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A novel compact optoelectronic oscillator (OEO) employing a Fabry—Perot (FP) resonant electro-optic (EO)
modulator is proposed and experimentally demonstrated. The resonant modulator is used as the optical storage
element as well as the mode selection element, which can greatly reduce the system complexity and make the
system more portable. Moreover, the optical resonance and electrical transmission response for the FP resonant
EO modulator are theoretically and experimentally studied. The proposed OEO oscillates at 10 and 20 GHz in
the proof-of-concept experiment, and the corresponding single-sideband phase noise can reach below —118 and

—108 dBc/Hz at 1 MHz offset frequency, respectively.
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Microwave oscillators have been widely used in the field of
radar, communications?, navigation?, electronic warfare!,
and modern physics experiments?. However, as wireless
communication technology rapidly develops, the tradi-
tional microwave oscillators can no longer meet the high
performance requirements, such as high output frequency
and low phase noise. As an excellent low phase noise radio
frequency (RF') source, the optoelectronic oscillator (OEO)
has been intensively investigated and has attracted great
interest in recent years®¥. The low phase noise OEO nor-
mally requires a long optical fiber in order to reach a high Q
value. However, using long optical fiber causes small mode
spacing. Many approaches have been applied to suppress
the spurious modes, such as ultra-narrow RF bandpass fil-
ters (BPFs) optical BPFs%, injection locking™,
multi-loop oscillation®®9, or photonic resonators’Z2,
Yet these methods also have their own drawbacks. The con-
ventional ultra-narrow BPF is not narrow enough to filter
out all spurious modes. The injection locking technique
tends to limit the phase noise of the OEO due to the injected
RF source. Although the multi-loop oscillation can sup-
press the spurious modes, it is very difficult to strictly
match the loops, which could cause the instability of the
system. High-Q photonic resonators, including the
Fabry—Perot (FP) resonator and the whispering gallery
mode (WGM) resonator, are of great value to the mode
selection of the OEO. In addition, the high-Q resonator
can also function as an optical energy storage element by
trapping light in the resonator. In Refs. [17,18], a high-
finesse F'P etalon is used as the mode selector, and it can im-
prove the frequency stability of the OEO due to its ultralow
temperature dependency. However, these schemes are based
on the intensity modulated optical link, which performs just
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like a finite impulse response microwave photonic filter. The
bias voltage drift and discrete devices would make the oscil-
lator incompatible with the temperature control module.
In Ref. [16], a WGM microresonator is used to suppress
the spurious modes. The frequency selectivity of the phase-
modulation-based optical storage loop is not a singlet curve
per free spectral range (FSR), which would be too difficult
for single frequency oscillation to filter two adjacent modes.
Moreover, the resonator with an external modulator would
make the oscillator difficult to integrate. The same problem
exists for the configuration with an electro-optic (EO)
modulator placed in front of an FP resonator.

In this Letter, we proposed and experimentally demon-
strated a novel compact OEO employing an FP resonant
EO modulator. A high-quality FP resonator not only has
the capability of storing optical energy, but also serves as a
mode selector. It is relatively easy to manufacture an FP
resonator and to couple the light into it when compared
with a WGM resonator?. In addition, the integration of
an FP resonator and an EO modulator helps to reduce the
system complexity significantly, which also makes the os-
cillator more portable and compatible with a temperature
control module. In the proof-of-concept experiment, the
characteristics of the novel optical storage link have been
theoretically and experimentally investigated. Based on
the proposed compact OEQO, 10 and 20 GHz signals oscil-
late respectively with corresponding single-sideband
(SSB) phase noise below —118 and —108 dBc/Hz at
1 MHz offset frequency. The phase noise performance
can be further improved with the enhancement of the
FP resonator’s quality factor.

Figure 1 shows the schematic diagram of the proposed
OEO based on an FP resonant EO modulator. The light
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Fig. 1. Schematic diagram of the proposed compact OEO. LD:
laser diode; PC: polarization controller; OSA: optical spectrum
analyzer; PM: phase modulator; PD: photodiode; EA: electrical
amplifier; PS: phase shifter; ESA: electrical spectrum analyzer.

wave generated from the tunable laser was first sent
into the built-in phase modulator. The polarization con-
troller is used to align the light’s polarization state to
the main axis of the LiNbO3 modulator driven by the
oscillating RF signal. After the optical signal is converted
back into the electrical domain, it will be amplified, phase
shifted, and fed back into the oscillation loop via the
RF chain.

When the modulation frequency is a multiple of the
FSR of the FP resonator, the output optical signal after
oscillating in the FP-EO modulator for %k times can be
expressed as

1+R
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the driven signal, and V, is the half-wave voltage of
the internal phase modulator.
After several round trips, the total output optical field is

N
Eout = Z Eka (2)
k=1

where N is the number of round-trip times. Assume that
the reflectivity of the FP resonator’s end faces is the same
(R = R, = Ry), the corresponding electrical output signal
can be expressed as
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where y is the responsivity of the photodiode, Vyp and
wgy are the amplitude and angular frequency of the driv-
ing RF signal, respectively, and P;, is the optical output
power of the laser. Considering the fundamental compo-
nent of the output signal, the electrical transmission re-
sponse of the optical storage link can be derived as
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where Ej, is the output optical field from the laser, R, and
R, are the reflectivity of the FP resonator’s end faces, k is
the number of round-trip times in the resonator, @, is the
angular frequencies of the optical carrier, ny and Vpc are
the inherent refractive index and the bias voltage of the
travelling waveguide EO modulator, respectively, L is
the length of the resonator, c¢ is the velocity of light, f =
7 Vgrp(t)/V, is the modulation index in which Vyp(t) is

2 p2 2 (2a)on0L . 7Vpe

v ) Rln ad* (4)

If the laser wavelength was set at a proper position, the
gain of the optical segment would achieve maximum
value, as shown in

2w,mn9L  7Vpo b2
= = 5
. Ty oMty (5)

where m is an integer number. To form the oscillation
state, the feedback RF segment is necessary to satisfy
the gain and phase-matching conditions of the hybrid
optoelectronic loop. The two stage amplifiers are used
to make the loop gain exceed the loss. Theoretically,
the gain of the amplifiers should satisfy
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The loop length can be adjusted via the phase shifter in
the electrical chain, which would help to match the oscil-
lation frequency with the frequency selection mode of the
optical storage element. Assisted by the coupler, part of
the oscillating signal can be sent out, while the rest would
be fed back into the loop. Thanks to the frequency selec-
tion and high quality characteristic of the FP-EO modu-
lator, the ultra-narrow RF BPF and long optical fiber coil
are not required. In addition, the proposed OEO can be
more compact via the integration of the phase modulator
and FP resonator.

As mentioned above, the FP-=EO modulator is the key
part of our OEO. Both the optical resonance and electrical
transmission characteristics play important roles for the
energy storage and frequency selection. The corresponding
measurement setups for resonance and filtering character-
istics are in an open loop configuration. First, for measur-
ing the optical power resonance, the setup consists of a
frequency fine-tuning laser source with a narrow line-
width, an electrical function generator, a photodiode,
and a high-speed resolution oscilloscope. The light wave
generated from a 1550 nm tunable diode laser (New Focus
TLB-6728) at a power level of 30 mW is injected into the
FP-EO modulator (Opto Comb WTEC-01). The narrow
linewidth and wide tuning resolution of the laser are
200 kHz and 0.01 nm, respectively. In addition, the tuning
parameter of the laser is about 0.04 nm/V. Then the laser
wavelength is scanned by driving the laser current with a
60 Hz triangular signal generated from the function gen-
erator (Tektronix AFG3151 C). As the blue line shows in
Fig. 2, the corresponding period and peak-to-peak value of
the control signal are 1/60 s and 2 V, respectively. Taking
the tuning parameter of the laser into consideration, the
tuning range and speed are 10 GHz and 9.6 nm/s, respec-
tively. In order to characterize the FP resonator, the out-
put optical signal coming from the resonator will be
converted back to the electrical domain via a photodiode
before the fast digital real time oscilloscope (Tektronix
MDO4024C), which permits the analysis of the power
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Fig. 2. Laser wavelength scanning voltage and corresponding
optical resonance spectrum of the FP resonator.

peak lines at the FP resonance. In Fig. 2, we present
the measurement results of the resonance peaks. As pre-
viously analyzed, the red curve clearly shows the 10 GHz
wavelength sweep range and 2.5 GHz FSR. It is obvious
that the wavelength span is broad enough to scan four full
FSRs of the resonator.

Second, for measuring the electrical transmission
response of the optical storage element employing the
FP-EO modulator, the measuring setup consists of a tun-
able laser diode, a photodiode, and a vector network ana-
lyzer. A narrow linewidth laser with a 40 kHz linewidth
and at a power level of 14 dBm is used as the laser source.
The light wave is fed into the FP-EO modulator driven by
the RF signal generated from the output port of the vector
network analyzer (Agilent N5244A). In addition, both the
wavelength of the laser and the bias voltage of the modu-
lator are finely tuned to meet Eq. (5) in the experiment.
A polarization controller is used to align the polarization
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Fig. 3. Measured transmission response of the optical link
employing an FP resonant EO modulator. (a) Transmission re-
sponse of the proposed optical storage link from 4.5 to 23 GHz.
(b) Zoomed-in view of the response centered at 10 GHz.
(c) Zoomed-in view of the response centered at 20 GHz.
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state of the light to the main axis of the EO modulator.
After the optical signal is converted back into the electri-
cal domain via the high-speed photodiode with a 3 dB
bandwidth of 20 GHz, it will return to the input port
of the vector network analyzer. Figure 3(a) gives the nor-
malized electrical transmission response of the optical
storage link from 4.5 to 23 GHz, and reflects that the
transmission response is a periodic filter with 2.5 GHz
FSR, which is equal to the optical FSR of the FP resona-
tor. As is clearly shown, we can see that the 3 dB band-
width of the responses centered at 10 and 20 GHz are 47
and 54 MHz, respectively. In addition, the corresponding
out-of-band rejection can reach 38 and 32 dB. With the
enhancement of the Q value of the FP resonator, the fre-
quency selection characteristics would be much better.
The system operation principle has been theoretically
described and the characteristics of the optical segment
have been measured earlier. Then a proof-of-concept ex-
periment based on the configuration in Fig. 1 is carried
out to verify the proposed scheme. Based on the previous
optical energy storage and frequency selection segment, an
electronic feedback chain is necessary to form the oscilla-
tion loop. The RF chain mainly comprises two stage RF
amplifiers, a phase shifter, and a microwave coupler.
The amplifiers are used to provide sufficient electrical
gain in the loop. The gain of the first stage amplifier is
about 30 dB from DC to 26 GHz; while for the second
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Fig. 4. Normalized optical power spectrum of the proposed com-
pact OEO. (a) Optical spectra of (a) 10 and (b) 20 GHz
oscillation loop.

amplifier it depends on the oscillating frequency. For
the 10 GHz oscillation frequency, a microwave amplifier
from 9 to 12 GHz with a 25 dB gain is used, while it
was replaced by another power amplifier from 18 to
22 GHz with a 30 dB gain in the 20 GHz oscillation loop.
For the RF phase shifter, it is operated manually with a
900/GHz tuning parameter from DC to 26.5 GHz. By
finely tuning the phase shifter and the laser wavelength,
10 and 20 GHz microwave signals can be generated, re-
spectively. Then, for measuring the optical spectra of
the proposed OEO, 10% of the optical signal from the
10 dB optical coupler is injected into the optical spectrum
analyzer (Yokogawa AQ6370C). Just as shown in Fig. 4,
the optical spectrum is measured both with a 5 nm span
and a 0.02 nm resolution bandwidth. Figure 4 illustrates
that the pump light at 1549.88 nm is the most powerful,
and the optical spectra are frequency combs with 10 and
20 GHz intervals, which are equal to the oscillation fre-
quency, respectively.

Finally, the RF signal is produced by the frequency
comb on a high-speed photodiode. The corresponding elec-
trical spectrum and phase noise are taken by a 40 GHz RF
spectrum analyzer (Agilent 9030A) via a fraction of the
generated RF signal output from the 10 dB microwave
coupler. Meanwhile, the rest of the microwave signal is
fed back into the optoelectronic hybrid oscillating loop.
In Fig. 5, the power spectrum of the oscillating signal is
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Fig. 5. (a) 10 and (b) 20 GHz Electrical power spectra of the
proposed compact OEO.
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Fig. 6. SSB phase noise of the oscillation frequencies at (a) 10
and (b) 20 GHz generated by the proposed compact OEO.

measured with different resolution bandwidths. As shown
in the figure, the spectrum of the 10 GHz oscillating signal
is measured with a 450 MHz frequency span and 100 kHz
resolution, while the 20 GHz RF signal with a 320 MHz
span and 10 kHz resolution. The output powers are
—16.8 and —24.4 dBm, respectively. A major cause of
the power reduction is the different electrical transmission
characteristic of the optical segment.

The SSB phase noise performance of the proposed OEO
has also been investigated. As shown in Fig. 6(a), the SSB
phase noise of the 10 GHz generated signal is about
—118 dBc/Hz at an offset of 1 MHz while, for the
20 GHz generated signal, the SSB phase noise is about
—108 dBc/Hz at an offset of 1 MHz, as shown in Fig. 6(b).

The feasibility of the novel compact RF photonic oscil-
lator has been verified. The phase noise performance is
mainly limited by the Q value of the FP resonator and
the noise figure of the optical storage element. By increas-
ing the resonator’s quality factor, it can help to improve
the phase noise performance of the final oscillating signal.
The insertion loss of the embedded phase modulator is the
main limitation of the FP resonator’s high quality factor.
Finally, a stable FP resonator is useful for improving the
stability of the OEO, as described in Ref. [18].

In conclusion, we propose and experimentally demon-
strate a novel compact OEO employing an FP-EO modu-
lator, which serves as both the energy storage and
frequency selection elements. Due to the integration of
a modulator and an FP resonator, the novel compact
OEO can be realized without a long optical fiber and a
large RF narrow BPF. A proof-of-concept experiment is
investigated to prove the feasibility of the proposed OEO.
Based on the frequency selection characteristics of the op-
tical storage link, the OEO oscillates at 10 and 20 GHz,
respectively, and the corresponding SSB noise can reach
—108 and —118 dBc/Hz at an offset of 1 MHz. Moreover,
its performance can be greatly improved with the enhance-
ment of the FP resonator’s quality factor.

This work was supported in part by the National
Natural Science Foundation of China (No. 61501051)
and the Postdoctoral Science Foundation of China
(No. 2016M590067).
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