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Abstract: Rydberg atoms have been extensively utilized in microwave measurement with high
sensitivity, which has great potential in the field of communication. In this study, we discuss the digital
communication based on a Rydberg atomic receiver under simultaneously coupling by resonant
and near detuning microwaves. In addition, we verify the feasibility of the Rydberg atom-based
frequency division multiplexing (FDM) in microwave communication. We demonstrate the principle
and performance of the atom-based FDM receiver by applying amplitude modulation (AM) and
frequency modulation (FM), respectively. To demonstrate the actual communication performance at
different data transfer rates, we consider monochromatic images as an example. The experimental
results show that the maximum acceptable data transfer rate of both AM and FM is about 200 kbps,
whereas their maximum bit error rates (BER) is less than 5%. When compared with the traditional
electronic receiver, this atomic receiver, which is compatible with FDM, has numerous advantages,
such as small size, low power consumption, and high sensitivity. Furthermore, this receiver has a
strong ability of anti-electromagnetic interference, and the signals transmitted do not interfere with
each other in different channels.
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1. Introduction

With the new developments in precision measurement technology, numerous atom-based sensors
and communication devices have been proposed and verified in laboratories. Many new concepts
and technologies of Radio Frequency Electric field (RF E-field) measurements in the quantum sensing
domain have been presented, such as Rydberg atoms. Because of their high precision, sensitivity,
and as the measurement results can be directly traced to the international system of units (SI) via
atomic constant [1,2], they have great potential in many application scenarios. Rydberg atoms are
some kinds of atoms with large principal quantum numbers [3]. Their large dc polarizabilities
and microwave-transition dipole moments [4], Ref. [5] make them very suitable for the RF E-field
measurement. Combining the electromagnetically induced transparency (EIT) [6,7] Autler-Townes
(AT) [8] effects, measurement of the RF E-field with Rydberg atoms can be converted into frequency
measurement. The sensitivity of the RF E-field has been observed to be less than 1 ptV-cm_1 Hz 12 [9]
under the predictable noise limit, and the measurement uncertainty has been observed to be less than
0.5% [2].
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Rydberg atoms are also extensively employed in many fields, like high-resolution imaging,
millimeter-wave/terahertz [10], and antenna measurement [11]. Owing to the high sensitivity of
Rydberg atoms to RF E-field, the concept of wireless communication using Rydberg atoms has
been recently proposed and verified. Deb et al. [12] proposed a new Rydberg atom-based wireless
fiber-optic signal transmission system, which utilized the Rydberg atoms as a receiving antenna, and the
signals were directly recovered at the baseband without any demodulation means. Meyer et al. [13]
used Rydberg atoms as an optical antenna to realize the 8-state phase-shift-keying (PSK) digital
communication protocol. Anderson et al. [14] demonstrated an atomic receiver for amplitude
modulation (AM) and frequency modulation (FM) communication with a 3 dB bandwidth in the
baseband of 100 kHz. Song et al. [15,16] investigated the feasibility of this atom-based receiver
over a continuously tunable RF-carrier; the authors showed that the communication at a rate of
500 kbps can be reliably performed within a tunable bandwidth of 200 MHz near a 10.22 GHz
carrier. Holloway et al. [17] observed that the receiving system based on Rydberg atoms can
detect and demodulate binary-phase-shift-keying (BPSK), quadrature-amplitude-modulation (QAM),
and quadrature-phase-shift-keying (QPSK) signals. Due to numerous available resonant frequencies of
the Rydberg states from 100 MHz to sub-THz, it is possible to achieve the broadband communication by
changing the coupling frequency between RF E-field and the Rydberg States. Therefore, Rydberg atoms
are good candidates for microwave communication applications.

All the aforementioned communication experiments transmitted data over a single RF-carrier
at atomic resonance frequency. As the development of wireless communications, spectrum resource
is increasingly scarce, and interference between systems has become increasingly serious. It is
of great necessity to find an optimal way to make better use of the limited spectrum resource.
Using the abundant microwave-transition energy levels between Rydberg states, instead of recovering
the time-varying signal on the specific RF-carrier frequency, we simultaneously couple resonant
and detuning microwaves to verify the feasibility of dual-carrier communication and achieve
frequency division multiplexing (FDM). This can improve spectral performance and allow real-time
channel multiplexing.

In this paper, the feasibility of digital FDM communication is proposed, together with the atomic
receiver by using multiple RF couplings. Additionally, we analyze the change of signal-to-noise ratio
(SNR) by scanning the coupling laser frequency. The feasible experimental conditions which are
selected by the SNR judgment are discussed. Finally, the image data reception is performed and
practical indicators for AM and FM communication are discussed, respectively.

2. Methods

2.1. Measurement Set-Up

The details of how to use the Rydberg atoms as a receiving antenna for communication have been
discussed in some previously conducted studies [15,16]. At both RF-resonance and RF-detuning,
time-variant characteristics of complex signals could be captured by the change of the probe
transmission, and modulation on a RF-carrier can cause synchronous modulation of the probe
transmission. Thus, it is possible to retrieve the characteristics of the modulation signal by detecting
the probe transmission in real-time.

FDM is a multiplexing technique that modulates multiple baseband signals onto different frequency
carriers and then combines them to form a composite signal. In this paper, the communication of the
atom-based receiver in the case of RF-resonance and RF-detuning carriers is proposed. Figure 1
illustrates the experimental set-up. A vapor cell containing rubidium (8”Rb) atoms was used as an active
medium for real-time field sensing. 8 Rb atoms were excited to Rydberg states by counter-propagating
probe laser and coupling laser via a two-photon transition. Meanwhile, through an external signal
generator, two RF-carriers were amplitude or frequency modulated. Here, we use CH1 and CH2 to
represent two RF-carriers, respectively. Then, they were coupled into the atomic vapor cell by the
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X-band horn antenna after the combiner, and different modulation parameters were selected for each
modulation mode. The probe laser passing through the atomic vapor was detected by a photodiode,
and recorded by a spectrum analyzer or the oscilloscope; signal components of the multiple basebands
can be separated by a band-pass filter.
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Figure 1. The experimental set-up. Frequency division multiplexing (FDM) receiver basing on Rydberg
atoms is shown in the right part. Abbreviations: RM: reflector mirror; DM: dichroic mirror; PD:
photodetector.

Figure 2a illustrates the experiment-related Rydberg energy levels. The probe laser (~780 nm)
generated from an external-cavity diode laser was frequency-locked to the atomic transition 55; /, (F = 2)
and 5Pz, (F’ = 3), and the coupling laser (~480 nm) generated from a high-power doubled-frequency
diode laser system was frequency scanned across 5P3/, (F” = 3) and Rydberg state 59D5 ;. By regulating
and controlling the laser, the phenomenon of a ladder three-level electromagnetically induced
transparency (EIT) [18] appeared. When RF E-field at a resonant frequency of 10.22 GHz between 59D5 ,
and 60P3,, was applied, it made EIT spectroscopy split, known as Autler-Townes (AT) effect. At the
same time, another detuning RF E-field simulated by a microwave signal source was applied. When the
RF E-field was frequency-detuned from the resonant transition, the observed AT-splitting spectroscopy
became asymmetrical and two transmission peaks are not equal in height [16] (as shown in Figure 2b).
In essence, the change of RF E-field frequency leads to the change of lineshape of AT-splitting, so both
AM and FM baseband signals at multiple channels can be detected through the change of lineshape of a
mixed AT-splitting [14].
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Figure 2. (a) Experiment-related energy levels. (b) RF-induced symmetric or asymmetric Autler—
Townes splitting.

2.2. Performance Test

To verify the actual performance of the Rydberg atom-based FDM receiver, it was necessary to
study the SNR, which is the main technical indicator for measuring the quality of communication
systems. Moreover, to detect time-varying modulated signals, both the frequency of the probe and
the coupling laser must be locked [15]. In this study, two modulated RF carriers for dual-channel
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communication were investigated. Signals received from a photodetector were separated by a
high-pass filter and a low-pass filter. The modulation signals of the two channels were set as single-tone
signals. The probe laser was frequency-locked to the D2 transition of Rb atoms, and the best SNR was
obtained by scanning the frequency of the coupling laser. SNR values of receiving signals of channel 1
(CH1) and channel 2 (CH2) were separately determined by a spectrum analyzer. The frequency of the
modulation signal of CH1 was 15 kHz with a peak-to-peak value of 3 V, whereas the frequency of the
modulation signal of CH2 was 10 kHz with a peak-to-peak value of 4 V. The purpose of adjusting the
amplitude of the modulation signal was to make the amplitude of actually receiving signal identical.
As the resonant responses of Rydberg atoms were dependent on the amplitude and frequency of RF
E-field [19], to achieve optimal communication, the performance of the atomic receiver needs to be
optimized to the best experimental SNR. The coupling laser was frequency-swept from —80 MHz to
80 MHz respect to a resonance. The experimental results are presented in Figure 3. From Figure 3a,
it can be seen that to achieve a high SNR in both channels for FM communication, the frequency of
coupling laser should be locked away from the resonance (with zero coupling laser detuning). This is
because, at this point, the dynamic range of probe transmission change caused by FM signals was
the largest. For receiving AM signals, the frequency of the coupling laser should be locked at the
resonance. The working points of coupling laser are indicated in Figure 3.
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Figure 3. Observed signal-to-noise ratio (SNR) and working points of coupling laser. Results for
dual-channel AM and FM communication are shown in (a) and (b), respectively.

In practical FDM communication, it is also very important that different channels should
concurrently work together without any mutual interference. Interchannel interference (ICI) refers to
the interference caused by signals in one or more channels in a given transmission channel. To analyze
the ICI, we studied the variation of SNR of receiving signals with Agr, and the cross-talk between the
actual signals obtained on the spectrum analyzer; here, Arr represents the frequency difference
between two carriers. A 10.22 GHz carrier was applied to CHI, and a single-tone signal with
an amplitude of 2.5 V and a frequency of 500 kHz was modulated on the carrier. In addition,
another carrier modulated by a single-tone signal with an amplitude of 2.5 V and a frequency of
550 kHz was applied to CH2, and its frequency was scanned between 10.22 and 10.23 GHz (i.e.,
ARrr was between 0 and 10 MHz). The corresponding results are shown in Figure 4. By observing
the relative change in the SNR of receiving signals, the obtained SNR range of the two channels is
from 26.4 to 28.2 dB when the Agr is less than 10 MHz. By observing the signal from the spectrum
analyzer, it can be seen that the two signals have a relatively pure spectrum even at a very close Arp
and there is no other spurious spectrum component, which can meet the requirements for practical
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communication and solve the problem of cross-talk. The same investigation was also carried out for
AM communication and a similar conclusion has been reached. Traditional electronic-based receivers
often produce spurious, harmonic, intermodulation, and other unnecessary signals, which will cause
interference within the frequency band, whereas the atomic receiver will not cause cross-talk between
signals while ensuring high SNR, so it has great potential in many applications.
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Figure 4. Interchannel interference performance of FM communication. (a) SNR of two channels
changes with Agr. (b) Received signals when Agr is 0, 5 and 10 MHz respectively.

2.3. Wireless Reception of Image Data

Based on different data transfer rates, more experiments were carried out to test the capability
of data retrieving by the proposed atom-based FDM receiver. The transmitted images (letters “A”,
“B”, “C”, and “D”) are 36 by 36 pixel Portable Network Graphics (PNG) with lossless compression.
Image data is encoded into a one-dimensional digital flow from corresponding two-dimensional array
data, and then transmitted in different channels. Actually, images with different pixel sizes and formats
can be used. The experimental probe laser power was 30 uW, whereas the coupling laser power was
100 mW. The RF-carrier frequency of the CH1 was with a resonance frequency of 10.22 GHz and a
power of 3 dBm. The RF-carrier frequency of the CH2 had a detuning frequency of 10.25 GHz and a
power of 4 dBm. To achieve the port matching, the cable attenuation was calibrated before conducting
the experiment. Moreover, power adjustment of the two channels made the actual antenna feeding
power from the two channels identical, and both carriers were modulated by an external signal source.
In the experiment of receiving FM signals, CH1 and CH2 transmitted the images of letters “C” and
“D”, respectively. The FM modulation depth in the experiment was 30 MHz. Figure 5 shows an image
recovered by the proposed atomic receiver at various data transfer rates. It is clear that, with both
modulation modes, the experimental results demonstrated an acceptable performance with a data
transfer rate up to 500 kbps.

In digital transmission, bit error ratio (BER) was used to study the probability of receiving bits of
data stream on the communication channel, which is often due to noise, interference, distortion, or bit
synchronization error. In our experiment, a classical definition of BER is used, that is, the number of
bit errors divided by the total transferred bits. BER values of different channels and modulation are
shown in Figure 6. Generally, BER for data transfer in the detuning carrier was higher than that in the
resonance situation. In the experiment of receiving the AM signal, the BER of the two channels can be
kept at nearly 0 when the data transfer rate was less than 100 kbps. For receiving FM signals, the BER
was close to 0 when the data transfer rate was less than 300 kbps, and even with the data transfer rate
going up to 500 kbps, the BER increased to approximately 2%.
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Figure 5. Test results of the proposed atomic FDM receiver for image data reception at different data
transfer rates.

In the latest released technical specification document (3GPP TS 23.107 V15.0.0) within the
3rd-Generation Partnership Project (3GPP), the BER value ranges for Universal Mobile Communication
System (UTMS) bearer service attributes are recommended. For some applications of Class 2 bits,
a higher BER (5%) might be feasible. The experimental results show that the maximum acceptable
data transfer rate of both AM and FM is ~200 kbps, whereas their maximum BER is less than 5%.
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Figure 6. Bit error ratio (BER) for image data reception at different channels.

3. Conclusions

In this paper, the feasibility of an atom-based FDM receiver was discussed in detail through the
method of dual RF-carrier. Various factors affecting the communication quality, such as BER and
SNR, were studied. Our new scheme is of great significance to the field of atomic communication. By
using Rydberg atom as a receiving antenna, the AM and FM signal was directly captured by the fast
photodetector and can be obtained without any demodulation means. A demo experiment of image
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data reception at two channels has shown that the maximum acceptable data transfer rate was 200 kHz
with a BER of less than 5%, for both AM and FM communication. Comparing with the traditional
electronic-based receivers, the new atomic approach can realize the communication with high
sensitivity and weak signal detection ability. Moreover, the signals transmitted by the two channels
worked in parallel, and do not interfere with each other under a certain bandwidth, which greatly
saved the spectrum resources. Based on the above excellent performance, these atomic receivers have
great development potential in numerous applications. In the future, the performance of the atomic
receiver will also be optimized for various communication technologies in our subsequent experiments.
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