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Abstract—Integrated microwave photonics (MWP) is a rapidly 
growing field where high frequency microwave signals are 
processed in the optical domain, bringing key advantages of both 
microwave photonics and integrated optics technologies including 
low-losses, reconfigurability, advanced functionality, enhanced 
performance, and reduced footprint. The MWP spectrum 
generated from optical modulation carry utmost importance for 
the functionalities and performance of integrated MWP systems. 
Thus, precise phase and amplitude shaping of the MWP spectrum 
can open avenues to advanced functionalities presently 
unattainable. In this tutorial, we present a new concept of 
integrated MWP spectral shaping covering the basic principles, 
theory, and implementations of MWP spectral shaping for 
modulation transformation, reconfigurable filters, link 
linearization, and RF waveform generation. 
 

Index Terms—microwave photonics, optical signal processing, 
integrated optics, modulation, filters, signal generation, photonic 
link, noise performance.  
 

I. INTRODUCTION 
icrowave photonics (MWP) is an area that studies the 
interaction between microwave with photonics for 

multiple applications, such as radar, warfare systems, satellite 
communication, and radio astronomy [1-4]. In MWP systems, 
radio frequency (RF) signals are generated, processed, and 
distributed using photonics technology.  The use of photonics 
in this area of study brings key advantages such as wide 
bandwidth, reconfigurability, low losses, and electromagnetic 
interference (EMI) immunity. 

For the past decades, MWP systems and links have relied on 
standard optical fibers and discrete optoelectronics devices, 
which are expensive, bulky, and consume high-power [4]. Here, 
integrated MWP becomes a crucial technology with the 
incorporation of photonic integrated circuits (PICs) [2,4] 
leading to multiple advantages including massive footprint 
reduction as well as enhanced functionalities and performance, 
making this technology more comparable to mature RF 
technologies. 

In the field of integrated MWP, the modulated spectrum 
generated from optical modulation carries critical information 
of the system. Precise phase and amplitude tailoring and 
shaping of this modulated spectrum is a powerful tool for 
opening avenues to advanced functionalities and high-
performance multi-function MWP systems. Integrating spectral 
shaping capabilities in a single PIC can enable not only 
advanced functionalities such as tunable filtering [5-11], delay 
lines [12-16], or RF waveform generation [17-21], but also an 
ultra-linear, low-loss and low noise MWP systems 
simultaneously. The purpose of this paper is to introduce and 
define this novel approach of integrated MWP spectral shaping 
with some theoretical backgrounds and to review a few key 
examples and implementations. Readers interested in the 
fundamentals and material platforms of integrated MWP are 
referred to more comprehensive reviews in this topic [2,4].  

We organize the paper as the following: Section II provides 
a theory of integrated MWP spectral shaper, including general 
concepts of integrated MWP spectral shaper, optical 
modulation and complex spectral shaping with optical ring 
resonators. Section III presents the implementation of 
integrated MWP spectral shaping covering definitions and 
study cases of modulation transformation, reconfigurable MWP 
filters, link linearization, and RF waveform generation. Finally, 
Section IV provides a summary and conclusions within this 
field of study. A complete reference list of the subject is 
provided to assist the reader interested in getting more in-depth 
coverage of the subject. 

II. THEORY OF INTEGRATED MICROWAVE PHOTONIC 
SPECTRAL SHAPER  

A. General Concepts 
In integrated MWP system, a modulated spectrum consists of 

optical carrier and sidebands is an important element that 
dictates system functionalities and performance. However, the 
variety of modulation spectrum used in the majority of 
integrated MWP systems these days is limited, with the 
majority of functions were carried out using conventional 
modulation schemes such as phase modulation (PM) or 
intensity modulation (IM). Recent research results have hinted 
that a more powerful integrated MWP function can be achieved 
if we have complete freedom to manipulate the phase and 
amplitude relations of the modulation spectrum, which can 
open opportunities for high performance integrated MWP 
system functionalities, including advanced filters [5-11], 
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improvement of MWP link linearity [17-21], and RF waveform 
generation [22-26]. Fig. 1 illustrates the general concept of 
integrated MWP spectral shaper discussed here, focusing on 
flexible manipulations of phase and amplitude of the RF 
modulated spectrum. 

The operating principle of integrated MWP spectral shaper 
can be explained as follows: a tunable continuous wave (CW) 
laser as an optical carrier, typically set at 1550 nm wavelength, 
was modulated with an input RF signal with a frequency of 
𝜔!". This modulation creates an optical spectrum consisted of 
an optical carrier at 𝜔# and RF sidebands centered at 𝜔# ±𝜔!".  
The modulator is followed by a versatile MWP spectral shaper 
that aims at total freedom to shape the phases and amplitudes of 
the optical carrier and sidebands, leading to a number of key 
functionalities including arbitrary and universal modulation 
transformation, and subsequently an array of functionalities 
with improved performance such as advanced filtering, 
enhanced linearity of the photonic link, and flexible RF 
waveform generations. 

In the scope of this tutorial, we identify two key building 
blocks for the modulation and spectral shaping, namely the 
optical modulators and a network of tunable ring resonators as 
the spectral shaper. We discuss in detail these two building 
blocks as the following.  

B. Optical modulation 
A phase modulator (PM) is the simplest structure of optical 

modulator in integrated MWP system. The output optical field 
of a PM signal, considering small signal modulation can be 
mathematically given as [27] 
 

               𝐸$%(t) = (𝑃&𝑒'(!) ∑ 𝐽*(𝑚)𝑒'+("#)*,-
*,.-                (1) 

where 𝜔/ and 𝜔!" is the angular frequency of the optical carrier 
and the RF signal respectively;	𝑃& is the input optical power, 𝐽* 
is the n-th order Bessel function of the first kind, 𝑚 =
𝜋𝑉!"/𝑉0,!" is the modulation index of PM, 𝑉!" is the input RF 
signal voltage, 𝑉0,!" is the RF half-wave voltage of the 
modulator. Equation (1) shows that the two first order of optical 
sidebands are out-of-phase with respect to the optical carrier, 
meaning that we cannot retrieve the RF signal back to the 
electrical domain via simple direct detection. 

An optical modulator structure commonly used in conjunction 
with direct-detection is the Mach-Zehnder (MZ) intensity 
modulator, which can be created by embedding phase 
modulators inside an MZ interferometer. In this case, the output 
optical field of an MZ modulator, considering small signal 
modulation can be written as [27] 
 

     𝐸&%(t) =
-
2(𝑃&𝑒

'(!)(1 + 𝑒'3$)∑ 𝐽*(𝑚)𝑒'+("#)*,-
*,.-      (2) 

Here, 𝜑! = 𝜋𝑉𝐷𝐶/𝑉𝜋,𝐷𝐶 is the DC bias, 𝑉78 is the input DC 
voltage and 𝑉0,78 is the DC half-wave voltage of the IM. 
Equation (2) shows that the two first order sidebands are in-
phase with respect to optical carrier, meaning that we can 
retrieve RF signal back to the electrical domain. These two 
optical sidebands remain in-phase when the relative phase shift 
(𝜑!) is varied by the applied DC voltage (𝑉78). 

More flexibilities to tailor the amplitude and phase of the 
optical carrier and the two RF sidebands can be achieved by 
using a more complex modulator structure, such as a dual-
parallel Mach Zehnder modulators (DPMZM). Here, the output 
optical field of the complex modulated signal, considering 
small signal modulation is [27] 

 
 
Fig. 1. General concept of an integrated MWP spectral shaping. Phase and amplitude tailoring of the optical carrier and RF-modulated sidebands can lead to 
enhanced RF photonics functionalities and performance, including modulation transformation, RF photonic filtering, RF waveform generation, and link 
linearization.  
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    𝐸9$%:%(t) =
-
2(𝑃&𝑒

'(!)𝐴%𝑒;% ∑ 𝐽*(𝑚)𝑒'+("#)*,-
*,.-      (3) 

where 𝐴-, 𝐴2, and 𝐴< represent the amplitudes of the optical 
carrier, the upper sideband and the lower sideband, 
respectively, and 𝜃-, 𝜃2, and 𝜃< are the corresponding phases. 
These amplitudes and phases can be mathematically described 
as 
 

𝐴- = cos	(𝜑=,-) + cos	(𝜑=,2)𝑒'3$,'              

𝐴2 = −j sin>𝜑=,-? − sin	(𝜑=,2)𝑒'3$,'             

𝐴< = jsin>𝜑=,-? − sin	(𝜑=,2)𝑒'3$,'              

where 𝜑=,-, 𝜑=,2, and 𝜑=,< are the DC bias points for each MZM 
structure. In such a complex modulation scheme, the relative 
amplitudes and phases of the two sidebands with respect to the 
optical carrier can be flexibly tuned, creating a more versatile 
optical modulation pattern for integrated MWP systems. 
    In MWP systems, the modulated spectrum is subsequently 
processed optically using photonic components, such as optical 
ring resonators or Bragg gratings. This process leads to 
complex (i.e., phase and amplitude) spectral shaping.  

C. Complex spectral shaping with optical ring resonators 
Although phase and amplitude shaping of the RF modulated 

signals can be implemented using various devices including 
Bragg gratings [28], or liquid-crystal-on-silicon (LCoS) signal 
processors [31], ring resonators are still one of the most 
versatile on-chip components for such a purpose. Here, we 
specifically focus on utilizing a network of all-pass ring 
resonators (APRR) to precisely tailor the complex optical 
modulated spectrum. The complete treatment of the ring 
resonator device principle is outside the scope of this review 

and interested readers are referred to more comprehensive 
reviews in this topic [34].  

The amplitude (𝑇(𝜔)) and phase response (𝜃(𝜔)) of the 
optical ring resonator are given by [34] 
 

                      𝑇(𝜔)𝑒';(() = @.#A()∅(,)

-.@#A)∅.(,)
𝑒'[0C∅(()]               (4) 

where 𝑐 = √1 − 𝑘, 𝑎 = 10.FG/2I, 𝑘, 𝛼, 𝐿, and ∅ are the self-
coupling coefficient, the single-pass amplitude of the optical 
ring resonator, the coupling coefficient, the propagation loss of 
optical waveguide (dB/cm), the round trip length of ring, and 
the round-trip phase respectively. Similarly, we can define 𝑠 =
√𝑘 as the cross-coupling coefficient. If there are no losses in 
the coupling section, both c and 𝑠 are assumed to satisfy 𝑐2 +
𝑠2 = 1. There are three states in the APRR, under coupling 
(UC) when 𝑐 > 𝑎, over coupling (OC) when 𝑐 < 𝑎, and critical 
coupling (CC) when 1 − 𝑎2 = 𝑠2 or 𝑐 = 𝑎. Fig 2(b) and 2(c) 
show the transmission spectrums and the phase responses of the 
single APRR with different 𝑘. 
    The characteristic parameters of the APRR depend on the 
coupling coefficients and losses. First, the full width at half 
maximum (FWHM) that mathematically can be written as [34] 
 

                                   FWHM = (-.@)J/01
2

0*3K√M@
                             (5) 

with  𝜆MAN and 𝑛O as the wavelength of the light and the group 
index respectively. Then, the wavelength range between two 
resonances called the free spectral range (FSR) in wavelength 
function which is written as [34] 
 

                                           FSR = J2

*3K
                                    (6) 

 
 

Fig. 2. (a) The schematic of all pass optical ring resonator. s: cross-coupling and c: self-coupling. (b) Simulation of the effect of coupling and phase change 
to central frequency (dashed line shows the frequency shift of ring responses). Simulation of (c) resonance and (d) phase of all-pass ring resonator for different 
ring state; UC: under-coupling, CC: critical-coupling, and OC: over-coupling. 
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Next, the finesse which is defined as the number of roundtrips 
made by light in the ring before its energy reduced to 1/𝑒 of its 
initial value [34] can be expressed as 
 

                                      Finesse = PQR
"STU

                              (7) 

Finally, the quality factor (Q-factor) represents the number of 
oscillations of the field before the circulating energy is depleted 
to 1/𝑒 of the initial energy [34]. The Q-factor can be 
mathematically described as [34] 
 

                                     Q − factor = J
PVWX

                           (8) 

    In Fig. 2(b), the simulation results of a silicon nitride APRR 
with parameters of 𝑛O = 1.72 and 𝐿 = 0.6966	𝑐𝑚 are shown. 
An OC state is achieved by setting the value of 𝑘 = 0.05035 
and ∅ = 0. This OC state can be identified by the 𝜋 phase 
response at resonance of ring’s central frequency. Then, the 
ring’s central frequency can be shifted by setting the value of 
𝑘 = 0.05035 and ∅ = −0.0175𝐿. 

D. Photodetector 
    A photodetector (PD) is employed at the output of integrated 
MWP system to down-convert the processed optical signal back 
to RF domain by beating the processed sidebands with respect 
to the optical carrier. The photodetector is a square-law device, 
which the output electrical power (RF power) is proportional to 
the square of the photocurrent which can be described as [27] 
 

                                      𝑃!" = 𝐼2𝑅GY@9              (9)                             

                                     𝐼(𝑡) = 𝑅Z7𝑃Y$),Z7                          (10)                            

where 𝑅GY@9, 𝑅Z7, and 𝑃Y$),Z7 are the load resistance, the 
responsivity of photodetector, and the detected optical power in 
photodetector respectively. 

III. IMPLEMENTATIONS OF MWP SPECTRAL SHAPING 
     In this section we review and discuss a few examples of 
integrated MWP spectral shaper. There are four key functions 
that benefit the most from advanced spectral shaping, which are 
modulation transformation, reconfigurable filters, link 
linearization, and RF waveform generation. 

A. Modulation Transformation 
The first key function in integrated MWP spectral shaping is 

a modulation transformation that can be used to precisely 
manipulate phase and amplitude of the modulated spectrum. 
Previous researches have hinted that a complete control of 
phase and amplitude of a modulation spectrum can open to new 
optical signal processing functions, including advanced MWP 
filters with minimal loss and maximal rejection [35,36]. 
However, a modulated spectrum is currently limited to any type 
of existing optical modulators (PM, IM and DPMZM), which 
always create optical carrier and sidebands with interrelated 
amplitudes and phases. Recently, a device named modulation 
transformer [37] was proposed to shape and synthesize arbitrary 
modulated spectrum. This device takes an input of a 
conventional PM or IM and synthesize an output modulation 
spectrum with components (optical carrier and sidebands) 

 
 

Fig. 3. (a) Operating principle of the spectral shaper and the filter. (b) Microscope image of the all-integrated spectral shaper in a silicon chip. (c) Schematic 
of the spectral shaper consist of MZI+3 rings de-interleaver, tunable phase shifter, and tunable coupler. Figures are taken from [37]. 
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entirely independent in phases and amplitudes. 
The operating principle of a modulation transformer is 

depicted in Fig. 3(a). The input RF signal was converted to the 
optical domain creating a modulation spectrum with arbitrary 
phase and amplitude relation. To achieve proper spectral 
synthesis and modulation transformation, one sideband of the 
input MWP spectrum is spatially isolated from the optical 
carrier and the remaining sideband via a spectral de-interleaver. 
It is critical to implement this de-interleaver with maximum 
sharpness, rejection, and with a flat passband. Fig. 3(c) shows 
the schematic of modulation transformer where the spectral de-
interleaver is built from a Mach-Zehnder Interferometer (MZI) 
loaded with three ring resonators (MZI+3Ring) structure [38]. 
Then, a phase shifter and a tunable attenuator can tailor the 
phase and amplitude of the isolated sideband independently. In 
the end, this tailored sideband was combined with the rest of the 
optical spectra component to synthesize a new modulation 
scheme. 

The output of a phase shifter used in modulation transformer 
can be described as [39] 
 

                                         𝐻$N(𝑧) = 𝑒.'3                                              (11) 

with a tunable attenuator can be written as [39] 
 

𝐻)#(𝑧) = e
𝑐-𝑐2𝑒.'3 − 𝑠-𝑠2 −𝑗(𝑐2𝑠-𝑒.'3 + 𝑐-𝑠2)

−𝑗(𝑐-𝑠2𝑒.'3 + 𝑐2𝑠-) 𝑐-𝑐2 − 𝑠-𝑠2𝑒.'3
g   (12) 

Finally, a spectral de-interleaver built from three rings assisted 
MZI structure can be expressed as 
 

                   𝐻[@M = 𝐴--𝐴-2𝐻--(𝑧) − 𝐴-<𝐴-\𝐻22(𝑧)           (13) 

                 𝐻9MY$ = 𝐴2-𝐴22𝐻--(𝑧) − 𝐴2<𝐴2\𝐻22(𝑧)           (14) 

where 
 

𝐻--(z) = 𝑇-(𝜔)𝑇<(𝜔) 

𝐻22(z) = 𝑇2(𝜔)𝐻∆G(𝑧)𝐻$N(𝑧) 

𝐻∆G(𝑧) = 𝛾𝑧.- 

𝐴-- = 𝑐<𝑐\𝑒.'32 − 𝑠<𝑠\ 

𝐴-2 = 𝑐-𝑐2𝑒.'34 − 𝑠-𝑠2 

𝐴-< = 𝑐\𝑠<𝑒.'32 − 𝑐<𝑠\ 

The modulation transformer is implemented in a monolithic 
photonic integrated chip (PIC) as shown in Fig. 3(b). Two 
examples are given to show modulation transformation process, 
such as IM-to-PM and PM-to-IM transformation. Using (11) - 
(14), modulation transformation can be mathematically 
described as 

                    𝐸^(𝑡) = 𝐻)# ∙ k
0

𝐻$N𝐻[@M𝐸&*(𝑡)l 

                               = −𝐻--𝐸&*(𝑡)              (15) 

                      𝐸_(𝑡) = 𝐻∆G-𝐻9MY$𝐸&*(𝑡)         (16) 

                      𝐸#(𝑡) = 𝐸^(𝑡) + 𝑒.'0/2𝐸_(𝑡) 

                                = −(𝐻-- + 𝑗𝐻∆G-𝐻9MY$)𝐸&*(𝑡)           (17) 

where 𝐸^(𝑡) and 𝐸_(𝑡) are the output field of upper and lower 
sideband respectively.  
    Fig. 4(a) and 4(b) show the modulation transformation when 
an input of IM and PM signal is used respectively. In Fig. 4(a) 
an extension of up to 15 dB was achieved to transform the 
modulation spectrum from IM-to-PM, where in Fig. 4(B) shows 
PM-to-IM transformation with up to 20 dB extinction. This 
extinction is affected from multiple parameters including de-
interleaver’s dispersion. The transformation of modulation 
spectrum here can be achieved by tuning the phase shifter 
placed at one arm of de-interleaver’s output as shown in Fig. 
3(c). In IM-to-PM transformation process, the operational 
frequency range is limited from 15 - 25 GHz due to the role of 
de-interleaver and could be avoided using lower loss waveguide 
[37]. By inspecting the optical spectra shown in Fig. 4(c), it can 
be verified that the extension in modulation transformation 
solely came from phase rotation in the circuit because apart 
from phase shift in central frequency due to thermal crosstalk, 
all optical spectra of each trace are nearly identical. 

B. Reconfigurable MWP Filter 
A reconfigurable MWP filtering is the second key function 

in MWP spectral shaper discussed here. MWP Filters can be 
used to separate signals of interest from unwanted interference 
and the noise background in RF system, using additional 
advantages of photonics [40,41]. The important key features of 
these reconfigurable MWP filters are tunable operational 
bandwidth, filters shape (complex frequency response), and 

   
 

Fig. 4. Simulation and measurement results of (a) intensity-to-phase modulation (IM to PM) conversion (“V” is the applied voltage to the phase shifter). (b)  
phase-to-intensity modulation (PM to IM) conversion. (c) synthesized IM to PM optical spectra. Figures are taken from [37] 

𝐴-\ = 𝑐-𝑠2𝑒.'34 − 𝑐2𝑠- 

𝐴2- = 𝑐<𝑐\𝑒.'32 − 𝑠<𝑐\ 

𝐴22 = 𝑐2𝑠-𝑒.'34 − 𝑠-𝑠2 

𝐴2< = 𝑐<𝑐\ − 𝑠<𝑠\𝑒.'32 

𝐴2\ = 𝑐-𝑠2𝑒.'34 − 𝑐2𝑠- 
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central frequency. An example of reconfigurable MWP filters 
in the form of programmable MWP bandpass filter with 
improvement of noise performance is given [42]. 

The operation principle of this filter is illustrated in Fig. 5 
(b). The input RF signal was converted into the optical domain 
using a PM creating an optical signal with identical amplitude 
sidebands that are out-of-phase. The PM signal was then 
processed with six APRRs. There were two critical signal 
processing steps performed by these rings: bandpass filtering 
and optical carrier suppression. 

The resonances of four OC rings were used and positioned 
asymmetrically with respect to the optical carrier (f- ≠ f2 ≠
f< ≠ f\) to control the amplitude and phase of PM sidebands, 
leads to PM-to-IM conversion [43,44]. By properly controlling 
the round-trip phase and coupling coefficient of the rings, the 
bandwidth of the filter can be processed, and a flat top and a 
square shape filter response can be created. Further, a pair of 
UC ring was implemented as optical carrier suppression in the 
same chip to limit the DC photocurrent to the photodetector 
(PD). An optical amplification is used at the same time to boost 
the strength of sidebands, leads to the link gain (G) and noise 
figure (NF) improvement without saturation of the PD current. 

Using (1) and (4), the output signal of cascaded APRRs to 
build an MWP bandpass filter can be expressed as [42] 
 

              𝐸$(t) = (𝑃&𝑒'(!) n
α𝐽I(𝑚)𝑒';5

+β𝐽-(𝑚)𝑒'(("#)C;6)

−γ𝐽-(𝑚)𝑒'(.("#)C;7)
r             (18) 

where 
 

α = 𝑇-(𝜔#)𝑇2(𝜔#) 

β = 𝑇<(𝜔# +𝜔!")𝑇\(𝜔# +𝜔!") 

γ = 𝑇 (𝜔# −𝜔!")𝑇a(𝜔# −𝜔!") 

𝜃F = 𝜃-(𝜔#) + 𝜃2(𝜔#) 

𝜃b = 𝜃<(𝜔# +𝜔!") + 𝜃\(𝜔# +𝜔!") 

𝜃c = 𝜃`(𝜔# −𝜔!") + 𝜃a(𝜔# −𝜔!") 

     The optical carrier suppression in (18) was defined by the 
factor α, which is the multiplication of two APRRs. An erbium-
doped fiber amplifier (EDFA) is used to compensate the optical 
carrier suppression such that at various carrier suppression 
levels, the DC photocurrent in the photodetector is constant. 
The key point here is: while optical carrier suppression is only 
reducing the DC photocurrent, the gain of the EDFA is 
broadband, and will lead to amplification of all signal 
components, including the two optical sidebands. The result of 
the combined re-amplification and optical carrier suppression 
are link gain improvement with increasing optical carrier 
suppression level. 
     The photocurrent and RF power at the output of PD can be 
mathematically described as [42] 
 

                          𝐼(𝑡) = 𝑅Z7𝐸$(𝑡)𝐸$
∗(𝑡)                             (19) 

                                  ∝ 𝑅Z7𝑃e[𝐵- + 𝐵2 − 𝐵<] 

                           𝑃!" = (𝑅Z7𝑃e𝐺fgPh[𝐵2 − 𝐵<])2𝑅G          (20) 

where 
 

𝐵- = 𝛼2𝐽I2(𝑚) + (𝛽2 + 𝛾2)𝐽-2(𝑚) 

𝐵2 = 2𝛼𝛽𝐽I(𝑚)𝐽-(𝑚) cos(𝜔!"𝑡 − ∆𝜃-) 

𝐵< = 2𝛼𝛾𝐽I(𝑚)𝐽-(𝑚)cos	(𝜔!"𝑡 − ∆𝜃2) 

∆𝜃- = 𝜃F − 𝜃b	

∆𝜃2 = 𝜃F − 𝜃c 

 
 

Fig. 5. (a) Schematic and (b) operational principle of programmable MWP bandpass filter with integrated optical carrier suppression; OC: over-coupling, 
UC: under coupling, PD: photodetector. (c) Photo of programmable silicon niteride chip attached to printed circuit board (PCB) with multichannel power 
supply connector for heater controller. [42] 
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with 𝑅Z7, 𝑅G, and 𝐺"#$% are the responsivity of the 
photodetector, the load resistance, and the gain of the EDFA. 

Based on (18), (19), and (20), the simulated and measured 
response of the MWP bandpass filter with tunable bandwidth 
were compared (Fig. 6). The parameters of the filter are: 𝑃& =
18	dBm, 𝑃!"& = −3	dBm, 𝐿ZU = 3	dB, 𝐿!! = 8.5	dB, 𝐿!"# =
2	dB, 𝐺i7"j = 3	dB, 𝑉!" = 0.2	V, 𝑉0,!" = 5	V, and 𝑅Z7 = 0.6 
where 𝑃&: input optical power, 𝑃!"&: input RF power, 𝐿ZU:  PM 
loss, 𝐿!!: fiber-to-fiber insertion loss, 𝐿!"#: coax/RF cable loss, 
𝐺i7"j: EDFA gain, 𝑉!": input RF signal voltage,	𝑉0,!": RF 
half-wave voltage, and 𝑅Z7:photodetector responsivity. 

Fig. 6 (a) shows the simulation and measurement results of 
integrated MWP bandpass filter at central frequency of 5 GHz 
based on the principle illustrated in Fig. 5 (b). The filter 
bandwidth can be tuned from 2-7 GHz with passband 
suppression of 20 dB. Fig. 6(b) shows the measured bandpass 
filter when the optical carrier suppression is implemented. A 6 
dB suppression of the carrier leads to 6 dB reduction of the RF 
link gain (dashed blue line). If the compensation of the carrier 
suppression via broadband amplification using EDFA is 
implemented, the RF link gain is enhanced by 6 dB compared 
to the case without optical carrier suppression. Fig 6(c) shows 
the comparison with uncompensated link gain, achieved only 
using optical carrier suppression. 

The enhancement of RF link gain (G) affects the noise figure 
(NF) reduction where NF in the system can be expressed as [42] 
 

                      𝑁𝐹 = 174 − G + (𝑁)k +
(l"89Cl1:)

\
)                   (21) 

with 𝑁)k = 𝑘𝑇𝐵, 𝑁!ml = 10
"89
4; 𝐼9#2𝐵𝑅G, 𝑁Nk = 2𝑞𝐼9#𝐵𝑅G, and 

𝐼9# are the noise power spectral density of thermal noise, 
relative intensity noise, shot noise, and  the total DC 

photocurrent respectively. Here, 𝑘 is the Boltzmann’s constant, 
𝑞	is the electron charge, 𝑇 is the room temperature, B is the 
noise bandwidth, and 𝑅G is the load resistance. Fig. 6(d) shows 
comparison of NF with and without EDFA compensation, 
showing NF degradation as expected. The best measured 
performance of this filter was -10 dB for filter’s gain and 27 dB 
for NF reduction. 

C. Link Linearization 
The third key function of the MWP spectral shaper discussed 

here is MWP link linearization. A nonlinear distortion in MWP 
system are induced by the inherent nonlinear transfer function 
of optoelectronic devices in the system, such as modulators 
[45,46]. Nonlinear distortions consisting of harmonic and 
intermodulation distortions are unwanted frequency 
components that degrade signal quality in the MWP system. 
Among them, the third-order intermodulation distortion 
(IMD3) terms, caused by the cubic nonlinearity in MWP link, 
are regarded as the main limiting distortion factor in MWP link 
because they fall so close to the desired fundamental signals. It 
is common to use the so-called two-tone test to probe nonlinear 
distortions in the system. 

 It is often useful to evaluate how the power of each 
component in the output generated by two-tone test varies with 
the input signal power. The spurious-free dynamic range 
(SFDR) is a figure of merit to evaluate the effect of 
nonlinearities and noise in an integrated MWP system. It is 
defined as the range of input powers where the fundamental 
signal power is above the output noise floor and distortion 
components are lower than or equal to the output noise floor. 
By reducing the IMD3, SFDR can be effectively enhanced, 
leads to the linearity improvement of MWP link. 

 
 
Fig. 6. (a) Simulated and measured RF responses of reconfigurable MWP bandpass filter with multiple bandwidths. (b) Measured RF gain when optical carrier 
suppression was implemented in the filter. When optical carrier was suppressed by 6 dB, the RF link gain falls with the same amount (blue dashed trace). When 
gain compensating using EDFA was implemented, RF link gain advantage was obtained (red trace). Calculated and measured (c) gain (G) and (d) noise figure 
(NF) of microwave photonic bandpass filter with compensated optical power using EDFA for optical losses from optical carrier suppression (CS). [42] 
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Many methods have been proposed to linearize the MWP 
link [47-52]. Here, on-chip linearization method in PM based 
MWP link (PM link) is introduced. First, the primary optical 
spectral contributors of the IMD3 in a PM link was investigated 
with two-tone test. The two-tone signal with amplitude of VRP 
and angular frequencies of ω- and ω2, expressed as 𝑉&* =
𝑉!"(sin𝜔-𝑡 + sin𝜔2𝑡) is phase modulated to optical carrier. 
The output optical field of PM with two tone input RF signal 
can be expressed as 
 

                   𝐸Y^)(t) = (𝑃&𝑒'(!)e'%ne+(4)e'one+(2)            (22) 

with Bessel function expansion of first kind in (22), the 
expression can be described as 
 

𝐸Y^) =

					(P&e'(!)� 𝐽*(𝑚)e'*(4)
Cp
*,.p � 𝐽q(𝑚)e'q(2)

Cp
q,.p      (23) 

Here, only first and second order sidebands are taken into 
consideration for approximation. 

The output spectrum of PM can be illustrated in Fig. 7(a), 
including the optical carrier band (OCB), the ±1st order optical 
sideband (OSB) and the ±2nd OSB. The OCB contains the 
optical carrier and the even-order nonlinear products. The ±1 
OSB is composed of the fundamental signal and odd-order 
distortion terms, while the ±2nd order OSB contains the even-
order distortion components. 

Due to the out-of-phase sidebands in PM signal, the PM-to-
IM conversion is needed to generate desired fundamental signal 
and nonlinear distortion components in the system. A network 
of APRRs is used to shape the modulation spectrum and 
linearity improvement in the PM link. Fig. 7(c) shows the 
schematic of link linearization setup to precisely process the 
amplitude and phase of the OCB and ±2nd order OSB 
respectively.  

For PM-to-IM conversion, an OC ring is used to impose a π/2 
phase shift to the OCB. Further, a pair of OC rings are used to 
process the ±2nd order OSB to reduce the IMD3 components. 
The output optical field after processing can be written as 
 

𝐸$(t) = (𝑃&𝑒'(!)

⎣
⎢
⎢
⎢
⎢
⎡ 𝐸-𝐽I2(𝑚) + 𝐸2𝐽-(𝑚)𝐽.-(𝑚)
+𝐸<𝐽I(𝑚)𝐽-(𝑚) + 𝐸\𝐽2(𝑚)𝐽.-(𝑚)
+𝐸`𝐽I(𝑚)𝐽.-(𝑚) + 𝐸a𝐽-(𝑚)𝐽.2(𝑚)

+𝐸r𝐽I(𝑚)𝐽2(𝑚) + 𝐸s𝐽-2(𝑚)
+𝐸t𝐽I(𝑚)𝐽.2(𝑚) + 𝐸-I𝐽.-2(𝑚) ⎦

⎥
⎥
⎥
⎥
⎤

  (24) 

where 
 

𝐸- = 𝑇-(𝜔#)𝑒';4((!) 

𝐸2 = 𝑇->𝜔# +𝜔-,2 −𝜔2,-?𝑒';4((!C(4,2.(2,4) 

										>𝑒'((4.(2)) + 𝑒.'((4.(2))? 

𝐸< = 𝑒'(4) + 𝑒'(2) 

 
 
Fig. 7. (a) Output spectrum of PM. (b) Output spectrum after processing. (c) Schematic of link linearization setup using three rings resonator as optical 
signal processor; OSB: optical sideband, OCB: optical carrier band, PM: phase modulator, PD: photodetector. 
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𝐸\ = 𝑒'(2(4.(2)) + 𝑒'(2(2.(4)) 

𝐸` = 𝑒.'(4) + 𝑒.'(2) 

𝐸a = 𝑒.'(2(4.(2)) + 𝑒.'(2(2.(4)) 

𝐸r = 𝑇2(𝜔# + 2𝜔-,2)𝑒';2((!C2(4,2)(𝑒'2(4) + 𝑒'2(2)) 

𝐸s = 𝑇2(𝜔# +𝜔- +𝜔2)𝑒';2((!C(4C(2)𝑒'((4C(2)) 

𝐸t = 𝑇<(𝜔# − 2𝜔-,2)𝑒';'((!.2(4,2)(𝑒.'2(4) + 𝑒.'2(2)) 

𝐸-I = 𝑇<(𝜔# −𝜔- −𝜔2)𝑒';'((!.(4.(2)𝑒.'((4C(2)) 

For simplicity, an approximation of 𝑇q(𝜔), 𝜃q(𝜔) as constant 
in OCB or OSB was made when the two-tone signal is close to 
each other. Thus, the same amplitude suppression and phase 
shift are imposed to the ±2nd order OSB, leads to 𝑇2 = 𝑇<	and 
𝜃2 = 𝜃<. 

The detected photocurrent containing the fundamental and 
IMD3 components can be written as 
 

            𝐼(𝑡) = 𝐼- sin>𝜔-,2𝑡? + 𝐼<sin	(2𝜔-,2𝑡 − 𝜔2,-𝑡)        (25) 

where 𝐼- and 𝐼< denote the coefficients for fundamental signal 
and IMD3 components respectively, which are written as 
 

𝐼- = 4𝑅Z7𝑃&𝑇-𝐽I<(𝑚)𝐽-(m)sin𝜃-                                        (26) 

𝐼< = −4𝑅Z7𝑃&(𝑇-𝐽I2(𝑚)𝐽-(𝑚)𝐽2(m)sin𝜃- +

𝑇2𝐽I2(𝑚)𝐽-(𝑚)𝐽2(m)sin𝜃2 + 𝑇-𝐽I(𝑚)𝐽-<(𝑚)sin𝜃-)          (27) 

After applying Taylor series expansion to (27) to the third order 

in m, I3 can be expressed as 

                       𝐼< = −𝑅Z7𝑃&
%'

\
(3𝑇-𝑠𝑖𝑛𝜃- + 𝑇2𝑠𝑖𝑛𝜃2)        (28) 

The IMD3 distortion due to m3 is reduced when the processing 
in OCB and ±2nd order OSB satisfy the condition  
 

                                   3𝑇-𝑠𝑖𝑛𝜃- + 𝑇2𝑠𝑖𝑛𝜃2 = 0                  (29) 

     To minimize the IMD3 and maximize the fundamental 
signal, a proper combination of T1, θ1, T2, θ2 is needed. A 
possible solution is set the parameters of sin𝜃- = 1, sin𝜃2 =
−1, and T- = 𝑇2 3⁄ . This setup means that π/2 and 3π/2 phase 
shift is imposed to OCB and ±2nd order OSB respectively with 
9.5 dB more suppression at OCB than ±2nd order OSB. 
     A simulation example of using ring resonator to do the 
linearization is given. The parameters used in the simulation are 
as follows: 𝑃& = 16	dBm	,𝑃!" = 7	𝑑𝐵𝑚, 𝐿ZU = 3	𝑑𝐵, 𝐿!! =
8.5	𝑑𝐵, 𝑉0,!" = 5	𝑉, and 𝑅Z7 = 0.6. As mentioned in (4), the 
value of 𝑘 and ∅ in ring resonator can be tuned to make the 
response of ring resonator get close to the condition in (29). Fig. 
8(a) and 8(b) are the responses of the rings used to process the 
OCB and ±2nd order OSB respectively. The marked points are 
the suppression and phase shift imposed to the OCB and ±2nd 
order OSB. Without linearization, the fundamental to IMD3 
ratio is about 21 dB as shown in Fig. 8(c). After processing, the 

 
 

Fig. 8. Response of ring resonator used for (a) OCB and (b) OSB processing. Simulated RF spectrum (c) after PM-to-IM conversion and (d) after link 
linearization. (e) Simulated SFDR of link linearization; i. fundamental without linearization, ii. IMD3 without linearization, iii. Fundamental with 
linearization, iv. IMD3 with linearization. 
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fundamental to IMD3 ratio is improved to 44 dB as shown in 
Fig. 8(d). 
     The simulated fundamental and IMD3 power as a function 
of the input RF power are plotted in Fig. 8(e). The noise floor 
is set as -166 dBm/Hz, which is dominated by the shot noise 
[53]. Here, the SFDR of the PM link without linearization is 
98	dB ⋅ Hz2/<, but improved to 105	dB ⋅ Hz2/< after processed 
with rings. 

D. RF Waveform Generation 
The fourth key function enabled by MWP spectral shaping 

discussed here is the arbitrary RF waveform generation.  This 
technique has been used in many applications, such as 
communications, radar, and medical imaging systems [54-56]. 
Generating arbitrary RF waveforms with integrated electronics 
is difficult due to the limitations in digital-to-analog converter 
(DAC) technologies and high timing jitter [57]. Integrated 
MWP is a promising field with all benefits provided by 
photonics including lower losses, wider bandwidth and 
tunability, while simultaneously taking advantage of the small 
physical footprint and low power consumption of integrated 
photonics [54-58]. Recently, an approach was introduced to 
generate RF waveform shaping with significantly reduced 
footprint and flexibility using complex manipulation of phase 
and amplitude of optical spectrum enabled by a network of 
APRRs [58]. 

The premise of integrated MWP in RF waveform shaping is 

to alter the optical signal to create the desired RF waveform at 
the output of the PD. Fig. 9(a) illustrates the operational 
principle of RF waveform generation using a network of 
APRRs [58]. Here, an input RF signal was phase modulated 
into the optical domain, producing an optical carrier with out-
of-phase sidebands with identical amplitude. Then, the 
resonance of two cascaded APRRs were used to alter the phases 
and amplitudes of optical carrier and one of the first-order 
sidebands, influences the beating product of optical carrier and 
sidebands, leads to generation of different RF waveform at the 
output of the PD. 

By combining (1) and (4), the output of the cascaded APRRs 
for RF waveform generation can be written as [58] 
 

 𝐸MAN(t) ≈ 𝑒'(!)

⎣
⎢
⎢
⎢
⎡𝐶--(𝑚)𝑒

';!44 + 𝐶-2𝐽-(𝑚)𝑒'(("#)C;!42)

−𝐽-(𝑚)𝑒.'("#) + 𝐽2(𝑚)𝑒'2("#)

+𝐽2(𝑚)𝑒.'2("#) + 𝐽<(𝑚)𝑒'<("#)

−𝐽<(𝑚)𝑒.'<("#) ⎦
⎥
⎥
⎥
⎤
 (30) 

where 
 

𝐶-- = 𝑇-(𝜔#) 

𝐶-2 = 𝑇2(𝜔# +𝜔!") 

𝜃#-- = 𝜃-(𝜔#) 

𝜃/-2 = 𝜃2(𝜔# +𝜔!") 

 

 
 

Fig. 9. (a) Operational principle of RF waveform generator using optical ring resonator (case of square and triangular shapes). Simulation and measurement 
results of (b) triangular, (c) square, and (d) sawtooth shaped RF waveform generator using optical ring resonator. [58]; RMSE: root-mean-square-error 



0733-8724 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2020.3033706, Journal of
Lightwave Technology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

 

11 

The optical carrier and the first-order upper sideband were each 
processed by a resonance of APRR. By using (10) and set the 
second APRR to operate at 𝜃#-2 = 0, the detected photocurrent 
can be described as [58] 
 

       𝐼(𝑡) ∝ �𝐶2-2 + 𝐶222𝜌- + 𝐶2𝜌2 +�𝐶<-2 + 𝐶<22𝜌<    (31) 

with 
 

𝐶2- = 𝐽-(𝑚)(𝑇ee − 1)(𝐽I(𝑚)𝑇e cos>𝜃-(𝜔#)? + 𝐽2(𝑚)) 

𝐶22 = 𝐽I(𝑚)𝐽-(𝑚)𝑇e(𝑇ee + 1)sin	(𝜃-(𝜔#)) 

𝐶2 = 𝐽-(𝑚)𝐽<(𝑚)(𝑇ee + 1) − 𝐽-2(𝑚)𝑇ee
+ 2𝐽I(𝑚)𝐽2(𝑚)𝑇ecos>𝜃-(𝜔#)? 

𝐶<- = 𝐽-(𝑚)𝐽2(𝑚)(𝑇ee − 1) 

𝐶<2 = 2𝐽I(𝑚)𝐽<(𝑚)𝑇esin	(𝜃-(𝜔#)) 

𝜌- = cos(𝜔!" − 𝜎-)                                  

𝜌2 = (2𝜔!"𝑡)                                            

𝜌< = cos(3𝜔!" − 𝜎2) 

𝜎- = 𝑡𝑎𝑛.- �
𝐶2-
𝐶22

� 

𝜎2 = 𝑡𝑎𝑛.- �
𝐶<-
𝐶<2

� 

Previous research has been demonstrated that triangular, 
square, and sawtooth shape of RF waveforms can be 
approximated by the first three harmonics of their Fourier 
expansion [59] 
 

                      𝐼)M&(𝑡) ≈ cos(𝜔𝑡) + -
t
cos(3𝜔𝑡)                   (32) 

                       𝐼Nu(𝑡) ≈ cos(𝜔𝑡) − -
<
cos(3𝜔𝑡)                   (33) 

           𝐼N@v(𝑡) ≈ sin(𝜔𝑡) + -
2
sin(2𝜔𝑡) + -

<
sin(3𝜔𝑡)        (34) 

     The photocurrent in (31) satisfied (32), (33), and (34) by 
precisely tuning the parameters 𝑚, 𝜃-, and 𝑇-,2 through 𝑚,∅*, 
and 𝑐* to generate RF waveform with triangular, square and 
sawtooth shape respectively. Fig. 9(b)-(d) show the measured 
waveforms reported in [58]. Greater flexibility and variety of 
the generated RF waveforms can be achieved through adding 
more ring resonators. In principle, such an approach of Fourier 
synthesis can be used to generate arbitrary-shaped periodic RF 
waveforms. Nevertheless, adding a large number of ring 
resonators can lead to impracticality in controlling these 
waveforms. 

IV. CONCLUSION 
     An overview of integrated MWP spectral shaping was 
presented. Through precise phase and amplitude tailoring using 
programmable spectrum shaping in an integrated MWP system, 
one can open avenues to advanced functions and high 
performance  MWP systems. Such a capability is critical to 
realize cascaded multifunction MWP circuit where we have 

total freedom to tailor phase and amplitude of modulated 
spectrum without going back to modulator and cascading the 
optimized spectrum to multiple advanced functionalities. By 
having all these functionalities integrated in a single PIC, we 
can create not only an integrated MWP circuit, but also an ultra-
linear, low-loss and high noise performance MWP systems.  
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