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Due to the exaggerated properties of highly excited atomic states, Rydberg atom-based microwave receiver holds the
promise to achieve superior performances in microwave metrology and communication when compared to conventional
antennas. However, developing long-distance communication applications based on Rydberg atomic receiver remains
challenging, because it requires the simultaneous achievement of low bit error rate (BER), high symbol rate, and weak
carrier amplitude. The key to tackle this problem is to encode the information with a proper scheme that maintains high
sensitivity and robustness of the Rydberg atomic receiver. Here, we use Rydberg atom-based heterodyne detection for
the reception of phase-modulated microwave field, and demonstrate more than one order of magnitude improvement in
reception sensitivity compared to the previously investigated amplitude modulation scheme. Therefore, we achieve low
BER communication with high symbol rate of 12kSym/s and weak carrier amplitude of 13 uVem™! simultaneously.
Furthermore, we also demonstrate that our scheme is compatible with frequency division multiplexing communication.

I. INTRODUCTION

Rydberg atom has wide applications in microwave (MW)
electrometry for weak-field sensing and wireless communica-
tion. The characteristic feature of Rydberg atoms is their rich
orbital states with large principal quantum numbers. The tran-
sition frequencies between those Rydberg states cover wide
MW spectral spanning from MHz to 1 THz!?>. Due to the
large orbital radii, the polarizability of the Rydberg states is
also significantly larger than the ground states, which leads to
high sensitivity of 12.5nVem™'"Hz~'/23. Moreover, the de-
tection of the MW field does not rely on the absorption of the
MW field itself, but on the energy shift of the Rydberg states
via the electromagnetically induced transparency (EIT)*. This
non-destructive process allows the Rydberg sensors to exceed
the Chu limit in the conventional dipole antenna’, and is im-
portant to avoid the electromagnetic interference and minia-
turize the whole device. Recently, many electric-field sens-
ing schemes with Rydberg atoms have been proposed and
demonstrated involving periodic modulation®'?, which show
their advantages over traditional dipole antennas including
high sensitivity, broad operating frequency range and non-
destructive interactions with the MW field'".

Previously, amplitude modulation (AM)''~!3 and frequency
modulation (FM)”'* based schemes are used for enconding
information in the MW fields. For AM scheme, the photon-
shot-noise limited Rydberg receiver has achieved the sym-
bol rate 10kSym/s with the carrier field amplitude being
130 uVem ™13, For FM scheme, the optical readout from the
Rydberg atomic receiver with a 1 kHz sinusoidal baseband
signal FM-modulated onto the carrier at 63 mV /cm is demon-
strated'®. In conclusion, the AM and FM schemes are based
on the response of the Rydberg atomic spectrum to carrier
amplitude and frequency. So the AM and FM communica-
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tion schemes are vulnerable to undesirable disturbance in car-
rier amplitude. While the fluctuation of carrier amplitude in
long-distance communications is inevitable and then results in
wrong decoding.

To avoid the effect of carrier amplitude noise on com-
munication performance, PM scheme can been employed in
Rydberg atomic receivers. In addition, heterodyne detec-
tion technique is utilized to improve the reception sensitivity.
Therefore, the Rydberg receiver with PM scheme can achieve
greater communication range that not only reduces the num-
ber of communication base stations but also improves wire-
less communication security. Here, we theoretically and ex-
perimentally investigate the phase modulation (PM) scheme,
which can simultaneously achieve high channel capacity un-
der weak carrier field. What’s more, frequency division mul-
tiplexing is demonstrated to improve the channel capacity of
the Rydberg atomic receiver.

We experimentally implement the high-sensitivity MW re-
ceiver based on 8’Rb Rydberg atoms using the PM scheme,
and further compare with the phase-sensitive AM scheme'>.
First, we show that the response of the beat signal from Ry-
dberg atomic receiver to carrier amplitude is linear in the PM
scheme, but near quadratic in the AM scheme, which can be
proven theoretically and accounts for the better performance
of the PM scheme. Then, the practical performance is demon-
strated by transmitting a digital image and measuring the er-
ror pixels to obtain the BER. The result shows that the mini-
mum carrier amplitude that ensures clear communication for
the PM scheme is more than one order of magnitude smaller
than that of AM scheme. In other words, the communication
range of the PM scheme can be improved by more than one
order of magnitude. For the PM scheme, the BER is less than
5% for minimum carrier amplitude of 13 uVem™! and symbol
rate of 12kSym/s. Finally, we improve the channel capac-
ity by implementing frequency division multiplexing and an
8-state phase-shift-keying digital modulation scheme.
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Il. COMMUNICATION PROTOCOL BASED ON
RYDBERG RECEIVER

The three extensively used modulation schemes for digital
communication are amplitude shift keying (ASK), frequency
shift keying (FSK), and phase shift keying (PSK). In recent
years, significant progress has been made in Rydberg atomic
receiver’'%1213 " Particularly, ASK schemes are widely in-
vestigated in previous works, where the digital information is
encoded in the amplitude of the carrier. During the decod-
ing process, the Rydberg atomic receiver measures the car-
rier amplitude to recover the digital information. The relia-
bility of ASK scheme lies in the carrier amplitude stability,
which is vulnerable to environmental disturbance. For the
FSK scheme, the digital information is encoded in the car-
rier frequency. The Rydberg atomic receiver can decode the
information by converting the carrier frequency to the trans-
mission of the probe laser. While the probe laser transmission
depends on carrier amplitude too. Therefore the FM com-
munication scheme is also very sensitive to carrier amplitude.
Two forms of PSK schemes can be used to solve this problem.
One is encoding the information in the phase of the AM and
receiving it via nonlinear detection'>. The other is directly
encoding the information in the phase of carrier and receiving
it via heterodyne detection. In this work, we experimentally
implement these two forms PSK schemes and compare their
reception sensitivity quantitatively.

The PSK scheme based on nonlinear detection is performed
by switching the weak carrier at a frequency of 6f, and
the digital information is encoded in the phase of the MW
switch signal. Once the modulated MW interacts with Ry-
dberg atoms, the atomic transmission spectrum changes cor-
respondingly. Due to the nonlinear response of probe laser
transmission to carrier amplitude when the Rabi frequency of
carrier is smaller than the linewidth of the EIT spectrum, the
standard atomic electrometer for weak MW fields is nonlinear
and termed as nonlinear detection!>!3. The phase of the MW
switch can be extracted from the atomic transmission spec-
trum with the aid of a lock-in amplifier.

The PSK scheme based on heterodyne detection is per-
formed by introducing a strong local (LO) MW field, and the
digital information is encoded in the phase of the carrier di-
rectly. The carrier is detuned from the LO MW field with a
frequency of §f. Then the carrier is measured by Rydberg
atom-based heterodyne detection. The phase of the hetero-
dyne signal corresponds to the relative phase between the LO
and carrier. Therefore, the digital information encoded in the
phase of the carrier can be extracted from the atomic spec-
troscopy in real-time with the aid of a lock-in amplifier.

I1l. EXPERIMENTAL SETUP AND RESULTS

The schematic of the experiment is shown in Fig. 1. The
counter-propagating probe (780 nm) and control (480 nm)
lasers are employed to form a ladder-type EIT in a 8’Rb va-
por cell. The opposite directions of the two lasers can min-
imize the Doppler broadening. The probe and control lasers
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FIG. 1. Schematic of the PM Rydberg atomic receiver. The counter-
propagating probe and control lasers form a ladder-type EIT spec-
trum in a vapor cell. A reference 780 nm laser is employed to
suppress the high-frequency intensity noise of the probe laser. The
strong LO MW and phase-modulated carrier were combined by a
MW power splitter. MW fields emitted from the horn antenna couple
the [r1) = |53Ds ) and [r2) = |54P; ;) Rydberg states. The relative
phase between the LO MW field and carrier is recorded by a balanced
photodetector and measured by a lock-in amplifier. The inset shows
the energy levels of 8’Rb involved in the experiment. The LO MW
field is resonant with the Rydberg transition. While the carrier is de-
tuned from Rydberg transition by & f. Abbreviations: DM: dichroic
mirror; PD: photodetector; LO: local field; CA: carrier; PM: phase
modulation.

resonantly couple |g) <> [e) (|5S)/2,F =2) <> |5P3 5, F =3))
and |e) < |r1) (|SP /2, F =3) > [53Ds 5)) transitions, respec-
tively. The probe transmission is detected by a balanced pho-
todiode with the aid of a reference beam, which can suppress
the high-frequency intensity noise of the probe laser and elim-
inate the DC offset of the atomic transmission spectrum. The
MW fields at 14.234 GHz emitted from the horn drive the Ry-
dberg transition between [r1) = |53Ds ) and [r2) = |54P5 ).
In addition, the polarization of both lasers and MW fields are
linear and parallel to each other.

Rydberg atom-based heterodyne detection enables accurate
phase measurement of MW field and paves the way for PM
communication scheme. Heterodyne detection is performed
by interfering the carrier with a strong LO MW field. The LO
MW field is resonant with the Rydberg transition and induces
two MW-dressed Rydberg states |+£) = (|r) # |r2))//2. The
energy gap between the dressed states is proportional to the
LO MW field amplitude. The presence of the detuned car-
rier modulates the total MW field amplitude that interacts with
the Rydberg atoms, and leads to the energy gap of the MW-
dressed states oscillating at the detuning frequency & f. The
modulation of the total MW field amplitude is mapped to the
atomic transmission spectrum. Then, the Rydberg atoms act
as a MW mixer'® and down-convert the input LO and car-
rier. The interference signal at frequency O f in the atomic
transmission spectrum is termed as intermediate frequency
(IF) signal. To maximize IF signal, the amplitude of the LO
MW field is optimized experimentally. According to previ-
ous work!?, the energy gap between the MW-dressed states
caused by the optimal LO MW field amplitude approaches
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FIG. 2. Phase modulation scheme versus amplitude modulation
scheme. A strong LO MW is introduced for the phase modulation
scheme to achieve heterodyne detection. The beat signal amplitude
as a function of carrier amplitude is recorded as gray squares, and the
solid gray line is a linear fit with a slope of 1. For comparison, we
converted our experiment set-up to AM communication scheme. A
switch modulates the MW amplitude and thereby changes the atomic
spectrum 3. The corresponding intermediate frequency signal ampli-
tude as a function of carrier amplitude is shown as red circles. The
red line shows a nearly quadratic fitting.

the EIT linewidth.

As shown in Fig. 2, the sensitivity is compared between
nonlinear detection and heterodyne detection by measuring
the amplitude of IF signal with different carrier amplitude.
In this work, we set 0 f =100kHz, and measure the ampli-
tude of IF signal via a spectrum analyzer with 1 Hz resolution
bandwidth. The experimental results of the IF signal ampli-
tude under different carrier amplitude are shown by the gray
squares in Fig. 2. The amplitude of IF signal linearly increases
with the carrier amplitude, and the solid gray line indicates
a linear fit with a fixed slope of 1. By contrast, the nearly
quadratic scaling of the IF signal amplitude with carrier am-
plitude in nonlinear detection protocol is predicted in Ref!>.
As shown by the red circles in Fig. 2, we measured and ver-
ified the nearly quadratic scaling of IF signal amplitude with
carrier amplitude in AM scheme. As a result, the PM scheme
generates a stronger signal than the AM scheme and is signifi-
cantly more sensitive to the weak carrier field due to its linear
response.

In the weak excitation regime, the power law scaling of the
IF signal versus carrier amplitude can be derived from Flo-
quet theory. The Floquet space is spanned from the original
four-level system which consists of |i,m) where i = g,e,ri, 72
encodes the atomic internal state and m = 0,£1,+2,--- rep-
resents for the oscillation frequency. The first order response
that picked up by the heterodyne detection is dominated by the
transitions of |g,0) — |e,0) — |r},0) — |r2,0) — |r,£1) —
le,£1) and |g,0) — |e,0) — |r1,0) — |r2, £1) — |1, £1) —
le,+1). For PM scheme, the coupling strengths of the five
transition steps are €, Q., Q1.0(Qsig), Lsie (QL0), Qc, respec-
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FIG. 3. (a) Bit error rate for image data reception at different car-
rier amplitude. The gray squares and red circles indicate the result of
PM and AM communication schemes, respectively. The minimum
carrier amplitude to ensure reliable transmission of digital informa-
tion for the PM scheme is more than one order of magnitude lower
than the AM communication protocol. (b) The left part is the orig-
inal transmitted image, which is the logo of Huazhong University
of Science and Technology and 200 x 150 pixels Portable Network
Graphics (PNG) with lossless compression. The right top one shows
that the bit error rate of the recovered image of the PM scheme is 0.
While the right bottom one demonstrates that the retrieved logo im-
age is distorted severely by employing the AM transmission scheme.
The carrier amplitudes of the AM and PM schemes used for image
transmission are identical for comparison.

tively. Therefore, the signal of the PM scheme is propor-
tional to ~ Q,Q2Q; 0Qy;,. For AM scheme, however, with
the absence of the LO MW field, the coupling strengths are
Q),Q0, Q0 /2,Q4i0 /2, Q, respectively. Therefore, the signal
of the AM scheme is proportional to ~ Q pQEQég (see SM for
details).

IV. PERFORMANCE OF THE HIGH-SENSITIVITY
RYDBERG ATOMIC RECEIVER

In order to compare the reception sensitivity of the AM
scheme and PM scheme, we transmit an image data and com-
pare the quality of the received image by BER. BER is defined
as the number of error bits divided by the total transmitted bits
Bit error usually results from distortion and attenuation of the
carrier during transmission!’. Therefore, the BER becomes
higher as the increase of transmission distance. Communica-
tion range is one of the most important parameters for wire-
less communication and depends on the reception sensitivity
of receiver.

We fix the symbol rate to be 12 kSym/s for both AM and
PM schemes, and evaluate the communication performance
by the BER under different carrier field amplitude for image
reception. As shown in Fig. 3, the BER gets higher when de-
crease the carrier amplitude for both AM and PM schemes.
The reception sensitivity is defined as the minimum carrier
amplitude that guarantees the BER less than 5%°. As shown
by the gray squares in Fig. 3(a), the reception sensitivity of
PM scheme is 13 uV/cm, which is more than one order of
magnitude better than that of AM scheme. In conclusion, our
PM communication scheme is superior for weak field com-
munication and paves the way for practical application of Ry-
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FIG. 4. The transferred 3-bit digital symbol is encoded in the phase
of the carrier. In the experiment, the carrier phase is received by
Rydberg atomic sensor and extracted from the probe transmission
spectrum with the aid of a lock-in amplifier. Finally, the transmitted
symbol is decoded by mapping the extracted MW phase to digital
information according to the right axis. The phase range covered by
a digital symbol is 7 /4.

dberg atomic receiver.

To visually demonstrate the PM scheme’s advantage in
practical communication performance, the image of a logo
is transmitted by AM and PM schemes with the same car-
rier amplitude, respectively. As shown in Fig. 3b, the trans-
ferred information is 200 x 150 pixels in size. For a car-
rier at 23 uV/cm, the decoded results are shown in Fig. 3b
for PM and AM communication schemes, respectively. The
recovered image from AM communication scheme is dis-
torted severely. On the contrary, the decoded image from PM
scheme is clear and free from any visible error.

Besides reception sensitivity, another important parame-
ter for a communication receiver is the maximum channel
capacity. Rydberg atom-based MW receiver can support
8-PSK with low BER. As shown in Fig. 4, 8-PSK uses
eight different phase states to transmit data. The correspon-
dence between carrier phase and digital data is —157.5° (state
"000"), —112.5° (state "001"),—67.5° (state "010"),—22.5°
(state "011"),22.5° (state "100"),67.5° (state "101"),112.5°
(state "110"),157.5° (state "111").

Furthermore, we demonstrate that the channel capacity can
be improved by using the frequency division multiplexing
technology. By utilizing carriers with different frequencies
to transmit data simultaneously and independently, we exper-
imentally demonstrate that the data capacity of the frequency
division multiplexing system increases with the channel num-
bers. We let three carriers combined by a power combiner and
coupled to free space via a horn antenna. As shown in Fig. 5,
three carriers transmit different digital information simultane-
ously and independently. As shown in Fig. 5b-d, the detected
digital information in various carriers is distinguished from
each other by IF signal frequency. In order to avoid the dis-
turbance between different carriers, the symbol rate should be
lower than half of the smallest frequency gap between carri-
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FIG. 5.  The three channels frequency division multiplexing is

achieved in one compact set-up with Rydberg atomic sensor. Plots
(a)-(c) show different digital information transmitted by the three car-
riers simultaneously and independently. The solid blue line shows
the transmitted digital information. The red line indicates the re-
trieved data. (d) shows the spectrum of the LO MW field and three
carrier that detected by the spectrum analyzer.

V. CONCLUSION

We have demonstrated a high-sensitivity PM communica-
tion scheme and empirically measured the minimum carrier
amplitude for reliable communication. The results show that
the PM is superior to the AM scheme in reception sensitivity.
The carrier amplitude that ensures reliable communication for
our PM scheme is more than one order of magnitude smaller
than that of AM schemes. The physical reason for the im-
provement results from the fact that the PM scheme has linear
response to the modulated MW field while the AM scheme
responds quadratically. Furthermore, we have realized the
frequency division multiplexing Rydberg atomic receiver in
a compact vapor cell and analyzed the crosstalk between ad-
jacent MW carriers qualitatively.

The PM Rydberg atomic sensor features a large communi-
cation range and is electromagnetic-interference-free, which
extends the practical application of the quantum receiver, such
as reducing the number of the wireless base station for 5G
communication. Moreover, implementing the frequency divi-
sion multiplexing technique could vastly improve the recep-
tion data rate.
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In this experiment, we use a ladder-type four-level system
to generate signals for telecommunication. The electromag-
netically induced transparency (EIT) windows are generated
by the control laser (480 nm) coupling the excited state (|e))
to the Rydberg states (|r|) and |r;)), and the microwave splits
the EIT windows by Aulter-Townes (AT) effect. We set the
control laser and microwave on resonance with |e) <> |ry)
and |r) <> |ry) transitions, respectively, and the Hamiltonian
reads

Ho = &|e) (el + &, (|ri) ([ +|r2)(ral) +

Q) QC Q
(Ztedtel+ Flmtel+ oIyl +He. ).
(A1)

where the detunings are §, = 0 +k,-v, 6, =3 +k.-v. §
is the detuning of the probe laser and k - v refers to Doppler
shift. k,, k. are the wave vectors of the probe and control
lasers, and v is the velocity of the atom that should be averaged
over Maxwell-Boltzmann distribution. As for this experiment,
the directions of k;, and k. are opposite, and the distribution
function of v is nearly a constant around the EIT windows.

The signal is applied to modulate Hy by a Floquet Hamil-
tonian. As for phase-modulation (PM) and amplitude-
modulation (AM), the additional term reads

Qo [ ‘
V[gPM) — -7sig (ez(wsigt+¢sig)|r2><rl | +e*l(wsigl+¢sig>‘r1><r2‘) ,

2
le
vt = Zg (Il + ) ral)

N =

— 31nn(0)51gt + dig) | -
n= l 3.5,

(A2)

Finally, considering the spontaneous decay of the excited state
and Rydberg states, the effective Hamiltonian reads

Heff:H0+VF—i%‘€>< |—l—|r1><r1|—l |2} (ra]. (A.3)

The transmission spectrum can be derlved by solving the
steady states of (A.3). However, as Hr is time-dependent, one
needs to construct the Floquet space, where each of the four-
level states is spanned with an integer, n, denoting the multi-
plication of the modulation frequency, such that the basis of
the Floquet space is {|j,n)|j = g,e,r1,r2;n =0,£1,£2,--- }.
Specifically, the matrix elements of PM Hamiltonian become

Heft — n@ig m=n
(PM) QSig i9sig — 1
HW,, = @) nlm=nt A g)
Qgo
e g | V(| m=n—1

Similarly, the Floquet Hamiltonian of AM method reads

Hegt nsig m=n
(AM) ‘QSig T i(m—n)og;
H = - Sie . m—n =
£ 4i 4(m—n)e ln 3 45

([r2)(r1] +[r2)(r1])
(A.5)

Here we note that AM method does not include LO oscillator,
but the square-wave modulation will introduce an LO term,
Qro = Q4g/2, to Eq. (A.1).

According to Beer-Lambert law, the transmission reads

T(t) = ¢ P MPee(t) (A.6)

where D = 47NL|ug|*/(heod,Qp) and  pe(t) =

ané(,g)ei"“’sig’. The beat signals are composed of the
transitions between the cross terms in the subspaces of

(n)

different frequencies, pg.’.

frequency @, reads
WP D] -1)
Toear = Toly | —D ‘pge +’pge ‘—2Re {pge Pge } ;
(A7)

where Tj is the transmission spectrum without modulation,
and I; () is the modified Bessel function of the first kind. The
off-diagonal elements of the density matrix, péei h correspond
to the transitions from |g,0) to |e,£1). The transition ampli-
tudes can be derived with the Green’s function method'8. We
truncate the Floquet space at n = +1, and consider a single
atom moving with velocity v along the direction of Kk, the
matrix elements reads

For example, the beat signal at

(1) J(

n Q0201 0Q 1
Pée) _ 2% 332LO sig (6r+25, ) H
m=0,n 5 —zy/2+2
1
X )
MG e e
(A.8)
where the self energies are
yF = _%ﬂ
i 2 ar(mil)z —Q2 /4
(m) (A.9)
R Qg 6 +ZO —n
Z’n m=— T 5

T2 M sE (8™ +xE ) - Q4]

and we denote §™ =

of pé(,ét Vs proportional to £y o and L, in the weak coupling

limit. Additionally, /; (x) ~ x for x < 1. Therefore, it is proved
that the beat signal of PM method is linearly dependent to
Qgig. Similarly, the AM method is quadratic to g, because
Qo in Eq. (A.8) should be replaced by Qg /2. Though the
spectrum of the following terms are also slightly different due
to the complicated Floquet interactions, the thermal average

still guarantees that ply ) o< Q2 for AM.

However, under relatively strong coupling condition, the
high order terms will be involved. One can treat the Ryd-
berg states numerically, then calculate the transitions from the
ground state to the excited states, such that

n .QQ% ¢lr10¢lrn) 1
piel =— T \L g rlz H
i ’+l r/ m= On —l'}//2+ZR
(A.10

0 —m@;g. Apparently, the leading term
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FIG. Al. Simulation of the beat signal (in arbitrary unit) of PM
method for various Rabi frequency of the signal MW, Q;o, and the
LO oscillator, Q .

where E; and ¢; are eigen energies and wave func-
tions of the tight-binding-like Hamiltonian subtracted from
Eq. (A.4) or (A.5), but projected to the Rydberg subspace,
{|r1,0),|r2,0),|r1,£1),|r2,£1),--- }, only. T, refers to the
decoherence of the Rydberg states, which is set to be ~ 27 X
6 MHz to fit the experimental results. For different €, and
Q1 0, we show the beat signal as plotted in Fig. Al. The beat
signal is indeed proportional to both €, and £y o, and there
are optimal values for both Rabi frequencies. In experiment,
the LO oscillator is optimized when Qp o = 27 x 5.63 MHz,
which agrees with the maximal values as the simulation sug-
gests.
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