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I
ntegrated microwave photonics (IMWP) is 
concerned with applying integrated photonics 
technology to microwave photonic systems. It 
is one of the most active and exciting areas of 
current research and development in micro-

wave photonics (MWP), building upon the impres-
sive foundations of integrated photonics in various 
systems involving material platforms such as indium 
phosphide (InP) and silicon nitride (Si3N4). The aim 
of this article is to explain to the wider microwave 
engineering community the significance of the new 

field of IMWP and to describe how it may potentially 
be applied to improve the performance and capabili-
ties of microwave and millimeter-wave (mmWave) 
systems. Just as the microwave monolithic integrated 
circuit (MMIC) has revolutionized active microwave 
circuits, IMWP is poised to open up new applica-
tions for microwave engineering that take advantage 
of the unique functionalities offered by photonics,  
especially with regard to its large bandwidth.

Working on the assumption that most microwave 
engineers may be somewhat unfamiliar with the 
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prospects of regular MWP technology, we begin by 
briefly describing the main characteristics, advan-
tages, and uses of MWP. We then move on to describe 
how IMWP will enable performance improvements 
and new functionalities for microwave systems based 
on photonics. Our overview will discuss various 
IMWP material platforms and devices, and we will 
also outline how IMWP can be used in microwave sys-
tems, focusing specifically on the important example 
of antenna beamforming. 

What Is Microwave Photonics?
MWP is an interdisciplinary field that unites the 
domains of RF engineering and optoelectronics [1]–[4]; 
an MWP system will typically contain a mix of micro-
wave and photonic components configured such that 
microwave signals are transported (and, quite often, 
processed) in the optical part of the spectrum using a 
variety of photonic components, such as lasers, optical 
fiber, and, in the most basic systems, photodiodes. A 
good example of a first-generation system is an analog 
intensity-modulation optical link of the type shown 
in Figure 1, which consists of a device for converting 
microwaves to a microwave-modulated optical sig-
nal [electrical-to-optical (E/O) converter], a fiber over 
which the microwave signal propagates as the nar-
rowband modulation of an optical carrier, and then a 
photodetector for conversion back to the microwave 
domain [optical-to-electrical (O/E) conversion].

The motivation for this approach is the large band-
width and relatively low loss per unit length of optical 
fiber compared with that of conventional microwave 
transmission media (Figure 2) in addition to its elec-
tromagnetic immunity and mechanical flexibility—all 
of which make the approach ideally suited to antennas 

Figure 1. An analog optical fiber link as an example of an MWP system for 
transporting RF signals over optical fiber. In many links, the E/O module consists of 
a laser and optical intensity modulator, with the RF input being applied as the drive 
voltage to the modulator. The O/E module consists of a photodiode that recovers the 
microwave signal as a photocurrent. LNA: low-noise amplifier.
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Figure 2. A comparison of the propagation loss, based on 
a delay of 1 ns versus frequency, between three microwave 
transmission media and optical fiber. In the case of optical 
fiber, the frequency corresponds to that of the RF input 
signal (as shown in Figure 1); the effects of E/O and O/E 
conversion are not accounted for. (Figure adapted from [4].) 
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located remotely over several kilometers. It should be 
noted that the contributions of the E/O and O/E con-
version stages are not accounted for in Figure 2, and 
the square-law nature of photodetection means that 
an optical loss of approximately 0.2 dB/km will trans-
late into a corresponding electrical loss of 0.4 dB/km. 
Moreover, the presence of active devices in both the 
E/O and O/E stages means that, in addition to the 
overall link gain, it is also necessary to evaluate link 
performance with respect to noise figure, third-order 
intermodulation products, and spurious free dynamic 
range (SFDR). Nevertheless, over several kilometers, 
an analog optical fiber link can prove attractive for 

the remote location of antennas, where con-
ventional microwave cables would incur too 
much loss.

In the 30 years since the earliest work on 
analog links, the field of MWP has attracted 
immense interest and generated many new 
developments from both the research com-
munity and the commercial sector. Emerg-
ing applications for future 5G networks and 
subterahertz systems, including radio-over 
fiber (ROF), indicate that MWP is set to be a 
subject of increasing importance [5]. 

From one perspective, MWP deals with the appli-
cation of microwave engineering to high-speed pho-
tonic devices—e.g., in the design of traveling-wave 
(TW) electrodes for optical intensity modulators or 
that of matching networks for analog links (such as 
that shown in Figure 1). In fact, the Mach–Zehnder 
modulator (MZM) is an early example of the integra-
tion of guided-wave photonics with TW structures 
that highlights the need for performance optimization 
through such integration.

The real significance of MWP, however, is as a dis-
ruptive technology in which the application of pho-
tonic components, systems, and techniques enhances 

Figure 3. Analog optical processing of microwave signals. In this 
advanced application of MWP benefiting from photonics’ broad 
bandwidth, not only are RF signals transported in the optical domain, 
but a variety of signal processing functions can also be implemented via 
optical input–optical output (O/O) components. 
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microwave and mmWave systems, yielding perfor-
mance improvements and adding new functionalities 
that would not be possible using an electronic-based 
approach. Looked at from this perspective, it is more 
accurate to say that MWP deals with the generation, pro-
cessing, and distribution of microwave and mmWave 
signals by optical means, benefiting from photonics’ 
inherently unique advantages, such as low loss (inde-
pendent of frequency), high bandwidth, and immunity 
to electromagnetic interference [1]–[4]. Moreover, MWP 
adds fundamental value by enabling key functionalities 
to be realized in microwave systems using photonics, 
as suggested in Figure 3. These include filtering, arbi-
trary waveform generation, frequency upconversion/
downconversion, and instantaneous measurement, all 
of which are quite complex or, in some cases, not even 
possible using RF techniques alone. 

In addition, MWP creates new opportunities for infor-
mation and communication technology (ICT) systems 
and networks. While initially research activity in MWP 
focused on defense applications such as photonically 
enabled radar and remote siting of antennas via analog 
optical fiber links, as shown in Figure 1 [6], it has now 
expanded to civil scenarios, spanning conventional areas 
such as cellular [7], wireless [8], and satellite [9] commu-
nications, distributed antenna systems [10], and optical 
signal processing [11] as well as emerging fields such 
as converged fiber–wireless [12] and in-home networks 
[13], medical imaging systems using terahertz waves 
[14], wireless body and personal area networks [15], and 
instrumentation and the Internet of Things [16]. 

MWP systems are usually at the heart of the ana-
log signal processing engines placed between signal 
acquisition devices and front-end digital signal pro-
cessors (DSPs) to match the signal formats with the 
constraints imposed by DSP-limited sampling rates,  
as shown in Figure 4, which can realize a wide variety 
of functionalities. 

Why IMWP?
Despite the tremendous potential of MWP, the technol-
ogy’s widespread use and application are currently lim-
ited by the high cost, bulkiness, complexity, and power 
consumption of its systems. The typical size, weight, 
and power consumption (SWAP) figures for com-
mercial MWP systems are around 0.04–0.2 m2 (size), 
1.5–10 kg (weight), and 15–20 W (power consumption) 
[17], making them unsuitable for mass production and 
widespread use as required by the next-generation and 
emerging applications outlined here. 

Therefore, the major challenge MWP researchers must 
overcome is reducing cost and SWAP. It is expected that 
solving this problem will have dramatic scientific, tech-
nical, and economic impacts in those areas where SWAP 
is critical (e.g., airborne systems) or where a large num-
ber of devices are needed (e.g., radio astronomy arrays); 
both of these applications benefit from complex optically 

steered arrays, which, in turn, represent an ideal example 
of IMWP systems, as illustrated in Figure  5. However, 
there are also benefits to be had from IMWP for simpler 
MWP systems such as analog optical links, where IMWP 
devices can be used to improve dynamic range through 
tunable optical filtering [18] or novel link architectures 
requiring balanced detection [19].

Integrated photonics has the potential to change 
the power-scaling laws of high-bandwidth systems 
through proper architectural choices that combine 
photonics with electronics to optimize performance, 
power, footprint, and cost [20]. In particular, analog 
photonics has a qualitatively different behavior com-
pared with digital electronics because the energy 
per analog task is dominated by the steady-state bias 
power and does not increase significantly as the band-
width increases [20]. Furthermore, most photonic de-
vices are currently highly temperature dependent and 
so require temperature regulation, which consumes 
the majority of bias power. As integrated photonics 
favors alternative means of temperature control that 
draw less power, the power consumed by photonic de-
vices can be reduced drastically. IMWP [22] that aims 
at incorporating MWP components/subsystems in 
monolithic or hybrid photonic circuits is instrumental 
in achieving the aforementioned objectives. Research 
activity in IMWP has been almost exclusively focused 
toward application-specific photonic integrated cir-
cuits (ASPICs) where a particular circuit and chip con-
figuration is designed to optimally perform a specific 
MWP functionality. 

An important point to note is that IMWP may not 
necessarily be confined to applications involving optical 
fiber inputs and outputs but can be used to implement 
RF photonic signal processing for a front end, as shown 
in Figure 6. Here, there are only RF external ports, with 
the photonics confined to the core of the chip only. In 
this respect, IMWP can complement rather than fully 
replace MMICs to overcome their limitations in terms 
of bandwidth, frequency independence, and losses at 
mmWave and terahertz frequencies. A very early and 
basic example of this philosophy is the implementation 
of a microwave amplifier using cascade connections of 
lasers coupled to an array of photodiodes, all fabricated 
on a single chip [21].

Applications of IMWP
In the same way that MMIC technology has been used 
to implement a wide array of functions for microwave 
systems, we envisage that IMWP will be a key enabling 
technology in realizing compact versions of existing 
MWP systems in addition to emerging MWP applica-
tions. There are already examples of IMWP chips in 
high-dynamic-range MWP links, MWP filters, pho-
tonic generation of mmWave and terahertz signals, and 
instantaneous frequency measurement (IFM) and arbi-
trary waveform generation [22]. Here, we will focus on 
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one particular application, photonic beamforming, to 
illustrate the increasing level of activity in IMWP.

Phased-array antennas offer attractive characteristics 
in terms of beam reconfiguration capability, electronic 

scanning, beam shaping, interference 
nulling, and robustness [23], [24]. The 
radiation characteristics of the array 
can be controlled by adjusting the 
complex excitations (in magnitude 
and phase) of the individual antenna 
elements. These are provided using 
a feeding network, or beamformer, 
performing the basic functions of sig-
nal splitting, and combining phase 
shift and/or time delay. Time delay is 
important for broadband applications 
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Figure 6. Conceptual rendering of an IMWP-based RF front end. The approach 
is similar in philosophy to that of low-frequency optocouplers, electronic devices 
in which the key function (in this case isolation) is performed optically, but the 
external terminals and ports are electrical.

Applications

Satellite Communications

Hybrid
Integration
Platform

Technology

IMWP

Radio Astronomy

Receiver
O/E

InterfaceE/O
Interfaces

Broadband
Analog

Optical Link

Mixers

Photodetectors

LNAs

Optically Steered Phased Arrays

Optical
Heterodyning

FilterPhotonic Beamformer

2-D Phased-
Array Antenna

In
pu

ts

Stage 1 Stage 2

Waveguides Heaters Leads and
Bond Pads
(Anodes) 

Leads and
Bond Pads
(Ground) 

Stage 3 OSBF + Carrier Reinsertion Coupler

O
ut

pu
t

Figure 5. Typical applications of optically steered phased arrays that may be implemented with IMWP. Here, it is envisaged 
that an IMWP chip, as shown at the bottom, would offer high levels of integrated functionality but would be combined with 
microwave circuits and E/O interfaces on a hybrid platform, as shown in the middle. (Figure adapted from [36].) OSBF: 
optically steered beamformer.



September 2015  33

to provide the same beam pointing direction across 
frequency and avoid the phenomenon of beam squint 
[22]. As a consequence, the performance of the array 
is strongly linked to that of the variable phase shifters 
and delay lines employed. In particular, reconfigurable 
true-time-delay (TTD) lines with ultrabroadband (up to 
hundreds of gigahertz) and fast and continuous recon-
figuration capability are required for modern phased 
arrays that are employed, e.g., in communications and 
radar systems.

Photonic Beamforming
The use of photonics techniques for 
antenna feeding has been regarded 
with interest for more than two 
decades [25]. IMWP signal process-
ing techniques allow the implemen-
tation of broadband, highly flexible, 
and frequency-independent TTD and 
phase shifters. TTD allows broad-
band beamsteering operation, while 
phase shifters are used in narrow-
band applications. In optical beam-
forming, the broadband time delay 
or phase shift of microwave signals 
is achieved in the optical domain, by 
providing time delay to an optical car-
rier signal that is modulated with the 
electrical signal of interest. The main 
driver behind the use of photonic 
techniques for TTD has been the very 
low loss and large delay achievable at 
microwave and mmWave frequencies 
by means of optical fibers [23].

Main Approaches
Optical delay lines can be classi-
fied into two main categories: vari-
able-length delay lines (VLDL) and 
variable-propagation-velocity lines 
(VPVL) based on optical filters. His-
torically, VLDLs were the first to be 
proposed. Their simplest and most 
common implementation is in the 
form of switched delay lines (SDLs), 
where the amount of delay is changed 
in discrete steps by selectively inter-
connecting a cascade of optical paths 
of different lengths by means of opti-
cal switches. Fiber-based SDLs have 
been proposed with on-chip switches 
that offer larger delays and higher 
compactness with respect to bulk 
optics delays, while retaining very low 
loss due to the use of optical fibers.

Integrated switches were pro-
posed as early as 1984 in lithium 

niobate (LiNbO3) [26], followed by gallium arsenide 
(GaAs) [27], and InP [28]. In this approach, the main 
loss contribution is related to the fiber-to-chip coupling 
losses. Several successful system demonstrations of 
squint-free radar systems have been shown employ-
ing these approaches that are capable of simultaneous 
X- and L-Band operation [29] and feeding a 16-element 
L-Band radar [30]. A review of the most significant dem-
onstrations has been given in [31].

Figure 7. A 4-bit on-chip tunable delay: (a) a schematic with delay lengths in each 
stage, (b) the chip cross section, and (c) the demonstration of pulse delay in all settings. 
NiCr: nickel-chromium; PECVD: plasma-enhanced chemical vapor deposition; 
LPCVD: low-pressure chemical vapor deposition; SiO2: silicon dioxide. (Figure 
adapted from [49].)
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The requirements on total delay, resolution, and sta-
bility for photonic delay lines are highly application 
dependent. In general, larger antennas with wide scan-
ning range require larger delays and provide narrower 
fractional bandwidths [32] if based on phase shifters only. 
Examples reported in the literature have shown that for 
radar applications in the 3–6-GHz band, group delays 
with continuous tuning up to 30 ns are needed and can 
be achieved by means of optical techniques, with a 6-bit 
resolution [33]. Subpicosecond delay resolution and sta-
bility are needed when operating in mmWave ranges 
and can be achieved, e.g., using fiber stretchers [34] or on-
chip delay lines [35]. Further examples of requirements 
for applications to satellite communications and radio 
astronomy have been discussed in [36]. 

More recently, optical SDLs have been proposed 
in a completely integrated photonics form (including 
the delay lines), allowing increased compactness and 
improved stability versus thermal and mechanical 
stress, with reduced delay switching times reaching a 
few tens of nanoseconds [29]. Higher delay resolution 
(required for antennas operating at high frequency) 
can also be improved with an integrated photonics 
approach. A number of photonic integration platforms 
have been used, such as polymer technology [37]–[39], 
silica [40]–[43], LiNbO3 [44], GaAs [45], [46], and InP [47], 
[48]. A recent example [49] using ultralow-loss Si3N4  

substrate showed a fully integrated 4-bit TTD line capa-
ble of delays above 12 ns, corresponding to about 2.4 m 
of propagation length, on a chip area of 4.5 cm # 8.5 cm, 
with waveguide losses as low as 1 dB/m (Figure 7).

Optical filters or dispersive optical transmission lines 
are also employed to implement tunable delay lines. Due 
to chromatic dispersion in optical fibers (which results in 
group velocity dispersion [50]), carriers at different wave-
lengths experience different group delays. Therefore, 
different RF delays can be achieved by simply adjusting 
the wavelength of the optical carrier, which is modulated 
with the electrical signal to be delayed. One advantage of 
VPVL techniques is the continuous delay tuning capabil-
ity that translates into the possibility of continuous steer-
ing of the antenna beam direction.

An example of a VPVL is the well-known fiber-optic 
prism, first proposed by Esman [51], where dispersive 
fibers with different lengths provide different delays 
to the individual antenna elements of the array. Using 
this method, squint-free multioctave beamsteering over 
!53° and a 2–18-GHz bandwidth has been shown for an 
eight-element transmit array [52]–[55]. An evolution of 
this scheme is represented by the programmable disper-
sion matrix, where a single dispersive fiber is employed; 
signals feeding the different antenna elements are mod-
ulated onto different wavelengths and multiplexed on 
the fiber using a multiplexer and demultiplexer. This 
technique reduces the bulk, requiring a single delay line 
for the complete array, while at the same time improv-
ing the delay stability and demonstrating !60° steering 
capability over Ka -Band. 

Fiber Bragg gratings have also been proposed to 
replace dispersive fibers [56], [57], and on-chip chirped 
gratings have been recently demonstrated by Giuntoni 
et al. [58] in SOI technology, capable of variable delay 
up to 450 ps.

A different approach for wavelength-selective rout-
ing of signals through delay lines of different length is 
based on arrayed waveguide gratings (AWGs) [59]. These 
are multiport devices that allow one to selectively route 
the power from the input to a specific output, based on 
its frequency. By connecting lines of different lengths to 
the ports, as represented in Figure 8, it is again possible 
to select the desired delay line by varying the carrier 
wavelength. Yegnanarayanan et al. [60] demonstrated 
a wavelength selective time delay based on a recircu-
lating AWG. An 8-bit TTD employing silica waveguide 
delay lines was shown, operating in C-Band (1,550 nm) 
and with a 0.8-nm channel spacing. Recent demonstra-
tions have been proposed in silicon on insulator (SOI) 
for application to indoor 60-GHz communications [61]. 
The main issue in this scheme is the temperature fluc-
tuation of the spectral response of the AWG, with a drift 
of approximately 1 GHz/°C, which can be compensated 
using active temperature stabilization.

A similar example of a fully integrated beamformer 
in InP technology was proposed in [29]. Four separate 

Figure 8. (a) An AWG-based tunable delay line. (b) The 
schematic of an AWG demultiplexer. (Figure adapted from 
[60].) DBR: distributed Bragg reflector. 
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wavelengths generated by four dif-
ferent lasers are multiplexed and then 
inserted on the chip, where an AWG 
is used to demultiplex and route them 
to four different delay lines with 3 bits 
each. The number of bits is limited by 
the size of the InP wafer. A different 
version was proposed where only the 
AWG is implemented on chip, and 
the delays are based on optical fibers, 
allowing a larger number of bits and 
delays but also leading to undesirably 
high fiber-to-chip coupling losses. 
In addition, bidimensional beam-
formers have been developed, where 
separate cascaded stages are used for 
azimuth and elevation control [62]. 
Vidal et al. [63] proposed an interest-
ing solution where AWGs are com-
bined with highly dispersive fibers 
to realize a multibeam architecture, 
exploiting the frequency periodicity 
of the AWG.

Recent Developments
Recent development efforts have 
been directed toward on-chip imple-
mentations of optical delay lines for 
improved compactness, low cost, 
higher phase stability and robustness 
to environmental fluctuations, and 
faster switching speeds. Photonic crys-
tals have been employed as a single 
fully integrated dispersive delay ele-
ment. Sancho et al. [64] demonstrated 
the use of a single, very compact, low-
loss photonic crystal to implement 
multiple variable TTDs, as shown in 
Figure 9. The operation is based on the 
slow-light properties of photonic crys-
tals, in which the group delay can be 
increased to very high values depend-
ing on the wavelength. The authors 
demonstrated a 1.5-mm-long device 
capable of generating delays up to  
70 ps with losses below 10 dB over the 
complete 0–50-GHz band.

Integrated optical filters have also 
been used to implement broadband 
tunable optical delays. Cascaded 
optical ring resonators (ORRs) have 
been demonstrated in silica [40], 
[43], TriPleX [65], and SOI [66], [67]. 
A complete beamformer based on 
ORRs arranged in a binary-tree net-
work architecture was demonstrated 
in [68]–[73], with [73] fabricated in 
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TriPleX waveguide technology. Delays up to 1.2 ns were 
shown over a bandwidth of 2.5 GHz for Ku-Band satel-
lite communication applications [71], [72], [74] and radio 
astronomy [75], for which a system demonstration of 
squint-free beamsteering of a four-element array was 
shown. More advanced hardware compressive archi-
tectures featuring multiwavelength operation and 
exploiting the frequency periodicity of ORR filters have 
recently been reported [75], with instantaneous band-
widths in excess of 8 GHz. In [36], a processor includ-
ing an optical sideband filter, a 360° phase shifter, and a 
TTD unit providing delays up to 400 ps has been dem-
onstrated on a single chip.

In some applications, it is sufficient to provide 
narrowband phase shift to the antenna elements. Optical 
techniques are of interest, as they have shown the ability 
to create constant phase shift over ultrabroad bandwidths 
of tens or hundreds of gigahertz. Early examples have 
been shown in LiNbO3 [41] and InP [44], where a 16 # 1 
beamformer allowing amplitude and phase control was 
implemented in a chip of 8.5 mm # 8 mm. Beamforming 
up to 60-GHz carrier frequencies has been demonstrated 
with a similar technique [76].

Waveguide Bragg gratings realized on SOI have 
shown the ability to implement tunable time delays 
as well as ultrabroadband phase shifts in conjunction 
with optical single-sideband modulation. In [76], a 
very compact device (only 130-nm long) was employed 
to create broadband phase shifts for RF frequencies 
beyond 900  GHz. Nonlinear optics effects have also 
been recently employed for IMWP [78], [79]. Pagani et 
al. [80] have shown a phase shifter based on stimulated 
Brillouin scattering (SBS) providing a full 360° phase 
shift over a 40-GHz bandwidth with a phase-depen-
dent insertion loss variation of only 0.5 dB. Polarization 
control has also been employed as an additional degree 
of freedom in the control of the amount of delay [81].

Besides large bandwidth, fast reconfiguration with 
times scales on the order of nanoseconds or less is needed, 
e.g., in modern radar applications or ultrawideband RF 
pulse generation and processing. Bonjour et al. [82] pro-
posed a novel delay architecture named complementary 
phase-shifted spectra that promises tens of picosecond 
switching speeds. Nanosecond-time switching among 
different delays has already been shown in integrated 

form by Wang et al. [83] for application to arbitrary wave-
form generation.

Current efforts aim at integrating tunable optical 
delays and phase shifters with active functions, i.e., 
modulation and photodetection, in a single package. 
Both monolithic realization and hybrid integration 
approaches are being considered, as we will discuss in 
the following section.

Integration Technologies and Platforms

Overview
A number of integration technologies and platforms are 
available for IMWP, including monolithic, heterogeneous, 
and hybrid approaches. Monolithic implies a single mate-
rial system or a single-chip implementation. Hetero-
geneous approaches integrate more than one material 
system into a common process, an integration that can be 
accomplished by initially synthesizing materials on for-
eign substrates or bonding different materials together. 
Hybrid integration generally implies that separate chips 
are brought together in backend steps such as die-attach or 
flip-chip bonding to produce multichip modules (MCMs).

A widely-known example of a photonic MCM is sili-
con optical bench technology, which supports the pas-
sive alignment of optical fibers to devices such as laser 
diodes that can be flip-chip bonded to the platform [84]. 
Other MCM materials include composite glass–silicon 
wafers [85] and a polymer optical bench [86]; this latter 
material is useful because it supports bulk optical com-
ponents such as those used in optical isolators. Although 
packaging is a very important aspect, much of the cur-
rent research effort in IMWP is based on monolithic and 
heterogeneous approaches.

Typical components used in IMWP include lasers, 
modulators, photodetectors, optical amplifiers, optical 
switches, and optical filters, along with passive com-
ponents, such as couplers, splitters, and delay lines. 
Several integration platforms exist for realizing IMWP 
systems, and the characteristics of the integrated 
components vary widely according to the platform. 
The following will describe and compare integration 
platforms and also consider devices and device per-
formances as applicable to IMWP. For example, for 
modulators, efficiency and bandwidth are critical; for 

lasers, narrow linewidth and low rel-
atively intensity noise are important; 
for photodetectors, high responsivity 
and linearity are desirable.

Figure 10 shows four common pho-
tonic platforms used for IMWP: InP, 
silicon photonics (SiPh), planar light-
wave circuits (PLCs) based on Si3N4, 
and LiNbO3. Comparing and contrast-
ing these platforms is not easy because 
they vary in material characteristics 
and device properties: meaningful 

(a) (b) (c) (d)

Figure 10. Waveguide structures in (a) InP, (b) SiPh, (c) PLC, and (d) LiNbO3.
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comparisons of important features such as ease of chip-
to-fiber coupling, ability to integrate various different 
device types and functions, and cost of fabrication are par-
ticularly challenging. However, it is possible to make some 
important general observations with regard to various 
advantages and disadvantages, as outlined in Table 1. InP, 
SiPh, and PLC platforms will be discussed in detail, with 
LiNbO3 mentioned only briefly. [While, at present, LiNbO3 
is the preferred material for discrete MZMs and phase 
modulators since it offers the best combination of param-
eters such as power handling, optical loss, thermal stability, 
and efficient electro-optic conversion, it is not compatible 
for integration with other devices (electronic or photonic): 
one challenge in advancing the field of IMWP is to produce 
modulators that rival the performance of LiNbO3.]

One important metric for comparing different 
IMWP platforms is index contrast, which, in part, gov-
erns device size and performance. Defining the index 
contrast as / ,n n n2core cladding core

2 2 2T = -^ h  Table  2 sum-
marizes the ranges of index contrast for the different 
platforms, along with two other important figures of 
merit: typical bending radius and attenuation. 

The index contrast is directly related to the optical 
confinement of the guided modes. The higher the index 
contrast, the higher the confinement and the smaller 
the mode size. Higher confinement leads to smaller lat-
eral waveguide dimensions but does not always lead to 
smaller devices because device size also includes the 
longitudinal dimension (i.e., the length of the device). 

SiPh waveguides, e.g., can be made very small, leading 
to tight bend radii, which is important, e.g., in produc-
ing compact ring resonators. Some SiPh devices includ-
ing MZMs, however, require long interaction lengths. 
InP can realize small devices and a number of active 
elements including lasers, modulators, and photodi-
odes as well as passive elements. SiPh can also realize 
modulators and photodetectors, but laser integration is a 
challenge. PLC technology is used primarily for passive 
components, and LiNbO3 for modulators.

Indium Phosphide
Perhaps the most mature material system for IMWP is 
InP, which is a direct bandgap III-V semiconductor. InP 
and related materials can be grown epitaxially using 
techniques such as metal-organic chemical vapor depo-
sition and molecular beam epitaxy. These techniques 
allow for the deposition of thin films with precise 
thickness and composition. Ternary compounds, such 

TablE 1. a comparison of key IMWP platforms.

Material Advantages Disadvantages

InP •  High-speed lasers, modulators, photodiodes and optical 
amplifiers are possible

• Offers a path to integration with high-speed electronics
• Has high levels of monolithic integration and good reliability

•  Industrial base not as well developed as for 
silicon CMOS processes; InP wafers are relatively 
small and expensive

•  Low index contrast makes it difficult to achieve 
compact passive optical components

• Has high optical propagation loss

SiPh •  Leverages existing CMOS process technology and so is  
cost-effective—cheap

•  High index contrast allows for compact footprint for key 
components like ring resonators

• Exhibits weak electro-optic effect
•  Indirect bandgap so laser integration remains 

difficult
•  Relatively high optical propagation losses; 

sidewall roughness must be controlled tightly to 
prevent scattering loss

Si3N4 PLC •  Very low propagation loss makes long delays and  
cascades feasible, lending the platform to applications  
such as filtering and beamforming

• Allows low-loss coupling to fiber
• Cost is potentially low

•  Active optical devices (e.g., lasers and 
photodiodes) are not possible

•  Some complex chips (containing many ring 
resonators) require tuning elements and thermal 
control

LiNbO3 •  Strong electro-optic effect and a relatively low loss make  
it very well suited for high-bandwidth modulators

• Has a well-established technology base

• Difficult to integrate with driver electronics
•  Requires long form factor for modulators due to 

interaction length between drive electrodes and 
waveguide

•  Lasing, optical amplification, and photodetection 
are not possible

TablE 2. Index contrast, bend radius, and 
attenuation for common photonic platforms.

Platform InP SiPh PLC LiNbO3

Index contrast 5–10% 40–45% 0.5–20% 0.5–1%

Bend radius (mm) 0.1 0.02 0.05 0.2

Attenuation (dB/cm) 2.5 12 0.01 0.2
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as indium gallium arsenide (InGaAs), and quaternary 
compounds, such as indium gallium arsenide phos-
phide (InGaAsP) or indium gallium aluminum arsenide 
(InGaAlAs), can be grown on InP substrates with little 
or no strain. The ability to grow these and other related 
compounds that have direct bandgaps different from 
that of InP allows for multiquantum well structures 
that are particularly useful for realizing semiconduc-
tor diode lasers. On InP, lasers emitting in the range of 
approximately 1.2–1.6 nm can be realized. This wave-
length range includes the common 1.31- and 1.55-nm 
bands used in telecommunications and MWP.

In addition to lasers, high-performance optical mod-
ulators have been realized in InP. A number of modu-
lation mechanisms are available with InP and related 
materials, including the linear electro-optic effect, the 
Franz–Keldysh effect, the plasma dispersion effect, and 
the quantum-confined Stark effect (QCSE). Therefore, it 
is possible to engineer InP modulators for either electro-
refraction or electroabsorption. An InP TW MZM was 
demonstrated, in [87] with a bandwidth of 63 GHz. To 
realize high speed and high efficiency, this modulator 
leveraged the QCSE and a series push-pull configura-
tion. The device also incorporated spot size convert-
ers (SSCs) for low coupling loss to optical fiber. In [88], 
an electrorefractive InP TW MZM was demonstrated, 
employing substrate removal to realize high speed and 
high efficiency. This device exhibited a bandwidth of  
35 GHz and half-wave voltage Vp^ h of 0.8  V. Several 
other novel modulator structures were realized in InP, 
including examples with integrated lasers [89]–[91].

Regarding photodetectors, a number of structures have 
been developed in InP, including PIN photodiodes (PIN 
PDs) and unitraveling-carrier PDs (UTC PDs). PIN PDs 

have been demonstrated with a 40-GHz bandwidth in an 
InP generic photonic integration technology [92]. UTC PDs 
are attractive for high-speed and high-power performance 
due to the elimination of holes as active carriers [92], [94]. 
In [95], a novel waveguide configuration with a saturation 
current greater than 100 mA was demonstrated. 

Several InP-based integration platforms have been 
developed, including selective area growth, butt-joint 
growth, asymmetric twin waveguide, offset quantum 
well, dual quantum well, and quantum-well intermix-
ing. These platforms can control the material properties 
selectively across the InP wafer, realizing more than one 
device region. A novel InP coherent integrated photore-
ceiver for high-linearity MWP links was realized in [96]. 
This receiver integrated phase modulators, UTC PDs, 
and passive components, including a multimode inter-
ference coupler. Examples of InP coherent photoreceiv-
ers are shown in Figure 11.

The generic InP integration platforms developed 
through a number of European projects have been used 
to realize advanced InP PICs [98]. For IMWP, several 
technologies were realized using this platform (more 
details about particular performance metrics are given 
in [22], [98], and [99]), including optical beamforming, 
fully programmable MWP filters using ring resonator 
structures, frequency discriminators, IFM, transmitters 
for terahertz applications, dual-wavelength lasers for 
terahertz generation, pulse shapers, arbitrary waveform 
generators, and monolithic-integrated optical phase-
locked loops for coherent detection schemes.

Silicon Photonics
SiPh has emerged as an integration platform in recent 
years due to the potential for low-cost and high-volume 

Balanced Detector

Balanced Modulator

Direct Interconntect

2 mm

1 mm

Optical Inputs

dc

dcdc

dc

RF OutRF In

dc

Balanced Detector

Balanced Modulator

2 mm
1 mm

Optical Inputs

dcdc

dc

(a) (b)

RF OutRF In

Figure 11. Images and circuit schematics of InP coherent integrated receivers: (a) an SEM image and block diagram of an 
integrated optoelectronic receiver [the wire bonds in the upper part connect to an integrated electronic IC (not shown)] and (b) 
an SEM image and block diagram of an integrated all-photonic receiver. (Figure adapted from [96].) 
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production. SiPh leverages CMOS pro-
cesses, which are extremely mature. 
Unfortunately, silicon is an indirect band-
gap semiconductor, and, therefore, real-
izing integrated lasers is a challenge. The 
most successful approaches to realizing 
lasers on silicon are based on hybrid or 
heterogeneous integration of III-V materi-
als [100]. Silicon modulators, which rely 
on the plasma dispersion effect, are not 
particularly efficient. A typical V Lp  figure 
of merit for silicon MZMs is 1 V-cm [101]. 
For ring modulators, an extinction ratio of 
25 dB has been reported with 1-V peak-to-
peak drive voltage [102]. Although not par-
ticularly attractive for MWP applications 
due to their wavelength sensitivity, low 
efficiency, and low-power handling per-
formance, the linearity of ring modulators 
was reported in [103]. As demonstrated, for 
low-dynamic-range applications, silicon 
ring modulators offer a compact solution.

Germanium PIN photodiodes have been 
demonstrated on silicon with a high 3-dB 
bandwidth, high responsivity, and fairly low 
dark current [104]. In [105], on a nonstandard 
SOI platform, high-power germanium pho-
todiodes were realized and characterized 
for MWP applications. These photodiodes 
generated 14.17 dBm at 60 mA of photocur-
rent and at a frequency of 1 GHz.

Although the power-handling of sili-
con nanowire waveguides is limited, SiPh 
is attractive for IMWP, especially for real-
izing tunable optical filters [106]. In [107], 
a microwave photonic filter was realized 
with a hybrid silicon platform, as shown 
in Figure 12. This structure integrated 
thermal modulators and semiconductor 
optical amplifiers as control elements.

An alternative to conventional submi-
crometer SiPh (which has limited power 
handling capability) is the micrometer-
scale SOI platform reported in [108], as 
shown in Figure 13. This platform utilizes silicon rib 
waveguides that are typically 4–9-nm thick. These wave-
guides can support higher power levels and enable better 
mode matching to optical fibers and hybrid-integrated 
components, while still utilizing CMOS processes. 

In fact, most SiPh integrated circuits for MWP have 
been demonstrated using lower-loss rib waveguides 
because MWP systems entail strict requirements regard-
ing losses to reach suitable values of dynamic range and 
purely passive platforms cannot make use of optical 
amplification. In particular, monolithic configurations 
have been reported (more details about particular per-
formance metrics are given in [22] and [109]) for arbitrary 

waveform generators, TTD lines, and beamforming net-
works with multigigahertz bandwidth, bandpass and 
notch reconfigurable filters based on Mach–Zehnder 
interferometer (MZI) tunable couplers, ORRs fabricated 
in silicon-buried channel waveguides, and, very recently, 
tunable phase shifters and TTD lines based on etched SOI 
gratings. Monolithic SOI ASPICs based on stripe wave-
guides have been reported for optical delay lines, arbi-
trary waveform generation, and ultrawideband (UWB) 
signal generation. Hybrid InP–silicon ASPICs have been 
reported for beamsteering reconfigurable bandpass fil-
tering using ORR-loaded MZIs and, very recently, for 
tunable phase shifters based on disk resonators [22].

Figure 12. A hybrid tunable filter as demonstrated in [107]: (a) schematic,  
(b) a photomicrograph of the fabricated device, and (c) three-dimensional detail 
of its structure.  (Figure adapted from [107].) MMI: multimode interference 
coupler; QW: quantum well; SCH: separate confinement heterostructure. 
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Si3N4 Planar Lightwave Circuits
PLCs based on the Si3N4 system have low bending radii 
and very low propagation losses, which are of funda-
mental importance in the realization of IMWP signal 
processors. In fact, waveguides with high index contrast 
are desired to allow tight waveguide bends for high-
density integration and a small footprint. At the same 
time, low attenuation is required to cascade multiple 
structures and implement complex processing functions 
on a single chip [110]. However, a tradeoff exists since 
high-index-contrast waveguides generally suffer high 
waveguide losses, mainly due to the detrimental effect 
of interface roughness [111].

Si3N4/SiO2 TriPleX waveguide technology proposed 
by LioniX BV [112] optimizes this tradeoff, allowing high-
index-contrast waveguides (20–30%) with small bend-
ing radii while keeping a very low channel attenuation  
(10.1 dB/cm) [113]. This is achieved by a careful choice of 
the waveguide materials and of the fabrication process 
[102]. The waveguides are formed by growing alternating 
layers of stoichiometric Si3N4 and SiO2, fabricated with a 
low-pressure chemical vapor deposition (LPCVD) pro-
cess [114]. Si3N4 is an attractive material because it offers 
a high refractive index (1.99 at 1550 nm) and a wide spec-
tral transparency window, from far infrared to visible 
(wavelengths from 1500 nm to 22 nm) [114]. The LPCVD 
technique allows accurate thickness control down to the 

nanometer scale, with limited surface roughness, result-
ing in very low propagation losses [115]; in addition, it is a 
CMOS-compatible fabrication process, allowing low cost 
for large-volume production. Details on the fabrication 
steps are described in [115] and [116].

Birefringence and minimum bending radius can be 
controlled by design by adjusting the cross-sectional 
geometry [111]. TriPleX is commonly produced in 
three different waveguide geometries: 1) box-shaped 
(cross-sectional dimensions . 1 nm # 1 nm), with mini-
mum  birefringence (%10-3), losses on the order of 0.6– 
1.2 dB/cm, and bending radii of approximately 150 nm; 
2) double-stripe (1 nm # 1 nm), with an average waveguide 
loss of 0.095 dB/cm for a bend radii $ 70 nm [36]; and 3) 
single-stripe (with a core thickness of 40 nm and a width 
of 13 nm) that allows ultralow losses as low as 0.45 dB/m 
(current world record) [113] and high birefringence.

Its record low loss makes this technology particu-
larly suitable for implementing long delay lines useful 
for IMWP applications such as beamforming [49], filter-
ing [114], and arbitrary waveform generation [115]. Based 
on a limited number of fundamental building blocks, 
i.e., optical waveguides, phase shifters, and directional 
couplers, complex tunable filters have already been fab-
ricated and demonstrated, such as MZIs, ring resona-
tors with add and drop ports, and more complex optical 
filters based on a combination of those with flattened 
passband and sharp transition bands [36], [115]. Complex 
microwave photonic signal processors have been dem-
onstrated with this technology, i.e., optical beamform-
ers [72] and high-selectivity microwave photonic filters 
[116]. An example of a 16 # 1 beamformer chip is shown 
in Figure 14 and illustrates well the level of complexity 
that is possible through the use of several cascaded ring 
resonator elements [117], [118]. 

This technology has the drawback that no active 
components can be realized (optical sources, modula-
tors, detectors, or amplifiers). Active functions are added 
by hybrid integration to active materials such as InP and 
SOI [96]. SSCs for chip-to-chip and fiber-to-chip cou-
pling have been implemented in TriPleX, with measured 
chip-to-chip coupling losses as low as 2.2 dB [115]. 

Chalcogenide
Chalcogenide glass (ChG) is the class of amorphous 
semiconductors that contains as a major constituent one 
or more of the chalcogen elements from group 6A of 
the periodic table (sulphur, selenium, and tellurium, but 
excluding oxygen), covalently bonded to other elements 
such as arsenic, germanium, antimony, gallium, silicon, 
or phosphorus [119]. ChGs offer striking properties such 
as a high refractive index of 2–3, transparency up to the 
midinfrared wavelengths, and a high nonlinear refractive 
index n2  up to a thousand times that of silica. In addi-
tion, ChGs are free from nonlinear losses such as two-
photon absorption [120]. A typically reported ChG optical 
waveguide consists of an arsenic trisulfide (As2S3) core on 

Figure 13. (a) and (b) show two micrometer-scale silicon 
waveguide structures, while (c) depicts a PIC demonstrated with 
this technology as reported in [108]. (Figure adapted from [108].) 
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silica, with silica or polymer overclad [Figure 14(a)]. The 
most common waveguide geometry is a rib waveguide 
with a cross section of 2–4 nm by 0.85 nm [111].

Most of the developments of ChG waveguides have 
been directed toward ultrafast optical signal processing 
for high-speed optical communications [112]. However, 
the recent paradigm shift in IMWP where nonlinear 
optical processes are harnessed for enhanced RF signal 
processing has seen applications of ChG waveguides for 
MWP. Tan et al. [121] implemented cross-phase modula-
tion in a 7-cm As2S3 waveguide [Figure 14(b)] for creating 
UWB pulses.

In addition to high Kerr nonlinearities, the same 
As2S3 waveguide has been shown to support gigahertz-
frequency acoustic modes. This gives rise to another 
nonlinear effect, SBS (as described earlier), which is usu-
ally observed in long silica fibers. SBS manifests itself as 
a megahertz-width gain resonance at a downshifted fre-
quency (typically 7–11 GHz) from an optical pump. Har-
nessing this nonlinear phenomena in centimeter-scale 
optical waveguides (instead of several kilometers of opti-
cal fibers) has led to miniaturization of key MWP func-
tionalities, including tunable delay lines [122], tunable 
RF phase shifters [123], and high-performance bandpass 
filters [124]. The most important outcome based on SBS 
in chalcogenide, however, has been high-quality tunable 
bandstop filters with ultrahigh suppression [79]. Such 
filters exhibit a bandstop suppression of 55 dB, a qual-
ity factor of 375 at 30 GHz, and 2,900% fractional tuning 
range [Figure 14(c)]. 

Concluding Remarks: Outlook and Vision
The field of IMWP is now one of the most active and 
exciting areas within MWP, as evidenced by the grow-
ing number of papers being published. The motivation 
for this development of IMWP is the number of growing 
and emerging applications of MWP technology in gen-
eral; this includes, e.g., the developments in ROF for 5G. 

For the field of IMWP to eventually flourish and 
find widespread application, an ecosystem similar to 
that of MMIC technology will be required, in which 
foundry-level fabrication and modeling, along with 
computer-aided design (CAD) testing, measurement, 
and packaging all go hand in hand. The major challenge 
here is the presence of both microwave and photonic 
devices and signals within the same chip or subsystem. 
Looking at commercial CAD packages, e.g., we see very 
sophisticated microwave simulators, and the same will 
be required for photonics. However, a unified microwave 
photonic CAD package with comprehensive microwave 
and photonic models does not really exist, except in the 
sense of using the concept of cosimulation between exist-
ing microwave and photonic CAD programs.

In principle, microwave photonic measurements are 
at a somewhat more advanced stage, both for digital and 
analog cases. Although an accepted universal definition 
of scattering parameters has yet to be standardized for 

IMWP, there are well-established techniques for mea-
surements such as small-signal modulation response 
of modulators and photodiodes, for example [125]. In 
addition, optical fiber probing of wafers is a routine 
operation; hence, we see the characterization part of the 
equation as being well developed.

One of the disadvantages of integrated photonics 
in general compared with integrated electronics is that 
the latter has the flexibility afforded by the transistor, a 
device that can be used to design a multitude of different 
circuits and functions. In contrast, no such “universal” 
device exists in photonics, although there has been inter-
esting work done recently on homogeneous integration 
of transistors and lasers [126], [127]. The recent proposal 
for a “microwave photonic transistor” [128] (which, in 
essence, is an analog signal processing engine as out-
lined in Figure  4) may well act as a spur for focused 
development of IMWP applications.

Comparing MMIC technology with IMWP, the for-
mer is simpler in the sense that it allows for planar 
(or multilevel) integration on a single material (such 
as GaAs, InP, and RF-CMOS), while the latter must 

Figure 14. (a) The schematic of a 16 # 1 optical 
beamforming chip. (b) The mask layout. (c) The photograph 
of a processed wafer. (d) The packaged chip with electrical 
connections and fiber pigtailing. (Figure adapted from [113] 
courtesy of the Optical Society.) 
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accommodate different functions, such as optical cou-
pling and RF inputs/outputs, and the optimal material 
for various photonic functions (lasing, modulation, 
photodetection) differs from device to device. The 
holy grail of IMWP would be a material system that 
supports monolithic integration of active and passive 
microwave components as well as active and passive 
photonic components while simultaneously achieving 
high performance with respect to the various require-
ments placed on the components. For the moment, 
such a technology is elusive.

Integration platforms, whether they be monolithic 
or hybrid, have many varieties. This creates challenges, 
but there has been some convergence, at least for SiPh, 
in that a standard platform is imminent and soon SiPh 
will become almost a commodity. In this respect, SiPh 
is regarded as the best “compromise” candidate in that 
it builds upon the vast infrastructure in regular silicon 
electronics. However, it is only in recent years that we 
have seen the emergence of the foundry concept in SiPh; 
hence, there is still some way to go before we see the 
emergence of an IMWP foundry with all the associated 
features, such as element libraries and design and test 
methodologies.

A major challenge with SiPh is that the waveguides 
cannot support much optical power, so this technology 
will only be suitable for certain applications, or at least 
for some parts of MWP systems. In addition, in many 
application cases, the optimal solution may be provided 
by hybrid electronics–photonics integration, merging 
MMICs and IMWP circuits in a single package, similar 
to the architecture of optical communication transceiv-
ers. Possibly, IMWP systems could benefit from a simi-
lar approach, such as that being pursued for high-speed 
active optical cables, with the limitation that silicon pho-
tonics and CMOS electronics used in interconnects will 
probably not be the best solution for MWP, and a differ-
ent platform could be the optimal one. For MWP, higher 
on-chip optical power would be required for some appli-
cations, so small silicon waveguides may not work. 

Despite the ongoing technical challenges and the lack 
of convergence toward a single integrative approach that 
would cover all required passive and active functional-
ities, the field of IMWP is expected to continue its rapid 
development, including the investigation of relatively 
new material systems such as chalcogenide and gra-
phene; the latter, in particular, is receiving much atten-
tion worldwide due to its unique properties, including 
low-cost fabrication, high-frequency electronics prop-
erties (due to high carrier mobility), and an inherent 
2-D nature that lends itself to quantum confinement. A 
number of modulators have been reported, although, for 
the moment, the bandwidths have been limited to a few 
gigahertz [129]; much of the activity with graphene is 
currently focused on the terahertz region and includes 
demonstrations of such functions as switching, amplifi-
cation, and phase shifting [130].
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