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A novel dual-loop optoelectronic oscillator (OEO), which is constructed based on all optical signal processing, is pro-
posed and analyzed. By inserting an erbium-doped fiber amplifier (EDFA) and a fiber Bragg grating (FBG) on the op-
tical domain, the amplification and filter are implemented in the OEO loop. The performance of the OEO is improved
without any electronic filter or electronic amplifier. A theoretical analysis is performed, and the generated microwave
signal exhibits good performance with phase noise lower than —120 dBc/Hz at 10 kHz and a high side-mode suppres-

sion ratio (SMSR).
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Recently, optoelectronic oscillators (OEOs) have attracted
considerable attention for the generation of microwave
signals with high frequency and ultra-low phase noise in
various applications, such as radar, radio-over-fiber (RoF)
system, phased array antennas, optical signal processing
and modern instrumentation!' . The conventional OEO
is a single loop system, including an intensity modulator,
an optical fiber delay line, a photodetector (PD), an elec-
trical bandpass filter (EBPF) and an electrical amplifier
(EA). When the loop gain is larger than the loss and the
round-trip phase shift of signal is an integer multiple of
2w, the OEO can generate an oscillation at a certain fre-
quency determined by the center frequency of the EBPF
and oscillation modes!". However, the long fiber loops
with a high O oscillator lead to modes spacing too nar-
row to be filtered by standard EBPF. To ensure that an
OEO operates at a single oscillation mode, several schemes
have been reported'*. The OEO signals are amplified
and filtered by electrical devices to meet the requirement
of oscillation. Thus, the performance of the OEO is de-
graded"”.

In this paper, a dual-loop OEO based on all optical
signal processing is proposed and demonstrated. For the
OEO, a low-biased Mach-Zehnder modulator (MZM)
followed by optical amplification with an erbium-doped
fiber amplifier (EDFA) is used to compensate the oscil-
lating loop losses!'"). Also a fiber Bragg grating (FBG) is
used as the mode selector instead of an EBPF!'?!, which
can simultaneously achieve low phase noise and a high
side-mode suppression ratio (SMSR). The theoretical

#*  E-mail: 1cx19841014@163.com

analysis and simulation show that the phase noise of the
generated microwave signals is lower than —120 dBc/Hz
at frequency offset of 10 kHz. The SMSR is suppressed
over 70 dB (or 50 dB) with frequency span of 4 MHz (or
20 GHz).

The schematic diagram of the proposed dual-loop
OEO based on all optical signal processing is shown in
Fig.1. The light wave from a laser diode (LD) is coupled
into a low-biased MZM via polarization controller 1
(PC1), passing through an FBG via optical circulator,
reflected by the FBG, and sent to an EDFA via the optical
circulator again. After optical amplification by the EDFA,
the light wave is split into two optical paths by a polari-
zation-beam splitter (PBS) via PC2. In each path, a sec-
tion of single-mode fiber (SMF) and a PC (PC3 or PC4)
are inserted. The two optical paths are combined by po-
larization-beam combiner (PBC). The combined signal is
converted to an electrical signal by a PD and fed back to
the MZM to form the OEO loop.

Mathematically, the electrical field at the output of the
MZM can be expressed as!'!
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where Ey and w, are the electric field amplitude and an-
gular frequency of the incident light wave, respectively,
V(¢) is the applied electrical driving voltage, ¢ is the ini-
tial phase of electrical input signal, Q is the angular fre-
quency of the electrical input signal, @[V(¢)] is the opti-
cal phase difference between the two arms of MZM caused
by W(t), where y=nVac/V, and @pc=nVpc/Vy, /2 and V,
are the phase modulation index and half-wave voltage of
the MZM, respectively, J,(*) is the nth-order Bessel func-
tion of the first kind, and ¢ is the optical loss of MZM.
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Fig.1 Schematic diagram of the proposed dual-loop
OEO based on all optical signal processing

When the signal in Eq.(1) is reflected by the FBG and
amplified by the EDFA, the electrical field becomes
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where r(w) is the reflection profile of the FBG, and w is
the angular frequency of the light wave to the FBG. f is
the optical loss of FBG and EDFA. G, is the EDFA gain
and G():G(),ss/[1+(G0733PMZM70/PmaX,0)l], where GO,SS is the
small-signal (SS) EDFA gain, Pyzu, is the optical input
power to the EDFA, Py, is the maximum optical output
power of the EDFA, and y is an empirical constant with a
typical value near unity''".

Then the optical field is split into two optical paths by
PBS via PC2, and PC2 is inserted to let the output of
PBS equivalent to intensity modulation biased at /2.
Furthermore, the electrical fields of two optical paths can
be expressed as
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After transmission over SMF with different optical
paths, the signals of the two paths are combined by a
PBC. To adjust optical losses and polarization states, two
PCs (PC3 and PC4) are inserted in the two paths, respec-
tively. The combined signal is then represented by

Epeo(Boest) MEI(% —7)+
VEE, (et =71, (4)

where 7, and 7, are time delays of loops 1 and 2, respec-
tively, and &, and & are the fiber losses of the two loops,
respectively.

Because the polarizations of the light-waves from the
two paths are orthogonal after multiplexing in the PBC,
they would not interfere with each other. The output op-
tical signal is then converted into an electrical signal at a
PD, which takes the form of
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where p is the responsivity of the PD, R is the load im-
pedance of the PD, and J,(¢) = ¢"/(2"n!) when u is less
than 0.5. Therefore, the open-loop RF gain G(¢,., Q)

can be written by
2
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In order to generate oscillation for the OEO, the RF
gain G (@, £2) must be larger than unity. According to
Eq.(6), when the loop is closed, the total field of all cir-
culating fields can be expressed as
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gains of the two loops, respectively, where G.(Q)=
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The corresponding microwave power P(d,., £) is
then expressed by
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To generate oscillation for dual-loop OEO, the oscilla-
tion frequency and power must satisfy™*!
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where k and » are integers. Substituting Eqgs.(9) and (10)
into Eq.(8) yields
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In order to make sure the oscillation starts from noise
moment, it must be satisfied that'

1-(G, +G,)=0. (12)

In the numerical simulations based on the setup shown
in Fig.1 and the theoretical analyses above, the major
parameters are as follows. The wavelength of the LD is
set at 1550 nm, the MZM has a bandwidth of 40 GHz
and a half-wave voltage of 6 V, the central wavelength
and the 3 dB reflection bandwidth of the FBG are 1550
nm and 0.3 nm, respectively; the small-signal gain and
the saturated output power of the EDFA are 37 dB and
17 dBm, respectively, the lengths of the dual-loop are 4.4
km and 0.6 km, respectively, and the PD has a bandwidth
of 10 GHz and a responsivity of 0.88 A/W.

Fig.2 shows the open-loop RF gain G(@,., £2) from
Eq.(6) for various output power of the LD as P;,,=5
dBm, 0 dBm, 5 dBm, 10 dBm and 15 dBm. It can be
noticed that the RF gain G (¢, , Q) is decreased with the
decrease of Pj, on the low-biased point. In addition, the
RF gain G (¢, £) can be maximized by moving the
bias point from the quadrature point to the low-biased
point, where the point depends on EDFA parameters and
Pi,. Meanwhile, the bias point of the maximum G (¢,
Q) is decreased with the increase of Py,

Fig.3 shows the RF spectrum of the proposed dual-
loop OEO from Eq.(8). In the calculation, we choose
Gei( Qo5 )E1=Gei( Lose) o= 0.5x10°, |Vac/2R=1, and its
refraction index of ny=1.5. As can be seen in Fig.3, a
strong oscillating mode at 10 GHz is present with two
different frequency spans. Therefore, a single frequency
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oscillation of the OEO is obtained without inserting any
electrical BPF or EA, and the SMSRs are suppressed
over 70 dB with frequency span of 4 MHz and over 50
dB with frequency span of 20 GHz, respectively.
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Fig.2 RF gain of the open-loop OEO as a function of
normalized bias voltage for various input power
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Fig.3 RF spectra of the generated 10 GHz microwave
signals with two different frequency spans

To explore the spectral performance of the generated
microwave signals, Fig.4 shows the single sideband
(SSB) phase noise spectra of the generated 10 GHz mi-
crowave signals. From Fig.4, the SSB phase noise of the
generated 10 GHz microwave signal is lower than —120
dBc/Hz at the frequency offset of 10 kHz. Several spuri-
ous peaks are observed for the frequency offset greater
than 23 kHz, the spacing of spurious peaks is identical to
the frequency spectral range of the OEO resulting from
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Fig.4 SSB phase noise of the generated 10 GHz mi-
crowave signal

We propose and demonstrate a dual-loop OEO based
on all optical signal processing. The amplification and
filter of the OEO are introduced by inserting an EDFA
and an FBG on the optical domain, respectively.
Through the theoretical analyses and simulations, the
SSB phase noise of the generated microwave signal is
lower than —120 dBc/Hz at frequency offset of 10 kHz,
and high SMSR can be obtained. Therefore, the proposed
system can effectively suppress the undesirable side-
modes and reduce the phase noise.
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