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Image Transmission Utilizing Amplitude Modulation
in Rydberg Atomic Antenna

Peng Zhang*, Shaoxin Yuan ", Mingyong Jing

Abstract—Microwave electric field precision measurement based
on Rydberg atomic quantum coherence effect has rapidly ad-
vanced in recent years, capitalizing on its high sensitivity, broad
bandwidth, and traceability. The utilization of distinct Rydberg
quantum states facilitates achieving an ultra-wideband measure-
ment response across various microwave frequency bands, offering
extensive applications in wireless communication, radar position-
ing, astronomical observation, and related domains. In this work,
leveraging the Rydberg atomic antenna, we achieve simultaneous
multi-frequency reception in the C-band (7.91 GHz, 5.106 GHz)
and S-band (3.78 GHz) through amplitude-shift keying modula-
tion. Furthermore, we encode RGB information from color image
pixels onto 3 carrier frequencies in the C-band and S-band, while
optimizing the multi-channel signal amplitude. The pixel informa-
tion of the color image obtained by atomic demodulation realizes
the high-fidelity digital color image transmission, with a root mean
square error of 4.806, a mean square signal-to-noise ratio of 1.627, a
peak signal-to-noise ratio of 29.998 and a structural similarity index
of 0.9589. This study establishes an experimental groundwork
for the utilization of Rydberg atomic antennas in ultra-wideband
wireless communication and measurement.

Index Terms—Amplitude shift keying, frequency encoding,
image transmission, Rydberg atom.

1. INTRODUCTION

HE Rydberg atom refers to an atom in a highly excited
T state, where the outermost electron is elevated to a sig-
nificantly large principal quantum number, denoted as n [1],
[2], [3]. This state resembles a hydrogen-like atomic structure
consisting of an atom and an outer electron, imparting unique
properties to the Rydberg atom. The polarizability of a Rydberg
atom, characterized by its principal quantum number n, follows a
proportional relationship with n”. Additionally, the electric field
strength threshold for field ionization is inversely proportional
to n~4, rendering it exceptionally responsive to external elec-
tromagnetic fields. Simultaneously, the Rydberg energy level

Manuscript received 9 January 2024; revised 27 February 2024; accepted 28
February 2024. Date of publication 4 March 2024; date of current version 14
March 2024. This work was supported in part by the National Key Research and
Development Program of China under Grant 2022YFA 1404003, in part by the
National Natural Science Foundation of China under Grant 61827824, Grant
61975104, and Grant 12104279, in part by the China-Belarus Joint Laboratory
Fund for Electromagnetic Environmental Effects “The Belt and Road” under
Grant ZBKF2022030201, and in part by the Key Research and Development
Program of Shanxi Province under Grant 202102150101001. (Corresponding
author: Linjie Zhang.)

The authors are with the Institute of Laser Spectroscopy, State Key Laboratory
of Quantum Optics and Quantum Optics Devices, Collaborative Innovation
Center of Extreme Optics, Shanxi University, Taiyuan 030006, China (e-mail:
zlj@sxu.edu.cn).

Digital Object Identifier 10.1109/JPHOT.2024.3372640

, Jinpeng Yuan

, Hao Zhang ", and Linjie Zhang

spacing, inversely proportional to n?, results in significantly
smaller level spacing compared to ground state atoms, spanning
the frequency range from MHz to THz [4], [5]. Leveraging these
attributes, the Rydberg atom demonstrates high sensitivity, wide
bandwidth, and traceability in precisely measuring microwave
electric fields [6], [7]. Consequently, it finds diverse applications
in electric field metrology [8], [9], [10], remote sensing [11], [12]
and weak field measurement [13], [14].

The Rydberg atom has an abundance of energy levels, mak-
ing it possible to measure the microwave electric field based
on it almost continuously cover the frequency bands from
microwaves to terahertz. Linear measurements, on the other
hand, are typically limited to the MHz range around a single
resonant transition. Most precision measurements of microwave
electric fields utilizing the Rydberg atom are limited to a single
frequency band. Achieving electric field measurements across a
continuous frequency range needs real-time frequency hopping
and switching among multiple Rydberg energy levels, imposing
significant demands on the experimental system. This complex-
ity hinders accurate measurement of the microwave electric
field in a continuous broadband spectrum with Rydberg atoms.
Additionally, factors such as the Rabi frequency of the coupling
laser and the linewidths of any intermediate state influence the
communication bandwidth of the Rydberg atom under a single
resonance transition, placing constraints on channel capacity
during communication. To address these challenges, the adop-
tion of multi-channel solutions proves effective in expanding
channel capacity, enabling more comprehensive wideband mea-
surements.

In the communications field, the Rydberg atom replaces
the traditional antenna with superior performance aspects that
include sub-wavelength size, high dynamic range and self-
calibration [15], [16], [17]. Moreover, receivers utilizing Ry-
dberg atoms have proven successful in wireless communication
through various modulation techniques, including amplitude
modulation [18], [19], [20], [21], frequency modulation [22],
[23], and phase modulation [24]. However, the time required
for the establish of electromagnetically induced transparency
in the interaction between light and atoms, coupled with the
time needed to respond to sudden changes in the external
electric field, imposes limitations on the utilization of Rydberg
atom-based devices for communication, affecting the bandwidth
of the sensor [25], [26]. Song Zhenfei et al. achieved com-
munication and spectrum sensing with a wider bandwidth by
employing continuously tunable RF carrier method. This offers
a viable approach for multi-channel communication using the
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Fig. 1.  (a) Experimental setup for image transmission based on the amplitude
modulation technology of the Rydberg atomic antenna. FNS: Frequency noise
servo system, ULE cavity: Ultra-low thermal expansion cavity, GT: Glan Taylor
polarizer, HWP: half wave plate, BS: beam splitter (T: R=9:1), HR: high
reflection dielectric mirror, DM: dichroic mirror. (b) Relevant energy levels
of cesium Rydberg atoms. The probe laser at 852 nm and the coupling laser at
510 nm couple the transitions from ground state 651 /7 to excited state 6P3 /o
and excited state to Rydberg state 93Dj /5, respectively. The 93 D5 /5 Rydberg
state simultaneously interacts with the other three Rydberg states through three
microwave fields.

same pair of Rydberg states [27]. In addition, studies have shown
that different laser sizes and optical powers have an impact
on bandwidth [28]. Subsequent studies have enhanced data
transmission capabilities through the utilization of multi-band,
multi-channel, and multiple atomic species [29], [30], [31], [32],
thereby providing additional research references for channel
expansion based on Rydberg atoms.

In this research, we implemented a microwave communica-
tion in a room-temperature cesium atom. Amplitude-shift key-
ing modulation method was employed to achieve simultaneous
multi-band reception in the C-band (7.91 GHz, 5.106 GHz)
and S-band (3.78 GHz). Subsequently, we encoded RGB in-
formation from color image pixels to the independent fre-
quencies of these three bands for transmission. Through the
multi-channel frequency coding and simultaneous optimization
of multi-channel signal amplitudes, we successfully achieved
multi-channel radio communication reception at 3.78 GHz,
5.106 GHz, 7.91 GHz. This study shows high-fidelity digital
color image transmission based on the frequency coding of the
Rydberg atomic antenna, yielding a root mean square error of
4.806 and a mean square signal-to-noise ratio of 1.627 for image
transmission fidelity. This study lays a significant research foun-
dation to meet the requirements of high-speed broadband com-
munication, Big Data transmission, and high-definition video
streaming using Rydberg atoms.

II. EXPERIMENTAL SETUP

Fig. 1 depicts the experimental setup for image transmis-
sion based on Rydberg atomic antenna amplitude modulation
method. The system comprises key components, including a
laser system for exciting ground-state cesium atoms into the
Rydberg excited state, a microwave field system supplying
multi-band microwave carrier signals and amplitude modula-
tion functions for image transmission, and a data acquisition
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and analysis system facilitating collaborative measurement and
analysis of spectral signals.

Fig. 1(b) illustrates a schematic diagram of the related energy
levels of the cesium Rydberg atom. Utilizing a ladder-type
two-photon process to excite cesium atoms to the Rydberg
state, the coupling to different Rydberg states is then achieved
through microwaves of different frequencies. The frequency of
the probe laser, with a wavelength of 852 nm, was locked on
the 65,2, F' = 4 — 6P3/5, F' = 5hyperfine transition. Simul-
taneously, the frequency of coupling laser, with a wavelength
of 510 nm, was locked on 6P3 /5, F' = 5 — 93 D5 /5 hyperfine
transition. The experiment incorporated three microwave fre-
quency bands: the resonance transition frequency of the Rydberg
transition 93D5,5 — 91F% /5 is 3.78 GHz, the resonance tran-
sition frequency of the Rydberg transition 93 D55 — 90F7 /2
is 5.106 GHz, and the resonance transition frequency of the
Rydberg transition 93D5 /5 — 9535 is 7.91 GHz.

The experimental setup is depicted in Fig. 1(a). The laser
system consists of two main laser sources. The probe laser
(852 nm) is generated by a semiconductor laser (DL pro,
Toptica), while the coupling laser (510 nm) is supplied by a
tapered semiconductor laser amplifier (TA-SHG, Toptica). Both
the 852 nm laser and the 1020 nm semiconductor seed laser are
locked onto a 10 cm long ultra-low thermal expansion cavity
(ULE). The frequency noise servo system (FNS) eliminates
frequency noise from the probe and coupling lasers. Utilizing
sideband locking technology, the FNS locks the probe laser
and the coupling laser frequency to a high-precision optical
resonator simultaneously. The phase modulator serves as the
offset frequency device, enabling a linear frequency sweep
within the 750 MHz range. The probe and coupling lasers are
coupled from polarization-maintaining fiber to free space via a
fiber collimator. A 3:1 fiber beam splitter precedes the feeding
of the probe laser into the collimator. Here, three-quarters of
the laser beam enters the collimator as the main beam, while a
quarter is used as reference beam for the subsequent differential
optical path. Subsequently, vertical polarization selection of the
laser beam is achieved using a Glan-taylor prism and a half-wave
plate, ensuring a polarization extinction ratio greater than 60 dB.
After polarization purification, the probe and coupling lasers are
separated by a beam splitter, with 10% of their power reserved
for power monitoring and locking, effectively reducing intensity
noise. The optical pathways of the probe laser and the coupling
laser, transmitted in opposite directions, coincide in the cesium
vapor, eliminating the Doppler background. The vapor dimen-
sions are 20 x 20 x 20 mm?®. Throughout the experiment, the
beams used in the experiment are nearly parallel at the cell. The
probe laser beam has Gaussian diameter of 1.9 mm, the coupling
laser beam has Gaussian diameter of 2.0 mm. The coupling laser
power is kept constant at 2 mW, the probe laser injected into the
cell is about 22.5 4W. The Rabi frequency of the probe laser is
maintained at 27 x 3.620 MHz, while that of the coupling laser
is maintained at 2 x 0.066 MHz.

The microwave system provides three independent frequency
microwave fields for image transmission and allows sepa-
rate amplitude modulation of these fields. In this experiment,
three microwave frequencies within the S-band and C-band
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TABLE I
RELATIONSHIP BETWEEN PIXEL COLOR SCALE AND MODULATION FREQUENCY

Color Scale Modulation Frequency / kHz
Red Green Blue

0 20 40 60
1 20.05 40.05 60.05
254 32.70 52.70 72.70
255 32.75 52.75 72.75

were employed. The C-band frequencies (7.91 GHz, 5.106 GHz)
were generated using two RF signal generators (SG386, Stanford
Research Systems), while the S-band frequency (3.78 GHz)
was generated by the signal generator (SMA100B, Rohde &
Schwarz). The C-band microwaves were directed to free space
via a standard gain horn antenna operating in the frequency
range of 5.38 GHz-8.17 GHz and transmitted to a cesium
atomic vapor. Similarly, the S-band microwaves were guided
to free space by a standard gain horn antenna operating in the
frequency range of 2.60 GHz-3.95 GHz and projected onto the
cesium atomic vapor. Simultaneously, the internal modulation
function of the RF source facilitated amplitude modulation for
the three microwave fields, with a modulation depth of 20%
and a modulation frequency ranging from 20 kHz to 60 kHz for
sinusoidal signals.

The data acquisition and analysis system is mainly divided
into three parts: electromagnetically induced transparency spec-
trum measurement analysis, frequency spectrum measurement
analysis and image analysis. The probe laser after interacting
with atoms is directed to one optical input port of the balanced
photodetector (PDB210 A/M, Thorlabs), while the 852 nm ref-
erence laser is input to another optical port to counteract the DC
shift of the photocurrent, thereby reducing photodetector satura-
tion. Electromagnetically induced transparency spectra are ob-
tained by scanning the coupling laser near the resonant frequency
using a phase modulator. The spectral signal undergoes Fourier
transformation and is recorded on a spectrometer (FSVA3044,
Rohde & Schwarz). For color image transmission, each pixel
is defined by three parameters: R, G, B (red, green, and blue),
representing the three primary colors. The image utilizes an 8-bit
color depth, meaning adigital image in R, G, and B spaces, where
each color is represented by 256 levels. Theoretically, there
are 256 x 256 x 256 color combinations. To facilitate image
transmission, a correspondence between modulation frequency
and color scale is established. The modulation frequency band
is divided into three sub-bands: 20 ~ 40 kHz, 40 ~ 60 kHz,
and 60 ~ 80 kHz, corresponding to the primary colors of red,
green, and blue, respectively. The relationship between color
scales and modulation frequencies is detailed in Table I. Each
primary color order is subdivided into 256 degrees, and the
channel spacing between adjacent frequency channels is set
to 50 Hz. Subsequently, the intensity modulation of the three
microwave fields is performed using three modulation signals
of different frequencies, where each frequency corresponds to a
degree of a primary color. The decoding modulation frequency
aligns with the frequency scales for different primary colors
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Fig. 2. Transmission spectrum of probe laser passing through atoms with
frequency detuning of coupling laser. The red line, blue line, and green line
correspond to the results at microwave power of -3 dBm, 0 dBm, and 3 dBm,
respectively. (a) The result for 93Dy /5 — 91F% /5 transition corresponds to
a microwave frequency of 3.78 GHz. (b) The result for 93D5 /5 — 90F7 /5
transition corresponds to a microwave frequency of 5.106 GHz. (c) The result
of 93D5 /5 — 95P3 /5 transition corresponds to a microwave frequency of
7.91 GHz.

in the table, ultimately achieving the recovery and display of
the image.

III. RESULTS AND DISCUSSION

In the four-level atomic system, a microwave field resonat-
ing with the two adjacent Rydberg state transitions alters the
susceptibility of the probe laser. This change disrupts the co-
herence characteristics of the three-level system, causing reab-
sorption of the probe laser and generating the Autler-Townes
splitting spectrum. Measurement of the transmission spectrum
after the interaction of the probe laser with the atoms allows for
the determination of the microwave electric field strength. The
splitting of the probe laser transmission spectrum in relation
to the intensity of the applied microwave field is detailed as
follows [5]:

FE =27

DAY, ey
MW

where 7 is the reduced Planck constant, @,y is the atomic
dipole moment of the Rydberg level transition resonating with
the microwave frequency, /\f is the measured spectral splitting
frequency spacing, and the D is the Doppler mismatch factor,
and it depends on the frequency scanning laser during the spec-
tral measurement. If the frequency of the probe laser is scanned,
D = X, /Ac, where A, and A are the wavelengths of the probe
and coupling laser, respectively. If the frequency of the coupling
laser is scanned, D = 1.

Fig. 2 illustrates the transmission spectra of the probe laser
passing through the atoms as a function of the coupling laser
frequency detuning. The ordinate represents the transmitted
intensity of the probe laser, and the abscissa is the frequency
detuning of the coupling laser, with a frequency zero corre-
sponding to the 63,5 — 93 D55 Rydberg resonance transition.
With the microwave field, the coherence characteristics of the
three-level system are disrupted, leading to the Autler-Townes
(AT) splitting. We measured the splitting spectra at different
microwave powers (-3 dBm, 0 dBm, and 3 dBm) for various
Rydberg transitions. As depicted in the figure, the splitting of
the different Rydberg level transitions gradually increases with
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Fig. 3. Transmission spectrum of a pixel, the red line corresponds to the

modulation frequency of the R channel, the green line corresponds to the
modulation frequency of the G channel, and the blue line corresponds to the
modulation frequency of the B channel.

the increase in microwave power, consistent with the expecta-
tions from (1). However, at the same microwave power, the AT
splitting interval and peak height of different Rydberg transitions
exhibit distinct characteristics, attributed to the differing dipole
moments of transitions between various Rydberg states. The
rightmost AT peaks shift more than the leftmost AT peaks in
Fig. 2(a) is mainly due to the energy level shift caused by the
AC-Stark effect after the microwave power change, resulting in
microwave frequency detuning. In Fig. 2(b), the double-peak
feature on the leftmost AT peak in the green plot is due to the
effect of magnetic sublevels. Through this analysis, we success-
fully discerned the characteristics of these three independent
frequency transmission channels.

The independently adjustable three channels offer a platform
for data transmission. We utilized this experimental system to
validate high-fidelity image data transmission. Initially, the R,
G, and B information of the image to be transmitted is retrieved,
and the order of the primary color corresponds to the respective
frequency is matched with previously described method. Subse-
quently, employing amplitude modulation within the RF signal
source, the modulated signal is directed to free space through
the horn antenna, transmitted to the cesium vapor, and interacts
with the Rydberg atom. In the course of image transmission, the
R, G, and B channels align with S-band (3.78 GHz), C-band
(5.106 GHz), and C-band (7.91 GHz) microwaves, respectively.
This implies that the microwave field of these three frequency
bands acts on the Rydberg atom simultaneously, allowing the
Rydberg atom to receive three frequency microwaves in the
S-band and C-band within a single quantum state.

Fig. 3 illustrates the spectrum corresponding to the R, G, and B
of a pixel in the transmitted image. To optimize the transmission
process, we use the results obtained in Fig. 2 to adjust the
microwave power of each channel, ensuring uniform modulated
signal power results for the three parameters within a single
pixel. In Fig. 3, the modulated signal power significantly exceeds
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Fig. 4. Flowchart of image transmission.

the noise level (at least 40 dB), fully meeting experimental
requirements. On the modulation side, we employ signals at fre-
quencies of 20 kHz, 40 kHz, and 60 kHz, respectively. The three
distinctive modulation frequencies decoded from Fig. 3 also
correspond to 20 kHz, 40 kHz, and 60 kHz. These frequencies are
then mapped to the order represented in the respective channel.
Analyzing the transmission result of a single pixel in Fig. 3, the
characteristic spectral lines denote the 0 scale of red, the 0 of
green, and the 0 of blue, respectively. Utilizing the information
from this spectrum allows for the recovery of a single pixel
in the image. After receiving information from all pixels, the
entire image can be reconstructed. In this work, the frequency
modulation range used for each channel is 12.75 kHz, with
adjacent scales differing by 50 Hz. The smaller the frequency
resolution and the smaller the frequency difference between
adjacent scales, the greater the range that can be encoded within
the achievable encoding bandwidth of the system. The image
transmission process, depicted in Fig. 4, is principally divided
into five components: decomposing the image to obtain the cor-
responding color scale for each pixel, mapping the modulation
frequency to the primary color scale, modulating the microwave
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Fig. 5. Results before and after image transmission. (a)—(d) is the original
image, a, b, and c are three R, G, and B monochromatic images decomposed
from the original image d; (e)—(h) is the image recovered after transmission. e,
f and g are three monochromatic images of R, G, and B received, while h is the
color image recovered after transmission.

field by amplitude modulation, demodulating the color scale cor-
responding to the frequency, and ultimately recovering the final
image.The whole process of image transmission is done pixel
by pixel, the order of the R, G, and B channels obtained by each
pixel decomposition is transmitted at the same time, as shown
in Fig. 3, which represents the transmission result of one pixel.

Fig. 5 presents the results before and after the entire im-
age transmission. Fig. 5(a)-(d) depict the original image,
while Fig. 5(e)—(h) show the image recovered after transmis-
sion. Specifically, Fig. 5(a), (b), and (c) represent the three
monochrome images of R, G, and B decomposed from the
original Fig. 5(d). In parallel, Fig. 5(e), (f), and (g) portray the
three monochrome images of R, G, and B after signal recovery,
and Fig. 5(h) illustrates the color image recovered after trans-
mission. In order to evaluate the quality and reliability of image
transmission, we mainly analyze the fidelity of the image from
the two perspectives: root mean square error and mean square
signal-to-noise ratio. The formula for the root mean square error
is expressed as follows:

1 M-1
rms =\ I8 2

The root-mean square signal-to-noise ratio is as follows:

SNRys = Semo Ly=o [f (W)r 5 3
SIS [y - flay)]

The input image, denoted as f(xz,y) consists of M x N
pixels, wherez = 0,1,2,...M — 1,4y =0,1,2,... N — 1 and
the corresponding decoded image is f(z,y). Using (2) and (3)
determined as the root mean square error of image transmission
fidelity is 4.806, with a mean square signal-to-noise ratio of
1.627. Specifically, the root mean square error for the R, G, and
B channels is 4.583, 0, 0, respectively, while the mean square
signal-to-noise ratio is 1.543, infinity, infinity. At the same
time, we used the peak signal-to-noise ratio and the structural
similarity index to check the similarity of the input and the

N-1 9
> ey -s@w], @
y=0
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transmitted images. The formula for the peak signal-to-noise
ratio is expressed as follows:

MAX? MAX
PSNR =10- 10g10 <M—SE> =20- 10g10 <\/M——‘S'_E> ,
(4)

Where MAX is the maximum pixel value in the image, MSE is
a mean square error. Using (4), the peak signal-to-noise ratio of
image transmission is determined as 29.998, with a structural
similarity index of 0.9621. Specifically, peak signal-to-noise
ratio for the R, G, and B channels is 30.768, infinity, infinity,
respectively, while the structural similarity index is 0.9589, 1,
1. The value of the peak signal-to-noise ratio value represents
the similarity of the image to the original image, the higher
the value, the more similar the image is to the original image,
and thus the better the image quality. Structural similarity index
values range from O to 1, with larger images being more similar.
If the two images are exactly the same, the structural similarity
index value is 1. The result indicates that the G and B channels
exhibit nearly error-free information transmission, whereas the
R channel is influenced by additional frequency components,
potentially leading to partial errors. This effect could be at-
tributed to the presence of other frequency components in the R
channel with modulation frequencies between 20 and 40 kHz.
For the frequency coding method used in this paper, a single
order of a single pixel corresponds to a modulation frequency.
The signal demodulated by the atom at a single frequency has
a sufficiently large signal-to-noise ratio, as shown in Fig. 3,
to obtain an accurate modulation frequency and restore the
corresponding order. The 40 ~ 60 kHz range for the G channel
and the 60 ~ 80 kHz range for the B channel are not affected by
other frequency components, so the image information can be
completely restored.

The protocol demonstrates extensive applicability and facili-
tates the transmission of diverse files, including digital, image,
sound, and video. Its flexibility is reflected in setting different
frequency bands and determining the correspondence between
the information to be transmitted and the modulation frequency,
thereby achieving customized transmission of various types of
information. Specifically, one only need to set different fre-
quency bands, associate the information to be transmitted with
the modulation frequency, then perform Fourier transform on the
probe laser transmission spectrum signal, and finally decode the
modulation frequency, then can successfully obtain the required
information transmitted.

Fig. 6 presents the experimental results depicting the instan-
taneous bandwidths of atoms in various Rydberg states, reflects
the relationship between the receiving capacity of the atomic
antenna and the working frequency. The red dot shows the instan-
taneous bandwidth of microwave frequency of 5.106 GHz with
the Rydberg state of 90F7 /5; the green dot represents the instan-
taneous bandwidth of microwave frequency of 3.78 GHz with
the Rydberg state of 91F% /5, while the blue dot illustrates the
instantaneous bandwidth of microwave frequency of 7.91 GHz
with the Rydberg state of 95F5 /. By modulating the amplitude
of the microwave field at various frequencies, the corresponding
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Fig. 6. Experimental results of the instantaneous bandwidth. The red, blue,

and green lines represent the results at microwave frequencies of 5.106 GHz,
7.91 GHz, and 3.78 GHz, respectively. The illustration shows the modulation
frequency range used in the experiment. The error bar is an average of 5 times.

signal magnitude is obtained. As the modulation frequency
increases, the intensity signal gradually diminishes, influenced
by the Rydberg state atomic lifetime, the Rabi frequency of the
probe laser and the coupling laser. Each pixel transmitting a
color image is characterized by three parameters: R, G, and
B(corresponds to the three gray frequency ranges in the figure).
The modulation band is divided into three subbands, aligning
with the primary colors of red, green, and blue. The results in
Fig. 3 indicate the system has a noise floor of -124 dBm and a
signal-to-noise ratio of nearly 40 dB. The 20 ~ 80 kHz range
chosen in the experiment fully complies with the experimental
conditions. The variance in signal power under a single channel
stems from differences in the transition dipole moment between
the Rydberg states.

IV. CONCLUSION

Utilizing room-temperature Rydberg atoms, we achieved the
simultaneous reception of three microwave frequencies: C-band
(7.91 GHz, 5.106 GHz) and S-band (3.78 GHz)—within a single
quantum state. Employing these frequencies as carriers, we
encoded the RGB information of frequency-coded color image
pixels onto the respective carriers, and further facilitated multi-
channel radio communication reception spanning from 3.7 GHz
to 8 GHz. The high-fidelity digital color image transmission,
based on the frequency coding of the Rydberg atomic antenna,
resulted in a root mean square error of 4.806, a mean square
signal-to-noise ratio of 1.627, a peak signal-to-noise ratio of
29.998 and a structural similarity index of 0.9589. Subsequently,
we measured the maximum coding bandwidth of the atomic
antenna system. Notably, this atomic-based receiver offers sev-
eral advantages: 1) direct reading of the baseband signal by
demodulating the atom, 2) enabling multi-channel reception,
and 3) spanning a frequency range from MHz to THz.

(1]
[2]
(3]

[4

finar

(3]

(6]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

IEEE PHOTONICS JOURNAL, VOL. 16, NO. 2, APRIL 2024

REFERENCES

T. F. Gallagher, “Rydberg atoms,” Rep. Prog. Phys., vol. 51, no. 2,
pp. 143-188, 1988.

M. Saffman, T. G. Walker, and K. Mglmer, “Quantum information with
Rydberg atoms,” Rev. Modern Phys., vol. 82, no. 3, pp. 2313-2363, 2010.
C. S. Adams, J. D. Pritchard, and J. P. Shaffer, “Rydberg atom quantum
technologies,” J. Phys. B: At. Mol. Opt. Phys., vol. 53, no. 1, 2019,
Art. no. 012002.

H. Fan, S. Kumar, J. Sedlacek, H. Kiibler, S. Karimkashi, and J. P. Shaffer,
“Atom based RF electric field sensing,” J. Phys. B: At. Mol. Opt. Phys.,
vol. 48, no. 20, 2015, Art. no. 202001.

J. A. Sedlacek, A. Schwettmann, H. Kiibler, R. Low, T. Pfau, and J. P.
Shaffer, “Microwave electrometry with Rydberg atoms in a vapour cell
using bright atomic resonances,” Nature Phys., vol. 8, no. 11, pp. 819-824,
2012.

D. A. Anderson, R. E. Sapiro, and G. Raithel, “A self-calibrated SI-
traceable Rydberg atom-based radio frequency electric field probe and
measurement instrument,” IEEE Trans. Antennas Propag., vol. 69, no. 9,
pp. 5931-5941, Sep. 2021.

J. Yuan et al., “Quantum sensing of microwave electric fields based on
Rydberg atoms,” Rep. Prog. Phys., vol. 86, no. 10, 2023, Art. no. 106001.
C. L. Holloway et al., “Atom-based RF electric field metrology: From
self-calibrated measurements to subwavelength and near-field imag-
ing,” IEEE Trans. Electromagn. Compat., vol. 59, no. 2, pp. 717-728,
Apr. 2017.

M. T. Simons, A. B. Artusio-Glimpse, A. K. Robinson, N. Prajapati, and
C. L. Holloway, “Rydberg atom-based sensors for radio-frequency electric
field metrology, sensing, and communications,” Meas.: Sensors, vol. 18,
2021, Art. no. 100273.

Y. Shi et al., “Near-field antenna measurement based on Rydberg-atom
probe,” Opt. Exp., vol. 31, no. 12, pp. 18931-18938, 2023.

A. K. Robinson, N. Prajapati, D. Senic, M. T. Simons, and C. L. Holloway,
“Determining the angle-of-arrival of a radio-frequency source with a
Rydberg atom-based sensor,” Appl. Phys. Lett., vol. 118, no. 11, 2021,
Art. no. 114001.

J. Sedlacek, A. Schwettmann, H. Kiibler, and J. Shaffer, “Atom-based
vector microwave electrometry using rubidium Rydberg atoms in a vapor
cell,” Phys. Rev. Lett., vol. 111, no. 6, 2013, Art. no. 063001.

J. A. Gordon, M. T. Simons, A. H. Haddab, and C. L. Holloway, “Weak
electric-field detection with sub-1 Hz resolution at radio frequencies
using a Rydberg atom-based mixer,” AIP Adv., vol. 9, no. 4, 2019,
Art. no. 045030.

M. G. Bason et al., “Enhanced electric field sensitivity of RF-dressed
Rydberg dark states,” New J. Phys., vol. 12, no. 6, 2010, Art. no. 065015.
M. Jing et al., “Atomic superheterodyne receiver based on microwave-
dressed Rydberg spectroscopy,” Nature Phys., vol. 16,n0.9, pp. 911-915,
2020.

K. C. Cox, D. H. Meyer, F. K. Fatemi, and P. D. Kunz, “Quantum-limited
atomic receiver in the electrically small regime,” Phys. Rev. Lett., vol. 121,
no. 11, 2018, Art. no. 110502.

H.Zou, Z. Song, H. Mu, Z. Feng, J. Qu, and Q. Wang, “Atomic receiver by
utilizing multiple radio-frequency coupling at Rydberg states of rubidium,”
Appl. Sci., vol. 10, no. 4, p. 1346, 2020.

J. Yuan, T. Jin, L. Xiao, S. Jia, and L. Wang, “A Rydberg atom-based
receiver with amplitude modulation technique for the fifth-generation
millimeter-wave wireless communication,” IEEE Antennas Wireless
Propag. Lett., vol. 22, no. 10, pp. 2580-2584, Oct. 2023.

D. H. Meyer, K. C. Cox, F. K. Fatemi, and P. D. Kunz, “Digital communi-
cation with Rydberg atoms and amplitude-modulated microwave fields,”
Appl. Phys. Lett., vol. 112, no. 21, 2018, Art. no. 211108.

H. Li et al., “Rydberg atom-based AM receiver with a weak continuous
frequency carrier,” Opt. Exp., vol. 30, no. 8, pp. 13522—13529, 2022.

Y. Jiao, X. Han, J. Fan, G. Raithel, J. Zhao, and S. Jia, “Atom-
based receiver for amplitude-modulated baseband signals in high-
frequency radio communication,” Appl. Phys. Exp., vol. 12, no. 12, 2019,
Art. no. 126002.

D. A. Anderson, R. E. Sapiro, and G. Raithel, “An atomic receiver for AM
and FM radio communication,” [EEE Trans. Antennas Propag., vol. 69,
no. 5, pp. 2455-2462, May 2021.

S. Kumar, H. Fan, H. Kiibler, A. J. Jahangiri, and J. P. Shaffer, “Rydberg-
atom based radio-frequency electrometry using frequency modulation
spectroscopy in room temperature vapor cells,” Opt. Exp., vol. 25, no. 8,
pp. 8625-8637, 2017.



ZHANG et al.: IMAGE TRANSMISSION UTILIZING AMPLITUDE MODULATION

[24]

[25]

[26]

[27]

[28]

C. L. Holloway, M. T. Simons, J. A. Gordon, and D. Novotny, “De-
tecting and receiving phase-modulated signals with a Rydberg atom-
based receiver,” IEEE Antennas Wireless Propag. Lett., vol. 18, no. 9,
pp. 1853-1857, Sep. 2019.

D. A. Anderson, R. E. Sapiro, and G. Raithel, “Rydberg atoms for radio-
frequency communications and sensing: Atomic receivers for pulsed RF
field and phase detection,” IEEE Aerosp. Electron. Syst. Mag., vol. 35,
no. 4, pp. 48-56, Apr. 2020.

R. Sapiro, G. Raithel, and D. Anderson, “Time dependence of Rydberg EIT
in pulsed optical and RF fields,” J. Phys. B: At. Mol. Opt. Phys., vol. 53,
no. 9, 2020, Art. no. 094003.

Z. Song et al., “Rydberg-atom-based digital communication using a
continuously tunable radio-frequency carrier,” Opt. Exp., vol. 27, no. 6,
pp. 8848-8857, 2019.

N. Prajapati et al., “TV and video game streaming with a quantum receiver:
A study on a Rydberg atom-based receiver’s bandwidth and reception
clarity,” AVS Quantum Sci., vol. 4, no. 3, 2022, Art. no. 035001.

[29]

[30]

[31]

[32]

3000307

C. Holloway et al., “A multiple-band Rydberg atom-based receiver:
AM/FM stereo reception,” IEEE Antennas Propag. Mag., vol. 63, no. 3,
pp. 63-76, Jun. 2021.

Z.-K. Liu et al., “Deep learning enhanced Rydberg multifrequency mi-
crowave recognition,” Nature Commun., vol. 13, no. 1,2022, Art. no. 1997.
D. H. Meyer, J. C. Hill, P. D. Kunz, and K. C. Cox, “Simultaneous
multiband demodulation using a Rydberg atomic sensor,” Phys. Rev. Appl.,
vol. 19, no. 1, 2023, Art. no. 014025.

C. L. Holloway, M. T. Simons, A. H. Haddab, C. J. Williams, and
M. W. Holloway, “A “real-time” guitar recording using Rydberg atoms
and electromagnetically induced transparency: Quantum physics meets
music,” AIP Adv., vol. 9, no. 6, 2019, Art. no. 065110.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


