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Abstract—We propose and demonstrate a wideband photonic 
fractional Hilbert transformer implemented using a ring 
resonator-based optical all-pass filter. The full programmability 
of the ring resonators allows variable and arbitrary fractional 
order of the Hilbert transformer. The implemented all-pass filter 
performs a good approximation to the ideal Hilbert transform 
response, and it can be used as a building block to construct on-
chip complex microwave photonic signal processors. 
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I. INTRODUCTION 

Microwave photonic (MWP) signal processing leverages 
the advantageous properties of optical devices to realize 
functionalities performing RF signal processing, so that the 
constructed systems are commonly associated with the 
features such as large RF instantaneous bandwidth, RF 
frequency transparency, light weight, low signal propagation 
loss, and electromagnetic interference immunity [1], [2]. This 
technique enables functionalities which are difficult, if not 
impossible, to realize using only electronics. In the past few 
years, the advancing of microwave photonics has also 
exhibited a trend of on-chip realization of various RF signal 
processing functionalities [3]-[9], enabling on-chip complex 
MWP signal processors. This improves the system with 
respect to compactness, robustness, stability, and fabrication 
cost, especially when the chip is fabricated using CMOS 
process-compatible equipment. To enrich the applications of 
MWP signal processing, several recent investigations have 
been conducted on photonic implementations of a wideband 
fractional Hilbert transformer (FHT), which is a fundamental 
operator used for numerous signal processing functionalities in 
radar, communication, and modern instrumentation systems 
[10]. However, the previously reported photonic FHTs are all 
based on bulky systems using either a fiber bragg grating and 
circulator [11], [12], or a delay-line filter requiring multiple 
lasers [13], [14], which manifest the lack of tunability and 
high system complexity/cost, respectively. In this paper, we 
propose and demonstrate a simple photonic on-chip 
implementation of a FHT using ring resonator-based optical 
all-pass filters. The full programmability of the ring resonators 
allows variable and arbitrary fractional order of the FHT. In 
addition to that, the waveguide realization of ring resonators 
allows this FHT to be integrated together with other functional 

building blocks on a photonic integrated circuit (PIC) to create 
various system-level functionalities for on-chip MWP signal 
processors. In Section II the design of a photonic FHT using 
ring resonator-based optical all-pass filter is described in 
association with a performance analysis. The characterization 
of a waveguide realization of the proposed photonic FHT is 
presented in Section III with the demonstration of RF 
measurements. In Section IV conclusions are given including 
several possible applications of the proposed photonic FHT. 

II. PHOTONIC IMPLEMENTATION OF FRACTIONAL  
HILBERT TRANSFORMER 

A. Theory of FHT 

      According to [10], the temporal complex envelope of an 
output optical signal  of a conventional Hilbert 
transformer (HT) ( O is the optical carrier frequency) is given 
by  

                    P. V.              (1) 

where  is the temporal complex envelope of the input 
optical signal  and P.V. means principle value. 
Thus, the HT can be implemented using a linear optical filter 
providing a temporal impulse response  with an 
envelope HT  1⁄  and a corresponding frequency 
response HT sgn , where  is the baseband 
frequency variable ( , with  indicating the optical 
frequency). When a conventional HT is generalized into FHT 
and the approaches in [15] are used to approximate the ideal FHT  using optical filters, the discrete-time version of FHT  is defined and is given by 

        FHT | FHT | Ω , 0  ,  0 (2) 

where  represents the angular frequency normalized to the 
defined unit delay of the filter, · 2⁄  and  indicates 
the fractional order. This expresses that a FHT is an ideal · 2⁄  phase shifter. A FHT becomes the conventional HT HT sgn  when 1 , and it provides no 
modification to the input signal when 0  (results in FHT 1 ). By definition, the FHT has its operation 
bandwidth equal to the defined frequency period. Moreover, 
the response FHT  is also periodic with . Since 
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III. DEVICE REALIZATIO
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wideband FHT is demonstrated with operation frequency span 
from 3 to 12 GHz and overall phase ripple smaller than 5 
degree. Although not shown in this paper, the measured power 
transfer of the FHT is close to flat across the defined 
bandwidth with less than 1 dB deviation at the band edge, 
which agrees with the simulations in Figure 3(f).          

 

Figure 6. Illustration of measurement setup  

 

 

Figure 7. (a) measured different RF phase shifts of the ORR by varying the 
power coupling ratio , and the fittings of the design target; (b) corresponding 
FHT phase shift by removing the linear slope of delay  for a wideband span 
from 3 to 12 GHz. 

IV CONCLUSION 

In this paper a simple photonic on-chip implementation of 
wideband FHT is proposed and demonstrated. The FHT is 
based on an optical all-pass filter using ORRs. The full 
programmability of the ORRs allows variable and arbitrary 
fractional order of the FHT, and the waveguide realization 
allows the device to be integrated with other functional 
building blocks on a PIC to create various system-level 

functionalities for on-chip MWP signal processors. The 
realized device demonstrated a RF bandwidth from 3 to  
12 GHz with phase ripple smaller than 5 degree, however, this 
can be upscaled by using ORRs with larger FSRs. To date, 
numerous applications of photonic FHTs have been 
considered, such as optical single sideband generation, 
instantaneous frequency measurement, wideband vector 
modulator and quadrature filter to name a few. In addition to 
those, the proposed photonic on-chip FHT could also be used 
together with a dual(multi)-wavelength laser for simultaneous 
generation of RF I/Q signals featuring a wide RF frequency 
tunability. However, further investigations are still needed to 
explore its usage.    
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