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Atom-based radio-frequency (rf) electromagnetic field sensing using atomic Rydberg states is a promis-
ing technique that has recently attracted significant interest. Its unique advantages, such as extraordinary
bandwidth, self-calibration, and all-dielectric sensors, are a tangible improvement over antenna-based
methods in applications such as test and measurement and development of broad-bandwidth receivers.
Here, we demonstrate how an optical-frequency comb can be used to acquire data in the Autler-Townes
regime of Rydberg-atom-based electrometry in a massively parallel fashion, eliminating the need for laser
scanning. Two-photon electromagnetically induced transparency readout and preparation of cesium is
used for the demonstration. A flat quasicontinuous optical comb is generated with the probe laser at
852 nm using an electro-optic modulator and arbitrary waveform generator. A single-frequency coupling
laser at 509 nm is tuned to the Rydberg launch state. An enhanced transmission signal is obtained using
self-heterodyne spectroscopy, where the comb signal is beat against a local oscillator derived from the
single-frequency probe laser on a fast photodiode. The transmission of each probe-laser comb tooth is
observed. We resolve electromagnetically induced transparency peaks with line widths below 5 MHz, with
and without laser locking. Radio-frequency electromagnetic fields as low as 66 µVcm−1 are detected, with
sensitivities of 2.3 µVcm−1Hz−1/2. The method offers a significant advantage for reading out electromag-
netically induced transparency and Autler-Townes splitting, as neither laser needs to be scanned and slow
frequency drifts can be tolerated in some applications. The method enables the detection of the amplitude
of a pulsed rf electromagnetic field when the incoming pulse Autler-Townes splits the electromagnetically
induced transparency peak.
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I. INTRODUCTION

The detection of radio-frequency (rf) electromagnetic
fields is a crucial tool for applications such as radar, com-
munications, test and measurement, environmental sci-
ence, and materials characterization [1–3]. Rydberg-atom-
based sensing of rf electromagnetic fields has recently
gained attention as a promising alternative to existing
antenna-based standards, as atom-based methods provide
high stability, accuracy, and reproducibility [4–7]. In con-
trast to antenna-based methods, Rydberg-atom-based elec-
tromagnetic field sensors are capable of measurements that
are self-calibrating, have a large carrier bandwidth, and
minimally distort the target rf electromagnetic field [4,5].
The vapor cells used for sensing can be made in a wide
range of shapes and sizes. Different types of materials can
also be used for their construction. The vapor cells can be
tailored to specific applications.

In one mode of Rydberg-atom-based sensing, the
Autler-Townes splitting induced by a target rf
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electromagnetic field in an atomic vapor cell is detected via
electromagnetically induced transparency (EIT) [4]. EIT is
a quantum interference phenomenon in which the proba-
bility amplitudes for transitions between quantum states
interfere destructively to reduce the absorption of one of
the lasers, referred to as the probe laser [8]. The destruc-
tive interference in Rydberg-atom EIT can be disrupted
by inducing an Autler-Townes splitting of a Rydberg state
through the use of a near-resonant rf electromagnetic field.
The spectral splitting of the Rydberg-state energy level
produces a splitting of the EIT transmission peak that is
read out by the probe laser [4]. It is this splitting of the
EIT peak that enables self-calibrated operation because it
depends only on the structure of the atom, through the
transition dipole moment and Planck’s constant. As the rf
electromagnetic field amplitude is decreased, the Autler-
Townes peaks gradually overlap and the change in ampli-
tude of the EIT transmission due to the rf electromagnetic
field can be used to measure the magnitude of the rf elec-
tric field. The change in EIT transmission amplitude due
to the rf field decreases until the sensitivity limit is reached
in this second operation mode. These methods have been
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used for the detection of rf electromagnetic fields down
to field strengths of 1 µV cm−1 and with sensitivities as
low as 240 nV cm−1Hz−1/2 [1,9–11]. The sensitivity can
be further improved to < 55 nV cm−1Hz−1/2 through the
use of an auxiliary rf field in a heterodyne detection scheme
but demonstrations to date require a conventional antenna
[12,13]. We note that these quoted sensitivities also depend
on the strength of the transition dipole moment on the
sensing transition, as well as geometric and laser-matter
interaction parameters.

The standard experimental apparatus used for Rydberg-
atom-based sensing utilizes single-frequency probe and
coupling lasers that are counterpropagated within an
alkali gas vapor cell. To probe the EIT peak and rf
electromagnetic-field-induced splitting, the frequency of
one of the lasers is scanned over the transmission region
while the frequency of the other laser is fixed to the tran-
sition. To determine the sensitivity limit of the system,
the wavelengths of both lasers are locked to the center
of the EIT peak and the change in transmission is mea-
sured as a function of the rf electromagnetic field strength
[4]. Pulsed rf fields, with durations as low as 50 ns, have
also been used to examine the transient atomic response by
monitoring the peak amplitude as a function of time using
fixed-frequency lasers [9]. Neither the laser scanning nor
the pulsed detection approaches allow for real-time mea-
surement of the full EIT transmission spectra, limiting the
amount of information that can be obtained. High-speed
tuning of the laser can distort the spectral line shape, partic-
ularly when combined with modulation techniques aimed
at increasing signal-to-noise levels [14]. More importantly,
for many applications, the time of arrival is not known. In
some time-dependent applications such as radar and com-
munications, it is useful to determine the pulse amplitude
but once the EIT peaks are split, the amplitude dependence
of the response saturates, limiting the dynamic range of
electromagnetic field strengths which can be detected.

A frequency comb is a light field consisting of an
optical spectrum made up from a set of equally spaced
discrete frequency lines, resembling a comb in frequency
space. A number of techniques have been developed to
generate frequency combs, including mode-locked lasers,
optical microresonators, nonlinear optical fibers, acousto-
optic modulators, and electro-optic modulators [15–17].
Among these, electro-optic modulators (EOMs) offer supe-
rior tunability in both tooth spacing and comb shape,
especially when the comb tooth spacing is required to be
< 10 MHz. Electro-optic frequency combs allow the comb
to be optimized for many different applications [17]. In
our case, the electro-optic frequency comb is advantageous
because a very fine comb tooth spacing can be achieved
(< 1 MHz), with sufficient breadth to cover the necessary
spectral bandwidth (approximately in the gigahertz range,
the spectral width of the Doppler-broadened probe-laser
transition).

Broadband atomic spectroscopy is a promising appli-
cation of optical-frequency combs, as a comb allows for
the instantaneous interrogation of a wide spectral range
when used to directly excite or probe a sample. Sev-
eral techniques for frequency-comb spectroscopy have
been demonstrated, including direct frequency-comb spec-
troscopy, Ramsey-comb spectroscopy, frequency-comb
Fourier transform spectroscopy, and dual-comb spec-
troscopy [18]. Frequency-comb interference spectroscopy
is a popular technique for the interrogation of atomic tran-
sitions, in which a frequency comb is passed through a
sample and then beat against a single-frequency laser,
down-converting the comb modes for electronic process-
ing [16,19]. Frequency combs in this configuration have
been used to probe various transitions in atomic gases
such as cesium and potassium, and have demonstrated time
resolutions as low as 1.12 µs [14,20,21].

In this work, we use an electro-optically generated fre-
quency comb to detect rf electromagnetic fields by prob-
ing EIT transmission and rf electromagnetic-field-induced
peak splitting in a cesium (Cs) vapor cell. We counter-
propagate a frequency-comb probe centered at approxi-
mately 852 nm with a fixed-frequency coupling laser of
approximately 509 nm, allowing us to measure a spectral
bandwidth of approximately 100 MHz without needing to
scan the frequency of either laser. The energy-level dia-
gram in Fig. 1(a) illustrates these transitions along with
the frequency components of the comb, which enable the
transition to be probed while both lasers are locked. The
probe comb is beat against a single-frequency carrier beam
in a self-heterodyne spectroscopy scheme. The technique
greatly simplifies the optical setup [Fig. 1(b)] required to
conduct rf-sensing measurements while requiring the addi-
tion of only an EOM, an arbitrary waveform generator
(AWG), and a spectrum analyzer. The simplification of
the rf-electromagnetic-field sensing platform makes this
technique amenable to a much wider range of applica-
tions than previous methods reliant on swept-frequency
lasers and precision wavelength measurements, such as
pulse-amplitude detection over a broad range of rf elec-
tromagnetic field strengths. The ability to instantaneously
image the full transmission spectrum, which is not possible
with swept-laser methods, provides significant additional
information that is useful in the measurement of pulsed
fields. We additionally demonstrate that EIT peaks can be
measured when both lasers are unlocked, further simpli-
fying the minimum optical requirements of the system for
some applications.

II. METHODS

To generate the optical-frequency comb, an EOM is
driven by an AWG to induce the optical phase modulation.
The function generated by the AWG is a repeated chirped
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(a) (b)

FIG. 1. (a) An energy-level diagram illustrating the four-level system used in the measurements. Optical-frequency components
within the comb are illustrated in different colors. The comb in this work spans 100 MHz. (b) A schematic of the experimental scheme.
The free-space probe and coupling beams are shown in red and green, respectively. Electronic connections are shown as dotted lines.

sinusoid of the form

f (t) = V0 sin
(

2π

(
f0t + (f1 − f0)fc

2
t2

))
, (1)

where V0 is the voltage amplitude of the modulation, fo and
f1 are the initial and final frequencies of the sinusoid, and fc
is the frequency spacing between the comb teeth [20]. This
comb function is highly tunable, as the spectral width and
tooth spacing can be set to any desired value using f0, f1,
and fc. The only limitations on the comb parameters are the
sampling rate and the buffer size of the AWG, since these
limit the comb tooth spacing, fc, and the spectral width
of the comb, 2(f1 − f0). To generate a finely spaced qua-
sicontinuous comb with sufficient frequency span, we set
V0 = 10 V, f0 = 0 MHz, f1 = 50 MHz, and fc = 10 kHz
over a time span of t = 100 µs. The corresponding optical
modulation applied to the EOM is

A(t) = eiωcte−iπ f (t)/Vπ , (2)

where ωc is the carrier frequency and Vπ = 2.1 V is the
half-wave voltage of the EOM [15]. In this work, the mod-
ulation amplitude V0 of f (t) is significantly less than Vπ .
The low driving voltage leaves a strong central peak at the
center of the comb but assures fairly constant power to the
other comb lines, resulting in a uniform profile. The AWG
used in this work restricts the time span of the modulation
function to 100 µs for the selected tooth spacing. While
the duration of the modulation can be reduced by increas-
ing the tooth spacing at fixed bandwidth, this comes at the
expense of reduced spectral resolution of the EIT signal.
The optical comb used for the experiments, corresponding
to the previous stated parameters, is shown in Figs. 2(a)
and 2(b). The comb has a frequency span of 100 MHz
and is composed of 10 000 teeth with a power variation of

3.06 dB. The experimentally measured comb bears excel-
lent resemblance to the simulated comb, albeit with a slight
change in tooth power across the comb width.

After passing through the vapor cell, the comb, shown
in Fig. 2(b), is distorted by absorption of light on the D2
line of Cs. To demonstrate that the comb tilt observed
in Fig. 2(a) is caused by Doppler-broadened absorption
of the Cs D2 line [22], the carrier frequency of the
comb is shifted to image the absorption curve. The car-
rier wavelength of the comb is varied from 852.3562 nm
to 852.3570 nm in steps of 0.0004 nm, as measured by
a commercial wave meter. A spectral image of the comb
is collected at each setting and all three are displayed in
Fig. 3. The combined profile of these combs is seen to map
the Doppler-broadened absorption curve characteristic of
room-temperature Cs at this wavelength. The Doppler-
broadened absorption curve is obtained by measuring the
transmission of the probe beam through the vapor cell as it
is tuned over the transition.

Figure 1(b) illustrates the optical setup used to conduct
the measurements. A probe laser with a wavelength of 852
nm, resonant with the Cs D2 transition, passes through
an acousto-optic modulator (AOM). A local oscillator for
self-heterodyne measurements is generated by picking off
the first-order output, which is frequency shifted by 185
MHz. The frequency comb uses the zeroth-order AOM
output. The probe-laser comb has a wavelength of approx-
imately 852 nm, a beam diameter of 345.6 ± 1 µm, and
a Rabi frequency of 0.11 MHz per tooth. The coupling
laser has a wavelength of approximately 509 nm, a beam
diameter of 260.3 ± 2 µm, and a Rabi frequency of 3.75
MHz. The probe and coupling lasers counterpropagate
through a Cs vapor cell. The room-temperature vapor cell
is cylindrical, with a diameter of 2.54 cm and a length
of 40 mm. The vapor cell is constructed of sealed glass
containing Cs. Both lasers are locked using the Pound-
Drever-Hall method to an ultrastable Fabry-Perot cavity

034078-3



DIXON, NICKERSON, BOOTH, and SHAFFER PHYS. REV. APPLIED 19, 034078 (2023)

(a)

(c) (d) (e)

(b) FIG. 2. (a) The resulting opti-
cal comb as generated by both
simulation and experiment. The
experimental plot shows the comb
after passing through the room-
temperature Cs vapor cell. (b) An
enlarged section of the comb teeth
with a frequency span of 100 kHz.
(c),(d) EIT peaks obtained with this
optical comb without rf coupling.
Raw data are shown in blue and a
Lorentzian fit is shown in black. (c)
The EIT peak obtained with both
lasers locked by averaging 50 scans
with a sweep time of 200 ms. The
line width is 4.9 ± 0.1 MHz. (d)
The EIT peak obtained with both
lasers unlocked by taking a single
scan with a sweep time of 1 ms.
The line width is 4.7 ± 0.1 MHz. (e)
EIT peaks collected in succession,
illustrating the jitter in peak position
when both lasers are unlocked.

[23]. After passing through the vapor cell, the probe beam
is beat against the local oscillator in a self-heterodyne spec-
troscopic measurement using a fast photodetector with a
bandwidth of 200 MHz. The beat signal is read out using
a spectrum analyzer to visualize the comb and EIT peaks.
Averages of 50 analyzer scans of 200-ms duration using
a bandwidth of 1 kHz are taken. Optimally, a real-time

FIG. 3. The Doppler-broadened Cs D2 absorption imaged by
three optical-frequency combs. The comb passes through the
vapor cell. As the carrier frequency of the comb is shifted, it maps
out the Doppler profile of the Cs D2 transition, shown in black.
For these data, fc = 0.1 MHz, f0 = 0 MHz and f1 = 150 MHz.

spectrum analyzer can be used to decrease the signal acqui-
sition time but only a swept-tuned spectrum analyzer is
available for this experiment. Nevertheless, the results will
be similar, if not identical, to those of a real-time spectrum
analyzer. To isolate the EIT peak from the comb structure,
a background signal is collected by blocking the coupling
laser and eliminating the induced transmission. The cou-
pling laser is then reintroduced, generating EIT, and the
spectrum is collected once again. The background signal,
which is stable in time, is subtracted from the EIT signal.
The background subtraction produces an isolated EIT peak
without the underlying comb structure.

To generate the target rf electromagnetic field, a horn
antenna driven by a rf generator emitting at 19.3965 GHz is
placed in the far field of the Cs vapor cell. The rf field prop-
agates along the radial direction of the cylindrical vapor
cell. The drift of the signal is minimized and the sensitiv-
ity is improved for the low-power rf electromagnetic field
measurements using a custom remote control program to
control the spectrum analyzer. The program enables the
collection of the signal and background in direct succes-
sion, so that they can be subtracted. To achieve this, a pulse
generator emitting a square wave with a frequency of 14
Hz and 50% duty cycle is used to pulse the rf signal and
trigger the spectrum analyzer to collect either background
(rf off) or signal (rf on) spectra. The pulse cycle is repeated
50 times, after which the background is subtracted from
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the EIT signal and the resulting isolated signals are aver-
aged. The process directly measures the difference in peak
amplitude induced by the rf electromagnetic field, which
tends to zero as the electromagnetic field intensity reaches
the sensitivity threshold of the system.

III. RESULTS

The EIT signal obtained with both lasers locked is
shown in Fig. 2(c), after background subtraction and aver-
aging 50 spectrum analyzer scans of 200-ms duration and
spectrum analyzer bandwidth 10 kHz. A Lorentzian fit of
the peak is shown, which has a full width at half max-
imum of 4.9 ± 0.1 MHz. To illustrate the possibility of
measuring EIT signals without locking the lasers, an EIT
peak is collected with both the coupling and probe lasers

unlocked. The peak obtained with free-running lasers is
shown in Fig. 2(d). Due to drift in the unlocked laser wave-
lengths, the scan time is reduced to 1 ms and no averaging
is performed. The signal-to-noise ratio is reduced but the
peak is clearly visible. The EIT peak has a full width at
half maximum of 4.7 ± 0.1 MHz. The data demonstrate
that the frequency comb enables the measurement of the
EIT peak without laser locking. To illustrate the effects of
laser drift and jitter on the EIT spectra, four EIT peaks col-
lected in succession are shown in Fig. 2(e). The ability
to probe the EIT transmission spectrum without needing
to lock either the probe or coupling laser is one advan-
tage of frequency-comb spectroscopy. Not having to scan
the lasers greatly simplifies the optical control systems
required to perform the measurement in some use cases.
The use of an unlocked laser may not be appropriate for

(a)

(c)

(b) FIG. 4. (a) The rf-induced peak
splitting in the Autler-Townes
regime. (b) The peak-amplitude
difference induced by rf in the
amplitude regime. (c) The peak
splitting and amplitude change
as a function of

√
P for both

the Autler-Townes and the ampli-
tude regime. The inset shows an
enlarged view of the amplitude
regime data with a quadratic fit.
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all measurements, particularly those where self-calibration
is important. To enable signal averaging, optimize the sig-
nal quality, and ensure that the lasers remain on resonance,
both lasers are locked for all other measurements reported
here.

The rf electromagnetic field induces Autler-Townes
splitting of the 55D5/2 peak, which produces two transmis-
sion windows separated in frequency by

�rf = d · E
�

, (3)

where the dipole moment of the transition is d = 6294eao
[4]. The splitting of the EIT peak is shown as a function
of the rf electric field strength in Fig. 4(a), as calculated
by Eq. 3, wherein the magnitude of the splitting increases
with the strength of the rf electromagnetic field. When the
probe laser is scanned, a factor of λp/λc modifies the spec-
tral splitting due to the Doppler effect. To account for the
slope in the comb profile shown in Fig. 2(a), the split peaks
are leveled by subtracting a linear background fit. As the
power output of the horn antenna is related to the electric
field strength as P ∝ E2, we expect that the square root of
the rf electromagnetic field power, P, should have a lin-
ear relationship to the spectral splitting of the EIT feature,
which is demonstrated in Fig. 4(c).

At low rf electromagnetic field strengths, the magni-
tude of the EIT peak splitting cannot be measured directly
but results in an amplitude reduction of the transmission
peak. The changes in peak amplitudes are shown for low
rf electromagnetic field powers in Fig. 4(b). The differ-
ence in peak amplitude, as determined by averaging the
peak amplitude over a 0.4-MHz span centered at 162
MHz, becomes quadratic in the amplitude regime [4,24],
as shown in the inset of Fig. 4(c). The weakest detectable
field, defined as the last measurement before the change
in peak amplitude drops below zero, is 66 ± 0.4 µV cm−1

as measured by averaging 50 200-ms scans with a 10-kHz
bandwidth.

To determine the sensitivity limit of the system and how
fast data can be obtained, the acquisition time is reduced.
The spectrum analyzer scan time is decreased to 1 ms
and the scan range is decreased to 10 MHz. The num-
ber of scans per point is reduced from 50 to five. The
bandwidth of the spectrum analyzer is increased to 5 kHz,
decreasing the signal-to-noise ratio. To obtain the sensi-
tivity in such a way that it is possible to compare with
previous studies [1], we reduce the sampling range to 0.1
MHz during postprocessing, reducing the effective time of
each scan by a factor of 100. Combined, these changes
reduce the effective scan time per measurement from 20
s to 100 µs, while still allowing for the observation of
the full EIT transmission peak. Figure 5(a) shows the rf
electromagnetic-field-induced change in the transmission
peak amplitude obtained using these measurement set-
tings as a function of the rf electromagnetic field strength.
The difference in peak amplitude is shown in Fig. 5(b)
and demonstrates a minimum detectable rf electromagnetic
field strength of 234 ± 1.2 µV cm−1 and a sensitivity of
2.3 ± 0.02 µV cm−1Hz−1/2. The probe-laser comb yields
comparable sensitivity and accuracy when compared to
single-frequency experiments. The recovery of the full EIT
line shape allows for small frequency fluctuations in the
peak center to be observed and used to correct the mea-
surement. Observation of the full spectrum can be used
to reduce noise compared to single-frequency amplitude
regime measurements.

As the fundamental time-resolution limit for frequency-
comb spectroscopy is �t�f ≥ 1 [14], there is potential to
further reduce the measurement time and increase the sen-
sitivity through the use of an increased tooth spacing and
fast electronics. The use of a real-time spectrum analyzer is
possible, so that the spectrum can be acquired without any
scanning. A real-time spectrum analyzer can improve the

(a) (b) FIG. 5. (a) The peak-amplitude
difference induced by the rf elec-
tromagnetic field using a 0.1-ms
acquisition time (1-ms scan, five
averaged scans, 100-kHz range).
(b) The change in peak amplitude
as determined by a Gaussian fit as
a function of

√
P. The black curve

is a quadratic fit to the data.
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sensitivity, since the entire spectral line shape can be recov-
ered within the same acquisition-time bandwidth, reducing
the overall uncertainty in the peak height. Although the
sensitivity is not state of the art, it is close to that for exper-
iments that do not use an auxiliary rf field. Better detectors
and signal processing can improve the sensitivity. It is
also possible to use other multiphoton schemes such as the
collinear three-photon scheme described in Ref. [25]. We
do not see any practical limitations to the technique, since
Rydberg-atom lifetimes are on the order of microseconds.
The probe laser requires little optical power and minimal
rf power is required to produce many comb lines over a
sufficient spectral bandwidth.

IV. CONCLUSIONS

We demonstrate the use of frequency-comb spec-
troscopy for the detection of rf electromagnetic fields
compatible with Rydberg-atom-based sensing. Using a
self-heterodyne frequency-comb interference spectroscopy
scheme, we generate a probe-laser field that is a flat dense
optical comb generated by an AWG and EOM. We achieve
EIT detection with and without laser locking, illustrating
the versatility provided by the frequency comb. Addi-
tionally, we detect a 19.4-GHz rf electromagnetic field in
both the Autler-Townes and amplitude regimes, with field
strengths as low as 66 ± 0.4 µV cm−1 and sensitivities of
2.3 ± 0.02 µV cm−1Hz−1/2. The comb approach for the
probe laser provides advantages over other Rydberg-atom-
based sensor readouts such as the detection of rf pulse
amplitudes. Future improvements, such as better detectors
and real-time spectrum analyzer readout, promise to signif-
icantly advance the utility of the method. The probe-laser
comb yields sensitivities comparable to current experi-
ments, particularly those that do not use an auxiliary rf field
for signal processing.

Rydberg-atom-based sensors use optical preparation and
readout to detect rf electromagnetic fields. EIT is a suitable
method for the optical preparation of the atoms since it is
sub-Doppler and the the lasers required for Rydberg-state
excitation are readily available. The use of a frequency
comb as the probe laser for the EIT scheme can intro-
duce advantages to Rydberg-atom-based sensors. Laser
tuning is no longer required and pulse-amplitude detec-
tion is facilitated. Although the use of a frequency comb
complicates the rf and electro-optic circuitry of a device,
these technologies are well developed. Real-time readout
is possible using real-time spectrum analyzers that can
be implemented with digital signal processing, i.e., a fast
Fourier transform of the time domain signal. The use of
electro-optic frequency combs makes it possible to tailor
the comb spacing to a particular task. It may be possible in
the future to use Kerr-type combs so that entire devices can
be integrated using photonic integrated circuits. Photonic

integrated circuits can include the lasers, modulators, beam
combiners, and other optical components in one package.
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