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Abstract: Integrated optical signal processors have been 
identified as a powerful engine for optical processing of 
microwave signals. They enable wideband and stable sig-
nal processing operations on miniaturized chips with ulti-
mate control precision. As a promising application, such 
processors enables photonic implementations of reconfig-
urable radio frequency (RF) filters with wide design flex-
ibility, large bandwidth, and high-frequency selectivity. 
This is a key technology for photonic-assisted RF front 
ends that opens a path to overcoming the bandwidth 
limitation of current digital electronics. Here, the recent 
progress of integrated optical signal processors for imple-
menting such RF filters is reviewed. We highlight the use 
of a low-loss, high-index-contrast stoichiometric silicon 
nitride waveguide which promises to serve as a practical 
material platform for realizing high-performance optical 
signal processors and points toward photonic RF filters 
with digital signal processing (DSP)-level flexibility, hun-
dreds-GHz bandwidth, MHz-band frequency selectivity, 
and full system integration on a chip scale.

Keywords: integrated microwave photonics; microwave 
photonic filter; photonic integrated circuit; waveguide; 
photonic RF filter; integrated optics.

1   Introduction
Radio frequency (RF) filtering is an essential analog pro-
cessing function in RF communication and radar system 
front ends. Developing low-cost and flexible RF front ends 
is of high interest for both academia and industry [1], driven 
by the rapid and incessant increase of demand for data 
traffic in wireless communications for the consumer market 
[2], for example, the next-generation 5G systems, and high-
frequency applications for defense and space industries 
[3]. Alongside the conventional all-electronics solutions 
that are supported by high industrial maturity but facing 
general challenges of bandwidth, tunability, and power 
consumption, microwave photonics offers practical solu-
tions with desirable features such as large instantaneous 
bandwidth, low electromagnetic interference, wide con-
tinuous tunability, and high power efficiency [4–7]. In par-
ticular, these  features benefit multi-gigahertz applications, 
for example, 60-GHz or W-band systems [8]. Implementing 
signal processing functions on photonic integrated circuits 
(PICs) [9–11] yields the so-called processing core chips 
with coveted practical features such as miniaturized size, 
long-term stability, ultimate control precision, reduced 
electromagnetic interference, and potential for low cost. 
Microwave photonic implementations of RF filters using 
integrated optical signal processors harvest all the fea-
tures and advantages as mentioned above. In addition, 
they can be designed as “plug-in” components in analog 
optical links, expanding functions for radio-over-fiber  
technologies [12].

From a practical perspective, a major challenge for 
implementing such RF filters is the provision of a pho-
tonic integrated circuit technology platform that allows for 
simultaneous low loss, high compactness, an easy tuning 
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mechanism, and viability for chip-scale integration of both 
active and passive functions. All these aspects are essential 
for the filter performance. Chip-scale integration effectively 
addresses the system stability issues. Low waveguide propa-
gation loss is a dictating performance factor as signal path 
lengths in the order of centimeters or longer will be required 
for the feature of high-frequency selectivity (e.g. sub-GHz).

To date, a number of waveguide materials have been 
investigated for PICs including silicon-based materi-
als [13–19], III–V semiconductors [20–22], LiNbO3 [23], 
polymers [24, 25], chalcogenide glass [26], and metallic 
materials for plasmonic waveguides [27]. Either alone or 
combined, these materials, each with unique features, 
have enabled a wide diversity of passive and active func-
tions, utilizing both linear and nonlinear optical proper-
ties. Some frequently shown examples include couplers, 
filters, (de)multiplexers, delay lines, lasers, amplifiers, 
modulators, detectors, phase conjugators, and wave-
length convertors [10, 17, 20]. Although showing a great 
range of functions, implementing RF signal processing 
in microwave photonics may require a complex optical 
system that comprises a combination of many of these 
functions. In a broad sense, integrating such systems on 
monolithic chips [28, 29] or by means of micro-assembly 
of multiple chips [30–33] is a key for the proliferation of 
their large-scale application in real-world systems. To that 
scope, we need to simultaneously address the issues of 
device size, power consumption, and performance sta-
bility, as compared with all-electronics solutions [34]. 
Promisingly, recent rapid advances of high-index-contrast 
waveguides, that is, silicon-on-insulator (SOI), silicon 
nitride (Si3N4), and indium phosphide (InP), have success-
fully yielded many functions as standard building blocks 
for creating compact high-performance PICs. Besides, 
the constant improvement of fabrication maturity points 
toward large-scale integration of thousands of these func-
tions with high-performance uniformity and repeatability 
[35–37].

In practice, the new PIC development model, that is, 
the fabrication paradigm of a generic foundry and busi-
ness model based on multi-project-wafer runs (www.
jeppix.eu), is expected to transfer the successful experi-
ence in the microelectronics industry to photonics and 
thereby give rise to an effective and efficient boost of PIC 
technologies to commercially viable solutions. One reason 
for this is that the fabrication time and cost efficiencies 
are largely increased by allowing multiple different func-
tions to share the same fabrication process instead of 
each one requiring an independent process. Second, the 
lowered cost through wafer sharing enables cost-sensitive 
units such as university research groups and small-sized 

companies to get access to the state-of-the-art fabrication 
facilities as well as foundry-owned intellectual properties 
such as design methods and well-developed components 
as standard building blocks.

While the current PIC development is on a global 
scale, widespread commercial adoption of PIC devices 
in existing and prospect RF applications still requires 
a cost level comparable with microelectronics. This 
implies the need of a compelling market drive which 
allows for optimization of high-volume large-scale fab-
rication technology. However, most works of PIC proto-
typing for RF applications to date use the paradigm of 
application-specific PIC fabrication where a particular 
design of a PIC is made for a target function that often 
addresses only a potential for a niche market. One prom-
ising solution to this issue is the so-called programmable 
optical chip, in a similar concept of field-programmable 
gate arrays (FPGAs) and programmable processors in 
microelectronics, where functional programmability is 
incorporated in PICs so that a single device is able to 
implement multiple functions by means of software 
programming. This eventually means a hardware plat-
form being able to serve a wide range of applications 
and thereby largely increasing the potential market and 
reducing the unit cost.

Here, we review recent progress of integrated optical 
signal processors for implementing RF filters with large 
bandwidth, continuous tunability, and shape reconfigur-
ability. We highlight the use of a low-loss, high-index-con-
trast stoichiometric silicon nitride (Si3N4/SiO2) waveguide 
which promises to serve as a practical material platform 
[38] for realizing high-performance optical signal proces-
sors and points toward photonic RF filters with digital 
signal processing (DSP)-level flexibility, hundreds-GHz 
bandwidth, and MHz-band frequency selectivity. These 
works demonstrate an enabling technology that brings 
unprecedented features to RF filters, and the results pave 
the way to commercial adoption and proliferation of pho-
tonic solutions for RF engineering.

The remainder of the paper is organized as follows: 
Section 2 provides an overview of fundamentals of 
microwave photonic filters and discusses a number of 
signal processing techniques for filter synthesis; Section 
3 describes the waveguide technology; Section 4 pre-
sents a number of implementation examples of RF filters 
using our integrated optical signal processors; Section 
5 addresses the development of optical signal proces-
sors that are designed to enable special filter features in 
terms of bandwidth, frequency selectivity, and filter shape 
reconfigurability; Section 6 explains the concept of gen-
eral-purpose optical signal processors; Section 7 gives a 
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general overview of the study of optical signal processors 
using other material platforms. Section 8 concludes this 
paper with our visions of future developments in this area.

2   Fundamentals of microwave 
photonic filter

2.1   System architecture

To date, a large number of microwave photonic implemen-
tations of RF filters have been demonstrated [39], utiliz-
ing various optoelectronic devices, linear and nonlinear 
optical properties in different materials, and manipula-
tions of signal processing in all accessible domains of 
signal representation such as amplitude, phase, frequency, 
space, and polarization. Some salient works demonstrated 
remarkable filter features that outrun state-of-the-art all-
electronics implementations, such as terahertz bandwidth 
[40], multi-octave tuning [41], nanosecond switching 
speed [42], microwatt control [43], and power extinction 
exceeding 60 dB [44]. Recent work of ours proposed and 
experimentally demonstrated a full-integration-ready 
approach of such filters with DSP-like flexibility by means 
of introducing software-defined circuit programmability 
into the processing core chips [45].

Figure 1 shows the general system architecture of 
microwave photonic filters. It comprises four basic func-
tional parts: (i) light source, (ii) electro-optical modu-
lation, (iii) optical signal processing, and (iv) optical 
detection. For the light source, coherent and incoherent 

light have been demonstrated, which include a single 
or multiple continuous wave (CW) lasers [39], frequency 
comb sources [46], and amplified spontaneous emis-
sion from erbium doped fiber amplifiers [47]. The recent 
advances of electro-optical modulators not only allow RF 
frequencies up to 100 GHz to be modulated on a light-
wave, but also enable flexible configurations of modu-
lated optical spectra such as double sidebands (DSB), 
asymmetric sidebands (ASB) [44], single sideband (SSB), 
optical carrier suppression (SC), dual polarizations, and 
simultaneous generation of two complementary outputs 
with opposite modulation phases. All these can be com-
bined with a following optical signal processing stage 
to manipulate the amplitude and phase of different fre-
quency components of the RF modulation sidebands in 
the optical domain. Eventually, optical detection, for 
example, using a single-end detector, a balanced detec-
tor, or a dual-polarization receiver, retrieves the RF output 
signal with the filtering effect synthesized in accordance 
with the manipulations in the optical signal process-
ing. For the purpose of filter design, one can regard the 
entire operation as a “black-box”, where a combination 
of multiple optoelectronic devices are applied therein to 
implement equivalent RF systems described by particular 
impulse responses [48]. We confine our following discus-
sion to tapped-delay-line-based interferometric filters 
characterized by discrete-time finite impulse response 
(FIR) and infinite impulse response (IIR). The synthesis 
of such filters is well described by digital filter theory and 
therefore enjoys the use of well-developed DSP algorithms 
for the design process. The general transfer functions of 
such filters can be formulated in the form of z-transform 
for digital filters:

Figure 1: General system architecture of MWP filters.
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 j
RF( ) e n n

nH z a zφ− −= ∑  (1)

where an, φn, and z−n represent the amplitude, phase, and 
index of the nth tap in the impulse response, respectively. 
The frequency response of the filter, HRF(f), can be deter-
mined by evaluating Eq. (1) with z−1 = e−j2πfτ, where τ is the 
inter-tap delay and relates to the free spectral range (FSR) 
of the frequency response by τ = 1/ΔfFSR. As illustrated in 
Figure 1, varying the tap coefficients in Eq. (1) reconfig-
ures the filter shape, where generally the number of effec-
tive taps governs the frequency selectivity, inter-tap delay 
defines the frequency periodicity, and phase coordination 
determines the spectral positions of the filter passbands 
and stopbands.

2.2   Typical microwave photonic filter 
implementations

Figure 2 shows the typical approaches for microwave pho-
tonic filters that can be implemented using integrated 
optical signal processors. In general, one can divide them 
into incoherent filters and coherent filters [39]. For incoher-
ent filters (Figure 2A), the generation of the filter impulse 
response does not require optical coherence between the 

taps. The FIR filters of this kind are commonly associated 
with a multi-λ light source or a broadband light source 
with an electrically or optically sliced spectrum [47, 49]. 
The impulse response taps are defined by wavelength 
or spectral slices, and the inter-tap delays are generated 
using either a dispersive medium or delay lines incorpo-
rated in a wavelength division multiplexing (WDM) archi-
tecture. In contrast, the IIR filters can be implemented 
by means of a combination of a single-λ light source 
with a frequency-shifting fiber-optical recirculating loop  
[50, 51]. Such filters are generally very flexible in terms of 
system configuration and also have possibilities of imple-
menting tap coefficient tunability in the light source. On 
the other hand, however, they are often more challenging 
for photonic integration due to the use of a combination 
of system components in different materials.

For coherent filters (Figure 2B and C), the so-called 
filter shape transfer and filter shape synthesis are two 
common approaches based on modifying the modulated 
optical spectrum via coherent processing in optical filters. 
In the former approach, the RF sidebands in the modu-
lated optical spectrum are directly filtered by means of 
optical filters with the desired filter shape, and then 
optical detection results in a consistent transfer of this 
filter shape to the RF output. As illustrated in Figure 2B, 
both SSB and DSB modulation can be employed, with only 
DSB modulation requiring optical filtering to the two side-
bands in a mirror-symmetric manner with respect to the 
optical carrier frequency [52]. In the latter approach, both 
sidebands are generated via DSB or ASB modulation and 
also pass through optical filters. However, in this case, the 
two sidebands are individually modified in terms of ampli-
tude and phase. After optical detection, the two sidebands 
yield two modified copies of the input RF signal and the 
interference between them translates the amplitude and 
phase differences into a filter shape. Such coherent filters 
feature simple system configurations and therefore are 
more favorable for photonic integration.

3   TriPleX silicon nitride platform

3.1   Waveguide technology

Typically, waveguide filters working in the RF/microwave 
region employ delay lines with significant lengths. In 
particular, the feature of MHz-band frequency selectivity 
requires waveguide path lengths in the order of centimeters 
or longer. This means that low optical propagation loss is 
a key dictating factor for the filter performance. In general, 

Figure 2: Typical approaches for implementing MWP filters.
(A) Incoherent filter, (B) coherent filter by means of filter shape 
transfer, and (C) coherent filter by means of filter shape synthesis.
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low-index-contrast (<5%) waveguides such as phosphorus-
doped silicon dioxide and silicon oxinitride are easy to be 
provided with low optical propagation losses, for example, 
<0.05 dB/cm [53]. However, such waveguides have strong 
limits on the minimum bend radius, which is typically in 
the order of millimeters. This is because significant radia-
tion loss occurs for small bend radii due to the low mode 
confinement of the waveguide. This forces the footprints of 
the building blocks to be rather large, with the minimum 
bend radius in micrometer given by, as a rule of thumb, 
Rmin = 5Δn−1.5 for 0.1 dB/rad radiation loss [54].

Our development of integrated optical signal proces-
sors uses a stoichiometric Si3N4/SiO2 waveguide techno-
logy (TriPleX™ waveguide technology, a proprietary 
technology of LioniX International) which features simul-
taneously low-loss, high-index-contrast, and comple-
mentary metal-oxide-semiconductor (CMOS) fabrication 
equipment compatibility [16]. Figure 3 shows the wave-
guide propagation losses measured in ring resonator (RR) 
circuits with different bend radii and negligible coupler 
excess loss (using adiabatic designs), where a very low sys-
tematic loss of 0.095 dB/cm is achieved for a bend radius 
of 70 μm [38]. The waveguide consists of two strips of Si3N4 
with a thickness of 170  nm surrounded by SiO2, as illus-
trated in the scanning electron microscope photograph in 

Figure 3. The use of this two-stripe geometry increases the 
effective index of the optical mode as compared to a single-
stripe geometry. As a consequence, the mode confinement 
of the waveguide increases, which reduces the bend loss. 
The waveguide width is typically 1.2 μm at the top interface 
of the upper stripe, the intermediate SiO2 layer between 
the stripes is 500 nm thick, and the side wall angle of the 
waveguide due to the etching process is between 80° and 
82°. These dimensions are the result of an optimization 
that provides a high effective index of the mode while the 
waveguide only supports a single mode at a wavelength 
of 1550 nm. Besides, this waveguide geometry design was 
also chosen in order to match TriPleX production stand-
ards which increase device reproducibility. This waveguide 
is single-mode and has a thermal dependency of dneff/
dT = 4.1 × 10−6 for both transverse-electric (TE) and trans-
verse-magnetic (TM) polarization. Due to a birefringence 
of about 0.054 (1.535 for TE and 1.481 for TM), the TM mode 
is much less confined and therefore experiences much 
more loss in bend sections as compared to the TE mode. 
Hence, for low-loss applications, only TE polarization 
is considered, which corresponds to a theoretical group 
index of 1.708 at 1550 nm wavelength [16]. As depicted in 
Figure 3, in this waveguide, the Si3N4 is deposited using 
low-pressure chemical vapor deposition (LPCVD) and the 
SiO2 includes three different types: wet thermally oxidized 
silicon substrates are used for the bottom SiO2 layer of 8 
μm; the middle SiO2 layers are deposited using LPCVD; and 
the SiO2 for the top cladding are fabricated using plasma-
enhanced chemical vapor deposition.

As shown in Figure 3, chromium heaters as tuning 
elements can be defined at the appropriate places on 
top of the top cladding to implement the thermo-optical 
phase tuning mechanism. At present, such a heater with 
a width of 20 μm and a length in the order of 2000 μm is 
able to operate at a switching speed of about 0.5 ms and 
a power efficiency of about 0.25 W/π. This heater width is 
easy to make with lift-off lithography and gives margin on 
the exact alignment of the heater above the waveguides. 
In principle, the resistance of a heater is determined by 
thickness and width, so heaters, for example, with a width 
of 10 μm but larger thickness can also be used. In practice, 
Mach-Zehnder interferometers (MZIs) with such heaters 
on their arms can be constructed as tunable couplers to 
implement optical amplitude control [10].

3.2 Basic processor building blocks

Figure 4 shows the schematics of basic waveguide build-
ing blocks for constructing integrated optical signal 

Figure 3: Schematic and scanning electron microscope photograph 
of the Si3N4/SiO2 waveguide cross-section and the waveguide losses 
measured in ring resonators [38] (Copyright in 2010, Optical Society 
of America).
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6      Y. Xie et al.: Programmable optical processor chips

processors. Delay lines can be implemented by using 
different lengths of waveguide. Splitting and combining 
can be implemented using directional couplers (DCs) or 
multi-mode interferometers. For interferometric filters, 
an asymmetric MZI or an RR that implements respec-
tively first-order FIR and IIR filters can be constructed by 
using a combination of couplers and delay lines. Their 
transfer function matrices in z-transform can be formu-
lated as

 

2 1 2 j j 1

AMZI j 1 2 1 2 j

e j (e )
( )

j (e ) e
L L

L L

s z c cs z
H z

cs z s z c

φ φ
∆ ∆

φ φ
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γ γ

γ γ

− − − −

− − − −
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φ φ
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where 1  and ( )c k s k= − =  are the field coupling coef-
ficients, and γ is the amplitude factor determined by the 
waveguide loss (assuming that the adiabatic design of 

the couplers gives negligible excess loss and its effect can 
be left out). Some examples of their frequency responses 
are shown in Figure 4. Based on these functions, one can 
design higher order filters and other more complex func-
tions such as switch networks [45] and multiplexers [55] 
by combining a number of these basic building blocks. For 
the filter control, a manipulation of the tap coefficients 
can be implemented using the circuit parameter, that is, 
phase and amplitude, tuning mechanisms supported by 
the waveguide technology.

4   Examples of microwave photonic 
filters

4.1   Incoherent filters

RRs are very versatile devices in terms of signal-process-
ing functions. Next to the delay line function, the phase 

Figure 4: Schematics of basic waveguide building blocks for constructing integrated photonic signal processors and architectures as well 
as frequency responses examples of a Mach-Zehnder interferometer and a ring resonator (Mag, magnitude; GD, group delay).
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response of an RR can be configured with a sharp phase 
variation slope and a slope with a phase deviation range 
of 2π can be generated by properly configuring a serial 
cascade of two or more RRs [48]. For a multi-λ incoherent 
filter, this function in association with SSB modulation 
can be applied to perform separate optical carrier phase 
control and thereby provide complex coefficient to the 
filter taps. With this principle, a work of ours demonstrated 
an integrated optical signal processor comprising tunable 
delay lines, separate optical carrier phase control, and 
an optical sideband filter using a ring resonator-assisted 
Mach-Zehnder interferometer (RAMZI) in one unit [56], as 
illustrated in Figure 5. With this processor, two-tap inco-
herent filters have been successfully demonstrated, where 
both the notch frequency and FSR can be fully adjusted 
over a bandwidth of 1 GHz. The result of this work shows 
the function variety of the silicon nitride platform in use 
and, more importantly, the possibility of realizing fully 
integrated microwave photonic filters.

4.2   Coherent filters

Although RF electronics are well developed and are sup-
ported by mature fabrication technology and industry, 
there are still technology gaps in RF filters. Specifically, 
it is very challenging to provide large tuning ranges 
(multiple octaves) at high frequencies (e.g. >20 GHz) in a 
compact device. RF filters with these features are highly 
desired in many wideband, frequency-agile systems such 
as radar and cognitive radio communications [57, 58], 
where a breakthrough of filter performance would lead to 
a significant improvement of the existing systems or the 
possibility of enabling new system functions. Integrated 
microwave photonic filters open an alternative path for 
this purpose, enjoying intrinsic advantages in terms of 
bandwidth, tunability, and size. In particular, coherent 
IIR filters are able to be designed to provide very high fre-
quency selectivity [59].

Typical waveguide implementations of IIR filters are 
coupled with RRs and RAMZIs [48]. For the integrated 
microwave photonic implementation of coherent filters, 
both approaches in Figure 2, that is, filter shape transfer 
and filter shape synthesis, have been demonstrated. As a 
salient example for such a filter shape transfer approach, 
Rasras et al. [52] demonstrated an RF notch filter using an 
RAMZI comprising a four-ring resonator-assisted symmet-
ric MZI with a total chip area of 1.75 mm2 and an RR FSR of 
43 GHz. This work demonstrated a notch depth >30 dB, a 
3-dB bandwidth <1 GHz, a tuning range >15 GHz, and the 
capability of multiple notches at the same time.

With the filter shape synthesis approach, RF filters 
with even more distinct features have been demonstrated. 
Palací et al. [60] demonstrated an RF bandpass filter fea-
turing a very simple system configuration. The filter com-
prises a serial connection of a CW laser, a phase modulator, 
a silicon RR, and a photodetector. In the working princi-
ple, as illustrated in Figure 2, the resonance frequency of 
the RR with an FSR of about 500 GHz is aligned to one of 
the RF-modulated sidebands which introduce differences 
of amplitude and phase between the two sidebands for 
a certain bandwidth. After optical detection, the RF fre-
quencies within the bandwidth are passed while those 
outside are suppressed. In the result, a filter bandwidth 
of about 8.5 GHz and a frequency tuning range of about 
100 GHz were shown. Most importantly, the experimen-
tal demonstration in this work predicted the possibility of 
implementing such filters with frequency selectivity in the 
MHz level and the proven filter shape synthesis principle 
inspired many later works.

In a further exploration, Marpaung et  al. demon-
strated an RF notch filter using a Si3N4 RR with a similar 
system complexity [61]. The filter features a very deep 
notch extinction of about 60 dB, showing an advantage 
of microwave photonics over conventional all-electronics 
RF filters. The implementation of the notch filter is shown 
in Figure 6, where an asymmetric configuration of side-
bands in the modulated optical spectrum is used. The RR’s 
resonance frequency is aligned to the stronger sideband 
and is configured such that the filtered area in the stronger 
sideband has a residual portion with equal amplitude and 
π-phase difference with respect to the weaker sideband. 
After optical detection, this particular optical spectrum 
modification results in a nearly complete power cancella-
tion at the resonance-filtered frequency. Using an RR with 
an FSR of 20 GHz, a filter 3-dB bandwidth  <400 MHz, and 
an RF frequency tuning range of 8 GHz were successfully 
demonstrated. As the RR’s FSR in principle covers both 
RF sidebands of the modulated optical spectrum, an FSR 
larger than twice the desired RF tuning range should be 
used in such implementations. In a further investigation 
of this filter approach, Liu et al. [62] incorporated stimu-
lated Brillouin scattering gain in fiber into the processing 
system and thereby implemented a lossless RF notch filter 
with high-frequency resolution.

4.3   Reconfigurable filters

From a filter implementation point of view, next to the filter 
performance, filter shape reconfigurability is another key 
challenge for the filter design as it significantly broadens 
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8      Y. Xie et al.: Programmable optical processor chips

the potential for application of a filter. Considering such 
filters as industrial products, a wide application range is 
an important incentive for volume production, which is the 
most effective path for optimizing the filter performance 

and reducing the fabrication cost. Motivated by this chal-
lenge, we further explored the utilization of optical spec-
trum modification and proposed a highly reconfigurable 
RF filter implemented using an integrated processor chip 

Figure 5: An integrated optical signal processor and a microwave photonic filter.
(A) An integrated photonic signal processor design comprising tunable delay lines, separate carrier tuning, and an optical sideband filter. 
(B) An implementation of a two-tap microwave photonic filter [56] (Copyright in 2011, Optical Society of America).
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comprising a serial cascade of a pair of silicon nitride RRs 
[45]. In the experimental demonstration, DSB modula-
tion is employed, which can be easily implemented using 

an intensity or phase modulator. Two RRs are configured 
such that each has its resonance frequency aligned to one 
of the sidebands as illustrated in Figure 7. Owing to the 

Figure 6: Microwave photonics implementations of RF filters using optical signal processor chips that comprise one ring resonators, 
showing the evolution toward DSP flexibility [61] (Copyright in 2013, Optical Society of America).
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use of two RRs, a new degree of freedom is introduced to 
the spectrum modification, which enables the two side-
bands to be modified independently of each other. After 
optical detection, a variety of filter shapes can be synthe-
sized, as shown in Figure 7. Using a pair of RRs with an 
FSR of 14 GHz, a filter frequency tuning range greater than 
two octaves, that is, from 1.6 to 6 GHz, and variable filter 
shapes ranging from a 55-dB extinction notch filter to a 
bandwidth adjustable flat-top bandpass filter were suc-
cessfully demonstrated. While this result proves the pos-
sibility of implementing multiple different RF filter shapes 
using one simple microwave photonic system, the opera-
tion of switching between bandpass filters and bandstop 
filters requires a separate optical carrier phase change 
which, in this case, must be performed off the processor 
chip and thereby left an open problem for processor chip 
design for the purpose of full system integration.

Having a whole microwave photonic filter system on 
a fully integrated unit provides the ultimate system sta-
bility, control precision, and device compactness. These 

aspects often play the dictating roles for practical RF filter 
implementations, particularly for airborne and space-
borne applications. Toward this goal, we proposed a par-
ticular processor design that comprises a serial cascade of 
three RRs of different FSRs [63], as illustrated in Figure 8. 
In this design, again, a pair of RRs with identical FSRs 
are used for filter shape synthesis and a third RR with a 
smaller FSR is used to perform the function as a modu-
lation translator [64, 65] that enables a separate manipu-
lation of the optical carrier phase. This processor works 
with DSB modulation and allows for the use of a simple 
phase modulator. In the experimental demonstration, an 
RF filter with a nearly DSP-flexible shape reconfigurabil-
ity was demonstrated using such a processor fabricated 
in silicon nitride. This means that all the reconfiguration 
operations including filter frequency tuning, bandwidth 
variation, and switching between bandpass and bandstop 
filter shapes are implemented using the tuning mechanism 
on the processor chip, for example, DC-voltage-driven 
resistor heaters in this case. For one thing, this processor 

Figure 7: Microwave photonics implementations of RF filters using optical signal processor chips that comprise two ring resonators, 
showing the evolution toward DSP flexibility [45] (Copyright in 2015, Optical Society of America).
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Figure 8: Microwave photonics implementations of RF filters using optical signal processor chips that comprise three ring resonators, 
showing the evolution toward DSP flexibility and incorporation of frequency down-conversion [63] (Copyright in 2016, Optical Society of 
America).
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capability minimizes the function requirements of the 
remaining components in the system, that is, a CW laser, 
a phase modulator, and a photodetector, which benefits 
the system in terms of reduced complexity. More impor-
tantly, this system configuration is in favor of full system 
integration in one unit via the TriPleX-InP hybrid integra-
tion. While this particular reconfigurable RF filter has not 
been demonstrated in such a hybrid integration on the 
full scale, other parallel works have successfully demon-
strated a unit based on the integration of a similar silicon 
nitride processor chip and an InP chip that provides active 
components [32]. These works will be discussed further 
in Section 5. In addition, the filter approach in Figure 8  
also allows for a simultaneous implementation of the 
RF frequency down-conversion function which is an 
essential function for RF front ends. This implementa-
tion employs a dual-parallel Mach-Zehnder modulator 
performing DSB-SC modulation where one sub-MZM is 
driven by the RF signal and the other sub-MZM is driven 
by an RF local oscillator. These two RF signals will pass 
the RRs together as two frequency components in the 
modulated optical spectrum and then mix with each 
other at photodetector. In the scenarios of photonics-
assisted RF front ends, this implementation avoids the 
use of electrical mixers and allows for frequency mixing 
over the entire modulator bandwidth (typically >20 GHz).  
This feature is important for wideband RF systems and 
enables higher flexibility for frequency designs of RF front 
ends.

5   Essentials of optical signal 
processors

5.1   Tunable delay lines

Tunable delay lines play a key role in the implementation 
of optical signal processors. Broadband and highly selec-
tive filters typically require delays in the order of nanosec-
onds over bandwidths of tens of GHz. It is a great challenge 
to implement such delays using a length of waveguide 
on chip due to the limited physical chip area. However, 
several recent works of ours proposed possible solutions 
for tunable on-chip delay lines and demonstrated prom-
ising results. Our solution uses RRs comprising tunable 
phase shifts in the ring loops and tunable couplers. In 
principle, an RR can be configured to be an optical all-
pass filter [48]. Its group delay at the resonance frequency 
can be set to be much larger than the round-trip delay of 

the ring loop and can be controlled via the coupler. This 
enables us to realize long delays using a small chip area. 
Besides, subject to the linear system principle, one can 
connect multiple RRs in a serial cascade to implement 
delay addition or delay bandwidth enlargement by means 
of manipulating the RRs’ resonance frequencies. A sche-
matic with six different configuration examples is shown 
in Figure 9. We have successfully demonstrated the use of 
such tunable delay lines in integrated optical beamform-
ing network circuits for Ku-band satellite tracking phased 
array receivers [67], where a maximum delay of 1.2 ns with 
a bandwidth of 2.5 GHz was implemented using a serial 
cascade of seven RRs.

The conventional delay lines on the left of Figure 9 use 
identical RRs, which have a delay response that is periodic 
with frequency. This means that when used for multi-λ-
based incoherent FIR filters, in general, each λ will require 
an independent delay line to generate the different delays 
of the filter taps. This gives rise to circuit complexity 
issues for filters with a large number of taps. An alterna-
tive approach to address this issue is to create delay lines 
that are able to simultaneously provide multiple differ-
ent delays at different wavelengths or optical carrier fre-
quencies. We proposed and experimentally demonstrated 
such delay lines using the Vernier configurations of RRs 
[66], namely combining RRs of different FSRs. Two types 
of Vernier configurations were considered as shown in 
Figure 9, that is, the serial cascade and coupled configu-
rations, where the former features easier control and the 
latter less chip area. The core concept here is to implement 
multiple different delays staggered in frequency. In prin-
ciple, a combination of RRs with N different FSRs allow 
for the simultaneous generation of 2N − 1 different delays 
per frequency period. This can be employed in multi-λ 
schemes of incoherent filters to significantly reduce the 
system complexity. As shown on the right of Figure 9, an 
inter-delay step of 550 ps and a maximum delay of 1650 ps 
for a bandwidth of 500 MHz were achieved using four-ring 
Vernier configurations of RRs with FSRs of 16 and 24 GHz.

5.2   MHz-band frequency selectivity

Satellite communications is one of the most interesting 
application areas for integrated microwave photonics 
technologies as size, weight, and power consumption 
are the key aspects of spaceborne or airborne RF devices 
regarding construction and operation costs [68]. For 
microwave photonic solutions to the traditional RF func-
tions in this area such as RF filters and beamformers 
for phased array antennas [69–73], optical filters that 

Brought to you by | UNIVERSITEIT TWENTE CENTRALE BIBLIOTHEEK
Authenticated

Download Date | 12/21/17 2:48 PM



Y. Xie et al.: Programmable optical processor chips      13

are able to provide MHz-band frequency selectivity can 
play an enabling role in satisfying the standard system 
requirements. One potential application of high interest 
is RF filters for input and output multiplexers (IMUXs and 

OMUXs) of satellite transponders that currently rely on 
bulk electronics. For example, a Ku-band OMUX requires 
a channel bandwidth ranging from 27 to 95 MHz for the 
frequency band from 10.7 to 12.75 GHz (www.thalesgroup.

Figure 9: Tunable delay lines implemented using conventional and Vernier configurations of ring resonators [66] (Copyright in 2013, Wiley).
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com). Such RF filter requirements raise a great challenge 
for the design and fabrication of optical filters for micro-
wave photonic implementations. As a promising techno-
logy, TriPleX silicon nitride waveguides offer a possible 
path to realize optical filters satisfying such require-
ments. We designed and fabricated a processor chip 
comprising an optical carrier-sideband demultiplexer 
and a multiplexer with a highly frequency-selective 
optical filter in between [74]. Here, a filter shape trans-
fer approach employing SSB modulation is considered 
as illustrated in Figure 10. The optical filter is an eighth-
order coupled RR network with an FSR of 1.4 GHz and has 
tunable couplers and tunable phase shifters in all ring 
loops. By properly configuring these tuning elements, a 
remarkable filter performance was experimentally dem-
onstrated, that is, a 3-dB passband of 72 MHz, a −30-dB 
bandwidth of about 140  MHz, and a stopband rejection 
of 51 dB, while maintaining a very low filter insertion 
loss (excluding fiber-chip coupling losses) of <6 dB. As 
an important milestone of the waveguide technology, this 
filter shows an excellent combination of frequency selec-
tivity, power rejection, and insertion loss when using the 
longest waveguides that were ever applied in such filters, 
that is, each ring loop having a length of 143 mm. This sets 
up a new benchmark for waveguide realizations of optical 
filters operating in the RF/microwave region, all thanks 
to the very low propagation loss, dispersion, as well as 
nonlinearity of the silicon nitride waveguide and excel-
lent fabrication uniformity. In addition, the incorporation 
of the tuning elements allows for effective compensation 

for possible fabrication tolerances, and also enables filter 
shape reconfigurability that provides great potential for a 
wide range of applications.

Yu et  al. [75] recently presented another design of a 
highly selective filter in TriPleX, using a serial cascade 
of three MZIs with different inter-arm delays as shown 
in Figure 11. This design allows for easy configuration of 
the filter passband as each MZI can be controlled inde-
pendently. In the experiment, a fabricated filter showed a 
passband bandwidth of 143 MHz for an FSR of 1.466 GHz. 
When used in serial cascade with a second stage filter 
with a larger FSR, a high-frequency-contrast signal chan-
nelizer was achieved which features a frequency resolu-
tion of 143 MHz and an operation range of 112.5 GHz. An 
application example of this function in a frequency down-
converted receiver proved its promising use for signal 
extraction in photonics-assisted RF front ends operating 
from L-band to K-band.

5.3   Circuit topology reconfigurability

For microwave photonic implementation of an RF filter 
using an optical filter on an integrated optical signal pro-
cessor, the RF reconfigurability of the filter relies mostly 
on the optical reconfigurability. In the processor design, 
using tuning elements to enable the tunability of all pos-
sible circuit parameters maximizes the reconfigurabil-
ity. A representative design in our previous works is an 
RAMZI circuit which comprises an asymmetric MZI with 

Figure 10: Design and realization of an on-chip optical filter for microwave photonic implementation of an RF bandpass filter with a band-
width of 72 MHz [74] (Copyright in 2014, MWP/APMP).
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each arm coupled with an RR as shown in Figure 12. The 
circuit employs a total of seven tuning elements, that 
is, two tunable couplers at the input and output of the 
MZI, two tunable couplers of the two RRs, and three 
tunable phase shifters in the ring loops and MZI delay 
line, all implemented using the resistor-based heaters 
as illustrated in Figure 3. As a reconfigurable processor, 
this common circuit design enabled a variety of different 
implementations of optical filters as shown in Figure 12. 
We configured the circuit into only an asymmetric MZI 
with both of the RRs decoupled off the MZI (by setting the 
tunable couplers of the RRs to zero coupling), and there-
with demonstrated a notch filter [76]. It is also able to 
perform an optical sideband filter for the RF-modulated 
optical spectrum [38], where two different filter passband 
roll-offs were performed by means of having only one or 
both RRs coupled with the MZI and having all parameters 
of couplers and phase shifters properly set. In further 
work, using the same two-ring-coupled circuit configu-
ration but a different setting of the phase shifters, we 
demonstrated an implementation of a narrow bandpass  
filter [77].

When provided with circuit topology reconfigur-
ability, integrated optical signal processors possess a 
great potential for a wide range of practical applications, 
reaching into many areas in RF and optical engineer-
ing. Taking an RAMZI as an example, to date a number 
of its applications have been demonstrated beyond 

RF filters. One application is a wideband RF splitter 
which supports arbitrary amplitude, phase, and delay 
offsets [78]. Here, the two complementary outputs of the 
RAMZI were used to separate the two modulation side-
bands and thereby yield two copies of the RF signal. In 
another work, an RAMZI is used for a photonic imple-
mentation of a wideband RF polarization network for 
dual-polarization linear antennas [79]. In this case, as 
shown in Figure 13, the RAMZI has its MZI configured to 
be two parallel tunable RF phase shifters that manipu-
late the radiation of wideband antennas between linear 
and circular polarizations. Another interesting use of an 
RAMZI, which has been well discussed for WDM systems 
in fiber communication networks, is the function as a 
frequency (de)interleaver [80]. When properly designed, 
the interleaver passband is also able to spectrally shape 
a transmission channel to nearly Nyquist bandwidth, 
that is, performing the function as a Nyquist-filtering 
interleaver. This function is of great interest for mul-
tiplexing and demultiplexing of WDM superchannels 
that have sub-channel spacings much smaller than the 
standard WDM grids (i.e. 50 and 100 GHz), and thereby 
opens a path toward the realization of WDM super-
channel reconfigurable optical add-drop multiplexers 
(ROADMs). This technology is of great use for the imple-
mentation of next-generation elastic communication 
networks [81] that are aimed to provide unprecedented 
spectral efficiencies. We experimentally demonstrated 

Figure 11: Design and realization of a highly selective signal channelizer featuring a frequency resolution of 143 MHz and an operation 
range of 112.5 GHz [75] (Copyright in 2015, IEEE).
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this concept [55]. Two experiments addressing the mul-
tiplexing and demultiplexing functions were performed 
using an RAMZI with an interleaver period (FSR) of  
25 GHz and a 3-dB passband bandwidth of 12.5 GHz as 
shown in Figure 14. In one experiment, the generation of 
a 7  ×  12.5 Gbaud WDM superchannel was demonstrated 
with the RAMZI working as a Nyquist-filtering inter-
leaver. Here, both CW lasers and periodic optical pulse 
trains can be used as the light source. In the other experi-
ment, the RAMZI is used as a pre-deinterleaving stage in 
combination with a commercial wavelength-selective 

switch (WSS) to implement a resolution-enhanced WSS. 
Using this combination, a WDM superchannel ROADM 
was enabled, which supports a sub-channel spacing of 
12.5 GHz, a factor of 4 smaller than the standard 50-GHz 
WDM grid. In further work, we investigated an RAMZI 
with different design variations, for example, narrow-
ing the passband roll-off by increasing the number of 
RRs and expanding a two-port interleaver into an N-port 
multiplexer by merging an RAMZI with a circuit that per-
forms the Fourier transform [82, 83]. The applications of 
these new variations are expected to further improve the 

Figure 12: Design and realization of a highly reconfigurable RAMZI circuit: implementations of various optical filters using a regular RAMZI 
[76, 77] (Copyright in 2013, MWP, Copyright in 2014, IEEE).
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system performance and lower the system complexity. 
It should be mentioned that this work considered only 
one polarization of light due to the waveguide polariza-
tion sensitivity. A possible solution for this is to process 
two orthogonal polarizations separately using two such 
chips while having the polarization splitting and recom-
bining performed off chip. However, this would incur 
issues on several matters, for example, inter-polarization 
phase locking, additional losses, and control complex-
ity. A more desired solution is a low-loss waveguide that 
supports both polarizations and enables monolithic 
implementation of the processing functions. Silicon and 
indium phosphide platforms are possible candidates to 
use, but need further improvement on waveguide loss, 
particularly when delay path lengths of tens of centi-
meters are required on chip. Other investigations of 
TriPleX also demonstrated waveguide geometries with a 
box-like shape [10] which reduces the polarization sensi-
tivity. However, the increased sidewall roughness incurs 
higher loss and therefore needs to be considered as a 
trade-off for different applications.

5.4   Desirable features

The design flexibility of such processor chips, thanks to 
the building block paradigm, enables a large variety of 
circuit architectures. We presented a processor chip com-
prising an RAMZI incorporated in a Sagnac loop [84] as 
shown in Figure 15. While the circuit variation is as simple 
as adding a connecting waveguide between two comple-
mentary ports of the RAMZI, this design equals a two-stage 
RAMZI nested in a lattice structure and enables a comb 
filter with a record small 3-dB passband bandwidth of 
600 MHz for the optical filters of this kind [48]. Next to the 
possible applications for RF filters, Geng et al. utilized this 
sharp frequency selectivity to implement an optical pulse 
repetition rate multiplexer which increases the comb line 
interval of a periodic pulse train’s frequency comb spec-
trum by means of filtering. This function is of high inter-
est to be used together with integrated optical pulse train 
sources [85] that provide the desired high device compact-
ness and stability but lack pulse rate changing capabil-
ity. In [84], two experiments of five-time multiplications 

Figure 13: Design and realization of a highly reconfigurable RAMZI circuit: an application as a polarization network for dual-polarization 
linear antennas [79] (Copyright in 2013, Optical Society of America).
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were successfully demonstrated, that is, from 2.5 to 12.5 
Gpulses/s and from 10 to 50 Gpulses/s. As another key 
result of this work, the measured filter shape exhibits 
high performance across the entire telecommunication 
C-band, covering a usable bandwidth wider than 4 THz, 
which proves an important capability of the waveguide 
technology that is highly desired by many applications in 
fiber communication systems and networks [11, 81].

6   Programmable optical chip

6.1   2D lattice mesh network topology

In the past few decades, integrated optical signal proces-
sors have undergone a rapid advancing with a significant 
increase in complexity and performance, not only driven 

Figure 14: Design and realization of a highly reconfigurable RAMZI circuit: an application as a Nyquist-filtering interleaver for WDM super-
channel multiplexing and demultiplexing [55] (Copyright in 2016, Optical Society of America).
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by the applications in optical communication networks 
and microwave photonics, but also by many other emerg-
ing fields such as optical sensing, biophotonics, and 
quantum optics [16, 17, 86]. To date, a large number of 
such processors have been demonstrated, and the realiza-
tion of most of them is based on the so-called application-
specific photonic integrated circuits (ASPICs). In these, a 
particular circuit and chip configuration are designed to 
perform a specific function, for example, like the afore-
mentioned processor chips for microwave photonic imple-
mentations of RF filters.

This trend, however, is leading to a considerable 
amount of fragmentation in the field, that is, where the 

number of technological solutions is almost equal to the 
number of applications. As a result, the market for many 
of these application-specific technologies is too small to 
justify their further development into cost-effective indus-
trial-volume manufacturing processes.

A radically different approach in contrast to ASPICs 
is so-called programmable optical chips [87], that is, uni-
versal signal processors integrated on optical chips. By 
programming such a processor suitably, it is possible to 
implement different functions as desired. This is a similar 
concept as digital signal processors and FPGAs in micro-
electronics, where, through a software-defined approach, 
common hardware is shared for multiple functionalities. 

Figure 15: Design and realization of a highly reconfigurable RAMZI circuit: implementation of a full C-band comb filter with an RAMZI incor-
porated in a Sagnac loop [84].

Figure 16: Conceptual design of a programmable optical chip comprising a number of Mach-Zehnder couplers interconnected in a 2D lattice 
mesh network architecture and examples of implementing different signal processing circuit topologies [45] (Copyright in 2015, Optical 
Society of America).
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For the implementations of RF filters, this on-chip pro-
grammability translates the optical reconfigurability and 
function variety into the RF domain, and therefore plays 
a key role for realizing near-DSP flexibility in microwave 
photonic implementations of RF filters. Inspired by this 
concept, we proposed a first design of a programmable 
optical signal processor chip [45] and experimentally 
demonstrated, as an application example, its use for the 
implementation of a highly reconfigurable RF filter. The 
chip comprises a number of identical Mach-Zehnder cou-
plers that are interconnected in the topology of a two-
dimensional lattice mesh network as shown in Figure 16.  
The Mach-Zehnder couplers have their both arms 
equipped with phase tuning elements. This design allows 
each Mach-Zehnder coupler to be configured to perform 
either a 2 × 2 coupler or an optical path routing switch, 
with the capability of simultaneously controlling the 
optical phase, and therewith serving as a basic program-
mable unit. In principle, when provided with a sufficiently 
large network scale, one can program those Mach-Zehnder 
couplers to implement an arbitrary interferometric circuit 
topology for signal processing purposes, for example, 
FIR and IIR filters, with full control of circuit parameters 

(amplitude and phase of each optical path in the circuit). 
Alternatively, one can also implement a multi-port switch 
network or a bank of parallel signal processing functions, 
the freedom of which is enabled by the programmability 
introduced on the optical chip.

Figure 17 shows a proof-of-concept device comprising 
two mesh cells, fabricated in TriPleX technology. In the 
experimental demonstration, four out of more possible 
examples of distinctly different circuit topologies were 
implemented using the same chip and their functions 
were verified by spectral measurements.

6.2   Various lattice mesh network designs

In a following study of the lattice mesh network design, 
Pérez et al. [88] made an extensive comparison between 
three different lattice mesh geometries, that is, triangu-
lar, square, and hexagonal lattice meshes. The square 
lattice mesh offers highest routing flexibility of the optical 
paths for a certain circuit function, or in other words, 
the square mesh allows the most possible circuit topolo-
gies to be implemented in the lattice mesh network for 

Figure 17: A proof-of-concept device fabricated in TriPleX technology, which comprises two mesh cells, and demonstration of its program-
mability [45] (Copyright in 2015, Optical Society of America).
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a certain circuit function. The hexagonal lattice mesh is 
the most suitable option for implementation in terms of 
circuit complexity and fabrication challenges. Regard-
ing the design of the Mach-Zehnder coupler as the basic 
building block, it is desired to have features with a small 
size to allow for finer optical path length resolution, low 
loss and low power consumption for the tuning elements. 
Of further importance is the capability of a full tuning 
range of the power coupling ratio, that is, from 0 to 1, to 
guarantee the provision of programmability. A variety of 
designs have been demonstrated to date in these regards. 
Recently, for example, Wang et al. [89] demonstrated an 
RF arbitrary waveform generator using a silicon circuit 
with tunable couplers in the order of tens of micrometers; 
Dai et al. [90] demonstrated such couplers with a band-
width of 140 nm and an excess loss <1 dB; Suzuki et al. 
[91] and Miller [92] showed designs based on lattice cas-
cades of multiple Mach-Zehnder couplers with higher 
fabrication tolerances. The consideration of all this could 
be of use for the further development of programmable 
optical chips which, as one important application, serve 
as the engine for microwave photonic implementations of 
reconfigurable RF filters. Furthermore, as identified to be 
a key technology, programmable optical chips are receiv-
ing a great amount of research and development effort 
at present [87, 93]. Demonstrations of software-defined 
signal processing functions on fully integrated proces-
sor devices that combines both electronics and optics are 
expected to be made in the near future [94].

7   Device and system development

7.1   Photonic integrated circuit technologies

PIC technologies have experienced a rapid advance in the 
past few decades. At present, the ever-growing progress 
of large-scale integration already allows for thousands 
of components to be fabricated on one chip [15, 21]. This 
capability sets the stage for the chip-scale realization of 
complex optical systems which enables a range of technol-
ogies for modern devices and instrumentation that utilize 
optical properties. While many materials are still in their 
infantry or need a great amount of improvement before 
reaching industrial maturity, a number of materials, such 
as SOI, Si3N4, and InP, have demonstrated a wide range 
of circuit functions with high performance and therewith 
promise the establishment of an industrial optical hard-
ware platform. In assistance to this goal, the business 
model of the multi-project-wafer run and generic foundry 

provides an effective path to boost the development of PIC 
technologies, where not only the powerful companies but 
also the cost-sensitive units such as university research 
groups and emerging small-size companies are able to 
afford the access to the state-of-the-art fabrication facili-
ties and thereby play the role of PIC developers.

Currently, extensive investigations are being con-
ducted on various materials, each having pros and cons. 
In general, SOI allows for the highest device compact-
ness and has the potential of hybrid electrical-optical 
monolithic integration, featuring high compatibility 
with CMOS processes and potential for low-cost fabrica-
tion. Many foundries, such as IMEC, AIM Photonics, and 
Global Foundries, offer relatively mature silicon plat-
forms to further promote its development. A great chal-
lenge here is the integration with light sources due to the 
difficulty of lasing directly in silicon. However, recent 
advances in hybrid integration of InP and silicon have 
shown remarkable results tackling this issue [32]. The 
InP platform features the capability of providing a full 
range of high-performance active functions including 
lasers, amplifiers, modulators, and photodetectors [20]. 
This uniqueness forms the foundation of monolithic 

Figure 18: A monolithic integrated photonic microwave filter in InP 
[28] (Copyright in 2017, Nature Photonics).
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integration of complete optical systems, together with 
practical features of small bend radii and low polariza-
tion sensitivity. As InP platforms provide both active and 
passive functions, which support most PIC applications, a 
potential advantage of low packaging costs may play a key 
role for their proliferation, particularly for large-scale inte-
gration scenarios. An increasing number of foundry ser-
vices such as Oclaro, Fraunhofer Heinrich Hertz Institut 
(HHI), and COBRA spinoff company SMART Photonics are 
endeavoring to improve this technology. However, further 
efforts are still needed for the issues such as waveguide 
propagation loss and dispersion. Passive platforms such 
as Si3N4, SiO2, and SiOH demonstrate good performance 
in terms of propagation loss [16]. However, for complex 
functions such as an integrated photonic beamformer, 
their integration with active functions requires micro-
assembly of multiple chips with each providing a different 

function. In this case, a great challenge is the finding of 
particular packaging solutions. Moreover, some nonlin-
ear materials such as periodically poled lithium niobate 
(PPLN) and chalcogenide (As2S3) are also gaining interest 
because of their unique nonlinear properties in optical 
signal processing [10, 95]. However, the possibility of their 
integration with functions in other materials for creating 
integrated complex optical signal processors still requires 
further investigations.

In a broader sense, realizing chip-scale integration 
of the entire designed function is a key step for reach-
ing the goal of ultimate device stability and low fabrica-
tion cost. These are the two most important factors for 
the proliferation of microwave photonic solutions in RF 
engineering for practical applications. In the past few 
decades, a great amount of effort has been made for this 
purpose, leading to significant advances in fabrication 

Figure 19: A reconfigurable photonic signal processor in InP [96] (Copyright in 2016, Nature Photonics).
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technology, materials, functional designs, and applica-
tion development. In a recent work, Fandiño et  al. [28] 
demonstrated a monolithic integrated photonic micro-
wave filter fabricated in an InP waveguide platform where 
for the first time the whole designed function including 
both active and passive components reached a 100% 
level of integration on a single chip as shown in Figure 18.  
This work not only shows the current maturity of the 
photonic integration and packaging technology, but also 
demonstrates the potential capabilities of the generic 
foundry fabrication model that is expected to provide 
an effective path for the fast development of PIC-based 
applications. In the direction toward fully program-
mable integrated signal processors, Liu et  al. [96] have 
demonstrated a photonic integrated circuit fabricated 
in a similar waveguide platform that is able to be elec-
trically reconfigured to implement multiple, different 
signal processing functions as shown in Figure 19. The 
circuit architecture studied in that work is anticipated to 
inspire more complex designs of such processors and a 
wide variety of signal processing functions. Alongside 
the monolithic integration approach, hybrid integration 
by means of a micro-assembly of multiple chips fabri-
cated in different waveguide technologies has also made 

remarkable progress in the recent years. In particular, 
such hybrid integration of active components in InP and 
passive components in TriPleX combines the best of both 
worlds, leading to optimization of device performance. 
One example of such hybrid integration is an integrated 
photonic beamformer using a modulator array in InP and 
a true-time-delay beamforming network in TriPleX [97] 
as shown in Figure 20. Also shown in Figure 20, Fan et al. 
[32] recently demonstrated a narrow-linewidth laser 
which is based on a micro-assembly of a gain medium 
in InP and an external highly selective, low-loss filter in 
TriPleX. In this work, a key packaging challenge of chip-
to-chip coupling loss is addressed, which is critical for 
the performance of the laser.

7.2   Various filter implementations

In the past decade, a number of groups have made sig-
nificant contributions to the study of integrated optical 

Figure 20: An integrated photonic beamformer and a narrow-
linewidth laser based on a micro-assembly with InP-TriPleX hybrid 
integration [32, 97] (Copyright in 2015, Optical Society of America, 
Copyright in 2014, IEEE).

Figure 21: An RF notch filter implemented using an RAMZI circuit in 
silicon [98] (Copyright in 2007, IEEE).
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signal processors, using different waveguide technologies 
and circuit designs, and many of them have explored their 
applications for microwave photonics including RF filters. 
Next to Si3N4, other waveguide platforms such as silicon, 
III–V materials, polymer, and chalcogenide glass have 
demonstrated many capabilities and features for optical 
signal processing. A number of representative works 
showed clear possibilities of creating programmable inte-
grated optical signal processors and demonstrated their 
promising use in RF engineering.

Using silicon waveguides, Rasras et al. [98] demon-
strated processor chips comprising a particular RAMZI 
circuit as shown in Figure 21 and their use for implement-
ing bandpass and notch types of RF filters. The processor 
chips feature a waveguide propagation loss of 0.25 dB/cm  
and a filter bandwidth smaller than 1 GHz for an FSR of 
13.5 GHz. In Dong et  al. [99], demonstrated silicon pro-
cessor chips comprising coupled RRs up to fifth order 
as shown in Figure 22, which feature a propagation loss 
of 0.5 dB/m and provide bandpass filters with GHz-level 
bandwidths. Also in silicon waveguides, Orlandi et  al. 
[100] demonstrated a processor design of an unbalanced 
MZI loaded with a pair of RRs on the shorter arm as shown 
in Figure 23. This design enabled a waveguide filter with a 
wide bandwidth tunability, that is, from 10% to 90% FSR. 
As a strong example for a reconfigurable waveguide filter, 
Ibrahim et  al. [101] demonstrated a design of a lattice 

filter based on silicon unit cells arrayed in large-scale 
PICs as shown in Figure 24A. Each unit cell employs a 
combination of an RR and a MZI with tunable phase ele-
ments in both of the paths to enable separate control of 
the circuit parameters. This design combines two types of 
silicon rib waveguides, that is, a narrow type with a width 
of 0.5 μm for optimizing the tuning efficiency as well as 
enabling small bends and a wide type with a width of  
3 μm for lowering propagation loss which measured to be 
0.5 dB/cm. In Guan et al. [102], demonstrated the use of 
such a fourth-order reconfigurable lattice filter for micro-
wave photonics.

For III–V materials, Norberg et al. [103] demonstrated 
a lattice filter integrated in an InP-InGaAsP waveguide, 

Figure 22: A tunable bandpass filter using a fifth-order coupled 
ring resonator in silicon [99] (Copyright in 2010, Optical Society of 
America).
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which is composed of two forward paths and contains 
one ring as shown in Figure 24B. The filter response can 
be configured by means of biasing the semiconductor 
optical amplifiers (SOAs) and phase modulators placed 
in the arms of the unit cells, whose frequency tuning 
range, for this particular design, measured to be about 
100 GHz. Guzzon et  al. [104] demonstrated an imple-
mentation of a tunable filter featuring zero insertion 
loss. This demonstration uses a coupled RR circuit with 
integrated SOAs as shown in Figure 24C. Utilizing the 

hybrid integration technology, Chen et al. [105] reported 
a microwave photonic filter using a processor chip that 
combines III–V quantum well layers bonded with low 
loss passive silicon waveguides as shown in Figure 25A,  
where the III–V quantum devices provide active tuning 
capability while low loss silicon waveguides are used for 
delay paths. III–V materials serve for optical signal pro-
cessors with a much wider range of devices than inter-
ferometric filters and tuning elements. As an example of 
such devices, Sancho et al. [106] reported a 1.5-mm-long 

Figure 24: (A) A design of lattice filter in silicon (Figure 12) [102] (Copyright in 2014, IEEE). (B) A design of lattice filter in InGasAsP-InP [103] 
(Copyright in 2010, IEEE). (C) A design of a bandpass filter with zero insertion loss [104] (Copyright in 2011, Optical Society of America, IEEE).
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photonic crystal waveguide capable of generating a con-
trollable delay up to 170 ps with moderate losses. This 
device was demonstrated to be able to implement both 
notch and bandpass types of RF filters with a spectral 
tuning range of 50 GHz as shown in Figure  25B. There 
have also been extensive investigations of alterna-
tive nonlinear materials fabricated on chips for optical 
signal processing [107]. The initial studies are focused 
on the functions for fiber transmission systems and com-
munication networks, such as wavelength conversion, 
optical time lens, and optical sampling. More recently, 
RF functions enabled by such devices are explored 
including a number of remarkable demonstrations of 
RF filters. Ziyadi et  al. [108] demonstrated an RF filter 
with variable bandwidth, shape, and center frequency 
using an optical tapped delay line based on an optical 
frequency comb and a PPLN waveguide as shown in 
Figure 26A. Here, the tap coefficient generation and 

multiplexing are enabled simultaneously by the PPLN 
waveguide’s sum frequency generation (SFG) and differ-
ence frequency generation (DFG) effects [95]. On-chip 
stimulated Brillouin scattering (SBS) is another non-
linear effect that has been explored for implement-
ing RF filters. Utilizing the SBS effect in a 6.5-cm-long 
As2S3  waveguide, Morrison et  al. [109], Byrnes et  al. 
[110], and Choudhary et  al. [111] demonstrated respec-
tively an RF bandstop filter and narrow bandpass filter 
with tunable bandwidth and center frequency as shown 
in Figure 26B. In a later work Marpaung et al. [44], asso-
ciated such SBS effect with a particular modulation 
spectrum comprising uneven sidebands and therewith 
demonstrated a highly selective RF notch filter with a 
very deep notch of 60 dB and a large frequency tuning 
range of 30 GHz as shown in Figure 27A. Recently, aimed 
to facilitate the integration of the SBS effect with other 
processing functions on a chip, Casas-Bedoya et al. [112] 

Figure 25: (A) An RF filter implemented using an InP-silicon hybrid circuit [105] (Copyright in 2010, IEEE). (B) An implementation of an RF 
filter using a photonic crystal waveguide in InP [106] (Copyright in 2012, Nature Communications).

Brought to you by | UNIVERSITEIT TWENTE CENTRALE BIBLIOTHEEK
Authenticated

Download Date | 12/21/17 2:48 PM



Y. Xie et al.: Programmable optical processor chips      27

demonstrated a similar RF filter function using a silicon 
waveguide that has its substrate particularly treated to 
provide high SBS efficiency as shown in Figure 27B.

All these on-chip processing functions, linear or 
nonlinear, have made important contributions for 

photonic solutions in RF engineering. The associated 
waveguide technology development paves the way for 
creating programmable integrated optical signal pro-
cessors. To give a snapshot of progress, Table 1 lists a 
number of representative works on microwave photonic 

Figure 26: (A) An RF filter implemented using a PPLN waveguide [108] (Copyright in 2015, Optical Society of America). (B) Implementations 
of bandstop and bandpass RF filters based on SBS in an As2S3 waveguide [109] (Copyright in 2014, Optics Communications).
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implementations of RF filters using optical signal pro-
cessor chips [113–116].

7.3   Control subsystems

Regarding the control, the complexity increases exponen-
tially with the number of tuning elements on each chip. 
Conventional approaches to configure the circuits need 

pre-characterization of each tuning element and inter-
element crosstalk in the circuit and use an open-loop 
control based on look-up tables [102, 117]. These methods 
are common to use for simple chip designs. However, 
for complex circuits that comprise a large number of 
tuning elements, a dedicated control algorithm needs to 
be devised, which in practice can be applied by means 
of real-time computing or switching between different 
tuning element statuses [118]. Generally, the control can 

Figure 27: (A) A highly selective RF notch filter implemented using a combination of SBS in an As2S3 waveguide and modulation spectrum 
shaping [44] (Copyright in 2015, Optical Society of America). (B) An RF notch filter implemented based on SBS in a silicon waveguide [112] 
(Copyright in 2015, Optical Society of America).
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be divided into two tasks: one is locking or stabilizing the 
circuit in a well-defined status free of drifts; the other is 
to reconfigure the circuit to different functions as desired.

The proper operation of these requires a fast feedback 
mechanism. Typically, the feedback signals are extracted 
by means of monitoring optical powers, which in practice 
can be performed by tapping off a defined portion of the 
light from targeted optical paths [119] or using contactless 
integrated photonic probes (CLIPPs) [120]. Several rep-
resentative examples have been demonstrated. In [121], 
automatic reconfiguration and optical routing of a silicon 
photonic switch fabric based on Mach-Zehnder inter-
ferometers (MZIs) are illustrated, where CLIPPs provide 
real-time information on the routing path, allowing an 
easy sequential tuning and feedback controlled stabiliza-
tion of the individual switching elements. In [122, 123], a 
work on spatial reconfigurable add-drop multiplexers is 
presented, having the splitters and combiners controlled 
via a simple algorithm implementable using a local elec-
tronic feedback loop. In [124], a dedicated control sub-
system comprising programmable electrical logic devices 
and drivers is presented, which performs automated path 
scheduling and assessment of a complex wavelength-and-
space-switch circuit. In these examples, electrical devices 
such as computers, power sources and amplifiers, and/or 
digital microprocessors or FPGAs are used. Several issues 
should be addressed in the future development of control 
subsystems, including electrical-optical interface, power 
consumption, and system integration.

It should also be mentioned that in some cases the 
device operation stability, for example, control of thermal 
drifting, can be implemented inherently by means of 
material engineering. For example, polymers materials 
[125–127] with negative thermo-optic coefficient can be 
added to silicon waveguides to provide effective reduction 
of their thermal sensitivity.

8   Conclusions
This paper gives a review of the recent progress in inte-
grated microwave photonics programmable chips and 
their applications of RF filters. The discussions focus on 
the design and applications of integrated optical signal 
processors in TriPleX waveguide technology that have 
been demonstrated in the past decade and also refer to 
a number of representative works using other material 
platforms that have made great contributions and raised 
inspirations in this area.

The issues of bandwidth limitation and power 
consumption of the RF electronics and the intrinsic 

advantages of photonics in these aspects as well as the 
promising applications of analog photonic links for RF 
communication systems and access networks provide 
clear motivations for the search of photonic solutions 
for RF front ends. This will either bring new features to 
the existing functions or enable new functions that set 
the stage for the next-generation system improvement 
and innovation. The great use and commercial success 
of electronic programmable signal processors such as 
FPGAs provide a convincing rationale for the pursuit 
of their optical counterparts. If the concept of creating 
a programmable optical signal processor chips using a 
two-dimensional lattice mesh network of Mach-Zehnder 
couplers can be further developed and scaled, its impact 
in photonic-based RF processing will be unquestionable. 
For one thing, microwave photonic system costs will be 
greatly reduced as they will benefit from the economies 
of scale of integrated fabrication, especially if the mesh 
architecture can be implemented using current state-of-
the-art generic integration and generic foundry models. 
Besides, microwave photonic systems oriented to the 
generation and processing of microwave and millimeter-
wave signals will benefit from the compactness of inte-
grated optics technologies. Programmable optical signal 
processors have strong potential use for RF engineering 
such as Internet of Things, medical imaging systems 
using terahertz waves, sensor interconnection in wireless 
broadband personal area networks, wearable communi-
cation devices, and miniature base stations for femtocell 
fiber-wireless multiservice radio access networks. Beyond 
these, they promise interesting applications in many other 
areas too, such as realizing a multifunctional lab on a chip 
in biophotonics, reconfigurable logic gates in quantum 
information systems, software-defined reconfigurable 
filters, and switching as well as routing fabrics in optical 
communication networks.

However, further development of this concept toward 
commercial use still faces a number of significant ques-
tions and challenges. One key question refers to the choice 
of material platforms for realizing such a chip. None of 
the current technologies seem to cover the full range of 
requirements. Indium phosphide is the only technology 
capable of providing active elements such as lasers and 
amplifiers. It is certainly the most complete in terms of 
available components but is quite lossy. Silicon brings 
compatibility with CMOS fabrication processes and low-
loss passive components, but it is not suitable for imple-
menting optical sources and amplifiers. Silicon nitride 
provides passive components with extremely low losses, 
MHz-band frequency resolution, and working wavelength 
range covering the full telecom C-band. However, it is not 
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suitable for implementing active devices despite its poten-
tial for modulators [128]. While the monolithic approach 
requires less effort in packaging, hybrid approach, par-
ticularly the recently demonstrated InP-TriPleX assem-
blies, shows a bright prospect for chip-scale realization 
of complex optical systems comprising both active and 
passive components.

Regarding the chip design, a challenge is to imple-
ment a mesh network with a sufficient number of cells 
within a feasible space on the chip. The proof-of-concept 
demonstration mentioned above uses a 2 × 1 cell scheme 
in TriPleX where each cell requires an area of 3.5 × 3.5 mm2. 
To realize a mesh network on a larger scale, it may be nec-
essary to turn to material platforms that provide a higher 
refractive index contrast and thus smaller waveguides, 
such as SOI. Yet, even in this case, a complex mesh will 
require strict control of waveguide uniformity and rough-
ness along the whole structure to guarantee homogene-
ous performance. A recent collaboration between ITEAM 
Research Institute of Polytechnic University of Valencia 
and Optoelectronics Research Centre of University of 
Southampton has led to a promising result of a SOI mesh 
network with seven hexagonal cells [129, 130].

Another challenge relates to power consumption and 
heat dissipation. The use of thermo-optical tuning ele-
ments mandates careful control of chip temperature and 
optimized designs of waveguide and heaters, which may 
increase the device size. Solutions to this limitation may 
be achieved by resorting to material platforms featuring 
electro-optical tuning.

The possibility of developing a programmable optical 
chip as a general-purpose signal processor is becoming a 
popular area of research, not only because of the poten-
tial for low fabrication costs, but also because it points 
to the tantalizing prospect of software-defined functions 
and systems on a miniaturized optical chip. This means 
an important transition in integrated optics that changes 
the paradigm from single devices and very simple circuits 
to complex systems featuring easy operation and high 
flexibility, like the transition that led to a great boost in 
electronics.
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