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Abstract—We integrate a bow-tie antenna on a thin-film lithium
niobate (TFLN) phase modulator to form an electromagnetic E-
field sensor. The fiber-coupled TFLN chip is probed by a two-tone
optical local oscillator generated using an external phase modula-
tor, which after appropriate filtering allows the system to act as a
photonic down-converter. The system is compatible with the use
of balanced detection, enabling an improved signal-to-noise ratio.
We demonstrate the down-conversion of a 28.3 GHz free-space
microwave signal to 100 MHz with a sensitivity of 2 mV/m/�Hz.
The current sensitivity limitation stems from the relatively high
(25 dB) insertion loss of the packaged device, which is not inherent
to the design. The technology can be directly scaled to much higher
frequencies and is attractive for remote detection of microwave
electromagnetic signals.

Index Terms—Microwave photonics, E-field sensor, optical fiber
communication, microwave measurement, microwave antennas.

I. INTRODUCTION

E LECTRO-OPTICAL (EO) sensors have great potential for
measuring electromagnetic signals. Such sensors can be

fully passive and interfaced via low-weight, high-bandwidth,
low-loss, and electromagnetic interference-free optical fiber.
Moreover, the sensors themselves can be primarily dielectric,
with only small levels [1] or even a complete absence [2] of
metal content. These properties make them ideal for remotely
monitoring electromagnetic signals, for instance in difficult-to-
reach locations, in hostile environments, or for antenna charac-
terization.

A common means of EO detection is via an intensity modu-
lator, such as a Mach-Zehnder interferometer (MZI) modulator,
defined on a material with high EO effect such as lithium nio-
bate. In this case, an incoming electric field (E-field) causes an
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imbalanced phase change in the two arms of the interferometer,
for instance, due to one arm being excited by an antenna [3]
or the two arms having opposite poling [2]. The output optical
intensity is then intensity modulated by the incoming electric
field and can be photo-detected to create an electrical signal.
The detected signal mirrors the incoming E-field so that the
photodetector bandwidth should be as high as the desired E-field
frequency to be measured.

General E-field measurements, such as often needed for ap-
plications in communications or radar, preserve both the am-
plitude and phase information of the incoming signal. Typ-
ically, such RF receivers convert the high frequency signal
carrier (e.g., >10 GHz) into a lower intermediate frequency
(IF; e.g., <1 GHz) in a process called down-conversion. Down-
conversion makes the signal more manageable and compatible
with low-cost, high-performance analog-to-digital converters
(ADCs) enabling subsequent digital signal processing. Down-
conversion in the RF domain typically requires an RF local
oscillator (LO) near the signal frequency and has undesirable
effects on the signal including LO leakage, loss, and distortion
[4]. Moreover, for remote antennas the RF down-conversion
system (including LO) should be co-located with the antenna so
that the high carrier frequency does not need to be transmitted
through significant lengths of electrical cable. An alternative
implementation is a photonic down-conversion (PDC) [4], [5],
[6] scheme which performs the frequency translation optically
thereby eliminating the microwave mixer. Importantly, PDC
gives much greater freedom in choosing the photodetectors since
the central frequency of detection is now the lower IF.

While well-studied in RF-fiber links, E-field measurement
systems have only rarely employed down-conversion and at
comparatively low RF frequencies [7]. Instead, most sensors
monitor the received signal directly by measuring the photo-
detected signal on a high-frequency electrical spectrum analyzer
(ESA) [8]. As the desired frequencies of detection increase
and more advanced applications like radar or electromagnetic
spectral monitoring become of interest, PDC should become an
increasingly important tool.

An interesting RF-photonic PDC communication link that
uses only phase modulation has previously been proposed
and demonstrated [5]. In addition to the phase modulator that
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modulates the incoming signal to be measured, this system also
uses a second phase modulator to apply an RF LO, followed by a
notch filter to remove the original optical carrier. The detected IF
is then at the absolute frequency difference between the LO and
the incoming signal. A single photodetector can then measure the
down-converted signal. Unlike MZI’s, phase modulators do not
require a DC bias and in principle preserve the full optical power
of the input (MZI’s can preserve the full optical power if they
have dual outputs, but this requires more complex fiber coupling
and management). These properties make phase modulators
good candidates for remote signal monitoring. Additionally,
cascading phase modulators into an array can lead to a higher
modulation index and thus more sensitive detection [1].

Another PDC method generated a two-tone optical LO using
an MZI biased for carrier suppression [9]. This creates two
optical tones separated by twice the frequency driving the MZI.
A benefit of this method is that the required RF frequency used
to generate the optical LO is reduced by a factor of two, thus
easing the burden of detecting high microwave frequencies. The
optical two-tone LO feeds a phase modulator that is modulated
by a microwave signal, then the optical bands surrounding the
two LO tones are separated in a programmable optical filter and
detected in a balanced photo-detector (BPD). The BPD subtracts
out common mode noise and increases the net optical power that
can be received before nonlinear distortions occur. A related
two-tone PDC experiment has demonstrated PDC to be useful
for free space links [10]. Free-space RF reception is possible
by connecting an external antenna, such as a horn antenna, to a
typical receive-side optical modulator that uses traveling wave
co-planer RF electrodes [11].

The high EO modulation index and mature technology base of
lithium niobate make it a well-used platform for E-field sensing
without the use of an external antenna. Such sensors commonly
either have micro-antennas integrated into the same chip as the
optics [3], or they imprint the incoming E-field onto the optical
field directly by appropriate design, such as controlled poling
[2]. The last decade has seen a surge in the development of
thin-film lithium niobate (TFLN), in particular for communica-
tions applications, as it promises smaller and more integratable
devices as well as high-bandwidth and high-efficiency (low
Vπ) modulation [11], [12]. TFLN has been adapted for use in
E-field sensing as well [13], [14], [15], which is sensible as this
application should benefit from the same properties that make it
so appealing for use in optical communications. However, other
than preliminary work by the authors [16], to our knowledge
all TFLN E-field sensors demonstrated thus far are intensity
modulators, and no TFLN E-field sensors have been used with
PDC.

In this work, we demonstrate a TFLN-based E-field sensor
based on an integrated bow-tie antenna coupled to a phase mod-
ulator. The largest dimension of the antenna is 1.85 mm and it is
designed for use between 20-36 GHz. The sensor is probed by a
two-tone optical signal generated by passing laser light through
an external phase modulator driven at 14.1 GHz. The optical
output from the sensor is optically amplified and separated into
two ports using a commercial 2.5 GHz asymmetric MZI (AMZI)
demodulator (commonly used for the detection of differential

Fig. 1. (a) Simplified diagram of TTDC probing of an E-field sensor. (b)
Conceptual diagram of the optical spectrum into the AMZI (x-axis is optical
frequency) acting as a WDM. One of the two AMZI output transmissivity
functions is overlayed as a dotted line (TAMZI,1). This output is set to pass
the LB and block the UB. The other AMZI output has an inverted transmissivity
function (pass the UB, block the LB). We set N = 0 in the figure for clarity.

phase-shift-keyed communications), and each output is detected
in a BPD. This scheme is used to photonically down-convert a
28.3 GHz incoming microwave signal to a 100 MHz IF signal.
We show the benefit of balanced detection by comparing the
performance using just one of the asymmetric demodulator ports
to that of using both ports. The increase in gain from using
both ports is larger than the increase in the noise floor, leading
to an improvement in signal-to-noise ratio (SNR). Sensitivity
to an incoming electric field in the far-field of a horn antenna
is about 2 mV/m/�Hz. The sensitivity is encumbered by the
25 dB insertion loss of the packaged antenna, which limits the
optical power that can be sent to an erbium-doped fiber amplifier
(EDFA) used to boost the optical power before the detection
apparatus. The associated relative intensity noise (RIN) from this
EDFA is the dominant source of noise. However, the waveguide
propagation loss of 2.6 dB/cm and simulated loss through the an-
tenna structure of <0.1 dB suggests the losses are dominated by
technical loss such as mode matching at the fiber/facet interface.
TFLN facet coupling losses are more commonly <5 dB/facet
[17], with recent work demonstrating sub-dB/facet [18]. Thus,
substantial improvements in sensitivity are to be expected with
greater attention to coupling loss.

II. OPERATING PRINCIPLE

A simplified conceptual diagram of a two-tone down-
conversion (TTDC) system is depicted in Fig. 1. A two-toned
optical LO signal used for probing the sensor is generated by
modulating a laser via an external phase modulator (PM) with
a sinusoid at frequency fLO = (fRF ± fIF)/2, where fRF is
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the central RF frequency to be detected and fIF is the desired
IF frequency. The phase modulation creates symmetric optical
tones about the carrier, separated by integer multiples fLO.The
tone power can be calculated for a given modulation index
using the Bessel function. For instance, a modulation index
of m0 = 1.84 would generate two first-order spectral tones
of intensity I0·(J1(1.84))2 = 0.339 · I0, where I0 is the output
intensity of an unmodulated laser through the LO-PM and Jx is
the Bessel function of order x. This LO generation configuration
generates maximum power in the two 1st-order tones (f0 ± fLO),
but also keeps (J0(1.84))2 = 10% of the power in the carrier
and (J2(1.84))2 = 10% of the power in each of the 2nd-order
tones. We note that if the 2nd order tones are filtered out with a
band-pass filter, the main implication of undesired tones is the
optical loss that they represent. If they are not filtered out, then
their implication is more complicated, but it is a secondary effect
that is neglected in this analysis.

The RF signal to be measured centered at frequency fRF is
sent to a transmit antenna, which generates a propagating E-field
that is directed to the sensor. The sensor contains a bow-tie
antenna that is designed to induce an electric field across a
short gap containing an optical waveguide. The electro-optic
effect causes the induced electric field to phase-modulate the
two-toned optical LO. A conceptual graphical depiction of the
resulting optical spectrum is shown in Fig. 1(b), where only
the carrier and first-order tones are considered, and we arbitrarily
set fRF < 2·fLO. The optical spectrum consists of an upper band
(UB) around (f0 + fLO) and a lower band (LB) around (f0 −
fLO). Each band generates a beat frequency of fIF, but they are
180° out-of-phase thus canceling out and leaving no intensity
modulation (as expected for a phase modulator). However, if
the two bands are separated, such as by using a wavelength
division multiplexer (WDM), then either band can be detected
by a photodetector and will lead to a detected signal at the IF.
Additionally, the IF signals from each band will be out-of-phase
with the other, so subtracting them in a balanced detector will
ideally double the detected current leading to a 6 dB increase
in signal power. Assuming the noise is uncorrelated in the two
bands, the subtracted noise power level is only increased by
3 dB leading to a 3 dB nominal improved signal-to-noise ratio
(SNR). Some types of noise, such as relative intensity noise
(RIN) from the laser, can be correlated in both bands. This
common-mode noise can subtract out and therefore even further
improve SNR [19].

The two bands can be separated using technologies such as
add-drop multiplexing (ADM) filters. Typical low-loss filtering
technologies have bandwidths>0.1 nm (12.5 GHz for a 1550 nm
wavelength), making them well-suited for separating bands that
are spaced by many 10’s of GHz. The tones can also be separated
using an asymmetric Mach-Zehnder interferometer (AMZI).
Here, the internal phase of the AMZI periodic filter is set to pass
the UB to one output port and the LB to another. We note the
AMZI is simply a waveband-splitting tool and is not particularly
sensitive to laser line-width. To effectively separate the bands
of interest, the free spectral range (FSR) of the AMZI should be
such that (N + 0.5)�FSR ≈ 2�fLO, where N is a non-negative
integer representing the number of excess FSR intervals between

Fig. 2. (a) Geometry of the bow-tie antenna. The optical waveguide is located
in the central gap. (b) Cross-sectional view of the chip (c) Simulated FE of the
antenna as a function of RF frequency. The 3-dB bandwidth is shown for the
square of the FE, which is the power bandwidth.

the UB and LB. Each band is then detected using a different port
of the BPD, which generates an output at the IF.

Fig. 2(a) shows the basic geometry of the bow-tie antenna on
a TFLN platform on silicon substrates and Fig. 2(b) shows the
waveguide cross-section of a rib-loaded TFLN waveguide with
single-mode operation. The antenna receives an RF signal and
induces a strong electric field between two electrodes separated
by 5 μm. The antenna has been designed for maximum field
enhancement (FE) at 28 GHz. The FE factor is defined as the ratio
of the induced electric field inside the gap between the electrodes
to the incident electric field [1]. A simulated curve showing the
expected FE as a function of frequency is shown in Fig. 2(c).
Ansys Lumerical is primarily used for optical simulations, while
COMSOL Multiphysics is used for microwave/RF simulations.

The bandwidth of the proposed antenna is defined as the
square of the FE to represent performance in terms of RF power.
The simulated 3-dB bandwidth is 5 GHz with a FE factor equal
to 830 at the center frequency of 28 GHz. An optical waveguide
is defined between the electrode gap region and the electric field
is imprinted onto the phase of the optical carrier confined in the
waveguide via the exploited r33 electro-optic coefficient.

The wafer’s silicon substrate possesses a high resistivity
(>10000 Ω�cm) that makes it a semi-conductive material which
is essential for high-frequency and high-speed applications.
Fig. 3(a) shows a 3D representation of the antenna’s far-field
pattern, obtained using the CST Studio suite. Fig. 3(b) shows a
corresponding polar representation in the E-plane. While the
radiation pattern is asymmetric in the vertical direction, the
antenna gain is 0.4 dBi in the forward direction, resulting in
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Fig. 3. Simulation of antenna far field. (a) 3D rendering. (b) E-plane polar
plot. The radial axes are in dBi units.

Fig. 4. Simulation of FE vs. electrode gap.

Fig. 5. Experimental configuration also shows the optional insert used for
experimental version 2 (V2). G is an electrical amplifier, Mon is a monitor port,
FA is a fixed attenuator (used to protect the PSF from high power levels).

a pattern that for the purposes of our experiment is close to an
omnidirectional pattern.

Fig. 4 shows a simulation of the FE factor as a function of
the gap between the electrodes. A gap of 5 μm was chosen as a
conservative value to keep optical loss due to the near-by metal
negligible. It is an open design issue to choose the gap so as to
find a desirable trade-off between FE and optical loss.

III. EXPERIMENT

An experimental diagram of the PDC E-field sensor experi-
ment is shown in Fig. 5. An optional subsystem is highlighted,
which consists of a fixed attenuator (FA), programmable spectral
filter (PSF realized by a Finisar Waveshaper filter), a transmit-
side EDFA, and a band pass filter (BPF) to remove excess ampli-
fied spontaneous emission noise (ASE). This optional subsystem
is removed in version 1 (V1) of the experiment and inserted in
version 2 (V2), as described further below.

Fig. 6. Photograph of the packaged chip, shown without a removable plastic
cover. Note the plastic cover is attached during the measurement while the metal
screws securing the white plastic mount in the photo are not present.

A horn antenna with a gain estimated from the datasheet as
G = 21.4 dB (at 28 GHz) is excited by an RF signal. The mag-
nitude of the RF signal fed to the horn is controlled by changing
the output power of a programmable signal generator that feeds
a chain of components, consisting of a frequency doubler, a
high-pass filter, an electrical amplifier, and a 10-dB attenuator.
The power delivered to the horn antenna PT at a given signal
generator power setting is estimated using a power detector
(Mini-Circuits ZV47-KR44). The 5.4 × 4.2 cm2 aperture of the
horn is mounted at R = 99 cm above the sensor. Specifying the
far field condition as 2�Dmin

2/λ, where Dmin is the minimum
aperture dimension and λ is the RF wavelength, we find the
sensor is well outside the 33 cm far field range and thus calculate
the power density at the sensor as Pd = G�PT/(4π�R2) [8].

A laser with 19 dBm output power near 1552 nm (APIC
LN-1550-168-80) is phase modulated at fLO = 14.1 GHz. The
relative size of the resulting spectral tones observed on an optical
spectrum analyzer (OSA; HP 86140A) with 0.06 nm resolution
bandwidth is consistent with a modulation index of m = 1.85,
with the desired 1st order tones at (fo ± fLO) about 3× larger than
the output laser tone or the 2nd order tones. A fiber polarization
controller (FPC) is adjusted so that the transverse-electric (TE)
mode of the waveguide is excited. The fiber-coupled packaged
sensor chip shown in Fig. 6 has 25 dB fiber-to-fiber insertion
loss. Measurements of a ring resonator on the same chip suggest
the propagation loss of the waveguide is 2.6 dB/cm. The net
waveguide length of 0.9 cm and the anticipated 0.7 dB reflection
loss per facet suggests the average coupling loss per facet is
10.6 dB. End-to-end losses of about 14 dB have been obtained
pre-packaging using high-precision stages to couple light from
lensed fibers through the chip soon after fabrication. Thus, we
believe the high insertion loss is largely due to technical issues
such as poor mode-matching or some kind of contamination.

The optical output from the sensor is amplified in a receive-
side EDFA (EDFAR, Lightwaves2020 NOAPF252R), band-
pass filtered to limit out-of-band ASE noise, then sent to an
AMZI for separating the upper and lower bands. The AMZI is a
commercially available device (Optoplex DPSK demodulator)
with a nominal 2.5 GHz FSR. This allows for operation at a
variety of RF signal frequencies spaced by about 1.25 GHz. The
internal phase of the AMZI is adjustable via a bias voltage that
controls the temperature of the device. For N = 11, we expect
the optimal fLO = 14.375 GHz, though we found experimentally
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Fig. 7. Linearity plot of the peak IF signal power measured near 100 MHz on
the ESA for both the V1 and V2 configurations (see labels) as a function of the
incident electric field. The noise levels in a resolution bandwidth of 100 kHz are
depicted with a dotted line and dashed lines fit the data with a fixed slope of 2
on a log scale.

that fLO = 14.1 GHz allowed the two 1st-order tones to be more
cleanly separated.

The outputs of the AMZI were fed into the BPD (Thorlabs
BDX1) and amplified by a chain of amplifiers with a net gain at
100 MHz of 46.4 dB. The power measured by an ESA (Agilent
N9320A) in a 100 kHz resolution bandwidth is measured while
varying PT. Fig. 7 plots the noise-floor corrected IF power as
a function of the inferred E-field at the sensor. The relationship
follows the expected linearity trend, where every dB change in
E-field changes the received power by 2 dB. The intersection of
the linear fit of the signal power with the noise floor gives a sensi-
tivity of 0.89 mV/m/�100 kHz or equivalently 2.8 mV/m/�Hz.

We can define a captured power level relative to an isotropic
antenna as Pc =Pd �λ2/(4�π) [1], which allows us to convert the
−48 dBm noise floor and the net system gain of 2.7 dB (which
includes the gain of the electrical amplifiers) into a relative noise
figure, NF = 10�log10{Nout,1Hz/(G�kT)} = −73.2 dB, where
Nout,1Hz is the output noise floor in a 1 Hz bandwidth, k is
Boltzman’s constant and T = 293 K is room temperature [20].
It is expected that the noise floor is primarily due to the low
power entering EDFAR of Po,in = −17.7 dBm/tone, as this
is considerably smaller than the power hitting either detector
which is approximately −1 dBm. This can be further justified
by calculating the expected noise floor assuming RIN from the
signal-spontaneous beat noise from EDFAR is the only noise
source, which can be estimated [20] using RINsig-sp =

4nsphf
Po,in

,
where nsp is the amplifier spontaneous noise emission factor
which we set to the ideal value of nsp = 1 (signifying a 3 dB
amplifier noise figure), and hf is the energy of a photon. This
leads to a minimum estimated RINsig-sp = −135.2 dBc, which
can be translated into a noise floor Nout,1Hz=RIN � IDC

2 � Rout,
where IDC is the net current of the detector and Rout is the load
resistance [20]. Using the 1 A/W nominal conversion efficiency
of the detectors, a 2 dBm net power level (including both
detectors), and Rout = 50 ohm leads to an estimated noise floor,
after accounting for eletrical gain, of Nout,100kHz =−47.8 dBm,
which is consistent with the experiment and supports the claim
that RINsig-sp is the dominant noise source.

Fig. 8. ESA trace of a balanced detection measurement (black), and with both
outputs measured single-ended (grey and light grey).

The optional optical sub-system depicted in Fig. 5 was added
to realize the V2 experiment with the goal being to improve
SNR by increasing the optical power of the 1st-order tones
entering EDFAR. This is accomplished by using the PSF as a
dual-band filter to pass the ±1st order tones and attenuate the
other tones. This filtering better isolates the optical power in
the spectral region of interest maximizing the power available
from a saturated EDFA. We amplify these tones in a pre-sensor
EDFA. The power-per-tone into EDFAT and EDFAR is−1 dBm
and −12.2 dBm, respectively. The net noise level is thus still
expected to be dominated by EDFAR, but the optical power
level pre-EDFAR has been increased by 5.5 dB in changing to
the V2 configuration. Given that nearly half of the optical power
is now in each of the first order tones, the net power sent to
the waveguide is about 16 dBm. Fig. 7 also shows linearity data
from V2. We note that in V2 the photo-detected powers are about
2 dB higher leading to higher gain but the noise floor has actually
fallen to −50 dBm/100 kHz. The combined 1.7 dB higher gain
and 2 dB lower noise floor leads to an SNR and NF improvement
of 3.7 dB, or a sensitivity of 1.8 mV/m/�Hz.

Fig. 8 shows a set of spectral measurements from the ESA
recorded with the BPD receiving both AMZI output ports (bal-
anced configuration) or just one or the other port (single-ended
configuration). Comparing the SNR of the balanced detection
data to the average single-ended data shows an improvement
of 2.5 dB demonstrating the value of balanced detection. The
2.5 dB improvement is reasonably close to the anticipated
3 dB improvement, and the somewhat reduced value could be
attributable to various experimental factors including imperfect
balancing of the currents from the detectors.

The impact of received optical power is assessed by measuring
the SNR at a fixed E-field of 13.5 V/m, while the power to the
detectors is varied using a variable optical attenuator (VOA)
inserted before the AMZI. The loss of the uncalibrated VOA is
assessed by taking the data in a single-ended configuration (only
one AMZI output was connected to the BPD) and monitoring
the power of the other AMZI output channel on an OSA. Mea-
surements are taken over a 5 dB range of VOA insertion losses.
As expected, the measured ESA RF power level changes by 2 dB
per dB of received optical power (since optical power is linearly
related to current and RF power is proportional to the current
squared), but the noise level also changes by the same amount.
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That is, in this power range the SNR is not sensitive to the power
received by the photodetector. This characteristic is consistent
with RIN-limited noise levels verifying that we are still limited
by the power levels entering EDFAR. It also demonstrates that
the SNR benefit of balanced detection seen in Fig. 8 is not simply
attributable to the increased current from the photodetector.

IV. CONCLUSION

We demonstrated a TFLN E-field sensor based on a bow-tie
antenna acting as an optical phase modulator. Such a sensor
requires no biasing and is fully electrically passive with only
optical fiber interconnects. The simple antenna structure and
small size (1.85 mm maximum dimension) make it well-suited
for remote detection, as well as for future applications where
multiple antennas are integrated on a single chip. A two-tone
optical LO probes the sensor, down-converting the 28.3 GHz
incoming E-field into a 100 MHz IF signal. The two-toned LO
is created using an external optical phase modulator driven at
14.1 GHz. The two tones are separated off-chip using an AMZI
optical filter allowing for the incoming signal to be recovered at
the 100 MHz IF. Improved performance via the use of balanced
detection of both tones is observed. The relatively low LO
driving frequency is an advantage for scaling the technique to
yet higher microwave detection frequencies such as the W-band
(75–110 GHz). The technical difficulties in detecting, process-
ing, and measuring microwave signals at such high carrier
frequencies make the photonic down-conversion technique par-
ticularly appealing, with the only substantial changes from the
current experiment being scaling down the antenna dimensions
(which in any case are far larger than the optical dimensions and
are thus trivial to fabricate) and using an LO modulator (in our
case a phase modulator) with a bandwidth of ∼50 GHz. Such
modulators are commercially available. Seeing that modulators
operating at >100 GHz have been reported [12], [21], even
further scaling the measurement frequency to 100’s of GHz is
within reach.

E-field detection sensitivities down to 2 mV/m/�Hz is ob-
served, with the limitation coming from RIN noise from an
optical pre-amplifier. This noise is exacerbated by the 25 dB
insertion loss of the packaged sensor that causes the optical
power into the EDFA to dip into low levels. The high insertion
loss is not inherent to the design, and it is expected that ∼20 dB
improvement is possible which would lead directly to a similar
level of noise reduction. Further improvements in sensitivity are
expected by optimizing the sensor design, including the use of
quartz as a substrate [22], and by the use of cascaded antenna
arrays [1].
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