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Executive Summary

Photonics and Radio Frequency (RF) are two key communication technologies, usually associated to wired and
wireless transmission media respectively due to the low transmission losses at their respective frequency range.
Current wired links use optical fibers which exhibit transmission losses as low as 0.2 dB/km at 1500 nm
wavelength (193 THz). Wireless links are dominated by RF-domain microwave frequencies (3 GHz — 30 GHz)
with atmospheric attenuation below 0.1 dB/km. As RF engineers have moved up into higher frequency bands, the
complementarity between the two technologies has been used to advantageously combine the best of both worlds
to deliver RF systems with unmatched performance, especially regarding bandwidth, with the ultimate objective
of achieving the wired-wireless convergence [1]. This combination has led to the development of the RF
Photonics field, widely known as Microwave Photonics (MWP) although its scope of RF frequencies has
expanded beyond the microwave range into the millimeter-wave (mmW, 30 GHz — 300 GHz) and Terahertz
(THz, 300 GHz — 10 THz) regions of the spectrum. The historical difficulty to deliver systems operating within
these bands has coined the term ‘Terahertz gap’.

Its initial key advantage was the low propagation loss in optical fiber links to distribute microwave signals without
the losses of coaxial cables. From this simple application, the field emerged enabling RF signals to be generated,
distributed, processed, and analyzed using advantages of photonic technologies to provide functions that are very
complex or even impossible to carry out directly in the RF domain [2]. More recently, with the RF fronthaul of
mobile networks moving into the millimeter-wave (30 to 300 GHz) and Terahertz (300 GHz to 3 THz) ranges [3],
the two technologies are being brought closer, enabling the RF photonics field to reach into a broader range of
applications, including sensing, instrumentation, imaging, and spectroscopy, all of which are keys to addressing
societal challenges. RF photonic technology recently is even being considered and demonstrated to do sensing in
the optical domain. Examples are FMCW LiDAR and optical sensors that have RF outputs (e.g., photoacoustic
sensors, optical-fiber sensors). Moreover, optical wireless communication (aka LiFi), as complementary
communication solution to RF connectivity through WiFi at several GHz bands (2,4 GHz — 5 GHz), is being
explored by companies such as PureLiFi, amongst others, for short range indoor and even for long range satellite
communication applications. RF photonics is also finding applications in aerospace, as described in IPRS-I
Aerospace chapter.

Current RF photonic systems are based on discrete components linked through optical fiber, which limits energy-
efficiency, flexibility and scalability, and, as a result, high volume application. These limitations can be addressed
through wafer-based photonic integration technology, developing these systems using photonic integrated circuits
(PICs). The added benefits of using integration technology are amongst reduced costs: (a) reduced Size, Weight,
and Power consumption (SWaP), (b) Improved performance, (c) Reduced number of optical and/or electrical
interfaces, and (d) Realization of new functionalities.

Introduction

RF Photonics (also generally known as Microwave Photonics, MWP) is an inter-disciplinary field that bridges
photonics together with RF engineering. It aims to apply photonic solutions to RF applications in order to achieve
superior performance in terms of bandwidth, insertion loss, dynamic range, size, weight, efficiency, and power, and
of course, eventually achieved at lower cost and scalable volumes.

MWP serves as an enabling technology in a wide variety of applications such as high-speed wireless communication
networks, radar systems and sensors. The implementation of RF photonics technology is paramount for meeting the
communication demands of future systems. These systems are requiring more data throughput, larger operating
bandwidths, higher operating frequencies, better sensitivity, and better image processing with higher resolution.
These requirements must be achieved at a lower cost and reduced size, weight, and power consumption. Radar
systems and sensors benefit from the low frequency-dependent loss and low dispersion offered by MWP. The low
loss of fiber optic cables makes possible distributed sensors that can be located far apart from each other and that
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can even be operated in a coherent manner. The low dispersion makes possible wideband steering of RF beams
and multi-band operation of sensor systems.

Thanks to the availability of telecom-based high-frequency components such as lasers, modulators and photodiodes,
photonics have spearheaded the access to the higher bands of the RF frequency spectrum. Currently there are several
photonic techniques for the generation of Continuous-Wave (CW) signals, with frequencies ranging from the
microwave to the Terahertz regions of the spectrum. Photonics also can accomplish frequency translation: up-
conversion from a lower RF frequency to a higher RF frequency and down-conversion from a higher RF frequency
to a lower RF frequency. Photonic techniques are superior to conventional electronic ones with respect to the range
of frequencies that can be addressed (broadband devices), especially for frequency tunable generators and up/down
converters. Moreover, optical signals for producing the millimeter/terahertz-wave signals can be distributed over
long distances via fiber optic cables.

Furthermore, RF photonics technology is used to perform signal processing functions in the optical domain that
facilitate and complement the additional signal processing done with RF electronics. These functions include
frequency-selective filtering and cancellation, spectral shaping, power limiting, sampling, frequency up/down
conversion, and waveform matching.

Integrated Microwave/Millimeter-wave Photonics (IMWP) seeks to address the limitations of current MWP
systems, which are based on separately packaged photonic components connected through optical fibers, by using
photonic integrated circuits that comprise multiple photonic components interconnected by on-chip optical
waveguides. This leads to significant reduction in cost, power consumption and fiber connection failures all of
which help with industrial implementation in higher volume. IMWP is still at its infancy and a considerable body
of knowledge, technical and scientific road mapping and interactions between industry and academia need to be
developed during the next years [4].

Situational (Infrastructure) analysis

The major functions of RF photonics systems include photonic generation, processing, control and distribution of
radio frequency signals. In general, there are two main types of MWP systems. On one hand, the MWP
transmitter, photonic techniques can up-convert an electronic data signal into the RF domain, generating the
modulated RF carrier frequency in the optical domain. On the other, the MWP receiver, photonic techniques can
down-convert the modulated RF carrier to an Intermediate-Frequency (IF) or to a baseband (BB) electronic signal.

The general structure of a RF photonic transmitter system includes the building blocks shown in Figure 1, such as:

e Optical signal generator, usually based on infrared lasers emitting at 1500 nm, producing continuous-wave
single wavelength laser light or short optical pulses at a defined repetition rate. This is a crucial difference
establishing two types of MWP systems, frequency-domain or time-domain.

e An optical modulator, which performs the Electrical-to-Optical (E/O) conversion used to bring the high-
speed data signals into the optical domain,

e Optical amplification, used to compensate for the insertion losses (signal propagation losses) of the optical
functional building blocks, which can be placed at any point in the optical path

o Optical signal processing unit, which can perform an added functionality (RF up/down conversion, optical
filtering, optical delay, optical beam forming ...) in the optical domain, and

e An Optical-to-Electrical (O/E) converter, to generate the RF signals in the electrical domain, followed by
an electrical RF amplifier and an antenna element to radiate the RF.

It is worth noting that the different optical building blocks shown in Figure 1 (signal generator, modulator, amplifier
and signal processing and O/E converter) can either be realized through discrete components which are fiber-
connected or be integrated monolithically as a photonic integrated circuit (PIC). Where the optical fiber might be
located in this block diagram is not a straightforward matter. Deciding which building blocks are best integrated
together and which blocks are required to be separated by optical fiber depends not only on fabrication technology,
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but also on the constraints of the target application. For example, in the application scenario of a remote antenna
radio head of a mobile wireless fronthaul, it only makes sense to integrate the O/E converter, RF amplifier and
antenna since these three blocks need to be located at the remote antenna site away from the rest of building blocks
to which are connected by an optical fiber. However, for other applications such as millimeter-wave radar, all four
blocks might be part of the same photonic integrated circuit chip or module.

The other MWP system is the RF photonic receiver. Figure 2 shows two configurations of a RF photonic receiver.
One configuration is based on a high-speed photo-mixer coupled to a photonic local oscillator for optoelectronic
down-conversion of THz data signals to an intermediate frequency band that is easily accessible by conventional
electronics. By tuning the frequency of the photonic local oscillator, the receiver can cover a wide range of carrier
frequencies. The most common detector has been photoconductive antenna devices [5], although photodiodes have
also been reported operating as a photonic downconverter [6][7]. Photoconductive devices are fabricated on Low
Temperature GaAs (LT-GaAs), and more recently on InP and iron (Fe) doped InGaAs, not all of which are easily
integrated. Novel types of O/E converters, such as the plasmonic internal-photoemission detectors (PIPEDs)[8], are
currently being developed to enable RF Photonic transmitter and receiver integration on a silicon photonic platform.
The other configuration of a RF photonic receiver, also shown in Figure 2, has blocks that are similar to those in a
RF photonic transmitter.

The important figures of merit for the MWP systems are link gain, noise figure and phase noise, input/output
intercept points, spurious free dynamic range (SFDR), and output power. These metrics show the impact of losses,
noise, and nonlinearities [2]. The relative importance of these metrics and the specific values that are desired for
the metrics depend on the application. For example, a Radio-over Fiber (RoF) link that carries digital or PAM-4
signals modulated on a RF carrier would have a different requirement for the SFDR than a radar link. A link for
generation of a millimeter-wave signal for transmission from an antenna may have a strong requirement on the
saturation power but not necessarily on the SFDR.
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Figure 1 Schematic of the building blocks of a RF Photonic transmitter. EOM: electro-optic modulator, EAM: electro-absorption
modulator, EDFA: Erbium-doped fiber amplifier, SOA: semiconductor optical amplifier, LNA: low-noise amplifier, PA: power
amplifier.
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Figure 2 Schematic of the building blocks of a RF Photonic receiver based on: (a) Photomixer detector, and (b) RF-to-Optical
direct detection. LNA: low-noise amplifier, IF: intermediate frequency, EOM: electro-optic modulator, EAM: electro-absorption
modulator, EDFA: Erbium-doped fiber amplifier, SOA: semiconductor optical amplifier.

OPTICAL SIGNAL GENERATION

The optical signal generator building block is where the RF photonic approach presents two key advantages over
all-electronics approaches, namely (i) the bandwidth, (ii) the maximum reachable RF frequency and (iii) the wide
frequency tuning range. Currently, there are a number of different photonic-based RF signal generation

techniques, which as shown in Figure 3, can be organized in two main categories: optical heterodyne and pulsed.

Optical heterodyne technique

Optical heterodyne is a Continuous-Wave (CW) RF signal generation technique based on mixing two optical
wavelengths A; and A2 on a photo-mixer (photodiode or photoconductor), generating an electrical output signal at
the difference frequency of the optical wavelengths, foear = c|h - A2f/(M A2). There are different solutions for
generating the two optical wavelengths. The most straightforward method combines the light output from two
different single-frequency semiconductor lasers as shown in Fig. 4(a). It is the simplest and also the most cost-
effective technique, which does not require electrical devices operating at high frequencies. While its main
advantages are the maximum achievable RF frequency and the broad frequency tuning range, the frequency stability
is generally poor if the two lasers are free-running, generating a wide electrical beat-note linewidth with a large
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Figure 3 Schematic diagram of different photonic-based RF signal generation techniques. OFC: optical frequency comb, fo:
fundamental frequency from electronic RF synthesizer, nfo: nt-harmonic of electronic RF synthesizer frequency.
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Figure 4 Photonic optical heterodyne signal generation system: (a) key building blocks, including two single-wavelength
lasers, at least one being wavelength tunable, an optical combiner (coupler) and a photodiode (PD), (b) realization by
integration of two DFB lasers and optical combiner [10], (b) fully monolithic MWP transmitter with two DFB lasers, MMI
combiner [12], (c) hybrid InP/Polymer integration of two DFB and optical combiner [15], and (c) silicon/Ill-V heterogeneous
MWP transmitter [14].

frequency drift (> 10 MHz/h). Phase locking schemes (optical injection locking, optical phase locked loop [9]) have
been commonly used to lock the two optical wavelengths in phase, increasing the RF signal stability.

Photonic integration has been a key technology for improving the stability of optical heterodyne sources through
two main aspects [10]: a) The two laser sources being on the same chip allows them to share the same Peltier cooler
experiencing the same environmental fluctuations, and b) The distances become shorter, which helps to improve
the efficiency of delay sensitive electronic Optical Phase-Locked-Loop (OPLL) [11]. Indium-Phosphide (InP)
monolithic integration of two DFB lasers has been demonstrated, as shown in Fig. 4(b), thereby reducing the
linewidth below 300 kHz for cavity lengths of 2500-um and achieving RF beat note linewidths below 1-MHz for
frequencies ranging from 2.5 GHz to 20 GHz [10]. With this approach, a fully integrated millimeter-wave
transmitter on InP was demonstrated, shown in Fig. 4(c), which includes two DFB lasers, 2x2 Multimode
Interference (MMI) couplers, Semiconductor Optical Amplifiers (SOASs), Electro-Absorption Modulators (EAM)
and Uni-Travelling Carrier Photodiodes (UTC-PD) [12]. The wavelength tuning range of each DBF laser was about
1.5 nm (~ 188 GHz) and the optical linewidth was greater than 1 MHz. The advantage of the integrated approach
was demonstrated when the frequency tuning range was extended above 2 THz by integrating a four DFB laser
array combining standard optical element building blocks (BB) from an InP photonic integration foundry platform
[13]. Currently, hybrid integration technology has also been considered for integrating optical heterodyne
generators. A photonic microwave generator on a heterogeneous silicon-InP platform was demonstrated, with lasers
that tune over 42 nm and having less than 150 kHz linewidth, generating RF signals from 1 to 112 GHz [14].
Terahertz signal generation at 330 GHz was demonstrated using an InP/Polymer hybrid integrated optical
heterodyne source, including two Distributed Bragg Reflector (DBR) lasers and a Y -junction optical combiner [15].
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These lasers, with a wavelength tuning range of 50 nm and optical linewidth of 2.8 MHz, were injection locked to
an Optical Frequency Comb (OFC) to generate a 330 GHz beat note signal with 12 kHz linewidth. As shown in
Fig. 5 (reproduced from [16]), hybrid and heterogeneous integration technologies are enabling a route to reducing
the optical linewidth of integrated lasers, which is crucial for high quality optical heterodyne techniques. Linewidths
of individual lasers down to few hundred Hertz have been demonstrated. The key point is now how to reduce the
relative variations between the two lasers.

An alternative solution for improving the stability of the optical heterodyne technique is to use a different method
to achieve a dual wavelength signal for optical heterodyning based on external modulation [17]. This technique
makes use of a Continuous-Wave (CW) laser followed by a Mach-Zehnder Modulator (MZM), as shown
schematically in Fig. 3. With this approach, the phase noise of the generated signal depends directly on the phase
noise of the RF generator providing the modulation signal driving the MZM. By selecting the modulator bias point
and modulator structure, double-sideband suppressed carrier (DSB-SC) modulation is achieved, generating two
optical wavelengths at twice the RF synthesizer frequency, thereby doubling the frequency of the CW synthesizer.
Higher multiplication factors can be achieved by taking advantage of the inherent nonlinearity of the optical
modulator response to generate high-order optical sidebands. Quadrupling of the CW synthesizer has been reported.
To date, all of these demonstrations have been based on commercially available discrete components.

External modulation provides the best optical heterodyne RF signal quality, with the two optical wavelengths
being referenced to the same CW RF synthesizer. However, higher frequencies can only be achieved with
increasingly complex structures to obtain higher multiplication factors. An alternative for achieving higher
frequencies with the high signal quality of external modulation is to use an optical frequency comb generator
(OFCG) followed by an optical filter. The OFCG is an optical source producing a large number of optical
wavelengths which have a fixed frequency spacing between them, with the key characteristic being that the
wavelengths of the spectral comb are phase locked. The optical filter, which selects two of these wavelengths with
the desired spacing, can be implemented as an arrayed waveguide grating (AWGS) or other tunable optical filter
that selects any two wavelengths of the OFC. The combination of two modes from the OFCG at a photodetector
generates an optical heterodyned signal whose frequency is equal to the frequency spacing of the two selected
optical modes of the comb. Although there is a growing number of OFCG implementations, the most common to
date is using a single-mode laser and optical amplitude and/or phase modulators which generate multiple optical
sidebands around the optical carrier frequency, with a frequency spacing defined by the RF frequency driving the
modulator. With this approach, using either an optical or an electrical tunable filter at the system output, a
reconfigurable RF signal generator can be realized, whose output carrier frequency is an integer multiple of the RF
frequency driving the modulator. However, phase noise performance of such a solution depends on the
multiplication factor M, with respect to the fundamental driving RF frequency, i.e., the obtained phase noise power
spectral density is equal to M? times the phase noise of the employed driving RF signal, similar to any nonlinear
electronic frequency multiplier. Currently it is becoming more common to obtain optical combs produced by non-
linear optical methods such as the Kerr combs resulting from four wave mixing in micro-ring resonators. Micro-
integration technology has been used to generate a comb of frequencies across 50 nm of the optical spectrum which
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Figure 5 Linewidth of widely tunable integrated lasers versus time. Monolithic is IlI-V-integration, hybrid is individual 11I-V
dies bonded, soldered or butt-coupled to another substrate material, and heterogeneous larger pieces of the llI-V gain
material are bonded to silicon. SG-DBR: Sampled grating distributed bragg reflector, DFB: distributed feedback, SiN: silicon-
nitride, SOI: silicon-on-insulator.(from [16])
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allows locking of a semiconductor laser to any comb line. Thus, the optical comb can be used as a reference for
locking several tunable semiconductor lasers [58].

Pulsed technique

Mode locked laser diodes (MLLDs) have been regarded as promising candidates for signal sources in photonic
radar systems, wireless data transmission, and frequency comb spectroscopy. They have the advantages of small
size, low cost, high reliability, and low power consumption, thanks to semiconductor technology [18]. As shown in
Figure 6(a), MLLD structures have gain sections, biased with a direct current to achieve round trip unity gain in
the steady state, and a number of reverse bias saturable absorber sections, which lock the optical modes in-phase so
that the light is emitted in the form of optical pulses. Mode-locked optical pulses are generated from the complex
dynamics between the gain and absorber sections that phase-lock the longitudinal modes of the cavity [19]. The
gain section is usually a semiconductor optical amplifier (SOA), while the saturable absorber (SA) is an isolated
short active section that is reverse biased. These sections are located within a laser cavity, defined by two mirrors,
and the repetition rate of the optical pulse train is defined by the length of the laser cavity and the number of pulses
circulating within the cavity. The Fourier transform of this pulse signal are RF tones at the fundamental frequency
and its harmonics associated with the pulse repetition rate. Unwanted RF tones can easily be filtered out. One of
the advantages of pulse signal generation is that it has been demonstrated to produce 7 dB higher radiated emitted
power than heterodyning schemes [20]. The drawback is that since the repetition rate defined by a physical
dimension of the device, the cavity length, the frequency tuning range is rather poor. Key parameters for optical
signal generation application are the pulse duration, the achievable repetition rate and its tuning range as well as its
stability.

The stability of a mode-locked laser, attributable to coupled spontaneous emission and carrier density noise,
is conventionally quantified through timing jitter and amplitude noise. These magnitudes depend heavily on the
mode-locked operating regime, which can either be passive or hybrid. Passive mode locking requires DC electrical
bias to obtain the optical pulsed signal output, operating as an optical oscillator. The freedom from a need for RF
input signals is a key advantage of the passive regime, however at the expense of signal stability [19]. The stability
can be addressed by changing to a hybrid mode locking regime, in which the reverse-bias voltage is combined with
a continuous wave (CW) signal at the fundamental frequency. It has been observed that the stability is inherited
from the electronic source. The type of gain material used in the laser affects the phase noise, with quantum-dot
being better than quantum well, and quantum-well being better than bulk material [21].

There are two widely used material platforms for producing integrated mode-locked lasers [22]. The most mature
is the monolithic indium phosphide (InP) active-passive integration platform, which allows for combining various
components such as semiconductor optical amplifiers, passive waveguides, on-chip mirrors, tunable distributed
Bragg reflector gratings and phase shifters on the same chip with which to develop an integrated mode-locked
structure [23]. The second is the more recently emerged heterogeneous silicon/IlI-V platform, which uses silicon-
on-insulator (SOI) to provide passive devices and bonded 111-V materials (typically grown on InP substrates) to
provide the laser amplifier [24].

A crucial factor is how to define the laser cavity length, which defines the pulse train repetition rate. A common
approach is to define the cavity through cleaved facet mirrors as shown in Figure 6(b), which have two major
drawbacks: (a) It prevents on-chip integration since the optical pulses exit from the facets of the chip, and (b)
cleaving tolerance introduces cavity length uncertainty, which result in repetition rates variations from one device
to another. Currently, different approaches have been demonstrated to integrate mode-locked laser diodes on-chip
that benefit from the advantages of semiconductor manufacturing technology. One solution is to use ring resonators
structures as shown in Figure 6(c) for InP and Figure 6(d) for silicon/Ill-V, offering lithographic control of the
cavity length [25]. However, ring structures support two counterpropagating fields that bring complex interactions
between them. Methods to suppress one of the propagation directions can either incorporate S-shaped structures
[26] or introduce asymmetries [27] since the relative positioning of the amplifier and absorber in a monolithically
integrated ring laser can be used to control the balance of power between counterpropagating fields in the mode-
locked state. Another approach uses a cleaved facet on one end of the cavity and a distributed Bragg reflector (DBR)
on the other end [28]. This technique has recently been improved, demonstrating mode-locking when a surface-
etched grating is used [29], for a simpler fabrication process. Recently, a new approach to achieve on-chip laser
sources has been demonstrated, defining the optical resonator by multimode interference reflectors (MIRs), which
requires only a deep etch fabrication step [30]. Using this new approach, on-chip colliding pulse mode-locked laser
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diode structures have been reported which avoids the cavity length uncertainty of monolithic structures that use
cleaved facets. In addition, the saturable absorber, can be located at either %2 Lcav (at the center of the cavity) [31]
or at ¥4 Lcav (at one quarter of the total cavity length)[32], which increases the pulse repetition rate to two and four
times the fundamental repetition rate respectively. Optical frequency combs with spacings reaching into the
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millimeter-wave range (100 GHz) have been demonstrated through MLLD with 25 GHz fundamental repetition
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Figure 7 (a) Key building blocks of photonic pulse signal generation system, including a mode-locked laser diode (MLLD) and
a photodiode (PD), (b) monolithic InP quantum well laser diode [10], (c) monolithic InP active/passive photonic integrated
extended cavity ring-type mode-locked laser diode and (d) Ill-V-on-silicon photonic integrated extended cavity ring-type mode-
locked laser diode (partly from [22]).
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Figure 6 Photonic integrated mode locked lasers: (a) with SA at center of cavity (% Lcav), and (b) with SA at quarter length of
cavity length (¥4 Lcav).

4 i . 108
10 o - O Fabry-Perot mirror
=~ O  Fabry—Perot mirror | | O Integrated mirror
1 © Integrated mirror | .
" Integrated waveguide
3] Integrated waveguide | | —~10% R
103+ ; i 10 O Fully integrated
i O Fully integrated i £ ully integrate )
S [ X Fully integrated on Si | | x X Fully integrated on Si
= [ N~ { £ o o
E 102* -g 10 o _©
o} t ®
t =
g [ i =
a
x 10} ! 3 x
3 t i o
o B
i &
0L 4
10 ; o
o
10" ' -
10° 10 10? 10° 10°
Frequency (GHz) Frequency (GHz)
() (b)

Figure 8 Key parameters from mode-locked laser reported in literature using different integration approaches: (a) Peak power,
and (b) RF linewidth. Fabry—Perot mirror: cleaved flat facets and single active amplifier waveguide, Integrated mirror: only an
active waveguide with one or both mirrors on the chip, Integrated waveguide: has active and passive waveguides integrated
on the chip, but flat facet mirrors, Fully integrated: structure includes both on-chip mirrors and integrated active and passive
waveguides (from [24])
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For radar and radio communication applications, in addition to the generation of high-frequency RF tones with the
help of photonic technologies, generation of actual radar pulses or analog radio communication signals at the desired
RF carrier frequency can be achieved through the methods of photonic RF up- conversion and down-conversion
[33]-[36]. An example consists of the use of a mode-locked laser (MLL). The laser output is modulated by a MZM
driven by one or multiple IF signals placed at different IF frequencies. By suitably selecting the desired beating
terms after photodetection, one can obtain up-conversion of each initial IF band to a desired carrier RF. Similarly,
at the same transceiver, photonic down-conversion of a received RF signal can be achieved, as detailed in Figure
9. This solution guarantees phase coherence among transmitted and received signals and among multiple RF-bands,
which constitutes a key feature for coherent MIMO radar processing [37]. Indeed, coherent fusion of multiple radar
detections from multiple radar sensors in a coherent centralized radar network architecture represents the most
straightforward way to improve radar system performance in terms of cross-range resolution and the identification
and classification capabilities. These features are now required, for example in the automotive field and in maritime
traffic monitoring [37][38]. Such phase coherence among all signals involved in a radar network can be easily
guaranteed by the use of photonics in both cases of employing a coherent optical spectral comb (e.g. a MLL) for
photonic up- (and down)-conversion and when delivering radar signals in the RF domain, through Radio-over-Fiber
(RoF) links to/from remote radar heads, as demonstrated in [37].
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Figure 9. (left) Scheme of principle of the multi-band photonic transceiver based on photonic up/down-conversion
through the use of a MLL. (right) (A) Optical spectrum of the MLL. (B) Electrical spectrum of the modulating signal. (C)
Optical spectrum after the MZM. (D) Electrical spectrum at the output of the PD. (E) Electrical spectrum after the filter
bank. (F) Electrical spectrum of the echo signal at the receiver ADC.

Opto-Electronic Oscillator

An alternative photonics-based method for generating RF signals uses an optoelectronic oscillator (OEQO) to
generate a tunable carrier frequency whose phase noise performance is not dependent on the value of that generated
frequency. The generic schematic of an OEO is shown in Figure 10. The employed optoelectronic modulator can
be either a phase modulator or an intensity modulator depending on the particular implementation. The employed
optical filter may act as a single or spectrally periodic bandpass filter, a spectral phase discontinuity or a notch filter,
depending on the particular implementation. A tunable optical filter is used to achieve a tunable output frequency.
The electrical loop may include specific amplifiers and/or filters, and the filter could be tunable. The electrical loop
may include specific amplifiers and/or filters, and the filter could be tunable. The interesting aspects of all types of
OEO:s is that the phase noise performance of the obtained RF signal depends primarily on the phase noise of the
employed CW laser source and the performance (mainly selectivity, Q-factor, thermal/mechanical stability, out-of-
band rejection) of the employed optical filter. Given that the output RF carrier frequency is given by the spectral
spacing between the CW laser mode and the optical filter center frequency (or free spectral range, in case of periodic
filter), this means the phase noise performance can be independent of how high the generated carrier frequency. In
addition, such a solution does not require a separate CW RF source to drive the modulator. Several implemented
OEO:s reveals excellent phase noise performance (in terms of dBc/Hz) for high offset frequencies, especially for
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optical paths that have long, low-loss fiber or high-Q resonators for long storage times [39][40]. Compact integrated
photonic OEOs have now been demonstrated [41]. For small frequency offsets (below 1-10 KHz), the phase noise
power spectral density typically is determined by the phase noise of the electronic amplifier in the electrical loop.
The phase noise at small frequency offsets can be reduced by using optical amplification in the optical loop instead
of electronic amplification[42]. Furthermore, in this regime of low-frequency dynamics, PLL or post-processing
techniques might be employed for mitigating the issue.

Phase/Intensity (Tunable)
CW Laser Modulation Optical Filter Photomixer

Electrical Loop

Figure 10. Schematic of an OEO.

RF SIGNAL MODULATION TECHNOLOGIES

Optical modulators are the devices that encode the RF signal into the optical domain. As noted in [43], this is a key
step in MWP systems, often determining the system performance, including bandwidth, system loss, linearity, and
dynamic range. Thus, optical modulators play a very important role in MWP applications.

The simplest way to achieve optical modulation is by directly modulating the laser source. This generates an
intensity modulated signal. While this scheme is attractive due to its simplicity (it only requires switching the laser
on and off) the maximum modulation bandwidth is normally limited to 20-30 GHz since the modulation speed is
limited by the relaxation oscillation of the laser. Although bandwidth as high as 55 GHz has been achieved with
novel frequency-selective reflectors [44], this inherent limitation hinders the application of direct laser modulation
to millimeter-wave and sub-THz photonic applications. Furthermore, due to the inherent coupling between the real
and imaginary parts of the refractive index in semiconductors, direct modulation of lasers involves phase
modulation of the signal. This results in the output signal being broadened in frequency (this effect is known as
chirp) preventing its application in MWP applications where the optical signal must travel a long distance until it
reaches the E/O converter (such as in radio-over-fiber) due to chromatic dispersion degradation.

The alternative method for modulation is using an external modulator. Since external modulators are electrically
decoupled from the laser, their microwave design can be optimized independently from the laser in order to
maximize speed. This allows external modulators to reach speeds much faster than that achieved with directly
modulated lasers. The most popular external intensity modulators (1IM) are the electro-absorption modulator (EAM)
and the electro-optic Mach-Zehnder modulator (MZM). In the EAM, the applied voltage controls the absorption
coefficient of the modulator's material, so that increasing voltages reduce the optical loss. On the other hand, in the
MZM — which is formed by two parallel phase modulators forming an interferometer — the applied voltage varies
the optical path difference between the two arms the interferometer. The MZM, thus, produces constructive
interference when the phase of the light from these two paths are equal and destructive interference when those
phases have a difference of one-half wavelength.

EAMs with bandwidths as high as 100 GHz have been demonstrated. However, due to their absorptive nature,
EAMs present higher insertion losses than MZMs. This may render unacceptable link gain values and, thus, can
affect the choice between MZM and EAM. Also, with EAMs, as with directly modulated lasers, the output signal
is chirped, restricting their use to short-range MWP applications. MZMs, on the other hand, can be designed to have
zero chirp, making them the preferred choice in medium and long-range MWP applications. Besides intensity
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modulation, MWP applications also use phase modulators and complex modulators (also referred to as triple MZM),
which are formed by two MZM in parallel nested inside a third modulator as shown in Figure 11. Complex
modulators are used to generate single sideband signals (SSB) for example.

RF input

RF itjput Phase control

5

Complex modulator
Figure 11. Different types of modulators commonly used in MWP applications: the phase modulator, a MZM (consisting of
two parallel modulators), and a complex modulator (consisting of two parallel MZM nested inside a third MZM).

RF input

Phase modulator : :

MZM

Table 1 Selected modulators on different integration platforms

Type MZM EAM
. NA Silicon-on-  Thin-film LN - .
Integration platform (bulk LN) insulator (on silicon) POH (on silicon) InP InP GeSi
Bandwidth (GHz) 30 32 100 > 500 80 100 > 50
Driving voltage (V); ) ) ) } ) . )
DC extinction ratio (dB) 6; 22 7,25 4.4;30 3.4;25 15,525 2;>15 2;42
Optical loss (dB) 35 6.8 <05 13.6 2 3 4.4
Footprint (mm) 60 45 5 0.025 3.6 0.18 0.08
Reference [45] [46] [47] [48] [49] [50] [51]

Table 1 shows a comparison of state-of-the-art MZM and EAMs in different integration platforms. As a reference
we have also included a commercial modulator based on bulk (i.e., not suitable for integration) Lithium Niobate
(LN). Both thin-film LN and plasmonic-organic hybrid (POH) MZMs have been proposed to push the modulation
limits of integrated silicon modulators. Ultra-high speed data transmissions of up to 320 Gbit/s have been reported
using thin-film LN modulators. On the other hand, POH modulators have demonstrated an unrivalled electro-optic
bandwidth, with experiments showing no roll-off for frequencies up to 500 GHz. In POH modulators, however, a
pending issue is optical losses, which remain high. Monolithic InP MZM modulators have also show very good
performance, allowing modulation speeds of up to 80 GHz with low driving voltages. Monolithic EAMs with good
performance have also been reported in InP and Si integrated photonics.

PHOTONIC RF SIGNAL PROCESSING TECHNOLOGIES
Photonic filtering

Microwave photonic filters are a photonic equivalent to RF filters, performing the same function in the optical
domain as the microwave filter would do to an RF signal. The processing in the optical domain, however, brings
the photonic-enabled advantages (i.e., low loss, high bandwidth, immunity to electromagnetic interference) and also
enables reconfigurability of the filter functionality. Photonic filters have experienced a performance boost in the
last two decades thanks to photonic integration, which is not only reducing the size, weight, and power consumption
of optical filters but also improving their performance through an enhanced stability and the enabling of more-
complex filter structures with reduced losses. While very high levels of functionality have been reported from
photonic integrated filters in the recent years, it is vital that photonic techniques for RF filtering also match their
electronic counterparts in the performance metrics highlighted in the introduction (i.e., link gain, noise figure and
spurious-free dynamic range (SFDR)). The laser intensity noise, the modulator V. and the optical filter insertion
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loss greatly affect these metrics[43]. A recent review of integrated photonic filters and their comparison with respect
to RF filters, in terms of these metrics and their functionality, was published in [52].

In terms of functionality, the development of material platforms with very low loss such as Silicon Nitride (SisN4)
(waveguide loss < 0.1 dB/cm) has paved the way towards the realization of ultra-high Q resonators. These resonators
have been used to achieve filter cavities with MHz-level passbands widths [53]. Apart from SizN4, other material
platforms based on silicon substrates, such as silica and SOI, have been used to realize high-Q filters. A SOI
distributed feedback resonator with a bandwidth of 2 GHz and a stopband of 1.2 THz was reported in [54]. In [55],
a silica ring resonator with a Q factor exceeding 1 billion (10-GHz FSR and 220-kHz resonance width) was
demonstrated.

Optical filters have also exploited the double sideband spectra generated after optical modulation. Depending on
the type of modulator used before the filter (i.e., phase, MZM or complex modulator) and whether the processing
is carried out in one or the two optical sidebands, different schemes have been reported (see Figure 12). Using a
SisNg4 ring resonator and two-symmetric-sideband processing, a resolution of 150 MHz and a link gain of 8 dB
(highest link gain reported from an integrated photonic filter) was achieved [56]. Nonlinear effects have also been
used in both SisN4 and silica resonators to generate microcombs based on the Kerr effect. These combs have enabled
the development of multi-wavelength transversal filters with a large number of taps. In [57], a SizsNs-based Kerr
microcomb was used to build a transverse filter with 21 taps, achieving a passband with a full width half maximum
(FWHM) of 1.1 GHz. In [58], 80 comb lines generated with a SOI ring were used to produce a filter with a filter
passband bandwidth of 533 MHz. Recently, another nonlinear effect, stimulated Brillouin scattering (SBS), has
been used in chalcogenide waveguides (which can be integrated with silicon) to achieve spectral resolutions down
to 30 MHz [59].
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Figure 12 Various types of MWP filters based on RF-Interference (Adapted from [2])

While most of the photonic integrated circuits are currently designed for a specific application, a new approach is
being developed to introduce integrated optical programmable processors [63]. The objective is to achieve a
photonic equivalent to field programmable arrays (FPGAS). Such optical processors are built with a mesh of on-
chip waveguides, tunable beam couplers and optical phase shifters that allows the processor to be programmed for
a wide variety of functions (see Figure 13).
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Figure 13 Re-programmable photonic integrated circuit (From [63]).

Optical beamforming networks

Optical beamforming networks (OBFNSs) for steering and shaping RF electromagnetic waves through phased array
antennas (PAAS) can be based either on optical phase shifters or true-time delay (TTD) elements. The use of phase
shifters is simpler, but it is affected by the so-called squint effect, where different frequency components of the
signal undergo different delays, distorting the beam shape or introducing a chromatic dispersion on the steering
angle of the PAA radiation diagram. This issue eventually limits the maximum RF signal bandwidth. Phase shifters,
however, offer easy tuneability, with dynamic response of tens of microseconds — in the case of thermal phase
shifters — or up to the GHz-range, in case of fast doped pn-junctions. Integrated optical TTDs can be achieved
through micro-ring resonators (MRRs). MRR-based TTDs allow a higher maximum RF signal bandwidth for a
given amount of tolerable squint. The low loss of SisN4 has allowed the fabrication of such TTDs networks that
have a high number of channels and flat group delays over large bandwidths. This last feature is rather challenging
to achieve in the RF domain, where beam formers are typically implemented using tunable phase shifters, which
are intrinsically narrowband.

Photonic RF-spectrum monitoring

The precise detection and monitoring of the frequency spectrum of microwave signals are essential tasks for a broad
range of applications, including telecommunications, radar, biomedical instrumentation, radio astronomy, etc.
Current RF technologies suffer from a limited capability to provide agile (e.g., real-time) measurements over a large
operation bandwidth in energy-efficient and compact (e.g., integrated) formats. These specifications are however
increasingly desired in the above-mentioned application fields, particularly for platforms that require chip-scale
integration and/or low weight and size, such as those involving satellites and drones. IMWP offers a promising path
for realization of advanced real-time RF detection and analysis methods with broad tunability and high accuracy in
integrated semiconductor technologies [64]. Towards this aim, solutions are being investigated that include (i)
photonic implementation of broadband/multiband scanning RF receivers [65], [66]; (ii) devices for ultrarapid
characterization of the full spectral content of RF signals, e.g., through optics-assisted frequency-to-time mapping
[67], [68]; and (iii) photonic-based instantaneous frequency measurement systems [69], [70]. Work to date has
demonstrated the unique potential of IMWP solutions to achieve the desired high performance, e.g., covering
operation bandwidths in the tens-of-GHz range and above, with compact footprints. There are remaining important
challenges to be addressed towards practical applications of these MWP solutions. These include the need to achieve
significant improvements in some of the central specifications provided by these devices, such as concerning their
frequency resolution and/or reliability, or the realization of crucial components not yet available in compact
integrated formats, such as highly dispersive components for on-chip real-time RF spectral analysis. Research is
also under steady progress to understand the potential of the MWP approach, and to optimize the resulting MWP
system designs, to reach the needed performance in terms of important parameters, such as sensitivity and dynamic
range under different noise conditions, and according to the specific requirements of the target applications.
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Photonic Down-conversion

Apart from optical filtering, photonics can also be used for RF down-conversion. The device used for this is referred
to as photo-mixer or photodetector. The typical configuration of a photonically-assisted RF receiver using this
device is shown in Figure 14. Photo-mixers are also used in O/E conversion, however, when they are used for RF
down-conversion they have a twofold function: first, they provide the RF local oscillator (LO) (by mixing the two
input optical signals) and second, perform the mixing of the RF LO with the incoming RF signal. By tuning the
relative frequency of the two lasers driving the photo-mixer, this receiver can cover a wide range of carrier
frequencies. The most common detector has been photoconductor devices [5], but photodiodes have also been used
as a photonic down-converter [6][7]. Photoconductive devices are fabricated on Low Temperature GaAs (LT-
GaAs), and more recently on InP and iron (Fe) doped InGaAs, not all of which are easily integrated. Novel types
of photoconductors based on plasmonic effects [8], are currently being developed to enable RF Photonic transmitter
and receiver integration on silicon.

Antenna Optical LO
(dual-A source)

{

RF/IF IF signal
converter

RF . 1F
Pre-amplifier Photomixer Amplifier

Figure 14 Photonically-assisted RF recevier.

PHOTOMIXER TECHNOLOGIES

O/E conversion is used in MWP transmitters to generate the RF signal and is used in MWP receivers to translate
waveforms from the optical domain to the RF domain, typically as baseband or intermediate frequency (IF)
waveforms, that can be processed further by electronic analog and digital circuits. Optoelectronic converters (also
referred to as photodetectors) work as square law detectors where the generated photocurrent has a frequency equal
to the difference between the input optical frequencies.

The most widely optoelectronic converter used in MWP applications is the p-i-n photodiode (PIN-PD), which is
formed by an intrinsic absorption layer sandwiched between positively (p-type) and negatively (n-type) doped
semiconductor layers. The most common PIN-PDs suitable for monolithic integration are based either in Ge-on-Si
or in InP and lattice-matched I11-V semiconductors (such as InGaAs). Both platforms can produce PIN-PD with
good responsivity (~ 1 A/W), low dark currents (few nA), and relatively large bandwidth (> 30 GHz). State-of the-
art, monolithically integrated Ge-on-Si and InP PIN-PDs can achieve bandwidths over 80 GHz [71][72]. For certain
MWP applications, maximum RF power is also a key requirement. In PIN-PDs, however, there is a strong trade-
off between RF power and bandwidth.

To exceed the limitations associated with PIN-PDs, the uni-travelling carrier photodiode (UTC-PD) was proposed.
The main advantage of UTC-PDs compared to PIN-PDs is that only electrons contribute to the generated current.
Since electrons have much higher drift velocities than holes, the transient time is reduced, allowing for a bandwidth
increase. Furthermore, UTC-PDs offer reduced space-charge effects and, as a result, saturation occurs at higher
levels of photocurrent relative to PIN-PDs. UTCs-PDs based on InP/InGaAs have led the way towards sub-THz
MWP applications, showing unprecedented values of bandwidth and saturation power in photodiodes. A power
above 100 pW was reported at a frequency of 264 GHz with a single discrete UTC-PD. Combining the output of
two UTCs with a coplanar waveguide, a power up to 1 mW was obtained at a frequency of 300 GHz [73]. An
alternative way of increasing the power from these devices is through spatial power combination with an array of
antennas. This method has the advantage of not only summing the power of each element but also providing
directional gain by concentrating the power in the transmission direction. Planar antennas integrated with UTC-PDs
are attractive because large two-dimensional arrays with large number of antenna elements can be fabricated. As an
example, in [74],a 4 x 1 UTC-PD-antenna array showing a directional gain of 6 dB at a frequency of 300 GHz was
reported.
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The epi-layer structure of an InP-based UTC-PD is very different from the structure of a laser or EA modulator.
Thus, it is challenging to integrate the UTC-PD with other active components based on InP. However, the authors
of [75] were able to fabricate a UTC-PD with techniques compatible with active-passive integration and which
exhibited a -3-dB bandwidth of 170 GHz [75]. With this photodiode structure, a monolithically integrated tunable
heterodyne source designed for the generation and modulation of mm-wave signals was demonstrated. The chip
(shown in Fig. 4 (c)) included a pair of distributed feedback lasers, semiconductor optical amplifier amplifiers,
passive waveguides, beam combiners, electro-optic modulators, and high-speed photodetectors on an InP-based
platform. Millimeter wave generation at up to 105 GHz based on heterodyning the two optical wavelengths from
the two integrated lasers has been achieved [12].

Recently, an intense research effort has been placed on another type of optoelectronic converter: the plasmonic
photoconductor. Most of the demonstrations have focused on CMOS-compatible materials due to the prospects of
achieving ultra-high speeds photodetection on this cost-effective technology platform. In Error! Reference source n
ot found., a silicon plasmonic photoconductor was reported with a bandwidth of 40 GHz and responsivity of 0.12
A/W. More recently, a plasmonic photoconductor based on Ge and with a frequency response of 100 GHz was
published [77]. However, the dark current of the Ge-on-Si photodetectors has been higher than the dark current of
the InGaAs/InP photodetectors.

Table 2 Comparison of photodetectors

Type PIN-PD PNPD O e oupy. YT photoconductr
Integration platform Ge-on-Si InGaAs/InP NA InGaAs/InP Ge-on-Si
Bandwidth (GHz) 120 80 100 (around 264 GHz) 170 > 100
Responsivity (A/W) 0.8 0.55 0.27 0.27 0.38
Dark current (nA) 4x10% (-1 V) 5@3V) - - ~18x10% (10 V)
Output power (dBm) - - -8.7 (264 GHz) -9 (200 GHz) -
Reference [71] [72] [73] [75] [77]

INTEGRATION ISSUES

Currently, the fabrication of photonic integrated circuits (PICs) is being shifted to a generic integration model.
Within this model, photonic integration foundries fabricate PICs using Multi-Project Wafer (MPW) runs, where
periodic productions are run over the year, with fixed tape-out dates in which several customers share the
manufacturing costs of a whole wafer and thus reduce the prototype price. The fabrication process is fixed by the
foundry, providing the platform Process Design Kit (PDK) which contains a library of devices for which the
performance is known and optimized. Usually, every foundry specializes on one of the different photonic integration
material substrates, being four main material platforms each one having its own advantages and disadvantages:
Silica [78], Indium Phosphide (InP) [79], Silicon-On-Insulator (SOI) [80] and Silicon Nitride (SixNy) [81].

Itis a challenge to optimize the diversity of active and passive components that are required for a given MWP
system using monolithic integration technology. A broad range of components may be required in a MWP system,
including Distributed Feedback (DFB) lasers, Electro-Absorption Modulators (EAMSs), Electro-optic Modulators
(EOMs), Semiconductor Optical Amplifiers (SOA), Multimode Interference (MMI) couplers, waveguide time-
delay paths, MicroRing-Resonators (MRR) and High-Speed Photodiodes (HS-PD). Thus, it is of utmost
importance to identify which photonic components should be integrated together, based on the constraints of
the intended application.

The reason for the variety of platforms is clear from the data shown in Table 3, from which is evident that there is
no single platform that excels to host all the required functionalities. In fact, we observe that InP and SiN are
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complementary, offering superior performance for active and for passive components, respectively. SOI enables
compatibility with silicon electronics and more importantly, extremely fast plasmonic/organic modulators with 300-
500 GHz bandwidth [83]. However, for the higher frequencies and also for the greater linearity needed for RF
photonics, other materials may be more suitable than silicon. Thus, integration with silicon may not necessarily be
that important for RF photonics that addresses millimeter-wave and sub-THz applications. Other substrates for high
frequency is Polymer, a key material enabling optical micro-integration and which presents a low dielectric constant
(2.4) compared to InP (12.4) and Si (11.9).

Table 3: Performance comparison between four photonic integration platform technologies [82]

Building Block InP SiP SiN Polymer Performance
Passive components [ X [ X eoo oo eee Very good
Polarisation components o0 o0 (X 1) ee Good
Lasers eoo H H H ) Modest
Phase modulators oo P ° °

Electro-Absorption modulators (YY) ') Fabrication technology
Switches (LX) (X ° (LX) H  Hybrid
Optical Amplifiers eoo H H H P Plasmonic
Detectors (YY) H H H

Optical Isolators H

RF and Microwave circuits ° ° ° eoeo

Substrate cost ($/cm2) 4.55 0.2

Maximum size (mm) 150 450
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Roadmap of Quantified Key Attribute Needs

Table X. Roadmap of | [unit] | 2020 2025 2030 2035 2040
Quantified Key

Attribute Needs

Attribute 1

Modulator E/O

transduction efficiency

Laser relative intensity
noise

Laser linewidth (and
phase noise)

Laser output power

Laser power-conversion
(wall-plug) efficiency

Optical amplifier
spontaneous  emission
noise

Photodetector (or

photomixer)
responsivity

Optical waveguide
propagation loss
Optical waveguide

minimum bend radius

Optical-fiber-interface
coupling loss

Temperature
dependence of device
performance

Type of attributes B
Attribute 2

Critical (Infrastructure) Issues

Some important infrastructure issues include:
e Continued availability of I11-V epitaxial materials,
o  Wider availability of facilities that perform epitaxial regrowth.

o Wider availability of wafers that involve heterogeneous integration, such as 111-V on silicon nitride on silicon, lithium
niobate on insulator, or I11-V on SOI.
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e Facilities for semi-custom combined optical, RF and thermal
connectorized modules.

Technology Needs

PRIORITIZED RESEARCH NEEDS (AFTER 2025)

packaging of integrated photonic chips into

Table 1. Prioritized Research milestones (> 2025)

Relative priority

the other photonic components

Source

Uniform-intensity frequency combs with selectable lines and each | Critical
line has Hz-level fundamental linewidth

Uniform-intensity frequency combs with high phase correlation | Critical
between lines

High output power with high wall-plug efficiency Critical
Investigation of quantum dot as gain medium for improved thermal | Desirable
stability, response and energy consumption

Modulator

Heterogeneous integration of silicon photonic materials (silicon, | Critical
silicon nitride or silica) with materials that have a large EO
coefficient, low optical loss and are compatible with high-temperature
fabrication processes (such as 111-V materials or lithium niobate).

Development of low-V,, low-loss, >100 GHz modulators that are | Desirable
compatible with Si-photonic integration

Optical signal processing unit

Ultra-high resolution integrated and programmable filters with low | Critical
loss (< 10 dB)

Generic RF photonic pulse shaper with tens-of-MHz tailorable| Critical
resolutions

Generic-FPGA like RF photonic processor with low loss and low | Desirable
noise

Deep Learning-RF photonic processor Desirable
Broadly-tunable and highly-performing integrated RF photonic | Critical
transceivers for spectral processing

O/E converter

Increasing the output power up to 10 dBm at frequencies beyond 300 | Desirable
GHz.

Optical routing

Non-magnetic waveguide optical isolator / circulator integrated with | Critical
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PRIORITIZED DEVELOPMENT & IMPLEMENTATION NEEDS (BEFORE OR DURING 2025)

Table 2. Prioritized Development & Implementation milestones
(£2025)

Relative priority

Source

Ultra-narrow linewidth lasers with very-high central wavelength| Critical
stability (maybe hybrid or Brillouin based)

Low-RIN (<-170 dB/Hz) and high-power lasers that can be integrated | Critical
High wall-plug efficiency (> 50%) and Critical
High output power (> 1 Watt) supported by efficient heat-removal | Desirable
mechanisms

Integrated optical isolator to maintain ultra-narrow linewidth lasers | Critical
safe from back reflections

Modulator

Low V. (< 0.5 V) & high bandwidth (> 50 GHz) electro-optic| Critical
modulators that can be large-scale integrated

Modulators with linearity comparable to the linearity of their|Critical
electronic driver amplifiers

Optical Signal Processing Unit

Development of high Q (exceeding 100 million) and ultra-low loss | Critical
devices to increase spectral resolution of photonic filters

Low-loss (>0.05 dB/cm), long on-chip delay lines Critical
Development of on-chip highly dispersive components Critical
O/E converter

Integration of ultrafast PD to PIC (heterogeneous integration of Critical
UTC-PD or PIN-PD & development of fast response GeSi PD)

Development of high-responsivity O/E converters with high|Critical
saturation power

Waveguide coupled photodetector (O/E converter) that has both 100 | Critical
GHz bandwidth and > 0.7 A/W responsivity.

Optical routing

Ultra-low loss waveguiding circuits with small footprint Critical
Compact waveguide switch with switching voltage of < 1 volt, prefer| Critical
a latching switch that consumes zero stand-by power.

Waveguide optical isolator / circulator Critical

Gaps and Showstoppers

The power consumption of the end-to-end microwave photonic solution must be comparable to or less than the
power consumption of an electronic solution. Thus, parameters such as modulator Vpi and laser wall-plug
efficiency are critical. Digital electronics may become MWP major contender in the future as analog-to-digital
converters are getting better and the performance of electronic low-noise, wideband, high-linearity amplifiers is
improving. Thus, the linearity and Vpi of the optical modulator is critical.
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Since an integrated laser (and optical amplifier) generates so much heat, it is critical that this heat does not change
the performance of the other photonic components, many of which depend on the effective refractive index of the
waveguided optical modes and the resulting optical phase shifts. Having material with less temperature dependence
or having effective ways to thermally isolate the heat generators from the temperature sensitive components is
critical.

Electronic integrated circuits can be tested with on-wafer probes prior to being diced into chips. A microwave
photonic circuit likewise could have on-wafer probe pads for the RF connections. But we also need on-wafer optical
probing interfaces, such as low-loss grating couplers, to the optical waveguide circuit.

Recommendations on Potential Alternative Technologies

For a RF photonic system that is coupled to an antenna, an electronic low-noise amplifier could be used to connect
the antenna to the optical modulators. In this case, it still is beneficial for the optical modulator to have sufficiently
high modulation efficiency and low RF drive voltage so that a lower-power electronic amplifier can be used. This
can result in lower overall power consumption for the system, especially the power consumption at the antenna unit.
Similarly, an electronic high-power amplifier could be used to connect a photo-mixer to the antenna. The output
power produced by the photo-mixer is preferably at a level for which the electronic amplifier can operate at its
optimal power-added efficiency. In these cases, it is desirable to balance between the power and gain produced by
the laser and/or by the optical amplifiers and the power and gain produced by the electronic amplifiers, so that the
overall power consumption is minimized.
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