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Abstract – Microwave photonic filtering has been used to 

explore new potential directions in sensing technology. In this 

work a microwave photonic filter (MPF) has been proposed 

to transfer the optical response of a fibre optic interferometer 

into the microwave frequency domain and thus to overcome 

some of the potential limitations imposed by optical 

measurement. The MPF used consists of a fibre optic Fabry- 

Perot interferometer (FPI) as the sensing element as well as a 

spectrum slicer, and a dispersive fibre link as a frequency 

down-conversion factor. The shift of the central frequency of 

the MPF passband was modulated by the change of the 

effective cavity length which can be monitored to demodulate 

the sensing parameters. FPIs with different cavity lengths 

were used with different lengths of the fibre link to test the 

performance and the feasibility of the sensing system. By 

using the MPF, measurements of temperature and refractive 

index were successfully demonstrated with adjustable 

sensitivity and operational frequency. 
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1. INTRODUCTION 

 

Research into microwave photonics has blossomed in 

recent years with studies looking at many issues including the 

basic optical-microwave interaction, photonics devices 

operating at microwave frequencies, photonic control of 

microwave devices, high frequency transmission links and 

the use of photonics to implement various functions in 

microwave systems [1]. From pioneering experiments in late 

1970’s, the field has expanded to produce a number of 

applications with considerable potential commercial 

importance. Continued progress in photonic components and 

technology reflects great interest in this field and an 

expanding acceptance of the use of photonics in microwave 

systems. Over the past decade, different microwave- 

photonics technologies have been investigated to allow better 

optical fibre sensing. By introducing microwave modulation 

into the optical system, the optical detection can be 

synchronized with the microwave modulation frequency. As 

a result, the system created can have a high SNR and thus an 

improved detection limit. Fiber-optic sensor systems 

employing microwave photonic technology have been 

proposed and demonstrated – thus to explore achieving better 

performance, allowing the sensor parameters to be resolved 

in the microwave domain. Due to huge gap between optical 

and microwave frequencies, tiny variations seen in the optical 

domain will cause significant changes in the microwave 

domain, which then will enable the microwave photonic- 

based optical sensors created to show high sensitivity and 

improved resolution capability. Furthermore, with the 

development of photonic and mobile network technologies, 

the realization of microwave photonic signal processing has 

in practice become more and more convenient and thus more 

cost effective. 

Fiber optic interferometric sensors has been widely used 

for measuring various physical and chemical parameters and 

as a powerful tool in fundamental research, thanks to their 

high measurement sensitivity. Microwave photonic filtering 

(MWP) technology can be used to interrogate such 

interferometric sensor, where the sensor information can be 

deduced directly from the central frequency of the MPF 

passband. Such Microwave Photonic Interferometers have 

been used for the measurement of important parameters such 

as temperature [2], strain [3], humidity [4], and refractive 

index [5], and in distributed sensing [6], for example. In these 

cases, the interrogation is usually realized by tracing the 

resonance frequency of the MPF response. 

Microwave photonic sensors generally are based on 

optical delay line structures. The optical fibre Michelson 

interferometer was first used as a dual delay line notch filter, 

where the displacement induced from one of the arms of the 

interferometer was identified by detecting the frequency of 

the peak or valley of the microwave response of that 

interferometer. Multiple delay lines can be used, by adopting 

certain optical structures such as an array of delay lines, or a 

recirculating line to, for example, enhance the performance of 

the microwave photonics sensing system. Since the central 

frequency of the MPF response is defined by the optical path 

difference of the delay lines, this leads to a strict application 

condition: the optical path difference (OPD) of the 

interferometer should be of the same order of the microwave 

wavelength. This potentially restricts its application in the 

field of precision measurement where OPDs around 

micro/nanometres are addressed. However, the recent 

developments in advanced manufacturing have driven the 

need for more precise manufacturing processes and, as a 

consequence, sensing technologies have evolved. In this 

work, microwave photonic filtering has been used to transfer 

the optical response of a fibre optic interferometer into the 

microwave frequency domain. Using this approach, a Fibre 

Optic Fabry-Perot interferometer (FPI) and a dispersive fibre 

link were used to construct a novel optical delay line filter. 

As a result, the microwave photonic responses of the filters 

proposed were measured and their use in optical fibre sensor 

applications considered and evaluated. 



 

n=1 

1. PRINCIPLE OF OPERATION 

In an intensity-modulated system using direct modulation 

or an external optical modulator, optical delay line filtering 

can be realized by incoherently summing N optical signals 

with an optical path increment. For a filter with N optical 

component will experience a phase shift, which is wavelength 

dependent, where its phase can be expressed as, 

𝜃 = 𝜔(𝑡 + 𝑇) (4) 

where x is the optical frequency of the corresponding 

component, and, 
n 

fibre delay lines, the transfer function can be expressed with 𝑇 = 𝐿[ 
c 

+ 𝐷(𝜆 − 𝜆o)] (5) 

the z-transform as [7], 

𝐻(𝑧) = ∑N 

 

 

𝑤n𝑧–(n–1) 
 

(1) 

is the time delay corresponding to the fiber link length, 

showing a different value for a different wavelength, with L, 
the length of the fibre link, n, the fibre core index, c, the light 

where wn is the weight and z-1 represent a unit delay 

associated with the length increment L0 between adjacent 

delay lines. A bandpass response can be achieved using N 
optical fibre delay lines when the microwave signals 
constructively add at those frequencies, 

𝑓 = 
i 

= 𝑖 
c 

𝑖 = 0, 1, 2, . . . (2) 

velocity in vacuum, and D, the fibre group velocity dispersion 

parameter in ps/nm·km, around the wavelength of λo. At the 

photodetection, a microwave photonic bandpass filtering will 

be formed. The unit time delay in such a filter using multiple 

optical delay lines can be expressed by 
 

 

i cs
 

 
 

nL0 rs = ∆𝑇 = 𝐷𝐿 ∙ ∆𝜆 (6) 

where τs is the unit time delay, n the refractive index of the 
fibre core, and c the light velocity in vacuum. Any change in 

where ∆λ is the FSR of the sliced source. The central 

frequency of the MPF passband can be expressed as 

the unit time delay leads to a change in the bandpass 

frequencies f . 

𝑓 = 
1 

=  
1

 
cs DL∆λ 

= 
2nL0 

DL 2 
(7) 

i 

The optical reflection spectrum of a Fabry-Perot 

interferometer (FPI) is as shown in Fig. 1. The signal 

demodulation algorithms for FPIs fall into either intensity 

demodulation or peak wavelength tracking. While intensity 

demodulation allows fast response, the wavelength tracking 

scheme has the advantage of ultrahigh resolution and notably 

high accuracy. The peak wavelength in an FPI spectral 

response is proportional to the effective cavity length, where 

any change can be measured by tracking the change of a 

specific peak wavelength. However, the ambiguity in the 

peak wavelength tracking always occurs, being equivalent to 

a 2π ambiguity of phase measurement in a coherent 

interferometer, when subjected to a large, abrupt change. The 

measurement is usually realized by measuring the change of 

the Free Spectral Range (FSR), which can simply be 

expressed in the frequency domain as 

When the FSR of the interference spectrum changes, the 
central frequency of the MPF passband will change 

accordingly. Also, by tracking the central frequency shift of 

the MPF passband, the change in the effective cavity length 

of the FPI can be monitored. In the microwave photonic 

configuration discussed, the unit time delay, τO, defined by 

the FPI cavity length, is replaced by a much larger parameter, 

τs, defined by the dispersion of the fibre link. The optical 

response of such a FP interferometer is then transferred into 

the microwave photonic response with a frequency down- 

conversion factor, which is defined by the dispersion of the 

fibre link. This also indicates that the measurement 

sensitivity can be adjusted, by increasing the cavity length of 

the sensing FPI, or reducing the length of the fibre link. Since 

the central frequency of the passband is linearly proportional 

to the effective cavity length, a constant measurement 
sensitivity over the whole measurement range can be 

Δ𝜔 = 
1 

=  
c
 (3) expected and this represents an important benefit of this 

c0 2nL0 

where τO is the unit time delay related to the cavity length L0, 

and n the refractive index of the medium. It should be pointed 

out that either wavelength tracking or FSR monitoring of the 

relationship between peak wavelength or FSR and effective 

cavity length of FPI is nonlinear, which implies a varying 

measurement sensitivity over the measurement range. 

 

Figure. 1 Typical reflection spectrum of an FPI illuminated by a C- 

band broadband source. 

Considering the optical reflection from an FP 

interferometer as coming from a sliced broadband source, 

there are multiple components in such a sliced source, as 

shown in Fig. 1. After being launched into a fibre link, each 

approach. 

 

2. EXPERIMENT APPROACH AND RESULTS 

 

The microwave photonic sensing system discussed in this 

work is illustrated in Fig. 2. Here the output from a 

broadband light source was sent to a fibre-optic open cavity 

Fabry-Perot interferometer (FPI), through an optical 

circulator (OC). The FPI sensing head used in this work was 

as shown in Fig. 3. Here a single-mode fibre and a gold- 

plated reflector were placed in a 5 cm U-shaped quartz glass 

tube. The fibre and the reflector were both bonded to the glass 

tube to form a robust and open FPI cavity. The incident light 

entered the cavity through a single-mode fibre and was 

reflected by the gold-plated reflector. 
 

Figure 2 Experimental arrangement used in this work. 



 

The broadband spectrum used was spectrally shaped by 

the FP interference from the reflection at the fibre end face 

and the gold-plated reflector, and the reflected spectrum from 

the sensor was sliced into multiple components, as shown in 

Fig. 1. The spectrum sliced broadband source was then 

coupled into an electro-optic modulator (EOM), by which a 

microwave signal generated from the vector network analyzer 

(VNA) was used to modulate the optical beam. The optical 

microwave signal was then sent to a length of single mode 

fibre, and amplified by an erbium-doped fibre amplifier 

(EDFA) and was then received by a photodetector. Finally, 

the frequency response of the proposed single bandpass 

microwave filter was observed by the VNA used. 
 

Figure 3 Configuration of fibre optic FPI used. 

 

Four FPIs with cavity lengths of 84 µm, 160 µm, 214 µm, 

and 326 µm respectively were used in the experiments 

described. The reflection spectra of these 4 FPIs were 

measured and are shown in Fig.4. A fibre link with a length 

of 4 km was used in the experiment, while the microwave 

frequency responses of the filter discussed, using 4 different 

FPIs were recorded, while the FPIs were open to the air at 

room temperature. The results of the measurement made are 

as shown in Fig. 5. 

 

Figure 4 Reflection spectra of FPIs used in the experiment. 

From the measured responses, it can be seen that a 

bandpass filter was formed, where the central frequency of 

the passband varied the cavity length of the FPI used. The 

relationship between the central frequency and cavity length 

is plotted in Fig. 5b, the result of which shows a good level of 

linearity, in close agreement with (7). 

 

 
(a) 

 

(b) 

Figure 5 (a) Microwave responses of the filter described with a 4 km 

fibre link and different FPI cavity lengths, (b) The central frequency 

of the passband vs FPI cavity length. 

A fibre link, with a length of 30 km, was also used and the 

microwave frequency responses of the filter discussed, while 

the FPIs were open to the air (at room temperature) were 

recorded. The results of such a measurement are as shown in 

Fig. 6, where it can be seen that the relationship between the 

central frequency and cavity length shows a good level of 

linearity. With the larger fibre dispersion used, the central 

frequency of the passband now fell below 1 GHz. 

 

(a) 
 

(b) 

Figure 6 (a) Microwave responses of the proposed filter with a 30 

km fibre link and different FPI cavity lengths, (b) The central 

frequency of the passband vs FPI cavity length. 



 

 

 
(a) 

 
(b) 

Figure 7 Temperature measurement (a) Microwave responses at 

different temperature, (b) The central frequency of the passband vs 

temperature. 

The FPI, with the cavity length of 214 µm, was used in 

the filter discussed, with a 4 km fibre link employed. Here, 

the FPI sensing head was inserted in a water bath and the 

microwave frequency response of the filter was recorded, as 

a function of the variations of the temperature of the water 

bath. In this FPI, the gold-plated reflector was glue-bonded, 

where the glue will expand as the temperature increases, 

leading to an increased effective cavity length. The measured 

microwave responses of the filter and central frequency of the 

passband obtained against temperature are shown in Fig. 7. 

The relationship between the central frequency of the 

passband and the temperature can be seen to be nonlinear, 

which is attributed to the performance of the glue thermal 

expansion (which is nonlinear). Further, the temperature 

dependence of the water refractive index makes a 

contribution to this (although it is small compared with the 

glue thermal expansion). The relationship between the central 

frequency and the effective cavity length still is linear, as 

described by (7). 

An experiment to demonstrate refractive index 

measurement was carried out by using the filter with the FPI 

of 326 µm cavity length and a 30 km fibre link. In the FPI, 

the gold-plated reflector was fixed securely to the glass tube, 

so that the thermal effect on the cavity length was minimized. 

The FPI sensing head was then inserted into the aqueous 

glycerol solutions, which exhibit different refractive index 

values at different concentration. The microwave frequency 

responses were then measured at these different RI values. 

The measured microwave responses of the filter and the 

central frequency of the passband as a function of temperature 

are shown in Fig. 8 (which has been demonstrated for four 

different RI values). The graph shows that a clear linear 

response between the central frequency of the passband and 

the RI value has been demonstrated. Since a 30 km fibre link 

was used, the central frequencies all were below 1 GHz. 

According to (7), the long length of the fibre link may reduce 

the measurement sensitivity. However, the resulted low 

central frequency can ease the requirement for the 

specification of the microwave photonic system when used in 

different practical applications. 

It should be pointed out that in all the measured 

microwave frequency responses demonstrated here, only the 

first passband of the proposed MPF was illustrated and used 

here to monitor the change in the sensing FPIs. However, in 

practice, there are many passbands in optical delay line filters, 

as defined by (1). The central frequency of the Nth passband 

represents a measurement sensitivity which is N times that 

defined by (7). The microwave frequency response of the 

filter discussed here in this work, however, shows a lowpass 

response due to the sliced optical components and dispersion 

fibre link used [8]. Therefore, the responses from the higher- 

order passbands are suppressed. The lowpass cut-off 

frequency is defined by the bandwidth of the sliced single 

component and the dispersion of the fibre link. However, this 

lowpass effect can be removed if a single sideband modulator 

is used. 

 

 

(a) 

 
(b) 

Figure 8 Refractive index measurement (a) Microwave responses, 

(b) The central frequency of the passband as a function of the RI. 

 

3. CONCLUSIONS AND FURTHER WORK 

 

A microwave photonic sensing system capable of 

transferring the optical response of fibre optic interferometer 

into microwave frequency domain has been proposed and its 

performance discussed. The microwave photonic filter 

evaluated consists of a fibre optic FPI as a sensing element as 

well as a spectrum slicer, and a dispersive fibre link as a 

transferring factor. The shift of the central frequency of the 

MPF passband caused by the change of the effective cavity 

length in the FPI could be monitored to demodulate the 

variation of sensing parameters. Several experiments with the 



 

FPI sensors using different FP cavity lengths have been 

carried out for measuring both temperature and RI change. 

The experimental results show that the central frequency of 

the passband observed was linearly proportional to the 

change of the effective cavity length of the sensing FPI. The 

measurement sensitivity is constant over the measurement, 

and could be tailored by adjusting the length of the FP cavity, 

and the length of the fibre link. Doing so can avoid the 

limitations on the measurement range from the periodic 

characteristics of the FP interference spectrum, and allow 

maintaining the sensing performance over the measurement 

range. The sensing system discussed can be applied to any 

type of interferometric sensor where the sensitivity can be 

further increased if the higher order passbands are chosen to 

demodulate the sensing parameter. The flexibility to choose 

sensitivity and operating frequency makes it very attractive in 

the applications where the traditional approach to optical 

measurement is difficult to handle. The investigation into the 

characteristics of the MPF is continuing to exploit these for 

future applications, which will be discussed in future papers. 
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