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We demonstrate an atomic radio-frequency (RF) receiver and spectrum analyzer based on thermal
Rydberg atoms coupled to a planar microwave waveguide. We use an off-resonant RF heterodyne
technique to achieve continuous operation for carrier frequencies ranging from DC to 20 GHz. The
system achieves an intrinsic sensitivity of up to −120(2) dBm/Hz, DC coupling, 4 MHz instanta-
neous bandwidth, and over 80 dB of linear dynamic range. By connecting through a low-noise
preamplifier, we demonstrate high-performance spectrum analysis with peak sensitivity of better
than −145 dBm/Hz. Attaching a standard rabbit-ears antenna, the spectrum analyzer detects
weak ambient signals including FM radio, AM radio, Wi-Fi, and Bluetooth. We also demonstrate
waveguide-readout of the thermal Rydberg ensemble by non-destructively probing waveguide-atom
interactions. The system opens the door for small, room-temperature, ensemble-based Rydberg
sensors that surpass the sensitivity, bandwidth, and precision limitations of standard RF sensors,
receivers, and analyzers.

I. INTRODUCTION

Sensors based on quantum constituents have unique
properties that distinguish them from traditional tech-
nologies. The absolute sameness of quantum particles
often leads to exquisite precision, and their response and
performance are accurately linked to first-principle pre-
dictions. Quantum sensors of time (atomic clocks) and
magnetic fields (magnetometers) have achieved record
performance, and other classes of quantum sensors are
expected to follow.

Quantum sensors for radio-frequency (RF) electro-
magnetic fields are a swiftly emerging subset, and will
be critical in the future, as ever-increasing networking
and informational demands require greater capabilities
to utilize the finite spectrum. But non-cryogenic quan-
tum RF sensors do not currently match the sensitivity
of traditional receivers that use standard electronics [1].
And, until now, individual quantum RF sensor measure-
ments have only covered small portions of the spectrum.

Here, we present a near-room-temperature RF quan-
tum sensor based on thermal Rydberg atoms that oper-
ates continuously from 0 to 20 GHz, and rivals the perfor-
mance of commercially-available spectrum analyzers with
high sensitivity, 4 MHz instantaneous bandwidth, and
over 80 dB of linear dynamic range. Our sensor improves
upon previously demonstrated Rydberg RF sensors, by
1) improving sensitivity to RF power by confining the
RF field in a small mode volume that closely matches
the sensing volume and 2) utilizing an off-resonance het-
erodyne technique to greatly boost the sensitivity at ar-
bitrary frequencies, far from a resonant Rydberg tran-
sition. The system can be operated with or without a
low-noise preamplifier for the input RF signals, with nu-
merous possible paths for miniaturization and improved
performance.

∗ Corresponding author: kevin.c.cox29.civ@mail.mil

II. PROSPECTS FOR RYDBERG SENSORS

Overall, there are several reasons for excitement about
Rydberg RF sensors. Being a quantum sensor that mea-
sures quantum phase accumulation of an atomic state,
they are expected to surpass several foundational limita-
tions to traditional receivers. First, the Rydberg state’s
response is linked to fundamental constants and is eas-
ily calculated to high accuracy [2, 3], meaning the re-
ceiver can serve as an absolute calibration over a large,
technologically-relevant parameter space, for frequencies
from DC up to 1 THz [1, 4, 5]. Second, active quan-
tum sensors may achieve high bandwidths independent
of the carrier frequency and are not, in general, subject to
the bandwidth limitations of passive receivers using reso-
nant electrically-small antennas [6]. Third, and arguably
most exciting, is the possibility to avoid internal thermal
(Johnson) noise, even at room temperature. This is pos-
sible since the Rydberg sensor relies on measuring the
atoms’ quantized internal states with low-entropy laser
beams.

These aspects and overall performance of Rydberg RF
sensors have been explored in increasing depth in recent
years. Several key experiments identified the usefulness
of Rydberg atoms for electric field sensing [2–4, 7, 8].
Recent demonstrations have observed high precision for
electric field calibration [2, 3], terahertz imaging [4, 5],
sensing very strong fields [9], proof-of-principle commu-
nication reception [10–13], operation at low frequencies
[6, 14], and entanglement-enhanced E-field sensing [15].
Perhaps the most seminal achievement of the decade used
a beam of Rydberg atoms traversing a superconduct-
ing microwave cavity to create and stabilize non-classical
states of light [16, 17].

Despite this rapidly increasing, and exciting, body
of work, additional advances in Rydberg sensor perfor-
mance are required before they become useful as state-
of-the-art, RF receivers. For one, prior works have been
confined to frequencies near resonant transitions between
Rydberg states. While there are hundreds of these po-
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FIG. 1. (a) Simplified experimental setup. Rydberg atoms are detected using a 780 nm and 480 nm beam, counter-propagating
above a microwave circuit, with connections for input, output, and DC bias. Signals are detected in homodyne, using a balanced
detector. (b) Microwave circuit. A coplanar waveguide transitions to a circuit region where the evanescent electric field area is
matched to the Rydberg interrogation area. A third SMA cable, in the center, is used to add a DC bias to the circuit backplane,
to help zero ambient DC fields. (c) Field simulations of the microwave circuit along a middle slice of the board. Atoms are
interrogated over a 2 mm gap between the signal conductor and ground conductor. (d) Measured Sensitivity versus frequency.
Directly measured (blue), intrinsic PSN-limited (green), and directly measured using preamplification (red and orange) values
are displayed. All error bars represent 2 dB total estimated standard deviation due to known statistical and systematic factors.
The theoretically modelled intrinsic Sensitivity, with no preamplification, is shown as a purple line. Note that lower/high
frequencies are shown on log/linear scales, respectively.

tential transitions, they are unevenly distributed between
∼ 1 and 1000 GHz with highly variable sensitivity [1]. Us-
ing all of the available transitions requires a high-power
laser system agile enough to rapidly tune over multi-
ple nanometers while maintaining narrow linewidth and
high precision frequency stabilization to atomic transi-
tions. Further, previous room temperature experiments
have only been sensitive enough to detect transmitted
RF fields that are significantly stronger than most real-
world signals. This is partially because current free-space
sensors have inherently weak coupling to incoming RF
and microwave modes, and a sensing area that is signif-
icantly smaller than the diffraction limit (order λ2) in
most cases. Even demonstrations with decent electric
field sensitivity have detected signals from RF transmit-
ters that were driven with relatively high power at their
input and/or from horns a few centimeters away from the
sensing volume. Though several other recent experiments
have placed thermal Rydberg atoms near RF and mi-
crowave structures for sensing purposes, wideband oper-
ation and RF power sensitivity were not directly reported
[18–21]. Taken together, these realities have made it dif-
ficult to realize a continuous, wideband Rydberg sensor
of weak RF fields.

To alleviate the poor coupling of free space devices,
our system receives electric fields into a planar microwave
waveguide that concentrates the electric field into a sub-
wavelength region. Rydberg atoms are created and
probed directly over the gap between a signal trace and
ground plane, where the evanescent electric field is con-
centrated to a few square millimeters. This waveguide-
coupled Rydberg sensor is not likely to achieve absolute
electric field accuracy on par with previous free-space Ry-
dberg electric field measurements. However, it greatly

improves sensor sensitivity, a critical metric for large
classes of RF applications in communications, sensing,
and spectrum awareness.

We also utilize an off-resonant heterodyne technique
recently reported in Reference 14, combining the input
RF signal with a strong RF local oscillator. This enables
wideband operation with no tuning of the Rydberg laser
by taking advantage of the square-law response of the
off-resonant atomic light shift. Heterodyning increases
the response at an arbitrary selected RF input frequency
and linearizes the sensor (see App. B for details). Several
recent experiments also utilized local oscillators on res-
onance [22, 23] to sense free-space electric fields, where
the Rydberg response is linear to the applied field.

Altogether, we achieve continuous operation with good
sensitivity continuously from DC to 20 GHz, where the
high-frequency limit of our system is primarily due to the
limited bandwidth of the vacuum feedthroughs and mi-
crowave circuit, both of which can be improved in future
rounds of engineering.

III. SENSOR PERFORMANCE

A diagram of the apparatus is shown in Figure 1.
A blue 480 nm “Rydberg coupling” laser and a near-
infrared 780 nm “probe” laser beam counter-propagate
through a rubidium-filled vacuum chamber (Fig. 1(a)).
A wideband microwave waveguide is mounted inside the
chamber, shown in Fig. 1(a) and (b). The beams ex-
cite Rydberg atoms directly over the waveguide, to the
|n = 59, D5/2〉 state, in a region where the evanescent RF
mode is approximately matched to the size of the optical
beams (Fig. 1(c)). While the evanescent electric field dis-
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tribution of our coplanar waveguide does not have a sim-
ple algebraic form, the mode area above the gap between
the signal and ground traces is of order the gap width
squared. Signal input power-to-evanescent field conver-
sion factors can be determined empirically or calculated
numerically (as described in App. D). Signals on the RF
waveguide perturb the energy of the Rydberg state, and
the shifts are observed using electro-magnetically induced
transparency (EIT) spectroscopy. As such, RF signals
are transduced into optical signals that are measured via
optical homodyne on a balanced photo-detector. On the
RF waveguide input, a local oscillator (subsequently re-
ferred to as, “LO”) is combined with the weak RF signal
Sin. The LO improves the sensor sensitivity when the
RF fields are off-resonant from a dipole-allowed Rydberg
transition, the nearest for our target Rydberg state being
at 10.223 336 GHz, because the induced time-averaged (in
detection timescale τ) light shift is s ∝ 〈E2〉τ ≈ ELOES

for electric field E consisting of a local oscillator (LO)
and a Signal (S) component. Additionally, we add two
DC bias voltages (bias 1 and bias 2 in Fig. 1(a)) to zero
the DC field at the atoms’ location. Bias 1 is applied to
the center signal conductor, and bias 2 is applied to the
backplane of the circuit board. Both voltages are nec-
essary to provide sufficient cancellation of the DC field
in the 2D plane perpendicular to the waveguide propa-
gation axis. Initial preamplification of the input signal
may be achieved with an amplifier of gain G. Additional
details about the apparatus are available in App. A.

We plot the resulting sensitivity of the system to RF
signals in Fig. 1(d). The directly measured Sensitivity
(equivalent here to the minimum detectable signal in a
bandwidth of 1 Hz), is shown from 100 kHz to 20 GHz as
the blue points. The circuit is DC-coupled and the sensi-
tivity extends to arbitrarily low frequencies below 1 kHz,
overcoming a common problem with previous vapor cell
experiments [6, 14]. The system is fundamentally lim-
ited by photon shot noise (PSN) in the optical homodyne
readout that is correlated to atomic wave-function col-
lapse [6]. However, over the heterodyne operation band-
width (DC to approximately 10 MHz), there is additional
readout noise due to residual, uncancelled phase noise in
the probe laser (see App. C). With additional engineer-
ing work, we expect that this noise can be eliminated,
leading to an intrinsic photon shot noise (PSN) limited
Sensitivity (after independently calibrating and subtract-
ing the additional phase noise in readout) shown as green
points in Fig. 1(d). All sensitivities are referred to the in-
put SMA connector of the microwave circuit, by indepen-
dently measuring losses in the input cables and input vac-
uum feedthrough. For each frequency, we optimized the
input LO power for peak Sensitivity. We find optimum
values, measured at the waveguide input, ranging from
−22.7 dBm at the 10.223 GHz resonance up to 13.7 dBm
far from the resonances. Further increases in LO power at
each point lead to broadening of the spectroscopy peak.
We expect that this is due to RF field inhomogeneity,
splittings of Rydberg Zeeman sublevels, and/or interac-

FIG. 2. Sensor signals. (a) Detected signals versus probe de-
tuning; optical amplitude quadrature in blue, phase quadra-
ture in green, for (i) no microwaves, (ii) applied microwave
LO at fLO = 10.2233 GHz, but no signal field, and (iii) ap-
plied LO and signal field with offset δ = 1 kHz. (b) Exploded
view of (a)iii showing 1 kHz modulation.

tions with other states in the Rydberg manifold. Future
work will be required to understand what further sensi-
tivity gains may be realized using RF heterodyne.

We also plot Sensitivity using preamplification. On
the low-frequency half of the plot (red), we consider two
stages of gain using Minicircuits ZFL-1000LN amplifiers,
and on the high frequency half (orange), two Minicircuits
ZVA-213-S amplifiers [24]. The resulting Sensitivity is
calculated by input referring the intrinsic noise (green)
and combining with the input noise of the preamplifiers.
This improves Sensitivity by more than 40 dB beyond the
directly observed Sensitivity. More advanced/optimized
preamplification schemes are also possible that would al-
low the system to reach the thermal noise limit of the
amplifiers at approximately −171 dBm/Hz.

We plot the theoretically modelled intrinsic Sensitivity
of the device as a purple line in Fig. 1(d). The theory
is calculated using a Floquet analysis that calculates the
Rydberg response to an arbitrary RF electric field [1].
The input RF LO and Signal powers are combined with
a finite-element calculation using COMSOL Multiphysics
modelling software, to determine the electric field at the
location of the atoms for an applied voltage (see Appen-
dices D and E for details). We determine Sensitivity from
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FIG. 3. Sensor performance (a) Linear dynamic range for
fLO = 2 GHz, δ = 700 kHz. In a 1 s measurement, the sensor
responds linearly over 80 dB. PSN-limited SNR is plotted. (b)
Sensor response with fLO = 10.2233 GHz, δ = 700 kHz. (c)
Output signal versus instantaneous frequency δ. The receiver
has a 3 dB reduction at 4.0 MHz.

the calculated signal response and the PSN-limited noise.
The largest deviations between the prediction (purple)
and measured data (green) are above 10 GHz, where the
waveguide performance begins to deteriorate. The two
sharp peaks in Sensitivity correspond to the two nearest
dipole transitions from the |59D5/2〉 state at 10.2233 &
11.2258 GHz.

Typical output signals from the apparatus are shown
in Figure 2, as a function of the probe laser’s optical de-
tuning from EIT resonance, labelled δp. When no LO
or Signal RF fields are applied (a), we observe a bare
EIT spectroscopy signal in the optical amplitude quadra-
ture (blue) or phase quadrature (green). By applying
the static LO, the spectroscopic signals are perturbed
due to Autler-Townes splitting (near the 10.223 336 GHz
resonance of the |59D5/2〉 to |60P3/2〉 transition, as in
Fig. 2(b)) or AC Stark shifts (when off resonance). By
applying signal Sin, with frequency fS near fLO, we in-
duce fluctuations in the output. In Figure 2(c), the signal

is applied at a detuning of δ = 1 kHz, where this detun-
ing is defined as δ = fS− fLO and |δ| is equivalent to the
offset (or “baseband”) frequency in the optical Output
spectrum. The applied signal results in the additional
fuzz in the trace, with exploded view in Fig. 2(d) showing
the 1 kHz beat. Given that the shape of the EIT spec-
troscopy signal, and therefore the peak sensitivity point,
is governed by the strong LO field, δp should be adjusted
for different LO powers to achieve peak sensitivity.

One key advantage of the Rydberg sensor is that RF
power may be measured dispersively, i.e. not absorbed
into the atoms. A technical advantage of this is that the
sensor can exhibit extremely high dynamic range and is
not adversely affected by high input power or DC offsets
(contrary to most sensitive spectrum analyzers). Recent
work has demonstrated using Rydberg atoms to detect
local electric fields of over 5 kV/m [9].

We demonstrate the sensor’s high dynamic range by
measuring the Signal-to-Noise Ratio (SNR) as a func-
tion of the input Signal power, Pin. Figure 3(a) plots
the PSN-limited SNR of the sensor as a function of sig-
nal input power for a 2 GHz signal. The LO power is
constant for this data (3.9 dBm at the waveguide input),
with δ = 700 kHz and the signal response is linear over
an input power from −85 dBm to −5 dBm. This data
was measured in a 1 Hz bandwidth and the results are
consistent with sensitivity measurements taken at higher
bandwidths up to 1 MHz.

SNR versus input power for a resonant signal of fLO =
10.2233 GHz, δ = 700 kHz, and −36 dBm of LO power
at the waveguide input is shown in Fig. 3(b). A sim-
ilar dynamic range is observed. It is again worth re-
iterating that there is no nearby damage threshold for
the apparatus or point where the system physics changes
dramatically. By adjusting optical detunings, higher dy-
namic ranges are feasible. The data in Fig. 3(b) confirms
the PSN-limited input Sensitivity of −120(2) dBm/Hz
(−101(2) dBm/Hz directly measured) [25]. Figure 3(c)
is a measurement of the sensor response (normalized to
1) as a function of detuning δ. The 3 dB instantaneous
bandwidth is 4.0 MHz, governed by the EIT bandwidth
[10]. This bandwidth is independent of carrier frequency,
and may be improved in the future with alternative read-
out schemes.

IV. SENSING AMBIENT SIGNALS

The increased sensitivity and wide tuning range allows
us to detect ambient RF signals in multiple bands inside
our lab using a standard rabbit ears antenna connected
to the Rydberg receiver. At each LO frequency, fLO, we
sample data directly from the optical readout and record
the resulting spectra. In Fig. 4 we show the spectra from
measurements in the AM, FM and 2.4 GHz Industrial,
Scientific, and Medical (ISM) bands. For the AM and
FM bands, we attached the antenna to the inside of an
outward facing window and connected it to the input of
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FIG. 4. RF signals observed inside the lab building using
a rabbit-ears antenna. We tune the LO to fLO = 2 MHz,
98.4 MHz, and 2.409 GHz to observe AM radio stations, FM
radio stations, WLAN, and Bluetooth signals. (a) AM radio
stations sampled around 2 MHz. The doubled LO is directly
observed at 4 MHz, since fLO is within the instantaneous
bandwidth. Other large peaks are spurious signals from lab
equipment. (b) FM stations sampled instantaneously around
98.4 MHz. (c) WLAN and Bluetooth signals detected over the
course of several minutes around 2.409 GHz. The data was
sampled in a max-hold configuration, showing packets sent
over many WLAN subchannels (black ticks) and Bluetooth
bands (highlighted in green).

the analyzer using two preamplifiers (with combined gain
of 60 dB) and a 50 foot BNC cable. The building attenu-
ates the AM/FM signals by 30 dB relative to standing 50
meters away. In the ISM band, the antenna was placed
within the lab near the experimental apparatus, using a
single preamplifier with 38 dB of gain.

In Fig 4(a), the LO frequency is fLO = 2 MHz, ly-
ing within the instantaneous bandwidth of the sensor.
This leads to a large signal at 4 MHz. Known AM radio
stations are labeled with orange dots. We verified the
station AM 980 kHz (WTEM) with audio playback using
an AM demodulator on the Output. Other large peaks
are believed to be spurious signals generated from lab

electronics, and their spectral reflections/harmonics.
Figure 4(b) shows the spectrum around 98.4 MHz, in-

cluding a number of FM radio stations. For this data,
and higher frequency data, the LO and its harmonics are
outside of the instantaneous bandwidth, and are there-
fore not observed. The strongest station is at 101.1 MHz
(WWDC), having visible digital FM sidebands.

Figure 4(c) shows a max-hold sampling around
2.409 GHz of Wi-Fi packets broadcast on channels 1-3
of the 802.11 WLAN standard and Bluetooth channels
spanning 2.402–2.417 GHz. These packets were sampled
over the course of several minutes, with several active
computers and phones in the area. Each pulse repre-
sents either an orthogonal frequency domain multiplexing
(OFDM) subcarrier from a Wi-Fi packet, or a frequency
shift keying (FSK)/phase shift keying (PSK) pulse from
a Bluetooth packet. Baseband frequency locations of the
Wi-Fi subcarriers are denoted by black tick marks along
the bottom axis and Bluetooth channels are denoted by
green bands. The highly dense band around 7 MHz corre-
sponds to the 2.402 GHz Bluetooth advertising channel.

V. MICROWAVE DETECTION OF RYDBERG
ATOMS

The atom-circuit coupling is large enough in this ex-
periment to directly detect the presence of the Rydberg
atoms by weakly interrogating the microwave waveguide.
This demonstration is an initial step to extending the
seminal work of microwave-Rydberg quantum electrody-
namics [16] to the room-temperature regime. Further,
Rydberg-waveguide readout will be a useful tool for fu-
ture sensor iterations. For one, direct microwave read-
out of Rydberg populations is not sensitive to Doppler
shifts that plague current optical readout schemes. Sec-
ond, strong collective coupling between the Rydberg en-
semble and the microwave circuit may lead to a number
of impactful experimental possibilities, such as quantum
frequency conversion between optical and RF signals, en-
tanglement generation, and/or Rydberg masers.

To observe the Rydberg-circuit coupling, we construct
an additional microwave homodyne setup, shown in Fig-
ure 5(a), to precisely detect the phase of the output mi-
crowave signal Sout (that were simply terminated in the
previous measurements). The atom-induced microwave
phase can be readily observed by sweeping the probe
laser detuning (Fig. 5(b)) across the dipole-allowed Ry-
dberg transition at 10.2233 GHz. The atoms present
a 3 mrad deflection (green points) on resonance, yield-
ing a Lorentzian-shaped signal (green fit). By tuning
the microwave homodyne detection to the amplitude-
sensitive quadrature, we confirm that the Rydberg atoms
do not significantly absorb the microwaves (blue points
of Figs. 5(b-c)). The percent amplitude deviation of
the homodyne signal, relative to the total homodyne
fringe height in both quadratures, is shown on the right
axis. The measurements of Fig. 5 indicate weak coupling.
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FIG. 5. Microwave readout of Rydberg atoms. (a) Circuit
diagram for microwave homodyne detection at 10.223 GHz.
(b) Amplitude (blue) and phase (green) measurements of the
microwaves transmitted through the chamber, versus probe
detuning. The 3 mrad phase deflection, lorentzian about Ry-
dberg resonance, indicates the presence of Rydberg atoms.
The lack of signal in the amplitude measurement indicates
the Rydberg atoms do not absorb the field. (c) Zoomed view
of the amplitude data in (b).

However, future room-temperature experiments should
be expected to reach collective cooperativity greater than
1.

VI. DISCUSSION

Our results achieve an increased performance level for
thermal Rydberg sensors, demonstrating continuous op-
eration over a large frequency range and detecting weak,
real-world RF signals. But the experiment and data also
point a clear direction for further improvements. Circuit-
atom coupling may be improved with a lower dielectric
substrate, more sophisticated waveguide design, or a tun-
able resonant circuit. These improvements would in-
crease the electric field strength above the planar surface,
increasing the RF-atom coupling. However, one clear ad-
vantage of the current non-resonant design is the ease of
wideband operation, which would be lost in a resonant
design.

Using appropriate preamplifiers, the present experi-
mental configuration can match the sensitivity of stan-
dard spectrum analyzers and receivers, with small pos-
itive noise figure. However, we re-emphasize that with
continuing effort, the Rydberg platform may be expected

to significantly outperform most wideband RF sensors,
with no preamp. Such a system would be characterized
by an internal noise temperature that is lower than the
ambient temperature, without the use of cryogenics.

The current experimental configuration also allows us
to leverage the benefits of standard antennas when mea-
suring ambient signal fields. Most prior work with Ryd-
berg sensors has focused on using the atoms in free space.
While this has several advantages (e.g. absolute accu-
racy, THz frequency detection, and low field perturba-
tion), these sensors suffer from poor coupling to any par-
ticular RF mode, and the spectral response cannot be
easily tuned or narrowed. By instead in-coupling with
an external antenna we are able to select a well-defined
RF mode, utilizing the antenna’s spectral selectivity and
gain. In this paradigm, the Rydberg sensor replaces the
back-end of a receiver system, providing readout that
can beat thermal Johnson noise limits and ease some
impedance matching issues of traditional electronic sen-
sors.

In parallel to increasing the RF-atom coupling, another
critical area of research is to study alternate probing
schemes for the thermal Rydberg atoms. It is now well
established that the common, continuous electromagnet-
ically induced transparency (EIT) method has numerous
limitations relative to the standard quantum limit (SQL)
for an ideal quantum sensor [1]. With better probing
schemes, several orders of magnitude in sensitivity and
bandwidth may be gained. Additionally, adding a build-
up cavity to recycle power in the currently expensive
480 nm laser may be a route to improved performance
and/or lower cost and size.

It is an exciting prospect for Rydberg RF sensors
to become a useful piece of technology in the near fu-
ture. We must highlight that other physical platforms,
such as electro-optics [26, 27], acousto-optics [28], opto-
mechanics [29, 30], and other photonic platforms are
making corresponding advances. In the longer term,
Rydberg quantum sensors may be optimally suited to
provide a full merger of classical and quantum com-
munications. Current experiments to achieve quantum
frequency conversion [31, 32] and coupling of Rydberg
atoms to superconducting resonators [33, 34], are also
leading in this important direction. Much foundational
study is still required to discern how these quantum tools
will mature to solve real-world problems.
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Appendix A: Experimental details

For data presented, the atom chamber was heated to
approximately 50 °C, with higher temperatures leading to
large optical depth, and decrease sensitivity. The mea-
sured optical depth of the ensemble at the F = 3 →
F ′ = 4 85Rb D2 transition was 2.4. The optical ho-
modyne readout in our experiment is the same as that
described in Ref. 1. Overall path length fluctuations in
the homodyne are detected and stabilized using a colinear
off-resonant beam, that is measured in heterodyne simul-
taneously with the balanced photodetector (Fig. 1). The
path is actively stabilized using an electro-optic modu-
lator and a phase lock. The optical powers are actively
stabilized using acouto-optic modulators.

The 480 nm laser is Pound-Drever-Hall locked to a sta-
ble reference cavity. The Rydberg coupling beam has a
1/e2 beam diameter of 380 µm and a typical power of
∼500 mW at the atoms’ location. The 780 nm probe laser
has a 1/e2 beam diameter of 410 µm and is offset phase
locked to a separate “master” laser referenced to rubid-
ium spectroscopy. For most of the presented data, the
total power in the optical homodyne/heterodyne probing
beam was 67 µW with 17 % of the power in the homodyne
probe sideband (11.6 µW). The optical LO power (not to
be confused with the RF LO) was 2.0 mW. The data of
Figures 3 and 4 used a total power of 22.3 µW (3.9 µW in
the probing sideband) and an optical LO power of 1 mW.
For the microwave homodyne measurements in Figure 5,
the optical probe sidebands were turned off and the car-
rier frequency was moved to the probing resonance. The
probing power was 4.5 µW.

Appendix B: Resonant and Off-Resonant Rydberg
Response

The response of the Rydberg sensor to arbitrary RF
frequencies is described in detail in Reference 1. Here we
provide a brief summary.

Far from resonance, the Stark shift of the target Ry-
dberg state (i.e. the optically probed Rydberg state)
depends on the atomic polarizability:

Ωoff-res = −1

2
α
〈
E2
〉
τ

(B1)

and is proportional to the rms of the square of the to-
tal field amplitude. In this Article, we optically ad-
dress the |59D5/2〉 Rydberg state in rubidium 85. For
quasi-DC fields, the polarizability of this state is α =
727.7 MHz cm2/V2 [35].

Near a resonance, the Stark shift takes the form of an
Autler-Townes splitting:

~Ωon-res = ℘ 〈E〉τ (B2)

where ℘ is the transition dipole matrix element and
〈E〉 is the rms amplitude of the RF field. For the

|59D5/2〉 to |60P3/2〉 transition at 10.223 336 GHz, ℘ =
2210.6 ea0. For the |59D5/2〉 to |58F7/2〉 transition at
11.225 754 GHz, ℘ = 2211.3 ea0.

The addition of an RF local oscillator field is an ef-
fective method for improving sensitivity of Rydberg sen-
sors [14, 22, 23], especially in the off-resonant square-law
regime. Taking the Signal field as ES cos((ω + δ)t) and
the LO field as ELO cos(ωt − ϕLO), we can derive the
atomic response to the Signal field, given the presence of
the LO.

Far from resonance, the Rydberg sensor acts as a
square-law sensor. The squared total field becomes

E2
tot = E2

S cos2((ω + δ)t) + E2
LO cos2(ωt− ϕLO)

+ 2ESELO cos((ω + δ)t) cos(ωt− ϕLO)

= E2
S cos2((ω + δ)t) + E2

LO cos2(ωt− ϕLO)

+ ESELO(cos(δt+ ϕLO) + cos((2ω + δ)t− ϕLO))

(B3)

Taking a time average with the assumption that ω � δ
with δ less than the instantaneous bandwidth (2πfBW =
1/τ), we get〈
E2

tot

〉
τ
≈ E2

S/2 +E2
LO/2 +ESELO cos(δt+ ϕLO) (B4)

Combined with Eq. B1, we find a beat at frequency δ in
the Stark shift that can be measured spectroscopically.
Note that the beat signal is linear in both the Signal and
LO fields, meaning the Rydberg response is linear in the
Signal with heterodyne gain from the LO.

Near resonance, in the Autler-Townes regime, the Ry-
dberg sensor is linear in the field amplitude. We can
find 〈Etot〉 by taking the root mean square of Etot and
assuming that ES � ELO to obtain

〈Etot〉τ =
√
〈E2

tot〉τ ≈ 〈ELO cos2(ωt− ϕLO)

+
ES

2
(cos(δt+ ϕLO) + cos((2ω + δ)t− ϕLO))〉1/2τ (B5)

Again taking the time average with the assumption that
ω � δ and δ less than the instantaneous BW, we get

〈Etot〉τ ≈
ELO

2
+
ES

2
cos(δt+ ϕLO) (B6)

Like the off-resonant case, there exists a beat at frequency
δ in the Stark shift, with amplitude linear in ES, that
can be measured spectroscopically. Unlike the off reso-
nant signal, the LO field does not amplify the beat signal.
The benefit to adding an LO lies in biasing the Autler-
Townes splitting away from zero where the small Stark
shifts cannot be resolved within the linewidth of the spec-
troscopic signal.

Appendix C: Readout sensitivity

Figure 6 presents a measurement of the optical homo-
dyne phase sensitivity. The photon shot noise level is
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FIG. 6. Homodyne readout sensitivity. The measured read-
out phase resolution, due to photon shot noise is shown in
purple. Additional laser phase noise leads to poorer overall
resolution, shown in blue.

2 nrad/
√

Hz, shown in purple. The total readout sen-
sitivity is shown in blue, including an additional 1/

√
f

component due to laser phase noise.
These measurements were performed with no RF or

Rydberg atoms and are consistent with the sensor noise
when atoms and signals are present.

While the relative optical path length difference in our
system is actively stabilized, our sensitivity to the probe
laser phase noise is the result of unbalanced absolute path
lengths between the optical probe and optical LO. Fur-
ther engineering efforts to reduce this noise in the op-
tical homodyne are readily possible by either reducing
the overall size of the experiment (thereby improving the
path length imbalance) and/or using a probing laser with
narrower linewidth (thereby reducing the source laser
phase noise).

Appendix D: Waveguide performance

The microwave waveguide circuit is constructed from
Rogers 3003 dielectric, 0.060” thick with 35 µm thick cop-
per plating on both sides. The waveguide slot is ex-
panded at the atom location with the intent to increase
the evanescent mode area to approximately match the
size of the laser-induced ensemble. Further, the waveg-
uide gaps are asymmetric, to encourage localization of
the electric field lines on one side of the trace. Indepen-
dent DC bias voltages are applied to the central signal
trace of the waveguide and the ground plane opposite
the dielectric from the waveguide. The signal trace DC
bias is applied using a Bias-Tee external to the vacuum
chamber on the Signal input. These bias fields are used
to cancel ambient electric fields, with the backplane bi-
ased to 14.5 V and the signal trace at 2.2 V, for all data
shown.

We performed finite element multiphysics modelling
of the waveguide using COMSOL Multiphysics mod-
elling software. Analysis includes s-parameters and RF

FIG. 7. In-situ measured (blue) and COMSOL predicted (or-
ange) S21 of the coplanar waveguide.

fields within and above the waveguide. The modelled s-
parameter, S21, for the waveguide is shown in orange on
Fig. 7. Experimentally, we observed a reduction in the
measured board S21 over the 7-month operational period
(Feb. 2020 to Sept. 2020), presumably due to infection
of rubidium into the substrate (visually evidenced by dis-
coloration of the substrate). Initially, the measured S21
matched or slightly outperformed, the COMSOL predic-
tion from 0 to 10 GHz. The measured S21 at the end
of experiments is shown in Fig. 7 in blue. All reported
Sensitivity measurements are referred to the waveguide
input; we do not subtract waveguide losses to calculate
the intrinsic Sensitivity.

We also use the COMSOL model to provide an em-
pirical model of the waveguide conversion between input
power and evanescent electric field amplitude over the
waveguide gap in the region where the Rydberg atoms
are excited. This conversion takes the form of:

ERF =
√

2PRL10(Pin+α·fRF+β+ζ)/20 (D1)

where
√

2PRL = 0.316 V/m, Pin is the input RF power
at the input connector (in dBm), α · fRF + β is the em-
pirical model fit from COMSOL modelling of the waveg-
uide, and ζ = −14 dB is a free parameter that ac-
counts for degradation of the board performance rela-
tive to the COMSOL model. The fit parameters are
α = 0.69(12) dB/GHz and β = 46.4(13) dB. This conver-
sion is used in the Floquet theory comparison, described
in the next section.

Appendix E: Floquet theory

Predictions of the response of the Rydberg atoms to
an arbitrary frequency are calculated using the Floquet
theory described in Ref. 1. The output of this model
produces the expected Stark shift of a spectroscopically
probed Rydberg state due to the presence of an arbitrary
RF field frequency and amplitude. We estimate the ex-
pected signal output by calculating the dynamic Stark



9

shift, ΩS, due to the beating of ELO and ES. This is
converted to a beat signal by

Output = 20 · log10

(
ΩS

Dη
√

2PRL

)
(E1)

where P = 1 mW, RL = 50 Ω, D = λp/λc is the Doppler
scaling factor [10], and η = 2 MHz/mV is a conversion
factor between Stark shift and optical homodyne output

voltage, as determined from the data shown in Figure
2(a)ii.

For the modelled Sensitivity, the Signal and LO pow-
ers are converted to electric field strength at the atoms
using Eq. D1. The resulting model of intrinsic Sensitiv-
ity (purple line in Fig. 1), corroborates the qualitative
sensor response versus frequency.
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