. To do so, we first close the two OEO loops by tuning
PC2 to ensure that the first loop has a gain and the second loop has a
loss of the same magnitude. The operations with three effective loop
lengths of 20.31 m, 433.1 m, and 9.166 km corresponding to a mode
spacing of 10.26 MHz, 481.0 kHz, and 22.73 kHz are evaluated. Stable
single-mode oscillations are achieved for the PT-symmetric OEO with
all the three different loop lengths. The generated microwave signal has
a frequency of 9.867 GHz. In the experiment, the optical powers at the
inputs of PD1 and PD2 are measured to be 6.25 and —1.5 dBm, respec-
tively. In steady-state oscillation, the two loops provide a gain and a loss
with the same magnitude to the oscillating microwave signal. A PT-
symmetric OEO with single-mode oscillation can then be achieved.

Figure 4 shows the electrical spectra of the microwave signals gen-
erated by the OEO. Without PT symmetry, the OEO oscillates with
multimode, as can be seen from Fig. 4A. By tuning PC2 to match the
gain and loss in the two loops, single-mode oscillation is achieved with a
long loop length of 9.166 km. The single-mode oscillation spectra are
shown in Fig. 4 (B to D) with different frequency spans and RBWs. The
spectrum with a 100-MHz span in Fig. 4B shows that the OEO only
oscillates at one frequency, despite the fact that gain bandwidth of a
single OEO loop can cover several gigahertz. The oscillation frequency
selection is an effect of gain competition. Figure 4C shows the spectrum
with a 1-MHz span. The oscillating longitudinal mode can be identi-
fied, and the mode spacing is measured to be 22.73 kHz. The oscillating
mode is 26.4 dB higher over the highest side mode. No mode-hopping
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is observed in the experiment for a measurement time window of more
than 10 min. Further reducing the frequency span to 1 kHz, the
spectrum of the microwave signal is shown in Fig. 4D. It can be seen
that the microwave signal has an extremely narrow bandwidth that is
likely to be smaller than the RBW of the ESA. Moreover, the frequency
drift of the microwave signal is less than 100 Hz in the 10-min mea-
surement time window, which is among the most stable OEOs reported
in literature.

The phase noise of the microwave signal is measured by a microwave
signal analyzer, which is shown in Fig. 5. At an offset frequency of
10 kHz, the phase noise is —142.5 dBc/Hz. The phase noise peaks induced
by the OEO side modes have a spacing of 22.73 kHz. The peaks are
below —68.7 dBc/Hz, indicating that PT symmetry is a highly effective
technique for mode selection. The peaks located at 890 Hz and their
harmonics are introduced by a vibration interference existing in the lab-
oratory environment. A similar phenomenon has been observed in other
reported OEOs (28). Figure 5 also shows the phase noise measurements
of a 9.876-GHz signal generated by a commercial electrical microwave
signal generator (Agilent E8254A) and the PT-symmetric OEO with
two shorter loop lengths of 20.31 and 433.1 m. The phase noise density
induced by the side modes of the OEO with loop lengths of 20.31 m,
433.1 m, and 9.166 km are below —105, =76.1, and —68.7 dBc/Hz, re-
spectively. A shorter loop enables a higher side-mode suppression. This
is understandable because a shorter loop length has a larger mode
spacing. The phase noise, on the other hand, would be higher for a
shorter loop length. In the measurement, the phase noises are —92.94,
—103.4, and —142.5 dBc/Hz for the OEO with loop lengths of 20.31 m,
433.1 m, and 9.166 km at an offset frequency of 10 kHz, respectively. In
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Fig. 5. The phase noise measurements of the generated microwave signal. The PT-symmetric OEO is operating with three different loop lengths of 20.31 m, 433.1 m,
and 9.166 km. The corresponding phase noise at an offset frequency of 10 kHz is —92.94, —103.4, and —142.5 dBc/Hz. For comparison, the phase noise of a microwave signal
generated by a commercial microwave source is also presented, indicating a 26.6-dB phase noise improvement at an offset frequency of 10 kHz for the 9.166-km-long OEO.

addition, the phase noise performance of the PT-symmetric OEO with a
cavity length of 9.166 km surpasses the commercial microwave source
by 26.6 dB.

It should be noted that the phase noise of the PT-symmetric OEO
at an offset frequency below 100 Hz is not as good as a well-packaged
commercial signal source because of environmental perturbations. Vi-
brations impose strong modulations on the phase and polarization
state of the light wave propagating in the long optical loop. Because
the PT-symmetric OEO incorporates polarization to implement tun-
able optical power splitting to the BPD, the system is polarization-
sensitive. The 890-Hz interference only exists in the OEOs with a
loop length of 433.1 m and 9.166 km. The OEO with a loop length of
20.31 m is free from such interference. To mitigate the environmental
interference and reduce the phase noise at low-offset frequencies, a first
solution is to use a polarization-insensitive optical power splitter, such
as a dual-port MZM, to replace the PC and PBS. Another solution is to
use an electrical feedback loop to detect the phase and polarization
changes caused by environmental interference and carry out real-time
compensations (29).

CONCLUSION

In summary, a PT-symmetric OEO was demonstrated to achieve stable
single-mode oscillation without the need of a narrowband electrical fil-
ter or a high-Q optical filter. PT symmetry was realized by constructing
two loops with one having a gain and the other having a loss of the same
magnitude. The operation of the PT-symmetric OEO was evaluated
experimentally for an OEO loop with three different loop lengths of
20.31 m, 433.1 m, and 9.166 km. Single-mode oscillation was achieved for
the three loop lengths. For the longest loop length of 9.166 km, the phase
noise was as low as —142.5 dBc/Hz at an offset frequency of 10 kHz,
which is 26.6 dB lower than that of a commercial signal source. The
phase noise density induced by the side modes of the OEO is suppressed
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below —68.7 dBc/Hz for the loop with the longest length of 9.166 km.
The study demonstrated that PT symmetry is a supreme solution to
achieve single-mode operation of an OEO with a long cavity length
for low—phase noise microwave generation, compared with any other
conventional techniques using a narrowband microwave filter or a
high-Q factor optical resonator, with a single loop or multiple loops.
The use of PT symmetry overcomes the long-existing mode-selection
challenge, which would make OEOs the primary solution for simple,
low-cost, and high-performance microwave generation for applications
where an ultralow—phase noise microwave source is needed.

MATERIALS AND METHODS

The PT-symmetric OEO was implemented using commercial off-the-
shelf optoelectronic components. The LD is an Agilent N7714A laser
source, which provides a maximum output power of 16 dBm. The
MZM is a Lucent intensity modulator (model, 2623CSA) with a
bandwidth of 10 GHz. Two cascaded EAs [a MultiLink modulator
driver (MTC5515-751) and a Litton microwave amplifier (DXA-
5184-01)] were connected between the BPD and the MZM to provide
a sufficient gain near the frequency of 10 GHz to enable single-mode
oscillation at 9.876 GHz. The 9.1-km delay line is a spool of Lucent
SMF (FSC-NZDSF-SPOOL-004C). The BPD consists of two identical
cascaded PDs and a TDL connected to the input of one PD. The
bandwidth of the BPD is 40 GHz, and the time delay tuning range of
the delay line is £300 ps (DSC740-39-FC/UPC-K-3).

The operation of the OEO was evaluated using several benchtop
instruments including a VNA (Agilent E8364A) to measure the
open-loop response, an ESA (Agilent E4448A) to measure the spectra
of the generated microwave signals, and an signal analyzer (Agilent
E5052B) to measure the phase noise. The signal analyzer works with
a down-converter (Agilent E5053A) to extend the frequency measure-
ment range from 7 to 26.5 GHz.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/6/eaar6782/DC1

section S1. Balanced photodetection

section S2. PT symmetry

section S3. Loop length-dependent phase noise

fig. S1. Block diagram of the BPD used in the experiment.

fig. S2. Optical to electrical conversion at the BPD.

fig. S3. Open-loop response of the OEO.

fig. S4. Phase noise enhancement with a long OEO loop.

movie S1. Phase noise of a 5.26 GHz signal from a PT-symmetric OEO.

movie S2. Electrical spectrum of the 5.26 GHz signal.

movie S3. A 10-GHz microwave signal generated by the OEO with PT symmetry.
movie S4. Output of the OEO without PT symmetry.

REFERENCES AND NOTES

1.

14.
15.

Zhang and Yao, Sci. Adv. 2018;4:eaar6782

J. Capmany, D. Novak, Microwave photonics combines two worlds. Nature Photon.
1, 319-330 (2007).

. J. Yao, Microwave photonics. J. Lightw. Technol. 27, 314-335 (2009).
. G.J. Schneider, J. A. Murakowski, C. A. Schuetz, S. Shi, D. W. Prather, Radiofrequency

signal-generation system with over seven octaves of continuous tuning. Nat. Photonics
7, 118-122 (2013).

A. G. Mann, C. Sheng, A. N. Luiten, Cryogenic sapphire oscillator with exceptionally high
frequency stability. IEEE Trans. Instrum. Meas. 50, 519-521 (2001).

. J. G. Hartnett, C. R. Locke, E. N. Ivanov, M. E. Tobar, P. L. Stanwix, Cryogenic sapphire

oscillator with exceptionally high long-term frequency stability. Appl. Phys. Lett.
89, 203513 (2006).

. S. Grop, P.-Y. Bourgeois, R. Boudot, Y. Kersalé, E. Rubiola, V. Giordano, 10 GHz cryocooled

sapphire oscillator with extremely low phase noise. Electron. Lett. 46, 420-422 (2010).

. T. M. Fortier, C. W. Nelson, A. Hati, F. Quinlan, J. Taylor, H. Jiang, C. W. Chou, T. Rosenband,

N. Lemke, A. Ludlow, D. Howe, C. W. Oates, S. A. Diddams, Sub-femtosecond absolute
timing jitter with a 10 GHz hybrid photonic-microwave oscillator. Appl. Phys. Lett.
100, 231111 (2012).

. K. Jung, J. Kim, All-fibre photonic signal generator for attosecond timing and ultralow-

noise microwave. Sci. Rep. 5, 16250 (2015).

. X. Xie, R. Bouchand, D. Nicolodi, M. Giunta, W. Hansel, M. Lezius, A. Joshi, S. Datta,

C. Alexandre, M. Lours, P.-A. Tremblin, G. Santarelli, R. Holzwarth, Y. L. Coq, Photonic
microwave signals with zeptosecond level absolute timing noise. Nat. Photonics
11, 44-47 (2017).

. T. M. Fortier, M. S. Kirchner, F. Quinlan, J. Taylor, J. C. Bergquist, T. Rosenband, N. Lemke,

A. Ludlow, Y. Jiang, C. W. Oates, S. A. Diddams, Generation of ultrastable microwaves via
optical frequency division. Nat. Photonics 5, 425-429 (2011).

. J.Li, X.Yi, H. Lee, S. A. Diddams, K. J. Vahala, Electro-optical frequency division and stable

microwave synthesis. Science 345, 309-313 (2014).

. X.S. Yao, L. Maleki, Optoelectronic microwave oscillator. J. Opt. Soc. Am. B 13, 1725-1735

(1996).

. D. Eliyahu, D. Seidel, L. Maleki, Phase noise of a high performance OEO and an ultra low

noise floor cross-correlation microwave photonic homodyne system, in 2008 IEEE
International Frequency Control Symposium (IEEE, 2008), pp. 811-814.

L. Maleki, Sources: The optoelectronic oscillator. Nat. Photonics 5, 728-730 (2011).

W. Li, J. Yao, A wideband frequency tunable optoelectronic oscillator incorporating a
tunable microwave photonic filter based on phase-modulation to intensity-modulation
conversion using a phase-shifted fiber Bragg grating. IEEE Trans. Microw. Theory Tech.
60, 1735-1742 (2012).

8 June 2018

16. S. B. Papp, K. Beha, P. Del'Haye, F. Quinlan, H. Lee, K. J. Vahala, S. A. Diddams,
Microresonator frequency comb optical clock. Optica 1, 10-14 (2014).

17. P. Del'Haye, A. Schliesser, O. Arcizet, T. Wilken, R. Holzwarth, T. J. Kippenberg, Optical
frequency comb generation from a monolithic microresonator. Nature 450, 1214-1217
(2007).

18. M. Ferrera, Y. Park, L. Razzari, B. E. Little, S. T. Chu, R. Morandotti, D. J. Moss, J. Azafa,
On-chip CMOS-compatible all-optical integrator. Nat. Commun. 1, 29 (2010).

19. X.Yi, Q-F. Yang, K. Y. Yang, M.-G. Suh, K. Vahala, Soliton frequency comb at microwave
rates in a high-Q silica microresonator. Optica 2, 1078-1085 (2015).

20. J. Pfeifle, V. Brasch, M. Lauermann, Y. Yu, D. Wegner, T. Herr, K. Hartinger, P. Schindler, J. Li,
D. Hillerkuss, R. Schmogrow, C. Weimann, R. Holzwarth, W. Freude, J. Leuthold,

T. J. Kippenberg, C. Koos, Coherent terabit communications with microresonator Kerr
frequency combs. Nat. Photonics 8, 375-380 (2014).

21. X.S.Yao, L. Maleki, Multiloop optoelectronic oscillator. IEEE J. Quantum Electron 36, 79-84
(2000).

22. L. Feng, Z. ). Wong, R-M. Ma, Y. Wang, X. Zhang, Single-mode laser by parity-time
symmetry breaking. Science 346, 972-975 (2014).

23. H. Hodaei, M.-A. Miri, M. Heinrich, D. N. Christodoulides, M. Khajavikhan, Parity-time—
symmetric microring lasers. Science 346, 975-978 (2014).

24. W. Liu, M. Li, R. S. Guzzon, E. J. Norberg, J. S. Parker, M. Lu, L. A. Coldren, J. Yao, An
integrated parity-time symmetric wavelength-tunable single-mode microring laser.
Nature Commun. 8, 15389 (2017).

25. J. Schindler, A. Li, M. C. Zheng, F. M. Ellis, T. Kottos, Experimental study of active LRC
circuits with P7° symmetries. Phys. Rev. A 84, 040101 (2011).

26. E.|. Ackerman, G. E. Betts, W. K. Burns, J. C. Campbell, C. H. Cox, N. Duan, J. L. Prince,
M. D. Regan, H. V. Roussell, Signal-to-noise performance of two analog photonic links using
different noise reduction techniques, in IEEE/MTT-S International Microwave Symposium
(IEEE, 2007), pp. 51-54.

27. W. Liu, M. Wang, J. Yao, Tunable microwave and sub-terahertz generation based on
frequency quadrupling using a single polarization modulator. J. Lightwave Technol.

31, 1636-1644 (2013).

28. J.Hong, S-X. Yao, Z-L. Li, J-X. Huang, X.-W. Fang, J. Guo, Fiber-length-dependence phase
noise of injection-locked optoelectronic oscillator. Microw. Opt. Technol. Lett.
55, 2568-2571 (2013).

29. Y. Li, A. Rashidinejad, J.-M. Wun, D. E. Leaird, J.-W. Shi, A. M. Weiner, Photonic generation
of W-band arbitrary waveforms with high time-bandwidth products enabling 3.9 mm
range resolution. Optica 1, 446-454 (2014).

Acknowledgments

Funding: The work was supported by the Natural Sciences and Engineering Research
Council of Canada. Author contributions: J.Z. and J.Y. conceived and designed the system
architecture. J.Z. performed the experiments. J.Z. and J.Y. analyzed the data and wrote
the paper. Competing interests: J.Y. and J.Z. are authors on a submitted patent related to
this work filed by the University of Ottawa (serial no. 62/582,697, filed 7 November 2017).
The authors declare no other competing interests. Data and materials availability:

All data needed to evaluate the conclusions in the paper are present in the paper and/or
the Supplementary Materials. Additional data related to this paper may be requested
from the authors.

Submitted 6 December 2017
Accepted 26 April 2018
Published 8 June 2018
10.1126/sciadv.aar6782

Citation: J. Zhang, J. Yao, Parity-time-symmetric optoelectronic oscillator. Sci. Adv. 4, eaar6782
(2018).

6 of 6

8T0Z ‘g aung uo /B10°Bewsouslios saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/cgi/content/full/4/6/eaar6782/DC1
http://advances.sciencemag.org/cgi/content/full/4/6/eaar6782/DC1
http://advances.sciencemag.org/

Science Advances

Parity-time-symmetric optoelectronic oscillator
Jiejun Zhang and Jianping Yao

Sci Adv 4 (6), eaar6782.
DOI: 10.1126/sciadv.aar6782

ARTICLE TOOLS http://advances.sciencemag.org/content/4/6/eaar6782
fﬂlz\F;FE’ﬁ'\V'LESNTARY http://advances.sciencemag.org/content/suppl/2018/06/04/4.6.eaar6782.DC1
REFERENCES This article cites 27 articles, 3 of which you can access for free

http://advances.sciencemag.org/content/4/6/eaar6782#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 New
York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive licensee American
Assaociation for the Advancement of Science. No claim to original U.S. Government Works. The title Science Advances is a
registered trademark of AAAS.

8T0Z ‘8 aunr uo /Blo Bewssusios sadueApe//:dny wolj papeojumoq


http://advances.sciencemag.org/content/4/6/eaar6782
http://advances.sciencemag.org/content/suppl/2018/06/04/4.6.eaar6782.DC1
http://advances.sciencemag.org/content/4/6/eaar6782#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://advances.sciencemag.org/

