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We propose a non-invasive, large-bandwidth electro-optic (EO) detection scheme for high-frequency electric
fields using thin-film lithium niobate Mach—Zehnder interferometers. Our proof-of-concept device is capable of

detecting high-strength electric fields, such as those present in x-ray free electron lasers and linear accelerators. The
proposed detection scheme utilizes an off-the-shelf C-band fiber optic continuous-wave laser and optical spec-
trum analyzer, which has a lower system cost and footprint compared to bulk-crystal-based schemes. Towards this
objective, fabricated devices are characterized in the 1-40 GHz frequency range to estimate the detection threshold,
detection bandwidth, and EO modulation strength. The characterized device exhibits a 0.13V - m~!.Hz /2
normalized electric field sensitivity. By extrapolating the measured frequency response, it is expected that the

characterized device will be able to detect free-space electric fields up to 150 GHz.
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1. INTRODUCTION

The sensing of high-frequency (millimeter-wave and above)
electric fields in free space is a challenging task requiring sen-
sitive, non-invasive detectors with high spatial and temporal
resolution [1-3]. Standard antenna-based schemes for charac-
terizing high-frequency electric fields are inherently limited in
their temporal resolution by the bandwidth of the associated
electronics, limited in their spatial resolution by the detector
size, and can distort electric fields due to the presence of metallic
components, requiring precise compensation [2,4]. Electro-
optic (EO) sensing modalities address many of these limitations
(Fig. 1). The linear EO effect occurs in non-centrosymmetric
crystals, wherein an applied electric field modifies the refractive
index of the material, producing polarization and phase modu-
lation, also known as the Pockels effect [5]. The EO effect occurs
effectively instantaneously, enabling high temporal resolution.
Additionally, all-dielectric EO sensors produce negligible dis-
tortion of the sampled electric field. The sensitivity is dependent
upon the Pockels coefficient of the EO crystal and the efficiency
of the fabricated modulator [5].

In this work, we propose to apply advances in thin-film
lithium-niobate-on-insulator (LNOI) modulator technology
to develop non-invasive, large-bandwidth, and high-sensitivity
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EO electric field sensors. As a proof-of-principle demonstration,
LNOI Mach—Zehnder interferometers (MZIs) are fabricated
and characterized in the range of 1-40 GHz (limited by avail-
able equipment) to determine the device’s phase modulation
coefficient, minimum detection threshold, and estimated
detection bandwidth. In our detection scheme (Fig. 1), electric
fields incident upon an integrated LN MZI produce ampli-
tude modulation in a continuous-wave (CW) probe laser.
This modulation produces optical sidebands in the frequency
domain measured via an optical spectrum analyzer (OSA). Since
the MZI is the basic building block of optical vector analysis
(OVA) [6,7], phase-sensitive detection of the high-frequency
electric field is thus possible, though not yet developed in this
work. With both amplitude- and phase-spectrum informa-
tion, the time-domain signal can then be reconstructed via an
inverse Fourier transform, and the temporal resolution of the
reconstructed signal is thus limited by the detection bandwidth
of the EO modulator (i.e., =1/ f;, where f{ is equivalent
to the detection bandwidth). Thin-film LNOI technology
has the potential to advance OVA towards chip-based instru-
ments with increased bandwidth because the detection scheme
can be applied to sample high-frequency electric fields using
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Fig.1. Frequency-domain electro-optic detection scheme. Incident
electric fields produce phase and amplitude modulation in an optical
probe beam, which is captured in the frequency domain using an OSA.

off-the-shelf C-band telecommunications equipment to reduce
system cost, footprint, and complexity and increase robustness.

While the scheme presented here is one possible method of
achieving integrated, frequency-domain EO electric field sam-
pling, an alternative scheme could be realized by more closely
mimicking prior free-space, femtosecond-pulsed-laser-based
schemes [8,9]. Using thin-film LN, the bulk EO crystal can
be replaced by a thin-film LN waveguide wire sensor [10], the
quarter-wave plate by a thin-film MZI, and the Wollaston prism
by an integrated TE/TM mode splitter [11]. Integrated tunable
optical delay lines have also been demonstrated [12], though
not in thin-film LN. Thus, thin-film LNOI technology has the
potential for chip-scale integration of a femtosecond-pulsed
laser EO detection scheme.

EO measurement schemes are important in fields such as
plasma physics, accelerator science, biomedical sensing, laser
radar, and microwave integrated circuit and antenna characteri-
zation [13—18]. Prior EO detection schemes have utilized bulk
EO crystals [8]. The sensitivity and bandwidth of such detectors
are limited by the phase mismatch (related directly to the refrac-
tive index mismatch) between the optical and RF electric fields
within the EO crystal. LN (LiNbO3) is one such EO crystal
that exhibits strong linear EO modulation (733 = 30.8 pm/V)
and transparency at near-infrared wavelengths [5]. Bulk LN,
however, exhibits an unfavorably high phase mismatch at tera-
hertz and sub-terahertz frequencies (An = npp — Pope = 4.39
for frr =100 GHz and Aqpe = 1550 nm) [19], yielding poor
signal-to-noise ratios (SNRs) when used in terahertz EO detec-
tion schemes [8]. Field sensitivities as lowas 1 V- m~! - Hz~1/?
have been demonstrated, but bandwidths in LN detectors have
been limited to less than 20 GHz due to the inherent phase mis-
match of bulk LN [18]. For EO sampling at frequencies above
100 GHz, ZnTe and GaP offer much larger bandwidths (ZnTe:
fie ~3THz; GaP: f; ~ 7 THz) but are limited in sensitivity by
lower EO coefficients than LN (ZnTe: 74; = 3.90 pm/V; GaP:
741 =0.97 pm/V) [9].

The advent of crystal ion slicing (CIS) and thermal exfo-
liation techniques enabling the fabrication of inexpensive
thin-film LNOI wafers has paved the way for renewed interest
in LN for building compact, high-efficiency, large-bandwidth
integrated optical modulators for applications in fiber optic
communications [20]. The high index contrast of LNOI
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waveguides results in dramatically improved mode confine-
ment over bulk devices, leading to improved EO modulation
strength, reduced modulator length, and reduced bending radii.
Recently, researchers have demonstrated higher modulation
bandwidths and CMOS-compatible operating voltages on
LNOI platforms [21-25]. Most importantly, phase matching of
the RF and optical fields has been achieved through engineering
of waveguide cladding layers, overcoming a fundamental limita-
tion of bulk LN to extend experimental modulator bandwidths
to 500 GHz, with 1 THz achievable bandwidth being projected
[26]. While MZI modulators with very high bandwidth have
been demonstrated, in this work, it is not our intent to compete
with these state-of-the-art modulators, but rather to demon-
strate an alternative application. Note that, rather than referring
the commonly used 3 dB modulation bandwidth, here we define
the detection bandwidth as the frequency range over which the
first sideband (FSB) can be measured with >3 dB optical SNR
(OSNR), as this metric is more relevant to frequency-domain
electric field detection. This parameter is thus subject to exper-
imental conditions (e.g., electric field strength, noise floor,
dynamic range, etc.).

2. DEVICE PRINCIPLES AND DESIGN

Thin-film LN modulator technology [27] is considered a key
enabling technology for non-invasive EO sensing of AC electric
fields with terahertz frequency bandwidth. Using thin-film LN,
it is possible to perfectly phase match the terahertz wave signal
and the optical signal by engineering the optical waveguide. An
MZI is chosen rather than a simpler single-waveguide phase
modulator to distinguish phase modulation due to the electric
field from any phase modulation due to environmental factors
(e.g., vibrations, thermal fluctuations).

The modulator consists of an input and an output grating
coupler to couple light between optical fibers and the thin-film
modulator devices and a Mach—Zehnder modulator section
where two arms are used [Fig. 2(a)]. A fiber v-groove array is
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Fig. 2. (a) Schematic of the modulator device and (b) calculated

modulation bandwidth for thin-film LN modulators with different
MZI device arms lengths. 74y = 2.3, ngp = 1.95.
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Table 1. Technical Specifications of the MZI
Modulator Used in This Research

Parameter Value
Operating wavelength 1550 nm
Fiber-to-fiber insertion loss —14to—17dB
Optical return loss >40 dB
Extinction ratio >20dB
3 dB Bandwidth 50 GHz
V. (DC) 6.5V
Active electrode length 6 mm
RF transmission line impedance 50

aligned and attached to the modulator to couple light in and out
of the device. The fabrication process is described in detail in
Ref. [27]. The measured device parameters are summarized in
Table 1. The electric field is reversed for one MZI arm compared
to the second arm using coplanar RF waveguides. The normal-
ized modulation index (independent of electric field strength)
as a function of RF for the thin-film LN modulator is given by
(1), where « is the RF loss parameter; L is the EO interaction
length; ngr and 74y, are the effective RF and optical refractive
indices, respectively; and wgr is the modulating frequency [20].
Equation (1) is plotted in Fig. 2(b) for three different device
lengths:

2
) 2. L
sinh (%) + sin ((nRF — Tope) AE )

(1)
2
()7 + (e = o 222

Snorm =

The effect of RF and optical index mismatch (An=
MRE — 7op) ON the device’s detection bandwidth can be directly
understood from (1). In the ideal case of no electrical losses
(e =0), as An approaches zero, 8,0rm approaches unity. Thus,
the index mismatch must be minimized to maximize the detec-
tion bandwidth, through tuning the waveguide geometry to
adjust 7, [20], the addition of cladding layers to adjust #gg
[20], or tuning the substrate (typically SiO;) thickness to adjust
nge [28]. Inherently, maximizing 8,;m by minimizing Az will
also maximize the device sensitivity, and thus the OSNR and the
detection bandwidth are simultaneously improved by reducing
the index mismatch [5]. The reduction of this mismatch is lim-
ited partly by the difficulty of fabricating thin-film LN devices,
although fabrication methods are being continuously improved
upon, and successful wafer-scale fabrication of integrated LN
devices has recently been demonstrated [29].

The group refractive index for the optical mode in these
devices is equal to 2.3. The group refractive index for the trav-
eling terahertz wave is not affected by sub-micrometer LN thin
filmsand isapproximately equal to 1.95 (i.e., the refractive index
of SiO,) at terahertz frequencies. In these devices, 2 300 nm SiN
ridge is patterned on a 300 nm thin LN thin-film layer. Note
that because this work is intended only as a proof-of-principle
demonstration, a readily available LN MZI is used rather than
one specifically optimized for this application. Further increase
in the device bandwidth is readily possible by designing the
waveguide structure to achieve better phase matching or simply
by using shorter interaction lengths [Fig. 2(b)]. The group

Research Article

refractive index of the optical mode can be engineered to be in
the 1.8-2.3 range depending on waveguide dimensions at a
laser wavelength of 1550 nm. Hence, in theory, it is possible to
perfectly phase match the terahertz signal and the optical signal
in thin-film LN waveguide modulators. If free-space terahertz
wave signals are used for modulation, one arm can be poled to
reverse the direction of spontaneous polarization of LN crystal
to achieve an opposite refractive index change for the same elec-
tric field and hence achieve intensity modulation in the output
for sensing applications [30].

3. EXPERIMENTAL DESIGN

Device characterization is performed using a setup similar
to Fig. 1. An RF signal generator (Anritsu 68369a/nv) with
40 GHz bandwidth is used to apply RF signals to the coplanar
transmission line of the MZI to emulate free-space electric
fields. An RF amplifier (Mini Circuits ZVA-213-S+) boosts
the maximum power to 24 dBm at 10 GHz. Gain flattening is
applied to maintain a constant 20 dBm output power across the
characterization bandwidth. A bias tee is used to adjust the DC
bias point of the MZI to optimize its sensitivity.

The optical elements consist of a tunable CW C-band laser
(Pure Photonics PPCL100, Piu = 13.5dBm) operated at
1550 nm (193.5 THz), a manual paddle-style fiber polarization
controller (FPC) (ThorLabs FPC560), the MZI device under
test, and a C-band OSA (ID-Photonics ID-OSA-MPD-00).
The laser beam is polarized parallel to the optic axis of the LN
modulator with a 35 dB polarization extinction ratio (PER),
tuned using the manufacturer-specified polarization tuning
procedure [31]. The OSA operates with a 312.5 MHz sampling
resolution, a 1.7 GHz resolution bandwidth, and a 1 Hz scan
rate.

4. EXPERIMENTAL RESULTS

Characterization is focused primarily on determining the
device bandwidth and absolute electric field sensitivity, the
parameters relevant to high-frequency electric field sensing.
Under maximum available RF and optical power, excellent
sideband generation in the 1-40 GHz range is observed. Five
detectable sidebands are generated using frr = 10 GHz and
Prr = 24 dBm. Based on MZI device theory, the nth sideband
amplitude is given as P, = Py - /,,(8)%, where P is the optical
probe power, J,, is the 7 th-order Bessel function, and § is the
modulation index, which depends on the RF and optical field
intensities, the Pockels coefficient, effective refractive index of
LN, and device geometry (electrode spacing, mode confine-
ment, RF/optical field overlap, etc.) [5]. Figure 3 compares
experimentally measured sideband amplitude with theoretical
predictions at 10 GHz and 15 GHz, respectively. Both the
frequency and amplitude of the sidebands agree well with expec-
tations, within the limits of simulation accuracy. Note that,
because this experiment is intended only as a proof of princi-
ple, the simulation used here is an analytical model based on
established device theory [5] and tabulated material data, and
thus does not predict the experimental results as accurately as
a device-level simulation would. In general, model agreement
is good, given that non-ideal aspects such as losses and process
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Prr=24dBm and (b) frr=15GHz, Prp=20dBm. The ele-
vated noise floor at the edges of the plot is due to the suppressed side
modes of the laser (PPCL100). Note that the power level in (a) is
24 dBm, and hence the sideband ratios in this plot do not correspond
to those in Fig. 5.
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15, and 20 GHz. A —22.6 dBm detection threshold is expected from
numerical simulations at 10 GHz. Note that at 10 GHz, detection of
the first sideband is limited by the increased detection threshold due to
the laser profile (see Fig. 5).

effects are not included. In both cases, sideband generation is
stronger than expected from theory for higher-order sidebands
and more sidebands are observed than predicted. Because the RF
amplifier is operated near the point of saturation, this increased
sideband amplitude is attributable to harmonic distortion of the
amplified modulation signal.

The threshold RF power to produce detectable sidebands
is measured by sweeping RF power at three frequencies (10,
15, and 20 GHz). A detectable sideband is defined as a side-
band with an OSNR greater than 3 dB (with —70 dBm noise
floor). Figure 4 shows the results of this characterization. The
device shows good RF power sensitivity; power levels as low as
—14.4dBm at 15 GHz produce reliable sideband detection
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Table 2. RF Power Detection Thresholds and
Corresponding Estimated Incident Electric Field
Frequency (GHz) Min. Power (dBm) E-Field (kV/m)
10 —10.5 8.4
15 —14.4 5.4
20 —12.4 6.8
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Fig. 5. FSB and SSB amplitudes measured over a 1-40 GHz RF

modulation frequency range. Frequency offset refers to the separa-
tion between the sideband frequency and the probe light frequency
(ie., fy — fo, where n =1, 2). The experimental data are fit with
(1) and extrapolated to estimate a detection bandwidth of 150 GHz,
in agreement with theoretical expectations. The laser linewidth pro-
file (dashed line, - - -) is included to illustrate its effect on sideband
detectability (relating to Fig. 4). FSB, first sideband; SSB, second
sideband.

(Table 2). The RF electric field in the center of the LN wave-
guide is estimated from power measurements using a simple
E =V /d relationship for 7 pm electrode spacing, where the
traveling-wave voltage on the electrodes is calculated from the
applied power after accounting for electrical losses, assuming
a 50 Q transmission line. Table 2 lists the calculated electric
field thresholds. The best-case i, of 5.4 kV/m is observed
at 15 GHz. After normalizing by the 1.7 GHz OSA resolution
bandwidth, this corresponds to an electric field sensitivity of
0.13V-m™' - Hz /%

To estimate the detection bandwidth of this device, the
sideband amplitudes are measured while sweeping the RF
modulation frequency from 1-40 GHz, at a constant 20 dBm
RF power (Fig. 5). The experimental sideband frequency
dependence is then fit with (1) and extrapolated to estimate the
—70 dBm (noise floor) intercept. Using this method, the detec-
tion bandwidth is estimated to be 150 GHz, in good agreement
with theory. Note that, while the device clearly possesses elec-
trical losses that contribute to the attenuation of the sideband
amplitude over this frequency range (Fig. 6), these losses have
been intentionally removed in this fit. The electrical contacts
and transmission line are included on this device only for char-
acterization purposes. In a practical EO sensing scenario, the
detector would not include metallic components as it would be
measuring a free-space electric field (Fig. 1), and thus the only
electrical losses would be due to absorption, which is expected to

be negligible [19].
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Between 6 and 40 GHz, the range over which the insertion loss
increases approximately linearly (with the exception of a sharp peak at
16 GHz), the insertion loss increases by 0.17 dB/GHz.

5. CONCLUSION

In this work, we propose a frequency-domain EO sampling
scheme for the detection of high-frequency electric fields based
on an integrated LN MZI. Thin-film LN MZlIs are fabricated
and characterized to assess their performance as high-frequency
electric field sensors as a proof-of-principle demonstration. The
detector is estimated to have a best-case electric field sensitivity
0f0.13 V- m~! - Hz/2. Based on extrapolation of experimen-
tal data, the device can be expected to detect free-space electric
fields of this amplitude up to 150 GHz.

Based on the measured E;, and extrapolated detection
bandwidth, this device would be suitable for measuring rela-
tively high-intensity electric fields, such as those of accelerated
electron bunches in x-ray free electron lasers (XFELs) and
linear accelerators (LINACs). For example, at the European
X-ray Free Electron Laser, the field in the vicinity (~mm)
of the 1 nC accelerated electron bunch is £~ 10°V/m,
and the bunch length varies along the beam line from 6.8 ps
(f=1/T~147 GHz) (downstream from the injector
LINAC) to 300 fs ( /= 1/ T =~ 3 THz) (following three bunch
compression stages) [32]. Thus, the device would be suitable
for measurement of the electron bunch length prior to the first
compression stage. Given that the phase of the electric field of
accelerated electron bunches is constant, no phase measurement
scheme would be necessary, and conceptually, the temporal
electric field profile can be reconstructed from the OSA mea-
surement [14]. However, a higher detection bandwidth would
be needed to resolve shorter electron bunches (i.e., after bunch
compression).

The performance of this particular device as an electric field
sensor is limited by a number of factors. £y, is limited by the
refractive index mismatch of the device and the interaction
length (6 mm). Minimizing this mismatch would significantly
improve the sensitivity of the device. The device possesses an
inherent sensitivity—bandwidth tradeoff, which scales linearly
with 1/L (EO interaction length) (i.e., reducing the interac-
tion length increases the bandwidth at the cost of increasing
the E\nin). For example, reducing the device length to 0.9 mm
would increase the bandwidth to 1 THz while increasing £y, to
approximately 36 kV/m. Alternatively, as discussed previously,
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the index mismatch could be minimized through engineering
of the waveguide and cladding layers to improve both the band-
width and sensitivity. Additionally, the minimum detectable
electric field is determined by the OSNR measured at the OSA,
which is limited by the side-mode-suppression ratio (SMSR)
and OSNR of the laser and the dynamic range of the OSA. The
laser used in this work exhibits an OSNR/SMSR of approxi-
mately 50-60 dB (depending on output power) while the OSA
is capable of up to 70 dB dynamic range. A 20 dB improvement
in the system’s OSNR (e.g., by increasing the laser’s power while
maintaining a —70 dBm noise floor) would correspond to an
order-of-magnitude improvement in the minimum detectable
electric field.
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