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Linear dynamic range of a Rydberg-atom microwave superheterodyne receiver
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In recent years, electric field measurement techniques based on Rydberg atoms have shown unique advantages
in high sensitivity and wideband applications and miniaturization. The Rydberg atom receiver senses the
electromagnetic signal using the quantum coherence effect, which overcomes the inherent defects of traditional
electronic receivers in terms of thermal noise, insertion loss of microwave devices, and the use of wavelength-
dependent antennas, thus providing the Rydberg atomic receivers the potential to become the next generation of
microwave receivers. For some particular application scenarios such as radar and communication, superhetero-
dyne reception is a critical technical approach, and the linear dynamic range is an essential factor in evaluating the
performance of the superheterodyne receivers. It is challenging to promote the Rydberg atomic receiver without
figuring out the influence of system parameters on the linear dynamic range. This paper starts with the response
mechanism of the Rydberg atomic superheterodyne receiver, and a theoretical model is established to simulate
the atom-microwave responses. Then the harmonics’ generation mechanism is discussed, and the atomic linear
dynamic range under different probe light Rabi frequencies is studied further. Furthermore, a method to evaluate
the antiblocking performance of the system is proposed. This work is expected to provide theoretical guidance

for the design and performance optimization of the Rydberg atomic superheterodyne receiver.

DOI: 10.1103/PhysRevA.107.043108

I. INTRODUCTION

In recent years, with the further development of quan-
tum microwave measurement technology, Rydberg atoms’
electromagnetic-induced transparency (EIT) effect has at-
tracted much attention in microwave applications. The Ryd-
berg atom can construct a superheterodyne receiver by locking
laser frequencies and adding a microwave local oscillator
(LO) signal. It has been studied in amplitude modulation
(AM), frequency modulation (FM), quad phase shift keyed
(QPSK), quadrature amplitude modulation (QAM), and other
modulated signal reception [1-6], spectrum analysis [7], the
direction of arrival estimation [8], pulse ranging [9], and other
applications. Compared with traditional electronic antennas,
one of the advantages of using Rydberg atoms is that the
responsiveness is independent of the sensor size, which can
break through the limitation of the Chu limit [10-15]. Second,
the Rydberg atom has an ultra-wideband working band, which
can theoretically realize the responsibility of the electric field
in the ultralow to infrared frequency band [7,16—18]. Without
changing the hardware, the electric field frequency response
to the Rydberg atom can be changed by tuning the laser
frequency. In addition, the Rydberg atomic sensor can achieve
sensitivity on the order of uV m~! Hz~"/? [19-26], which is
better than the traditional electronic receivers. Furthermore,
there is no metal structure in the sensor, and the EIT effect
of the Rydberg atom does not respond to the space electric
field by strongly absorbing the space electromagnetic wave
energy. Therefore, this kind of sensor has little disturbance on
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the electric field to be measured, which can achieve all-optical
nondestructive detection [27,28]. Consequently, the study of
electromagnetic resonance structures has emerged to improve
the electric field sensitivity of the Rydberg atomic receiver
[29-31]. Based on the in-depth study of the physical response
mechanism of the Rydberg atom superheterodyne reception
[32-40], the complete Rydberg atom superheterodyne recep-
tion link model can be established [41]. Hence, the Rydberg
atom has excellent potential as a new generation of wireless
receivers.

In a superheterodyne receiving system, linear dynamic
range (LDR) also plays a decisive role in receiving system
performance besides sensitivity. However, it has yet to be
thoroughly discussed in current research. LDR refers to the
strength range of the input signal that enables the receiver to
detect the received signal without distortion. When the super-
heterodyne receiver with poor linear response characteristics
receives a strong signal, it will show prominent high-order
harmonic components, usually considered interference in the
receiving system. They can be filtered by adding a low-
pass filter in the subsequent electronic information-processing
module. However, when the microwave signal under test
(MSUT) is a modulated signal with a specific bandwidth, the
frequency bands of the harmonic components may overlap
with that of the valid intermediate frequency signal (VIFS),
and the harmonic components cannot be filtered. Therefore,
the design of LDR is crucial. Also, the antiblocking perfor-
mance is decided by LDR, and its evaluation method has yet to
be thoroughly discussed. When space interference signals in
the operating frequency band enter the receiver, in addition to
distorting the received signal, they may also cause saturation
of the receiver, blocking the reception of MSUT. Therefore,
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if the LDR is small or the antiblocking performance is poor,
it is challenging to popularize the application scenario of the
Rydberg atomic microwave superheterodyne receiver.

The work of this paper is arranged into the following
parts: in Sec. II the principle of the Rydberg atomic super-
heterodyne receiver is briefly described, and the theoretical
analysis model is established by introducing the atomic linear
expansion coefficient (ALEC). In Sec. III the line shape of the
Rydberg atom’s EIT-AT (Autler-Townes) spectrum by adjust-
ing the incident probe light Rabi frequency is discussed first.
Then the harmonics’ generation mechanism and the linear
response characteristic are analyzed through the transmittance
spectral line shape. Finally, the LDR under different probe
Rabi frequencies is analyzed in cold and thermal atomic mod-
els. In Sec. IV the influence of the interference signal on VIFS
is studied. A method to evaluate the antiblocking probability
is promoted, and the antiblocking performance under different
probe light Rabi frequencies is discussed. The work in this
paper is summarized in Sec. V.

II. PRINCIPLE OF RYDBERG ATOMIC
SUPERHETERODYNE RECEIVER

The Rydberg atom is usually prepared by two-photon
transition excitation. Cesium atoms are used to prepare Ry-
dberg atoms in this work. The four-level scheme is 6S;,, —
6P3/; — nDs;y — (n+ 1)P3, (n > 15), which is shown in
Fig. 1(a). The probe light with a wavelength of A, = 852 nm
and Rabi frequency €2, excites the cesium atom from the
ground state |1) to the intermediate excited state |2); the
frequency of the probe light is at the transition frequency be-
tween energy levels |1) and |2) throughout. Then the coupling
light with a wavelength of A, = 510 nm and Rabi frequency
Q2. enables the transition from the intermediate excited state
|2) to the Rydberg state |3) and simultaneously enhances the
transmissivity of the probe light from atomic vapor. A¢(A;)
is the detuning of the coupling (probe) light deviating from
transition frequency between state |2)(|1)) and |3)(|2)), and
the EIT peak can be observed by scanning A or A,. Then a
microwave field with Rabi frequency Q2w is added to couple
the Rydberg state |3) and |4), and the single EIT peak splits
into two peaks, resulting in AT splitting; in this scheme, the
microwave frequency is at transition frequency between state
|1) and |2) throughout.

While scanning A, according to the semiclassical theory
of quantum optics [37], the theoretical results of EIT spectra
under different electric field intensities E are calculated, as
shown in the series of curves with double peaks in Fig. 1(b).
The distance between the two peaks is the Rabi frequency
Qmw of the microwave field, which increases with the mi-
crowave strength E. The relationship between Qyw and E can
be expressed as

umwE
o
where 7 is the reduced Planck constant, and unw is the
transition dipole moment of the microwave field.
When the coupling light frequency is locked at the transi-
tion frequency between state |2) and |3) [A. = 0, shown as the
vertical dashed black line in Fig. 1(b)], the relationship curve
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FIG. 1. (a) The Rydberg atomic four-level system; (b) EIT spec-
tra obtained by scanning A. under different Qyw; (c) the relationship
curve between Pr and Qyw (solid red line) at A, = 0, and the dotted
blue line is the linear fitting result of the solid red line. When Qyw
changes with time ¢ (dotted purple line), the relationship of Pr and
t (dotted orange line) can be obtained through the red solid line

mapping.

(solid red line) between the transmission probe light power Pr
and the microwave Rabi frequency Qyw can be obtained, as
shown by the solid red line in Fig. 1(c). The dotted blue line is
the linear fitting result of the solid red line. According to the
Beer-Lambert law, the expression of the solid red curve is

Pr= Pie_PpLCO Im[p] , )

where P is the incident probe light power, k, = 27 /Ap is
the wave number of the probe light, and L is the propaga-
tion distance of the probe light in the atomic vapor. Cy =
—2N0Mf,/ (£0h1€2p) is the constant determined by the system,
where Nj is the total atomic number density, u, = —2.58a0q
is the transition dipole moment between states |1) and |2)
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(ap =5.3x10"!"" m is the Bohr radius, and g = 1.6 x
10~ C is the unit charge), and gy = 8.854 x 107!2 F/m is
the vacuum dielectric constant. Im[p,;] is the imaginary part
of the density matrix element p,; and can be expressed as [25]

—iy | Qmw*2p
V2 1Quwl® +293(RQ2 + 1Quwl* + Q2)°

P21 = 3)

where y; is the decay rate from 65/, to 6P;/,. It can be seen
in Fig. 1(c) that Pr decreases with the increase of Qyw. In the
interval in which the dotted blue line coincides with the solid
red line (the microwave Rabi frequency range corresponding
to this condition is defined as the linear interval in this work),
Pr has a linear relationship with Qyw. When Qypw is too

J

Evw = Ero + E;

small or too large, the relationship between Qyw and Pr will
be nonlinear.

On the other hand, suppose there are microwave LO signal
E1 o and MSUT Ej in free space. The time domain expressions
of their electric field are expressed as

E1o = ArLo cos(27 fLot + ¢Lo), “4)

Eg = Agcos(2m fit + ), )

where Aro and Ay are the electric field strengths of Ep o and
E;, respectively. fLo and f represent the frequencies of Erg
and E; while ¢ o and ¢ are phases of Ey o and E;. The super-
position field Eypw can be expressed as follows (the derivation
details are given in the Appendix):

= \/ALOZ + B2 4 2A1 0As cos(2m A fit + A) cos(2T fLot + ¢Lo)
= [ALo(1 + 3x%) + Arox cos(2m A fit) — YA ox*cos® 2 Afit) + O(x)*] cos(27 fiot + ¢1o). (6)

where x = As/ArLo, Apr = ¢ro — ¢s, and Afi = fio — fs;
the nonlinear response of the Rydberg atom to the superpo-
sition field Eyw can be equivalent to envelop detection. When
x < 1, the main frequency component of the superposition
field envelope is Afj, and the higher harmonic component
can be ignored. Substitute (6) into (1), and the relationship
curve between Qyw and time ¢ can be obtained, as shown by
the dashed purple line in the rectangular coordinate system in
Fig. 1(c). When x < 1, QMw can be expressed as

__ MmwALo +Ascos(Afit + Agy)
h
= Qpc + Qac, (7

Qmw

where Qpc and Q,c¢ contain the electric field strength infor-
mation of Ey o and Eg, respectively, and their expressions are
shown as

_ MmwALo

Q , 8
DC Y 3
Arocos(Afit + A
nc = UmwALo cos(A fi 901). ©)
2w h

Substitute (6), (1), and (3) into (2), and the relationship
between Pr and ¢ can be obtained, as shown by the dashed or-
ange line in Fig. 1(c). When Qpw is in the linear interval. The
relationship between Pr and Qpc and Q¢ can be expressed
as

Pr = Prpc + Prac = aSpc + kQac, (10)

where k(a) is the ratio of the AC (DC) component of the
transmitted probe light power Prac (Prpc) to Qac (2pc), and
|« | can be defined as ALEC, which describes the variation rate
of Prac with Qac [25]. To keep Qmw in the linear interval,
Qpc should be carefully selected and one should keep x < 1.
Therefore, |k| can be regarded as constantly equal to ALEC.
According to (10), the greater the value of ||, the stronger

(

responsiveness of the Rydberg atom to the weak microwave
electric field, and thus the better sensitivity performance.

III. OPTIMAL ALEC AND THE LINEAR RESPONSE
CHARACTERISTIC

Optimal ALEC determines the response ability of the Ry-
dberg atom to the weak electric field signal, and the linear
response characteristic determines the signal fidelity when
detecting MSUT. Optimal ALEC and the linear response char-
acteristics can be analyzed by the relationship curve of Qyw
and Pr, and the EIT spectrum determines the relationship
curve of Quw and Pr. Before analyzing the optimal ALEC
and the linear response characteristic, the influence of €2, on
the EIT spectrum has been analyzed, and the influences on
optimal ALEC and the linear response characteristics of the
Rydberg atom have been analyzed subsequently.

The EIT-AT spectra of the atomic four-level system model
under different €2, are studied. For simplicity, we use the cold
atomic model for analysis (the thermal atom model needs to
consider the spectral broadening caused by the atomic thermal
motion, but the analysis basis remains unchanged), and the
calculated spectrum is shown in Fig. 2(a). Here 2. = 1 MHz,
Qumw = 40 MHz, Ny = 1 x 10" m=3, L = 0.02 m. Further,
consider the relationship between P, and €2,

(dQ,,h>2
T\ 2
Hp

P =
2n

, (1)

where impedance of free space n =377 , and the 1/¢?
diameter of the laser beam d = 0.76 mm; according to (11),
P; can be calculated from 2,,. The series of EIT-AT spectra
obtained by scanning A. under different €2, are shown in
Fig. 2(a). When the Rabi frequency of the probe light grad-
ually increases, the profile height ® of the single transmission
peak increases, as the solid blue line in Fig. 2(b). Moreover,
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FIG. 2. (a) The EIT-AT spectra under different ©2,; (b) the re-
lationships of the spectral profile height (solid blue line) and the
FWHM linewidth (dashed red line) vs €2,,.

the full width half maximum (FWHM) linewidth of the sin-
gle transmission peak broadens with the increase of €2, as
shown in the dashed red line in Fig. 2(b). Therefore, the line
shape of the EIT-AT spectra can be adjusted by altering 2,,.
Similarly, fixing €2, and increasing €2. can also broaden the
FWHM linewidth and raise the profile height ®, which is not
as obvious as increasing 2,,.

A. The influence of €2, on optimal ALEC

The series curves of Qyw vs Pr under different €2, can be
obtained by locking A, = 0, as shown in Fig. 3(a). With the
increase of Qyw, Pr decreases for all curves, and there is a
maximum rate |k |max in the middle. The Rydberg atom is most
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FIG. 3. (a) The relation curves of Qyw vs Pr under different €2,,;
(b) the relation curves of Q. (dashed red line) and |« |max (solid blue
line) vs €2,,.

sensitive to the small changes in the electric field envelope
when getting |« |max.
To obtain |« |max, substitute (3) into (2) and set its second-
order partial derivative result to 0, which can be expressed as
82PT — Pie_kPLCO Imfp2] — (. (12)
02w
By solving (12), the microwave Rabi frequency Sy,
which achieves the optimal ALEC, can be obtained. The
dashed red line in Fig. 3(b) shows that 2, is proportional
to Q,. If we substitute (3) into (2) and find its first-order
partial derivative for Qymw, and substitute 2,y into the first
partial derivative, then |k|nm.x can be obtained. The solid blue
line shows the curve of |«|max Vs €2, in Fig. 3(b). With the
increase of 2, |« |max first increases and then decreases, with
a maximum value of |« |y between 2 MHz and 3 MHz. The
broader the FWHM line width, the smaller |« |- The higher
the EIT peak’s profile height, the greater the value of |« |pax-
When Q,, increases from being infinitesimal gradually, the
EIT spectral linewidth is not broadened significantly, while
the EIT peak’s profile height increases rapidly, making |« |max
increase; when 2, is further increased, power broadening of
the EIT spectra is obvious, making |« |m.x decrease.

B. The influence of £, on the atomic linear
response characteristic

Further, if we let Q1o = Qqp, the responsiveness of the
Rydberg atom to the weak microwave electric field can be the
best. Under this condition, the linear response characteristics
are studied. Substitute (6), (1), and (3) into (2) to obtain
the relationship between Pr and ¢. The relation curves of the
VIFS’s power spectrum density Prpr and its second harmonic
component Prsy vs 25 have been obtained by performing the
Fourier transform on Pr(¢), as shown in Figs. 4(a) and 4(b).

The curve of Prpp vs €2 is shown in Fig. 4(a). When €2 is
small, the Rydberg atom works in the linear interval. Accord-
ing to (10), Prer (Prac) is proportional to g (2ac). When €
increases to a certain extent and we keep Qo = Qopi, 2pc
shifts, and |« | decreases, and the increasing rate of Prgp with
Q, will be slowed. With  further increasing, |« | cannot be
regarded as a constant, and the average value of |« | decreases.
Thus, Qpw 1s outside the linear interval, and Prgr decreases
gradually.

On the other hand, harmonics are always present in the
IF signal obtained by the Rydberg atomic superheterodyne
receiver. There are two factors for harmonics generation: (1)
|k| is not an absolute constant and varies with Qyw. The
linear relationship between Pr and Qyw is not ideal. (2) The
response of the Rydberg atom to the microwave electric field
can be regarded as envelope detection, which is a nonlin-
ear response. According to (6), when x < 1 is not satisfied,
the second and higher harmonic components will become
apparent.

The curve of Prsy vs €25 is shown in Fig. 4(b). When €
increases from being infinitesimal, Prsy will become obvious
gradually. With € further increasing, |«| changes signifi-
cantly with the shift of Qyw, further deteriorating the linear
response characteristics of the Rydberg atomic receiving sys-
tem and promoting the growth of Prsy. When g keeps
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FIG. 4. The relationship curve of (a) Prgs, (b) Prsy, and
(¢) Prsu/Prrr vs €, under different 2, when Qo = Q.

increasing and we get € > [ o, the proportion of the second
harmonic component in (6) decreases. Also, |«| decreases
with the increase of €, and Prsy decreases. Similarly, the
variation of higher harmonic components with g is similar
to that of Prsy. In addition, with the increase of €2,, the
spectral peak’s profile height and FWHM line width increase.
The maximum values of Prgp, Prsy, and the corresponding
microwave Rabi frequency increase.

When the proportion of Prsy and higher harmonic compo-
nents is high, the linear response characteristics are poor, so
the ratio of Prsy to Prpr can be used to measure the linear
response characteristics of the system qualitatively. Using the
calculation results in Figs. 4(a) and 4(b), a series of curves
of Prsu/Prer Vs €25 can be obtained under different €2, as
shown in Fig. 4(c). With the increase of €2, the linear response
characteristics deteriorate. In addition, when €2 takes a fixed
minimum value, the linear response characteristic becomes
better as €2, increases.

In summary, the linear response characteristics can be
improved by increasing €2, while keeping other parameters
unchanged. However, when €2, is large, the value of |« |pax
is small, and thus the response ability of the Rydberg atom
to the weak electric field signal becomes poor. Therefore, the
Rydberg atomic linear response characteristics and sensitivity
need to be further studied.

C. The influence of 2, on 1 dB compression point and the LDR

It is hard to describe the linear response characteristics of
the atomic superheterodyne receiver strictly using Prsg/Prrg-
In a conventional electronic receiver, the linear response
characteristics can be characterized by a 1 dB compression
point. A similar concept can also be constructed for the Ryd-
berg atomic superheterodyne receiver. However, the response
mechanism of Rydberg atoms to electromagnetic waves

differs from that of traditional electronic receivers. When a
Rydberg atomic superheterodyne receiver responds to elec-
tromagnetic waves from space, the signal carrier is converted
from microwave to probe light. For the low-noise amplifier
and mixer in traditional electronic receivers, the carriers of
the input and output signals are both electrical signals. Refer
to the definition of the LDR of the Rydberg atomic super-
heterodyne receiving system in the work of the CCDC U.S.
Army Research Laboratory [7]. The 1 dB compression point
of the Rydberg atomic superheterodyne receiving system in
1 Hz bandwidth can be defined as the value of Qg or the
electric field of MSUT when the power spectral density of
Prpr generates 1 dB compression compared to Plipear. When
Q10 = Qopt> Princar can be defined as

P]inea.r = |K|masz~ (13)

According to the Prgp obtained in Fig. 4(a), compared with
(13), the relationship between the 1 dB compression point
Qgp of the system and €2, can be obtained, shown by the
solid blue line in Fig. 5(a), and Q4p increases with £2,. On
the other hand, Pr also has an intensity noise, specifying its
RMS (root-mean-square) amplitude Py with an approximate
range from 1 to 20 pW/ VHz [41]. Substitute P, into (13),
the minimum detectable MSUT Rabi frequency Qin, and the
relationship between Qp, and €2, can be obtained, as shown
by the red shaded area in Fig. 5(a). Further, the relationship
between LDR and €2, can be obtained from (£2; ¢/ Qmin)?, as
shown by the blue shaded area in Fig. 5(b). With the increase
of 2, LDR increases, and the increase rate slows.

On the other hand, the thermal atom is widely used in
the measurement, and the case of the thermal atom model is
further considered. In this model, the EIT spectrum produces
a variety of broadening due to the atomic thermal motion,
and the most significant among various factors is the Doppler
effect caused by the atomic thermal motion. The Doppler
averaged p,; can be expressed as [37]

3u

1
021D = —F——
ﬁu 3u

where u = /kgT /m, m is the atom’s mass, kg is Boltzmann
constant, and T is the thermodynamic temperature. At normal
temperature, 7 = 290 K. Due to the atomic thermal motion,
the probe and coupling light detuning A; A should be modi-
fied by the following:

2
pZI(A;, Ae? dv, (14)

, 2r
APZAP—TU,
P
(15)
A=A —l—z—nv
c . = A .

c

Similar to the calculation method of the cold atomic model,
the curves of 14p, £min and LDR vs €2, can be calculated
under the condition of Q1o = Q. The curve of Q45 vs 2,
in the Rydberg atomic superheterodyne receiving system is
shown by the solid blue line in Fig. 5(c). Compared with the
case of the cold atomic model, Q4p also increases with £2,,.
Due to the spectral broadening caused by atomic thermal mo-
tion, the value of Q;4p is uplifted. On the other hand, with the
same range of P in the cold atom model, the relationship of
Qmin between 2, can be obtained, as shown by the red shaded
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FIG. 5. The LDR vs €, in (a) cold atomic model and (c) thermal
atomic model; 1 dB compression point 2145 and minimum detectable
MSUT Rabi frequency Qpin vs €2, in (b) cold atomic model and
(d) thermal atomic model.

area in Fig. 5(c), quite different from that in cold atomic model
conditions. In the thermal atomic model, with the increase of
€2, the profile height of the EIT peak increases, and the power
broadening caused by the increase of €2, is weakened by
Doppler broadening, making |«|m,x monotonically increase
with €, in a larger range. Due to the spectrum broadening
in the thermal atomic model, which is more obvious than in
the cold atomic model, there is a difference of |« |max between
the thermal and cold atomic models, and 2,,;, increased as a
whole.

Further, the relationship between LDR and €2, can be
obtained according to (Q4/Smin)’, as shown by the blue
shaded area in Fig. 5(d). Similar to the case of the cold atomic
model, with the increase of €2, the LDR increases at a faster
rate at first and then slows.

In summary, the cold Rydberg atoms have a higher LDR
due to better sensitivity than in the thermal atomic model
with the same parameters. Better LDR can be obtained by
increasing €2, in a proper range in both models. In the case
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FIG. 6. (a) Spectrum of Pr with interference, where d =
0.76 mm, Qro = Qopt» 2, = 6 MHz, Qi = Q = 500 kHz < Qp,
Afy =100 kHz, A f, = 250 kHz; (b) Prer vs Qi under different €2,
when Q = 1 kHz.

of poor noise performance, the LDR can exceed 80 dB by
optimizing system parameters.

IV. ANTIBLOCKING PERFORMANCE OF THE RYDBERG
ATOMIC SUPERHETERODYNE RECEIVER

In most application scenarios, spatial interference is un-
avoidable. The antiblocking performance of the Rydberg
atomic superheterodyne receiving system under different €2,
is studied in this section. A spatial interference is introduced
to evaluate the antiblocking performance, which usually has
a certain bandwidth. However, in the steady-state analysis
model, the Rydberg atom has no selectivity for the interfer-
ence frequency. For simplicity, an undesired single-frequency
signal can be used as interference and act on the Rydberg
atom. An interference electric field Ej,, has an amplitude of
Ajpn, in which the frequency and phase difference with mi-
crowave LO signal is Afh(Af, # Afi), Ay, respectively.
The interference electric field Ej,, can be expressed as

Eine = Aine c08[27 fro(fio — ALt + oo — Ap2]. (16)
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FIG. 7. Qjy3 vs £, under the cold and thermal atomic model.

Add (16) to (6), and the envelope term Ey, of Eyw can be
described as

E, = {ALO2 +As2 + Aint2
4+ 2A10As cosQm A fit + Agy)
~+ 2A1 0Aint cosQ A for + Agy)

+ 2AAin OS2 (A fi — Af2)t + Agy — Ay )7
(17)

The relation between Pr and ¢ can be obtained by com-
bining with (16), (1), (2), and (3), and the influence of
Ei« on VIFS can be analyzed from the spectrum of Pr.
Set d = 0.76 mm, Qo = Qop, 2, =6 MHz, Qi = Qs =
500 kHz < Qopt, Afi = 100 kHz, and A f, = 250 kHz, and
keep other system parameters unchanged. Without consider-
ing the instantaneous bandwidth of the Rydberg atom, the
spectrum results of Py (filtered DC component) are shown in
Fig. 6(a) in the cold atom model. In addition to Prpr and its
harmonic components nAf; (n =2, 3,4,...), the spectrum

J

Eymw = Ero + Es

exhibits undesired IF components caused by the interference,
which includes nAf,, nAf, + Afi, and nAfr,—Af; (n=
1,2,3,...), where A f, has the most significant impact.

Besides distorting the signal, in most cases, strong interfer-
ence in free space can block the signal reception by affecting
the value of Qpc. In the cold atomic model, set 2, = 1 kHz,
varying i, while keeping the other parameters unchanged.
The relationship curves of Prer vs iy under different 2, can
be obtained, as shown in Fig. 6(b). With the increase of Qiy,
Prrr decreases gradually, and the decreasing speed slows with
the increase of €2,. The solid blue line in Fig. 7 shows the
variation of Qi3 with €, in the cold atomic model, where
Qing corresponds to i, when Prpp decreases /2 times as
Prer|g,,—0. With the increase of €2, the value of Qi3 grad-
ually increases, which means that the interference strength
needs to be enhanced to get the same suppression effect for
the VIFS. Therefore, the Rydberg atom’s antiblocking perfor-
mance can be improved by increasing €2,. Qiy3 can be used
as a parameter to evaluate the antiblocking performance of the
system. In the thermal atomic model, with the same value of
2, Qi has a greater value than in the cold atomic model,
shown as the dashed red line in Fig. 7. Thus, the system has
better antiblocking performance in the thermal atomic model,
which can be improved by increasing €2, in an acceptable
range.

V. CONCLUSION

In summary, the LDR, the antiblocking performance, and
ALEC can be adjusted by controlling the laser Rabi frequency.
The cold atomic model has a larger LDR than the thermal
atomic model due to higher sensitivity than the thermal atomic
model. But the thermal atomic model has a larger 1 dB com-
pression point and better antiblocking performance. Using a
larger probe light Rabi frequency in a proper range is con-
ducive to improving the LDR and antiblocking performance.
In case of poor noise performance, the LDR can exceed 80 dB
by optimizing system parameters to meet certain applications.

APPENDIX

The derivation process of (6) is as follows:

= A1 cos(27 fiot + ¢rLo) + Ascos[27 fro(fro — Af)t + ¢ro — Ag]

= Re[(ALo + Ase_j(zﬂAf"'"A‘/’))ej(zﬂfLof+(ﬂLo)]

= Re[(ALo + Age /F AR cos(2 fiot + @ro) + j(ALo + Ase T FTAFTA ) sin (27 fi ot + ¢10)]

= |ALo + Ase I FTAITAY o8 (27 fiot + ¢10)

= |ALo + Ascos2r A ft + A@) + jALo sin(2r A ft + A@)| cos(2r frot + ¢10)

= cos(27 fiot + (pLo)\/AiO + A2 + 2A10As cosRr Aft + Ag)

=E, xE,.,

where carrier term E. is

E. = cos(2r fLot + ¢Lo)

(AL)

(A2)
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and the Envelope term E, is

En = /Al + A2 + 24104, cos2n A ft + Ap). (A3)

Let x = Ag/ALo, and through Taylor series expansion of E. at x = 0, (6) can be obtained.
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