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Abstract— A wideband and continuously tunable optoelec-
tronic oscillator (OEQ) incorporating a single passband
microwave photonic filter (MPF) is proposed and experimentally
demonstrated. The single passband MPF is implemented using a
broadband light source, a Mach-Zehnder interferometer (MZI)
in which a phase modulator is incorporated in one arm, a
dispersion compensating fiber (DCF), and a photodetector (PD).
The light wave from the broadband light source is sent to
the MZI, and the output signal from the MZI is sent to the
DCF and then detected at the PD. The overall operation is
equivalent to a single passband MPF with the central frequency
of the passband tunable by tuning the length difference between
the two arms of the MZI. By incorporating the MPF into an
OEO, a microwave signal with a tunable frequency is generated.
The proposed OEQO is experimentally evaluated. A microwave
signal with a tunable frequency from 1 to 12 GHz and a tuning
step of 0.5 GHz is generated. The phase noise performance of the
generated microwave signal is evaluated. At 6.02 GHz, the phase
noise is measured to be —107 dBc/Hz at an offset of 10 kHz.

Index Terms— Microwave generation, microwave photonics,
optoelectronic oscillator.

I. INTRODUCTION

HE GENERATION of a wideband and frequency tunable

microwave signal is important for many applications,
such as wireless communications, optical signal process-
ing, radar, warfare systems, and modern instrumentation [1].
An optoelectronic oscillator (OEO) is considered one of the
most effective solutions for the generation of a microwave
signal with a low phase noise [2]-[11]. In an OEOQO, to ensure
a single frequency operation, a narrowband electrical filter is
usually employed in the loop [2]-[5]. To achieve frequency
tuning, however, the microwave filter in an OEO must be
tunable, which is hard to implement, especially for an OEO
with a large frequency tunable range. For example, in [5]
a tunable OEO was demonstrated in which the tuning was
realized by changing the dispersion of the OEO loop through
tuning the optical wavelength. Due to the use of a fixed
electrical filter for frequency selection, the tunable range is
very limited. In [6], an OEO based on cascaded circulating
delay line was proposed. Frequency tuning of less than 3 GHz
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was realized by changing the lengths of the delay lines.
To implement an OEO with a large frequency tunable range,
a new solution to implement a frequency tunable microwave
photonic filter (MPF) based on phase modulation and
phase-modulation to intensity-modulation (PM-IM) conversion
in a chirped fiber Bragg grating (CFBG) was demonstrated [7].
The joint operation of the phase modulator (PM) and the
CFBG corresponds to a MPF with an optically tunable
central frequency. By incorporating the MPF into an OEO
loop, a frequency tunable OEO was implemented in which
the frequency tuning was realized by tuning the dispersion
of the CFBG. A frequency tunable range of 6 GHz was
demonstrated. To ensure a large frequency tunable range, the
value of dispersion must be tuned in a large range, which
is hard to realize for a practical system. Recently, an OEO
employing a PM and a phase-shifted fiber Bragg grating
(PS-FBG) with a larger frequency tunable range was proposed
and demonstrated [8]. Again, the joint operation of the PM and
the PS-FBG corresponds to an MPF with the central frequency
tunable by simply tuning the optical wavelength. An OEO
with a tunable range over 10 GHz was demonstrated [8].
A similar OEO based on PS-FBG with a tuning range of
3.8 GHz was demonstrated in [9]. The key limitation of the
tunable OEO in [8], [9] is that the microwave frequency is
directly determined by the wavelength spacing between the
wavelength of the tunable laser source (TLS) and the center
wavelength of the notch in the PS-FBG. Thus, a small drift of
the wavelength of the TLS or the notch in the PS-FBG would
lead to a large drift of the microwave frequency. Recently,
an OEO with a large frequency tuning range of 34 GHz was
demonstrated [10]. The tuning was implemented by tuning
the center wavelength of an optical bandpass filter. The major
limitation of the approach is the optical bandpass filter must
have an ultra-narrow bandwidth to ensure a single frequency
operation, which is extremely difficult to realize, especially for
a tunable optical filter.

More recently, a frequency-tunable OEO based on a
microwave photonic finite impulse response (FIR) filter with
a large frequency tunable range was demonstrated [11].
The filter was implemented using a broadband light source
sliced by an optical comb filter with the time delays introduced
by a dispersive fiber. By incorporating the microwave photonic
FIR filter into an OEO loop, a frequency tunable OEO was
realized. The major limitation of this approach is that the
tuning of the FIR filter was realized by changing the comb
spacing of the optical comb filter, which is again complicated
and costly. In addition, due to the periodic nature of the
spectral response of the FIR filter, the tunable range is limited
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Fig. 1.  Schematic of the proposed OEO. ASE: amplified spontaneous
emission, OF; optical filter, TDL: tunable delay line, PM: phase modulator,
Att: attenuator, OC: optical coupler, EDFA: erbium-doped fiber amplifier,
DCEF: dispersion compensating fiber, PD: photodetector, EA: electrical ampli-
fier, VNA: vector network analyzer, ESA: electrical spectrum analyzer.

by the free spectral range (FSR). Single passband MPF with
wideband tunable range was proposed by Mora et al. in [12]
by using a broadband optical source that is spliced by a
Mach-Zehnder interferometer (MZI). Since only a single
passband is generated, the use of the filter will increase the
tunable range.

In this letter, we propose a wideband and continuously
frequency-tunable OEO based on a single passband MPF.
The MPF is implemented using a broadband light source that
is sent to a MZI in which a PM is incorporated in one arm. The
optical signal at the output of the MZI is sent to a dispersive
device which is a length of dispersion compensating fiber
(DCF) in our demonstration, and then detected at a photode-
tector (PD). The overall operation of the system is equivalent
to a single passband MPF with the central frequency of the
passband tunable by tuning the length difference between
the two arms of the MZI. By incorporating the MPF into
an OEO, a frequency-tunable microwave signal is generated.
An experiment is performed. A microwave signal with a
tunable frequency from 1 to 12 GHz and a tuning step of
0.5 GHz is generated. The phase noise performance of the
generated microwave signal is also evaluated. At 6.02 GHz,
the phase noise is measured to be —107 dBc/Hz at an offset
of 10 kHz.

II. PRINCIPLE

Fig. 1 shows the schematic of the proposed OEO. The spec-
trum of an amplified spontaneous emission (ASE) source is
flattened by an optical filter (OF) and then coupled into an MZI
through an optical coupler (OC1). In the upper arm of the MZI,
a tunable optical delay line (TDL) is used to change the length
difference of the MZI and a tunable attenuator (Att) is used to
balance the optical powers between the two channels. A PM to
which a generated microwave signal is applied is incorporated
into the lower arm of the MZI. After passing through the
MZI, the optical signal is amplified by an erbium-doped fiber
amplifier (EDFA), and sent to a PD through a length of DCF
and then detected at a PD. The electrical signal at the output
of the PD is amplified by an electrical amplifier (EA) and
applied to the PM, to close the OEO loop.

In the following, the operation of the OEO is discussed.
First, the open-loop frequency response of the OEO is ana-
lyzed. Assume that the length difference between the two arms
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of the MZI is Al, the electrical field at the output of the upper
arm of the MZI is given by E; = Ege/*!, where k is the
wave-number and E is the amplitude of the electrical filed at
the input of the upper arm. For the lower arm, the electrical
field at the output of the PM is given by E» = Ege/?®), where
o (t) = ypm f(¢) is the phase change which is introduced by
the modulating signal f (), and ypys is the phase modulation
index [13]. E1 and E, are then combined at a second optical
coupler (OC2), the electrical field at the output of OC2 is
given by

E3 = E| + Ey = Ege/*A 4 Epel?® (1)

The DCF would introduce an optical-frequency-dependent
time delay. The electrical field at the output of the DCF is
given by

E4 = E3li—iy—rg—1p00 = Eoejw”Al/C + Eoejf/’(fo—Lﬂw) )

where L and £ are the length and the group velocity dispersion
parameter of the DCF, w is the angular frequency of the optical
carrier, ¢ is light speed in vacuum, n is the refractive index
of the optical fiber, fo represents the initial time delay of the
modulation signal, and 7¢ is the time delay caused by the
length of the DCFE. Since 79 and 7( are two constants, for
simplicity, they can be ignored. The optical power at the input
of the PD can be calculated by

P = /E4 . Ejfda)
ow
- / [2E§ +2E2 cos[wnAl/c — ¢ (—Lﬁa))]] do (3)
ow

where Jdw is the optical bandwidth of the ASE source. The first
term in (3) is a DC term and can be ignored. When a
modulation signal of f(f) = Acos(Qt) is applied, where
A and Q are the amplitude and angular frequency of the
modulation signal, a photo-current at the output of the PD
is generated, which is given by

i (Q) =2R x Eé/cos [a)nAl/c — Aypp cos (—QLﬁw)] do
dw

— 2R x E%Re /ejamAl/ijA}’PM COS(*QLﬂC{))da)

Ldw

{ /6jw"Al/c[Jo (Aypm)

ow

~ 2R x E%Re

+Ji (Aypum) e TP 4 g (AVPM)ejQLﬁw]dw

“

where R is the responsivity of the PD, and J, (Aypy) is
the n-th Bessel function of the first kind. Again, the constant
phase terms and the DC term Jo (Aypps) can be ignored, the
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photo-current can then be further written as

i(Q) =2R x E}Jy (Aypy) ~/cos[(nAl/c —QLp) wldw
ow

—2R x E(%J] (Aypm) / cos[(nAl/c + QLB w]ldw

ow
= R X PyJ1 (Aypy)sinc[(nAl/c — QLp) dw]

—R x PaJi (Aypy)sinc[(nAl/c + QLP) dw]  (5)

where Py = 2E%56{) is the optical power of the ASE source.
Considering the input microwave signal is f(t) = A cos (Qt),
the transfer function of the open loop, corresponding to a
single passband MPF, can be written as H (Q) =i (Q)/A.
As can be seen from (5), the transfer function of the
single passband MPF is in the form of a sinc function, thus
the MPF has only a single passband at a frequency where

(nAl/c £ Q:LB)ow = 0 or Q. = nAl/(cLp). The center
frequency of the passband of the MPF is then given by
Q nAl 1
f=5"-= = ©)
2T 2rcLp  LPwrsg

where wpsrg = 2w c/ (nAl) is the FSR of the MZI in angular
frequency. As can be seen, the central frequency of the MPF
is proportional to the length difference between the two arms
of the MZI, thus the MPF can be tuned by tuning the length
of the TDL.

Then, the bandwidth of the MPF is evaluated. For a sinc
function, the frequencies Q. of the nearest zeros to Q. can
be achieved by letting (nAl/c — Q4 1Lp)dw = £x

nAl/c + 7 /ow
Qi = T @)
And the null-to-null bandwidth of the filter is then given
AQu1 =20 — Qut] = ®)
Lpow

It can be seen that the bandwidth of the MPF is inversely
proportional to the spectral width of the optical source and
the total dispersion of the DCF. Hence, by using an optical
source with a wider spectral range and a DCF with a larger
dispersion value, the bandwidth of the single passband MPF
can be smaller. If the bandwidth is sufficiently small, only one
mode will be supported and a single frequency oscillation is
thus ensured. In addition, since no dispersion-induced power
penalty term appears in (5), the generation of a microwave
signal at any frequency is enabled [14]. By incorporating the
frequency-tunable single passband MPF in an OEO, a single
frequency oscillation with an ultra-wide frequency tunable
range can be achieved.

III. EXPERIMENT

An experiment based on the setup shown in Fig. 1
is performed. An ASE source with a 10-dB spectral
width of 30 nm is used as the broadband optical source.
A reconfigurable optical filter (Finisar WaveShaper 4000S) is
used to flatten the ASE spectrum and pre-compensate for the
non-flat gain spectrum of the EDFA. The dispersion parameter
of the DCF is 432 ps®. The maximum time delay introduced
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Fig. 2. Optical spectrum measured at the input of the PD. Inset: zoomed-in
view of the optical spectrum from 1544.5 to 1545.5 nm.
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Fig. 3. Frequency response of the single passband MWF measured by a
VNA. The central frequencies of the passband at 0.80 (red), 4.12 (yellow)
and 8.10 GHz (blue) by tuning the TDL are shown.

by the TDL is 660 ps, corresponding to the time delay of
a 13.4-cm single-mode fiber. According to (6), the theoretical
frequency tunable range of the MPF is 87.1 GHz, which is not
achievable in our experiment due to the limited bandwidths of
the PM, the PD and the EA. In the experimental setup, the
operation bandwidths of the PM, the PD and the EA can cover
a frequency range from 1 to 12 GHz.

Fig. 2 shows the optical spectrum from 1525 to 1565 nm
measured at the input of the PD, which has a sinusoidal shape
with a FSR of 240 pm. A zoom-in view of the spectrum is
shown as an inset in Fig. 2. The FSR of the MZI can be
continuously tuned by tuning the TDL in the upper arm of the
MZI. By adjusting the optical attenuator in the upper arm, an
extinction ratio of 6 dB of the spectrum is achieved.

Then, the open-loop response of the OEO corresponding to
a single passband MPF is measured using a vector network
analyzer (VNA, Agilent E8364A). Fig. 3 shows the measured
MPF response when the passband frequency is located at
0.80 GHz, 4.12 GHz and 8.10 GHz by tuning the TDL.
The 3-dB bandwidth of the passband is around 70 MHz, which
is greater than the theoretical value of 30 MHz calculated by
(8) due to the existence of high order dispersion in the DCF.
Note that the MPF has a relatively high noise floor, which
is resulted mainly from the noise terms from the ASE, the
EDFA, and the PD.

By controlling the power of the EDFA and the gain of the
EA to make OEO net loop gain greater than 0 dB, the OEO
will start to oscillate. The tuning of the microwave frequency
is realized by tuning the TDL. Fig. 4 shows the superimposed
spectra of the generated microwave signal, which is tuned over
a frequency range from 1 to 12 GHz with a tuning step of
0.5 GHz. The spectra are measured by an electrical spectrum
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Fig. 4. Spectra of the generated microwave signal at different frequencies.
The frequency is tuned from 1 to 12 GHz with a tuning step of 0.5 GHz.
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Fig. 5. (a) The zoomed-in view of the microwave signal at 6.02 GHz.
(b) Measured phase noise spectrum of the 6.02 GHz microwave signal.

analyzer (Agilent E4448A). The power variation during the
tuning is resulted from the uneven frequency response of the
electrical and the optical devices in the system. The signal to
noise ratio (SNR) is measured to be over 30 dB over the entire
tunable range, which can be further increased if a low-noise
EDFA is employed.

Fig. 5(a) shows a zoom-in view of the microwave signal
generated at 6.02 GHz, indicating a SNR of 65 dB. The
phase noise performance of the generated microwave signal
is evaluated, which is done using an Agilent E5052B sig-
nal source analyzer incorporating an Agilent ESO53A down-
converter. From Fig. 5(b) we can see that the phase noise of
the generated microwave signal is —107 dBc/Hz at an offset
frequency of 10 kHz. Several peaks for an offset frequency
greater than 50 kHz are observed, which are resulted from the
sidemodes of the OEO. The first peak is located at 57.5-kHz
offset frequency, which indicates that the length of the OEO
loop is 3.53 km.

IV. CONCLUSION

The phase noise of the OEO was measured to be
—107 dBc/Hz at an offset frequency of 10 kHz, which can
be improved to be better than —130 dBc/Hz by reducing the
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loss of the loop and decreasing the loop noise using amplifiers
with lower noise figures. The use of a PM with smaller half-
wave voltage, a PD with a higher responsivity could also
improve the phase noise performance. The use of an OEO
loop with a longer loop length can also improve the phase
noise performance.

In conclusion, an ultra-wideband continuously frequency-
tunable OEO was proposed and experimentally demonstrated.
The large frequency tunable range was ensured due to the use
of a tunable single-passband MPF, which was implemented
using a broadband light source, a MZI incorporating a PM in
one arm, a DCF and a PD. The overall operation was equiv-
alent to a single passband MPF with the central frequency of
the passband tunable by tuning the length difference between
the two arms of the MZI. An experiment was performed.
A microwave signal with a frequency tunable from 1 to
12 GHz was generated. The tuning range of the proposed OEO
can be as large as 87.1 GHz. In the experiment, the tunable
range was limited to 1-12 GHz, due to the limited bandwidths
of the PM, the PD and the EA.
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