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T Photonic Communications We demonstrate a compact heterodyne Laser Doppler Vibrometer (LDV) based
Research Laboratory, on the realization of optical frequency shift in the silicon nitride photonic integration
Institute of Communication platform (TriPleX). We theoretically study, and experimentally evaluate two different
and Computer Systems, National L . . e )
Technical University of Athens, photonic integrated optical frequency shifters (OFSs), utilizing serrodyne and single-
215L|507n3|§(|>n9trearfs:t§r:2|eé\e/ . sideband (SSB) modulqtion. Both OFSs employ stress—optic modglators (SOMs) based
Box 456, 7500 AL Enschédé,fhe on the non—resonant p|ezoeleqr'|ca| ac'tu‘atlon of Ieaq Z|rcohate titanate (PZT) thin-
Netherlands films, deposited on top of the silicon nitride waveguides with a wafer-scale process. To
? SolMateS BY, Auke Vleerstraat improve the modulation bandwidth of the SOMs we investigate a novel configuration
a';izeh;fdi”“hede’me of the electrodes used for the actuation, where both electrodes are placed on top
4 Fraunhofer Institute of the PZT layer. Using this top-top electrode configuration we report frequency shift
for Telecommunications, HHI, of 100 kHz and 2.5 MHz, and suppression ratio of the unwanted sidebands of 22.1 dB
;gfff f:cr“g’mee'jma”y and 39 dB, using the serrodyne and the SSB OFS, respectively. The best performing
7633)/7vva|dbron'n,6ermany SOM structure induces 0.25m peak-to-peak sinusoidal phase-shift with 156 mW power
° Optagon Photonics, Agia dissipation at 2.5 MHz. We use the SSB-OFS in our compact LDV system to demonstrate
fzrgfgivn'élii‘t‘g(;rﬁze‘;ﬁ}freece vibration measurements in the kHz regime. The system comprises a dual-polarization
SRL, San Martino 7, Agrate coherent detector built in the PolyBoard platform, utilizing hybrid integration of InP
Brianza 20864, Italy photodiodes (PDs). High quality LDV performance with measurement of vibration
frequencies up to several hundreds of kHz and displacement resolution of 10 pm are
supported with our system.
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Introduction

Optical frequency shift (OFS) is a key function for the operation of sensing systems
based on heterodyne interferometry, including distance metrology, laser Doppler
velocimetry and vibrometry, or light detection and ranging (LIDAR) [1-3]. Today
these systems are mostly large, since they still rely on free-space optical components.
Their OFS unit in particular is typically based on bulky acousto-optic modulators that
offer high conversion efficiency and low-noise operation, but they exhibit low flexibil-
ity in the selection of the frequency shift and require precise beam alignment at their
input optical port [4, 5].

Efforts over the past years to miniaturize those sensing systems by means of pho-
tonic integration have resulted in waveguide-integrated implementations of their OFS
unit based either on serrodyne modulation in a single-phase shifter [6—8] or on sin-
gle-sideband (SSB) modulation in a quad array of phase shifters inside an in-phase/
quadrature modulator (IQM) [9]. In [7, 8] the corresponding implementations were
based on serrodyne modulation using thermal phase shifters in a silicon-on-insulator
(SOI) platform, enabling the miniaturization of a LDV, which is a prominent example
of heterodyne sensors [10]. Despite their importance from the miniaturization point
of view, the low bandwidth of the thermal phase shifters in those works (which is
by nature in the kHz regime) limits their applicability to only a short range of LDV
applications.

At the higher end of the efforts for photonic integration of OFS units, the main work
so far has involved the use of electro-optic phase shifters inside IQMs to perform SSB
modulation. Many implementations have been originally concentrated in LiNbO [11-
13] due to its good electro-optical properties, but the emergence of silicon photonics in
the more recent years, with the potential for large-scale integration, has motivated reali-
zations also in silicon photonics [9, 14—16], including the silicon organic hybrid (SOH)
platform [17]. Although broadband enough to enable spectral shifts in the GHz regime,
those phase shifters can have a complex fabrication process, and can exhibit unwanted
amplitude modulation in parallel with the target phase modulation. Via this mecha-
nism, they can reduce in turn the side-mode suppression ratio (SMSR) of the original
carrier and the spurious side modes with respect to the shifted spectral line, resulting
in substantial degradation of the overall heterodyne detection [18]. In order to remove
this amplitude modulation, SOH phase shifters can replace the pure silicon ones at the
expense of additional complexity and cost in the fabrication process [17]. Alternatively,
a pair of modulators inside an MZI switch has been proposed in [19] for improving the
SMSR performance with conventional silicon modulators, but fast switching and pre-
cise synchronization between the modulators is required. A more direct approach to
improve the SMSR in SSB modulation is to use driving signals with higher harmonics
that can suppress the nonlinearity of the MZM inside the IQM [17, 20], but these tech-
niques require driving electronics with significant larger bandwidth.

In the case of heterodyne sensors [6—9, 21], wherein the target OFS remains in the
MHz regime, the development of a photonic integrated phase shifter technology that
can fill the gap between the thermal phase shifters (operating in the kHz regime) and the
electro-optic phase shifters (operating in the GHz regime) is a milestone, as it can offer
beneficial tradeoffs in terms of bandwidth, cost and integration scale. Relevant efforts
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have primarily involved the development of phase shifters based on strain-induced geo-
metrical deformations of the modal cross-sections of waveguides in SOI or in silicon
nitride. In [22] a comb-drive actuator in the form of a complex micro-electro-mechan-
ical system (MEMS) was integrated in SOI to induce the deformation of a suspended
silicon waveguide with operation bandwidth close to 1 MHz. Similar tuning speeds, but
with piezoelectrical actuation of lead zirconate titanate (PZT) films, have been reported
with a suspended ring resonator in silicon nitride [23].

A slightly different approach is the use of mechanical strain to change the refractive
index of the waveguides [24]. Initial demonstrations of the stress-optic effect included
dynamic control of the refractive index or the birefringence of silica [25] or silicon
waveguides [26—28]. To our specific interest in the present work, PZT films were used
to apply stress-optic index modulation in the silicon nitride platform called TriPleX
[29-32]. Each PZT film was integrated on the surface of the TriPleX platform and in
very close proximity to the corresponding waveguide, allowing for a non-resonant piezo-
actuation of the mechanical strain. Non-resonant stress-optic modulation in the silicon
nitride platform has also been demonstrated by LETI in [33]. Despite the theoretical
potential of the PZTs for operation at 10 s or even 100 s of MHz, the demonstrated mod-
ulation speed of the PZT-based phase shifters in those works was kept in the kHz regime
since the focus of the investigations was on the basic characterization of the phase shift-
ers and the minimization of their power consumption in quasi-static operation. Modula-
tion in the MHz regime based on the stress-optic effect has been recently demonstrated
in silicon nitride using piezo-electric actuation of a micro-ring modulator [34]. A the-
oretical analysis for silicon nitride platforms and an early experimental work in a SOI
platform were presented in [35] and [36] respectively, highlighting the potential for reso-
nant creation of strain and deformation of the modal cross-section of waveguides via
Rayleigh surface acoustic waves (SAWs). Excitation of SAWs has been previously relied
in the good acousto-optical properties of LiNbO; to realize a heterodyne interferom-
eter [21]. In [35] and [36] the SAW excitation was based on the use of PZT films on the
surface of the platform and the use of inter-digital transducers (IDTs) instead of simple
electrodes for the resonant actuation of those films. The potential operation speed of
the phase shifters was deeply in the MHz regime, but at certain frequencies that could
match the periodicity of the IDT structures.

Typically, light modulation in TriPleX relies on thermo-optic phase shifters, that are
limited to modulation speeds of a few kHz. In cases where larger modulation bandwidth
is needed, high-speed electro-optic modulators in Indium Phosphide (InP) are used
(https://www.lionix-international.com/forms/triplex-silicon-nitride-whitepaper/), [37].
Although these modulators can offer bandwidth of several GHz, hybrid integration is
used to combine them with the TriPleX platform, which increases the cost and complex-
ity of the assembly, as the PICs must be diced and coupled together optically, rendering
the process unsuitable for high-volume manufacturing (HVM). Deposition of PZT on
the other hand, as well as the structuring of the stress-optic modulators (SOMs), is a
wafer-level process that can be scaled for HVM [38, 39] and has the potential for signifi-
cant cost-reduction in applications where modulation in the MHz regime is sufficient.
Eliminating the need for hybrid integration in such applications has the obvious ben-
efit of reducing the overall size of the PIC assembly, as well as the number of coupling
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interfaces, and thus, minimizing the optical loss. On top of that, the SOM introduces
minimal loss, since the PZT thin films are placed a few microns above the TriPleX wave-
guiding structures, leaving the propagating mode undisturbed.

In the present paper, we make a breakthrough in the work on non-resonant PZT phase
shifters by demonstrating for the first time to our knowledge the operation potential of
the PZT-based SOMs in the TriPleX platform at 2.5 MHz. This demonstration is not
part of an early characterization process, but part of a complete system demonstration
of a compact LDV system based on photonic integrated OFS units. In the first version
of the system, the OFS is based on a cascade of PZT-based SOMs driven by sawtooth
function that enables bandwidth demanding serrodyne modulation up to 100 kHz, while
in the second version, it is based on a quad array of PZT phase shifters inside an IQM
that enables SSB modulation up to 2.5 MHz. In both versions, the TriPleX photonic inte-
grated circuit (PIC) with the OFS unit is combined with an external beam scanning unit
for the emission of the sensing beam, the collection of the reflecting light and the execu-
tion of the beam scanning process, and with A second PIC developed in the optical poly-
mer platform called PolyBoard [40]. Thanks to the intrinsic possibility of the PolyBoard
for polarization handling of the waveguided light and for low-loss hybrid integration of
indium-phosphide (InP) components [41-43], this second PIC is used in our compact
LDV system for polarization split and rotation of the light in the sensing and the refer-
ence arm of the system, and for execution of the heterodyne detection in both polari-
zations by means of on-chip InP balanced detectors. System evaluation of the compact
LDV and benchmarking against gold-standard, bulky LDV equipment confirms the
potential for high-quality displacement measurements with resolution below 10 pm for
vibration frequencies up to hundreds of kHz.

The remainder of the manuscript is organized as follows: In section Methods, we first
describe the operation principle of heterodyne LDVs. We then introduce our modelling
for the OFS schemes of the serrodyne frequency shifter (SES) and the SSB-OFS, and we
theoretically investigate their performance in the presence of imperfections that exist
in practical implementations. Subsequently, we present the design and fabrication of
the TriPleX and PolyBoard PICs, realizing the frequency shift and the coherent detec-
tion respectively, and we describe the PZT structures for the stress-optic modulation
in TriPleX. In section Heterodyne LDVs, we first present characterization results for
the OFS PICs in TriPleX, and next we describe the experimental setup of the miniatur-
ized LDV system and present our results from the vibration measurements. We discuss
our results and compare them with the theory presented in section Methods. Finally,
in section Optical Frequency Shifter (OFS) modelling, we outline our next steps, and
conclude.

Methods

Heterodyne LDVs

In an LDV the velocity information v(¢) of a vibrating surface is transformed to a Dop-
pler frequency shift fp(¢) in the optical signal, that corresponds to an instantaneous
phase shift ¢p(t), described by

fo(t) = %p@ — 21y,p), (1)
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where 4 is the wavelength of the laser source and 7 the refractive index. The informa-
tion in the phase of the optical signal is extracted with the help of an interferometer. The
latter is formed by splitting the light from a laser source into two parts: the measure-
ment and the reference signal. The measurement signal is sent to the vibrating surface,
where it is reflected and scattered. A small portion of the light is collected and coupled
back into the interferometer to be recombined with the reference signal. In a heterodyne
LDV, a frequency shift f; is introduced to the optical frequency fo, of either the meas-
urement or the reference signal, to introduce directional sensitivity to the measurement.
The reference signal is expressed as

E.(t) = Erexp (j2nf0ptt) , 2)
and the collected measurement signal can be written as
En(t) = VaEmexp{j[27 (fopr + /o)t + on(®)]}, (3)

where a the attenuation factor due to the scattering, reflection, and propagation loss of
the signal. The combined signal is sent to a photodetector that produces a photo-current
according to the beating signal, given by

I o |Ey(@®) + E(O)* = I + Ly + Inet (8), (4)
where I, = (E,)?, I, = a(E,y)?, and
Iner (8)) = 23/aE,Epycos[2mfot + ¢p(t)] (5)

The dc terms I, and [, are filtered out, while the Ij,; is sent to the demodulator.
Demodulation can be performed either in the analog domain, using a frequency-to-volt-
age converter or in the digital domain, by sampling the signal I, (£) and using digital sig-
nal processing (DSP) techniques [44, 45]. Although good performance can be achieved
with analog demodulation, digital approaches provide better performance in terms of
stability and linearity, with the arctangent phase IQ demodulation being the most popu-
lar method for decoding the LDV signal [46].

Optical frequency shifter (OFS) modelling

Two modulation schemes have been reported as suitable for implementing OFS with
integrated planar waveguide circuits: the serrodyne and the SSB OFS. In the following
paragraphs we present their operation principle, their basic trade-offs and limitations,
and we model their performance.

Serrodyne frequency shifter (SFS)

Serrodyne frequency shift is based on the modulation of the phase of an optical carrier
E;,, with a linear phase ramp. The linear increase of the optical phase in the time domain,
i.e. p(t) = 2mfot, shifts the frequency of the output optical signal by fo:

Eour = Einej(p(t)
= Ege/ Ctfoptte®) | (6)
= Eoeﬂﬂ(ﬂ;pt-i-fo)t
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where Ej is the amplitude and f; is the frequency of the input signal’s electric field. A
linearly increasing phase profile can be realized by driving the phase modulator with a
sawtooth signal of period Tp = 1/fy and with an amplitude such that a total of 2 m shift
is inserted, as shown in Fig. 1b. In the ideal case, the falling time 77 of the sawtooth is
infinitely small relative to the period T, and the optical phase increases in a continuous
manner. The input optical power is shifted entirely to the desired frequency fo,: + fo.
In a practical implementation though, where the ratio t7/Tj cannot be infinitely small
due to bandwidth limitations, the phase ramp of the optical field will be disrupted for
an amount of time equal to 77 in every period. Thus, a portion of the input optical power
will appear in harmonic sidemodes in the optical spectrum around the frequency shifted
carrier and the modulated optical signal is described by

Eout = Ein Zk ﬂkejzn (f‘)pt-‘rkﬁ))t, keZz, (7)

where k is the order of the harmonic sidemode and ay the corresponding amplitude [47].

Figure 1c shows the simulated output optical spectrum produced with a modulating
sawtooth of frequency fo= 0.1 MHz for the cases of infinitely small and finite falling
time. We define the falling time as the interval between the end of the rising slope and
the beginning of the next one, from maximum to minimum point, as it is depicted in

Fig. 1b. In the case of a perfect sawtooth the sidemode suppression ratio (SMSR), i.e.,

Coherent detection
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Fig. 1 alllustration of the simulation setup for the serrodyne OFS and b the sawtooth phase modulation
with period Top = 1/f,,. ¢ Output optical spectrum for modulation frequency fo = 0.1 MHz. The blue spectrum
corresponds to an ideal sawtooth with infinitely small falling time. The yellow lines appear in the case
of sawtooth with finite falling time (0.05 Tp). d The electrical spectrum after the coherent detection. The
sidebands in the electrical spectrum are created from the down-converted side-modes present in the optical
spectrum around the frequency shifted carrier at fopr + fo s
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the ratio between the fundamental frequency and the highest sidemode, is only limited
by the noise floor, while in the sub-optimal case the presence of harmonic sidemodes
deteriorates the SMSR (Fig. 1c). The amount of the input optical power that is shifted to
the desired frequency fo,r + fo is not significantly deteriorated, preserving the high con-
version efficiency (CE) of the SES. Figure 2a shows in more detail the impact of the saw-
tooth falling-time on the SMSR and the CE performance. A falling-time of less than 1%
of the sawtooth period is required to keep the SMSR above 40 dB, while the deteriora-
tion of CE is limited to less than 2 dB, even if the falling-time reaches 20% of the period.
The high conversion efficiency is one of the main advantages of the serrodyne technique,
which makes it a considerable candidate for sensing applications with strict require-
ments in optical power budget. The limiting factor is the large bandwidth required to
accommodate the sawtooth modulation. To achieve good SMSR performance, both the
optical modulator, as well as the driving circuit must exhibit analog bandwidth signifi-
cantly larger than the fundamental frequency of the desired shift fj e.g., a 3dB band-
width of more than 35 f; is needed to keep the z7/Tj ratio below 1%, assuming a 1%
order linear system [47].

Since heterodyne LDV systems rely on the coherent detection of the measurement sig-
nal using a local reference, it is meaningful to study the impact of an imperfect modula-
tion directly in the electrical domain after the coherent detection. Figure 1d presents the
corresponding simulated electrical power spectrum. The modulated optical field E,,; is
combined with an optical reference E,y i.e., a copy of the input field Ej,, and the beat-
ing signal is detected on a photodiode, as depicted in Fig. 1a. As a result of the optical
beating, the frequency shifted tone at f,,; + fo is down-converted to f; along with the
sidemodes, and harmonic sidebands appear in the electrical spectrum after photodetec-
tion. To refer to the ratio between the highest sideband and the fundamental at f; in the
electrical spectrum we use the term sideband suppression ratio (SBSR), to distinguish it
from the SMSR used for the optical domain.

Figure 2b shows the impact of the amplitude and falling time of the phase modulation
on the SBSR performance. For the first two cases (red and green colored marks), each
parameter is sweeping independently from 0 to 20% deviation from the ideal value, while
the non-sweeping parameter is kept constant to its ideal value i.e., 2 7t for the amplitude
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and O for the falling time. In the last case (blue marks), both phase amplitude and fall-
ing time are sweeping such that the slope d¢(¢)/dt is constant and equal to 277 /Ty. The
markers indicate the overall SBSR performance i.e., the suppression ratio between the
fundamental harmonic and the highest sideband in the output spectrum, where the dot-
ted lines show the suppression ratio between the fundamental and the 2 f; component.
When the amplitude or the falling time are changing independently the dotted lines
coincide with the markers, suggesting that the 2 fo component is the highest sideband
which determines the overall SBSR. In the case of constant slope 27 /T the SBSR perfor-
mance for deviations below 15% is determined from sidebands at positions further away
from the fundamental frequency, as the suppression ratio of the 2 fy component is sig-
nificantly higher. Since most of the sidebands can be later suppressed through appropri-
ate filtering, it is important to keep the highest sidemodes away from the fy component
[46]. Moreover, it can be derived that in cases in which achieving a full 27 shift is not
possible due to driving limitations, the falling time should be adjusted accordingly such
that it holds Agp/At = 27/ T).

SSB frequency shifter

The dual-parallel (DP-) MZM configuration, originally introduced four decades ago, has
been used to demonstrate single-sideband (SSB) modulation and frequency shifting [11].
The configuration of the circuit is presented in Fig. 3a. Two MZM are combined in par-
allel with a relative optical phase shift of /2 to form an IQ configuration. Each MZM
is driven in push—pull mode and is biased at the minimum transmission point, thus an
optical phase difference of m is introduced between the two arms. The driving signal is
a sinewave of frequency fy which is fed into the upper and the lower MZM with a /2
relative phase shift.

The basic idea behind the frequency shift accomplished with the IQ configuration can
be viewed as a two-step process. First, multiple spectral lines are generated in the optical
domain through the phase modulation of the input light. The second step is the precise
cancelation of the unwanted spectral components through destructive interference. A
detailed description of this process is presented in Fig. 3b. The optical input is split into
four optical paths and is modulated by four separate phase modulators, each driven by
a sinewave of appropriate amplitude and phase. The optical spectrum at the output of
each modulator is a set of spectral lines at positions of multiples of the modulation fre-
quency fp and with magnitude and phase described by Bessel functions [17]. When the
light is combined at the output of each MZM only the odd-order lines survive as the
even-order lines have opposite phases and undergo destructive interference. By combin-
ing the outputs of the two MZM with a /2 relative phase shift more lines are excluded
from the spectrum, leaving at the output of the SSB-OFS the spectral components at ...,
Jopt = 3f0s fopt + Lo, fopr + 5f o etc., described by the expression

Eout = Ein Zk:4y,+1 Jk (ﬂ)axp [jZT[ (fopt + ka) t} nEZ, (8)

where Ji(a) is the k-th order Bessel function of the first kind, a the amplitude of the
phase modulation with frequency fy, assuming uniform excitation, and f,; the fre-
quency of the input optical signal. From Eq. (8) becomes apparent that even in the ideal
case where all the spurious side-modes that undergo destructive interference throughout
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Fig. 3 a Schematic of the SSB-OFS and b the field amplitude spectrum at different points of the circuit

the circuit have been completely removed, unwanted side-modes are still present in the
output spectrum around the fundamental component f;,; 4 fo of the desired frequency
shift. If the /2 phase shift is assigned to the other arm of the circuit the optical spec-
trum is flipped around fy, and the fundamental frequency becomes f,,: — fo. Both the
up-shifted and down-shifted carriers can be generated simultaneously by utilizing the
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complementary outputs of a 3dB directional coupler for the combination of the I and Q
arms [13, 15].

Stronger modulation generates higher side-modes in the optical spectrum due to the
non-linear transfer function of the MZM. Thus, high SMSR performance requires driv-
ing in small-signal regime, in the expense of low CE. This characteristic trade-off of the
IQ topology is presented in Fig. 4d. The maximum CE, equal to -4.7dB, is present for
a phase modulation peak-to-peak amplitude of 1.176m, where the SMSR is limited to
14.8 dB, under the assumption of optimal configuration. For the rest of our analysis, we
assume a peak-to-peak amplitude of 0.2m, which corresponds to a CE of -16.2 dB and
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an SMSR of 47.7 dB in ideal configuration. An approach to overcome the limitations
posed by this trade-off has been demonstrated by utilizing pre-distorted driving signals
to compensate for the non-linear transfer function of the MZM [17].

Figure 4b presents the simulated optical output of the SSB-OFS shifter for the case of
optimal and a random sub-optimal configuration of the device, with the modulation fre-
quency fpat 2.5 MHz. For the sub-optimal case, spectral lines are present in multiples of
the modulation frequency. After the coherent detection, the spurious side-modes of the
optical domain are down-converted and appear as sidebands in the electrical spectrum,
as presented in Fig. 4c, deteriorating the SBSR. In the ideal case of a perfect circuit, in
which only the terms of Eq. (8) are present, SMSR and SBSR are equal, as they are both
determined by the height of the 3 fy component. In a sub-optimal configuration though,
the beating of the reference carrier signal with the output of the SSB-OFS generates a
spectral line at 2 fy, which can become larger than the 3 fy component and further limit
the SBSR.

Three main factors are responsible for maintaining the desired symmetry between
the cancelling spectral components. First is the phase modulation depth. Exactly equal
phase modulation should be inserted into each of the four modulation branches. This
translates to the need for calibration of the driving amplitudes in the case of non-uni-
form modulation efficiency between the modulators. The suppression of the spectral
lines that undergo destructive interference relies on the precision of the power splitting
ratio of the splitting and combining components (extinction ratio relationship), which
can be realized as Y-branches, directional couplers or tunable MZIs. The third factor
is the dc optical phase shift that is needed for the biasing of the two MZM at the zero-
transmission point, as well as for the n/2 phase shift between the MZM. Another factor
is the relative phase shift between the driving signals, but since in most of the cases a
common oscillator is used for their generation, the same phase noise is shared among
the signals, thus the impact on the SBSR is negligible.

We investigate the impact of the above factors on the performance of the SSB-OFS. To
evaluate the performance, we use the spectrum of the electrical signal, that is produced
on the photodiode from the beating of the frequency shifted signal with the optical car-
rier, as depicted in Fig. 4a. The phase modulation depth is set to 0.2 i peak-to-peak for
the analysis. We introduce a deviation from the ideal value of each parameter (up to 20%)
and calculate the SBSR in the spectrum. We assume that all the other parameters of the
circuit, except for the sweeping one, take their ideal values. Figure 5a shows the impact
of unbalanced phase modulation among the four branches. The dotted lines represent
the suppression ratio of the component at 2 fj, while the solid line shows the total SBSR
performance. The deviation of the phase modulation depth from the set value (0.2m) is
swept from 0 to 20%, for each one of the four modulators. For small deviations the con-
figuration is close to the ideal, and the SBSR is limited by the spectral line at 3 fp. In this
case the SBSR is equal to 47.7 dB (see Fig. 4c-d). For large deviations, the spectral line at
2 fo exceeds the one at 3 fj, and the SBSR is determined by the 2 fy components. Each of
the four modulators has a different impact on the overall SBSR. A small deviation of only
4% in the phase modulation ¢4 will deteriorate the overall SBSR, while a deviation of
more than 15% is needed for @3 to cause the same effect. This asymmetry is related to the
way in which the different spectral lines, that are produced from the phase modulation,
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Fig. 5 Simulated suppression ratio of the sidebands at the output of the SSB-OFS with relation to the
deviation of a the phase modulation, b the power splitting ratio and ¢ the phase difference of the optical
circuit. The suppression ratio of the sidebands is measured in the electrical domain (SBSR) after coherent
photodetection. Phase modulation of 0.2 1 peak-to-peak is assumed

are combined through the optical circuit. A detailed description can be derived using
the Bessel functions [17], but such an in-depth analysis is beyond the scope of this work.
In Fig. 5b the SBSR performance is presented with respect to the deviation from the
ideal 50:50 optical power splitting ratio of the splitting and combining elements of the
circuit. The symmetrical power splitting in the outer MZI, formed by branches 1 and 6
(see Fig. 3a), is the most critical, as a deviation above 5% from the exact 50:50 ratio can
deteriorate the SBSR. A deviation of more than 12% at the branches of the lower MZM
will deteriorate the SBSR, while the deviation of the branches of the upper MZM has
no impact on the SBSR even for values up to 20%. The unequal effect of the upper and
the lower MZM on the SBSR is again related to the way that the spectral lines interfere
throughout the circuit. The accurate configuration of the phase difference between the
optical paths of the MZMs is also critical. As it is shown in Fig. 5¢, inaccuracy from the
exact value of less than 4% will start to deteriorate the SBSR.

The analysis presented in Fig. 5 assumes that except from the sweeping parameter,
the rest of the circuit is ideal. Each parameter acts independently on the performance,
while all the other parameters take their ideal values. Although this kind of modelling
demonstrates the significance of each parameter, it fails to capture the performance of
the SSB-OFS in a real scenario, in which all the factors act in combination. To provide
this insight, we run Monte-Carlo simulations in which the phase modulation, the optical
power splitting ratio and the optical phase difference are considered in pairs, with their
deviation taking random values from the interval [0, 0.1] with a uniform distribution for
200 trials. The results of the simulation are presented in Fig. 6. With respect to SBSR it
can be derived that the most critical parameter is the optical phase difference between
the paths of the MZIs, while a less than 1.2 dB degradation of the CE was observed.

Design and fabrication

Two different types of PICs were developed for the heterodyne LDV system: the first
in TriPleX, comprising the stress-optic PZT modulators for the optical frequency shift
(OFS) and the second in PolyBoard, realizing the receiving part of the system. In TriPleX
both an SES and an SSB-OFS were designed and fabricated.

Page 12 of 27
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Fig. 6 Simulated side band suppression ratio (SBSR) at the output of the SSB-OFS after coherent detection.
The effect of the deviation of a the phase modulation, b the power splitting ratio and ¢ the phase difference
between optical paths of the optical circuit from their ideal values is demonstrated in pairs

TriPleX circuit and stress-optic modulation

TriPleX is a photonic integration platform based on Si;N, (silicon nitride) and SiO,
(silicon dioxide), offering single mode operation, low propagation losses (0.1 dB/cm at
1.55 um) and high integration density over a wide wavelength range (0.4 um — 2.35 pm)
[48]. The high contrast between the refractive index of the silicon nitride core material
(~1.98) with respect to the silicon oxide cladding material (1.45) supports the realization
of waveguiding structures with strong confinement profile that enable the actualization
of compact photonic circuits. A wide variety of waveguide geometries that support the
propagation of TE polarized light is provided, such as box, single stripe, symmetric or
asymmetric double stripe. Based on these geometries, a palette of standardized build-
ing blocks is provided that are manufactured in a single monolithic process flow with
CMOS-compatible tools.

In our designs, the asymmetric double stripe (ADS) geometry was used, optimized for
low-loss propagation of the fundamental TE-mode at 1.55 um. This consists of two SizN,
stripes with unequal heights (core material) in a top—bottom configuration, surrounded
by SiO, (cladding material). The height of the bottom and the top Si;N, stripe is 75 and
175 nm respectively, with 100 nm SiO, layer in between. Wet thermal oxidation is used
to create the bottom cladding SiO, layer on top of a single-crystal silicon substrate, typi-
cally at temperatures equal to or above 1000 °C. Low pressure chemical vapor deposi-
tion (LPCVD) is used for the Si;N, layers. The SiO, top cladding layer is formed with
the combination of TEOS (using the gas tetraethylorthosilicate) LPCVD deposition and
plasma-enhanced chemical vapor deposition (PECVD), to create cladding thicknesses
of at least 8 um. Typical deposition temperatures are between 300 °C and 400 °C. The
waveguide structures are specified with E-beam lithography (EBL), while deep reactive
ion etching (DRIE) is used to embed the pattern after resistive development.

An attractive feature of the TriPleX toolbox is the possibility to realize phase tun-
ing elements based on the stress-optic effect, by depositing a thin layer of piezoelectric
material on top of the waveguiding structures. The piezoelectric material of lead zirco-
nate titanate (PZT) is used, due to its relatively large effective piezoelectric coefficients
(d33¢>200 pm/V and e;;;>18 C/m?) [38]. In the conventional approach, the PZT layer is
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deposited between a top and a bottom Platinum (Pt) electrode, forming a top—bottom
configuration. By applying a voltage between the two electrodes, the PZT layer expands
and contracts due to the piezoelectric effect, causing stress to the waveguiding structure
underneath. This stress results in phase modulation of the propagating TE-mode, due
to the change of the refractive indices of the SiO, and SizN, layers, and, consequently,
of the effective refractive index of the mode. With this configuration, stress-based phase
shifters can support tuning frequencies at least one order of magnitude higher than con-
ventional phase heaters (PHs) in TriPleX, while they offer significant reduction in the
steady state power consumption (by a factor of 10°) relative to their thermo-optic coun-
terparts [29-32]. As an electrical load, the PZT-based SOM is characterized by the typi-
cal crystal model, which exhibits capacitive behavior when the excitation frequency is
not close to its resonance. The capacitance is primarily formed by the upper and bottom
electrodes that are separated by the non-conductive PZT layer. While ultra-low power
consumption can be achieved in steady state operation due to the capacitive nature of
the structure, the power increases linearly with the modulation frequency f, limiting the
bandwidth of the device. The power dissipation is proportional to the capacitance C, the
modulation frequency f and the square of the applied voltage V,

P=CV% ©)

In this work, an alternative structure was developed to increase the bandwidth of the
device by lowering the capacitance between the two electrodes, to make it more suit-
able for modulation. In the top—bottom configuration the distance of the electrodes is
defined by the thickness of the PZT layer, which is fixed to 2 um for optimum stress-
optic modulation of the effective refractive index. By placing both electrodes on top of
the PZT layer, their position can be selected freely and thus optimized. With the top-top
configuration shown in Fig. 7, a capacitance of 100 pF is achieved, an order of magni-
tude lower from what is possible with the top—bottom configuration. When growing the
PZT layer on top of SiO,, usually an intermediate seeding layer is used to enhance the
growth of the piezoelectric layer. In the case of the conventional top—bottom electrode
configuration the seeding layer material that is widely used is LNO (Lanthanum Nickel
Oxide). However, the conducting nature of the latter makes it unsuitable for the top-top

electrodes electrodes
/ W
PZT tPZTI

t Si;N
$i0, TC‘ "

Fig. 7 lllustration of the PZT thin film on top of the TriPleX structure (Left) and a corresponding SEM picture
(Right). Both electrodes are placed on top of the PZT layer (top-top configuration) with a gap (W) of 9 um.
The thickness of the PZT layer (tp,7) is 2 pm. The ADS waveguide is buried under 3 pm of SiO2 top cladding
(tro)
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configuration, as a non-conducting layer is required below the PZT structure. The pro-
posed non-conducting material for the seeding layer is BTO (Barium Titanate), which
demonstrates good material growth directly on SiO,. A Pulsed Laser Deposition (PLD)
growth method built by Solmates is used to deposit the BTO/PZT bilayer on a wafer-
level [39, 49, 50]. To increase the efficiency of the modulator, a dome structure is used to
focus the stress on the waveguide [30—32]. The length of the final stress-optic modulator
structure is 15 mm.

The TriPleX PIC of the SSB-OFS is presented in Fig. 8. The serrodyne OFS PIC is
a simplified version of the same circuit, that does not include the MZIs sections. The
dimensions of both PICs in TriPleX are 11.25 mm x 6.9 mm. Figure 9 presents the sche-

matic layout of the OFS circuits. The serrodyne frequency shifter (Fig. 9a) comprises a

ey PR O~ a : 3
AT YT T o : i
Fig. 8 (Left) Top view photograph of the TriPleX PIC with the SSB

o A a =55
-OFS. The circuit comprises 7 MZls
controlled by phase heaters and 4 PZT-based stress-optic modulators (SOMs). (Right) Top view photograph of
the PolyBoard PIC implementing the dual-pol coherent receiver. The micro-optic elements of the polarization
beam splitter (PBS) and the half-wave plate (HWP) are visible on the chip
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Fig. 9 Schematic of the circuit of a the serrodyne and b the SSB optical frequency shifter (OFS) in TriPleX.
Phase heaters (PH) are used for the control of the MZIs and stress-optic modulators (SOMs) for the optical
modulation
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tunable MZI at the input, based on thermo-optic tuning, which is responsible for split-
ting the inserted light into the measurement and the reference path. A small portion of
the light in the measurement path is split with a 95:5 coupler and is outcoupled from a
monitor port. The largest portion of the light in the measurement path is guided towards
the OFS section, where it is modulated by the stress-optic PZT modulators. Four stress-
optic modulators are integrated in series to distribute the total 2 1 phase among multi-
ple elements and lower the required driving amplitude. A much more complex circuitry
constitutes the SSB-OFS (Fig. 9b), that comprises 7 tunable MZIs and a total of 10 phase
heaters (PHs). To test this device, careful characterization of all tunable elements must
be performed. Input light is split to the measurement and the reference path with the
help of an MZI, and the reference part is outcoupled from the PIC. For monitor pur-
poses a portion of the light in the measurement path is also outcoupled from the chip
using a 95:5 coupler, similar to the circuit of the serrodyne shifter. The optical frequency
section consists of two push—pull MZMs. Precise control of the splitting-combining
ratio of the MZMs is offered by the tunable MZIs, allowing the configuration of the
device to achieve optimum performance.

Receiver circuit in PolyBoard

The second photonic platform, that is used for the implementation of the detection part
of the integrated LDV, is PolyBoard. PolyBoard is a polymer-based multifunction pho-
tonic platform, offering a single-mode operation, low propagation losses (0.7 dB/cm
at 1.55 pm), and the possibility for integration of polarization handling elements [40]
and indium-phosphide (InP) components [41-43, 51]. The core and the cladding have
refractive indexes of n_,, =1.48 and n_,4=1.45 respectively, supporting both the trans-
verse electric (TE) and magnetic (TM) components, because of the waveguide symme-
try which is rectangular with thickness in both axes of 3.2 um. The single-waveguide
PolyBoard stack consists of a waveguide and a cladding resin and is realized by using
procedures of consecutive layer deposition. The fabrication of the PolyBoard chip, com-
prises the spin-coating of the cladding resin on the silicon (Si) substrate, the spin-coating
of the waveguide resin, the structuring of the waveguiding layer with reactive ion etching
(RIE) and ultraviolet (UV) lithography, and the spin-coating of the second layer of clad-
ding resin to create the top cladding layer.

Figure 8 presents the PolyBoard PIC and Fig. 10 the schematic of the correspond-
ing circuit. On the west side the TE polarized-reference signal is coming from the laser
source. Then, it is divided into two parts after passing through a 50:50 coupler. One of the
two TE components is rotated by 90 degrees by using a half-wave plate (HWP), creating
two reference beams (TE and TM) as local oscillators (LOs) for heterodyne detection.
The measurement light is coupled into the PIC from the east side with arbitrary polari-
zation. To handle the polarization state of the measurement light and split it into a TE
and a TM component, an integrated polarization beam splitter (PBS) is used [51]. The
two components are mixed with the corresponding LO in one 2 x 2 multimode interfer-
ence (MMI) coupler respectively. The balancing of the optical power between the refer-
ence and the measurement signals prior to the mixing is achieved by the combination
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Fig. 10 Schematic of the dual-pol coherent detection circuit in PolyBoard

of the 2 x 2 MMIs with thermo-optic-based variable optical attenuators (VOAs) [52].
Finally, the TE and TM mixed signals are guided to four InP-based photodiodes (PDs),
realizing a dual-pol coherent detection scheme. Additional photodiodes are placed on
the top side of the circuit for monitor and testing purposes. The size of the PolyBoard
PICis 11.25 mm x 9.6 mm.

Results and discussion

In this section we present the main results that were obtained from the experimental
testing of the fabricated devices. We first present the characterization of the OFS PICs
and compare with the results of the modelling from section Methods. We then present
our results from vibration measurements using a complete LDV system based on a test
probe-head from Polytec and its software for signal processing and demodulation [53].

OFS characterization

To evaluate the performance of the optical frequency shifting realized with the fab-
ricated devices we used the setup depicted in Fig. 11. A continuous wave (CW) laser
source provides TE light at 1550.12 nm wavelength with ultra-low linewidth, below
2 kHz. After passing through an optical isolator to prevent undesired back-reflections,
the light is split into two paths: the modulation and the reference path. Optical power of
6.3dBm in the modulation path is coupled into the PIC with the appropriate TE polar-
ization that is required for efficient coupling to the TriPleX. The output of the PIC is
combined with the reference path via a fused fiber coupler and the optical beating is
observed on a photodiode. The power spectrum resulting from the photodiode’s current
in a 50 Ohm resistance is captured with the spectrum analyzer. Dedicated electronics
were used for the control of the low-speed thermo-optic phase shifters and for driving
the SOMs in the MHz regime. A commercial high-voltage amplifier was also used for
driving the SOMs with a sawtooth signal up to 100 Vp-p at 100 kHz frequency.
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Fig. 11 The setup that was used for the characterization of the OFS PICs. PC: Polarization controller, PHs:
Phase heaters, ESA: Electrical spectrum Analyzer

Figure 12 presents the experimental results from the characterization of the stress-
optic serrodyne frequency shifter. The spectrum of the acquired beating signal is shown
in Fig. 12a. Figure 12b shows the sawtooth driving signal in the time domain, along with
the beating signal from the photodiode. The modulation frequency is 100 kHz. The SBSR
is 22.1 dB, limited by the 2 fy spectral component. As we discussed in the simulation
and modelling section, a significant factor for the SBSR performance is the quality of the
sawtooth phase profile, in terms of bandwidth and amplitude. From the signals in the
time-domain (Fig. 12b) we can see that the discontinuity in the phase modulation due
to the sawtooth falling time is approximately 6% of the total period. The manifestation
of this discontinuity in the beating signal is practically an inverse modulation caused
by the falling slope of the sawtooth. The result is the same sinusoidal waveform as the
one produced from the rising slope of the sawtooth, but significantly faster. Two SOMs
were driven in series to reduce the required driving voltage for achieving a full 2 shift.
A 90% of 2m was accomplished with 100 V peak-to-peak driving amplitude. According
to the simulation results presented in Fig. 2b, the quality of the experimentally realized
sawtooth is expected to limit the SBSR at 23.8 dB. The 1.7 dB difference between the
theoretical and the experimentally measured SBSR may arise from small non-linearities
in the response of the stress-optic PZT modulators that become apparent when the
amplitude of the driving signal exceeds their polling voltage [32]. The measured CE was
approximately -1 dB, assuming total optical losses (coupling and propagation loss) of
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Fig. 12 Experimental results for the serrodyne frequency shifter at 100 kHz
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Higher modulation frequencies are possible with the IQ topology of the SSB-OFS since
the sinewave driving signals that are used are much less bandwidth-demanding for the
driving electronics. Figure 13a presents the power spectrum obtained for a frequency
shift at 2.5 MHz. The 2 f; component at 5 MHz imposes a 39 dB SBSR, while the sup-
pression ratio of the 3 f; is equal to 43.8 dB. The phase shift inserted by the stress-optic
phase modulators was configured to be equal to 0.251 peak-to-peak, which corresponds
to a suppression ratio of exactly 43.8 dB for the 3 fj sideband, according to the modelling
presented in section Methods (Fig. 4). With an input optical power of 7 dBm, the optical
power of the frequency shifted component at f,,; + fo was measured -14.0 dBm. Optical
coupling and propagation losses of 6.3 dB were determined, suggesting a CE of -14.7 dB,
only 0.4 dB less than the prediction of the modelling (Fig. 4).

Unequal driving amplitudes were applied to each SOM, since they exhibited different
voltage-to-phase-shift relationship, as shown in Fig. 13b. Amplitudes from 25 Vp-p up
to 70 Vp-p were applied to achieve the desired 0.25 i phase shift. The difference in the
performance originates from variations in the piezoelectric coefficient among the dif-
ferent structures, which are known to depend on the structural properties of the depos-
ited PZT films [32, 54]. Since the driving amplitudes differ, the power dissipation is also
different for each modulator and can be derived with the help of Eq. (9). At the opera-
tion frequency of 2.5 MHz, the average power consumption was equal to 660 mW, while
the best performing structure (SOM-2) dissipated 156 mW. The fabrication process for
the specific PZT structures with the top-top electrode configuration was developed for
the first time within the present work, and thus, lacks the maturity of the conventional
PZT technology based on the top—bottom electrode configuration, which demonstrates
higher homogeneity across the wafer [38].

To characterize the phase-shift efficiency of each SOM we used the on-chip MZIs to
translate the inserted phase-shift to intensity modulation. For example, to characterize
the SOM-1 we used the MZI controlled by PH2 to split the light between the upper and
the lower path, where the SOM-1 and SOM-2 are located, respectively (see Fig. 9). The
SOM-1 was driven with a 0-100 Vp-p voltage ramp of 10 us duration, while no signal
was applied to SOM-2. The MZI controlled by PH4 was used to combine the modulated
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Fig. 13 Experimental results from the testing of the SSB-OFS frequency shifter. a Electrical spectrum of the
beating signal on the PD. The fundamental frequency shift at 2.5 MHz is visible. The SBSR is 39 dB, limited the
2" order harmonic sideband at 5 MHz. b Phase-shift relative to the applied driving voltage for the four SOMs.
The stress-optic response is linear in the interval 10-90 V. The characterization was performed with a rising
slope of 100V peak-to-peak amplitude and 10 us duration
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with the unmodulated light and the optical beating was observed on a PD directly con-
nected to the monitor port-1. The same procedure was followed for the characterization
of all the SOMs of the SSB-OFS, accordingly, and the results are presented in Fig. 13b.
Before performing any modulation with the SOMs, the device was carefully character-
ized to identify the correct biasing voltages for the integrated PHs of the circuit and to
introduce the appropriate phase-shifts and splitting ratios with the tunable MZIs. Nev-
ertheless, imperfections in the configuration of the device were still present as it is indi-
cated from the fact that the 2 fy component is higher than any other sideband. According
to the Monte-Carlo simulation results that we presented in section Methods (see Fig. 6),
there are deviations within 10% in the inserted phase shift by the SOMs, the splitting
ratio of the MZIs and the optical phase shift bias.

The maximum modulation frequency that can be achieved with the PZT-based SOMs
is primarily limited by the power bandwidth of the electronics that drive them, since
the stress-optic effect can support modulation frequencies in the order of hundreds of
MHz [36]. Custom electronics were designed for the driving of the SOMs at MHz range,
due to a general lack of readily available commercial options. The need for a sawtooth
driving waveform creates high slew-rate and power bandwidth requirements. Addition-
ally, the capacitive nature of the PZT elements presents a high driving current demand,
especially during the falling edge of the sawtooth. Existing off-the-self ICs in general
can meet these requirements for a tentative 36 Vp-p output swing. Achieving sufficient
optical phase-shift with the SOMs called for even higher voltage levels. To this end, we
paired a commercial IC with an output voltage transformer (OT), to double the out-
put voltage swing. Utilizing a suitable high-bandwidth, high-power transformer we were
able to record a 70 Vp-p amplitude at a 100 pF load from 1 up to 20 MHz.

LDV system

A complete system was realized with the fabricated PICs, as shown in Fig. 14. A
low-linewidth fiber-coupled laser provided 10.8 dBm (12 mW) of optical power at
1550.12 nm, which was split into two branches. In the first branch TE polarized light
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Fig. 14 Setup for vibration measurements. A probe-head from Polytec was utilized for focusing and
collecting the light from the vibrating surface. For real-time demodulation a synchronization signal was
shared between the driver of the speaker and the demodulation circuit. PC: Polarization controller, PHs: Phase
heaters, AWG: Arbitrary waveform generator
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with~7 dBm (5 mW) optical power was coupled into the TriPleX PIC that accom-
modated the optical frequency shift. A frequency shift of 2.5 MHz was introduced by
employing the SSB-OFS. The second branch served as the reference beam for the coher-
ent detection in the PolyBoard PIC. Input and output coupling to the PICs was facilitated
with fiber-array units (FAU). The frequency shifted output from the TriPleX PIC, serv-
ing as the measurement beam, was coupled via fiber into Polytec’s probe-head, respon-
sible for focusing the beam on to the vibrating surface under inspection and collecting
the reflected light via the same lens system. The measured available optical power for the
probe beam was -14 dBm (40 uW). The theoretically inherent loss of the frequency con-
version process is 14.7 dB for 0.25m peak-to-peak phase shift, while 6.3 dB corresponds
to optical coupling and propagation losses. Custom electronics were used to control the
phase-heating electrodes on both PICs, while a separate driving circuit was developed
for providing the driving signals to the stress-optic modulators in TriPleX. A dedicated
circuit was developed on a field programmable gate array (FPGA) platform to generate
the sinusoidal modulation signals with the required phase difference. Another circuit in
the FPGA was responsible for providing the necessary clock signals for the synchroniza-
tion of the driving and detection electronics with the excitation signal of the vibrating
surface. The light collected back from the probe-head was coupled into the PolyBoard
receiver PIC, where the optical phase information from both TE and TM polarization
was detected. The total optical loss in the PolyBoard PIC, including coupling and inser-
tion loss for all optical components in the paths from the fiber-input to the PDs, was
estimated at approximately 11 dB for the measurement input, at 15 dB for the optical ref-
erence input and at around 15 dB on average for the monitor PDs, assuming PD respon-
sivity of 1 A/W [41]. An additional 9 dB loss was measured in the path of the HWP. The
extinction ratio of the PBS was 15 dB. Detection electronics and demodulation software
from Polytec were used for the processing of the raw signals.

To test the functionality of the whole setup in terms of accuracy and stability, we
performed measurements on a vibration calibrator. The calibrator provided a sinusoi-
dal vibration frequency of 159.15 Hz with a peak-to-peak displacement amplitude of
14.142 pm (10 um RMS). A stable sinusoidal signal with a displacement amplitude of
14.1 pm was obtained after performing digital demodulation of the raw signal Fig. 15.
(Top) presents the displacement spectrum obtained from the FFT of the time trace. A
distinct peak from the periodic motion of the calibrator at 159 Hz is visible. The ele-
vated noise up to~35 kHz is probably a result from intermodulation with a spurious
frequency component at the electrical carrier frequency of 2.5 MHz. Both the amplitude
and the frequency of the demodulated signal matched the expected values of the calibra-
tor, confirming that accurate measurements can be performed with our setup. Consider-
ably lower vibrational amplitudes are needed to test the resolution of the system. For this
reason, we performed measurements on a membrane loudspeaker, where displacements
in the nm range can be observed. A sinusoidal signal was used to excite the loudspeaker
at 15 kHz. The demodulated signal was filtered with a 1 MHz bandpass filter around the
2.5 MHz carrier to reduce the in-band noise and improve the resolution of the measure-
ment. The displacement spectrum is presented in Fig. 15 (Bottom). The 15 kHz excita-
tion frequency of the loudspeaker is clearly visible, corresponding to a displacement of
around 5 nm. From the spectrum we can assess the achievable noise limited resolution
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Fig. 15 (Top) Spectrum from the calibration measurement with a sinusoidal vibration frequency at

159.15 Hz with a peak-to-peak displacement amplitude of 14.142 um. (Bottom) Displacement spectrum

from a loudspeaker using a sinusoidal excitation signal at 15 kHz. Bandpass filtering is applied to improve the
resolution of the measurement (achievable noise floor around 10 pm//Hz)

of the setup. For frequencies above 1 kHz the noise spectrum is white, and the base line
lies in the range of 10 pm, while for lower frequencies, bellow 200 Hz, the noise level
limits the resolution to a few nm (< 10 nm). The higher noise level at lower frequencies is
primarily due to electronic noise from the circuits used for the detection and digitization
of the signal, while it is also related to vibrations of the environment. The demodulation
of the signal in the above measurements was performed in an offline manner.

Real-time demodulation of the LDV signal is extremely useful, especially in situations
where adjustments in the LDV system or in the measured object are needed in situ.
We conducted measurements on the loudspeaker using real-time demodulation where
the two channels from the two orthogonal polarizations were recorded and analyzed.
Figure 16 shows the displacement spectrum of the measured signals for the two chan-
nels. The observation window was limited to 20 kHz due to the available memory for
the real-time processing. As both polarization channels carry the same information,
the same peak amplitude of 5 nm and the 10 kHz frequency of the moving loudspeaker
membrane is retrieved. The achievable resolution of our measurement is approximately
10 pm. For comparison, a summary of the present work is presented in Table 1 along
with comparable integrated heterodyne sensors based on serrodyne, acousto-optic and
SSB modulation.
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Fig. 16 Displacement spectrum from a loudspeaker using 10 kHz excitation. The two channels correspond
to the two independent polarization channels and carry the same information. The achievable displacement
resolution is below 10 pm

Table 1 Summary of this work with comparable heterodyne sensors

Year /Author Platform OFS fors Resolution  On-chip detection
/Wavelength  (Modulation)

1991 [6] /Toda LiNbO3 Serrodyne (EO) 200 kHz 3nm No
/630 nm

2001 [21] /Rubiyanto  LiNbO3 Acousto-optic (SAW) 171 MHz 105 pm No
/1561 nm

2013 [8] /Li SOl Serrodyne (TO) 2 kHz <1nm No
/1550 nm

2015 [9] /Cole SOl SSB 50 Hz 2nm Yes
/1550 nm (TO) (Ge-PDs)

This work SiN, Serrodyne 100kHz 10pm Yes
Polymer SSB 2.5 MHz (InP-PDs)
/1550 nm (SO)

EO Electro-optic, TO Thermo-optic, SO Stress-optic

Conclusions

Stress-optic phase modulation in TriPleX is based on the piezoelectric actuation of a
PZT layer deposited above the waveguide structures. The actuation is achieved via an
electric field applied between two electrodes. In this work we have demonstrated for the
first time a top-top electrode configuration in the TriPleX platform, where both elec-
trodes are placed on top of the PZT layer and apply a horizontal electric field through
the latter. With the best performing modulator structure, we have reported a 0.25
peak-to-peak sinusoidal phase-shift at 2.5 MHz with 156 mW power dissipation, while
the average power consumption of all fabricated structures was 660 mW. The stress-
optic modulators of this work require relative long electrode lengths (15 mm) and high
voltage driving signals (>100 Vpp), rendering them non-competitive with modulators in
other material systems (such as LiNbO, and InP). However, the realization of modula-
tors with a wafer-level process in the silicon nitride platform, capable of operating in the
MHz-range is an achievement and can potentially benefit numerous applications that
require multiple modulators inside large optical circuits, such as multi-channel sensors
or microwave photonics. Further improvement of the modulation efficiency is possible
with optimization of the stress distribution in the waveguide. This can be realized by
optimizing the dome and electrode structures. Higher modulation and, consequently,
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power efficiency is also possible with further improvements in the PZT material quality,
in terms of crystal uniformity and piezoelectric efficiency. Moreover, an advantage of the
top-top over the conventional top—bottom electrode configuration is the possibility to
increase the thickness of the PZT layer without altering the electric field density through
the PZT. Thus, the PZT thickness can be further increased and optimized independently
to achieve higher efficiency of the stress-optic effect.

We have demonstrated the feasibility of high-quality OFS in the MHz regime, of an
optical carrier at 1550 nm, using stress-optic phase modulation in the SiN-based Tri-
PleX platform. We have investigated via simulations the performance of the serrodyne
and the SSB OFS, and we have presented their limitations in terms of CE and suppres-
sion ratio of the unwanted sidebands (SBSR) in practical implementations. Both the
serrodyne and the SSB OFSs have been realized in the TriPleX platform and evaluated
experimentally, demonstrating frequency shifts at 100 kHz and 2.5 MHz, and SBSR of
22.1 dB and 39 dB, respectively. A key benefit of using TriPleX for the implementation of
the OFS units is the potential for high optical power handling that silicon nitride offers,
unlike silicon platform that is limited due to two photon absorption [55]. We have inte-
grated the SSB-OFS in a miniaturized LDV system operating at 1550 nm wavelength and
demonstrated vibration measurements up to 15 kHz, with the possibility of measuring
vibration frequencies up to 1 MHz with 10 pm displacement resolution. Signal detection
has been based on a dual-pol coherent receiver realized in the PolyBoard platform utiliz-
ing InP-based PDs. In this work, the TriPleX and the PolyBoard PICs have been pack-
aged individually and connected via fiber arrays, to demonstrate the proof-of-concept. A
more compact system is possible via hybrid integration of the two units, while we have
also reported a powerful 3D integration method for the combination of the TriPleX and
the Polyboard platform on a wafer-level [56]. Moreover, hybrid integrated semiconduc-
tor laser sources with extremely narrow spectral linewidth are available in the TriPleX
platform [57], offering the possibility for on-chip light generation.

We have demonstrated that the stress-optic modulators of the current work can be
successfully integrated in a fully functional LDV system that allows the measurement of
vibration frequencies at least two orders of magnitude higher from what is possible with
the conventional thermo-optic phase shifters of the TriPleX platform. The realization of
efficient OFS functionality in the silicon nitride platform with a wafer-scale process is a
significant achievement, as it can open the way to the combination of heterodyne inter-
ferometric principles and solid-state scanning units (such as OPAs) through monolithic
integration, enabling low-cost and compact sensor systems.

Abbreviations

CE Conversion efficiency

cw Continuous wave

DRIE Deep reactive ion etching

Dsp Digital signal processing

EBL E-beam lithography

ESA Electrical spectrum analyzer
FPGA  Field programmable gate array
HWpP Half-wave plate

IDT Inter-digital transducer
LDV Laser Doppler Vibrometer
LO Local oscillator

MEMS  Micro-electromechanical system
MMI Multimode interference
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MZM Mach-Zehnder modulator
OFS Optical frequency shifter

PBS Polarization beam splitter
PC Polarization controller

PD Photodiode

PH Phase heater

PIC Photonic integrated circuit

PLD Pulsed Laser Deposition
SAW Surface acoustic wave

SBSR Sideband suppression ratio
SMSR  Sidemode suppression ratio
SOH Silicon organic hybrid

SOl Silicon-on-insulator

SOM Stress-optic modulator

SSB Single-sideband

VOA Variable optical attenuator
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