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Rydberg-atom-based superheterodyne receivers integrate self-calibration, high sensitivity, a wide operational fre-
quency range, and phase/frequency resolved detection capabilities, demonstrating broad application prospects as next-
generation microwave receivers. Linear gain and linear dynamic range (LDR) are critical metrics for assessing receiver
sensitivity and demodulation fidelity, respectively. We numerically solve the four-level master equation and then em-
ploy particle swarm optimization (PSO) algorithm to co-optimize linear gain and LDR in atomic superheterodyne receivers
based on balanced homodyne detection. Further, we systematically account for dominant dephasing mechanisms in the sim-
ulation, encompassing spontaneous decay, transit dephasing, collision dephasing, laser linewidth dephasing, and Doppler
averaging. Homodyne readout utilizes both the real and imaginary parts of polarizability for sensing. In the case of the pho-
ton shot noise limit, its signal-to-noise ratio (SNR) expression resembles that of direct optical-intensity readout. However,
the inherent coherent subtraction operation in homodyne detection significantly suppresses common-mode noise, while
appropriately increasing the reference beam power enhances the gain in practical experiments. Indeed, this co-optimization
problem, characterized by a high-dimensional variable space, two objectives, and non-convexity, is well-suited for solution
by PSO. In addition, probe and coupling detuning contribute equivalently to polarizability and compensate for each other
owing to Doppler averaging, thereby reducing the optimization variable space by one. By adopting a product form of linear
gain and LDR as the fitness function, the PSO achieves rapid convergence. Here, the effectiveness of the PSO results is
verified via the total harmonic distortion (THD). The relative error-based LDR calculation method we proposed efficiently
measures receiver response linearity with consuming fewer computational resources. This research is expected to offer
valuable insights into enhancing the performance of Rydberg-atom-based superheterodyne receivers.
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1. Introduction

Rydberg atom-based receivers have emerged as a trans-
formative platform for microwave electric field sensing, ex-
ploiting their large polarizability and microwave-transition
dipole moments to enable self-calibration measurements, high
sensitivity, and a broad operating frequency band.!'#! The
incorporation of a local oscillator (LO) microwave field into
a Rydberg superheterodyne system enables phase-resolved
detection and frequency demodulation of microwave sig-
nals via atomic coherence mixing.[s’él Further, the LO field
can adjust the energy-level bias of microwave-dressed Ryd-
berg dark states, enabling the system to operate at the op-
timal gain point for external field signals and thereby sig-
nificantly enhancing detection sensitivity.!”! Thus, atomic su-
perheterodyne receivers are applied to communication signal
demodulation, such as amplitude modulation (AM),[3! fre-
quency modulation (FM),[! phase shift keying (PSK),[6:10]

11,12]

and quadrature amplitude modulation (QAM),! as well

as microwave spectrometer, 3] microwave polarization vec-

(14]

tor measurement, and microwave imaging.['3l Optical-

readout noise is the primary factor limiting further improve-
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ment in system sensitivity.!'®! Hence, balanced homodyne de-
tection based on the Mach—Zehnder interferometer (MZI) is
introduced to suppress common-mode noise through its in-
herent coherent subtraction processing.!'”-!8] Indeed, MZIs
are widely employed in quantum sensing and metrology to
enable high-precision measurements with shot-noise-limited
sensitivity. 1]

In atom-based receiver systems, amplitude modulations
of microwave signals are mapped to intensity variations de-
tected by photodetectors. This mapping relationship forms
a nonlinear response curve, where the slope corresponds to
linear gain. A larger gain implies higher receiver sensitiv-
ity. Optical-readout demodulation remains faithful only when
the microwave signal amplitude stays within the approxi-
mately linear range of the curve, defined as the LDR. When
a strong microwave signal exceeds the LDR, it causes signif-
icant amplifications in higher harmonic components, which
cannot be filtered out in subsequent processing once they
are overlapped with valid intermediate frequency signals.?"]
Therefore, optimizing multi-variable configurations through

theoretical analysis and numerical simulations is of signifi-
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cance for enhancing detection sensitivity and signal recon-
struction fidelity. While previous studies have individually
improved upon linear gain and LDR, their co-optimization
remains scarcely reported.?*-2?! Specifically, the authors in
Ref. [23] identified a trade-off between linear gain and LDR in
atomic-based receivers. For direct optical-intensity detection,
six variables need to be optimized: probe laser detuning and
Rabi frequency, coupling laser detuning and Rabi frequency,
and LO microwave detuning and Rabi frequency. The high-
dimensional variable space, two conflicting objectives, and ab-
sence of explicit analytical functions between variables and
objectives pose significant challenges. In balanced homodyne
detection, both real and imaginary parts of polarizability are
exploited for sensing, introducing an additional optimization
variable, i.e., the adjustable phase difference between the sig-
nal and reference arms of the MZI. This further escalates the
complexity and solution difficulty of the optimization prob-
lem.

As a swarm intelligence-driven optimization algorithm,
PSO is suited for this bi-objective optimization problem in-
volving high-dimensional search spaces, owing to its rapid
convergence dynamics, robust global exploration mechanisms,
and independence from explicit analytical functions.!**! To
better align with practical scenarios, various dephasing pro-
cesses are incorporated into the simulation framework, includ-
ing spontaneous decay, transit dephasing, collision dephasing,
laser linewidth dephasing, and Doppler averaging. We ana-
lyze the roles of individual variables in linear gain, explore
the properties of implicit functions, eliminate variables with
equivalent contributions, and hence reduce the dimensionality
of the variable space. Further, we establish the calculation for-
mulas for linear gain and LDR, and formulate a suitable fitness
function for the PSO. Finally, we use THD, a common metric,
to validate the effectiveness of the PSO.

2. Atomic superheterodyne receivers based on
homodyne readout

The Rydberg atomic superheterodyne receiver with ho-
modyne readout differs from intensity-readout-based counter-
parts by incorporating an MZI in the transmitted laser path,
as schematically illustrated in Fig. 1. The frequency-locked
probe and coupling lasers excite the atomic ensemble in the
vapor cell at the target wavelengths. As the microwave field
propagates through the cell, it modulates the amplitude and
phase of the transmitted probe laser, which then interferes with
the reference beam at the second beam splitter. The result-
ing interference patterns are captured by a balanced detector,
thereby suppressing intrinsic detector noise and laser intensity
fluctuations, both categorized as common-mode noise.!'%!7]

Additionally, an intensity attenuator in the probe beam path

adjusts the probe intensity, while a piezoelectric transducer
(PZT) in the reference path modulates the relative phase with
the probe beam via changing the path length.

Probe laser Signal

LO
Horn laser
BT
T 2=
. B { ) 5 ANM
BS i U\> ) / %

VOA DM, Vapor cell DM,

BS?’* 1\[2
N %
N
///\
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Fig. 1. Schematic diagram of Rydberg atom-based optical balanced ho-
modyne readout for microwave field detection. BS: beam splitter, VOA:
variable optical attenuator, DM: dichroic mirror, M: high-reflectivity
mirror, BT: beam terminator, PZT: piezoelectric transducer, BD: bal-
anced detector, OSC: oscilloscope, PC: personal computer.

Coupling

2.1. Master equation and various dephasing mechanisms

We select cesium atoms as the atomic sensor and fill them
into an atomic vapor cell. This four-level atomic system com-
prises a ground state [1): 6S;/, (F = 4), an intermediate state
2): 6P3/, (F' =5), and two adjacent Rydberg states |3) and
|4), 52Ds/, and 53P3 ;. The transition wavelengths between
[1) <> |2) and |2) «> |3) are 852.35 nm and 509.44 nm, respec-
tively. The microwave frequency for the |3) < |4) transition
is 5.044 GHz. In this case, the probe laser drives the |1) <> |2)
transition (corresponding to the D2 line), while the coupling
laser drives the |2) <> |3) transition. The microwave field is
tuned to the |3) > |4) Rydberg transition. Further, we model
the four-level atoms coupled to two light fields and one mi-
crowave field using the semiclassical density matrix approach
within the master equation framework.[!-%!

7:77[H7p]+£7 (1)

where H denotes the Hamiltonian in the rotating frame with
counter-rotating terms neglected, p the density matrix, ¢ the
time of evolution, and £ the Lindbladian operator accounting
for relaxation processes. For the four level system, the Hamil-
tonian is given by

0 9 0 0
n|Q, —2A 0 0
H=—-|"7? p ¢ 2
210 Q —2(4A,+A) Quw @
0 0 Qmw —2(Ap+Ac — Anw)

where Q,, £., and Qyy, are the Rabi frequencies for the probe,
coupling, and microwave field, respectively. Q; = u;€;/h,
Jj =p,c,mw, with £; and u; denoting the respective electric
field strengths and dipole moments. Ap, Ac, and Ay, are the
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detunings of the probe, coupling, and the microwave field, re-
spectively. Further, the sources of relaxation within the cur-
rent system are primarily attributed to the spontaneous decay
(including blackbody radiation), transit dephasing, collisional
dephasing, laser linewidth dephasing and Doppler averaging.
As aresult, £ can be expressed as

L= ['spon + Et + Ecol + Elaser- (3)

Indeed, considering a specific dephasing mechanism men-
tioned above, the Lindbladian operator £ can be written as

c- 2( EnpL,— 3L} Lp - pZLim), )

where z:m = va|i><j|» i,j=1,2,3,4,
dephasing rate between states |i) and |j). i # j corresponds

I, is the associated

to T1 dephasing (energy relaxation), while i = j corresponds
to T2 dephasing (pure dephasing). We calculated the spon-
taneous decay rates of cesium atomic energy levels using the
ARC software package, explicitly accounting for blackbody
radiation-induced transitions. [>!

Transit dephasing, a significant dephasing mechanism in
thermal vapor sensors, occurs when atoms traverse optical
beams. The effective transit dephasing rate I; is governed by
the mean transit time across the laser beam waist, given by

Ry i XN — 5)
Tma wy 21n(2)

where m, is the atomic mass, wy is the 1/ e2 beam waist, T is
21]

the ensemble temperature, and kg is Boltzmann constant.!
As atoms exit the interaction region, the Rydberg population
and inter-state coherence are lost, replaced by newly entering
ground-state atoms. Hence, £; can be calculated using Eq. (4)
with L, = /I{|1) (m|, m = 1,2,3,4.

Collisions in the vapor cell constitute a dominant de-
phasing mechanism. The collision dephasing rate is given
by Ii = vp,0, where v is the thermal atomic velocity, p,
is the density of atoms, and o is the collision cross section
determined by van der Waals and dipole—dipole interactions
between Rydberg atoms.?-28] Here, we use the method de-
scribed in Ref. [17] to calculate the collision rates. The Ry-
dberg atom density is low, around 0.1% of the ground state,
such that Rydberg atom—Rydberg atom interactions are neg-
ligible. Rydberg-ground state collisions dominate the relax-
ation dynamics. Additionally, the intermediate state-ground
state collision rates become negligible compared to the sponta-
neous decay rates for the intermediate states.>’] Further, elas-
tic collisions contribute to T2 dephasing, while inelastic colli-
sions contribute to T1 dephasing. Consequently, the L, oper-
ators used to calculate Leop include /T 5[3) (3], /IS |4) (4,

I3 I, |1)(4] with IS, and I} being elastic
and inelastic collision rates, respectively.

The Lindbladian term arising from the finite laser
linewidths cannot be accurately captured by Eq. (4). Indeed,

Liaser 18 given by
0 %P2 Y3P13 Yi4P14
Cioes = — YoP21 0 %P3 YaP ’ ©)
B1P31 YeP32 0 YuwP34

Ya1P41 Va2P42 YmwP3sa O
where ¥, c mw are the respective laser linewidths and ¥y is of-

=Y3="%*Y Y42 = Y4 = Y+ Yaw>
=%N4=Y%t+ Y+ Ymw- %j specifically denotes the laser

ten set to zero. [29-30] V31
and Va1
linewidth-induced dephasing rate between states i, j specifi-
cally denotes the laser linewidth-induced dephasing rate be-
tween state |i) and state |j), i, j = 1,2,3,4. p;; stands for the
element of the density matrix.

Doppler averaging arises from the Maxwellian velocity
distribution of atoms in a thermal vapor cell. The density ma-
trix element p>; between the ground state and the intermediate
state is replaced with its Doppler-averaged counterpart.

3vp 2

v
P21 = p21 (A],Al) exp (-Z) dv, @)
\/* 3vp p C vrz) 4

where v, denotes the atomic velocity component along the
laser propagation direction, v, = \/2kgT /m is the most prob-
able velocity of atoms in thermal motion. The probe and cou-

pling beams counterpropagate. Hence, the probe and cou-

pling detunings are modified with Ay = A, — %TEVZ and Al =
Ao+ 2 N Zy., where A, and A are the wavelengths of the probe

and coupling lasers, respectively.

2.2. Sensitivity

The polarizability of the probe laser is directly propor-
tional to the coherence term p;;, expressed as

Nu2
ghL2,

x=-2 P21, 8)

where N is the total atomic number density and & is the per-
mittivity of free space.

Further, the power transmittance of the probe beam
through the atomic vapor cell can be written as T =
/2p], where [ is the length of the vapor cell
and A, is the wavelength of the probe laser. The phase shift

exp [—27/Im(y)

of probe laser induced by atomic quantum effects can be ex-
pressed as A@ = mwiRe(y)/
shift relative to the vacuum by subtracting the vacuum phase

A,. Here, A@ represents the phase

shift over the same length. Thus, the transmittance and phase
shift are determined by the imaginary and real parts of the po-
larizability, respectively.

The optical-readout signal of the MZI using balanced de-

tector is given by!!%

Iy = 2Cv/PPsin(A@ + ¢), 9)
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where C is the photoelectric conversion coefficient of the de-
tector and the detection efficiency is assumed to be unity. Py
and P; denote the laser powers in the signal and reference arms
of the MZI, respectively, before recombination at the second
beam splitter.
in the reference arm introduced by the PZT. Here, P, = TP,,
where P, represents the probe power incident on the atomic

¢ represents the mechanically tunable phase

vapor cell. The linear gain k quantifies the sensitivity of the
detected signal to Qp,,. In terms of the balanced homodyne

. Similarly, the direct

dl
d Qny

detection scheme based on the probe power yields an optical-

detection, it is defined as K, = ’

readout signal Iy = CP;, with the corresponding linear gain
dly

9Qmw |
For Rydberg-atom-based microwave heterodyne receiver,

expressed as Ky =

the time-domain expressions for the LO field and the signal
field are given by Er o = ELocos(2nfLot + PLo) and Es =
Escos(2mfit + ¢s), where &;, fj, and ¢; (with j = LO,s) de-
note the respective electric field strengths, frequencies, and
phases. Thus, the superposition field En resulting from the
combination of E; o and Eg can be written as

Enw=EL0+E;s
~ ELo [l + Bcos(2rAfit + A¢r)]cos(2T fiot + ¢ro), (10)

where 8 = &/ELo, Afi = fLo — fs, and A@; = @0 — ¢s. The
atomic sensor’s nonlinear response to the superposition field
Enw closely approximates envelope detection, with the domi-
nant frequency component being f; o./?%! Further, Q,,, can be
written as

Qmw = 'QLO —|—Qsig COS(Zﬂ:Aflt +A¢l); (11)

where Q10 and Qs;, denote the Rabi frequencies of the LO
and signal fields, respectively. We assume that Qg;, equals
unity, such that the SNR is given by %, where 1) represents
the optical readout noise power. Optical readout noise refers
to the noise introduced in the process of converting wireless
microwave signals into the photodetector’s electrical output
This
term specifically distinguishes it from the noise present in the

signals in Rydberg atom-based microwave receivers.

incident microwave signals (i.e., background noise) and the
noise generated within the backend electrical signal process-
ing system. Indeed, the optical readout noise primarily origi-
nates from laser intensity and phase fluctuations, photodetec-
tor noise, atomic thermal motion noise, and photon shot noise.
For the balanced homodyne detection, kj, can be express as

Ky = C\/Perzpt?ﬁ'[—Im(x’)sin(A(p—i—m

+Re(x/)cos(A(P+¢)} ) (12)

where y’ denotes the derivative of y with respect to Qp,y, eval-
uated at Qn, = Q1 0. Similarly, for the intensity-based direct
detection, Ky is given by

m(x")|-

27l
Ky — ’cp " (13)

pZTI

Therefore, the balanced homodyne detection simultaneously

exploits changes in both the real and imaginary parts of the
polarizability, whereas the direct detection only utilizes varia-
tions in the imaginary part. The coefficient 1/P; in the expres-
sion for kj, represents an experimentally tunable parameter that
can be increased appropriately, thereby enhancing sensitivity
to the signal field. Notably, in practical experiments, increas-
ing the reference beam power may also introduce challenges
such as enhanced background light, saturation of optical com-
ponents, and magnification of imbalance errors in the MZI.
Therefore, the reference beam power can be experimentally
optimized by balancing signal gain and noise amplification,
thereby improving SNR.

Here, we analyze the optical shot noise-limited case. For
balanced homodyne detection, the optical shot noise in each
detector is uncorrelated, resulting in the subtraction-signal
shot noise equaling the sum of the two individual noise con-
(P +Pr)h7wp, where @), is the
angular frequency of the probe laser, and 7 represents the mea-
Therefore, the
shot noise-limited SNR for the balanced homodyne detection

tributions, given by Ny shot =
surement time, which is typically set to 1 s.

can be written as

K, \ /P@%ﬁﬂ—lm(x’) sin(A@ + ¢) +Re(x') cos(Ap + ¢)]

Crlh,shot

27l

Flpllm

(Th+R)'2

x')sin(A@ + ¢) +Re(x') cos(Ap + ¢)|

%) +Re(y)?

\/7\/})77_2)7;1

where the equality condition of the first inequality is satisfied when P;
)]+ km with k € Z.

holds when A@ + ¢ = § +arctan [Re(y

))/Tm(y!

> ; (14)

= T B,, while the equality condition of the second inequality

013202-4
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In addition, for the direct detection, the shot noise is given

by Nd shot = PshTwp. Hence, the the shot noise-limited SNR
for the direct detection is given by

K T 27l ,
Croae Ve, VT 71 : 15
CNd,shot \/;‘/7 PR [im(x)| (15)

Comparison of Egs. (14) and (15) reveals that the shot noise-
limited SNR expressions for balanced homodyne detection
and direct detection exhibit analogous forms, with the only
distinction lying in the exploitation of the real component of
the polarizability by the former. In fact, shot noise is found
to be significantly smaller than other components of the op-
tical readout noise.['®! Tmportantly, the coherent subtraction
processing employed in the balanced detection effectively sup-
presses common-mode noise, and appropriately increasing the
reference beam power within the MZI can also boost linear
gain, collectively contributing to enhance the SNR.

3. Demodulation principles

As indicated by Eq. (11), the signal field can be di-
rectly demodulated from balanced homodyne detection re-
sults, with Rydberg atoms serving as mixers. In Eq. (1), we
set dp/dt = 0 and hence numerically compute the steady-state
solutions of the master equation. The simulations in this work
are primarily conducted using the ARC and Rydiqule soft-
ware packages.[?>3!] While continuously sweeping the cou-
pling laser detuning A, we obtain the imaginary and real parts
of the polarizability at various microwave field intensities, as
shown in Fig. 2. Under microwave field excitation, the imag-
inary component splits into two peaks with a separation equal
to Qnw. The real part curve remains symmetric about the ori-
gin, and its splitting also occurs with increasing external mi-
crowave field strength. Notably, when all three external field
detunings are zero, the real component of the polarizability
becomes identically zero, which is also consistent with the an-
alytical formula derived in Ref. [22].

2.2 T T
[ 1
G [ 1
S 2.00 15
— r HER 1 o
= il 2
& 18— 0 MHi; || 1=
E  [--10MHj || 1 E

1.6[~ 30 MHz | ]

T[---60 MHz 1

| T

: U EUU [T S IS S N — :
—60 —30 0 30 60
A/ (2m) (MHz)

60 —30 0 30 60
Ac/(27) (MHz)

Fig. 2. Numerical results of the polarizability’s real and imaginary parts ver-
sus A for various microwave field strengths. The values in the legend denote
Qny/(27), with panels (a) and (b) sharing a common legend. The remain-
ing critical parameter configurations are presented as follows: 7' = 300 K,
Ay = Anw =0, ,/(27) =5 MHz, Q./(27) = 1 MHz, %,/(27w) = 5 kHz,
¥/(27) = 10 kHz, and wo = 0.75 mm.

The optical readout signal of the MZI with balanced de-
tection can also be expressed as I, = aS, where a represents a

proportionality factor given by a = C uip v/ P.mwocey /2. Here,

¢ denotes the speed of light in a vacuum. The unit of § is
Mrad/s, and S can be expressed as

§=20,VTsin(Ap+¢). (16)

In subsequent sections, we replace I, with S and substitute ki,

with K to denote the linear gain, defined as x; = 3 gs = %

For the scenario depicted in Fig. 2, when the coupling light fre-
quency is locked such that A. /(2w) =2 MHz and ¢ = /2, the
received signal S exhibits a nonlinear response to the Rabi fre-
quency of the microwave field, as illustrated by the red curve
in Fig. 3. We locate the point £,, with the steepest slope
on this curve, where the linear gain is maximized. Thus, the
LO, serving as the static bias point for demodulation, is set to
Q10 = Q. According to Eq. (11), within the approximately
linear region near £2; o, variations in the signal field amplitude
directly correspond to changes in the received signal S, thus
enabling direct demodulation of the baseband signal.

30— I e e e e e R
| Signal ]
Error LDR
27 ]
" L ]
jan)
\E/ L i
— 241 ]
=
S L i
~ L ]
0
21F -
18 s [ RS B
0 20 40 60 80

mw/(2m) (MHz)

Fig. 3. Schematic illustration of demodulation principle for amplitude-
modulated signals in Rydberg atom-based superheterodyne receivers.

As illustrated in Fig. 3, we define the LDR as the inter-
val where microwave field amplitude variations enable high-
fidelity demodulation, whereas deviations beyond this opera-
tional window induce marked signal distortion. By construct-
ing a tangent line at the Qo point on the demodulation re-
sponse curve, we define the LDR as the interval where the rel-
ative error between the demodulation response and the tangent
line remains below 1%.

4. Co-optimization of linear gain and LDR em-
ploying PSO
Therefore, our research focuses on maximizing both the
linear gain ks and LDR. There are seven variables to optimize:
Ap, Ac, ALo, £2p, Qc, £10, and ¢. Furthermore, considering
the Doppler-averaged expression given by Eq. (7), when an
additional offset § is introduced to A, it is shown that

ﬁZI (AvaC + 6)

1 27 27 —v2
= Ap— =V, Ac+=—v,+ 5 |ex Z)dv
\/Evp./mzpp( Y ) p( v ¢
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P <Ap— i:-u—i— j:S,AC—F ifu)

_ g\
X exp |:_(uz{r8):| du
Yp

B 1 /3Vp+i: S
VAV 31355

~ 521 (Ap+ %67Ac) ) (17

Ay
where u = v, + %5 and the third approximation holds when
%5 <L vp.

Additionally, we numerically simulated the polarizability
as a function of both Aj and A, as shown in Fig. 4. Here, the
dashed lines represent the imaginary (or real) part of polariz-
ability dependence on Ap,, when A, is fixed. These curves ex-
hibit the same shape, and as A, increases, they shift along the
negative Ap-axis. Thus, under Doppler averaging, A, and A.
contribute equivalently to the polarizability. To reduce exper-
imental complexity, only one laser requires precise frequency
tuning.

Im(x)
x107°

Re(x)
x107°

(a)

Fig. 4. Numerically simulated polarizability as a function of both A; and A..
The dashed lines illustrate the polarizabilities varying with A, at fixed A..
(a) Imaginary component. (b) Real component.

Figure 5 presents the maximal linear gain k; varying with
the Rabi frequencies [Fig. 5(a)] of the probe and coupling
lasers and their detunings [Fig. 5(b)], respectively. In Fig. 5(a),
the linear gain k; exhibits multiple extrema, rendering the
maximization of k; a non-convex optimization problem. Ad-
ditionally, figure 5(b) shows a well-aligned tilted band with a
slope of Ac/A,, consistent with Eq. (17). This again indicates
that A, and A. can compensate for each other.

= 60 g
g g
S 30 S
< <
o 2
S <
30 60 -30 O 30
2./(27) (MHz) A/ (2w) (MHz)
[ —— ] [ e ee—
0 0.8 1.6 2.4 0 0.6 1.2 1.8

Fig. 5. Numerically simulated contour maps of the maximal linear gain &
as functions of (a) the Rabi frequencies €. and £, and (b) the detunings A,
and Ap. In panel (a), Ac/(27) = 10 MHz, A,/ (27) =0, Ao /(27) = 0. In
panel (b), Q./(27) = Q,/(2%) = 20 MHz, Ao/ (27) = 0.

Currently, our objective is to optimize the six variables
Ac, Ao, £p, £, £10, and ¢ to simultaneously maximize
both the linear gain and the LDR. Therefore, this problem
is modeled as a multivariable, bi-objective, non-convex op-
timization problem. PSO effectively addresses this challenge
through global exploration, adaptive exploitation, and swarm
intelligence, without requiring the gradient information. In-
deed, the authors in Ref. [23] indicated that linear gain and
LDR are two conflicting metrics. Specifically, we define the
fitness function in the PSO as their product form, expressed as

f=—-x1n(R),

where R denotes the LDR defined by the relative error men-

(18)

tioned above, expressed in units of Mrad/s. Here, a natural
logarithmic transformation is implemented to normalize the
scale, thereby establishing numerical equivalence between kK
and In(R).

—7.8 F-1--T-T i F-1--T-T i T-I--T--T i T-J--T--T 1—_

2 ]
= —8.0 —
> - -
w0 - —
8 - ]
£ —82 —
= B ]
—8.41' deckodeo]oo i

0 50 100 150 200

Iteration

Fig. 6. Fitness convergence curve of the PSO.

We employed 100 particles in the PSO and allowed them
to iterate for 200 generations, with the fitness function conver-
gence curve shown in Fig. 6. The fitness function converges
rapidly and stabilizes, thereby confirming the effectiveness of
the algorithm. In the PSO, the parameter ranges of the six vari-
ables and their corresponding optimization results after 200
iterations are presented in Table 1.

Table 1. Optimization variable settings and results.

Optimization variables Unit Range Results
Ac MHz [—100,100] 48.545
Aro MHz [—10,10] —-6.879
Qp MHz [0,150] 98.744
Qc MHz [0,10] 10.0
Q10 MHz [0,150] 116.500
¢ rad [0,27] 0.9637

Note that the upper bound of € is set to 10 x 2z Mrad/s
due to the small transition dipole moment of the coupling.
When the beam waist diameter of the coupling beam is
1 mm, Q./(27) = 10 MHz corresponds to an optical power
of 3.047 W, which already represents a relatively high value in
practical experiments. The optimization result of €. reaches
its upper bound, indicating that increasing 2. beyond this
value may yield better performance. Under the variable con-
figuration provided in Table 1, the variation curves of S and the

013202-6
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corresponding ks with Q,,, are shown in Fig. 7(a). The maxi-
mum linear gain of &y = 1.573 is achieved when Qy, /(27) =
116.5 MHz, with an LDR of 32.229 MHz.

In addition, a signal processed by a nonlinear system like
the Rydberg atom-based receiver not only retains its funda-
mental frequency component but also generates various har-
monic components, causing the output signal to diverge from
the input signal. Thus, THD is employed to measure the de-

gree of signal distortion and is given by

27:2 (Fn2 +F—2n)

: 19
F2+F?, >

DTH = 101g

where F;, denotes the n-th harmonic amplitude of the demod-
ulated signal S. Here, n is truncated at the 10th order in the

calculation.

T —40

UL LA L L

(c)

—80

Dy (dB)

—120

— oA —
L5 RN I 0
g Je00 ¥
O 1 2 g —a0f
P Js00 = = N
0.5F ; 1 & & -sof
-~ / ] ~
F \\ // ] a r
o 1 N0 —120f
0 50 100 150 0

Qmw/(2m) (MHz)

50 100 1
QLo/(Qﬂ‘) (MHZ)

0
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Oﬁwm\wm\mw\w
[\~
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Fig. 7. (a) S and K versus Qn,, under the variable configuration obtained by PSO. (b) THD dependence on LO intensity Q; o for a signal
strength of 10 mV/m. (c) THD versus Qg;, with the LO set at the extremum point of the ks curve.

Figure 7(b) illustrates the THD variation with 2 o when
Qsio/(27) = 207.55 kHz, corresponding to an electric field
strength of 10 mV/m. At the extremum of the kg versus Qny
curve, THD reaches its minimum value, indicating that the lin-
ear characteristics are optimal at the inflection point of the S
curve. Figure 7(c) shows the relationship between THD and
the signal strength Qs;, when the LO set at the S-curve inflec-
tion point. When £g;, reaches 20 MHz, the THD remains be-
low —40 dB, indicating that the relative error-based LDR cal-
culation method consumes fewer computing resources while
effectively evaluating demodulation linearity in parall. In ad-
dition, the PSO-obtained LDR is [97.194, 129.424] MHz, and
the s extremum does not coincide with the midpoint of the
LDR. For large signal amplitudes, adjusting the LO to the

LDR midpoint can achieve demodulated signal symmetry. (23!

5. Conclusion

We present a PSO-based co-optimization framework for
linear gain and LDR in Rydberg atom superheterodyne re-
ceivers with optical balanced homodyne readout. The bal-
anced detection suppresses common-mode noise via coher-
ent subtraction processing, while appropriately increasing the
reference beam power in practical experiments also boosts
linear gain, synergistically improving the SNR. Owing to
Doppler averaging, probe and coupling detunings contribute
equivalently to the polarizability and compensate for each
other, thereby reducing the optimization variable space by one.
Here, the co-optimization of linear gain and LDR constitutes a
multivariable, bi-objective, non-convex optimization problem.
Given the conflicting nature of these two metrics, their product
form x;In(R) is well-suited as the fitness function for the PSO.
Further, the PSO converges rapidly, and the obtained results
are well validated, achieving a linear gain of 1.573 and an LDR

of 32.229 MHz. In addition, the THD characterization also
confirms that the relative error-based LDR calculation method
we proposed fulfills the requirements for evaluating response
linearity, while consuming fewer computing resources.

Acknowledgments

Project supported by the National Natural Science Foun-
dation of China (Grant Nos. 62331024 and 62571549) and the
National Key Research and Development Program of China
(Grant No. 2022YFB2802804).

References

[1] Sedlacek J A, Schwettmann A, Kiibler H, Low R, Pfau T and Shaffer J
P 2012 Nat. Phys. 8 819
[2] Holloway C L, Simons M T, Gordon J A, Dienstfrey A, Anderson D A
and Raithel G 2017 J. Appl. Phys. 121 233106
[3] Schlossberger N, Prajapati N, Berweger S, Rotunno A P, Artusio-
Glimpse A B, Simons M T, Sheikh A A, Norrgard E B, Eckel S P
and Holloway C L 2024 Nat. Rev. Phys. 6 606
[4] Zhang H, Ma Y, Liao K, Yang W, Liu Z, Ding D, Yan H, Li W and
Zhang L 2024 Sci. Bull. 69 1515
[5] Meyer D H, Hill J C, Kunz P D and Cox K C 2023 Phys. Rev. Appl. 19
014025
[6] CaiY, ShiS,ZhouY,LiY, YuJ, Li W and Li L 2023 Phys. Rev. Appl.
19 044079
[7]1 Jing M, Hu Y, Ma J, Zhang H, Zhang L, Xiao L and Jia S 2020 Nat.
Phys. 16911
[8]1 LiH, HulJ, Bail, ShiM, Jiao Y, Zhao J and Jia S 2022 Opt. Express 30
13522
[9]1 Anderson D A, Sapiro R E and Raithel G 2020 /EEE Trans. Antennas
Propag. 69 2455
[10] Simons M T, Haddab A H, Gordon J A, Novotny D and Holloway C L
2019 IEEE Access T 164975
[11] Holloway C L, Simons M T, Gordon J A and Novotny D 2019 /[EEE
Antennas Wirel. Propag. 18 1853
[12] Nowosielski J, Jastrzgbski M, Halavach P, Lukanowski K, Jarzyna M,
Mazelanik M, Wasilewski W and Parniak M 2024 Opt. Express 32
30027
[13] Zhang L H, Liu Z K, Liu B, Zhang Z Y, Guo G C, Ding D S and Shi B
S 2022 Phys. Rev. Appl. 18 014033
[14] Elgee P K, Cox K C, Hill J C, Kunz P D and Meyer D H 2024 Phys.
Rev. Appl. 22 064012

013202-7


https://doi.org/10.1038/nphys2423
https://doi.org/10.1063/1.4984201
http://dx.doi.org/10.1038/s42254-024-00756-7
http://dx.doi.org/10.1016/j.scib.2024.03.032
http://dx.doi.org/10.1103/PhysRevApplied.19.014025
http://dx.doi.org/10.1103/PhysRevApplied.19.014025
http://dx.doi.org/10.1103/PhysRevApplied.19.044079
http://dx.doi.org/10.1103/PhysRevApplied.19.044079
http://dx.doi.org/10.1038/s41567-020-0918-5
http://dx.doi.org/10.1038/s41567-020-0918-5
http://dx.doi.org/10.1364/OE.454873
http://dx.doi.org/10.1364/OE.454873
http://dx.doi.org/10.1109/TAP.2020.2987112
http://dx.doi.org/10.1109/TAP.2020.2987112
http://dx.doi.org/10.1109/Access.6287639
https://doi.org/10.1109/LAWP.2019.2931450
https://doi.org/10.1109/LAWP.2019.2931450
http://dx.doi.org/10.1364/OE.529977
http://dx.doi.org/10.1364/OE.529977
http://dx.doi.org/10.1103/PhysRevApplied.18.014033
http://dx.doi.org/10.1103/PhysRevApplied.22.064012
http://dx.doi.org/10.1103/PhysRevApplied.22.064012

Chin. Phys. B 35, 013202 (2026)

[15]
[16]
[17]
[18]
[19]

[20]
[21]

[22]

[23]

Fan H, Kumar S, Daschner R, Kiibler H and Shaffer J 2014 Opt. Lett.
393030

Yang W, Jing M, Zhang H, Zhang L, Xiao L and Jia S 2023 Phys. Rev.
Appl. 19 064021

Kumar S, Fan H, Kiibler H, Sheng J and Shaffer J P 2017 Sci. Rep. 7
42981

Meyer D H, Castillo Z A, Cox K C and Kunz P D 2020 J. Phys. B: At.
Mol. Opt. Phys. 53 034001

Cronin A D, Schmiedmayer J and Pritchard D E 2009 Rev. Mod. Phys.
81 1051

Wu F, An Q, Sun Z and Fu Y 2023 Phys. Rev. A 107 043108

Meyer D H, O’Brien C, Fahey D P, Cox K C and Kunz P D 2021 Phys.
Rev. A 104 043103

Chen Y, Guo X, Yuen C, Zhao Y, Guan Y L, See C M S, Débbah M
and Hanzo L 2025 (Preprint arXiv:2501.11842 [cs.IT])

Wu 'Y, Xiao D, Zhang H and Yan S 2025 Chin. Phys. B 34 013201

[24]
[25]

[26]

[27]

[28]

[29]

(30]

(31]

013202-8

Wang D, Tan D and Liu L 2018 Soft Comput. 22 387

Robertson E J, Sibali¢ N, Potvliege R M and Jones M P 2021 Comput.
Phys. Commun. 261 107814

Cao Y, Yang W, Zhang H, Jing M, Li W, Zhang L, Xiao L and Jia S
2022 J. Opt. Soc. Am. B 39 2032

Fan H, Kumar S, Sedlacek J, Kiibler H, Karimkashi S and Shaffer J P
2015 J. Phys. B: At. Mol. Opt. Phys. 48 202001

BaiZ, Adams C S, Huang G and Li W 2020 Phys. Rev. Lett. 125 263605
Hanley R K, Bounds A D, Huillery P, Keegan N C, Faoro R, Bridge E
M, Weatherill K J and Jones M P 2017 J. Phys. B: At. Mol. Opt. Phys.
50 115002

Bussey L W, Kale Y B, Winter S, Burton F A, Lien Y H, Bongs K and
Constantinou C 2024 EPJ Quantum Technol. 11 77

Miller B N, Meyer D H, Virtanen T, O’Brien C M and Cox K C 2024
Comput. Phys. Commun. 294 108952


http://dx.doi.org/10.1364/OL.39.003030
http://dx.doi.org/10.1364/OL.39.003030
http://dx.doi.org/10.1103/PhysRevApplied.19.064021
http://dx.doi.org/10.1103/PhysRevApplied.19.064021
http://dx.doi.org/10.1038/srep42981
http://dx.doi.org/10.1038/srep42981
http://dx.doi.org/10.1088/1361-6455/ab6051
http://dx.doi.org/10.1088/1361-6455/ab6051
http://dx.doi.org/10.1103/RevModPhys.81.1051
http://dx.doi.org/10.1103/RevModPhys.81.1051
http://dx.doi.org/10.1103/PhysRevA.107.043108
http://dx.doi.org/10.1103/PhysRevA.104.043103
http://dx.doi.org/10.1103/PhysRevA.104.043103
http://dx.doi.org/10.1088/1674-1056/ad886a
http://dx.doi.org/10.1007/s00500-016-2474-6
http://dx.doi.org/10.1016/j.cpc.2020.107814
http://dx.doi.org/10.1016/j.cpc.2020.107814
http://dx.doi.org/10.1364/JOSAB.459064
http://dx.doi.org/10.1088/0953-4075/48/20/202001
http://dx.doi.org/10.1103/PhysRevLett.125.263605
http://dx.doi.org/10.1088/1361-6455/aa6e79
http://dx.doi.org/10.1088/1361-6455/aa6e79
http://dx.doi.org/10.1140/epjqt/s40507-024-00291-5
http://dx.doi.org/10.1016/j.cpc.2023.108952
http://dx.doi.org/10.1016/j.cpc.2023.108952

	1. Introduction
	2. Atomic superheterodyne receivers based on homodyne readout
	2.1. Master equation and various dephasing mechanisms
	2.2. Sensitivity

	3. Demodulation principles
	4. Co-optimization of linear gain and LDR employing PSO
	5. Conclusion
	References

