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Low-Cost Optoelectronic Self-Injection-Locked
Oscillators

Kwang-Hyun Lee, Jae-Young Kim, Woo-Young Choi, Hideki Kamitsuna, Minoru Ida, and Kenji Kurishima

Abstract—We demonstrate a new configuration for an optoelec-
tronic self-injection-locked (SIL) oscillator, where a part of the
electrical output signal is self-injected after passing through a long
optical delay line for output phase-noise reduction. The SIL os-
cillator consists of an electrical free-running oscillator and a long
optical feedback loop. For the compact and low cost configuration,
the free-running oscillator is realized with an InP HPT-based
monolithic oscillator and electrical-to-optical conversion is carried
out by two low-speed and low-cost laser diodes. With this new
configuration, we achieve more than 55-dB phase-noise reduction
at 10-kHz frequency offset from the center frequency of about
10.8 GHz by injecting 8-dBm optical signals without using any
high-speed optoelectronic components.

Index Terms—InP monolithic oscillator, optoelectronic oscillator
(OEQ), phase-noise reduction, self-injection locking (SIL).

I. INTRODUCTION

stable and low-phase noise signals by injecting a part

of output signals into the oscillator through a high-quality
(Q)-factor external resonator, a delay line, or an amplifier [1],
[2]. The higher @) external resonator or longer delay line can
produce lower output phase noises for the fixed self-injection
power. However, it is not an easy task to realize a long delay
line with RF cables due to their large loss and high-() devices
are not easily available especially at very high frequencies [3].
In order to solve the above problems, an optoelectronic
SIL oscillator composed of an electrical free-running oscil-
lator and an optical feedback route has been proposed and
demonstrated [4]-[6]. In this oscillator, optical fiber having
the length of a few kilometers is used for the feedback route
with its low transmission loss and flexible feature. With this
long optical delay line, the optoelectronic SIL oscillator can
generate low-phase noise signals. Moreover, it can produce
optical signals modulated by the resulting low phase-noise
RF signals, which are useful for photonic applications such as
radio-on-fiber systems [6]. As a compact realization method,
utilization of heterojunction phototransistor (HPT) for elec-
trical free-running oscillator was reported [7]. In this method,
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Fig. 1. Compact and low cost configuration for an optoelectronic SIL oscillator
based on a monolithic HPT oscillator and low cost optical components.

the HPT also performs optical-to-electrical (O/E) conversion at
the end of optical feedback loop.

In this letter, a simpler and more cost-effective configuration
for optoelectronic SIL oscillator is proposed and demonstrated.
In our scheme, shown in Fig. 1, the electrical free-running
oscillator and O/E converter is realized with a monolithic HPT
oscillator [8]. Moreover, electrical-to-optical (E/O) conversion
is performed with low-speed distributed feedback (DFB) and
Fabry—Pérot (FP) laser diodes (LDs). This E/O conversion
scheme is essentially the same as the technique we previously
reported for overcoming LD modulation bandwidth limitation
[9]. Note that no high-speed high-cost optical/optoelectronic
components such as external modulators or mode-locked lasers
are used in our scheme. More than 55-dB phase-noise reduc-
tion at 10-kHz frequency offset from the center frequency of
10.8-GHz is achieved with 8-dBm optical signal injection.

II. OPERATING PRINCIPLE

As can be seen in Fig. 1, a part of output signals from the
HPT monolithic oscillator is injected to an E/O converter and
converted to optical signals. The converted optical signals are
injected into the HPT oscillator after passing through a long
optical delay line, achieving self-injection locking for output
phase-noise reduction.
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Fig. 2. E/O converter and schematic optical spectra. The shade region means
the gain wavelength range of LD, and ALD, is the wavelength of LD2 without
any optical injection.

The E/O converter is configured with two LDs, one of which
is a commercial 2.5-Gb/s DFB LD (LLD1) and the other is a com-
mercial FP LD (LD2) without an isolator. As shown in Fig. 2,
LD1 is directly modulated by injected RF signals, producing
two side bands in the wavelength domain. These side bands are
very weak since LD1 is not fast enough for injected RF signals.
Once these optical modes are injected into LD2 through an op-
tical circulator, only the optical modes within the gain wave-
length range of LD2 obtain optical gain. The gain wavelength
range marked by the shade region in Fig. 2 is determined by
LD?2 lasing wavelength and the injected optical power [9]. By
controlling the temperature or the bias current for LD2, only the
desired side mode can be amplified and this results in enhance-
ment of the modulation depth as well as the single sideband op-
tical spectrum, which can avoid the RF signal-fading problem
induced by fiber dispersion [10].

The O/E conversion is performed by the HPT oscillator. The
Ing.53Gag.47As layer of the HPT detects 1.55-um optical sig-
nals and the photodetected signals lock the HPT free-running
oscillator, inducing self-injection locking. Once the oscillator is
self-locked by the delayed replica of its output signal, its fre-
quency and phase fluctuations are reduced [4]. The phase-noise
reduction ratio () near the carrier frequency can be described
as [4]

1
(1 + \/Ews dBT)Q

where w is the offset frequency from the center frequency, ws
dB is the half-width-at-half-maximum of the resonator spectrum
for the HPT oscillator, 7 is the optical-loop delay, and « is the
self-injection power normalized to the oscillator output power
given as

1in10 n(w) —

6]

5= Pou V'R @)
P, out
where P, is the injected optical power, p is the photorespon-
sivity, and R is the load impedance of the HPT and P, is the
oscillator output power. From these two equations, it becomes
clear that a longer delay line or larger optical power injection
produces more phase noise reduction.
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Fig.3. Measured optical spectra of the output signals from (a) the directly mod-
ulated LD1 by the HPT oscillator output signal and (b) the LD2 with optical
injection of output signals from LDI.

III. EXPERIMENTAL SETUP AND RESULTS

The HPT oscillator used in this investigation has the optical
window with 5- ym diameter on the top of the emitter for pho-
todetection and the chip size is only 0.7 x 0.54 mm. The de-
tailed description of the HPT oscillator can be found in [8]. The
free-running frequency and quality factor of the oscillator can be
controlled by adjusting the bias voltage for the HBT inserted in
the oscillator. In this investigation, the bias was set for 10.8-GHz
oscillation.

A total of 50% of the output signal from the HPT oscillator di-
rectly modulated the DFB laser and the modulated optical signal
was injected into the FP-LD. The optical spectra measured be-
fore and after the FP-LD are shown in Fig. 3(a) and (b), respec-
tively. Although the resolution bandwidth (0.07 nm) of the used
optical spectrum analyzer (OSA) was not high enough to dis-
tinguish each mode, Fig. 3(b) clearly shows that the side mode
located at the longer wavelength was amplified by the FP-LD.

The output signals from the E/O converter passed through a
2.4-km long single-mode fiber and then they were injected into
the HPT oscillator. An erbium-doped fiber amplifier (EDFA)
and an electrical amplifier having 30-dB gain were used to par-
tially compensate the conversion (E/O/E) loss, and an optical
filter was inserted for filtering out EDFA ASE noises.

A total of 50% of the output signal from the optoelectronic
SIL oscillator was measured by an RF spectrum analyzer
(HP8563E) and Fig. 4 shows the output spectra measured at
different optical power values injected into the HPT oscillator.
Fig. 4(a) shows the output spectrum of the free-running HPT
oscillator (no optical signal injection), while (b) and (c) are
the spectra measured at the injection optical power of —6 and
8 dBm, respectively. These figures show that SIL enhances
the signal quality and larger injection optical power provides
larger improvement. However, unwanted side modes separated
by about 84 kHz from the center frequency can be observed in
Fig. 4(b) and 4(c). These are due to coupled-loop oscillation
[4] and they can be suppressed by adding an additional optical
delay line having different length [5].

Fig. 5 shows dependency of single-sideband (SSB) phase
noises measured at 10-kHz frequency offset on the optical
injection power. As shown in the figure, SSB phase noises
reduce with increasing the injection power and the reduc-
tion level agrees well with (1) and (2). The inset shows
the single-sideband (SSB) phase noises of the output sig-
nals shown in Fig. 4. The measured phase-noise values at
10-kHz frequency offset are —44.17 dBc/Hz (free-running),
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Fig. 4. Measured RF spectra of the output signals for (a) no optical signal in-
jection, (b) P,p¢ = —6 dBm, and (c) P, = 8 dBm. The center frequencies
are 10.790847, 10.790693, and 10.790314 GHz, respectively. In all figures, the
frequency span and resolution bandwidth settings were 1 MHz and 10 kHz, re-
spectively.

—76.83 dBc/Hz (Py,y = —6 dBm), and —100.00 dBc/Hz
(Popt = 8 dBm). Clearly, the self-injection locking drastically
enhances the output signal phase quality and about 55-dB
phase-noise reduction can be achieved by 8-dBm optical injec-
tion.

IV. CONCLUSION

We have proposed and demonstrated a compact and low cost
optoelectronic SIL oscillator. The proposed scheme does not re-
quire any high-speed optical components since O/E and E/O
conversion are performed by an HPT based monolithic oscil-
lator operating as a free-running oscillator and two LDs, respec-
tively. With this scheme, 55-dB phase-noise reduction at 10-kHz
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Fig. 5. SSB phase noises at 10-kHz frequency offset from the center frequency
versus the injection optical power level. Inset shows the measured phase noises
of the optoelectronic output signals at different injection optical power values.

frequency offset from the center frequency of about 10.8 GHz
has been successfully demonstrated.
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