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ABSTRACT

Broadband electro-optic intensity modulators are essential to convert electrical signals to the optical domain. The growing interest in terahertz
wireless applications demands modulators with frequency responses to the sub-terahertz range, high power handling, and very low nonlinear
distortions, simultaneously. However, a modulator with all those characteristics has not been demonstrated to date. Here, we experimentally
demonstrate that plasmonic modulators do not trade-off any performance parameter, featuring—at the same time—a short length of tens
of micrometers, record-high flat frequency response beyond 500 GHz, high power handling, and high linearity, and we use them to create
a sub-terahertz radio-over-fiber analog optical link. These devices have the potential to become a new tool in the general field of microwave
photonics, making the sub-terahertz range accessible to, e.g., 5G wireless communications, antenna remoting, Internet of Things, sensing,
and more.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5086868

I. INTRODUCTION

Microwave photonic applications in the terahertz range are
recently attracting a growing interest due to the need to find
solutions for next-generation (5G) wireless communication sys-
tems capable of unprecedented data rates. Over the last few years,
in fact, we have seen an explosive growth of wireless data traf-
fic, driven by widespread adoption of high-bandwidth services on
mobile devices.1 To enable the expected transmission rates of tens or
even hundreds of Gb/s, carrier frequencies in the unallocated regions
of the electromagnetic spectrum above 300 GHz are being consid-
ered1–5 [Fig. 1(a)]. In fact, transmission rates in the widely used
microwave bands are restricted by the limited allocated spectra—
which typically amount to a few 100 MHz. Wider spectral bands
have been opened up at millimeter-wave frequencies in the 60 GHz
and the 70–95 GHz range; however, the contiguous bandwidth avail-
able in these bands is less than 9 GHz, which is still insufficient

to support wireless data transmission at the desired speeds of
hundreds of Gb/s without employing very high spectral efficiency
modulation formats in the order of 512-QAM, which may be
difficult to realize at several Gbaud symbol rates without dras-
tically reducing link length.1 As a consequence, higher carrier
frequencies must be looked into, in particular, at currently unallo-
cated regions of the spectrum above 300 GHz. To some, the tera-
hertz band (300 GHz–10 THz) is considered as the “next frontier”
to meet the future data target thanks to an extremely large band-
width available.5 However, important challenges appear when enter-
ing this spectral region, which require different system architecture
compared to omnidirectional wireless transmission. First, free space
path loss increases as the square of the frequency and must be com-
pensated using directional transmitters such as high-gain steerable
phased arrays; on the other hand, atmospheric absorption due to
water vapor becomes a problem. Nonetheless, several spectral win-
dows between 200 and 450 GHz with reduced absorption exist.
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FIG. 1. (a) A THz wireless communication scenario. (b) At the remote antenna unit (RAU), THz wireless signals are received by an antenna and converted to the optical
domain to be transported over a radio-over-fiber analog link. A modulator with sub-THz bandwidth, high linearity, and high-power handling is needed to encode the THz signal
onto an optical carrier with high fidelity. Inset: (b1) micrograph of a plasmonic Mach-Zehnder modulator with a plasmonic phase modulator in each arm; (b2) image of the
120 nm-wide, 20 µm-long phase modulator slot waveguide (background image: edited from https://pixabay.com/).

Since each of these windows offers several tens of gigahertz band-
width, they are suitable for wireless links with ultra-high capacity for
distances in the order of 100 m.1

Terahertz signals above 300 GHz can be generated and detected
either using all-electronic devices6,7 or via photonic techniques.4,5,8,9

Since the backbone of the internet is composed by very high-capacity
fiber optic cables, the photonic approach has the ultimate advan-
tage to allow seamless integration with the existing fiber networks.4

This, however, requires optical-to-terahertz and terahertz-to-optical
converters with bandwidth well above 300 GHz, high power han-
dling and high linearity. While uni-traveling-carrier photodiodes
(UTC-PD) are an established solution for optical-to-terahertz con-
version,5 including integration with sub-terahertz waveguides,10

efficient terahertz-to-optical conversion is still a challenge for the
radio-over-fiber community11–13 as it requires modulators with
electro-optic bandwidth well above 300 GHz, high power handling
and very high linearity,14 which have not been demonstrated to
date in any single device. In addition, besides terahertz commu-
nications, such modulators would potentially enable many more
applications to reach the terahertz frequency range, such as high-
speed airborne millimeter-wave photonic relays,15 agile millimeter-
wave communication using photonic frequency conversion,16 sig-
nal distribution for millimeter-wave satellite instrumentation,17

photonic signal processing of radio signals18 or millimeter-wave
radar.19,20

Current modulators optimized for analog applications are
mostly based on lithium niobate,21 gallium arsenide,22 indium phos-
phide23 and, more recently, silicon.24 Those devices have shown
good performance in terms of linearity and power handling;
however, commercial solutions require large millimeter- or even
centimeter-scale traveling wave structures for broadband perfor-
mance and are limited to speeds below 110 GHz. Very recently,
impressive progress has been made in lithium niobate modula-
tors. Weigel et al. have shown modulators25 with a 3-dB band-
width beyond 106 GHz, realized by oxide-bonding a thin-film of
LiNbO3 to a foundry-fabricated silicon photonic circuit. Mercante
et al. successfully demonstrated a thin film crystal ion sliced (CIS)
LiNbO3 phase modulator.26 By precise index matching between the

co-propagating optical and RF modes, they were able to extract a
measurable electro-optical response up to 500 GHz, with ameasured
DC half-wave voltage of 3.8 V cm−1. Wang et al. have shown an inte-
grated lithium niobate-on-insulator (LNOI) Mach–Zehnder optical
modulator27 with a 3-dB bandwidth of 40 GHz, a length of the order
of 20 mm, a device loss of only 0.5 dB, and an ultra-low RF half-
wave voltage of 1.4 V. The same authors also reported a version with
100 GHz bandwidth and a VπL of 2.2 V cm. All these devices show
very strong potential for microwave photonic systems and next-
generation optical communication networks.28 Over the last four
years, a novel class of modulators, known as plasmonic modulators,
has been introduced and demonstrated ultracompact footprints29

(10 s µm2), ultralow power consumption (2.8 fJ/bit at 100 GBd),30

and flat frequency responses up to 170 GHz31 and 325 GHz.32

Interestingly, in most recent structures, reasonably low loss were
reported [2.5 dB in-chip losses for a ring modulator29 and 8 dB for
a Mach-Zehnder modulator (MZM)33]. Very recently, plasmonics
has shown the ability to detect terahertz pulses using bow-tie shaped
structures.34 However, while all of these results are of highest inter-
est, a modulator simultaneously displaying sub-terahertz frequency
responses, high power handling, and high linearity has not yet been
shown.

Here, we experimentally demonstrate plasmonic Mach-
Zehnder modulators (MZMs) with a flat frequency response up to
500 GHz. The modulators are below 25 µm in length and display
high linearity, with a third-order input intercept point (IIP3) of
18.9 dBm, in line with those of high-performance commercial mod-
ulators optimized for analog applications. In two-tone tests, they
also display operation at high RF power level, up to 21.4 dBm
(∼138 mW) per tone (24.4 dBm in total, 276 mW), only limited by
the power of the available RF amplifiers. We use them to demon-
strate an analog radio-over-fiber (RoF) link up to 325 GHz, with
>100 GHz bandwidth, only limited by our electrical measurement
equipment. This indicates that plasmonic modulators have a strong
potential not only for digital communications but they can also
handle the stringent requirements needed for high-performance
microwave photonics applications, communications, sensing, and
more.
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II. 500 GHz MACH-ZEHNDER MODULATOR

Plasmonic modulators are based on the concept of surface
plasmon polaritons (SPPs). SPPs are electromagnetic surface waves
propagating at dielectric-metal interfaces.35–37 For our modulators,
we resort to the plasmonic organic hybrid (POH) platform.38 A
plasmonic phase modulator is depicted Fig. 1(b2). It consists of
two metallic electrodes forming a metal-insulator-metal (MIM) slot
waveguide. The slot is filled with a nonlinear organic material39,40

whose refractive index changes linearly with the applied electric
field, according to the Pockels effect.41 A silicon strip waveguide
(450 nm-wide, 220 nm-thick) feeds light to the plasmonic slot
waveguide. A linear taper transforms the photonic mode in the
silicon nanowire to a SPP that propagates along the slot, where
its phase is modulated by the applied field and is then coupled
back to the photonic waveguide by an identical output taper. High
modulation indices are obtained thanks to the strong electrical
and optical field confinement in the slot and an excellent overlap
of the two fields. Thanks to the high modulation efficiency, the
plasmonic slot can be kept short and, in turn, optical losses are
reduced. A very important advantage of this kind of modulators
for microwave photonics (MWP) applications is their ultrabroad
electro-optical bandwidth due to the quasi-instantaneous nonlin-
ear effect and the extremely small RC time constant of the struc-
ture. In fact, the small slot height and length reduce its capaci-
tance to the femtofarad range, while the resistance is low (sub-1
Ω, neglecting the contact pads) thanks to the high conductivity
of the metal electrodes. This yields a theoretical cutoff frequency
in the terahertz range, according to theoretical predictions.42 This,
in turn, also enables operation in the millimeter-wave and sub-
terahertz range as desired forMWP applications. In order to support

high-frequency operation, the metallic electrical pads of the modu-
lator are designed to be as small as possible while still allowing to
electrically contact the device using the available probe, featuring a
50 µm pitch and a ground-signal-ground (GSG) configuration. Fur-
ther details on the electrical modeling of the modulator are available
in Ref. 43.

The device employed in the test is a POH-MZM,44 Fig. 1(b1),
composed by a silicon strip-waveguide interferometer with one
20 µm–long POH phase modulator in each arm [Fig. 1(b2)]. In this
implementation, each phase modulator is realized with a ∼120 nm-
wide slot waveguide filled with the organic electro-optic mate-
rial composite HD-BB-OH/YLD124.40 This type of composites has
shown electro-optic coefficients in POH devices reaching 325 pm/V
when operating close to the resonance wavelength.45 The phase
modulators are driven in push-pull using a ground-signal-ground
(GSG) electrical probe configuration. An extinction ratio of approx-
imately 25 dB has achieved, indicating an accurate amplitude bal-
ance in the two arms of the Mach-Zehnder interferometer. Cut-back
measurements show a loss for the unoptimized optical grating cou-
plers of approximately 5 dB/coupler. Each photonic-plasmonic con-
verter42 displays a loss of approximately 1.1 dB. This allows us to
estimate a loss in the plasmonic slot in the order of 0.5 dB/µm. The
photonic-plasmonic converter is designed46 as a linear taper hav-
ing a length of 1 µm and narrowing down the 450 nm-wide silicon
waveguide.

In the next step, we describe the experiments that have been
performed to assess the frequency response of the POH-MZM to
electrical signals from 75 MHz up to 500 GHz onto an optical
continuous-wave (CW) carrier. In the experiments, a CW laser
at 1547.5 nm with 0 dBm optical power was fed into the POH-
MZM. The frequency response to the electrical signals were then

FIG. 2. (a) Measured response of the POH-MZM output for input frequency from 75 MHz to 500 GHz. The figure displays the measured power of the optical modulation
sidebands, normalized to the electrical input power to the POH-MZM. The device features a flat response up to 500 GHz. [(b) and (c)] Second-order (IMD2) and third-order
(IMD3) intermodulation distortions for the POH-MZM (a) and a commercial GaAs modulator (b). The horizontal axis indicates the available RF power at the modulator input
generated by the source. The third-order input intercept point for the POH-MZM is at 18.9 dBm, very close to the 19.0 dBm obtained with a commercial high-performance
GaAs modulator with the same half-wave voltage.
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determined in two different setups that covered the frequency ranges
from 15 GHz to 70 GHz and 200 GHz to 500 GHz. Subsequently, the
optical spectrum of the intensity-modulated carrier at the modula-
tor output was measured using an optical spectrum analyzer (OSA).
The amplitude ratio between the fundamental and first side lobe in
the spectrum was then used to determine the relative response of
the electrical signal onto the optical signal.47 The frequency response
was then normalized with respect to the power of the electrical signal
driving the modulator.

The results of the frequency response measurements are
depicted in Fig. 2(a). The figure shows a flat frequency response
from 75 MHz to 500 GHz, compiled from the two different setups
as above. The response is flat with a ripple always below ±3 dB (the
origin of the ripple is discussed in the supplementary material). As
a consequence, we are not yet able to measure a bandwidth lim-
itation since the response never crosses the −3 dB line compared
to the low-frequency response. Additionally, we include (gray solid
lines) the measurements from 75 MHz to 15 GHz, from 70 GHz
to 95 GHz and from 115 GHz to 170 GHz, as reported by Hoess-
bacher et al.,31 who obtained themwith a similar POH-MZMdevice.
Both measurements have been normalized to their low frequency
value to show that this kind of modulators feature a flat frequency
response over the complete measurable spectral region and show
no signs of bandwidth limitation. Frequency ranges from 95 GHz
to 115 GHz and from 170 GHz to 200 GHz cannot be covered in our
laboratory.

Below 170 GHz, the test signal was generated by electrical
means, using a signal generator and appropriate frequency multipli-
ers. In the frequency range between 200 and 500 GHz, the test signal
was generated by optical means via optical heterodyning, using two
tunable laser sources and a UTC-PD to generate a terahertz signal at
the frequency difference between the two lasers. The UTC-PD dis-
plays a 3 dB bandwidth in the 270 GHz–370 GHz range; however,
it is still capable of generating signals down to 200 GHz and up to
about 500 GHz. Full details on the experimental setups and the pro-
cedure used to measure the modulator response are reported in the
supplementary material.

III. LINEARITY AND POWER HANDLING

In analog photonic applications, linearity is a crucial param-
eter as it directly affects the system spurious-free dynamic range
(SFDR).14,48 The SFDR is a figure of merit that indicates the real-
istic power range over which a given network is capable of oper-
ating in a linear regime without being limited by noise.14 For an
intensity modulator, linear operation indicates that the modulating
signal is transferred with high fidelity to the intensity of the light,
i.e., without introducing any spurious frequency components. Devi-
ations from the linear regime, e.g., generation of spurious tones, are
known as nonlinear distortions. Those are important since, once
generated, they normally can no longer be removed. In the follow-
ing, we report the experimental characterization of the nonlinear
distortions introduced by a POH-MZM. The results demonstrate
that the nonlinear distortions from this modulator are in line with
those of commercial Mach-Zehnder modulators optimized for ana-
log photonic applications. The most common way to probe these
nonlinear effects is the use of the method known as two-tone test.48

This method allows us to characterize the second- and third-order

intermodulation distortions (IMD2 and IMD3), which limit the
SFDR in suboctave and multioctave conditions, respectively.48

Importantly, however, the direct measurement of the SFDR value
does not allow us to immediately draw conclusions on the linear-
ity of the modulator alone because it includes the effects of noise
and loss terms in the link. Therefore, in order to analyze nonlin-
ear distortions originating from the modulator, we measure the
IMD2 and IMD3 terms, as suggested in the literature.48 Through
this test, we could experimentally compare the linearity of the POH-
MZM with the one of a commercial GaAs modulator optimized
for high-performance analog applications (U2Tmodel MZMO2120:
Vπ = 3 V, an electro optical response of 33 GHz at 3 dB, a typical
insertion loss of 5 dB, and a typical extinction ratio of 23 dB). The
results in Figs. 2(b) and 2(c) show that the third-order intermodu-
lation distortions from the POH-MZM are as low as those obtained
from the commercial modulator.

Experimental two-tone tests are performed on the POH-MZM
device with phase modulators having a slot length of 25 µm and a
width of approximately 65 nm. Tests were performed at a frequency
of 21 GHz ± 1 kHz (only limited by the available microwave com-
ponents and test equipment), when the modulator is operated in its
quadrature point, as discussed above, using a high power handling
photodiode (PD). The quadrature operating point is established by
measuring the DC half-wave voltage (conversion efficiency) of the
modulator. Tests show a Vπ of 3 V; the DC-Vπ characteristic is
reported in the supplementary material. The modulator is biased
in quadrature using a voltage source, fed to the modulator using
a bias-tee attached to the RF probe. The power at the PD input
was kept at least 5 dB below its maximum to ensure that distor-
tions originating from the PD are negligible. The power of the
input tones is swept between −13.3 dBm and −3.3 dBm (corre-
sponding to driving voltages ranging from 236 mV peak-to-peak
to 744 mV peak-to-peak on this load). The corresponding pow-
ers of the fundamental (f 1, f 2), IMD2 (f 1+f 2), and IMD3 (2f 1-f 2
and 2f 2-f 1) tones are measured with an electrical spectrum ana-
lyzer (ESA) and reported in Fig. 2, where the horizontal axis indi-
cates the available RF power at the modulator input generated by
the source. Details on the experimental setup are reported in the
supplementary material.

The intercept point of the extrapolation of the fundamental
and the IMD3 curve is known as third-order intercept point (IP3).
The input power corresponding to this value (3rd order input inter-
cept point, IIP3) amounts to 18.9 dBm. For comparison, we have
measured a commercial GaAs modulator [Vπ = 3.0 V at 20 Gb/s
pseudo-random bit sequence (PRBS)] using the same setup and the
same average optical power impinging on the PD. The measured
IIP3 in quadrature was 19.0 dBm. This result demonstrates that the
linearity distortions originating from third-order intermodulations
in POH-MZM are at least comparable to those obtained using com-
mercial high-integrity modulators optimized for both telecom and
radio-over-fiber applications.

Using current unoptimized grating couplers (∼5 dB loss each)
leads to a link gain in the order of −24 dB. This can be increased by
reducing the optical propagation losses and the fiber-chip coupling
losses, which could be improved, e.g., using more efficient grating
couplers or edge coupling. We expect that an RF gain improvement
of about 10 dB or more can be achieved by reducing coupling loss to
state-of-the-art values of approximately 2.5 dB per grating.
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Using the same setup, high RF power tests have also been per-
formed. We employed two high power RF amplifiers to feed two
signals simultaneously at 1 GHz. The modulator showed operation
without damage up to 21.4 dBm (∼138 mW, ∼12.8 V peak-to-peak)
of electrical input power for each tone—only limited by the power
of the available RF amplifiers. We believe that the favorable higher
power handling without any damage is due to the fact that—since
the modulators are very short—we operate them by capacitive load-
ing, where only little energy is dissipated in the capacitor itself.
Also, an efficient heat dissipation is provided by the high thermal
conductivity of the gold electrodes constituting the modulator slot.
Further tests have also shown that the modulator can handle high
optical input power. Nondestructive tests showed normal opera-
tion for on-chip optical input power up to at least 16 dBm. Taking
into account the grating coupler losses provided above, the optical
power impinging on the modulator input amounts to ∼11 dBm. To
put these values into context, we observe that analog photonic links
benefit of high optical powers because the link gain of intensity-
modulated links based on Mach-Zehnder modulators scales as the
square of the optical carrier power.14,48 Values in the range of
27 dBm have been used to achieve links with a record-high positive
link gain of 44 dB.49 At the same time, there is large consensus on
the fact that, for a successful and effective adoption of microwave
photonics solution in many real-life applications, a strong reduc-
tion in their size, weight, and power (SWaP) is required.28,50–54

Toward this aim, state-of-the-art work has successfully managed to

reduce the optical and RF power needed to implement microwave
photonics functions (e.g., filtering and instantaneous frequency
measurement) down to the 10–15 mW range.52,55 All this, while
at the same time providing much improved bandwidth, frequency
flexibility (e.g., ultra broadband frequency tuning) and resolu-
tion56 compared to all-electronic microwave systems. Other exam-
ples include low-power, fully programmable, on-chip RF-photonic
processors as those shown, e.g., by Zhuang et al.57 and Pérez
et al.58 Monolithically integrated demonstration of programmable
microwave filters (Fandiño et al.59) has also been reported, operat-
ing with RF input power below 5 dBm and optical powers below
−30 dBm. In most cases, those systems are designed for being
employed in front-end of wireless receiving systems, where sensi-
tivity is crucial and RF input power to the modulator is generally
limited to a few dBm at best.28,60 For these reasons, we believe that
the RF and optical power handling of our modulator is well in line
with the requirements for implementing next-generation integrated
microwave photonic systems.

It is important to note that the POH-MZM generally presents a
high reflection coefficient when connected to a 50 Ω transmission
line and source, as done in our experiments. While it may seem
counterintuitive, in practical applications, two important advantages
stem from such impedance mismatch. First, since the modulator
is based on Pockels effect, the desired refractive index variation in
the waveguide is linear with the voltage drop on the modulator
electrodes.41 In case of impedance mismatch, a standing wave is

FIG. 3. (a) RoF link scenario connecting a remote antenna
to a central office. (b) Experimental setup. (c) Measured link
gain of the analog radio-over-fiber link. The link operates
between 220 and 325 GHz, only limited by the available
electrical test equipment (background image: edited from
https://pixabay.com/).
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created that induces a higher voltage magnitude (up to a factor 2,
for a completely reflective load with an unitary reflection coefficient)
on the modulator electrodes when compared to the case of perfect
impedance matching.61 Therefore, a higher electro-optic effect may
be obtainedwith the same power available from the source (provided
that the source is protected from potentially detrimental effects of
those reflections). In addition, it is important to note that the high-
impedance characteristics may be a very strong advantage when, for
example, designing high-speed RF drivers for these modulators. In
fact, the final stage of the amplifier/driver only needs to drive a nearly
capacitive load, and this relaxes design constraints with respect to a
circuit that must drive a 50Ω load. Examples and further discussion
on this regard are available in Refs. 62 and 63.

IV. 325 GHz ANALOG RADIO-OVER-FIBER LINK

To further prove the capability of the modulator in Fig. 1, we
use it to implement an analog RoF link, as depicted in Fig. 3(a),
demonstrating direct terahertz-to-optical-to-terahertz conversion
over >100 GHz bandwidth (220–325 GHz range), only limited by
our electrical test equipment. The experiment shows that the link
has a flat response over the complete 220–325 GHz frequency range.
Figure 3(b) shows the setup, and Fig. 3(c) displays the broadband
RoF link transmission response, normalized to the UTC-PD respon-
sivity. As done for the modulator response test, sub-terahertz waves
are generated using UTC-PD 1, emulating an antenna source, and
are used to directly modulate an optical carrier using a POH-MZM
[Fig. 3(b)]. The modulated signal propagates through a radio-over-
fiber link. The received optical power is increased using a low-noise
erbium-doped fiber amplifier (EDFA). The millimeter-waves are
then detected with another UTC-PD and analyzed using an ESA
with a millimeter-wave extension module. Further details on the
setup and the calibration procedure are reported in the supplemen-
tary material. This experiment demonstrates the modulator capabil-
ity to perform direct terahertz-to-optical conversion and confirms
its flat response. Residual ±2.1 dB variations across the band are
attributed to ripples in the attenuator loss, which could not be tested
in our laboratory.

V. CONCLUSIONS

We have experimentally demonstrated Mach-Zehnder mod-
ulators simultaneously meeting all requirements for analog appli-
cations, i.e., high linearity, high power handling, and speeds
reaching 500 GHz. To our knowledge, we reported the fastest
Mach-Zehnder modulator to date. We also demonstrate a radio-
over-fiber link up to 325 GHz (>100 GHz bandwidth). These results
suggest that plasmonics has the potential for becoming a new tool
to the field of microwave photonics, enabling applications to reach
the sub-terahertz range, while preserving the high-performance
required in large-scale analog applications such as 5G wireless,
antenna remoting, Internet of Things, sensing, and more.

SUPPLEMENTARY MATERIAL

See supplementary material for details on the following aspects:
experimental setups employed to measure the frequency response of
the modulator (supplementary material, Sec. I); procedure used to
extract the modulator response, discussion on conversion efficiency

and techniques for reducing the half-wave voltage and loss in plas-
monic modulators (supplementary material, Sec. II); details on the
setup and procedure employed to measure the third-order inter-
modulation distortions via two-tone tests (supplementary material,
Sec. III); detailed description of the setup employed the radio-over-
fiber link experiment in the 220–325 GHz window (supplementary
material, Sec. IV), calculation of the radio-over-fiber link response
(supplementary material, Sec. V); details on device fabrication and
nonlinear material stability (supplementary material, Sec. VI).
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APPENDIX: ESTIMATION OF NOISE FIGURE
AND SPURIOUS-FREE DYNAMIC RANGE
OF THE 325 GHz ANALOG LINK

In this Appendix, we describe how we can quantitatively esti-
mate the noise figure (NF) and the spurious-free dynamic range of
the realized 325 GHz analog link depicted in Fig. 3(b).

We wish to clarify that the scope of this work is neither noise
reduction nor SFDR enhancement but linearity characterization of
the modulator. However, while the SFDR optimization is beyond the
scope of this specific work, for the sake of completeness, here we pro-
vide an estimation of the noise figure and of the SFDR values that we
can expect by performing calculations based on measurement data.
It is important to note that measuring the SFDR for the 325 GHz link
is not trivial as it would require two high-power 325 GHz sources in
order to measure nonlinear distortions (using the setup displayed in
Fig. S3), which are not available to us.

1. Analog optical links based
on Mach-Zehnder modulator

Amicrowave photonic link (MPL) or analog optical link (AOL)
consists of a modulation device, used for electrical-to-optical con-
version, which is connected via an optical fiber or optical waveg-
uide to a photodetector, where the optical-to-electrical conversion
occurs.14 MPLs can be effectively used to transport very high-
frequency electrical signals over large distances, leveraging the ultra-
low loss of optical fibers. While different modulation schemes and
techniques can be used in MPLs, the majority of links employed
today are based on intensity modulation and direct detection
(IMDD). Within this category, we can further divide links based
on directly modulated lasers (DMLs) or external modulation via
electro-optic modulators (EOMs). In our experiment, described in
Sec. IV, we employed an IMDD based on external modulation using
aMach-Zehnder modulator. A schematic of a generic MPL based on
external modulator is shown in Fig. 4(a). From an electrical perspec-
tive, an MPL is equivalent to a 2-port microwave network, as shown
in Fig. 4(b).
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FIG. 4. Analog optical link represented
as a 2-port microwave network.

The most important figures of merit of MPLs are the link gain

(g), noise figure (NF), nth-order input and output intercept points
(IIPn and OIPn), and spurious-free dynamic range (SFDR).

2. Link gain

The link gain of a MPL represents the RF-to-RF power signal
transfer and is defined as the ratio between the power dissipated on
the load and the power available from the source

g =
PL

PS
, (A1)

which, in the hypothesis of maximum power transfer, can be
expressed as64

g =
PL

PS
=

⟨I2L(t)⟩RL

⟨V2
S(t)⟩/4RS

, (A2)

where the acute brackets indicate a time average. The part of the load
current contributing to the link gain is only the time-varying part,
given by

IL(t) = 1

2
rPDPmod(t), (A3)

where rPD is the photodetector responsivity and Pmod(t) is the time-
varying component of the optical power on the photodetector. The
latter depends, among others, on the modulation scheme used. In
case of external modulation using a Mach-Zehnder modulator, the
total optical power on the photodetector can be written as

Pdet,MZM(t) = Pi

2L
(1 − cos[π( VB

Vπ,DC
+
VRF(t)
Vπ,RF

)]), (A4)

where Pi is the input optical power to the modulator, L is the optical
loss of the link, VB is the modulator bias voltage, VRF(t)=VS(t)/2 is
the modulating RF signal and Vπ,DC and Vπ,RF are the DC and the RF
half-wave voltages of the modulator, respectively. Note that L in the
above equation comprises two terms, the modulator insertion loss,

Lmod, and an excess loss, Lex (including fiber loss, connectors losses,
etc.), such that L = LmodLex.

In small signal regime, where VRF ≪ Vπ,RF, the argument of
the cosine can be expanded in a Taylor series as the sum of a DC
term, Pav,MZM, plus terms which have a linear, quadratic and cubic
dependence on the modulating signal VRF(t). For the link gain we
only consider the contribution of the linear component:

Pmod,MZM(t) = Pi

2Lmod

πVRF(t)
Vπ,RF

sinφB, φB ≐
πVB

Vπ,DC
, (A5)

where Lmod is the insertion loss of the modulator and 'B is the bias
angle. From the equations above, we obtain the expression of the link
gain in a MZM externally-modulated MWP link:

gMZM = (πrPDRPi sinφB

4LVπ,RF
)2, (A6)

where rPD is the photodetector responsivity, R is the source and load
resistance, Pi is the optical power from the laser, 'B is the bias angle,
L is the total optical loss of the link, and Vπ,RF is the RF half-wave
voltage of the modulator.

3. Noise figure

The noise figure (NF) of an MPL is defined as the noise factor
(F) represented in decibel. The noise factor, in turn, is defined as the
ratio between the signal-to-noise ratio at the input and the signal-to-
noise ratio at the output of the link. The NF of a photonic link can
then be written as14

NF = 10log10( Sin/Nin

Sout/Nout
), (A7)

where Sin and N in are the input signal and noise power, respectively,
and Sout and Nout are the output signal and noise power, respec-
tively, expressed in watts. Considering the input noise power as the
thermal noise N in = kTB (k is the Bolzmann constant, T is the ambi-
ent temperature, and B is the noise equivalent bandwidth) and that
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FIG. 5. Equivalent circuit model of a
noisy microwave photonic link.

the output signal Sout is simply the input signal power multiplied
by the link gain, Sout = g Sin, the noise figure of the link can be
rewritten as

NF = 10log10( PN

gkTB
), (A8)

where PN is the total noise power dissipated on the load. In a basic
externally modulated photonic link, composed by a Mach-Zehnder
modulator, a fiber link, and a photodetector, the total link noise
power is given by the sum of different noise terms. In particular, the
noise contributions are the thermal noise, the shot noise, the rela-
tive intensity noise (RIN) from the laser, and the thermal noise from
the photodetector. These terms can be represented as random pro-
cesses indicated by noise currents that add up to the photocurrent
originating from the photodetector. This can be represented by the
equivalent circuit in Fig. 5, where every noise source is represented
by a “noisy” current source.

In detail, ith,MOD is the thermal noise current from the modu-
lator, ith,RIN represents the relative intensity noise of the laser, ishot
models the shot noise, and ith,PD is the thermal noise current from
the photodetector. The total noise current flowing on the load is
therefore

iN(t) = 1

2
(ith,MOD(t) + ishot(t) + irin(t) + ith,PD(t)). (A9)

Based on this discussion, the total noise power dissipated on the load
can be written according to the following equation:14,64

PN = (1 + g)Pth + 1

4
Pshot +

1

4
Prin, (A10)

where Pth and g Pth (lumped together) are the thermal noise powers
originating from the modulator and from the photodetector, with
Pth = kTB; the term Prin is the relative intensity noise (RIN) from the
laser, given by

prin = 10
RIN
10 I

2
avBRL. (A11)

In this equation, RIN is the relative intensity noise power spectral
density in dB/Hz, Iav is the average photocurrent, B is the receiver
noise equivalent bandwidth, and RL is the load resistance. The term
Pshot is the shot noise power due to the random arrival of photons at
the photodetectors, expressed as

pshot = 2qrPDpavBRL, (A12)

where q is the electron charge and Pav is the average received optical
power. The 1/4 terms in Eq. (A10) originate from the lossy impedance
matching condition at the photodetector. In our experiment, how-
ever, we also employed an erbium-doped fiber amplifier (EDFA);
therefore, we need to add an additional noise contribution

pN = (1 + g)pth + 1

4
pshot +

1

4
prin,laser +

1

4
pEDFA. (A13)

From the definition of noise figure, the noise power from the EDFA
is calculated [http://literature.cdn.keysight.com/litweb/pdf/5952-
8255E.pdf, from Eqs. (A1)–(A6)] as

pEDFA = (FEDFA − 1)gEDFAkTB, (A14)

where FEDFA is the noise factor of the EDFA, that is, the noise figure
expressed in linear scale.

Now, considering the values of the parameters used in our
experimental setup (shown in Table I) and assuming the worst case
noise figure for the EDFA (4 dB) from Eqs. (A7)–(A10) above, we
calculated the individual noise terms and the total noise power. We
report them in Table II.

It appears from Table II that the dominant terms are the rel-
ative intensity noise from the laser and the noise generated by the
EDFA. At this point, from Eq. (A2), we can calculate the noise figure
of our link to be approximately 45.8 dB at 300 GHz. This value can
be further reduced by improving the fiber-to-chip coupling scheme
that, as mentioned in Sec. II, has not been optimized. With a fiber-
to-chip loss reduction from 5 dB to 2.5 dB, the overall noise figure of
the link improves from 45.8 dB to 40.3 dB and the link gain improves
from −24 dB to −14 dB.

4. Spurious-free dynamic range

Based on the noise power, we can now also estimate the
spurious-free dynamic range of the link. Very important to this
scope are the assumptions made on nonlinear distortions. We start
with the hypothesis that nonlinear distortions will stay approxi-
mately constant over frequency (as mentioned above, they could
not be measured over the range of frequencies where the link oper-
ates). In that case, we would observe an input intercept points
IP3 of 18.9 dB. This would result in SFDR3 in the order of
92.7 dB/Hz2/3 and an SFDR2 in the order of 94.9 dB/Hz1/2 (Fig. 6).
It is important to note that the SFDR2 can be largely improved by
accurately adjusting the bias point to exact quadrature. During the
tests, bias voltage was adjusted with a relatively rough resolution of
0.1 V.

TABLE I. Parameters employed in the analog photonic link experiment.

Parameter Value

Link gain −24 dB
Noise equivalent bandwidth 100 GHz
Relative intensity noise of the laser −155 dB/Hz
Photodetector responsivity 0.24 A/W
Noise figure of the EDFA <4 dB
EDFA gain 24.9 dB
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TABLE II. Evaluation of the noise contributions in the photonic link.

Noise Power (logarithmic Power (linear
term scale) (dBm/Hz) scale) (W)

Thermal noise
−197.7523 1.6779 × 10−12

(modulator, Pth,MZM)

Shot noise (Pshot) −163.3311 4.622 × 10−9

Relative intensity noise (Prin) −152.7666 5.2635 × 10−8

EDFA noise (PEDFA) −153.28 4.6767 × 10−8

Thermal noise
−173.9752 4.0039 × 10−10

(photodetector, Pth,PD)

Total noise power (PN) −149.8119 1.0443 × 10−7

It is very important to note that the assumption of keeping the
same IP3 is very conservative. In fact, the modulator used in the ana-
log link test has a higher Vπ,RF (6.7 V vs 3 V) and a lower loss than
the one used in the nonlinear distortion tests. In a Mach-Zehnder
modulator based analog optical link, the power of the IMD3 terms
reduces as the sixth power of Vπ,RF and as the second power of the
loss L, according to the equation14,64

PIMD3,MZM =
1

2048
( πVm

Vπ,RF
)6( rPDPi

L
sinφB)2RI. (A15)

Therefore, the level of IMD3 will largely decrease when increasing
the Vπ,RF, making its dynamic range increase rapidly. In our case,
evaluating the previous expression gives a reduction in IMD3 power
of 34.5 dB. This results in amuch improved SFDR3 of 105.2 dB/Hz2/3

and an IIP3 of 38.1 dBm, as shown in Fig. 7. A similar discussion can
be made for the power of the IMD2 terms, which follows the relation

PIMD2,MZM =
1

128
( πVm

Vπ,RF
)4( rPDPi

L
cosφB)2RL. (A16)

FIG. 6. Estimation of spurious-free dynamic range of the 325 GHz analog photonic
link.

FIG. 7. Estimation of spurious-free dynamic range of the 325 GHz analog pho-
tonic link, including the reduction IMD3 and IMD2 estimated on the basis of the
measured parameters of the modulator.

In this case, the IMD2 power reduces by 27.6 dB, and the SFDR2
increases to 109.48 dB/Hz1/2. These results are shown in Fig. 7.
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