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Abstract: Operation modes of the optoelectronic oscillator (OEO), based on a phase electrooptic
modulator with an acetylene reference cell as a photonic filter, have been investigated. For the
wideband phase-to-amplitude demodulation that was observed when the laser wavelength was
tuned to one side of the acetylene absorption line, an additional tunable electronic yttrium iron garnet
(YIG) filter was introduced to observe single-mode OEO generation. This configuration generated a
stable monochromatic signal in the 4-12 GHz frequency range, with phase noise of —122 dBc/Hz at
10 kHz offset from the carrier frequency. In the narrowband demodulation mode (when one optical
modulation sideband was tuned to the acetylene absorption line), the quasi-single-mode oscillation
could be observed without additional electronic filtering. In this case, the generation frequency was
controlled optically by tuning the laser wavelength.

Keywords: optoelectronic oscillator; phase modulator; self-reference demodulation; acetylene

1. Introduction

Optoelectronic oscillators (OEOs) present a new promising class of optoelectronic
devices that have attracted the attention of many research groups in recent decades. In the
general case, they can be presented by a closed optoelectronic loop [1]. One part of this loop
is an optical path that ensures a high coherence length, and the other part is an electronic
microwave path that enables high controllability. The proposed applications of the OEOs
cover a wide variety of applications requiring high-purity, stable microwave or millimeter
wave signals in the form of single monochromatic spectral lines with extremely low phase
noise, frequency combs, or signals with more complicated arbitrary waveforms [1,2].
Devices of this type with integrated design are also under development now [3,4].

In the simplest basic configuration of OEQ, electrooptic amplitude modulation is used
to introduce a microwave signal into the optical path. In turn, direct optical detection by a
fast photodiode ensures the transformation of an amplitude-modulated optical signal into
the electronic path of the feedback loop. The narrowband electronic or photonic filters [5-7]
are utilized to select one particular resonant frequency of the optical path of the loop. To
ensure the stability of the OEO generation in this basic configuration, both the operation
point of the amplitude modulator and the central frequency of the filter being used are to
be locked by additional electronic circuits of the feedback control.

Below we propose an original configuration of the OEO with the phase electrooptic
modulator, instead of the generally used amplitude one, and the acetylene reference cell
as a phase-to-amplitude demodulator and the photonic filter simultaneously. Unlike the
electrooptic amplitude modulator, the phase modulator does not require operation point
stabilization and permanently ensures linear response to the modulating microwave signal.
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The reference acetylene cell that is used here for demodulation is a highly stable pho-
tonic filter in the telecommunication wavelength range (1510-1550 nm) [8]. Indeed, narrow
acetylene absorption lines are widely used for laser wavelength locking and stabilization
in this highly important spectral range. The low-pressure acetylene reference cells are
commercially available and, in particular, in the fiber-coupled configurations. Recently we
have demonstrated the utilization of the acetylene cell as a simple and robust optical phase
demodulator [9,10] for room temperature operation.

In this paper, we study various demodulation modes, based on the acetylene cell, with
respect to OEO operation and, in particular, the possibility of generating a single frequency
and tuning it in a broad frequency range. We show that for the broadband demodulation
mode, the single mode operation and tunability of the OEO configuration can be ensured
by the additional introduction of the electronic YIG spin-wave filter. On the opposite, with
narrowband demodulation, the broadband tuning of the generation frequency is reached
by optical means only, by tuning the laser wavelength.

The other important goal of this paper was to investigate an achievable spectral purity
and phase noise performance of the proposed OEO configuration. We show, in particular,
that the demodulated laser phase noise contributes to the output OEO phase noise. The
stability of the generated frequency is, obviously, another important characteristic of the
OEO operation. This requires further rather special investigations and is beyond the scope
of the present paper.

2. OEO Configuration

A simplified diagram of the proposed OEO is shown in Figure la. The photograph of the
experimental setup is presented in Figure 1b. In the optical path of the OEO in question, we
utilized the “TeraXion” PS-TNL tunable semiconductor laser with low phase noise and with a
spectral line width of 1 kHz as a source of the optical carrier. The integrated lithium niobate
electrooptic modulator with a frequency bandwidth of 12 GHz at the level of 3 dB and the
half-wave voltage V =5V, fabricated in our group, was utilized for phase modulation of
the optical carrier. A single-mode optical fiber (SMF-28) of 2000 m in length was used as an
optical delay line. The demodulated output optical signal was detected by a fast photodiode
with the frequency bandwidth of about 13 GHz and with the saturation current of 30 mA.

Phase Acetylene ((.)) i
Photodiode
modulator cell Optical fiber

t R 1
Spectrum/ 1 delay line |

phase noise == Variable | ____________
analyzer [*=---- attenuator i P
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Figure 1. (a) A schematic diagram of the OEO under consideration, and (b) a photograph of the
experimental setup.
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The electronic microwave path of the OEO under consideration also included a low-
noise electronic amplifier, a tunable attenuator, a millimeter-wave coupler, and (as an addi-
tional frequency-selective element in some experiments) a tunable narrowband (50 MHz)
yttrium iron garnet (YIG) spin-wave filter [11-14]. Spectral and noise measurements were
performed using the phase noise analyzer Rohde & Schwarz FSWP26.

A commercial “WavelengthReference” bulk acetylene reference cell (with a gas pres-
sure of about 8 Torr) with fiber-optic pigtails was used for demodulation. The most intense
acetylene absorption line P9 (with absorbance aygL ~ 2.7 at the central wavelength of
1530.37 nm [8]) was utilized in the reported experiments. Note that, at room temperature,
the low-pressure acetylene demonstrates inhomogeneously broadened (by the Doppler
effect) absorption lines of approximately Gaussian shape with a full width at half maximum
(FWHM) spectral width of about 500 MHz [9]. The experimentally observed transmittance
and absorption spectral curves of the utilized gas cell in the vicinity of the P9 acetylene line
are shown in Figure 2.
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Figure 2. Transmittance/absorbance profiles of the utilized acetylene cell at the P9 spectral line,
centered at 1530.372 nm. Solid lines present theoretical fittings with the Gaussian profile of the
absorption of 500 MHz FWHM spectral width.

3. Demodulation Modes

The first experiments were carried out with the optical path of the OEQO, in an open-
loop configuration. Two different modes of phase-to-amplitude modulation conversion
(demodulation) with the acetylene reference cell were probed. In the first mode, the
broadband one, the demodulation was performed by introducing an additional phase shift
to the phase-modulated wave carrier frequency component. To explain this process, let us
consider the main difference between the amplitude and the phase sinusoidal modulations.

Equation (1) below represents the amplitude- and phase-modulated signals in the low
contrast approximation (m << 1):

Ay = A[l 4+ m-cos(Qt)]; 1)
Ay = A-explim- cos(Qt)] = A[l + im- cos(Qt)]

The main difference is, clearly, the 71/2 phase shift between the carrier frequency component

and the sidebands. For this reason, to transform an initial phase modulation to the desired

amplitude modulation, it is necessary to introduce a similar phase shift between them. If the

introduced phase shift is different from +7t/2, this transformation (i.e., the demodulation)

is, clearly, a partial one only.

In this demodulator configuration, the laser wavelength is tuned to one side of the
acetylene absorption line [10], where the phase shift in the transmitted carrier frequency
component is maximum; see Figure 3. If the modulation frequency () is assumed to be
larger than the FWHM spectral width of the line, the output sideband phases are not
significantly influenced by the cell.
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Figure 3. Position of the laser carrier frequency and the modulation sidebands in the acetylene
absorption profile (solid line presents the gas amplitude absorption a/2, while the dashed line
presents the refractive index Anky) for two utilized demodulation modes. Solid arrows correspond to
the wideband demodulation and dashed arrows to the narrowband demodulation.

The experimentally observed frequency response of this demodulation mode (i.e., the
frequency dependence of the phase-to-amplitude transfer function) is presented in Figure 4a
by curve 1. This dependence was obtained in the OEO open-loop configuration with the
sinusoidal modulation signal of 0 dBm, applied to the electrooptic phase modulator, and
for the incident laser power of 5 mW.
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Figure 4. (a) Experimentally observed frequency transfer function of the demodulator for the broad-
band (curve 1) and the narrowband operation modes at different detuning frequencies approximately
equal to 0.25 (curve 1), 4 (2), 6 (3), 8 (4), 10 (5), and 12 GHz (6). (b) Theoretical simulations obtained
for similar detuning of the laser wavelength from the center of the absorption line with a Lorentzian
profile, a maximum absorbance of 3, and an FWHM spectral width of 0.5 GHz.
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In the second, the narrowband or selective demodulation mode, the phase-to-amplitude
conversion is performed by suppression (and, partially, by change of the phase) of one
sideband of the initial phase modulated optical wave. To do this, the laser wavelength
is tuned outside of the absorption line, to have one sideband of the modulated signal
overlapped with the acetylene absorption/dispersion line (Figure 3).

The experimentally observed frequency dependences of the transfer functions for this
demodulation mode are presented in Figure 4a (curves 2-6) for different detuning of the
laser wavelength. These dependencies are, clearly, similar to the frequency response of a
tunable band-pass filter with the central frequency, corresponding to the laser wavelength
detuning from the maximum of the acetylene cell absorption. The FWHM spectral width
of this effective filter is determined by the utilized acetylene absorption line.

Note that the frequency responses of the phase modulator, photodetector, and elec-
tronic amplifier also contribute to the experimental frequency dependence of the open-loop
transfer function. In particular, the cut-off frequency (~13 GHz) in the dependence on the
broadband demodulation mode relates to the frequency response of the photodiode with
the electronic amplifier, and the slope to the modulator frequency response.

We have performed a theoretical simulation of the demodulation processes. In this
analysis, the initial harmonic phase modulation was represented as the sum of a strong
carrier frequency component and two weak sidebands shifted up and down by the mod-
ulation frequency Q). The contribution of the higher-order sideband harmonics in phase
modulation was neglected in the utilized small-signal approximation [15]. The influence
of the acetylene cell was taken into account by multiplying different incident spectral
components of the light (the carrier frequency and the two sidebands) by the correspond-
ing amplitude/phase transmittance coefficient of the cell. The absorption line utilized in
our simplified simulation was accepted to be of the Lorentzian shape with the complex
amplitude transmission coefficient:

L 1 i58
T =exp % 1+(§8)2+1+628)2 )

where gL is the maximum line absorbance, AQ) is the deviation of the light angular
frequency from the center of the absorption line, and 4() is half of the spectral FWHM
width of the line. The intensity modulation amplitude with the (3 modulation frequency
was evaluated from the interference of the output optical carrier and sidebands at the
quadratic photodetector.

Figure 4b shows the frequency dependences of the output intensity modulation,
evaluated for the maximum cell absorbance aygL = 3, the spectral FWHM line width of
0.5 GHz, and the detuning of the carrier frequency by 0.25, 4, 6, 8, 10, and 12 GHz from
the center of the absorption line. One can see a reasonable qualitative agreement with the
obtained experimental dependences, presented in Figure 4a.

4. OEO Operation

Now, we go to a discussion of the operation of the closed-loop OEO configuration.
Here, first of all, we point to a rather low value of demodulation (about —30 dB), observed
even in the maxima of the open-loop transfer functions (Figure 4a), that was due to the
low efficiency of electronic-optic—electronic transformation. For this reason, a rather high
additional electronic amplification (>30 dB) was required to observe generation in a close-
loop configuration of this OEO.

In the OEO with the broadband demodulation, insertion of an additional narrowband
pass electronic filter is, obviously, necessary for an acceptable spectral purity generation, i.e.,
for a low mode-number or a single-frequency operation. Without it, the OEO in question
will generate all possible resonance modes of the optical fiber delay line. They are separated
by the off-set frequency Af = ¢/nL, where c is the speed of light in vacuum, L is the fiber
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length, and 7 is the effective refractive index of the fiber for the utilized laser wavelength. In
the reported experiments with L ~ 2 km, Af is about 0.1 MHz. These generated modes are
spread over the total bandwidth of the open-loop arrangement frequency range (~13 GHz,
see Figure 4a), which is determined by characteristics of the utilized devices: the phase
modulator, the photodiode, and the electronic amplifier.

To reduce the number of the generated modes in this demodulation mode, we have
additionally inserted a tunable narrowband YIG film spin-wave filter into the electronic
path of the loop after the amplifier; see Figure 1a [16,17]. The utilized microwave spin-
wave filter was fabricated in our group in the form a YIG film delay line [11,12]. It
consists of 5 um-thick, 2 mm-wide, and 2 cm-long YIG film waveguide and conventional
excitation/reception microstrip structures for the spin waves. An important characteristic
feature of such a filter is a rather weak dependence of the delay time on the operation
frequency. The central frequency can be easily tuned by variation of the bias magnetic
field. As a result, the phase noise of the OEOs, based on the YIG film filters, demonstrates
relatively weak dependence on the generation frequency [13], in contrast to the resonator-
based oscillators. Note that, recently, OEOs with the spin-wave filters are called “magnonic-
optoelectronic oscillators” [14].

Typical frequency transfer function of the open-loop configuration with a YIG film
spin-wave filter is shown in Figure 5a. The corresponding spectra of the generated signals,
experimentally observed for different tuning of the YIG filter, are presented in Figure 5b. A
segment of one of these spectra is presented in Figure 5c with higher resolution. It shows
that one of the delay line modes is generated mainly, with the suppression of the side modes
by ~40 dB. Note that the FWHM spectral width (Figure 5a) of the utilized microwave
spin-wave filter ~50 MHz [16] was significantly larger than the intermode spacing of
the optical fiber delay line (~0.1 MHz). Such FWHM filter spectral width was sufficient,
however, to reach the single-mode generation. Similar single-mode spectra of the generated
signals were observed for the entire tuning range (4-12 GHz) of the spin-wave filter. Note
that to control the generation frequency in this case, one has to tune the spin-wave filter in
the electronic path of the configuration only.

We have also investigated similar OEO operations with the narrowband demodulation
via the acetylene cell. In this case, the YIG filter was not utilized, and the acetylene reference
cell was used as the only frequency-selective element. This configuration allows us to
optically tune the generation frequency by changing the laser wavelength. The range of the
frequency tuning in this case is restricted by the frequency bandwidth of the modulator,
photodiode, and electronic amplifier.

Typical generation spectra obtained for different tuning of the laser in a broad (020 GHz)
frequency range are shown in Figure 6a. From one of such spectra, presented in Figure 6b with
higher resolution, one can see the mode structure of the oscillations much better. It is clear
that the additional, not central, generated modes (side modes) are more intensive than those,
observed with the microwave spin-wave filter (Figure 5c). The side modes suppression for
the narrowband demodulator operation mode was about 20 dB, while for the 50 MHz YIG
filter it was two orders of magnitude better (about 40 dB). It is clear that the spectral width
of the acetylene reference cell (500 MHz) is insufficient to ensure a high-purity single-mode
OEO operation. One can see that the total spectral width of the generated signal is, however,
significantly more narrow than the demodulator bandwidth (Figure 4).
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Figure 5. (a) Typical frequency transfer function of the open-loop configuration with the YIG film spin-
wave filter, tuned at 12 GHz. (b) Superimposed generation spectra, obtained for OEO configuration
with the broadband demodulation for different settings of the YIG filter. (c) Similar generation
spectrum observed for tuning of the YIG film filter to ~12 GHz and presented with higher resolution.
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Figure 6. (a) Superimposed generation spectra obtained for the narrowband demodulation mode
with different detuning of the carrier wavelength from the acetylene absorption line and (b) the
generation spectrum, obtained with 12 GHz detuning and shown with higher resolution.

It was noted above that the spectral selectivity of the narrowband demodulator mode
is governed by the inhomogeneous spectral width of the utilized acetylene absorption
line. In fact, the homogeneously broadened spectral width of low-pressure acetylene is
approximately an order of magnitude smaller [10]. Such narrow spectral transmission lines
can be formed by local saturation of the gas optical absorption via the process of a spectral
hole burning. Additional, more detailed analysis and investigations are, obviously, needed
to understand how such artificially induced narrow transmission peaks can be used for
improving the frequency purity of OEOs with the acetylene-based demodulation.

One can expect that simultaneous utilization of the narrowband demodulation mode
and the spin-wave YIG filter can further increase the suppression of the side modes. This
improvement cannot, however, be very impressive (as compared to that presented in
Figure 5c) since the difference in the spectral widths of the YIG filter and the narrowband
acetylene-based demodulator is quite large. Additionally, tuning the generation frequency
in such a configuration is much more complicated; it, obviously, needs a synchronous
change of the laser wavelength and the resonance frequency of the YIG filter.

As was mentioned above, similar spectra of the generated signals were observed at the
corresponding tuning of the laser frequency in the whole investigated range (4-12 GHz); see
Figure 6a. Note that for small (<10 GHz) detuning of the laser, higher harmonics of the main
generation frequency were also observed; see Figure 7. We attribute them to an increased
number of the modulation harmonics that appear even for linear phase modulation, as well
as to the nonlinearity of the demodulation, photodiode, and electronic amplifier.
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Figure 7. Higher harmonics in the generation spectrum that were observed with the narrowband
demodulation without a YIG filter for approximately 4 GHz detuning of the laser frequency from the
acetylene absorption line.

5. OEO Noise Characteristics

Figure 8 presents typical dependences of the generated monochromatic signal phase
noise as a function of the frequency offset for the broadband demodulation mode with
the tunable microwave YIG film filter in the electronic path of the OEO loop. Similar
dependences, with the noise floor from —140 dBc/Hz to —130 dBc/Hz, were obtained for
all generation frequencies in the range of the YIG film filter tuning (4-12 GHz). The phase
noise at the 10 kHz offset was about —122 dBc/Hz. The noise peaks, observed near 100 kHz
(i.e., near the intermode distance of the fiber optic delay line), are due to the contribution of
the sideband modes. It is the so-called supermode noise, which is inherent to a single-loop
OEO configuration.

0

|
S
o
1

~120 -

Noise (dBc/Hz)
&
o

10 100 1,000 10,000 100,000 1,000,000
Frequency offset (Hz)

Figure 8. Phase noise in the OEO with the broadband demodulation and tunable YIG filter as a
function of the frequency offset at different generation frequencies: curve 1-4, 2-6, 3-8, 4-10, and
5-12 GHz.

The phase noise in the OEO with the narrowband demodulation had similar depen-
dence versus frequency offset (Figure 9). The noise floor was, however, about —132 dBc/Hz
for all generation frequencies. A more significant supermode noise contribution is associ-
ated with a lower efficiency of the sideband suppression and worse generation frequency
purity. Various approaches, such as multiple loops [18], can be utilized for the reduction in
these noise peaks and for improving the frequency purity.
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Figure 9. Phase noise in OEO with narrowband demodulation as a function of the frequency offset at
different generation frequencies: curve 14, 2-6, 3-8, 4-10, and 5-12 GHz.

The theoretical estimation of the oscillator phase noise power spectral density was
done using the Yao-Maleki equation [19]:

)
o 3)
(f) (2_ %> —24/1— £ cos(27tf'T)

where T is the delay time of the optical fiber line, f” is the frequency offset, and ¢ is the
input noise-to-signal ratio, i.e., the ratio of the input noise power density of the oscillator
to the power of oscillations. The model, reported in [19], takes into account the following
sources of white noise: the thermal noise of the amplifier, the shot noise of the photodiode,
and the effective relative intensity noise (RIN) of the laser. The effective RIN also includes
demodulated laser phase noise. It results in an increase in the phase noise with a slope of
f~2 for the frequency offset smaller than Leeson frequency f; = 1/7T.

In the OEO under consideration with the optical fiber delay line 2 km long, the value
of f; equals ~ 32 kHz. Indeed, the experimentally observed phase noise spectrum obtains
f~2 slope at frequencies lower than this value (Figure 10). For smaller offset frequencies,
the experimental phase noise demonstrates the slope f > from a frequency offset of about
2.8 kHz. One can assume that this is due to the flicker noise (i.e., 1/ f noise) of the utilized
microwave amplifier and the photodetector [20,21].

In the standard Yao-Maleki model, the noise-to-signal ratio of white noise can be
calculated in the following way:

GZ
5white = F;) A 4)
o0sc

where p is the total power density of white noise, G4 is the voltage gain of the microwave
amplifier, and Py is the oscillation power. The presence of flicker noise changes the total
noise-to-signal ratio of the OEO generation, as follows:

ouf
f

Typical results of the numerical simulation are shown by dashed lines in Figure 10.
From a comparison of the experimental results and simulations, we found that the noise-to-
signal ratio of the 1/ f noise is 6y, =5 1010,

(5(f) = Swhite + 5)
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Figure 10. Phase noise of the OEO with narrowband demodulation as a function of the frequency

offset for a generation frequency of 10 (a) and 12 GHz (b).

It is important to mention that the experimentally observed phase noise floor was
approximately 10 dB below that, which was reported earlier for other configurations of
OEOs with phase electrooptic modulators [7]. Unlike our experiments, the authors utilized
the phase-shifted fiber Bragg grating as a narrowband optical filter. The phase noise floor,
reported in [7], was determined by the residual phase noise of the active devices in the
OEO loop, such as the thermal noise of the amplifier, the shot noise of the photodiode, and
the RIN of the laser. The improvement in the noise performance in our experiments was
reached by using a low phase noise laser source and a high saturation current photodiode,
capable for the detection of high optical power.

The interested reader can find a more extended comparison of operation characteristics
of different earlier investigated configurations of the OEOs in Table 1 of a recent review

paper [1].

6. Conclusions

Summarizing, we have presented the results of an experimental study of the original
configuration of tunable OEO operating in the 1.5 um communication wavelength range.
Unlike conventional OEOs with amplitude electrooptic modulators, our configuration
uses the optical phase modulation and the original demodulation technique, where phase
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modulation is transformed into amplitude one via narrow resonance line of a reference
acetylene cell.

Two regimes of the OEO operation, corresponding to different demodulation modes
with a low-pressure acetylene cell, were studied. The wideband phase-to-amplitude
demodulation was ensured by tuning the laser wavelength to one side of the acetylene
absorption line. In the narrowband demodulation mode, one of the modulated signal
sidebands was tuned to the acetylene absorption line. The microwave spin-wave YIG
film filter was used to reach single-frequency operation, to improve generation frequency
purity, and to provide electronic tuning in case of the wideband demodulation mode. In
the narrowband demodulation mode, additional electronic filtering was not used. The
generation frequency was controlled in this case optically by detuning the laser wavelength.
Various techniques, such as multiple loops, can be applied to suppress higher sideband
modes and improve frequency purity in both investigated OEO configurations.

The improved phase noise characteristics (the phase noise floor of —132 dBc/Hz) have
been demonstrated. This noise floor is approximately 10 dB below that reported earlier in a
similar OEO with a phase electrooptic modulator and phase-shifted fiber Bragg grating as a
narrowband optical filter. The improvement in the noise performance of our OEO configuration
was achieved by using a low phase noise laser source and a high-saturation photodiode.

From the point of view of the authors, the most promising areas of practical appli-
cations of the proposed OEO configurations are radars and telecommunication systems.
A more detailed analysis of all particular requirements (power, frequency range, etc.), is,
obviously, needed for a more precise specification.
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