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Abstract
The locking characteristics of an Optoelectronic Oscillator 
(OEO) with a constant optical fiber delay has been studied 
both theoretically and experimentally. In this oscillator circuit 
required constant delay is generated by utilizing optical fiber. The 
requirement of a RF low pass filter is realized by a single tuned 
circuit here. The free-running amplitude and frequency of the 
oscillator has been calculated and the experimental result shows 
excellent agreement. It is also shown that a stable locking region 
exists with the variation of injection signal amplitude.
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I. Introduction
Oscillators, inevitable part of any modern communication 
system, are the devices which generate a periodic signal at an 
expense of any continuous energy source. The quality of the 
signal produced by an oscillator depends on the energy storage 
element of that oscillator. For generation of a highly stable and 
spectrally pure microwave signal, very high-Q and low loss energy 
storage elements are essential. Once, almost all high performance 
microwave oscillators were either built up with microwave energy 
storage elements (dielectric resonators), or acoustic energy storage 
elements (quartz resonators). But the lack of adequate frequency 
range (from MHz to a few GHz) and poor spectral purity of 
these devices leads to the invention of modern high-Q oscillator 
named as Optoelectronic Oscillator (OEO) by Yao and Melki in 
1996 at NASA Jet Propulsion Laboratory [1- 3] where, high-Q 
value is obtained by using a photonic delay line in a feedback 
loop. This OEO is similar to the optoelectronic feedback circuits 
demonstrated by Neyer and Voges [4] in 1982, Nakazawa et al. 
[5] in 1984, and later by Lewis [6] in 1992.
Generalizing the Yao-Meleki OEO, a comprehensive model for 
accurately studying the dynamics in OEO was given by Levy 
et al in 2009 [7 ] where OEO is characterized by three widely 
separated time scales. The highest frequency scale, of the order 
of few gigahertzes, is the frequency of the output signal. The 
second frequency scale, of the order of hundreds of kilohertz, is 
the cavity mode spacing. The last frequency scale, of the order 
of several to thousands of hertz, corresponds to the frequency of 
the phase noise that is of interest. According to them-Due to the 
difference between the highest and the lowest time scales a straight 
forward implementation of the OEO simulation is impractical as 
one cannot follow fluctuations that occur at a millisecond time 
scale while resolving gigahertz oscillations. In order to overcome 
this difficulty, we have developed a simple yet reliable single loop 
OEO model in Matlab®-Simulink® environment.
This model uses the same cyclic passage theory to calculate the 
oscillation amplitude and Barkhausen criteria as Biswas et al in 
2012 [8]. It shows graphically the simulated oscillation build up 
process, reaching of a steady state, or unable to reach in steady 
state oscillation (beyond the range of injection locking) etc. 
Considering this model, at first we have theoretically explained 

and practically measured the fluctuation of free running frequency 
and signal amplitude with the application of different photonic 
delay. Then we have studied the frequency response of the OEO, 
where the variation of injection lock range with the amplitude of 
the external sync signal has been established theoretically and 
simulated successfully with this model. 

II. Theory of OEO Output Variation With Photonic Delay
The schematic diagram of the proposed OEO model is shown 
in figure-1. It consists of a CW laser source, an electro-optic 
(Mach–Zehnder) modulator, a long optical fiber, a photo detector, 
a filter, and an amplifier. A single frequency tuned circuit has been 
used here as filter. In the loop, the modulated optical signal by 
the Mach–Zehnder modulator is detected by the photo detector 
after passing through the optical fiber which produces the required 
time delay of the signal. After detection, the electrical signal is 
filtered, amplified and fed back as the input to the modulating grid 
of Mach–Zehnder modulator [2]. 

Fig. 1: Schematic Diagram of Optoelectronics Oscillator

To derive the formulation for the amplitude and the frequency 
of the oscillation, we begin with the assumption that despite the 
presence of the strong nonlinearity due to Mach-Zehender (MZ) 
modulator within the loop there is an existence of stationary 
amplitude of the microwave oscillation in the form of 

  (1)
Where )(tV  is the oscillation amplitude with a frequency and initial 
phase. The optical power from the electro-optic modulator output 
port can be obtained by [9-11].

  (2)
Where α is the fraction of insertion loss of the modulator, is the 
half-wave voltage,  is the bias voltage, BV  is the input optical 
power, 0P  is the input RF voltage to the MZ modulator and 

 determines the extinction ratio of the modulator. If  is the 
sensitivity of the photo detector and R is the output impedance 
of the photo detector then the output of the MZ modulator can 
be written as [8]
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 (3)

Where  and  is the time delay of the long 

optical fiber in the loop.

; assume  (4)
  

Where,  (5)

Without loss of any generality, we can assume that 

and  then, 

    (6)
Considering ( )inV t  is the input to the modulating grid of the MZ 
modulator, then the transfer function of the RF tuned amplifier as

( )G s and the closed loop equation can be written as

  (7)

Where    (8)  
Now the transfer function of the RF tuned amplifier as ( )G s  can 
be written as

   (9)
So we can write the complex frequency as 

  (10)
Rewriting the equation (7) with the help of equation (9) & (10) 
we can write

 (11)

 (12)
Equating the real and imaginary part of the above equation we 
get the amplitude and phase equation as

 (13)

  (14)
Therefore, the free running amplitude and frequency of the 
oscillation can be written as

   (15)
and

    (16)
The validity of the equation (15) and (16) both theoretically and 
experimentally is shown in fig (4) and fig (5) respectively.

III. Study of OEO Output Variation With Photonic Delay 
Our proposed model has been simulated in Matlab®-Simulink® 
environment considering the fundamental sample time of 
simulation is sec. In this model without loss of any generality, 
the LASER frequency has been scaled down to 500 M rad/sec. 
Here, average value of 10 µsec photonic delay has been considered 
which is physically equivalent to 2 KM of optical fiber. A single 
frequency tuned circuit has been used here as filter which is tuned 
to 12MHz frequency and the calculated Q value of the circuit is 
76.9. So, effective quality factor of tuned circuit can be written 
as:

Gain value of the adjustable amplifier is required to be set at 22 dB 
here.  Fig. 2 & 3 shows the general output of the proposed OEO 
in time and frequency domain. The Table 1 shows the variation 
of output frequency and amplitude of this model with variation in 
photonic delay. Fig. 4 & 5 shows the comparative study of these 
variations with theory and experimental values. From figure it 
can be claimed that experimental values are in close proximity 
to the theoretical values.  
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Fig. 2: Time domain Characteristics of OEO
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Fig. 3: Frequency Domain Characteristics of OEO
Table 1: Variation of Free Running Amplitude and Frequency 
With Optical Delay

Optical Delay(µs) Amplitude (V) Frequency (MHz)
10.001 3.323 11.999154
10.002 3.322 11.997246
10.003 3.321 11.997246
10.004 3.319 11.995339
10.005 3.316 11.995339
10.006 3.312 11.993432
10.007 3.307 11.993432
10.008 3.303 11.991524
10.009 3.298 11.991524
10.010 3.292 11.989617
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Fig. 4: Plot of Free Running Amplitude With Optical Delay
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Fig. 5: Plot of Free Running Frequency With Optical Delay

IV. Study Of Locking Phenomenon of OEO With External 
Injection Signal
In this section we introduce the theory and study of dynamics 
characteristics of an OEO with external injection signal. For this 
purpose we fed an external injection signal at the input terminal 
of RF filter along with the free running signal. If is the input to the 
modulating grid of the MZ modulator, and the transfer function 
of the RF tuned amplifier is, then the closed loop equation with 
the injection input signal can be written as:

 (17)
Where  and the sync signal 

Now with the help of equation (9), (10) and (17) we can write

 (18)
Or

 (19)
Equating the real and imaginary part and taking  we get

 (20)

 (21)
Now as per our consideration, we can write

   (22)
Or 

 (23)
In the steady state with no modulation 

we can put  and 

 is equal to zero which gives

 (24)

 (25)
Thus the locking range of the OEO with external injection signal 

can be obtained by taking 

 (26)
The variation of locking range with the external injection signal 

amplitude is shown in fig. 6 by putting  

V. Simulation Result of OEO With External Injection 
Signal 
The expression for injection locking range obtained from the 
equation (26) has been simulated by considering an external sync 
signal, nearly close to the free running frequency of the OEO. The 
locking range is measured with the variation of injection amplitude 
of external sync signal has been tabulated as shown in Table 2.
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Table 2: Variation of Locking Ranges With Amplitude Variation 
of Different Sync Signals
Injection
Amplitude
(E)

Lower locking 
frequency
(MHz)

Upper locking 
frequency
(MHz)

Locking 
range
(KHz)

0.1
11.912 11.915 3
11.996 12.004 8

0.15
11.909 11.918 9
11.993 12.007 14

0.2
11.907 11.921 14
11.9915 12.009 17.5

0.25
11.904 11.924 20
11.988 12.012 24

0.3
11.9021 11.9259 23.8
11.9858 12.0141 28.3

0.35
11.899 11.929 30
11.982 12.018 36

0.4
11.8978 11.9317 33.9
11.9807 12.102 121.3

0.45
11.894 11.936 42
11.9755 12.188 212.5

0.5
11.8926 11.9375 44.9
11.9735 12.1917 218.2

0.55
11.8888 11.945 56.2
11.969 12.195 230.7

0.6
11.8881 11.9459 57.8
11.9641 12.1955 231.4

0.65
11.8833 11.950 66.7
11.9626 12.1959 233.3

0.7
11.88 11.9548 72.1
11.9601 12.2009 240.8

0.75
11.876 11.9589 82.9
11.9739 12.2011 227.2

In the above table (Table 2) we get the value of lock range with 
different injection amplitude of the sync signals. We know that, 
in any OEO, when the feedback loop has the loop gain larger than 
unity, the OEO generates equally spaced peaks or modes similar 
to that of a Fabry-Perot resonator [8]. Presence of a tuned circuit 
in this OEO limits the oscillation in single mode. But in presence 
of an external sync signal, the oscillation shifts from one mode to 
other which is responsible here for obtaining two different lock 
ranges. A comparison of the plot of the lock range with theoretical 
expression and the simulated values obtained (considering the sync 
signal frequency closest to the tuned circuit frequency) has been 
shown in fig. 6. Simulated results nearly match the theory.

Fig. 6: Experimental Setup for Studying OEO With Sync Signal
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Fig. 7: Plot of Lock Range With Injection Amplitude

VI. Conclusion 
In this paper a very simple yet useful model of OEO design 
using Matlab® has been proposed. Measurement of oscillation 
amplitude, frequency and lock range with this model has been 
performed here. Several other characteristics of OEO like rejection 
capability, locking range measurement in presence of interfering 
signal, FM signal detection capability etc. can also be studied 
easily using this model.
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