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Abstract: A technique that can suppress the dominant phase-induced 

intensity noise in fibre optic delay line signal processors is presented. It is 

based on phase modulation of the optical carrier to distribute the phase noise 

at the information band into a high frequency band which can be filtered 

out. This technique is suitable for suppressing the phase noise in various 

delay line structures and for integrating in the conventional fibre optic links. 

It can also suppress the coherent interference effect at the same time. A 

model for predicting the amount of phase noise reduction in various delay 

line structures using the optical phase modulation technique is presented for 

the first time and is experimentally verified. Experimental results 

demonstrate the technique can achieve a large phase noise reduction in 

various fibre optic delay line signal processors. 

©2010 Optical Society of America 

OCIS codes: (060.2360) Fiber optics links and subsystems; (070.2025) Discrete optical signal 

processing; (070.2615) Frequency filtering; (350.4010) Microwaves. 
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1. Introduction 

Microwave photonic systems for the distribution of signals have been the subject of 

significant interest. Photonic signal processing is attractive because it has the potential to 

overcome existing electronic bottlenecks for processing wide bandwidth signals. Moreover, it 

is immune to electromagnetic interference and compatible with the existing optical networks. 

A range of fibre optic delay line filter structures have been reported [1–10]. In order to 

obtain a robust transfer characteristic irrespective of environmental perturbations, the filters 

based on a single laser and a single photodetector in a delay line structure [1–8] require the 

use of an incoherent approach, in which the coherence time of the light source is made smaller 

than the minimum delay time of the processor. However, the problem with this incoherent 

approach is that it generates an excessive amount of phase-induced intensity noise (PIIN) due 

to the beating of the delayed optical signals at the photodetector [11–13]. The phase noise can 

severely degrade the signal-to-noise ratio (SNR), which limits the use of fibre optic delay line 

signal processors in practice. 

The problem of PIIN can be overcome by either using different wavelength optical sources 

for different delayed optical signals [9] or using a photodetector to detect each delayed optical 

signal [10]. However, these techniques require a large number of optical sources or 

photodetectors to implement a high-resolution signal processor. Furthermore, they require 

altering the conventional fibre optic link configuration. We have previously reported a 

differential detection technique [14] that can suppress the dominant phase noise in high-

resolution delay line signal processors but it also requires altering the conventional fibre optic 

link configuration. The objective of this paper is to present a new technique that can suppress 

the dominant phase noise in various delay line structures. It is based on phase modulation of 

the optical carrier to distribute the phase noise at the information band into a high frequency 

band which can be filtered out by the photodetector. The new phase noise suppression 

technique has the advantage of not affecting both the fibre optic link and the delay line signal 

processor configurations. Experimental results are presented using this technique, which 

demonstrate a large reduction in the PIIN and a large increase in the SNR performance in 

various delay line signal processors. 

2. Delay line signal processor phase noise reduction unit 

The PIIN spectrum generated by an incoherent fibre optic delay line signal processor can be 

expressed as the product of two independent terms [11,12]. One is referred to as the source 

dependent term, which is only dependent on the optical source characteristic. The other is 

referred to as the structure dependent term, which is only dependent on the delay line signal 

processor configuration. This implies that the signal processor PIIN can be reduced by 

altering either the optical source characteristic or the signal processor configuration. Since the 

signal processor configuration determines the frequency response performance, the optical 

source characteristic is modified for phase noise reduction as such modification has no effect 

on the signal processor frequency response as long as the system is operating in the incoherent 

regime. A simple way to modify the optical source characteristic is to apply phase modulation 

to the optical carrier. 
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The schematic diagram showing the use of the optical phase modulation technique for 

suppressing the delay line signal processor PIIN is depicted in Fig. 1. A phase noise reduction 

unit, which consists of an optical phase modulator and a signal generator, is inserted in front 

of the signal processor to modify the optical source characteristic. By designing the phase 

modulator driving signal, the phase noise generated by the delay line signal processor can be 

distributed into high frequencies and can be automatically filtered out by the photodetector. 

The technique is simple requiring only an optical phase modulator and a signal generator, both 

of which are commercially available. The implementation of the phase noise reduction unit 

outside the delay line signal processor has the advantage of not affecting the signal processor 

configuration so that the signal processor frequency response performance remains 

unchanged. This also enables the control of the phase modulator driving signal at the receiver 

to suit the need of different signal processors. The phase noise reduction unit can be employed 

in the conventional fibre optic link which consists of one or more delay line signal processors 

with different configurations. It should be pointed out that modifying the optical source 

characteristic by phase modulation is independent of the laser wavelength. Hence, the optical 

phase modulation technique is suitable for suppressing the phase noise in tuneable delay line 

signal processors [6] where the laser wavelength is altered for tuning the signal processor 

frequency response. 

 

Fig. 1. Fibre optic link with a phase noise reduction unit inserted before the fibre optic delay 

line signal processor. 

Modifying the optical source characteristic by phase modulation has been employed to 

suppress the interferometric noise in fibre optic links [15,16]. The cause of the interferometric 

noise considered in previous studies is the double reflection due to connections, imperfections 

or Rayleigh scattering in the fibre optic links that introduce a delayed optical signal. There has 

been no report on using phase modulation to suppress the PIIN generated by the delay line 

signal processors. The amount of PIIN reduction is dependent on the phase modulator driving 

signal and the delay line signal processor configuration. The design of the phase modulator 

driving signal to obtain a large PIIN reduction in different delay line signal processors is 

presented in the following sections. 

3. Phase noise suppression by single tone phase modulation 

Consider the structure shown in Fig. 1 where the intensity modulated optical signal is phase 

modulated by a single frequency tone and is then launched into an unbalanced Mach Zehnder 

interferometer (UMZI) notch filter formed by connecting two optical couplers with a length 

difference between the two arms [17]. Since both the interferometric noise generated by 

double reflection and the PIIN generated by the UMZI are caused by the beating of two 

delayed optical signals at the photodetector, the UMZI notch filter PIIN spectrum after single 

tone phase modulation has the same behaviour as the interferometric noise spectrum after 

single tone phase modulation, which has been analysed in [15,16]. Based on the result given 

in [16], the UMZI notch filter PIIN spectrum after single tone phase modulation can be 

written as 
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where Jn(x) is the Bessel function of n
th

 order of first kind, Sδ(f) is the structure dependent 

term of the delay line signal processor PIIN, and SN(f) is the source dependent term of the 

delay line signal processor PIIN without superimposed modulation. Assuming the laser has a 

Lorentzian lineshape, SN(f) is given by [12] 
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where ∆ν is the laser linewidth. A in (1) is defined as 

( )02 sin 2A a τ= − Ω  

where a = πV0/Vπ is the phase modulation index, V0 is the voltage of the single tone into the 

phase modulator, Vπ is the half wave voltage of the phase modulator, Ω0 = 2πf0 is the angular 

frequency of the single tone into the phase modulator and τ is the signal time delay. The term 

J0
2
(A) in (1) determines the amount of PIIN reduction by single tone phase modulation. As 

J0
2
(A) approaches zero the PIIN is distributed into the input single tone and its harmonic 

frequencies. Hence the PIIN at the information band is largely reduced. Since J0
2
(A) = 0 when 

A = −2.405, the phase modulation index required to minimise the PIIN generated by the 

UMZI notch filter at the information band is given by 

  
( )0

1.2025

sin 2
a

τ
=

Ω
 

Figure 2 depicts the UMZI notch filter PIIN spectrums with and without single tone phase 

modulation. 

 

Fig. 2. UMZI notch filter PIIN spectrums with (dash) and without (solid) a 5.05 GHz frequency 

single tone phase modulation. The phase modulation index is 1.2. The signal time delay is  

10 ns. 

The free spectral range (FSR) of the UMZI notch filter response is 100 MHz. The optical 

source has a linewidth of 200 MHz, which is larger than the filter FSR in order to avoid the 

coherent interference problem. The phase modulator is driven by a single tone with the 

frequency of 5.05 GHz and the phase modulation index is designed to be 1.2 so that J0
2
(A) = 

0. As can be seen from the figure, by proper design of the phase modulation index, the UMZI 

notch filter PIIN is distributed into the input single tone frequency. A 29 dB PIIN reduction at 

the UMZI notch filter passband frequency of 100 MHz is obtained. The amount of PIIN 

(1) 

(2) 

(3) 

(4) 
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reduction can be further increased by increasing the input single tone frequency while 

satisfying the condition J0
2
(A) = 0. 

The time delay between the two taps generated by the UMZI notch filter affects the 

amount of phase noise reduction. Different signal time delays require different single tone 

frequencies and phase modulation indexes to obtain a large phase noise reduction. The phase 

noise generated by the multi-tap delay line signal processor is due to the beating of different 

delayed optical signals, which are separated by different times. Hence (1) cannot be used to 

predict the amount of phase noise reduction in multi-tap delay line signal processors after 

single tone phase modulation. A model was developed for the first time to obtain the amount 

of phase noise reduction in multi-tap delay line signal processors after single tone phase 

modulation. Consider a passive recirculating delay line (RDL) notch filter formed by 

connecting one of the outputs of a 33% coupling ratio optical coupler back to one of its inputs, 

which can be viewed as a three-tap device [12]. The PIIN of the passive RDL notch filter is 

generated by the three taps beating with each other at the photodetector. In order to predict the 

amount of phase noise reduction after single tone phase modulation, the impulse response of 

the passive RDL notch filter is viewed as three sets of two-tap impulse response as shown in 

Fig. 3. 

 

Fig. 3. Passive RDL notch filter impulse response. 

One can see from the figure that the time delay between the two taps in Set I and II is τ, 

whereas the time delay in Set III is 2τ. The two taps in each set beat with each other 

generating PIIN. The maximum amount of phase noise reduction by single tone phase 

modulation in the three-tap delay line structure is obtained by minimising the average of the 

sum of J0
2
(Ax) in each set, i.e. 

 

where A1 = −2asin(Ω0τ/2) and A2 = −2asin(Ω0τ). Extending the above result to an m-tap delay 

line structure, the maximum amount of phase noise reduction by single tone phase modulation 

in an m-tap delay line structure is obtained by minimising the term Xm,0, which is given by 
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where Ax is defined as 

( )2sin2 0 τxaAx Ω−=  

The m-tap delay line structure PIIN spectrum after single tone phase modulation can be 

written as 

( ) ( )[ ] 32 2

2
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Note that the term Xm,0 in (8) cannot be cancelled by designing the single tone frequency and 

the phase modulation index when m>2. However, the single tone frequency and the phase 

modulation index can be designed to minimise Xm,0 in order to maximise the amount of PIIN 

reduction. 

Simulation results show that a large PIIN reduction of 28.8 dB can be obtained at the 

passband of the 100 MHz FSR passive RDL notch filter when the phase modulator is driven 

by a 5.033 GHz frequency single tone with a phase modulation index of 1.39. However, as the 

number of tap increases, the amount of PIIN reduction by single tone phase modulation 

decreases. It was found from the simulation that the amount of phase noise reduction in a 20-

tap delay line structure is limited to 11.6 dB when the phase modulator is driven by a 5.005 

GHz frequency signal tone with a phase modulation index of 5. This shows that the amount of 

phase noise reduction by single tone phase modulation is dependent on the number of taps 

generated by the delay line structure. A high-resolution signal processor has a large number of 

taps, as such a more complex signal than a single tone is needed to obtain a large phase noise 

reduction. 

4. Phase noise reduction by Gaussian noise phase modulation 

Distribution of the delay line signal processor PIIN can be done by increasing the linewidth of 

the optical source. A wide linewidth optical source results in a wide delay line signal 

processor phase noise spectrum. A wide PIIN spectrum means that the phase noise is 

distributed evenly in a wide frequency band and consequently the noise at the information 

band is reduced. It has been proposed and experimentally demonstrated that applying 

Gaussian noise phase modulation to the optical carrier can broaden the laser linewidth to 

avoid the coherent interference effect in fibre optic delay line signal processors [18]. This 

technique can also be used to suppress the phase noise. In this case the amount of PIIN 

reduction is independent of the delay line signal processor configuration. The use of Gaussian 

noise phase modulation to increase the laser linewidth for phase noise suppression allows a 

narrow linewidth telecommunications-type laser to be used as an optical source. The phase 

noise reduction unit has the functions of suppressing both the PIIN and the coherent 

interference effect. 

The autocorrelation function for a laser after bandpass Gaussian noise phase modulation is 

given by [16] 

( ) ( ) ( ) ( ) ( )[ ]{ }δτδτδτδτ 0

22
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Po is the average output laser power, τc is the laser coherence time, Rn(δτ) is the 

autocorrelation function of the Gaussian noise at the input of the phase modulator and Ψ0 is 

the noise centre angular frequency. The delay line signal processor PIIN spectrum after 

Gaussian noise phase modulation is given by 

( ) ( ) ( )[ ]δτδ PMNPMN RFTfSfS ,, ⋅=  

where FT[x] is the Fourier transform of x. It can be seen from (9) and (11) that the delay line 

signal processor PIIN spectrum after Gaussian noise phase modulation is dependent on the 

phase modulation index, which can be designed to reduce the PIIN at the information band. 

As an example, a high-resolution multi-tap delay line signal processor, e.g. an amplified RDL 

(10) 

(9) 

(8) 

(11) 
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bandpass filter [1], has a passband at 100 MHz. The frequency response of the signal 

processor has a FSR of 100 MHz. The linewidth of the optical source is designed to be 200 

MHz, which is larger than the signal processor FSR, so that there is no coherent interference 

problem. Figure 4 depicts the amount of the delay line signal processor phase noise reduction 

and the broadened laser linewidth when the phase modulator is driven by a 1 GHz bandwidth 

Lorentzian shape Gaussian noise with different phase modulation indexes. It can be seen that 

a 26 dB phase noise reduction in a multi-tap delay line signal processor can be obtained by 

broadening the laser linewidth from 200 MHz to 95 GHz. The wider the laser linewidth, the 

more noise is distributed into high frequencies. Hence, a larger amount of phase noise 

reduction is obtained. Note that the width of the delay line signal processor phase noise 

spectrum after Gaussion noise phase modulation is mainly dependent on the input noise 

bandwidth and the phase modulation index. This means that it is not important to design the 

spectrum shape of the Gaussian noise. A wideband and high power Gaussian noise is the only 

requirement for laser linewidth broadening to reduce the delay line signal processor PIIN. 

 

Fig. 4. The amount of phase noise reduction and the broadened laser linewidth as a function of 

the phase modulation index when a 200 MHz linewidth laser undergoes a 1 GHz bandwidth 

Lorentzian shape Gaussian noise phase modulation. 

5. Experimental results 

An experiment was set up to verify the suppression of a delay line structure PIIN using the 

single tone phase modulation technique. A DFB laser having a 3 MHz linewidth was used as 

an optical source. The optical source was phase modulated by a single tone with a phase 

modulation index of 1.45. The output of the phase modulator was connected to a Mach 

Zehnder interferometer having a long path length difference of around 100 m between the two 

arms to obtain a stable output insensitive to environmental perturbations. The output of the 

Mach Zehnder interferometer was detected by a photodetector. The output phase noise 

spectrum was viewed on an electrical spectrum analyser. Figure 5 shows the experimental 

result together with the theoretical prediction of the phase noise spectrum when the phase 

modulator was driven by a single tone with different frequencies. The results demonstrate 

that, by properly adjusting the single tone frequency, one can distribute the phase noise at the 

baseband into the input single tone frequency. 

#132044 - $15.00 USD Received 21 Jul 2010; revised 16 Sep 2010; accepted 16 Sep 2010; published 27 Sep 2010
(C) 2010 OSA 11 October 2010 / Vol. 18,  No. 21 / OPTICS EXPRESS  21579



 

Fig. 5. Measured (solid) and predicted (dots) PIIN spectrum of a two-tap delay line structure 

with and without single tone phase modulation. The phase modulation index is 1.45. The laser 

linewidth is 3 MHz. The signal time delay is 0.5 µs. 

Experiments were set up as shown in Fig. 1 to demonstrate the suppression of PIIN in 

various fibre optic delay line filters. The optical source was a tuneable laser operating at a 

wavelength of 1550 nm and having a narrow linewidth of less than 500 kHz. The laser 

linewidth was broadened by an optical source coherence controller [18] to around 120 MHz 

and was launched into a quadrature biased electro-optic modulator (EOM). The EOM output 

was connected to a phase noise reduction unit consisting of a phase modulator having a half 

wave voltage of 6.8 V at 3 GHz and a microwave signal generator. It was followed by an 

UMZI notch filter [17] with a 6.6 m path length difference between the two arms. The output 

was detected by a photodetector. A notch filter response having a FSR of 30.4 MHz was 

measured on a network analyser. The PIIN spectrum was viewed on a spectrum analyser. A 

26 dBm high power single tone was applied to a phase modulator with a 6.8 V half wave 

voltage in order to obtain a large phase modulation index of 2.92. Figure 6(a) shows the 

measured and predicted amount of PIIN reduction at the UMZI notch filter passband after 

different frequency single tone phase modulation. A large phase noise reduction of over 30 dB 

was obtained when the single tone frequency was 3 GHz. The PIIN at the UMZI notch filter 

passband was measured for different input single tone power while the single tone frequency 

was fixed at 3 GHz. Figure 6(b) shows the comparison between the experimental result and 

the theoretical prediction of the amount of PIIN reduction at the UMZI notch filter passband 

for different phase modulation indexes. This shows a large PIIN reduction in an UMZI notch 

filter can be obtained by designing the single tone frequency and the phase modulation index. 

The UMZI was replaced by a passive RDL [12] with a loop length of 6.67 m. A 30 MHz 

FSR notch filter response was measured on a network analyser. Three significant taps were 

observed in the passive RDL notch filter impulse response. A high power single tone was 

applied to the phase modulator to obtain a large phase modulation index of 2.84 in order to 

obtain a large PIIN reduction. The PIIN at the RDL notch filter passband was measured for 

different frequency single tone into the phase modulator. Comparison between the 

experimental result and the theoretical prediction of the amount of the passive RDL PIIN 

reduction is shown in Fig. 7(a). Close agreement between the measurement and the prediction 

can be seen. A 22 dB phase noise reduction was measured experimentally when the single 

tone frequency was tuned to 2.9996 GHz. It is interesting to note that the amount of phase 

noise reduction behaves periodically with the period equal to the FSR of the passive RDL 

notch filter response. Hence multiple solutions exist that provide the same amount of phase 

noise reduction. The single tone frequency was fixed at 2.9996 GHz. The amount of phase 

noise reduction at the passive RDL notch filter passband was measured for different phase 

modulation indexes as shown in Fig. 7(b). 
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Fig. 6. (a) Measured and predicted amount of UMZI notch filter PIIN reduction after different 

frequency single tone phase modulation. The phase modulation index is 2.92. (b) Measured and 

predicted amount of UMZI notch filter PIIN reduction for different phase modulation indexes. 

The input single tone frequency is 3 GHz. 

 

Fig. 7. (a) Measured and predicted amount of passive RDL notch filter PIIN reduction after 

different frequency single tone phase modulation. The phase modulation index is 2.84. (b) 

Measured and predicted amount of passive RDL notch filter PIIN reduction for different phase 

modulation indexes. The input single tone frequency is 2.9996 GHz. 

An amplified RDL [1], which can generate a large number of taps, was set up to 

investigate the phase noise reduction in a multi-tap delay line structure using the single tone 

phase modulation technique. The amplified RDL was formed by connecting one of the 

outputs of a 50% coupling ratio optical coupler back to one of its inputs. An erbium doped 

fibre amplifier was inserted into the amplified RDL loop to compensate for the loop loss. The 

amplifier gain was adjusted so that the first 20 taps in the amplified RDL impulse response 

had less than 20 dB reduction in amplitude compared to the first tap. This resulted in a 

bandpass filter response with a 25 dB rejection level, which was measured on a network 

analyser. The bandpass filter response had a FSR of 29.8 MHz. A 26.3 dBm high power 

single tone was applied to the phase modulator to obtain a large phase modulation index of 

3.02 in order to obtain a large PIIN reduction. Figure 8(a) shows the amount of PIIN reduction 

at the passband of the amplified RDL bandpass filter when the phase modulator was driven by 

different frequency single tones. This shows that the amount of phase noise reduction by 

single tone phase modulation in a 20-tap delay line signal processor is limited to 9.2 dB. 

However, unlike the UMZI and the passive RDL notch filters, the amount of phase noise 

reduction in the amplified RDL bandpass filter is not sensitive to the input single tone 

frequency. Figure 8(b) shows the measured and predicted amount of PIIN reduction at the 

amplified RDL bandpass filter passband for different phase modulation indexes while the 
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single tone frequency was fixed at 3.002 GHz. Close agreements between the measured and 

simulated results can be seen. This verifies the validity of the model for predicting the amount 

of phase noise reduction in multi-tap delay line signal processing structures by using single 

tone phase modulation. 

 

Fig. 8. (a) Measured and predicted amount of amplified RDL bandpass filter PIIN reduction 

after different frequency single tone phase modulation. The phase modulation index is 3.02. (b) 

Measured and predicted amount of amplified RDL bandpass filter PIIN reduction for different 

phase modulation indexes. The input single tone frequency is 3.002 GHz. 

A pseudo-random binary sequence (PRBS) generated by a pattern generator instead of a 

single tone was used to investigate the changes in the delay line signal processor PIIN 

spectrum after broadening the laser linewidth. The spectrum width of the PRBS can be 

controlled by the clock frequency. The use of PRBS enables dynamic adjustment of the laser 

linewidth by simply changing the clock frequency. The narrow linewidth tuneable laser was 

intensity modulated by a quadrature biased EOM and was launched into a phase modulator 

driven by a high power PRBS. Initially the PRBS clock frequency was set to 75 MHz to 

broaden the laser linewidth to around 50 MHz to avoid the coherent interference effect in the 

delay line signal processor. The laser linewidth was measured by using the homodyne 

detection technique [19] when different clock frequency PRBSs were applied to the phase 

modulator. Then an UMZI notch filter was connected at the phase modulator output and the 

PIIN at the filter passband was measured for different PRBS clock frequency phase 

modulation. Comparison between the measured and predicted amount of PIIN reduction at the 

UMZI notch filter passband for different laser linewidth is depicted in Fig. 9. This shows that 

around 12 dB PIIN reduction was obtained by increasing the laser linewidth from 50 MHz to 

920 MHz. The same amount of PIIN reduction was measured in the passive RDL notch filter 

and the amplified RDL bandpass filter. This shows a large PIIN reduction in multi-tap delay 

line signal processors can be obtained by broadening the laser linewidth. 
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Fig. 9. Measured and predicted amount of UMZI notch filter PIIN reduction versus the laser 

linewidth. 

To investigate the effect on the SNR, an RF signal having a frequency at the passband of 

the 30 MHz FSR passive RDL notch filter was applied to the intensity modulator. The output 

RF signal together with the passive RDL notch filter PIIN spectrum after broadening the 

tuneable laser linewidth from 50 MHz to 920 MHz are shown in Fig. 10. As seen phase 

modulation has no effect on the output RF signal. It only broadens the laser linewidth which 

distributes the PIIN into high frequencies. An 11.8 dB SNR improvement was obtained. A 

larger amount of SNR improvement can be obtained by further increasing the laser linewidth. 

 

Fig. 10. RF signal and PIIN at the output of the passive RDL notch filter for the laser linewidth 

of 50 MHz (solid) and 920 MHz (dots). The FSR of the passive RDL notch filter response is  

30 MHz. 

6. Conclusion 

A technique that can suppress the dominant phase-induced intensity noise in fibre optic delay 

line signal processors has been presented. It is based on phase modulation of the optical 

carrier to distribute the phase noise at the information band into a high frequency band which 

can be filtered out by the photodector. Phase noise reduction in various delay line signal 

processors by using single tone and Gaussian noise phase modulation has been investigated. A 

model was developed, for the first time, to obtain the amount of PIIN reduction in multi-tap 

delay line signal processors after single tone phase modulation. A wideband and high power 

Gaussian noise can be used to obtain a large phase noise reduction in multi-tap delay line 

signal processors. The optical phase modulation technique for suppressing the PIIN in various 

delay line signal processors has been experimentally demonstrated. This phase noise reduction 
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technique is suitable for use in various delay line signal processors, and does not affect the 

signal processor and the fibre optic link configurations. 
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