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I. INTRODUCTION

The optoelectronic oscillator was first investigated by 

Maleki and Yao in 1996 [1, 2], and in recent years, has been 

considered as an effective and popular means of generating 

high-frequency and ultra low-phase noise microwave signals. 

It is applied to perform navigation, communications, radar, 

and measurements. The traditional optoelectronic oscillator 

(OEO) consist of some microwave devices and some optical 

devices, such as laser, optical fiber, photoelectric detector 

(PD), amplifier (AMP) and modulator.

The major limitations of a conventional OEO is limited 

frequency tenability, because an electrical bandpass filter 

(BPF), which usually has a low, fixed central frequency, is 

employed for single-frequency operation [3]. Many solutions 

to this problem have been proposed to improve the 

frequency-tunable range by frequency multiplying [4] or 

using a tunable microwave photonic filter [5-7]. For 

example, Xiaopeng Xie from Peking University designed 

an OEO structure using a phase modulator (PM) and a 

narrow band tunable optical bandpass filter (TOBF) [8]. 

Wei Chen from Xidian University proposed a structure 

using a dual parallel Mach Zehnder modulator (DPMZM) 

and a fiber Bragg grating to generate a quadruple frequency 

signal at about 24 GHz [9]. Bo Yang proposed an X-band 

signal generator with frequency tunable from 8.4 to 11.8 

GHz [10]. Recently several viable OEO structures have been 

proposed, such as an OEO consisting of a phase-shifted 

fiber Bragg grating (PS-FBG) [11, 12] or apodized fiber 

Bragg grating (A-FBG) [13, 14] and a phase modulation, 

with a large tunable frequency range (over 10 GHz). 

However, the frequency of the radio-frequency (rf) signal 

from the OEO is sensitive to the quality of the laser source. 

Therefore, this structure is difficult to realize and expensive.

In this paper a small, inexpensive OEO structure is 

proposed, which can generate a signal that is tunable over 

a wide frequency range. We demonstrate the feasibility of 

a tunable OEO using a tunable FBG both theoretically and 

experimentally and then study the dynamic laws of this 

OEO. Experimentally, a wide frequency range from 6 to 

12 GHz and a 60 dB suppression ratio are realized. The 

phase noise of the generated signal was measured, revealing 

that the single-sideband phase noise of a 10.2 GHz signal 

was -117.2 dBc/Hz at an offset of 10 kHz.
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II. PRINCIPLE

The experimental setup for the tunable OEO is established 

in this section. Figure 1 shows a schematic of the proposed 

tunable OEO. The frequency-tunable oscillator is mainly 

composed of a distributed feedback laser (DFB), a Mach 

Zehnder modulator (MZM), a PD, a single mode fiber 

(SMF), an amplifier and a tunable FBG. Light from the 

DFB is sent to the MZM, which modulates the feedback 

signal into light. The modulated light spreads through the 

optical fiber, which is used to obtain a high Q value. The 

light is then transmitted to a tunable FBG, whose reflected 

light frequency can be varied by turning the grating. The 

tunable FBG is embedded in the OEO loop by an optical 

circulator. An electronic spectrum analyzer measures the 

output rf signal.

When a difference in frequency exists between the 

reflected light and the laser, the PD generates an rf signal 

via the beat frequency. The beat signal is electrically 

amplified and fed back to the MZM to realize the OEO. 

The frequency of the output rf signal is determined by the 

FBG’s reflected light; thus the tuning range of the output 

signal is influenced by the effective range of the tunable 

FBG and other optoelectronic devices.

An FBG is a type of optical fiber that has a periodic 

perturbation of refractive index along the fiber’s length. It 

is formed by exposure of the core to an intense optical- 

interference pattern. It can reflect the incident light at a 

central wavelength, and this process follows Braggs law. 

The central wavelength of the reflection is given by

2Bragg effnλ = Λ (1)

where effn  is the modal index and Λ is the grating’s period. 

The tunable FBG we used is a variable-grating-period FBG 

[15].

The single loop transfer process is shown in Fig. 2.

The output electric field from the laser can be expressed as
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In summary, the electric field output from the MZM is 

obtained as
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Whereas ( )M t  is the second part of Eq. (4), that is [16],

FIG. 1. Schematic diagram of the proposed OEO structure.

FIG. 2. The single-loop transfer process of the OEO.
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The Fourier transform of ( )M t  is
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The Fourier transform of 2
( )E t  is expressed as

2
( )= ( ) ( )E F Mω ω ω⊗  (7)

where ⊗ is the symbol for convolution. Therefore, the 

frequency spectrum of the output signal from MZM is 

obtained as
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Using Eq. (8), we can easily compute the amplitude of 

each sideband signal.

As is evident from Table 1, the two largest signal 

amplitudes correspond to the carrier frequency and the first- 

order sideband; thus, the rf-signal output from the PD is
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where K is the gain of the PD [2], which implies that the 

gain of the OEO is
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where G is the gain of the amplifier and A is the bias 

voltage [2]. With invariant bias and driving voltages, the 

expression 
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�  is satisfied, then the OEO can be 

obtained by setting the signal gain of the loop.

III. EXPERIMENT

An experiment based on the setup illustrated in Fig. 1 

was performed. The MZM (Fujitsu FTM7961EX) had a 3 

dB bandwidth of 40 GHz and a half-wave voltage of 4.5 

V. The PD (u2t, XPDV2120R) had a 3 dB bandwidth of 

50 GHz and a responsivity of 0.65 A/W. The rf amplifiers 

consisted of a low-noise amplifier (LNA) with a low noise 

amplitude of less than 4 dB, and a power amplifier (PA) 

with a gain of 17 dB. The DFB laser’s optical power was 

approximately 13 dBm, and its bandwidth was 10 MHz. 

The erbium-doped fiber amplifier (EDFA) is a tunable 

optical amplifier, and was used to provide gain to the 

signal passed through optical devices and the 2 km SMF. 

TABLE 1. The signal amplitude of every sideband and the 

corresponding filter gain
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FIG. 3. Measured transmission frequency response of the 

tunable FBG used in the experiments.
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The EDFA ensures that the PD can receive a sufficiently 

powerful optical signal to put out the rf signal.

The transmission and reflection response of the tunable 

FBG used in the experiments is shown in Fig. 3. We 

measured the transmission spectrum while changing the 

center frequency of the tunable FBG. Figure 3 shows the 

transmission spectrum of the tunable FBG. The tunable 

FBG was packaged in a box with a sponge block, for 

environmental stability. The central wavelength of the 

DFB laser was 1550.62 nm.

Figure 4 shows the spectrum of the optical signal, 

generated by the OEO. The reflected signal from the 

tunable FBG was modulated according to the laser signal: 

When the central frequency of the FBG was varied, the 

signal reflected from the tunable FBG was modulated to 

different positions beside the laser signal. Therefore, different 

rf signals were generated after the PD, which could beat 

different modulated light. Because of the limitations of 

our optical spectrum analyzer (OSA), the spectral peaks of 

the tunable FBG and laser were somewhat wide. The 

frequency span and resolution ratio settings were 0.8 and 

0.005 nm, respectively.

Figure 5(a) shows the spectrum of the rf oscillation 

signal measured using an electrical spectrum analyzer 

(ESA) with a 1-MHz span and a 10-kHz resolution band-

width. One strong oscillation signal appeared, accompanied 

by some low-level side modes. The Q value of the rf 

signal exhibited good performance; the side modes were 

suppressed effectively, with a suppression ratio was of 

60 dB. Figure 5(b) shows the single-sideband phase noise 

spectrum of the generated tunable signal, which was used 

to evaluate the phase-noise performance. The measured 

results are shown in Fig. 5(b). The phase noise of the 

generated microwave signal was -117.2 dBc/Hz at an 

offset of 10 kHz. Notably, across the whole tunable range, 

the single-sideband phase noise was less than -102 dBc/Hz 

at the offset of 10 kHz. Figure 5(b) shows that the OEO 

system had a relatively low phase noise.

The frequency tunability of this OEO system was 

investigated. Tuning the central frequency of the FBG 

enabled the frequency of the rf oscillation signal to be 

tuned over a wide range. Figure 6 shows spectra of the 

generated signals when the frequency was tuned from 6 to 

12 GHz, with a resolution bandwidth (RBW) of 3 MHz. 

The final rf-signal power in the oscillation was measured 

to be -7 dBm, and the deviation amplitude of the different 

oscillating signals was less than 2 dB. The harmonic 

signals measured in the electronic spectra were induced by 

the nonlinear amplification of the AMPs. The tuning range 

was further extended when a tunable FBG of wider 

FIG. 4. Spectra of the optical signals generated by the OEO, for different central frequencies of the FBG.

FIG. 5. Measured spectrum of (a) the rf oscillation signal and (b) the phase noise of the generated 10.2-GHz microwave signal.
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reflection bandwidth was used, and the bandwidth of the rf 

amplifier was increased. In the traditional structure, the 

laser bandwidth dramatically affects the rf quality. A 

wide-spectrum laser reduced the purity of the rf signal, 

and the proposed device generated a wide-spectrum rf 

signal after the PD.

IV. CONCLUSION

In this paper, we demonstrated a low-cost and simple 

wideband-tunable OEO. A tunable range from 6 to 12 GHz 

was realized using this configuration. The measured single- 

sideband phase noise was -117.2 dBc/Hz at 10 kHz of the 

generated GHz signal. A tunable OEO structure with the 

aforementioned demonstrated advantages will be useful for 

realizing many inexpensive, small optical systems, including 

FBG sensors and radar identification system.
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