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An atomic receiver for AM and FM radio communication
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Radio reception relies on antennas for the collection of electromagnetic fields carrying informa-
tion, and receiver elements for demodulation and retrieval of the transmitted information. Here
we demonstrate an atom-based receiver for AM and FM microwave communication with a 3-dB
bandwidth in the baseband of ~100 kHz that provides optical circuit-free field pickup, multi-band
carrier capability, and inherently high field sensitivity. The quantum receiver exploits field-sensitive
cesium Rydberg vapors in a centimeter-sized glass cell, and quantum-optical readout of baseband
signals modulated onto carriers with frequencies ranging over four octaves, from C-band to Q-band.
Receiver bandwidth, dynamic range and sideband suppression are characterized, and acquisition of
audio waveforms of human vocals demonstrated. The atomic radio receiver is a valuable receiver
technology because it does not require antenna structures and is resilient against electromagnetic
interference, while affording multi-band operation in a single compact receiving element.

I. INTRODUCTION

Since its advent in the late nineteenth century, radio
communication in the audio band has been an integral
component of society and proven essential to the ad-
vancement of science and technology [1-3]. Ongoing chal-
lenges include information security, bandwidth increase
by tapping the microwave- and mm-wave regimes [4], and
resilience against electromagnetic interference (EMI).
In recent years, quantum technologies have become a
topic of interest in this field, as they exploit quantum-
mechanical phenomena to build devices for secure data
transfer [5-7], realize small atom-based receivers that
harness the high sensitivity of atoms [8-11] and artificial
quantum structures [12-14] to electromagnetic fields, and
quantum receivers that employ the immunity of atoms to
very intense fields [15, 16] for wire-free EMI-tolerant de-
tector technology. An emerging type of quantum sensor
employs Rydberg atoms, which are atoms in highly ex-
cited atomic states [17, 18] that offer a giant electromag-
netic response due to resonant frequency matching with
radio-frequency and microwave radiation (RF), at car-
rier frequencies typically used in communications, rang-
ing from tens of MHz into the THz range. The atomic
response arises from the strong electric-dipole coupling
of the atoms to the electromagnetic field and can be re-
trieved quantum-optically using electromagnetically in-
duced transparency (EIT) [19], a spectroscopic method
that enables optical measurement of RF fields, without
circuitry required within the atom-based RF field sens-
ing structure. The growing interest in Rydberg-atom-
based field measurement includes the development of
calibration-free, non-invasive sensors for static and time-
varying electric [8-11, 15, 16, 20, 21] fields, as well as for
magnetic fields up to 1 Tesla [22-24].

Pulse and analog modulation of carrier waves allows
the adaptation of atomic sensors to applications in com-
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munications tasks. For instance, atom-based magnetic
sensors have already been proposed for communication
based on binary phase shift keying [25], and digital com-
munication based on Rydberg atoms has recently been
realized [26]. In this work, we demonstrate a Ryd-
berg quantum sensor to receive, play back and record
baseband signals in the audio range that are amplitude-
modulated (AM) or frequency-modulated (FM) onto mi-
crowave carriers [27]. A single quantum detector is em-
ployed for multi-band AM and FM communication us-
ing carrier frequencies spanning more than four octaves,
from the C-band to Q-band. The atomic radio wave re-
ceiver (or “atomic radio”) operates by direct real-time
optical detection of the atomic response to AM and
FM baseband signals, precluding the need for traditional
de-modulation and signal-conditioning electronics. The
small atomic vapor-cell sensor head replaces the func-
tion of traditional antennas, realizing a compact multi-
band receiving element. The absence of any circuitry
within the receiver components exposed to the incident
fields makes the atomic radio inherently EMI-tolerant.
In the presented work we develop the principle of oper-
ation of the Rydberg atomic radio. We employ an ex-
perimental demonstration unit to characterize the base-
band bandwidths and dynamic ranges for both AM and
FM modulation, and we record audio samples of human
vocals. The demonstrated atomic radio exhibits good
performance over the entire human audio band, with an
upper baseband frequency limit exceeding 100 kHz. We
discuss the selection of laser operating points that max-
imize radio performance for given spectroscopic signa-
tures, which depend on the atomic transitions and carrier
waves used. While the achieved dynamic range between
20 dB and 30 dB falls slightly short of radio standards,
we see considerable room for improvement of our demon-
stration unit.



II. EXPERIMENTAL SETUP

The experimental setup comprising of the transmitter
system and quantum RF receiver is illustrated in Fig. 1a.
The transmitter system consists of either an audio source
collected by a microphone or a function generator that
produces a baseband signal used to amplitude-modulate
or frequency-modulate a microwave carrier. The mi-
crowave signal, produced by a microwave signal gener-
ator, is fed into and emitted from a horn antenna, and
is directed towards an atomic quantum RF receiver lo-
cated several centimeters away. The quantum receiver
implements a 20 mm spectroscopic cell containing a ce-
sium (Cs) vapor as the detector element. The incident
AM and FM transmission signals are detected by real-
time optical readout of field-sensitive Rydberg states of
the Cs vapor in the cell using electromagnetically in-
duced transparency (EIT). An energy-level diagram for
the Rydberg-EIT optical readout on the Cs 47S; /» Ryd-
berg state is shown in Fig. 1b. The EIT readout is per-
formed using a probe beam with a wavelength of 852 nm
focused to 330 pm full-width-half-maximum (FWHM),
that is counter-propagated and overlapped with a cou-
pler beam with a wavelength of ~510 nm focused to
390 um FWHM. The probe is frequency-stabilized to
the Cs 6S1/2 F' = 4 — 6P3/ F' = 5 transition, and
its absorption through the cell is monitored on a pho-
todiode, while the coupling laser is set near the chosen
6P3/2 — Rydberg transition. The coupler-beam wave-
length is tuned to reach the desired Rydberg state. Two
experimental modes are then employed. To analyze the
Rydberg EIT lines and to identify coupler-laser frequency
operating points suitable for radio reception, the coupler
frequency is scanned linearly at a rate of a few Hz over a
few hundred MHz across the selected Rydberg transition
(Figures 1 and 4). In radio reception mode, the coupler
frequency is held fixed at an operating point near the
center of a Rydberg resonance; this mode is suitable for
real-time baseband detection (Figures 2, 3 and 5). The
probe photodiode signal is amplified by a preamplifier
and then acquired by an oscilloscope, connected to an A-
to-D converter for digital recording, or plugged directly
into an audio speaker.

III. OPTICAL READOUT OF AM OR FM
MICROWAVE CARRIER FIELDS

Atoms with a quasi-free electron in a high-lying Ryd-
berg state exhibit large polarizabilities and electric dipole
moments that scale with principal quantum number n as
~ n” and ~ n?, respectively, rendering them exquisitely
sensitive to electric fields [17]. Figure lc shows the spec-
troscopic EIT readout from the vapor-cell receiver of
the Cs 475,/ Rydberg line without RF applied (black
curve) and with application of a 37.4065 GHz K,-band
un-modulated carrier wave resonant with the Cs 47S; /5
to 47P;/, Rydberg transition at a power of -5 dBm in-
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FIG. 1. a Experimental setup. b Energy-level diagram. c
Spectral readout of the Cs 47S;,2 Rydberg line without mi-
crowave signal (black), with an un-modulated 37.4065 GHz
carrier resonantly driving the Cs 478;,, to 47P;;» Rydberg
transition (blue), and with the carrier amplitude-modulated
at baseband AM frequency 1 kHz and modulation depth
+25% (red). d Spectral readout of the Cs 30Ds,» Ryd-
berg line without microwave (black), with an un-modulated
29.458 GHz carrier resonantly driving the Cs 30D5 2 to 31P3/2
Rydberg transition (blue), and with the carrier frequency-
modulated at baseband FM frequency 1 kHz and modulation
deviation £30 MHz (red).

jected into the transmission line and horn (blue curve).
Application of the RF field causes the line to split sym-
metrically into a pair of Autler-Townes (AT) lines whose
separation corresponds to the Rabi frequency Q of the
Rydberg/RF-field interaction. The measured splitting
is directly proportional to the microwave carrier electric
field strength and is given by the relation E = h{/d,
where d is the transition dipole moment of the Rydberg
transition. From the observed splitting in Fig. 1c, we
measure a carrier field amplitude at the location of the
receiver atoms of £=5.9 V/m.

A Rydberg-EIT-AT spectrum taken with a microwave
carrier that is AM-modulated by a sinusoidal 1 kHz base-
band signal with +25% modulation depth is overlaid in
Fig. 1c (red curve). The laser detuning Az is scanned
linearly at a rate of ~10 Hz across the atomic resonance.
The 1 kHz-AM of the carrier manifests in the optical sam-
pling/readout in the form of periodic oscillations that oc-
cur while As;q is slowly scanned across the EIT-AT reso-
nance. The oscillations result from the dependence of the
Rydberg-EIT-AT spectrum on the RF electric field am-
plitude. The AM causes a modulation of the AT-splitting
of the spectrum and of the corresponding optical signal,
which occurs rapidly and concurrently with the relatively
slow scan of Asig across the AT-split 47S; /5 to 47P; /5
resonance. The vertical range of the AM-induced excur-



sions of the optical signal provides a measure for the AM-
sensitivity of the Rydberg-EIT-AT signal as a function of
As10. In the case displayed in Fig. lc (red curve), the
detector exhibits a maximal AM response at Agjg = 0,
the center of the 475, /5 to 47P; /5, Rydberg-EIT-AT res-
onance. Hence, for the case in Fig. 1c As19 = 0 is chosen
as the coupler-laser frequency operating point for real-
time detection of AM baseband signals (black dot and
dashed line in Fig. 1c).

Rydberg states of atoms and their resonant AT re-
sponses to RF fields are, in addition to being depen-
dent on RF amplitude, also susceptible to changes in
RF field frequency [28]. In the weak-field limit of res-
onant AT, a change in the RF field frequency manifests
in an asymmetry of the AT-line-pair signal strength as
well as in a variation of the AT-splitting and the AT
line positions. The combination of these effects affords
baseband signal detection in FM-modulated carriers via
a similar spectroscopic readout as with AM. Figure 1d
shows the optical readout from the receiver of the 30D5 /5
atomic Rydberg line without RF applied (black curve),
with an un-modulated 29.458 GHz K,-band 6.3-V/m car-
rier wave that is resonant with the Cs 30Dj,5 to 31P3/o
Rydberg transition (blue curve), and with a 1 kHz si-
nusoidal baseband signal FM-modulated onto the carrier
at a £30 MHz maximal deviation (red curve). For D to
P transitions, dipole selection rules dictate that linearly-
polarized microwave fields may only couple Am; = 0
Rydberg transitions. As a result, the 30D5,5 to 31P3/5
m;=1/2 and 3/2 components are respectively coupled
by the microwave field and exhibit similar AT splittings,
whereas the 30D5/, m; = 5/2 level that is not coupled
to another state remains unaffected by the RF and pro-
duces a line centered at As1g = 0. It follows that the de-
sired coupler-laser operating frequency for FM baseband
detection using resonant D to P Rydberg transitions is
different from that when using S to P transitions. This
is apparent in Fig. 1d, where we see that for D to P tran-
sitions the atomic response to the FM signal is maximal
at the inner inflection points of the AT-split pair (black
dot and dashed line in Fig. 1d).

IV. DYNAMIC RANGE AND HARMONIC
RESPONSE TO AM AND FM SIGNALS.

For application in communication systems, the base-
band bandwidth and transient response behavior of
the quantum receiver are useful performance metrics
and benchmarks for comparison to traditional antenna-
receivers. In Fig. 2 we characterize the response and
detection speed of the quantum receiver for an AM-
modulated 37.4 GHz carrier resonantly driving the 47S; /o
to 47P /, transition (Fig. 1b). Here, we set As19=0 MHz
at the field-free Rydberg resonance for maximum sensi-
tivity to the AM field (Fig. 1b) and monitor the opti-
cal 852 nm transmission through the receiver cell in real
time. Figure 2a shows the optical readout of a harmonic
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FIG. 2. Optical response to AM with harmonic and square-
wave baseband signals on the 47S; /5 to 47P; /5 Rydberg tran-
sition. a Real-time optical readout for a 1 kHz sinusoidal
baseband signal with AM modulation depths of +5% (blue),
+25% (purple), and +45% (black) at laser operating point
As10=0 MHz (see Fig. 1c). b Power spectrum of the received
AM 1 kHz signal at a modulation depth of +25%. ¢ Optical
readout of a square pulse, d a zoom-in on its rising edge, and
e its power spectrum.

1 kHz baseband signal for a series of AM modulation
depths over a 5 ms interval. The measured optical read-
out maintains a high baseband signal visibility and in-
tegrity over a range of modulation depths from 5% to
45%, indicating a well-behaved, linear atomic response
over a wide dynamic range. To quantify the noise char-
acteristics of the receiver we compute the power spec-
trum for the received AM signal at £25% modulation
depth (Fig. 2b). The analysis reveals a single overtone at
2 kHz (second harmonic) that is 19.1 dB weaker than the
fundamental. The overtone is attributed to the mildly
nonlinear dependence of the Rydberg-EIT-AT signal at
As510=0 MHz on the carrier amplitude.

To characterize the receiver’s transient response, we
transmit and receive a signal that is AM-modulated with
a 1 kHz square-wave pulse in the baseband, which con-
tains strong higher-harmonic content at odd overtone fre-
quencies (Figs. 2¢, d, e). The rise time of the received
pulse is measured to be a few microseconds, indicating an
upper limit to the receiver AM bandwidth of a few hun-
dred kHz. The response time is limited by the bandwidth
of the photodiode-amplifier used in our demonstration
setup; the fundamental response time of the Rydberg-
EIT-AT signal itself is shorter. The power spectrum of
the received square-wave pulse (Fig. 2¢) is observed to
consist of odd higher harmonics at (2k + 1)f, with in-
teger k and fundamental AM frequency f, with spectral
power decreasing as dB ~ —2log(k), as one would expect
for an ideal square wave pulse (dashed line in Fig. 2e).

The harmonic response and dynamic range of the
quantum receiver for both AM and FM transmission with
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FIG. 3. Power spectral density and dynamic range of the
quantum receiver for a, b AM transmission on a 37.4 GHz
carrier tuned to the 47S; /5 to 47P; /5, Rydberg transition with
As10 = 0 MHz and ¢, d FM transmission on a 29.548 GHz
carrier tuned to the 30D5,, to 31P3/2 Rydberg transition with
Asl() 50 MHZ

K,-band microwave carriers using the resonant Rydberg
transitions and coupler-frequency operating points shown
in Figs. 1c and d are presented in Figure 3. In Figs. 3a
and ¢ we plot the measured power spectral density at
a selection of baseband modulation frequencies for AM
and FM modulation, respectively; these figures reveal the
baseband bandwidth of the Rydberg radio. For both AM
and FM, the measured power spectral densities indicate
a 3-dB baseband bandwidth 2 100 kHz. In Figs. 3b
and d we plot the power of the signal received at 1 kHz
modulation frequency as a function of AM modulation
depth and FM deviation, respectively; these figures show
the dynamic range (at 1 kHz). For the experimental
conditions used in the present work, including selected
Rydberg transitions, carrier strengths, and coupler-laser-
frequency operating points, the receiver exhibits a dy-
namic range between 20 and 30 dB, with sensitivities
reaching AM modulation depths of a few percent and
FM deviations of a few hundred kHz.

V. MULTI-BAND OPERATION AND AUDIO
RECORDING

The wide selection of field-sensitive atomic Rydberg
transitions that can be optically accessed using EIT al-
lows a single vapor-cell quantum RF receiver to operate
over an unprecedented range of carrier frequencies, from
MHz to THz [10]. To demonstrate the multi-band capa-
bility, we employ the quantum receiver for detection of

I ! 40 MHz 10%
\ W
W ’\ ‘) JAY ,\lll I),l / u
M Ml L b “M‘
10 MHz |'M'I ) h'w' 2.5%
;‘\ \\ / “ kv A w
- J“'w \m J L“Mw a,,,mw"‘* Mot Nt “WM-‘*
M M
T T T T T T T T T T
-300 -200 -100 0O 100 200 300-300 -200 -100 O 100 200 300

Asy0 (MHz) Asy0 (MHz)

FIG. 4. Optical spectral readout of a 1 kHz baseband sig-
nal at a 4.5 GHz C-band RF carrier frequency for FM (left)
and AM (right) transmission using the resonant Cs 54D5,; to
55P3,2 Rydberg transition. Spectra corresponding to a series
of FM deviations and AM modulation depths are shown, as
indicated. The spectra are centered to the RF-field-free Cs
54Ds /> Rydberg line.

AM and FM audio on a C-band carrier by tuning the fre-
quency of the coupling laser to target a suitable Rydberg
state. In Fig. 4 we show AT-EIT spectra centered on the
54D5 /5 Rydberg line with 1 kHz AM and FM baseband
signals transmitted on a 4.5 GHz C-band carrier field res-
onant with the Cs 54Dj5/5 to 55p3/2 Rydberg transition
for comparable series of AM modulation depths and FM
deviations. The dipole moment of the C-band transition
used here is larger than those of the K,-band transi-
tions, leading to a higher field sensitivity and a slightly
wider baseband dynamic range in the C-band case. The
demonstrated robust performance in the C-band shows
that the receiver covers multiple carrier bands, with the
carrier frequency range spanning more than four octaves.

Inspection of the strongly modulated spectra in Fig. 4
also reveals a difference in EIT-AT response for AM and
FM detection that may arise near the peaks of the AT-
line pairs. For FM detection, the readout near the center
of the AT peaks generally exhibits a minimum in the
observable modulation. This is due to a cancellation
of the simultaneous change in relative AT-peak signal
strength and the AT line shift. For AM detection, on
the other hand, the modulated AT-splitting at the peak
leads to a doubling of the optically-detected modulation
signal-frequency. The identification of these features in
the present demonstration supports the choice of coupler-
frequency operating points away from the AT-split peak
centers. Nevertheless, these features may prove advanta-
geous to realizing advanced operation modes of the quan-
tum receiver.

For a demonstration of the full functionality of the
quantum receiver in radio communications in the audio
band, we implement our unit for AM and FM C-band
transmission recording and playback of human vocals.
Recorded waveforms of a human voice singing the first
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FIG. 5. Audio waveforms of human vocals recorded from
received FM (a, b, ¢) and AM (d, e, f) audio transmission
at a 4.5 GHz (C-band) carrier.

verse of 'Mary had a little Lamb’ transmitted via AM
and FM on a 4.5 GHz carrier and received by the quan-

tum sensor are shown in Fig. 5. Higher-resolution plots
of equivalent sub-sections of the full original waveforms
reveal details of the complex audio waveforms captured
by the receiver, and variations in harmonic content and
volume between the two separate AM and FM record-
ings are reproduced. For audio files of recordings using
the atomic receiver please contact the authors.

VI. CONCLUSION

An atom-based quantum AM and FM receiver with a
3-dB bandwidth in the baseband of ~100 kHz has been
demonstrated. The receiver is based on direct atom-
optical detection and demodulation of AM and FM base-
band signals on carriers ranging from C-band to Q-band,
with a single quantum sensing element. We have in-
vestigated the selection of laser operating points that
maximize radio performance for the given spectroscopic
signatures, which depend on the atomic transitions and
carrier-wave fields used. We have characterized the har-
monic response and measured a dynamic range between
20 dB and 30 dB for our demonstration unit. The pre-
sented quantum receiver is based on direct quantum-
optical collection and demodulation of AM and FM radio
waves and paves the way for radio communication appli-
cations inaccessible to existing antenna-receiver technol-
ogy, such as multi-carrier-frequency operation combined
with high field-sensitivity in a single, compact detector
unit. Further development of Rydberg-based quantum
receivers towards higher-bandwidth data transfer over a
wider range of carrier frequencies appears readily acces-
sible. Upon completion of this manuscript we became
aware of related work on optical detection of modulated
carrier signals using Rydberg atoms [29].
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