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Abstract. Realization of a wideband tunable optoelectronic oscillator
based on a chirped Mach–Zehnder modulator (MZM) and a chirped
fiber Bragg grating is proposed and demonstrated. By simply adjusting
the direct-current bias of the chirped MZM, the frequency of the oscillating
signal is tuned. A theoretical model is established, then verified by an
experiment. A high-purity microwave signal with a tunable frequency from
5.8 to 11.8 GHz is generated. The single-sideband phase noise of the gen-
erated signal is −112.6 dBc∕Hz at a frequency offset of 10 kHz. © 2013
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.52.5.055005]
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1 Introduction
Photonic technologies are promising for the generation of
high-frequency and frequency-tunable radio frequency (RF)
signals, which have widespread applications in diverse fields
such as metrology, communications, radars and electronic
warfare.1–3 One of the promising approaches for the photonic
microwave signal generation is based on an optoelectronic
oscillator (OEO). In the past few years, many schemes for
implementing tunable OEOs have been proposed.4–10 A con-
tinuously frequency-tunable OEO was proposed in Refs. 4,
5, but the frequency tuning range was only a few MHz. The
Oewaves company demonstrates a tunable oscillator using
the expensive and special whispering gallery mode resonator
(WGM),6 but the WGM is susceptible to the coupling prism.
We have recently proposed an approach to tune the OEO in
the optical domain by use of a Fabry-Perot laser diode (LD)
based active filter.7 A similar principle is used to construct a
frequency tunable OEO based on a narrowband phase-
shifted fiber Bragg grating (FBG).8,9 These schemes, how-
ever, have a poor stability since the oscillator frequency is
determined by the wavelength, and thus the wavelength
drift of the LD will directly change the frequency of the
OEO. More recently, a tunable OEO based on a polarization
modulator and a chirped FBG (CFBG) was reported.10 The
frequency tuning is implemented by adjusting of a polariza-
tion controller (PC). The key limitation associated with this
approach is that the precise setting of the polarization state is
difficult.

In this paper, a simple and stable OEO with wide tuna-
bility consisting of a chirped MZM and a CFBG is proposed
and demonstrated. The key device in the system is the
chirped MZM, which is implemented by a dual-electrode
MZM (DMZM). The DMZM functions, in conjunction with
a CFBG, as a photonic microwave bandpass filter for fre-
quency selection. By adjusting the bias voltage of the
DMZM, the chirp parameter is tuned.11 As a result, the center
frequency of the photonic microwave filter is changed, which
tunes the frequency of the oscillating signal. A proof-of-con-
cept experiment is carried out. A high-purity microwave sig-
nal with a tunable frequency within 5.8 to 11.8 GHz is
generated. The phase noise performance of the OEO is
also studied. A phase noise as low as −112.6 dBc∕Hz at
10-kHz offset is achieved.

2 Operating Principle
The schematic diagramof the proposed tunableOEO is shown
in Fig. 1. The key component in the OEO is the tunable
photonic microwave filter formed by a DMZM, a CFBG
and a tunable voltage source. The light wave from an LD is
modulated by an oscillating signal at the DMZM. For the
DMZM, the chirp parameter is related to the amplitude and
the sign of the RF drive signals to each electrode, given by11,12

α ¼ V1 þ V2

V1 − V2

tan

�
π

2

Vdc − Vo − Vπ

Vπ

�
; (1)

whereVo is the offset voltage corresponding to the phase retar-
dationwhen no electric field is applied,Vdc is the bias voltage,0091-3286/2013/$25.00 © 2013 SPIE
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Vπ is the half-wave voltage of the DMZM, V1 and V2 are the
amplitude of RF signal applied to the DMZM.

In order to form a chirped MZM, we leave one arm
unconnected, i.e., V2 ¼ 0, so the chirp of the DMZM is sim-
plified to

α ¼ tan

�
π

2

Vdc − Vo − Vπ

Vπ

�
: (2)

Then, the magnitude response of the photonic microwave
filter based on the DMZM and the CFBG can be written as13

jHðfmÞj ∝ j
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ α2

p
cosðπDλ2f2m∕cþ arctanðαÞÞj; (3)

where λ represents the wavelength of the optical carrier.
Taking Eq. (2) into Eq. (3), we have

jHðfmÞj ∝
���� ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ α2
p

cos

�
πDλ2f2m∕cþ

π

2

Vdc − Vo − Vπ

Vπ

�����:
(4)

The photonic microwave filter reaches its peaks when

πDλ2f2m∕cþ
π

2

Vdc − Vo − Vπ

Vπ
¼ kπ; k ¼ 0; 1; 2: : : ; (5)

So the center frequencies of the photonic microwave filter
are

fm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
−
π

2

Vdc − Vo − Vπ

Vπ
þ kπ

�
c∕ðπDλ2Þ

s
;

k ¼ 0; 1; 2: : : : (6)

From Eq. (6), we can see that the center frequencies are
sensitive to two parameters, i.e., the chromatic dispersion of
the CFBG and the bias voltage of the DMZM. Since the
adjustment of the CFBG is difficult and unstable, we can
shift the center frequency of the photonic microwave filter to
the desired frequency by adjusting the bias voltage. It should
be noted that although the optical wavelength is present in
Eq. (6), the center frequency of the proposed photonic micro-
wave filter is not as sensitive to the wavelength drift of the
LD as those in the previous methods.7–9 For example, if the
center frequency of the photonic microwave filter is 10 GHz
and the wavelength drift of the LD is 0.01 nm, the center

frequency would drift 1.25 GHz for other methods,7–9 and
only 64.5 kHz for the proposed method.

When the tunable photonic microwave filter is incorpo-
rated into the OEO, however, the 3-dB bandwidth is too
wide to suppress the intensely spaced competing modes.
In order to increase theQ value of the OEO cavity, an optical
domain combined dual-loop OEO without adding any active
electrical device14 has been adopted, which is implemented
by a polarization beam splitter (PBS), a polarization beam
combiner (PBC), two PCs and two sections of single-mode
fiber (SMF). When the loop is closed, and sufficient gain is
provided by an electrical amplifier (EA), a tunable OEO with
high side-mode suppression will be realized.

3 Experiment and Results
An experiment based on the configuration shown in Fig. 1
was carried out. A light wave generated by a tunable laser
source (Aglient E1167A) was sent to a DMZM via a PC
(PC1). The DMZM (Fujitsu FTM7921ER) has a 3-dB band-
width of 12 GHz and a half-wave voltage of 4 V. The dis-
persive element used in the experiment is a CFBG, which has
a full width at half maximum of 0.6 nm, a center wavelength
of 1558 nm and a dispersion of 1445 ps∕nm. The power of
the incident light wave to the DMZM is about 13 dBm. The
lengths of the SMF in the dual loops are ∼600 and ∼1000 m.
The photonic detector (PD) has a bandwidth of 40 GHz and a
responsivity of 0.65 A∕W. The gain of the EA was about
40 dB with a bandwidth of 5.8 to 20 GHz. An electrical spec-
trum analyzer (Agilent E4447AU) was used to observe the
electrical spectrum of the generated microwave signal and to
measure its phase noise.

Figure 2 shows the open-loop response of the OEO under
different bias voltages measured by a vector network analyzer
(Agilent E5230B). As can be seen from Fig. 2, the peak of the
open-loop response is shifted from 6.5 to 8.3 GHz by simply
adjusting the bias voltage from 4.9 to 2.4 V. Although the
adjustment of the bias voltage will affect the modulation effi-
ciency of the DMZM since it would not work at the quadrature
bias point, the EA in the loop would compensate the decrease
of the modulation efficiency if it can provide sufficient gain.
Because the frequency of the oscillator is mainly determined
by the center frequency of the photonic microwave filter, a
tunable OEO can be realized.

When the loop is closed, the OEO starts to oscillate at the
frequency around the transmission peak of the photonic
microwave filter. Though the band width of the filter is very
large, thanks to the Vernier effect formed by the dual-loops
which performs the fine mode selection for the OEO, a single

Fig. 1 Schematic diagram of the proposed tunable optoelectronic
oscillator (OEO). LD: laser diode; PC: polarization controller; DMZM:
dual-electrode Mach–Zehnder modulator; PBS: polarization beam
splitter; PBC: polarization beam combiner; EA: electrical amplifier;
PD: photonic detector; and CFBG: chirped fiber Bragg grating.

Fig. 2 The open-loop responses of the optoelectronic oscillator
(OEO) at different bias voltage.
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mode frequency will oscillate in the loop. Detail analysis is
shown.8 Figure 3(a) shows a typical electrical spectrum of
the oscillating signal, which has a frequency of 7.7 GHz. The
zoom-in view of the microwave signal is shown in Fig. 3(b).
The side mode suppression ratio is greater than 65 dB, indi-
cating that the spectral purity of the OEO is high. Figure 4
shows the optical spectrum at the output of the PBC. As
expected, stable and clear sidebands are observed due to
the high-quality single-frequency oscillation. It is known that
the PD and EA in the system are both wideband equipment.
When the OEO system works, the oscillate frequency and
harmonics frequency will also be generated at the output
of PD, they are both amplified by the EA, and the power of
oscillate frequency is higher than the harmonics frequency,
so the harmonics frequency won’t affect the performance
of OEO.

To evaluate the phase noise performance, the single-
sideband phase noise of the generated 7.7 GHz signal is mea-
sured with the result shown in Fig. 5. The phase noise of the

generated microwave signal is −112.6 dBc∕Hz at 10-kHz
frequency offset. It should be noted that the phase noise
measurement based on the electrical spectrum analyzer
would be affected by the intensity noise, so the actual phase
noise performance should be better. Compared with the other
tunable OEO schemes,7–10 the phase noise of the generated
microwave is decreased because the longer fiber is adopted.
As we know, the phase noise of OEO is mainly dependent on
the fiber length15 in proportion to the fiber length L2.16 So the
phase noise performance can be further improved if a longer
loop is employed. But once the longer fiber is adopted, the
fiber dispersion and the nonlinearity of fiber will introduce
into the other noise and will worsen the phase noise of gen-
erated microwave signal. As the fiber is susceptible to outer
temperature, the stability of generated microwave frequency
will decrease with the increase of fiber length.

The tunability of the OEO is realized by adjusting the bias
voltage of the DMZM. Figure 6 shows the spectrum of the
generated microwave signal. The frequency can be tuned
from 5.8 to 11.8 GHz. During the frequency tuning, only
the bias voltage to the DMZM is adjusted with all other
parameters kept unaltered. It should be noted that the voltage
source can have very high resolution, so the tuning of the
frequency can achieve high accuracy.

The stability of the frequency is also investigated in the
lab environment. The frequency drifts about 20 kHz in half
an hour. If the temperature of the fiber in the system keeps
unchanged, the stability of the frequency will be improved.

4 Conclusion
A novel approach to achieving a frequency-tunable OEO
using a chirped MZM and a CFBG was proposed and exper-
imentally demonstrated. A tunable microwave signal from
5.8 to 11.8 GHz was achieved. The frequency of the gener-
ated microwave signal could be easily tuned by tuning the
bias voltage. The generated microwave signal exhibited a
phase noise as low as −112.6 dBc∕Hz at an offset of 10 kHz.
The phase noise performance can be further improved if a
longer loop is employed.

Acknowledgments
This work was supported in part by the China 973 Project
(2012CB315603, 2012CB315705), the National Natural
Science Foundation of China (61107063, 61032005,
61177065, 61174199), the Ph.D. Programs Foundation of
the Ministry of Education of China (20113218120018),
the Program for New Century Excellent Talents in University

Fig. 3 Measured electrical spectra of the generated microwave sig-
nal. (a) The electrical spectrum of the 7.7-GHz microwave signal and
(b) the zoom-in view of the 7.7 GHz signal at a span of 1 MHz.

Fig. 4 Measured optical spectrum at the output of the PBC.

Fig. 5 The phase noise spectrum of the generated microwave signal.

Fig. 6 Electrical spectra of the generated microwave signal under dif-
ferent bias voltages.

Optical Engineering 055005-3 May 2013/Vol. 52(5)

Wei et al.: Tunable optoelectronic oscillator based on a chirped Mach-Zehnder modulator



(NCET-10-0072), the Fok Ying Tung Education Foundation,
the Fundamental Research Funds for the Central Universities
(NE2012002) and the Jiangsu Province Science Foundation
(BK2012058).

References

1. X. S. Yao and L. Maleki, “Converting light into spectrally pure micro-
wave oscillation,” Opt. Lett. 21(7), 483–485 (1996).

2. X. S. Yao and L. Maleki, “Optoelectronic oscillator for photonic
systems,” IEEE J. Quant. Electron. 32(7), 1141–1149 (1996).

3. M. Shin and P. Kumar, “Optical microwave frequency up-conversion via
frequency-doubling optoelectronic oscillator,” IEEE Photon. Technol.
Lett. 19(21), 1726–1728 (2007).

4. S. Poinsot et al., “Continuous radio-frequency tuning of an optoelec-
tronic oscillator with dispersive feedback,” Opt. Lett. 27(15),
1300–1303 (2002).

5. B. Yang et al., “Optically tunable frequency-doubling brillouin opto-
electronic oscillator with carrier phase-shifted double sideband modu-
lation,” IEEE Photon. Technol. Lett. 24(12), 1051–1053 (2012).

6. A. A. Savchenkov et al., “Voltage controlled photonic oscillator,” Opt.
Lett. 35(10), 1572–1574 (2010).

7. S. L. Pan and J. P. Yao, “Wideband and frequency-tunable microwave
generation using an optoelectronic oscillator incorporating a Fabry-
Perot laser diode with external optical injection,” Opt. Lett. 35(11),
1911–1913 (2010).

8. W. Z. Li and J. P. Yao, “An optically tunable frequency multiplying
optoelectronic oscillator,” IEEE Photon. Technol. Lett. 24(10),
812–814 (2012).

9. B. Yang et al., “Awideband frequency tunable optoelectronic oscillator
based on a narrowband phase-shifted FBG and wavelength tuning of
laser,” IEEE Photon. Technol. Lett. 24(1), 73–75 (2012).

10. Z. Z. Tang et al., “Tunable optoelectronic oscillator based on a polari-
zation modulator and a chirped FBG,” IEEE Photon. Technol. Lett.
24(17), 1487–1489 (2012).

11. G. H. Smith, D. Novak, and Z. Ahmed, “Overcoming chromatic-
dispersion effects in fiber-wireless systems incorporating external
modulators,” IEEE Trans. Microwave Theory Tech. 45(8), 1410–1415
(1997).

12. M. Schiess and H. Carlden, “Evaluation of the chirp parameter
of a Mach–Zehnder intensity modulator,” Electron. Lett. 30(18),
1524–1525 (1994).

13. F. Devaux, Y. Sorel, and J. F. Kerdiles, “Simple measurement of fiber
dispersion and of chirp parameter of intensity modulated light emitter,”
J. Lightwave Technol. 11(12), 1937–1940 (1993).

14. Y. Jiang et al., “An optical domain combined dual-loop optoelectronic
oscillator,” IEEE Photon. Technol. Lett. 19(11), 807–809 (2007).

15. E. J. Adles et al., “Loop-length dependent sources of phase noise in
optoelectronic oscillators,” in Proc. IEEE Int. Frequency Control
Symp., pp. 550–553, IEEE, Newport Beach, California (2010).

16. M. Kaba et al., “Improving thermal stability of opto-electronic oscilla-
tors,” IEEE Microwave Magaz. 7(4), 38–47 (2006).

Zhihu Wei received the BS degree in com-
munication engineering from PLA University
of Science and Technology, Nanjing, China,
in 2008. He is currently working toward
the PhD degree. His current research inter-
ests include microwave photonics, radio over
fiber, microwave generation, fiber Bragg gra-
ting.

Shilong Pan received the BS and PhD
degrees in electronics engineering from
Tsinghua University, Beijing, China, in
2004 and 2008, respectively. From 2008 to
2010, he was a “Vision 2010” postdoctoral
research fellow in the Microwave Photonics
Research Laboratory, University of Ottawa,
Ottawa, Ontario, Canada. From 2010 to
present, he has been with the College of
Electronic and Information Engineering,
Nanjing University of Aeronautics and

Astronautics, China, where he is currently a full professor and director
of the Photonic Microwave Research Laboratory. His research has
focused on microwave photonics, which includes UWB over fiber,
radio over fiber, photonic generation of microwave, mm-wave and
THz, photonic processing of microwave signals and photonic inte-
grated circuits. He has authored or co-authored over 100 papers, pub-
lished in peer-reviewed journals and conference proceedings.

Rong Wang a professor, received the MSc
degree in communication engineering from
PLA University of Science and Technology,
Nanjing, China, in 1988. His current research
interests include fiber communication and
optical processing.

Tao Pu is a professor of Institute of Commu-
nications Engineering, PLA University of Sci-
ence and Technology, Nanjing, China. His
current research interests include radio
over fiber, fiber Bragg grating, and OCDMA.

Tao Fang is an associate professor of the
Institute of Communications Engineering,
PLA University of Science and Technology,
Nanjing, China. His current research inter-
ests include fiber communication systems
and microwave generation.

Guodan Sun received the BS degree in com-
munication engineering from PLA University
of Science and Technology, Nanjing, China,
in 2007. She is currently working toward
the PhD degree. Her current research inter-
ests include radio over fiber and fiber
Bragg grating.

Jilin Zheng is an associate professor of Insti-
tute of Communications Engineering, PLA
University of Science and Technology, Nan-
jing, China. His current research interests
include fiber Bragg grating and OCDMA.

Optical Engineering 055005-4 May 2013/Vol. 52(5)

Wei et al.: Tunable optoelectronic oscillator based on a chirped Mach-Zehnder modulator

http://dx.doi.org/10.1364/OL.21.000483
http://dx.doi.org/10.1109/3.517013
http://dx.doi.org/10.1109/LPT.2007.905669
http://dx.doi.org/10.1109/LPT.2007.905669
http://dx.doi.org/10.1364/OL.27.001300
http://dx.doi.org/10.1109/LPT.2012.2194483
http://dx.doi.org/10.1364/OL.35.001572
http://dx.doi.org/10.1364/OL.35.001572
http://dx.doi.org/10.1364/OL.35.001911
http://dx.doi.org/10.1109/LPT.2012.2188712
http://dx.doi.org/10.1109/LPT.2011.2172789
http://dx.doi.org/10.1109/LPT.2012.2205235
http://dx.doi.org/10.1109/22.618444
http://dx.doi.org/10.1049/el:19941005
http://dx.doi.org/10.1109/50.257953
http://dx.doi.org/10.1109/LPT.2007.897290
http://dx.doi.org/10.1109/MMW.2006.1663988

