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Abstract—A dual-loop optoelectronic oscillator incorporating
an optoelectronic recirculating delay line in order to circumvent
the limitations of optical coherence associated with all-optical
loops is demonstrated. The optoelectronic oscillator produces a
very stable signal at 5.4 GHz (suitable for WLAN 802.11n and 4G-
WIMAX systems) with a sub-Hz 3-dB bandwidth and a Q-factor
in excess of 10'%. A phase noise of -115 dBc¢/Hz is recorded at 10
kHz offset, owing to the reduction in phase induced intensity noise,
whilst side modes are significantly suppressed for offset values in
the range 100 kHz - 1 MHz.
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I. INTRODUCTION

Igh purity local oscillators are essential components in

many microwave systems. Approaches based on
conventional low MHz-frequency electronic oscillators
followed by frequency multiplication suffer from a phase noise
degradation of 6 dB with each doubling of frequency [1]. In
contrast, photonic-based microwave signal generation using
optoelectronic oscillators (OEOs) has been shown to provide
superior phase noise performance to conventional microwave
oscillators [2].

The simplest OEO consists of a single hybrid loop
comprising a relatively long single mode fiber (acting as a high-
Q energy storage element) with the associated electro-optic and
optoelectronic conversions. However, this approach suffers
from multiple closely-spaced side modes due to the small free
spectral range (FSR) resulting from fiber lengths that are
typically several km [3]. In order to simultaneously suppress the
side modes and maintain a high Q-factor, alternative OEO
topologies such as the dual-loop configuration [4] have been
considered, in which the optical part is split into parallel paths-
the longer loop provides a high Q- factor (but small FSR) and
the shorter loop offers a large FSR. Injection-locking
techniques can also be considered for further enhancement of
the Q-factor [5].

Several OEOs have been recently demonstrated in which
microwave photonic filters are used instead of narrowband

electrical bandpass filters to achieve both high Q-factor and
high side-mode suppression [6], [7]. In line with this trend, we
have demonstrated an OEO based on the cascade of a
recirculating delay line (RDL) with a dual-loop section [8] as
shown in Fig.1 (a).
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Fig. 1. (a) Schematic diagram of the experimental OEO. (b) The
active optical IIR section of the previous OEO [8]. (c) The
optoelectronic IIR section of the OEO implemented in this study.
PC: Polarization Controller, SMF: Single Mode Fiber, ESA:
Electrical Spectrum Analyzer.

The RDL in [8] was implemented as an active optical loop
comprising a fiber delay with an in-line semiconductor optical
amplifier (SOA) and tunable bandpass optical filter (TBOF) as
indicated in Fig. 1(b). The active RDL acts as an IIR (infinite
impulse response) microwave photonic filter and enhances the
Q-factor of the dual-loop section due to the production of an



infinite number of taps, in contrast to previous approaches
based on ASE sources which degrade the Q-factor of the OEO
[7]. By choosing the RDL delay time to be greater than the
coherence time of the laser, incoherent operation can be
maintained. Due to wavelength shifting resulting from cross
gain modulation (XGM) and to the negative tap generated from
the SOA inside the loop, interference phenomena are
significantly minimized at the coupler’s output. Thus the OEO
we reported provides a stable oscillation and a Q-factor of over
10'°. However, the demonstrated phase noise and the SNR
(even in the incoherent regime) are not optimal. This is
attributed to the excessive amount of phase-induced intensity
noise (PIIN) generated due to the multiple delayed optical
signals beating at the photodetector, thus limiting the practical
application of fiber optic delay line signal processors to OEOs.

The undesirable impact of PIIN can be compensated by using
a different wavelength source [9] or using a photodetector [10]
for each of the different delayed optical signals. These
techniques require numerous optical sources or photodetectors
while they alter the conventional fiber optical link configuration
in order to combine a high resolution signal processor. A
simpler architecture can be found in [11] where a phase
modulator of the optical carrier mitigates the phase noise of the
information band at higher frequency bands, which can be
filtered from the photodetector bandwidth without altering the
signal processing link’s topology.

Incoherent fiber optic delay signal processors generate PIIN,
which can be expressed in terms of two independent
contributions [12], [13]. The first depends on the optical source
characteristics while the other depends on the delay line signal
processor configuration. Therefore, altering the delay line
signal processor topology, it is possible to circumvent optical
coherence and overcome PIIN by implementing the RDL IIR
microwave photonic filter section with an optoelectronic
feedback loop as reported in [14], an approach which was also
used by us in a bilaterally coupled OEO [15]. This obviates the
need for an optical amplifier, thus avoiding any further
increases to the ASE noise in the system and significantly
suppressing the dominant PIIN.

In this paper we demonstrate a dual-loop based OEO
cascaded with a RDL which instead of being implemented with
an optically amplified IIR section as in [8], is realized with the
optoelectronic loop approach [14]. The optoelectronic loop (as
shown in Fig. 1 (c)) is essentially a hybrid loop. Since the
resulting OEO does not employ optical amplification in the
RDL, the phase noise characteristics and signal to noise ratio
(SNR) outperform the previously reported ones [8] whilst other
characteristics, such as the Q-factor are maintained. By
transforming the active RDL to an optoelectronic loop, the
coherence problems and hence the PIIN are reduced owing to
the electrical signal modulation.

II. EXPERIMENTAL SETUP & OPERATING PRINCIPLE

The proposed OEO was implemented as illustrated in Fig. 1
(a), with the same overall architecture as [8]; however, the IIR
section of that OEQ, as shown in Fig. 1(b), was replaced with
the optoelectronic IIR section as depicted in Fig. 1(c) in order
to remove the requirement for an optical amplifier and to further
suppress the PIIN, allowing the use of a high resolution delay
line signal processor with improved SNR.

With reference to Fig. 1(a), a quadrature biased Mach-
Zehnder modulator (MZM-1) with V; = 5.1 modulates the
output of a distributed feedback laser (DFB) emitting at a
wavelength of A; = 1550.12 nm with a 2 MHz linewidth, -140
dB/Hz relative intensity noise (RIN) and 11 dBm power which
is subsequently amplified via an EDFA. The amplified
lightwave then enters the IIR section as detailed in Fig. 1(c),
which is implemented with an optoelectronic recirculating
delay line (RDL) loop comprising a Mach-Zehnder modulator
(MZM-2), a 50:50 coupler, a single mode fiber (SMF), a
variable optical attenuator (VOA), a photodetector (PD1) and
an electrical amplifier (EA-1). Within the IIR loop, MZM-2
receives the amplified signal from the EDFA and re-modulates
it as follows. The output of MZM-2 is split in two paths using a
50:50 coupler. One path of the optical 50:50 coupler is used as
an electrical feedback signal to MZM-2 after being delayed,
converted to the electrical domain and amplified via a SMF of
10 km length (L), a photodetector (PD1) and an electrical
amplifier (EA-1) respectively. Since the feedback signal of the
filter section is in the electrical domain, the potential
summation of optically coherent signals no longer exists in the
IIR section, thereby eliminating interference effects. A VOA is
also placed inside the IIR loop to adjust the gain of the filter to
be almost equal to 0 dB in order to operate in a stable regime
but with relatively high finesse, as discussed in [14].

The IIR section of the OEO implemented here does not
employ any optical amplifiers (SOA or EDFA) and is therefore
free from ASE noise. It does however still require in-loop
amplification, which is provided via the microwave amplifier
EA-1, to overcome the insertion loss of the optical fiber length
Ly and any losses due to MZM-2. On the other hand, by
increasing the optical power level at the input to MZM-2 using
the EDF A that precedes the IIR section, it is possible to mitigate
loop losses since the electro-optic conversion of the quadrature-
biased Mach-Zehnder modulator scales with the input optical
power. This EDFA is also used to overcome any additional
optical insertion loss due to MZM-2. Even with these
considerations taken into account, we have found
experimentally that this configuration leads to significantly
lower phase noise compared to the OEO implemented with a
SOA-based RDL IIR section [8].

The other output of the 50:50 coupler is fed to the dual-loop
Finite Impulse Response (FIR) section where it is split into two
different delay paths via a polarization beam splitter (PBS).
Two SMF delay lines of lengths Lo =5 km and L3 =1 km are
connected at the output ports of the PBS. Consequently the two
signals, which are recombined with a polarization beam
combiner (PBC), are free from any interference from each



other. The combined signals are then converted to the electrical
domain by a high speed photodiode (PD2) and the generated RF
output signal is then passed through a low noise microwave
amplifier before being fed to the RF port of MZM-1, thus
closing the complete OEO loop. The low noise amplifier is
realized by cascading two broadband amplifiers (of noise figure
8 dB and 7 dB respectively). Polarization controllers (PC) are
used at various points in the system: before MZM-1, EDFA,
MZM-2, PBS and PBC, the last two to tune the power
distribution and correct the polarization deviations caused by
the SMF.

ITI. RESULTS & DISCUSSION

The measured electrical spectrum of the proposed dual-loop
optoelectronic recirculating delay line based OEO is shown in
Figs 2(a)-2(d) at four different spans. The center frequency of
the oscillating signal is 5.4 GHz; this specific value is
determined by the fiber delay line lengths (L1, L, and L3) from
the IIR and FIR filter sections as analyzed in [8].

The quality factor of the oscillation frequency, as shown in
Fig. 2(d), was measured with an electrical spectrum analyzer
(ESA) with a span of 500 Hz and a resolution bandwidth
(RBW) of 3 Hz. The system is not sensitive to vibrations or
polarization variations due to the incoherent operation of the
signal processors. The oscillation frequency drift is limited up
to 5 Hz/s (outside of frequency hopping, which is due to bias
drift of the MZMs). The signal track function of the ESA keeps
the signal centered on the display while the signal drifts. The 3-
dB bandwidth 4f3¢s was found to be less than 1 Hz yielding a
Q-factor greater than 10' (O= f./Afsas). The side mode
suppression ratio was measured at 60 dB.
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Fig. 2. Electrical spectra of the generated 5.4 GHz oscillation at
(a) RBW: 10 kHz, SPAN: 500 MHz (b) RBW: 1 kHz, SPAN: |
MHz (c) RBW: 30 Hz, SPAN: 10 kHz (d) RBW: 3 Hz, SPAN:
500 Hz.

The performance of this OEO was then compared with that
from [8]; Fig.3 shows the spectra of the two generated
oscillations using an active optical RDL and an optoelectronic
loop. The noise floor of the oscillation signal from the OEO
employing the optoelectronic loop IIR filter (red line) has been
reduced by 10 dB compared to that of the OEO used in [8]. For
this comparison, all OEO parameters except for the IIR section
were kept constant. The active RDL implementation of the IIR
section that was used is identical to that described in [8].
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Fig. 3. Electrical spectra of the generated 5.4 GHz oscillation for
the active optical RDL loop as implemented in [8] (blue line) and
the O/E loop implemented here (red line). RBW: 3 Hz, SPAN: 500
Hz.
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Fig. 4. Single side-band (SSB) phase noise measurement of the
generated microwave signal at 5.4 GHz.

The single side-band phase noise measurement of the
proposed OEO is shown in Fig.4; the phase noise was initially
measured as being -88 dBc/Hz and -100 dBc/Hz at 10 kHz and
1 MHz offset from the carrier respectively, using direct
measurement from the spectrum analyzer. However, the direct
spectrum method cannot accurately measure phase noise levels
below -101 dBc/Hz at low frequency offsets (<10 kHz). The
displayed result is the combination of the noise of the input
signal, the internal noise of the analyzer (triggered by the input



signal) and the displayed average noise level of the analyzer
(DANL) which is the amplitude of the analyzer’s noise floor
over a given frequency range [16]. The DANL is included in
the measurement regardless of the signal being present or not
and limits the range over which the analyzer can measure phase
noise because the DUT phase noise is below the noise floor of
the analyzer at large frequency offsets. Therefore, DANL
becomes significant at frequency offsets from the carrier of 1
MHz to 10 MHz [16]. Thus to further improve the
measurement of the device under test (DUT), we used the
cancellation method of the analyzer’s phase noise personality
(option 226) which removes the contribution of the analyzer’s
internal noise [16], [17]. This is done by comparing a stored
reference measurement with the measured phase noise of the
device under test. After using the cancellation method, the
phase noise is measured as -115 dBc/Hz at 10 kHz and around
-128 dBc/Hz at 1 MHz offset. Compared to the optical IIR filter
of [8], the optoelectronic IIR filter reduces the phase noise by
14 dB at an offset of 10 kHz (including the internal analyzer’s
noise). This reduction of phase noise is due to the significant
suppression of the PIIN, elimination of the SOA and the
associated ASE in the IIR section thereby indicating the
potential of an optoelectronic recirculating delay line to
suppress noise.

IV. CONCLUSION

We have demonstrated a high-Q dual-loop OEO using an
optoelectronic RDL for the IIR filter section. Although it
contains more active components than [8], the demonstrated
OEOQO achieved an enhanced phase noise performance compared
to our previously reported OEO where the IIR filter section was
implemented with an active all-optical loop. In particular, the
PIIN and phase noise have been reduced by using electrical
feedback in the loop as a means to avoid optical coherence (and
hence interference) problems. A Q-factor of over 10'° has been
maintained with phase noise improvement of 41 dBc at 10 kHz
(cancelling the contribution of the internal analyzer’s noise) and
anoise floor improvement of 10 dB. It is expected that the phase
noise performance could be further improved through the use
of zero dispersion fiber, for example [18].
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