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A novel tunable optoelectronic oscillator (OEO) based on a photonic radio frequency (RF) phase shifter is proposed

and analyzed, which consists of a dual-drive Mach-Zehnder modulator (DMZM), a 90° hybrid coupler and a tunable

microwave amplifier (TMA). This tunable OEO has a simple configuration, and the frequency of the oscillating signal

can be tuned by adjusting the amplification factor of the tunable amplifier. The simulation results show that the maxi-

mum frequency shift from the center oscillation frequency is 1.48 MHz when the amplification factor of the TMA is

set at 10.
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Radio frequency (RF) oscillators with high quality and
low phase noise have lots of applications in diverse fields,
such as wireless communications, radar, radio-over-fiber
(ROF) system and modern instrumentation''. Optoelec-
tronic oscillators (OEOs)!, which can generate spec-
trally pure microwave or even millimeter-wave signals in
both optical and electrical domains simultaneously, have
attracted significant interest among various RF genera-
tion technologies. As an important feature of optoelec-
tronic oscillators, frequency tunability has been imple-
mented by different schemes'%. In Ref.[4], a tunable
OEO was proposed by using dispersive fibers and a
wavelength-tunable laser diode. A tunable OEO with
yttrium iron garnet (YIG) filter was demonstrated in
Ref.[5]. With a directly modulated laser diode in Ref.[6],
a tunable OEO was realized by adjusting the driving
current of the laser diode. Employing a semiconductor
optical amplifier (SOA)-based slow light element, an-
other tunable OEO was reported in Ref.[7]. Using a
wavelength-dependent resonant component like an injec-
tion-locked Fabry-Perot laser diode (LD) in Ref.[8] or a
narrow-band phase-shifted fiber Bragg grating (FBG) in
Ref.[9], the oscillation frequency was tuned. In Ref.[10],
by tuning the dispersion of a linearly chirped FBG, the
frequency tuning of OEO was realized. Several improved
structures!' ' based on Ref[10] were demonstrated
recently, but the complexity was increased.

In this paper, we introduce a novel tunable OEO with
a photonic RF phase shifter!™'® consisting of a dual-
drive Mach-Zehnder modulator (DMZM), a 90° hybrid
coupler and a tunable microwave amplifier (TMA).
When tuning the RF ratio between two electrodes of the
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DMZM by TMA, a variable phase shift is generated. As
the phase is a part of the total loop delay, the oscillation
frequency is tuned when the phase condition is changed.
The structure and the performance of this tunable OEO
are discussed.

Fig.1 shows the schematic diagram of the configura-
tion of the proposed tunable OEO. The key component is
the photonic RF phase shifter formed by a DMZM, a TA
and a 90° hybrid coupler. The light wave from LD is sent
to the DMZM, and is split equally into two arms. Two
RF signals with the same frequency but different ampli-
tudes drive the electrodes of arm 1 and arm 2, respec-
tively. The two RF signals are given by

VRF1=Vlsina)t, (1)
VRF2: VzCOSCUt, (2)

where w is the RF frequency, and V; and V, are the two
RF amplitudes. V| and ¥V, are given by V=V and V,=gV,
where g is the amplification factor of TA. Arm 2 uses an
additional direct current (DC) bias of —V/2, and V7 is the
half-wave voltage of the DMZM. The optical signals in
arm 1 and arm 2 can be expressed as
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where E is the amplitude of electric field, and w, is the
frequency of the incident light. The output of the DMZM
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can be described as
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Fig.1 Schematic diagram of the proposed tunable OEO

After transmission over a fiber and recovered by a
photodetector (PD), the RF output after the electrical
amplifier (EA) is given by

V =Csin{dsin[aXt +7)+ @]}, (6)

where C is a constant including the input optical power,
the responsivity and the load impedance of the PD, and
the amplification factor of EA, 7 is the optical delay of
the fiber, and 6 and ¢ can be expressed as
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Expanding the right side of Eq.(6) with Bessel func-
tions, an RF band-pass filter (BPF) in the loop is used to
block all harmonic components, so Eq.(6) becomes

V =CJ (8)sin[aXt +7)+ 9] . 9)

Comparing Egs.(1) and (9), it can be seen that a phase
shift ¢ of RF signal 1 is achieved.

Then the signal is split into two parts by the 90° hy-
brid coupler, and sent back to the electrodes of the
DMZM. If the EA can supply sufficient gain to the loss
in the loop, the OEO will start to oscillate when the loop
is closed. Similar to Ref.[8], the total output after PD at
any instant is the summation of all circulating fields.
When the oscillation is stable, the effective open-loop
gain CJ;(0) is a little less than unity, which is given as

= exp(jn)x Y [CT ()" exp(jmar + jmp) =
xpUen) (10)
1-CJ () exp(jwT +j@)

The corresponding RF power is then given as
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PV = 1 .
1+[CJ (8)] —=2CJ (8)cos(wr+¢)  (11)

Only the frequencies which meet the condition of
wtte=2kn (k=0,1,2-+*) can oscillate. It can be got from
Eq.(11) that the oscillation frequency will change with a
variation of ¢ obtained by g. The relationship between ¢
and the oscillation frequency is given by

Af:—LA(p. (12)
2nt

Then a tunable OEO obtained by the phase shift ¢ is re-
alized.

We suppose the fiber length is 100 m which is equiva-
lent to an optical delay t of 0.5 ps, and then a BPF with a
3 dB bandwidth of 2 MHz can obtain a single-mode os-
cillation. From Eqgs.(8) and (12), the relations of the
phase shift and the frequency tunability with the ampli-
fication factor of TA are shown in Fig.2(a).

When the DC bias —V/2 is altered to V,/2, the phase
shift ¢ becomes ¢+n, and a similar result is shown in
Fig.2(b). A larger offset frequency from 1 MHz to 1.48
MHz is achieved. Fig.3 shows the calculated frequency
spectra of the tunable OEO with three different oscilla-
tion frequencies.
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Fig.2 The influence of different amplification factors
on phase and frequency offset

In order to oscillate, the effective open-loop gain
CJ1(0) must be larger than unity. However, as a function
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of g as shown in Eq.(7), d changes at the same time while
tuning the oscillation frequency. Though EA in the loop
can be tuned to compensate the fluctuation, it is difficult
to realize since J;(0) is nonlinear. As shown in Fig.4, J()
varies within a relative narrow range when g<6, and de-
crease drastically when g>6.
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Fig.3 Calculated frequency spectra of the tunable
OEO with three different oscillation frequencies
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Fig.4 Variation of J:(5) with amplification factor g

Meanwhile, compared with those when g ranging from
6 to 10, it can be noticed in Fig.2 that the phase shift and
the oscillation frequency change more significantly when
g ranging from 0 to 6. Consequently, we can conclude
that this tunable OEO performs preferably when the am-
plification factor of TA ranging from 0 to 6.

A novel approach to achieve a frequency-tunable OEO
using a photonic RF phase shifter is proposed and simu-
lated in this paper. In the proposed system, the oscillation
frequency can be easily tuned by changing the amplifica-
tion factor of TA. An obvious variation of the oscillation
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frequency is obtained by adjusting g from 0 to 6, and a
maximum frequency shift of 1.48 MHz from the center
oscillation frequency is achieved when g is set at 10.
This technique is insusceptible to environment condi-
tions, and it can be applied in the areas of radars and fi-
ber wireless communications.
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