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Abstract
In this manuscript, we experimentally demonstrate a parity-time-symmetric optoelectronic
oscillator (OEO) with polarization multiplexed channels. We obtained a microwave single-mode
oscillation at 9.5 GHz with phase noise values of −116.2 and −122.3 dBcHz−1 at 10 kHz
offset frequencies, and side mode suppression values below −68 and −75 dBcHz−1, by
utilizing a 1 km long and 5 km long single mode fiber delay lines, respectively. Our
experimental results suggest that parity-time-symmetric OEOs with polarization multiplexed
channels are simple and cost-efficient alternatives to their more complex counterparts.

Keywords: optoelectronic oscillators, polarization multiplexing, parity-time symmetry,
microwave optics

(Some figures may appear in colour only in the online journal)

1. Introduction

Optoelectronic oscillators (OEOs) are devices that are capable
of producing stable and low phase noise single microwave
modes [1, 2]. The main challenge in OEOs is to maintain
single-mode oscillation while further decreasing the phase
noise via longer delay lines and high-Q RF band-pass fil-
ters. Different schemes such as dual loop [3, 4] and high-
Q optical filter [5, 6] were proposed to overcome this prob-
lem. Recently, as an alternative approach, the concept of
spontaneous symmetry breaking (SSB) from quantum field
theories is adopted in an ingenious way for the case of par-
ity time (PT ) symmetry-breaking in optical systems [7]. The
concept of PT -symmetry was initially introduced within the
context of quantum mechanics, which flexes the condition
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of a quantum mechanical Hamiltonian to be PT -symmetric
instead of being Hermitian. Hermiticity guarantees real energy
spectra and the unitary evolution of the states which are
must conditions to be obeyed within the quantum mechan-
ical systems. However, in late 90s, Bender and Boettcher
showed that, those fundamental principles of quantum mech-
anics can also be satisfied with a PT -symmetric Hamilto-
nian at least for a certain range of parameters [8, 9]. The
concept of pseudo-Hermiticity is then introduced by Mosta-
fazadeh, stating that every Hamiltonian with real spectra
are pseudo-Hermitian and that PT -symmetric Hamiltonians
belong to that class [10]. The concept of PT -symmetry is
then borrowed in the fields of optics and photonics [11–22].
The principal idea behind adopting PT -symmetry in these
fields relies on engineering platforms with equal gain/loss
which was realized in the aforementioned studies in numer-
ous different ways. Those gave rise to PT -symmetric struc-
tures, displaying prominent phenomena including but not
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limited to, lasing, uni-directional invisibility and anisotropic
transmission resonances.PT -symmetry is also studied for the
scattering problem with polarization dependence in photonics
[23] and for spin- 12 particles in quantum mechanics [24]. The
same motivation used in PT -optics studies of equal gain/loss
is recently applied to OEOs to overcome the single mode
selectivity-long delay line (low phase noise) dilemma [7].
This is achieved via forcing an equal gain/loss PT -symmetric
system to go under SSB. Multitude of studies followed the
first PT -OEO demonstration: A PT -OEO based on dual
wavelength carriers in a single loop configuration [25], tun-
able PT -OEOs based on dual-parallel Mach–Zehnder modu-
lator [26], based on laser wavelength tuning [27], based on a
microdisk resonator [28], based on a microwave photonic fil-
ter [29], a polarization-dependent Sagnac loop [30] and non-
reciprocal electro-optic modulation [31] are among those.

In this work, we experimentally demonstrate a PT -OEO
with polarization multiplexed channels that display all-fiber
coupling. The main advantage of utilizing all-fiber coup-
ling is that, only a single photodetector (PD) is sufficient
without increasing the complexity, whereas for the RF-
coupled PT -OEOs two PDs are required [7, 27]. Previous
PT -OEOs that utilize a single PD have complicated schemes,
such as implementing dual Mach–Zehnder modulators, dual
lasers and micro-disk resonators. [25, 26, 28–31]. Thus, the
all-fiber coupled PT -OEO we demonstrate below is both a
cost-efficient and a simple alternative.

2. Experimental setup

The experimental setup used in [7] is given in figure 1(a).
As mentioned above, two PDs are utilized for realizing the
PT-OEO scheme in that work. In the experimental setup dis-
played in figure 1(b), the optoelectronic loop starts with a
continuous wave light generated from a DFB laser diode
(Gooch&Housego EM650). After passing through a variable
optical attenuator, it is fed into the Mach Zehnder modu-
lator (Thorlabs LN05S-FC). The modulated signal is sent to
a 1 km single mode high-Q optical delay line and the signal is
then separated into two channels having equal lengths, with
perpendicular polarizations via a polarization beam splitter
whose splitting ratio is controlled through a polarization con-
troller. The signal passes through a polarization maintaining
(PM) tunable delay line in one channel to balance the phases
between two channels. All the fibers and components between
the polarization beam splitter and the polarization beam com-
biner are PM. Afterwards, the two channels are combined at
the polarization beam combiner and the signal is converted to
RF via the photodetector (Discovery DSC30S). The photode-
tected signal is then amplified (four ADI HMC-C072-(each
providing an average amplification of 6.5 dBm over the range
of 7–11 GHz)) and split into two via a 10 dB output coupler.
One path is the RF-output for analyses with an RF spectrum
analyzer (Keysight PXA N9030B), whereas the other is elec-
trically amplified once more (three ADI HMC-C076-(each
providing an average amplification of 8.5 dBm over the range
of 6–12 GHz)) and fed back into the modulator to complete the

Figure 1. (a) Experimental setup used in [7] which utilizes two
photodetectors (PD)s for the PT-OEO architecture. (b) Block
diagram of the experimental PT -OEO setup based on all-fiber
coupling. LD: laser diode, VOA: variable optical attenuator, MZM:
Mach–Zehnder modulator, SMF: single mode fiber, PC: polarization
controller, PBS: polarization beam splitter, TDL: tunable delay line,
PBC: polarization beam combiner, MWC: microwave combiner (RF
power combiner), PD: photodetector, EA: electrical amplifier,
RFSA: radio frequency spectrum analyzer.

loop. The main difference in our platform from [7] is usage of
only a single PD instead of two, via polarization multiplex-
ing. The main advantage of this strategy is two-folds. First, it
decreases the cost of the setup considerably, and second, con-
sidering the fact that PT-OEO is utilized now in the optical
regime, thanks to the low loss of optical fibers, it is easier, as
compared to the original architecture, to obtain the PT con-
dition, since for the higher loss due to the cables used in the
RF regime a great amount of precision is needed, i.e. even a
small amount of difference between length of the loops (i.e.
cables) in the RF regime can prevent the realization of the PT
condition, where as with the low-loss optical fibers, that much
precision is not required. Thus, as given below in section 3, we
obtained the same outcome of the original PT-OEO platform
for attaining single-mode microwave oscillation without using
any filtering device, with only a single PD while enjoying the
flexibility brought in by polarization multiplexing which does
not require as precise length adjustment of the loops (in our
case optical fibers) as in the original design with the cables in
RF regime.

It is well-known that the system studied here can be
described via the coupled-mode equations [7]:

iȧn = ω(1)
n an− ignan−κ12

n bn

iḃn = ω(2)
n bn+ ilnbn−κ21

n an, (1)
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where dot denotes time derivative, an and bn are the amplitudes
at channels, ω(1)

n and ω
(2)
n are the frequencies prior to coup-

ling, gn and ln, are gain and loss amplitudes, respectively and
κ12
n and κ21

n are the coupling coefficient between the channels,
for each mode index n. For our experimental setup we can
take ωn ≡ ω

(1)
n = ω

(2)
n , ensured by the two loops having equal

lengths. For the PT -symmetric configuration, i.e. equal gain
and loss (γn ≡ gn = ln), the system can be described in the fol-
lowing form:

Ω(1,2)
n = ωn±

√
κ2
n− γ2

n . (2)

Here, Ω(1,2)
n are the eigenfrequencies of our system and

κn ≡ κ12
n = κ21

n are the coupling coefficients for each mode n.
When γn > κn for any mode n, the PT -symmetry becomes
broken for that mode, resulting in a single oscillating mode.
At this PT -broken regime, the eigenfrequencies are complex
conjugate pairs, describing modes at the frequency ωn subject
to gain and attenuation. The eigenfrequency that is subject to
gain gives rise to the oscillating mode.

3. Results and discussion

During the experiment, first, all the optical power is direc-
ted to one loop using the polarization controller. This gives
rise to the NO-PT configuration as expected and is demon-
strated in figure 2(a). Then, we direct the power to both
loops this time, giving rise to an equal gain/loss contribu-
tion from the two loops. Thus PT -symmetric configuration
is achieved, and as γn, controlled via the polarization control-
ler, exceeds the coupling coefficient κn, spontaneous breaking
of the PT -symmetry is achieved. As a result, a single mode
microwave oscillation at 9.5 GHz is obtained, as plotted in
figure 2(b) with a span of 1 MHz and resolution bandwidth
(RBW) of 1 kHz. It can be also seen from figure 2(b) that
the side-mode suppression ratios of more than 50 dB is meas-
ured. This result once more proves that spontaneous breaking
of PT -symmetry, is a powerful method for obtaining single
mode microwave oscillations without utilizing a high-Q factor
filter. It is important to mention that, Mach Zehnder modulator
is biased at its quadrature point and the tunable delay line is
utilized for balancing the phases of the signals in two loops.
The oscillating frequency is determined by ω0, such that the
mode n= 0 is the one that experiences PT -symmetry break-
ing. Thus, the same oscillating frequency can be obtained with
delay lines of different length i.e. differentQ-factors. It is pos-
sible to tune ω0, that was shown for different setups with more
complex architecture [26–31].

Figure 3 displays the power spectral density of the single
mode microwave signal at 9.5 GHz with a span of 100 MHz
and RBWof 100 kHz for the 1 km long single mode delay line.
The signal to carrier noise ratio is normalized to 1 Hz band-
width and calculated to be 130 dBcHz−1. To demonstrate the
frequency stability of the PT -OEO, spectrogram is observed
for a duration of 100 s and is given in figure 4. The frequency
drift is measured to be less than 1 kHz for the duration of 100
s. To investigate the noise characteristics in more detail, we

Figure 2. (a) One loop (NO-PT ) configuration for the 1 km long
single mode delay line without oscillation. (b) Single mode
oscillation (PT -OEO) at 9.5 GHz for the 1 km long single mode
fiber delay line with a span of 1 MHz and RBW of 1 kHz.

performed phase noise measurements for both 1 km and 5 km
delay line cases.

Phase noise measurement results for the experimental
PT -OEO setup red are displayed in figure 5. At 10 kHz offset,
the phase noises of the 1 and 5 km configurations are meas-
ured to be −116.2 and −122.3 dBcHz−1, respectively. For
the sake of comparison, the phase noise measurement of the
commercial signal generator Keysight PSG E8257D with low
phase noise option is also given, together with values obtained
from its data sheet [32]. A comparison of the measured values
and the ones taken from the data sheet (spline interpolated for
a comparison with our measurements) reveals that the meas-
ured phase noise values for 1 km and 5 km cases are limited
by the noise floor of the measurement device (Keysight PXA
N9030B).

A quantitative comparison between the proposed experi-
mental setup herein with different PT -OEO demonstrations
would be necessary. Teng et al [27] reports a phase noise value
of −116.1 dBcHz−1 at 10 kHz offset for a 2.6 km long fiber,
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Figure 3. Power spectral density of the single mode microwave signal at 9.5 GHz with a span of 100 MHz and RBW of 100 kHz.

Figure 4. Spectogram data given for a span of 5 kHz with a RBW of 50 Hz at the center frequency 9.5 GHz of the oscillating mode for a
duration of 100 s.

while [7] reports −142.5 dBcHz−1 at the same offset for a
setup with 9.166 km long fiber. The proposed platform here
demonstrates −116.2 and −122.3 dBcHz−1 phase noise val-
ues at the same offset for 1 and 2 km long fibers respectively.
Moreover, the side mode values are measured below −68 and
−75 dBcHz−1 for the setups utilizing 1 and 5 km long fibers
respectively for the proposed setup in this manuscript. In [7],
sideband suppression value is below −68.7 dBcHz−1 for the
9.166 km long loop and for [25] it is below −66.22 dBcHz−1

for a 9.1 km long loop. As a result of this comparison, we
can safely say that the platform suggested and experimentally
demonstrated here is not only on par with the performances of
the previously suggested PT -OEOs but for some cases, it is
even superior in terms of certain features mentioned above.

It would be needful also to emphasize the comparison
between the architecture demonstrated here and the existing
ones in the literature once more. The proposed and exper-
imentally demonstrated all-fiber coupled PT -OEO utilizes
only a single PD, which simplifies the design in compar-
ison with the RF-coupled PT -OEOs, in which two PDs are
required [7, 27]. It is important to emphasize that, while using a
single PD by utilizing optical coupling for realizing PT -OEO
has no drawbacks, it has a significant advantage: Thanks to
the low loss of optical fibers, it is easier, as compared to the
original architecture that utilizes RF-coupling, to obtain the
PT condition, since for the higher loss due to the cables used
in the RF regime, a great amount of precision is needed, i.e.
even a small amount of difference between the length of the

4
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Figure 5. Phase noise measurements of PT -OEO with 1 km and 5 km long fibers and of the commercial signal generator (Keysight PSG
E8257D), presented together with the data (spline interpolated) taken from the data sheet of the commercial source. The phase noise values
at 1 km and 5 km are measured to be −116.2 and −122.3 dBcHz−1 at 10 kHz offset, respectively. When the measured and given data for
the commercial source is compared, it can be seen that our results are limited by the noise floor of the measurement device (Keysight PXA
N9030B), thus the actual phase noise values are even lower.

loops (i.e. cables) in the RF regime can prevent the realiza-
tion of the PT condition, where as with the low-loss optical
fibers, that much precision is not required. Moreover, previous
PT -OEOs demonstrated in the literature that utilize a single
PD require complicated schemes, such as implementing dual
Mach–Zehnder modulators, dual lasers and micro-disk reson-
ators [25, 26, 28–31]. Therefore, the PT -OEO with polar-
ization multiplexed channels demonstrated here has also the
advantage of being both a cost-efficient and a simple alternat-
ive for the previously demonstrated PT -OEOs.

4. Conclusion

To sum up, we have experimentally proposed and demon-
strated a PT -OEO with polarization multiplexed channels.
Single-mode oscillation is achieved at a microwave frequency
of 9.5 GHz. Phase noises of the microwave signals are meas-
ured to be −116.2 and −122.3 dBcHz−1 at 10 kHz offset,
and side modes are suppressed with values below −68 and
−75 dBcHz−1 for the 1 km and 5 km long single mode fiber
delay lines, respectively. We believe, due to its simplicity and
its low-cost, PT -OEOs with polarization multiplexed chan-
nels, that display all-fiber coupling, are good candidates for
both commercial applications and experimental studies to be
conducted on optoelectronic systems.
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