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ABSTRACT A chirped microwave waveform with a large time-bandwidth product (TBWP) can find important 
applications in modern radar systems and microwave imaging systems. Microwave photonics, a field that studies 
the generation and processing of microwave signals in the optical domain to take advantage of the ultra-wide 
bandwidth offered by photonics, has been considered an effective solution for high-frequency and large-
bandwidth microwave waveform generation. In this paper, an overview on photonic generation of wideband 
chirped microwave waveforms is provided. Three major methods are discussed including chirped microwave 
waveform generation based on spectral shaping and frequency-to-time (SS-FTT) mapping, frequency and 
bandwidth multiplication, and Fourier-domain mode-locking of an optoelectronic oscillator (OEO). The 
performance of the techniques for chirped microwave waveform generation is studied. Techniques to generate 
chirped microwave waveforms based on photonic integrated circuits (PICs) are also discussed. 

INDEX TERMS Microwave photonics, chirped microwave waveform, arbitrary waveform generation, time 
bandwidth product, optoelectronic oscillator. 

 

I. INTRODUCTION 
Pulse compression is a technique to increase the range 
resolution while relieving its constraint on peak power, which 
has widely been used in modern radar systems [1, 2]. In a pulse 
compression radar, the transmitter sends a microwave pulse 
with a large time-bandwidth product (TBWP) generated usually 
through frequency modulation or phase coding. The received 
echo signal is sent to a matched filter by which pulse 
compression is implemented [3]. The temporal width of a 
compressed pulse is approximately equal to the reciprocal of 
the bandwidth of the transmitted microwave pulse. The 
improvement in signal-to-noise ratio (SNR) through pulse 
compression is identical to the pulse compression ratio (PCR), 
which is the ratio of the uncompressed pulse width to the 
compressed pulse width. The PCR is approximately equal to its 
TBWP, which is the product of the temporal duration and the 
spectral bandwidth of an uncompressed pulse. Therefore, a 
pulse with a large TBWP means a large PCR, which would lead 
to a high range resolution. The TBWP could be as large as 105 
or even greater in a pulse compression radar system [1-4].  

To increase the TBWP, a microwave pulse should have a 
long temporal duration and a wide spectral width, which can be 
achieved through frequency modulation or phase coding. A 

microwave pulse with linear frequency modulation, also called 
as linearly chirped microwave pulse, is widely used in radar 
systems due to the key advantages including high tolerance to 
Doppler effect and relatively low complexity in the pulse 
generation and compression. A linearly chirped microwave 
pulse or waveform is conventionally generated electronically 
by a voltage-controlled oscillator (VCO) [5] or by an arbitrary 
waveform generator (AWG) [6]. A chirped microwave 
waveform can also be generated in a passive manner. For 
example, by exciting a dispersive delay line, such as a surface 
acoustic wave delay line, with a microwave impulse, a linearly 
chirped microwave waveform is generated [7]. The major 
difficulty associated with the above electronics-based 
techniques is that the bandwidth of the generated microwave 
waveform is small, normally lower than a few gigahertz, 
making the TBWP small. This is due to the limited bandwidth 
of the electronic devices used, such as a VCO and a surface 
acoustic wave delay line, or the limited sampling rate of an 
AWG. However, for many wideband applications, such as in 
modern radar systems and next generation wireless 
communications systems, chirped microwave waveforms with 
a center frequency up to tens or even hundreds of gigahertz and 
a bandwidth of a few gigahertz or higher are often demanded 
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[8]. In the past 20 years, great efforts have been directed to the 
search for effective solutions to generate high-frequency and 
large-bandwidth chirped microwave waveforms in the optical 
domain. Microwave photonics, a field that studies the 
generation and processing of microwave signals in the optical 
domain to take advantage of the ultra-wide bandwidth offered 
by photonics, has been considered an effective solution for 
high-frequency and wideband microwave waveform generation 
[9-15].  

An early approach to the generation of a linearly chirped 
microwave waveform based on fiber optics was reported in 
2005 [16], in which a linearly chirped microwave waveform 
was generated based on the coherent beating of two time-
delayed linearly chirped optical pulses by passing an ultra-short 
optical pulse through two linearly chirped fiber Bragg gratings 
(LCFBGs) with different dispersion values. Since then, 
numerous photonic approaches for the generation of chirped 
microwave waveforms have been demonstrated. In this paper, 
an overview of the techniques proposed in the past 20 years for 
photonic generation of chirped microwave waveforms is 
provided. In particular, three major methods are discussed. The 
first method is based on spectral shaping and frequency-to-time 
(SS-FTT) mapping. The spectrum of an ultra-short optical pulse 
is modified to have a shape identical to that of a microwave 
waveform to be generated. Then, through FTT mapping and 
photodetection, a temporal microwave waveform is generated. 
The key component for linearly chirped microwave waveform 
generation is the spectral shaper which should have a spectral 
response having a linearly changing free spectrum range (FSR). 
This can be realized using a Mach-Zehnder interferometer 
(MZI) with one arm having a wavelength dependent arm length 
or a fiber Bragg grating (FBG) with a specially tailored spectral 
response. The second method is based on frequency 
multiplication, to multiply the frequency of an electronically 
generated chirped microwave waveform with a relatively low 
center frequency and narrow bandwidth. For a multiplication 
factor of N, the center frequency and the bandwidth are both 
increased by N times. Frequency multiplication can be 
implemented based on external modulation or photonic time 
compression (PTC). The third method is to generate a wideband 
linearly chirped microwave waveform based on Fourier-
domain mode locking of an optoelectronic oscillator (OEO). In 
a regular frequency-tunable OEO, the oscillation, when being 
tuned from one frequency to another, will need a buildup time 
to stabilize the oscillation at the new frequency, making the 
generated frequency-tuned microwave waveform have high 
phase noise. A Fourier-domain mode locked (FDML) OEO, on 
the other hand, is able to generate a highly coherent linearly 
chirped microwave waveform with a low phase noise since all 
oscillation modes are phase locked and coexist in the cavity, the 
tuning from one mode to another does not change the phase 
relationship between the modes and will not create additional 
phase noise. All the methods reported are implemented based 
on discrete components. To reduce the size and cost, photonic 
integration is highly needed. In this paper, techniques to 
generate linearly chirped microwave waveforms based on 
photonic integrated circuits (PICs) will also be discussed. 

II.  CHIRPED MICROWAVE WAVEFORM GENERATION 
BASED ON SS-FTT MAPPING 

The first method for photonic generation of a linearly chirped 
microwave waveform is based on SS-FTT mapping. In such a 
system, an ultrashort optical pulse from a pulsed laser, such as a 

mode-locked laser, is spectrally tailored by a spectral shaper 
whose frequency response is designed to have a shape identical 
to that of a microwave waveform to be generated. For example, 
to generate a linearly chirped microwave waveform, the spectral 
shaper should have a sinusoidal spectral response with a linearly 
changing FSR. After passing through the spectral shaper, the 
ultra-short pulse is spectrally shaped, which is sent to an optical 
dispersive element (DE) to perform FTT mapping. To have a 
linear FTT mapping, a DE with linear dispersion is needed [16-
48]. The generation process is illustrated in Fig. 1. As can be 
seen, an ultra-short pulse with a broad spectrum generated by a 
mode locked laser source is send to spectral shaper with a spectral 
response having a linearly increasing or decreasing FSR [49], the 
spectrum-shaped optical pulse is then sent to a DE where 
frequency to time mapping is performed, leading to the 
generation of temporal waveform that as a shape identical to the 
spectrum of the spectrum-shaped pulse. After photodetection, the 
optical pulse is converted to a microwave pulse. Note that the 
locations of the spectral shaper and the DE in the system can be 
interchanged since both the spectral shaper and FTT mapping 
element are linear devices.  

 

Pulsed 
laser

Optical 
spectrum

Shaped 
spectrum

Spectral
 response

t

f

Output 
waveform

PD
0 ( )g t

0 ( )G  1( )G 

1( )g t

2 ( )G 

2 ( )g t
Spectral 
shaper

f f

DE

Optical path

Electrical path
 

FIGURE 1. Photonic generation of a linearly chirped microwave 

waveform based on spectral shaping and frequency-to-time 

mapping (DE: dispersive element; PD: photodetector). 

 
 

A.  PRINCIPLE OF FREQUENCY-TO-TIME (FTT) MAPPING 
There is a well-known space-time duality between the 

paraxial diffraction of a light beam in space and the chromatic 
dispersion of a short pulse in time, which can be used to create 
time-domain counterparts of spatial optical systems, such as time 
lens, temporal imaging, and temporal Talbot effect [50-52]. FTT 
mapping, also known as wavelength-to-time mapping, comes 
from the property of real-time Fourier transform of a short pulse 
passing through a DE, which can be understood as the time-
domain Fraunhofer diffraction [49]. In a system shown in Fig. 1, 
a short pulse with its time-domain and frequency-domain 
complex envelopes 0 ( )g t and 0 ( )G  , is first spectrally shaped 

by a spectral shaper. The spectrum-shaped pulse, denoted as 

1( )g t  and 1( )G   in the time and frequency domains, 

respectively, is sent to a DE, which has a first-order dispersion 

  (in 2ps , defined as the derivative of the group delay with 

respect to the angular frequency). A time-domain waveform 

2 ( )g t  is generated at the output of the DE, which is a copy of the 

spectrum 1( )G   before the DE. 

For simplicity without loss of generality, we assume that the 
input ultra-short pulse is a transform-limited Gaussian pulse. Its 



 

VOLUME. 00 2020 3 

 

time-domain and frequency-domain complex envelopes are 
given by 
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respectively, where 0  denotes the half width at 1 e  peak 

intensity of the pulse and F  denotes the Fourier transform. 

The spectrum of the spectrum-shaped pulse is given by 

1 0( )= ( ) ( )fG G H   , where ( )fH   denotes the frequency 

response of the spectral shaper. The frequency response of the 

DE is given by 2
D

1
( ) exp

2
H j

    
 

  , in which the loss and 

the  frequency-independent group delay induced by the DE are 
ignored. If the far-field condition is satisfied, or in other words, 
the time width 1t  of 1( )g t  is sufficiently small and the 

dispersion amount   is sufficiently large such that  
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                                (3) 

 
the optical pulse at the output of the DE can be approximated by 
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where C  is a constant [49].  
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FIGURE 2. Schematic illustration of the frequency-to-time mapping. 

 
Under the far-field condition given by Eq. (3), the envelope of 

the output pulse is a scaled Fourier transform of the spectrum-
shaped pulse 1( )g t  with a shape identical to the spectrum 

1( )G  , which means a linear mapping from the spectrum of a 

pulse to the time domain to get a temporal waveform is realized. 
Fig. 2 schematically shows the FTT mapping process. In order to 
visualize the relationship between the input and output pulses in 
the time and frequency domains, the input pulse is assumed to be 
a rectangular function and the output pulse is thus a Sinc function. 
After photodetection, the optical waveform is converted into an 
electrical waveform. Note that the electrical current after a 
photodetector (PD) is proportional to the intensity of the output 

pulse, given by
2

2( ) ( )i t g t , due to the square-low detection of 

a PD.  

B.  SPECTRAL SHAPER BASED ON FIBER OPTICS [16-
23] 

The key device in an SS-FTT mapping system is the spectral 
shaper, which should have a spectral response with the same 
shape as the waveform to be generated. A simple approach to 
implement such a spectral shaper is to use an MZI with one arm 
having a wavelength dependent arm length. Thanks to the 
wavelength dependent time delay difference, the FSR is not fixed, 
but changing linearly with respect to the wavelength. Fig. 3 
shows an MZI with a time delay difference that is wavelength 
dependent [16]. As can be seen, two linearly chirped FBGs 
(LCFBGs) with different chirp rates are placed in the two arms 
of the MZI. A tunable optical delay line is incorporated in one 
arm to control the relative time delay and an attenuator is 
employed to balance the optical powers of the two arms, to 
control the contrast ratio of the spectral response. The spectral 
response has an FSR that is wavelength dependent. When an 
ultra-short optical pulse is launched into the MZI, the spectrum 
of the ultra-short pulse is tailored to have a shape identical to that 
of the spectral response of the MZI. The shaped spectrum is also 
mapped to the time domain due to the dispersion of the LCFBGs. 
After photodetection at the PD, a linearly chirped microwave 
waveform is generated. 
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FIGURE 3. Photonic generation of a linearly chirped microwave 

waveform using a pair of LCFBGs with slightly different chirp rate 

(EDFA: erbium-doped fiber amplifier; OF: optical filter; PC: 

polarization controller; CFBG: chirped fiber Bragg grating; DL: 

delay line; AT: attenuator; PD: photodetector) [16]. 

 
The analysis of the system in Fig. 3 can be performed based 

on the principle of SS-FTT mapping given in Section II-A, but 
the configuration is slightly different from the one shown in Fig. 
1. In Fig. 1, the SS-FTT mapping is performed by two 
independent devices. Here in Fig. 3, the two functions are 
performed by the two LCFBGs. In fact, the two LCFBGs have 
two roles, serving as wavelength-dependent delay lines in the two 
arms of the MZI to introduce wavelength dependent time delay 
difference, making the MZI have a wavelength dependent FSR, 
and serving as a DE to perform FTT mapping. 

In fact, the waveform generation process can also be 
explained based on an interferometry approach, in which two 
linearly chirped optical pulses are generated by applying an ultra-
short pulse to the LCFBGs to generate two linearly chirped 
optical waveforms. By beating the two linearly chirped optical 
waveforms at a PD, a linearly chirped microwave waveform is 
generated.  

Assume the dispersion values of the two LCFBGs are 1  and 

2 , and the input pulse is a transform-limited Gaussian pulse as 

given in Eq. (1). If the far-field condition is satisfied, the optical 
pulses reflected from the two LCFBGs in the time domain are 
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where  ( 1,  2)j j   denotes the temporal width of the reflected 

pulses. The two pulses are combined and beat at the PD. The 
photocurrent at the output of the PD is given by 
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where t  is the time delay difference between the two reflected 
pulses introduced by the delay lines. The instantaneous angular 
frequency of the waveform is given by 
  

1 2 2

d 1 1
( )

d

t
t t

t

 
         
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As can be seen the instantaneous frequency of the generated 

waveform varies linearly with time. The chirp rate is determined 
by the dispersion amounts of the two LCFBGs and the relative 
time delay t  can be used to adjust the center frequency of the 
generated chirped microwave waveform.  

Now we estimate the TBWP of the generated microwave 

waveform. The bandwidth of the LCFBGs is denoted by optf . 

The coherent superposition of the two reflected pulses requires 
that the two pulses overlap in time as much as possible, which 

means the dispersion amounts 1  and 2  should be almost the 

same, i.e., 1 2     , and the pulse widths of 1( )g t  and 

2 ( )g t  should be far larger than their relative time delay t .  The 
temporal duration of the generated electrical pulse is estimated to 

be rf opt2 f    . The bandwidth can be calculated according 

to the time duration and the chirp rate of the generated pulse 
given in Eq. (7), which is obtained and given by 

rf
rf

1 2

1 1
=

2
f 

  



. Therefore, the maximum TBWP is given  

 
2

max rf rf optTBWP 2f f                          (8)  

 
where 

1 2      . It is seen that the TBWP of the 

generated chirped microwave waveform is limited by the optical 
bandwidth and the dispersion difference of the two LCFBGs. For 

example, for the LCFBGs with a bandwidth of opt =1000 GHzf   

and a dispersion difference of 2=20 ps , the maximum TBWP 

is estimated to be around 40 . 
To avoid using two physically separated LCFBGs to make the 

system have better stability, Wang and Yao proposed to replace 
the two LCFBGs by a single superimposed FBG (SI-FBG) [18].  
Due to the small dispersion of the SI-FBG, an additional DE was 
employed for implementing FTT mapping, as shown in Fig. 4(a) 
[18]. The SI-FBG consists of two spatially and spectrally 
overlapped LCFBGs with different chirp rates. A longitude offset 
between the two LCFBGs was introduced when fabricating the 

SI-FBG for generating a linearly chirped microwave waveform 
with a given center frequency. If the dispersion amounts of the 

two LCFBGs within the SI-FBG are 1  and 2 , and the 

relative time delay between the reflected pulses induced by the 
longitude offset is t , the power transfer function of the SI-FBG 
can be expressed as 
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FIGURE 4. (a) Photonic generation a linearly chirped microwave 

waveform using an SI-FBG as a spectral shaper (PD: 

photodetector; SI-FBG: superimposed FBG; DE: dispersive 

element) [18]; (b) typical power spectrum of a SI-FBG with two 

LCFBGs having different chirp rates. 
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Again, there is a quadratic term in the cosine function, which 
indicates that a linearly varying FSR is in its spectral response, as 
shown in Fig. 4(b).  According to the principle of FTT mapping, 
the microwave waveform at the output of the PD is 
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where 3  is the dispersion value of the additional DE. Note that 

Eq. (10) is obtained under the conditions of 3 1 2,         

and 3 0 t   (the far-field condition). The instantaneous 

angular frequency of the generated microwave waveform is 

calculated to be 1 2
2

33

( )
t

t t


 
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

 
 . Therefore, the chirp 

rate is determined by the dispersion amounts 1  , 2  and 3 , 

and the relative time delay t  is used to adjust the center 
frequency of the generated chirped microwave waveform.     

Here we estimate the TBWP of the approach shown in Fig. 4. 
We assume the bandwidths of the two LCFBGs within the SI-

FBG are identical and given by optf . The temporal duration the 

generated microwave waveform is calculated to be 

rf opt 32 f    . The microwave bandwidth is 
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  according to Eq. (10), where 1 2      . 

Therefore, the maximum TBWP that can be achieved is given by 
2

max rf rf optTBWP 2f f       , which is the same as that in 

Eq. (8). It means that the maximum achievable TBWP is 
independent of the dispersion amount of the additional DE, but 
is solely determined by the parameters of the two LCFBGs 
(bandwidth and dispersion difference) within the spectral shaper. 
Despite that the temporal duration increases with the higher 

dispersion amount 3| | , the TBWP of the chirped microwave 

waveform does not increase accordingly since the bandwidth of 

the microwave waveform is inversely proportional to  3| | . In 

addition, if the two LCFBGs satisfy 1 2=      as being 

deployed in Fig. 4, the maximum TBWP is calculated to be [19] 
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f f f
c

 
        
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where effn and L  are the effective refractive index and length of 

the LCFBGs, respectively, c  is the speed of light in vacuum, and 
  is the differential group delay over a frequency span of 

optf . As can be seen, the length and the bandwidth of the 

LCFBGs determine the maximum TBWP. In other words, the 
maximum TBWP of the generated chirped microwave waveform 
is decided by the length bandwidth product of the LCFBGs used. 
For instance, if the length and bandwidth of the LCFBGs are 

1 cmL   and opt =1000 GHzf , respectively, the upper limit of 

the TBWP is estimated to be around 400.  
In the above SI-FBG based scheme, the longitude offset 

between the two LCFBGs within the SI-FBG is fixed once the 
SI-FBG is fabricated, which means the center frequency of the 
generated chirped waveform cannot be tuned. Wang and Yao 
proposed another FBG-based approach to generating a linearly 
chirped microwave waveform with tunable center frequency 
[19]. The spectral shaper is implemented based on a Sagnac loop 
mirror that incorporates an LCFBG with 100% reflection and a 
tunable delay line, as shown in Fig. 5. In this case, the power 
transfer function of the spectral shaper is similar to that in Eq. 

(9), but the relative time delay t  is tunable and 1 2=    since 

only one LCFBG operating in total reflection from both sides is 
employed.  
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FIGURE 5. Spectral shaper based on a Sagnac loop mirror 
incorporating an LCFBG (LCFBG: linearly chirped fiber Bragg 
grating; DL: delay line; PC: polarization controller) [19]. 
 

One key advantage of using FBGs in the generation of chirped 
microwave waveforms lies in the fact that the required spectral 
shaper and DE can be realized using a single LCFBG. In [20], it 
was demonstrated that an arbitrary waveform, including a 
chirped microwave waveform, with a large TBWP can be 
generated based on SS-FTT mapping using a single spatially 
discrete LCFBG (SD-LCFBG). The SD-LCFBG was fabricated 
using a linearly chirped phase mask by axially shifting the 
photosensitive fiber to introduce a spatial spacing between two 
adjacent sub-gratings during the fabrication process. In [21], a 
method to generate a chirped microwave waveform with a 
continuously tunable chirp rate was proposed and demonstrated. 
In this approach, an optically pumped LCFBG, which was 
written in an erbium-ytterbium co-doped fiber, is incorporated in 
one arm of an MZI. The tuning of the chirp rate can be realized 
by pumping the LCFBG with different pumping power. The 
major advantage of the approach is that the tuning is 
implemented in an all-fiber manner and can be controlled at a 
remote site.  
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FIGURE 6. Spectral shaper based on a dispersive fiber for the 

generation of a linearly chirped microwave waveform [23] (PD: 

photodetector). 
 

Instead of using FBGs, an optical dispersive fiber, such as a 
standard single-mode fiber or a dispersion compensating fiber, 
can be employed to serve as not only a DE for FTT mapping but 
also a spectral shaper [22-23]. Similar to the MZI in Fig. 3, where 
two LCFBGs were employed, an MZI with a dispersive fiber in 
one arm, shown in Fig. 6, can also be used as a spectral shaper 
with a linearly varying FSR [23]. A second dispersive fiber is 
employed as a DE to implement FTT mapping. The length 
difference between the two arms in this MZI is large and can be 
adjusted by using a tunable time delay line. Due to the chromatic 
dispersion of the first dispersive fiber, the MZI has a spectral 
response with its FSR that is wavelength dependent.  

The power transfer function of the MZI is given by  
 

2 2
1

1
( ) 1 cos

2fH t       
 

              (12) 

 

where 1  is the dispersion amount of the dispersive fiber within 

the MZI and t  is the relative time delay between the two arms. 

Assume the dispersion value of the second dispersive fiber is 2  

and 1 2| | | |    , the microwave waveform at the output of a 

PD is given by  
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and the instantaneous frequency is given by 
 

1
2

22

( )
t

t t
   

       



 .                            (14) 

 
Similarly, the maximum TBWP of the generated chirped 
microwave waveform is given by 
  

2
max opt rf opt 1TBWP 2f f                      (15) 

 
Since the bandwidth of the dispersive fiber in the upper arm is 
much greater than that of an LCFBG, the bandwidth of the 
generated microwave waveform is dependent only on the 
bandwidth of the ultra-short pulse and that of the PD. Therefore, 
in theory, the maximum TBWP is far greater than that using a 
FBG-based spectral shaper. However, the employment of a 
long dispersive fiber (to achieve the required large dispersion) 
would make the system have a large size, reduced stability, and 
increased attenuation. To compensate for the loss, power 
amplification is needed, which may lead to amplifier-induced 
noise, making the generated microwave waveform have poorer 
SNR. 

C.  SPECTRAL SHAPER BASED ON FREE SPACE OPTICS 
[24-32] 

Spectral shapers can also be implemented based on free space 
optics. The key device in a free-space-based spectral shaper is a 
spatial light modulator (SLM), which is able to shape the 
spectrum of an input optical pulse at a high speed (a typical 
response time of 10~100 ms). The potential of using SLMs for 
arbitrary waveform generation has been well studied [15]. Fig. 7 
shows an SLM-based spectral shaper, which is a well-known 4f 
system. As can be seen the system consists of a pair of 
collimating lenses, a pair of diffraction gratings, a pair of Fourier 
lenses, and an SLM placed between the two Fourier lenses [24]. 
An incident ultra-short optical pulse, after passing through the 
first collimating lens, is diffracted by the first diffraction grating 
to separate the colors (or wavelengths) and sent to the SLM 
through the first Fourier lens. The amplitude and/or phase of the 
spatially dispersed spectral components is then modulated (or 
shaped) by the SLM, which can operate in either the transmission 
or reflection mode. The spectrally shaped spectral components 
are sent to the second diffraction grating through the second 
Fourier lens, where the separated colors are recombined. A 
temporal waveform is then obtained at the output of the second 
collimating lens. To generate a specific microwave waveform, 
the SLM should be reconfigured to have a spatial pattern that is 
a scaled version of the temporal waveform. The state-of-the-art 
SLMs based on liquid crystal on silicon have been widely used 
in performing spectral shaping due to its advantages of good 
compactness and high resolution. 
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FIGURE 7. Schematic diagram of a programmable spectral shaper 
based on a spatial light modulator (SLM). 
 

For linearly chirped microwave waveform generation, the 
SLM can be configured to operate as an amplitude-only spectral 
shaper with a pre-designed linearly chirped spatial pattern. With 
the help of a DE, the spectrum after spectral shaping can be 
mapped to the time domain to generate a linearly chirped 
microwave waveform, as shown in Fig. 8 [25, 27].   
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FIGURE 8. Chirped microwave waveform generation using an 

amplitude-only spectral shaper based on a spatial light modulator 

(SLM) (DE: dispersive element; PD: photodetector).  

 
Mathematically, to generate a linearly chirped microwave 

waveform, the spectral shaper should have a spectral response 
given by [27] 

 

2
0

1
( ) cos

2
H t K

   
 

                       (16) 

 
where 0t  and K are parameters determining the center 

frequency and chirp rate of the generated chirped microwave 
waveform. After passing through a DE with a dispersion value of 
 , we have a time-domain waveform as 
  

2

20
0 2

2
( ) 1 cos

tt K
i t G t t

                            (17) 

 
From (17), the instantaneous angular frequency of the generated 
chirped microwave waveform can be calculated by  

2
02 2t Kt     . It is linearly chirped, the center frequency 

is 02c t   , and the chirp rate is 2( )C K   .  

Different from an FBG-based spectral shaper, the liquid 
crystal SLM-based spectral shaper has limited frequency 
resolution due to the discrete nature (with finite number of pixels) 
of an SLM. We assume that the frequency resolution of an SLM 

is SLMR , the bandwidth optf  of the spectral shaper is given by 

opt SLMf R N    , where N is the pixel number of the SLM in 

one dimension. Note that the frequency resolution SLMR  is 
defined as the half of the minimum achievable FSR of the 
sinusoidal pattern given in Eq. (16) that can be recorded in the 
spectral shaper according to the sampling theorem, as shown in 

Fig. 9. According to the principle of FTT mapping ( t  ) 

given in Eq. (4), the frequency resolution SLMR  decides the 
minimum period of the generated waveform, which is given by 

SLM min2 2R T   . In other words, the maximum 

instantaneous frequency maxf  of a generated microwave 

waveform is given by max SLM1 (4 )f R  , which can be used 

to estimate the maximum bandwidth rff  of the generated 
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chirped microwave waveform. The temporal duration of the 
waveform can be calculated according to the spectral width and 

the dispersion amount, which is given by rf opt2 f    . 

Therefore, the maximum TBWP that can be achieved is given by 
[29], 

 

opt opt
max rf rf

SLMSLM

2
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2 24

f f N
f

RR






  
     





  .   (18) 
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FIGURE 9. Sinusoidal pattern recorded in an SLM with a minimum 

achievable free spectral range (FSR). 

 
It is seen that the maximum achievable TBWP is limited by 

the pixel number of the SLM (in one dimension) within the 
spectral shaper. For an SLM with a typical pixel number N=2000, 
the upper limit of the TBWP is 1000. In a system with 
appropriately chosen parameters (pulse width, pattern recorded 
in an SLM and dispersion amount), the TBWP of a generated 
chirped microwave waveform can be close to the above upper 
limit. Note that the maximum TBWP is estimated by considering 
a chirped microwave waveform with its instantaneous frequency 
spanning from DC to its maximum oscillating frequency, which 
means the actual upper-limit TBWP is less than / 2N if one aims 
to generate a chirped microwave waveform with the lowest 
frequency greater than zero. For example, if a chirped microwave 
waveform to be generated has an instantaneous frequency 
spanning from 30 to 40 GHz, the actual upper limit of the TBWP 
is / 8N . In addition, some works also showed that the far-field 
condition given by Eq. (3) can be relaxed, leading to a much 
smaller dispersion required to perform FTT mapping. A study 
about the relaxed far-field condition can be found in [31-32].  
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FIGURE 10. Chirped microwave waveform generation with a phase-

only spectral shaper in a Mach-Zehnder interferometer (DE: 

dispersion element; PD: photodetector). 

A phase-only spectral shaper can also be used to generate a 
chirped microwave waveform. By incorporating a phase-only 
spectral shaper in one arm of an MZI, as shown in Fig. 10, a 
spectral response of the MZI with a linearly increasing or 
decreasing FSR is obtained [29-30]. By using a DE to perform 
FTT mapping, a linearly chirped microwave waveform is 
generated. The phase response of the spectral shaper is given by 

2k  , where k is a constant denoting the phase modulation 

coefficient. Therefore, the transfer function of the MZI is given 
by 

 
2( ) exp( ) exp( )H j t jk                    (19) 

 
where t  denotes the time delay difference between the two 
arms of the MZI. According to the principle of FTT mapping, the 
microwave waveform generated at the output of the PD is as 
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                            

                (20) 

 
where   is, again, the dispersion value of the DE after the MZI. 
Therefore, the instantaneous angular frequency can be calculated 
by 
 

2

2
( )

t k
t t

      
 .                            (21) 

 
Now we discuss the maximum achievable TBWP of this 

approach. Similarly, if the optical bandwidth of the spectral 

shaper is optf , the maximum time duration of the generated 

pulses is RF opt2 f    . As can be seen from Eq. (21), the 

bandwidth of the chirped microwave waveform is given by 

 2
rf rf / | |f k    , which is upper bounded by the 

maximum phase modulation coefficient. When the phase 
function recorded in an SLM is parabolic, and the maximum 
phase jump between neighboring pixels is π in order to avoid 
phase ambiguity, as shown in Fig. 11, we have the maximum 
phase modulation coefficient:  

 

max 2
opt4

N
k

f


 .                              (22) 

 
Therefore, the maximum bandwidth of the generated chirped 
microwave waveform is  
 

max rf
rf 2

opt2 | || |

k N
f

f




  
                     (23) 

 
The maximum achievable TBWP is  
 

opt
max rf rf
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       (24) 

 
It is seen that the maximum TBWP that can be achieved 

using a phase-only spectral shaper is equal to the pixel number of 
the SLM. However, to ensure a high-fidelity output waveform, 
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the phase change between adjacent pixels should be small 
enough such that the staircase phase pattern in the SLM is a 
sufficiently good approximation to the desired phase function 
[53]. If we decrease the maximum phase jump max  when 
setting the phase pattern, the maximum TBWP will decrease 
accordingly. For example, if max / 4   , the maximum 

TBWP is reduced to / 4N . Another approach to estimate the 
maximum TBWP is to use the parameter of the maximum group 

delay (i.e., the dispersion bandwidth product) ss opt2 | | f   

of an SLM-based spectral shaper. Similar to the case of the 
LCFBG-based approach, the maximum TBWP is given by 
 

2
max opt ss optTBWP 2 f f      .                (25) 

 
It means that the achievable TBWP is upper bounded by the 

TBWP of the employed spectral shaper. For example, the 
maximum group delay and the bandwidth of a commercially 
available spectral shaper (Finisar Waveshaper 4000S) are 

ss 80 ps   and opt 5 THzf   [54], respectively, the 

maximum TBWP is calculated to be 400. 
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FIGURE 11. Parabolic phase response recorded in an SLM with a 

maximum phase coefficient k. 
 
 
Note that it is different from the maximum TBWP 

estimation for the scheme based on an amplitude-only spectral 
shaper, here we calculate the TBWP using the real bandwidth 

of a microwave waveform with a center frequency of / | |t    

according to Eq. (21), but not the maximum frequency. 
Therefore, if one aims to generate a chirped microwave 
waveform using a phase-only spectral shaper, the potential of 
the SLM within the spectral shaper can be fully exploited [29], 
which mainly owes to the interferometry structure employed in 
the system. 

D.  DISCUSSIONS 
The approaches discussed are all based on spectral shaping (to 
obtain a shaped spectrum with a linearly increasing or 
decreasing FSR) followed by a DE with a linear group delay to 
implement linear FTT mapping. For chirped microwave 
waveform generation, we can also use a spectral shaper with a 
response having a constant FSR (termed uniform spectral 
shaping), followed by a DE with nonlinear group delay to 
implement nonlinear FTT mapping [45-48]. A system based on 
nonlinear FTT mapping is shown in Fig. 12. For example, a DE 

with a first-order dispersion   and a second-order dispersion 

  (defined as d / d    ) can be used to realize nonlinear 

FTT mapping, given by 2(1/ 2) t       [45-48]. It has 

been demonstrated that an optical fiber with a higher order 
dispersion can be used to implement nonlinear FTT mapping to 
generate a chirped microwave waveform [45]. However, due to 
the limited second-order dispersion of a standard single mode 
fiber, the experimentally generated chirped microwave 
waveforms have a low chirp rate and small TBWP. To increase 
the chirp rate and TBWP, specially designed nonlinearly 
chirped FBGs with large second-order dispersion can be used 
[46, 48]. The fabrication can be performed by using a 
nonlinearly chirped phase mask [55] or a linearly chirped phase 
mask, but with the second-order dispersion introduced via 
controlling the exposure pattern during the fabrication [56]. A 
nonlinearly chirped FBG can also be produced from a linearly 
chirped FBG based on strain-gradient beam tuning. The use of 
such an FBG to generate a linearly chirped microwave 
waveform has been demonstrated [47].  
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FIGURE 12. Generation of a chirped microwave waveform based on 

uniform spectral shaping and nonlinear FTT mapping (using a 

nonlinear group delay dispersive element). 

 
 

An optical filter with a sinusoidal spectral response can be 
realized based on a two-tap delay line structure with a time 
delay difference of  t . After spectral shaping and nonlinear 
FTT mapping, a linearly chirped microwave waveform is 
generated. The instantaneous frequency of the generated 
chirped microwave waveform is given by [45] 

 

2
( )

| | | |

t t
t t

  
 

 


  .                         (26) 

 
The time duration of the waveform is as 
  

2 2
rf opt opt| 2 2 |f f         .               (27) 

 
The bandwidth of the generated chirped microwave waveform 
is estimated to be  
 

rf rf2

1 | |

2 | |

t
f

 



 




 .                         (28) 

 
Therefore, the TBWP can be calculated based on Eqs. (27) and 
(28). 

Table I summarizes the theoretical and experimental TBWP 
values for the approaches based on SS-FTT mapping. In most 
cases, the experimentally achieved TBWP values are lower 
than the theoretical maximum ones, since the TBWP values 
achieved in the experiments depend on the actual parameters, 
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such as the overall bandwidth of the systems and dispersion 
values of the DEs and/or Bragg gratings.  

III.  CHIRPED MICROWAVE WAVEFORM GENERATION 
BASED ON FREQUENCY MULTIPLICATION 

A.  FREQUENCY MULTIPLICATION USING MZM(S) [57-65] 
Photonic generation of microwave signals based on external 

modulation has been well studied [57-61]. Through frequency 
multiplication, a high-frequency microwave signal can be 
generated from a low-frequency reference signal with the 
frequency multiplication implemented using an MZM or a phase 
modulator. In [58], a continuously tunable microwave signal with 
a quadrupled frequency using an MZM that is biased at the 
maximum transmission point was generated. In [59], a phase 
modulator was employed to realize frequency doubling. The 
advantage of using a phase modulator is that no bias is needed, 
thus no sophisticated bias control is required. A similar approach 
based on a dual parallel polarization modulator (DP-PolM) was 
reported, in which a frequency-doubled microwave signal was 
generated [61]. 

The methods reported in [58, 59] can also been employed to 
generate a chirped microwave waveform by using a low-
frequency and small-bandwidth chirped microwave waveform as 
a reference signal, in which both the center frequency and the 
bandwidth are multiplied, thus leading to a multiplied TBWP. 
 

CW 
laser

PD

EA

 Output

Low frequency 
chirped waveform

BPF

Biased at the null point

 
FIGURE 13. Generation of a chirped microwave waveform with 
frequency doubling using an MZM (PD: photodetector; MZM: Mach-
Zehnder modulator; BPF: bandpass filter; EA: electronic amplifier) 
 

In [61], an MZM-based approach to generating a frequency- 
and bandwidth-doubled chirped microwave waveform was 
reported. Thanks to the increased TBWP, the waveform was used 
in a microwave photonic inverse synthetic aperture radar to 
improve the imaging resolution. The schematic of the approach 
is illustrated in Fig. 13, where an MZM biased at the null point is 
employed. 

A low-frequency chirped microwave waveform is generated 
electronically which is used as a reference,  

 
 

 2( ) cosin in c
p

t
S t V rect t k t

T
 

 
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             (29) 

 
where inV  ,  c  , and / pk B T are the amplitude, center 

frequency and chirp rate of the reference chirped waveform, 
respectively (where B  and pT  are the bandwidth and duration, 

respectively), ( / )prect t T  is a rectangular function with a width 

of pT . After modulation at the MZM, the complex envelope of 

the modulated waveform is given by 

 

    0( ) exp ( ( ) ) exp ( )
2 s b s

P
E t j t j t           (30) 

 
where 0P  is the optical power from the laser source, ( )s t  is the 

phase shift due to phase modulation given by ( ) ( ) /s int S t V  , 

where V  is the half-wave voltage of the MZM, /b bV V   is 

the bias-induced phase shift  due to the bias voltage bV . Here it 

is assumed that a push-pull MZM is employed. To achieve 
frequency doubling, the bias voltage should be controlled to 
introduce a phase shift b  . In this case, the optical carrier is 

fully suppressed. The optical spectrum of the optical signal at the 
output of the MZM is shown in Fig. 14. After square-law 
detection, the photo-current at the output of the PD is a result of 
the heterodyne beating between the upper- and lower sidebands, 
which is given by  
 

2
0( ) ( / )cos(2 2 )out p cI t I rect t T t k t               (31) 

 
where 0I  is the amplitude of the output waveform, which is 

determined by the optical power and the responsivity of the PD. 
It is seen that the carrier frequency and bandwidth of the 
generated microwave waveform are both doubled. Note that 
there are always power loss and noise increase in the 
multiplication process, which inevitably lead to an increase noise 
figure. The use of an MZM with a lower half-wave voltage and 
a PD with higher power handling capability would reduce the 
noise figure. 
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FIGURE 14. Optical spectrum of a modulated chirped microwave 

waveform, where the optical carrier is suppressed, 0  and c  are 

the frequency of the optical carrier and the center frequency of the 
microwave waveform, respectively. 
 

A frequency- and bandwidth-quadrupled chirped microwave 
waveform can be generated using a dual-parallel MZM. Again, 
since the generated waveform has a quadrupled bandwidth, the 
generated chirped waveform was employed in an inverse 
synthetic aperture radar to improve the imaging resolution [62].  

To improve the range-Doppler resolution in a radar system, a 
dual-chirp microwave waveform can be used. A dual-chirp signal 
consists of two overlapping chirped microwave waveforms with 
opposite frequency chirping, one up-chirped and the other down-
chirped. The idea of transmitting a dual-chirped microwave 
waveform was proposed to overcome the range-Doppler 
coupling effect [65]. Again, through external modulation, a dual-
chirp microwave waveform with both increased carrier 
frequency and bandwidth can be generated [63-64]. For example, 
in [63], a baseband chirped microwave waveform is upconverted 
to a higher frequency using a dual-parallel MZM. The use of two 
cascaded MZMs can also generate a dual-chirp microwave 
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waveform with both the carrier frequency and bandwidth 
quadrupled [64].  

B.  FREQUENCY MULTIPLICATION BASED ON PHOTONIC 
TIME COMPRESSION [66-73] 

Photonic time stretch (PTS) is a technique to slow down an 
ultrafast signal prior to its digitization by an electronic analog-to-
digital converter [66-67]. In a PTS system, an ultrashort optical 
pulse generated by a pulsed laser is sent to a DE, where the pulse 
is time-stretched and frequency-chirped, which is sent to an 
MZM at which an analog microwave signal is modulated on the 
chirped pulse. The modulated chirped pulse is then sent to a 
second DE (with the same sign of dispersion as the first one), 
which makes the pulse further time stretched. Photodetection of 
this further-stretched pulse would generate a new analog 
microwave signal which is a time-stretched replica of the input 
analog microwave signal. The technique of PTS has shown great 
potential for ultra-wideband data acquisition, imaging, and real-
time measurement of rare events. A PTS-assisted real-time 
digitizer with an equivalent sampling rate as high as a tera-
sample per second has been demonstrated [67].  

On the other hand, photonic time compression (PTC) can be 
implemented based on the same concept. If the second DE in a 
PTS system has an opposite dispersion, the system can perform 
time compression or time reversal of a microwave waveform [68]. 
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FIGURE 15. Frequency and bandwidth multiplication based on 
photonic time compression with a dispersion configuration of 

2 1sgn( ) sgn( )      and 2 1| | | |     (DE: dispersive element; MZM: 

Mach-Zehnder modulator; PD: photodetector). 

 
Fig. 15 shows a PTC system for frequency upconversion [69-

73]. As can be seen, two DEs with dispersion values of  1   and 

2  are placed before and after an MZM. To achieve time 

compression, 1   and 2  be selected such that 

2 1sgn( ) sgn( )      and 2 1| | | |    . An ultra-short optical 

pulse from a pulsed laser is dispersed by the first DE, which is 
then modulated by a microwave waveform within the time 
window of the dispersed pulse at the MZM. The modulated 
chirped pulse is then sent to a second DE where the pulse is 
compressed due to the opposite dispersion, which leads to 
frequency upconversion of the input microwave waveform [69-
73]. The pulse compression ratio, or the frequency multiplication 
factor, is determined by the dispersion values of the two DEs.  

It should be noted that a PTC system can also be viewed as an 
unbalanced temporal pulse shaping (TPS) systems, which has 
been well studied [70-71]. A PTC system can be analyzed based 
on the temporal Talbot effect [72]. Due to the frequency-
dependent phase shift between the upper and lower modulation 
sidebands caused by chromatic dispersion, there is a frequency-
dependent microwave power fading, similar to the well-known 
dispersion-induced power penalty in a radio over fiber system. 

At some modulation frequencies, the output microwave power 
would vanish since the beating between the optical carrier with 
the upper sideband will cancel completely the beating between 
the optical carrier with the lower sideband at the PD. Assume a 
push-pull MZM biased at the quadrature point is employed, the 
frequency-dependent microwave power fading (or frequency 
response) can be expressed as 
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where 1 2 1( ) /M        is the compression factor ( 1M  ) 

and RF  is the modulation frequency. A typical frequency-

dependent microwave power fading function is plotted in Fig. 16, 

where 2
2 200 ps   and 1/ 5M   are assumed.  

Note that the process of time stretch or compression does not 
change the TBWP of a generated microwave waveform, as the 
bandwidth of the output waveform is inversely proportional to its 
temporal duration. The upper limit of the TBWP of a PTC system 
depends on the bandwidth (frequency response) and the time 
aperture of the optical pulse after the first DE. According to Eq. 
(32) and Fig. 16, the 3-dB bandwidth of the PTC system is equal 

to   1/2
rf 2[ / (8 | |)]f M    . The time aperture of the system is 

given by rf opt 12 | |f    , where optf  is the optical bandwidth 

of the short pulse. The TBWP is thus given by 
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It is seen from Eq. (33) that for a given compression factor (or 
the dispersion values of the two DEs), the TBWP of a PTC 
system increases with the increase in the optical bandwidth of the 
short pulse.  

It should be noted that a passband microwave waveform (the 
lowest frequency does not start from DC) can also be compressed, 
but the spectrum of the input microwave waveform should fall in 
one of the multiple passbands of the frequency response, shown 
in Fig. 16 [74]. 
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FIGURE 16. A typical frequency-dependent microwave power fading 
function induced by the double-sideband modulation and 
chromatic dispersion in a photonic time compression system (

2
2 200 ps   and 1 / 5M  ). 

 

For an input optical pulse with a sufficiently wide spectral 
width, the achievable TBWP is also limited by the microwave 
power fading function induced by the use of optical double 



 

VOLUME. 00 2020 11 

 

sideband with carrier (DSB+C) modulation. There are some 
techniques to improve the TBWP. The first one is to employ a 
single-arm MZM with chirp biased at the quadrature point 
instead of a chirp-free push-pull MZM. In this case, the power 

fading function is modified to be 
2

2 2( ) cos
2 4

RF
RFH

M

 
 

  
 


. 

It is found that the baseband bandwidth and therefore the TBWP 
can be improved by around 40%. The second approach is to 
employ optical single sideband with carrier (SSB+C) modulation 
to eliminate the microwave power fading. Optical SSB+C 
modulation can be realized by filtering out one of optical 
sidebands or using a dual-port MZM with the help of a 90° hybrid 
coupler. However, both schemes are not easy to realize, 
especially over a wide microwave bandwidth. A third approach 
is to exploit the phase diversity between the two modulated 
signals at the outputs of a dual-output MZM. It was demonstrated 
that the power fading problem can be fully eliminated by 
combining the two complementary outputs [75]. 

IV.  CHIRPED MICROWAVE WAVEFORM GENERATION 
BASED ON FOURIER-DOMAIN MODE LOCKING 

An optoelectronic oscillator (OEO) can be used to generate a 
low phase noise microwave signal due to the high Q factor of the 
OEO loop [76-79]. A chirped microwave waveform can also be 
generated by a fast frequency tunable OEO, but the phase noise 
performance is poor due to the fact that the OEO, when being 
tuned from one frequency to another, will need a buildup time to 
stabilize the oscillation at the new frequency [80]. A solution is 
to use Fourier domain mode locking. In a Fourier domain mode 
locked (FDML) OEO, all modes are phase locked and co-exist in 
the OEO loop; the switching from one mode to another mode will 
not need a buildup time; thus a chirped microwave waveform 
generated by an FDML OEO will have a low phase noise [81-
85].  
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FIGURE 17. A Fourier domain mode locked OEO for generating a 

chirped microwave waveform (EPS: electronic power splitter; MZM: 

Mach-Zehnder modulator; PC: polarization controller). 

 
Fig. 17 shows the schematic of an FDML OEO, which has a 

hybrid cavity consisting of an optical path and electric paths. A 
section of long fiber forms the optical path. In the electrical path, 
there are an electronic amplifier (EA) and a frequency-rapidly-
scanning narrow bandpass filter (BPF) (a dynamic filter). 

According to the theory of Fourier domain mode locking, as long 
as the dynamic filter repeats its spectrogram with a period equal 
to the round-trip time of the cavity, Fourier domain mode locking 
is achieved, and a frequency-scanning (chirped) microwave 
waveform is generated. 

The key component in an FDML OEO is the electronic fast 
frequency-scanning BPF, which is hard to implement 
electronically, especially considering the large tunable range and 
fast tuning speed. A solution is to implement the frequency 
scanning BPF based on microwave photonic technique [82]. Fig. 
18 shows a microwave photonic frequency-scanning bandpass 
filter. The filter is realized based on phase modulation and phase 
modulation to intensity modulation conversion, to translate the 
notch of an optical filter to the passband of the BPF. As can be 
seen, a light wave from a tunable laser source (TLS) is sent to a 
phase modulator to which a microwave signal is applied.  A 
phase modulated signal with two sideband and an optical carrier 
is generated at the output the phase modulator. An optical notch 
filter, which can be a phase-shifted FBG operating in the 
reflection mode, is employed to remove one of the two sidebands. 
Due to the removal of a sideband of the phase-modulated signal, 
phase modulation is converted to intensity modulation and the 
overall operation is equivalent to a BPF with the center frequency 
of the passband being determined by the frequency difference 
between frequency of the optical carrier and the center frequency 
of the optical notch filter. To achieve frequency tuning, the TLS 
is operating in a wavelength sweeping mode realized by injecting 
a sawtooth driving current to the laser diode in the TLS. It was 
experimentally demonstrated that an FDML OEO can generate a 
chirped microwave waveform with a bandwidth of 7.5 GHz and 
a scanning rate of 0.34 GHz/μs. Thanks to the long-time duration 
of the generated chirped microwave waveform, the TBWP is 
very large. For the demonstration reported in [82], the TBWP 
was estimated as large as 1.6×105. The phase noise of the 
generated signal is also very low, which is -134.5 dBc/Hz at 10 
kHz offset.  
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FIGURE 18. Fourier-domain mode-locked OEO with a fast tuning 

microwave photonic bandpass filter (EPS: electronic power 

splitter; LD: laser diode; PD: photodetector; PM: phase modulator). 

 
More recently, an FDML OEO with the frequency-scanning 

BPF implemented based on stimulated Brillouin scattering (SBS) 
was reported [84-85]. The advantage of using the SBS effect to 
implement a frequency-scanning BPF is the narrow bandwidth 
of the SBS gain or loss spectrum, which makes the BPF have a 
narrow bandwidth, which is highly needed for accurate mode 
selection in achieving Fourier domain mode locking. The 
reported TBWP values achieved in the experiments in [84] and 
[85] are 23,850 and 22,446, respectively. 



 

VOLUME. 00 2020 12 

 

The work on FDML OEO for chirped microwave waveform 
generation has shown its great potential in generating high 
quality and large TBWP chirped microwave waveforms which 
are highly needed in high resolution imaging systems and 
wideband microwave photonic signal processing systems.  

One key challenge in implementing a frequency-scanning 
BPF based on microwave photonics is the complicated 
structure and low energy efficiency due to OE and EO 
conversions involved. Recently, an FDML OEO using a diode-
tuned bandpass filter was reported, which features a simplified 
system and low power consumption [86]. 

 

V.  INTEGRATED ON-CHIP SPECTRAL SHAPER [33-44] 
In recent years, on-chip microwave photonic signal 

processing and generation using photonic integrated circuits 
(PICs) have attracted great attention due to the advantages of 
much smaller size, better stability and reliability, and lower 
power consumption of PICs. In addition, the CMOS-compatible 
fabrication process makes PICs have high potential for mass 
production at low cost. Silicon-based PICs have been proposed 
and demonstrated for arbitrary microwave waveform generation 
including the generation of chirped microwave waveforms. Most 
of the work is based on SS-FTT mapping. In this Section, 
photonic integrated solutions for chirped microwave waveform 
generation based on SS-FTT mapping will be discussed [35-44].   

A spectral shaper can be implemented based on silicon 
photonic microring resonators [36-38]. The advantage of using a 
microring resonator based spectral shaper is that reconfigurable 
ultrabroad-band microwave waveforms can be generated with 
cycle-by-cycle frequency control through thermal tuning of the 
individual microring resonators in the spectral shaper. The major 
limitation of this approach is that the overall temporal duration 
of the generated microwave waveforms is limited due to the 
small number of cycles in the generated microwave waveforms 
which is equal to the number of the microring resonators used. 
With the advancement in silicon photonics, a large number of 
microring resonators on a single chip can now be implemented, 
which is able to provide a large number of cycles, leading to a 
microwave waveform with a much longer temporal duration [39, 
40].   

A spectral shaper can also be implemented based on two 
superimposed silicon photonic chirped Bragg gratings, to form a 
distributed Fabry-Perot cavity (DFPC) [41] (an integrated 
version of the scheme shown in Fig. 4). The principle in terms of 
chirped microwave waveform generation is identical to that 
reported in [18]. As shown in Fig. 4, two photonic integrated 
chirped Bragg gratings with opposite dispersion are separated 
spatially by an offset to form a DFPC. It is different from a fiber-
based chirped Bragg grating in which the chirp is produced by 
changing the period of the grating, a silicon photonic Bragg 
grating is usually fabricated based on sidewall corrugations with 
identical period, but with the chirp produced by increasing or 
decreasing width along the grating structure, to change the 
effective refractive index long the grating. In the demonstration 
reported in [41], for the two Bragg gratings with a length of 157.5 
μm and a chirp rate of 12.2 nm/mm, a chirped microwave 
waveform with a TBWP of 14.5 was generated.  

By incorporating a chirped waveguide Bragg grating in a 
Sagnac loop (an integrated version of the scheme shown in Fig. 
5), a spectral shaper with an increasing or decreasing FSR can be 
implemented [42]. By using the spectral shaper, a chirped 
microwave waveform can be generated based on FTT mapping.  
In the demonstration reported in [42], for a chirped Bragg grating 

with a length of 3.2 mm and a chirp rate of 0.26 nm/mm, a 
chirped microwave waveform with a TBWP of around 15 was 
generated.  
According to Eq. (11), the upper limit of the TBWP is limited by 
the bandwidth and group delay (product of the length and chirp 
rate) of the grating(s) within a PIC. Therefore, the key to increase 
the TBWP is to increase the length and bandwidth of the 
grating(s). Zhang and Yao proposed and demonstrated a silicon 
photonic spectral shaper with two chirped gratings on a silicon 
chip having an increased length and bandwidth [43]. The 
principle of the spectral shaper is the same as that reported in 
[16], shown in Fig. 19 with the perspective view of a chirped 
grating shown in Fig. 20. The length of a fabricated waveguide 
grating can be as long as 12.54 mm and the measured group delay 
and bandwidth can be as high as 241 ps and 29 nm (1533-1562 
nm or 3633 GHz), respectively, corresponding to a maximum 
TBWP of around 1751 according to Eq. (11). In the experimental 
demonstration reported in [43], for two waveguide gratings with 
a group delay of 228 ps and a bandwidth of 11 nm, a chirped 
microwave waveform with a TBWP of 615 was generated (

maxTBWP 635  in theory). 
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FIGURE 19.   (a) An on-chip spectral shaper based on two chirped 

gratings; (b) Image of the fabricated spectral shaper captured by a 

microscope camera. 
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FIGURE 20.  Perspective view of an integrated chirped grating. Inset: 
Simulated fundamental TE mode profile of the rib waveguide with the 
rib width of 500 nm (left) and 650 nm (right). 

 
An on-chip spectral shaper with tuning ability based on 

silicon photonics was also demonstrated [44]. A spectral shaper 
based on a Michelson interferometer structure with two tunable 
waveguide gratings in its two arms was implemented. By 
introducing a lateral PN junction to each of the two gratings, 
thanks to the plasma dispersion effect, the chirp rate of each of 
the gratings can be independently tuned by changing the 
injection current to the PN junction. The tuning speed is ultra-
high, which is in the order of nanoseconds. 
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In the implementation [44], the DE to perform FTT mapping 
was a length of dispersion compensating fiber (DCF) with a 
group velocity dispersion (GVD) of –1020 ps/nm. An 
integrated chirped waveguide grating can be used as a 
dispersive delay line, but the dispersion value is very limited 
(around 20 ps/nm) due to the small length of an integrated 
chirped waveguide grating [43, 44]. Solutions must be found to 
implement a dispersive delay line with a large dispersion on an 
integrated platform. 

Chirped microwave waveform generation based on 
frequency multiplication, shown in Fig. 13 [61], can be 
implemented on an integrated platform. For example, the MZM 
and the PD can both be implemented on a silicon platform [33, 
34]. Since silicon is not a direct bandgap material, no light can 
be generated. The laser source has to be implemented based on 
a direct bandgap material, such as InP. Thus, either an external 
light source is used to couple light into the chip, but the system 
is not monolithically integrated or heterogenous integration is 
implemented, although a challenging process, but it can make 
the system on a single chip. 

An FDML OEO can be used to generate a chirped microwave 
waveform with a large TBWP. The implementations reported 
were based on pure fiber optics [83] or partially photonic 
integrated [90]. It is very challenging to implement an FDML 
OEO based on a fully photonic integrated circuit. The long loop 
length of a few to tens of meters to ensure a large number of 
longitudinal modes in the laser cavity makes it extremely hard 
to implement an FDML OEO in a single chip due to the small 
diremptions of a photonic integrated chip. 

More details about silicon photonics for wideband 
microwave waveform generation and their applications can be 
found in [14, 33, 34]. 

VI.  DISCUSSIONS AND SUMMARY 
Apart from the above discussed methods, chirped microwave 

waveforms can also be generated based on heterodyne beating 
between a continuous-wave (CW) light wave at a fixed 
wavelength and a wavelength-sweeping light wave from a 
wavelength-swept laser source [87-92]. It was demonstrated in 
[87] that a chirped microwave waveform with a spectral width 
covering 89-103 GHz with a sweeping time of 50 μs was 
generated. The TBWP is as large as 57 10 . In addition, a 
linearly chirped microwave waveform can be generated based on 
heterodyne beating between a CW light wave and a pre-chirped 
optical pulse [89]. Recently, a hybrid FDML laser was proposed 
for the generation of a wideband linearly chirped microwave 
waveform [90]. The frequency-scanning BPF was implemented 
using a silicon photonic integrated micro disk, which has narrow 
bandwidth and can operate at a fast-tuning speed. The microwave 
waveform was generated based on heterodyne beating between a 
CW light wave and a wavelength-sweeping light wave from the 
hybrid FDML laser. It was demonstrated that the bandwidth and 
time width of the generated chirped microwave waveforms can 
be over 50 GHz and 30 μs, respectively. The achieved TBWP is 
over 61.5 10 .  

In addition, a microwave photonic transversal filter with a 
nonlinear phase response can be used to convert a broadband 
chirp-free microwave pulse to a chirped microwave waveform. 
The operation is identical to a photonic time stretch system, but 
in the microwave domain. With this method, a linearly chirped 
microwave waveform with a chirp rate of 13.2 MHz/ps by using 
a five-tap microwave photonic filter was demonstrated [91]. The 
bandwidth is small due to a small number of taps used in the 

microwave photonic transversal filter. To increase the 
bandwidth, a transversal filter with a greater number of taps is 
needed. The use of an optical comb with a large number of comb 
lines can be used to implement a transversal filter with a large 
number of taps [93]. 

In summary, we have reviewed the recent advances in the 
generation of wideband chirped microwave waveforms based 
on microwave photonics. Three major methods have been 
discussed including chirped microwave generation based on 
SS-FTT mapping, frequency and bandwidth multiplication, and 
Fourier domain mode locking of an OEO. In particular, we 
studied the maximum TBWP that can be achieved for each of 
the methods. Among the three methods, the one based on SS-
FTT mapping has been extensively studied and a large number 
of papers have been published. The limitation of this method is 
that the temporal width of a generated chirped microwave 
waveform is narrow, thus the TBWP is small. The use of 
LCFBGs in a spectral shaper with much longer length can 
increase the TBWP. For example, an LCFBG with an overall 
length of a few meters is now available [95]. The use of such 
LCFBGs can increase significantly the TBWP. The 
implementation of such a long LCFBG on an integrated chip is 
still challenging. The method using frequency multiplication 
based on external modulation can generate a chirped 
microwave waveform with a much greater TBWP. It also 
provides a solution that is more feasible for practical 
applications thanks to the simplicity and stability. Generation 
systems based on the second method have been employed in 
microwave photonic radars [61, 62]. The method based on an 
FDML OEO has the key advantages of very large TBWP and 
low phase noise. It is the most promising method for high-
quality and large-TBWP chirped microwave waveform 
generation.  

Note that the sampling rate of electronic AWGs has been 
increasing greatly and a state-of-the-art AWG can have a 
sampling rate higher than 100 GSa/s. On the other hand, the 
bandwidth of a photonic-based microwave waveform 
generation system is mainly limited by the bandwidth of the 
PDs. Currently, commercially available PDs with a bandwidth 
over 300 GHz are available. Therefore, photonic approaches for 
the generation of wideband microwave waveforms are still 
being actively researched due to the huge bandwidth potential. 

Despite tremendous progress has been made over the last 
30 years, there are still challenges that limit the techniques for 
wider applications [94]. The first challenge is how to flexibly 
control the bandwidth and time duration of a generated 
microwave waveform. The second challenge is how to improve 
the performance of the generated signals, especially the phase 
noise performance, since it has major impact on a high-
performance radar or an imaging system. Finally, the size of 
most of the systems is large, which also limit the techniques for 
practical applications. A solution is to implement a system on a 
PIC in which hybrid integration of light sources, optical 
amplifiers, all other passive and active photonic components, 
and analog and digital electronics is implemented. This is in 
fact a highly challenging task, but it is the future of microwave 
photonics. 
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TABLE 1. TBWPs of the approaches for chirped microwave waveform generation based on SS-FTT mapping 
 

 

Method Theoretical maxTBWP * 
TBWP realized 
experimentally 

Spectral shaper with 
LCFBG(s) 

MZI with LCFBG(s) 22 f   or 24 f  ** 45.56 [21] 

Super-imposed LCFBGs 24 f   37.5 [18] 

Sagnac loop with LCFBG 24 f   44.8 [19] 

Spectral shaper using a 
dispersive fiber 

MZI with a dispersive fiber 22 f   527 [23] 

Programmable spectral 
shaper with an SLM 

Amplitude-only SLM / 2N  61.2 [27] 

Phase-only SLM in an MZI N *** 589 [29] 

Spectral shaper based on 
a PIC 

PIC (LCWBGs in an MZI) 24 f   615 [43] 

PIC (CWBGs in a Sagnac 
loop) 

24 f   15-20 [42] 

PIC (Super-imposed 
LCWBGs) DFPC 

24 f   14.5 [41] 

Sinusoidal spectral shaping + Nonlinear FTT mapping 2
02 /f t     5.45 [47] 

*  If two LCFBGs are employed, they are assumed to be identical but oppositely oriented and have an absolute dispersion 
value of | | . 

** Depending on the employment of one LCFBG or two LCFBGs with opposite dispersion. 
*** This maxTBWP  is estimated by assuming the maximum phase jump between adjacent pixels is π. If the maximum 

phase jump decreases, the value of maxTBWP  will decrease proportionally.  


