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Abstract—Theoretical modeling of Rydberg atom-based mi-
crowave sensors is often limited by the high computational cost
of the density matrix formalism (DMF), especially when resolv-
ing transient dynamics in Doppler-broadened vapor cells. We
introduce an efficient direct time-domain numerical framework
based on the Monte Carlo Wave Function (MCWF) method for
Doppler-broadened Rydberg-atom simulations. By incorporating
the Doppler effect as a stochastic initialization parameter within
individual quantum trajectories, our approach naturally captures
thermal broadening, thereby avoiding explicit velocity-grid inte-
gration in the MCWF calculation. This reformulates the propaga-
tion from a density-matrix representation whose state dimension
scales quadratically with the number of levels to a trajectory-
based wave-function representation with linear state dimension for
each propagated trajectory. We demonstrate that this framework
achieves nearly one order of magnitude reduction in runtime under
comparable AT-splitting extraction accuracy, while maintaining
agreement with the DMF results for the considered observables.
The method is further applied to representative time-domain
signal-recovery scenarios, including baseband symbol recovery for
8-ary amplitude-shift keying (8-ASK) signals. This work provides a
scalable tool for designing and optimizing next-generation Rydberg
quantum receivers.

Index Terms—ASK, AT splitting, Doppler broadening, EIT,
electromagnetic field measurement, MCWF method, microwave
sensing, quantum receivers, Rydberg atoms, thermal vapor cells,
transient dynamics.

1. INTRODUCTION

YDBERG atoms, with their large polarizabilities and
strong sensitivity to external fields, have progressed from
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tools in fundamental quantum optics to an enabling technology
for practical microwave sensing applications [1]. By exploit-
ing electromagnetically induced transparency (EIT) and Autler-
Townes (AT) splitting, such atomic sensors enable applications
ranging from SI-traceable electric field metrology [2], [3], [4],
(51, [61, [71, [8], [9], [10], [11], [12], [13], [14], [15], [16] to
quantum receivers for amplitude- and phase-modulated com-
munication signals [17], [18], [19], [20], [21], [22], [23], [24],
[25], [26], [28], [29]. As the field advances toward complex
application scenarios—such as time-domain signal reception,
modulation recognition, and vector-field sensing—the demand
for rigorous, computationally efficient theoretical and numerical
modeling has become critical.

However, accurately simulating Rydberg-atom microwave
sensors in thermal vapor cells remains computationally demand-
ing. A widely used approach is the density matrix formalism
(DMF) [30], [31], [32], which becomes computationally ex-
pensive when modeling realistic thermal vapor cells. In such
systems, coherent microwave coupling coexists with dissipa-
tive dynamics and significant Doppler-induced inhomogeneous
broadening. To predict the thermal-ensemble spectral response
within a direct time-domain DMF framework, one must solve
the master equation for numerous velocity classes and compute
adistribution-weighted average [3]. As the system size increases
or the microwave drive becomes time dependent (requiring fine
time stepping for transient resolution), the density-matrix repre-
sentation in a direct time-domain DMF implementation grows
quadratically with the number of levels, and the repeated time-
marching over many velocity classes can lead to prohibitively
long runtimes.

Although steady-state approximations, analytical averaging
techniques, Fourier-decomposition methods for nonequilibrium
steady states, and open-source Rydberg-sensor simulation tools
have been developed to mitigate the computational costs of
DMF-based modeling [33], [34], [35], [43], [44], [45], these
approaches are often most effective for steady-state, periodic
steady-state, or general-purpose density-matrix simulations. Di-
rect time-domain simulation remains useful for studying tran-
sient responses and representative signal-recovery processes,
because it directly follows the temporal evolution of the atomic
response within the finite simulation window rather than re-
lying solely on a steady-state solution. These considerations
motivate the development of a computationally efficient direct
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time-domain framework that maintains quantitative accuracy for
open-system dynamics in thermal Rydberg atoms.

This paper develops a numerical framework based on the
Monte Carlo wave-function (MCWF) method [36], [37], [38],
[39], [40], [41], tailored for Rydberg-atom electrometry, to ad-
dress this challenge. Reformulating the open-system evolution
in terms of stochastic quantum trajectories, rather than direct
density-matrix propagation, replaces the full density-matrix rep-
resentation used in the present time-domain DMF baseline with
an M-component wave-function representation for each propa-
gated trajectory. In this sense, the advantage of MCWF lies in the
lower state dimension per propagated sampling object, whereas
the overall computational gain still depends on the sampling
effort required to achieve a prescribed accuracy. A key novelty
of our approach lies in the treatment of thermal motion: instead
of performing an explicit integration over velocity classes, we
incorporate Doppler shifts by sampling the atomic velocity (and
hence the detuning) as a stochastic initialization parameter for
each trajectory. In this way, Doppler broadening is captured
naturally through statistical sampling, which avoids explicit
velocity-class integration in the MCWF calculation.

We demonstrate that this MCWF framework reproduces the
DMF results for the observables considered here, including pop-
ulation dynamics, optical coherence, fitted EIT-AT spectra, and
extracted AT splittings. Benchmark tests show nearly one order
of magnitude shorter runtime at comparable AT-splitting extrac-
tion accuracy under the present direct time-domain benchmark.
To illustrate practical utility, the framework is applied to simula-
tions of complex dynamic-signal reception, including baseband
symbol recovery for 8-ary amplitude-shift keying (8-ASK).
Overall, the MCWF framework provides an efficient engine for
modeling dynamic Rydberg-atom-based sensors and supports
the design of more complex quantum-receiver architectures.

The remainder of this paper is organized as follows. Section II
presents the MCWF formulation and numerical implementation
for Rydberg-atom-based microwave electrometry, with Doppler
broadening incorporated via stochastic velocity sampling. Sec-
tion III evaluates the method through benchmark comparisons
with DMF, including AT-splitting accuracy, time-step selection,
sampling-size dependence, and runtime—accuracy trade-offs,
and demonstrates performance in time-varying signal scenarios
(e.g., AM and 8-ASK). Section IV summarizes the conclusions
and discusses potential applications.

II. METHOD
A. The MCWF Model

First, consider a four-level Rydberg atomic system, as shown
in Fig. 1. When the laser frequency resonates with the transition
between states |1) and |2), the atoms absorb the incoming
light, leading to a reduction in the transmitted intensity. A
coupling field resonant between states |2) and |3) then mixes
these states into dressed states with shifted energy levels. Due to
their opposite phases, destructive interference occurs, resulting
in EIT, which enhances the transmitted light intensity. Further
application of a microwave field between states |3) and |4)
introduces a secondary set of dressed states, splitting the EIT
resonance into two peaks.
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Four-level Rydberg atomic structure model.

Fig. 1.

These peaks split according to the microwave Rabi frequency,
leading to AT splitting of the EIT signal [28].

Typically, the DMF is used to describe the coherent and
dissipative dynamics of a four-level Rydberg system and to
generate EIT-AT spectra for electric-field sensing. Its evolution
is given by,

. {

Paxa = —ﬁ[H4x4,P4x4} + L(paxa), (1)
where i represents the imaginary unit, [a, b] = ab — ba denotes
the commutator, and Hy.4 represents the Hamiltonian, and
L(p4xa4) is the Lindblad operator (decoherence matrix). In the
direct time-domain implementation considered here, an M-level
DMF propagates an M x M density matrix, whose state di-
mension scales as M2, and each time step involves matrix
operations from the commutator and dissipative terms. When
the Doppler effect is considered, averaging over velocity classes
is also necessary, which increases both the runtime and memory
requirements.

To reduce this matrix—matrix overhead and the resulting mem-
ory cost, we adopt the MCWF approach, replacing explicit den-
sity matrix propagation with wave function evolution. The wave
function then evolves according to the Schrodinger equation,

dlp™m)) i (n)
= g Hers [0 0). @

where H,.;; denotes the non-Hermitian effective Hamiltonian,
and n denotes the n-th trajectory in a system. The effective
Hamiltonian is defined as,

th
_ _ T
Hepp = Haxs = 5 Em Ly L, 3)

where Hy, 4 is the coherent Hamiltonian introduced in (1), and
the second non-Hermitian term is constructed from the collapse
operators. The coherent Hamiltonian Hy 4 is given by,

Hyvy = g
0 Q, 0 0
Q, —2A, Q. 0
0 Q. —2(Ap + AC) Qumrw
0 0 Qurw —2(Ap + Ar — Ayw)

“
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Here €2, €., and Q);w represent the Rabi frequencies as-
sociated with the probe laser, coupling laser, and microwave
electric field, respectively, while A, A, and Ay represent
the corresponding frequency detuning for these three externally
applied fields. Additionally, & represents the reduced Planck
constant.

The second term on the right-hand side of (3) accounts for the
dissipative processes in the four-level system, thereby ensuring
an equivalent description of the open quantum system as in (1).
Specifically, the dissipative dynamics are incorporated through
the collapse operators defined as:

Lo = VAaCla, (5)

where « indexes the dissipative channel, C', denotes the corre-
sponding collapse operator, and 7,, is the associated relaxation
or dephasing rate.

To facilitate a rigorous and consistent comparison between
the MCWF model and the DMF, a uniform numerical integra-
tion scheme based on the second-order Runge—Kutta method is
employed throughout this work. The following equations govern
the temporal evolution of the wave function:

b= P0), 6

[0 = [0 0) + gt k1, o)
b= =3 o [000), 60

W dt)) = [0 (0)) + dt - o, (6d)

where k1 and k5 are the intermediate slopes of the second-order
Runge—Kutta scheme, and \wigi)d (t)) is the intermediate wave
function of the n-th trajectory at the midpoint of the time step.
These terms describe the deterministic evolution of the wave
function over one time step df, which is then combined with
stochastic quantum jumps to capture the dynamics of the open
quantum system.

In the MCWF formulation, stochastic quantum jumps are
used to model random dissipative processes, with each jump
implemented by applying the corresponding collapse operator
to the wave function. In the present effective dissipation model,
these events include both population-relaxation processes and
pure-dephasing processes. As such, accurately capturing the
probability of these stochastic events is critical to the fidelity
of the simulation.

<J<”>(t )™ (t + dt)> =1—dp™. )

Substituting (3) and (6) into (7), we get the following expres-

sion,
Lt L, ‘J(n) (t)>.

dp(”) _ (Zd <n)> —dtz< (n) ’
3)

Based on the transition probability obtained from (8), the
occurrence of a quantum jump at each time step is determined

by generating a random number ¢ uniformly distributed in the
interval [0, 1].

If dp(™) < &, no quantum jump occurs, and the wave function
evolves according to the following expression,

[+ dt) y=[ @0 (b4 dt) ) (1 = ap™) " (ap™) < 2).
©)
If dp(™ > ¢, a quantum jump is deemed to occur. In this case,
the probabilities associated with all candidate dissipative chan-
nels are evaluated from the corresponding collapse operators and
the instantaneous state populations. A weighted random number
is then used to select the relevant collapse channel. The updated
wave function is subsequently computed as follows,

L, ‘¢(n) >/ ( (")/dt) v (dp(n) > e) .

(10)

Observables and the effective density matrix are reconstructed

via ensemble averaging over quantum trajectories. To establish

a direct mapping between wave function coefficients and den-

sity matrix elements, the wave function for each trajectory is
typically expanded in the basis as a superposition,

‘w(")(w dt)>:

M
@) = 37 e jm), (an

where 052) is the coefficient of the superposition state. The

density matrix elements resulting from trajectory averaging are
given by,

N

b = o el el (12)
n

where N represents the number of trajectories or atoms.

By employing (9) and (10), one can determine the wave
functions corresponding to the individual energy levels, from
which the density-matrix elements are subsequently computed
via (12). Notably, the probe-laser transmission spectrum consid-
ered in this work is mainly determined by the coherence term
p21. In the present direct time-domain DMF baseline, a full
MxM density matrix whereas the MCWF method propagates
an M-component wave function for each trajectory. Although
not all density-matrix elements are independent in alternative
formulations, the density-matrix state representation remains
quadratic in M, while the MCWF representation is linear in M
for each trajectory.

B. Doppler Effect Involved in the MCWF Model

For moving atoms, the detunings of both the probe and
coupling laser frequencies are subject to Doppler shifts. It is
important to note that the probe and coupling beams propagate
in opposite directions, which determines the respective signs of
the Doppler shifts in the following expressions,

2

R = A = 2Ty R = A + 2Ty )

P (&
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where v denotes the average velocity of atoms, 1, and A. are
the wavelengths of the probe and coupling laser, respectively.
Then the Doppler-averaged density matrix element po; , is given
by,

P21p = (14)

1 3vp . _ #
/ Por (AI(,"), AE’”) e "r dv.
TUp —3vyp

where v, = /2kp T /m, kp denotes the Boltzmann constant, 7'
is the environmental temperature, and m represents the atomic
mass.

Instead of discretizing (14) explicitly, the proposed MCWF
framework incorporates Doppler broadening at the trajectory
level through stochastic initialization of the atomic velocity.
Specifically, each trajectory is initialized by drawing an inde-
pendent velocity sample v from the Maxwell distribution,

1 ( 02 )
exp | ——5 |,
TUp vp
(n)

and the corresponding Doppler-shifted detuning A,

flv) = s5)
and
Agn)are then assigned according to (13). The Doppler-
broadened density matrix element ps;, is finally recovered by
ensemble averaging over velocity-resolved quantum trajecto-
ries:

N
poip = 2 S0 (R0.AW) - o (B AL, (16)

Finally, the transmission power spectrum is evaluated using
the following expression,

' —kp LCIm[p21
Poower = Plopere” ™ Clm|p D]7 (17)
where P;Z;ower is the incident laser power, k, = 27 /A, is the

wave number of the probe laser L is the propagation distance
of the probe laser in the atomic vapor; C is a system pa-
rameter defined as C' = —2Nyp2 /(0h€2,), with Ny being the
atomic abundance, g, is the dipole moment for the |1) to |2)
transition.

Compared with the present direct time-domain DMF im-
plementation, the proposed MCWF framework incorporates
Doppler broadening through trajectory-level velocity sampling,
thereby avoiding explicit velocity-grid integration in the MCWF
calculation.

III. NUMERICAL EXAMPLES AND ANALYSIS

A. Validation of MCWF Method Correctness and Benchmark
Performance

To verify the correctness and effectiveness of the proposed
MCWEF method, the atomic levels involved in Fig. 1 correspond
to the ®Rb ground state 5S; /2, the excited state 5P3/2, and
two Rydberg states 52D5/2 and 53P3/2. The Rabi frequencies
for the probe laser, coupling laser, and microwave electronic
field are setas €2, = 2m x 6 MHz, Q. = 27 x 2MHz, Q=
2m x 1 MHz, respectively. The time step is set to df = 0.01
ns, and the number of trajectories N is chosen to be 20001.
In the dissipation model, population relaxation is described
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Fig.2. Temporal evolution of state populations calculated using the DMF and
MCWEF methods.

by three effective channels, namely [2) — |1), [3) — |2), and
|4) — |1), with the corresponding rates vy, = 27 x 5kHz, v3 =
27 x 5 kHz, and 4 = 27 x 40 kHz, respectively. In addition,
to account for environment-induced broadening in warm atomic
vapor, a transit-time dephasing rate v, = 27 x 0.4 MHz and
a collision-induced dephasing rate 7y.,; = 27 x 0.2 MHz are
introduced as pure-dephasing terms associated with the Rydberg
states |3) and |4).

The initial wave function of the system is prepared in the
ground state, consistent with the theoretical assumption that,
in the absence of external perturbations, the atoms occupy the
lowest energy level. Fig. 2 presents the time evolution of the pop-
ulation probabilities computed using the Runge—Kutta method,
based on both the MCWF model and the DMF. Specifically, p11,
P22, P33 and pyy denote the diagonal density-matrix elements of
the DMF, representing the population of each energy level. In
contrast, P1, P2, P3, and P4 correspond to the state popula-
tions obtained from the MCWF method, as computed through
the stochastic evolution governed by the Schrodinger equation.
Additionally, Fig. 2 includes the total population probability for
both methods to verify the conservation of probability through-
out the temporal evolution (37, pi; and >+, P)).

Subsequently, p21, which serves as a key parameter for
calculating the EIT-AT transmission spectrum, is also calcu-
lated and shown in Fig. 3. A high degree of consistency is
observed among the results obtained from the MCWF model
and those derived from the DMF. Considering that these two
approaches are founded on distinct theoretical principles—
stochastic wave function evolution versus deterministic density
matrix dynamics—such agreement provides compelling valida-
tion of the correctness and reliability of the proposed MCWF
methodology.

Additionally, the MCWF model is applied to calculate
the Doppler-broadened EIT-AT transmission spectrum. The
microwave Rabi frequency is set to Q=27 x 25 MHz to
obtain a clearly resolved AT splitting, while the other Rabi
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Fig. 3. Temporal evolution of the imaginary part of the coherence term pa1
obtained from the DMF and MCWF methods.
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Fig. 4. Normalized comparison of the fitted EIT-AT spectra obtained using
the DMF and MCWF methods under identical physical conditions.

frequencies are kept the same as those used in Figs. 2 and 3. The
simulations are performed under room-temperature conditions
(T = 300 K), and Doppler broadening is incorporated through
stochastic velocity sampling in the MCWF approach. The probe
detuning is scanned over the range A,/27 € [—15,15] MHz
with 201 sampling points for both the DMF and MCWF meth-
ods, ensuring a consistent spectral resolution for comparison.
For the spectrum calculation, the same revised dissipation
model is used, while the relaxation rates are set to v, = 27 X
8 MHz, v3 = 2w x 3kHz,and v, = 27 x 2kHz. The additional
warm-vapor dephasing rates are kept as v, = 27w x 0.4 MHz
and 7., = 27 x 0.2 MHz, and are included in the Rydberg-
related coherences. Under the same physical parameters, the
DMF and MCWF spectra are calculated and then analyzed
using the same spectral-extraction procedure, as shown in
Fig. 4.

40 T T T T T T T

AT splitting (MHz)
a8 8 o8 4
Y

o
.
:

Reference line

’ ——DMF ]

- = =MCWF

10 15 20 25 30 35 40
QRF / 2w (MHz)

w
T
A )

(=}
w k

Fig. 5. The AT splitting (A f,) versus Qv /27.

Fig. 4 presents that the EIT-AT splitting intervals obtained
from both simulation approaches exhibit fine agreement, thereby
validating the accuracy of the MCWF model. Although discrep-
ancies are present between the MCWF model and the DMF, these
differences do not affect the correctness of the final results, as
the calculation of the microwave field amplitude depends solely
on the EIT-AT splitting intervals.

For a comparative assessment of the accuracy of the numerical
results obtained from the MCWF model and the DMF, the
amplitude of the microwave electric field was calculated using
the following equation [42]:

h
Quw=21Afo =20 DA fp, [Eyw|=——Quw (18)
Prw

where ppw denotes the transition dipole moment between
I3) and |4), and D represents the ratio of the wavelengths
of the probe laser to the coupling laser. Here, Af,, denotes
the measured frequency separation between the two EIT-AT
peaks in the spectrum, whileA f, denotes the corresponding
AT splitting after the Doppler-mismatch correction. According
to (18), Qnw = 2w x 25 MHz, the analytical amplitude is
1.145 V/m, while the DMF yields 1.151 V/m, and the MCWF
model produces a value of 1.152 V/m. These results confirm
the suitability of the MCWF model for research on microwave
electrometry based on Rydberg atoms.

Furthermore, Fig. 5 shows the linear validation of the ex-
tracted AT splitting A f, as a function of the microwave Rabi
frequency 27y /27 obtained using both the MCWF model and
the DMF. To maintain consistency with the subsequent bench-
mark settings, the MCWEF results in Fig. 5 are obtained with
N = 20001 and dt = 1 ns, while the DMF results are calculated
with N, = 401 and df = 0.05 ns. Here N, denotes the number
of velocity-grid points used to account for Doppler broadening
in the density-matrix calculation. All other physical parameters
are kept the same as those used for Fig. 4. For consistency, the
AT splitting in both the DMF and MCWEF results is extracted
using the same procedure. The black line denotes the reference

Authorized licensed use limited to: Zhejiang University. Downloaded on August 04,2026 at 06:12:23 UTC from IEEE Xplore. Restrictions apply.



384 IEEE JOURNAL ON MULTISCALE AND MULTIPHYSICS COMPUTATIONAL TECHNIQUES, VOL. 11, 2026

TABLE I
TIME-STEP SELECTION FOR AT-SPLITTING EXTRACTION UNDER FIXED
SAMPLING SETTINGS

Matnts Py g K

0.01 1.32

DMF 401 0.05 136
0.1 92.32

0.5 1.24

MCWF 20001 1 114
5 95.04

TABLE II

MATCHED-ACCURACY BENCHMARK OF THE DMF AND MCWF METHODS
AFTER TIME-STEP SELECTION

Sampling Parallel Relative

Methods  dt (ns) size runtime (s)  error (%)
DMF 0.05 401 1805.71 1.36
MCWF 1 20001 192.78 1.14

relation A f, = Qpryw /27, The results in Fig. 5 show that the
AT splittings extracted from the MCWF spectra agree well
with the DMF results and the reference relation, validating the
MCWEF-based AT-splitting extraction for subsequent microwave
electric-field estimation.

Before comparing the computational cost of the two methods,
we first verify that the fixed-step second-order Runge—Kutta
scheme is sufficient for the present AT-splitting benchmark. The
same RK2 scheme is used for both the DMF and MCWF calcula-
tions, and the time step for each method is selected according to
the convergence of the final extracted AT splitting. Under fixed
sampling sizes of N, = 401 for the DMF and N = 20001 for
the MCWF method, Table I summarizes the dependence of the
extracted AT splitting on the time step. For the DMF calculation,
increasing the time step from 0.01 ns to 0.05 ns changes the
extracted result only slightly, whereas a further increase to 0.1 ns
leads to a clear breakdown of the extraction accuracy. For the
MCWEF method, the extracted AT splitting remains stable when
the time step is increased from 0.5 ns to 1 ns, while a much larger
step of 5 ns is no longer suitable. Accordingly, the subsequent
benchmark adopts dt = 0.05 ns for the DMF and dt = 1 ns for
the MCWEF as their representative converged time-step settings.

Using the selected time steps in Table I, Fig. 6 presents the run-
time as a function of sampling size. (All runtime measurements
reported in Figs. 6 and 7 and Table II were obtained under the
same 12-core parallel computing configuration.) For the DMF

1 1000

35 — B =MCWF
2 —&—DMF | | 900
- 30001 801
< 3+ » 4800
X ! L0 %
> 25F . 2
N ! 600 §
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N 20001" 2
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3 u 1300 3
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0 IR | 1 L L | | | L s 0
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Fig. 6. Runtime versus sampling size using the selected time step for each
method.
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Fig.7. Runtime-accuracy comparison of the DMF and MCWF methods using
the selected time step for each method.

method, the runtime increases monotonically with the number
of velocity grid points N, ; for the MCWF method, the runtime
likewise increases with the number of trajectories N. Since
N, and N represent different sampling objects—velocity-grid
discretization in the DMF and stochastic trajectory sampling
in the MCWF—they are shown using separate vertical axes in
the same figure, with runtime used as the common horizontal
axis. This comparison provides a transparent view of how the
computational cost increases with sampling resolution for the
two implementations.

To compare the two methods in a common metric space,
Fig. 7 further plots the relative error of the extracted AT splitting
as a function of runtime. The results show that increasing the
sampling size reduces the extraction error for both methods.
More importantly, in the low-error regime relevant to the present
benchmark, the MCWF method reaches comparable extraction
accuracy with a substantially shorter runtime than the DMF
implementation. This indicates that, for the present direct time-
domain transient benchmark, the MCWF method provides a
favorable runtime—accuracy trade-off.
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Fig. 8. Atomic reception process based on Rydberg atoms.

Table II gives a representative matched-accuracy comparison
based on the results in Fig. 7. With df = 0.05 ns and N,, = 401,
the DMF calculation yields a relative AT-splitting error of 1.36%
with a parallel runtime of 1805.71 s. In comparison, with df =
1 ns and N = 20001, the MCWF calculation yields a relative
error of 1.14% with a parallel runtime of 192.78 s. Thus, under
comparable extraction accuracy, the MCWF implementation
requires an approximately 9.36 times shorter runtime than the
present direct time-domain DMF baseline.

Under the same physical model, observable definition, AT-
splitting extraction procedure, and 12-core parallel computing
configuration, the benchmark results in Table II quantify the
runtime—accuracy trade-off for the direct time-domain transient
simulations considered in this work. This controlled comparison
provides a consistent basis for evaluating the computational per-
formance of the two implementations in the present simulation
task.

B. Simulation and Application in Microwave Communication
Signal Reception

Reference [12] discusses the advantages of the radio receiver
system based on Rydberg atoms. Beyond its capability to detect
weak signals, the system also enables self-demodulation of the
received signals [11]. As illustrated in Fig. 8, an amplitude-
modulated (AM) signal is generated by modulating the carrier
amplitude (CA), where the carrier frequency is resonant with
the atomic energy levels |3) and |4) as shown in Fig. 1, using a
baseband signal. This modulated signal is delivered to the atomic
vapor cell through a horn antenna. The interaction between the
modulated signal and the Rydberg atoms will alter the absorp-
tion properties of the system to the probe laser. By analyzing
and processing the transmission spectrum of the probe laser
detected by a photodetector, the original baseband signal can
be retrieved. In this subsection, these reception processes are
used as representative time-domain signal-recovery examples
to further demonstrate the applicability of the proposed MCWF
framework. The atomic and driving-field parameters used in this
subsection are kept consistent with those used in the AT-splitting
calculation in Section III-A. To focus on the representative time-
domain signal-recovery process, the additional transit-time and
collision-induced dephasing rates are set to y; = Y., = 0 MHz
in these simulations.

In the context of numerical simulations for the reception of
signals based on Rydberg atoms, two simulation strategies can be
adopted. The first strategy involves detecting the amplitude of the
transmission spectrum at zero detuning to obtain the baseband
signal directly. This method eliminates the need for laser fre-
quency scanning, thereby improving computational efficiency.
However, the extracted signal amplitude does not exactly corre-
spond to the original input signal amplitude. The second strategy
extracts the signal by measuring the separation between the two
peaks in the EIT-AT transmission spectrum. The baseband signal
amplitude at any given time can then be determined using (18).
Compared to the first approach, this method requires scanning
the laser frequency, which reduces computational efficiency.
Nevertheless, it enables precise determination of the baseband
signal amplitude at each moment.

In the first numerical simulation scheme, the proposed MCWF
model is employed to simulate the detection and reception of
signals with three distinct waveform types. The correspond-
ing results are shown in Fig. 9(a)—(c), where the black solid
line represents the input baseband signal, the blue solid line
corresponds to the experimental measurements, and the red
dashed line indicates the numerical simulation. The simulated
results for the sine, square, and triangular AM signals show
good agreement with the experimental data, thereby support-
ing the applicability of the MCWF model for representative
time-domain signal recovery. It is worth noting that the input
and received signals in Fig. 9 exhibit a phase inversion. This
behavior originates from the zero-detuning detection scheme.
Near zero detuning, the detected signal corresponds to the probe
transmission around the center of the EIT resonance. As the
microwave field increases, the EIT resonance undergoes stronger
AT splitting, and the spectral weight shifts from the center toward
the two side peaks. Consequently, the transmission amplitude at
the zero-detuning point decreases as the microwave-field am-
plitude increases, leading to an approximately inverted received
waveform.

Additionally, the MCWF model is employed to simulate the
reception of a 30-bit 8-ary amplitude-shift keying (§ASK) signal
using the second simulation strategy. The results are presented
in Fig. 10, where the input signal is shown alongside the received
signal obtained from the MCWF simulation. As illustrated, the
received waveform closely matches the input, demonstrating
that the MCWF framework can recover the baseband symbol
sequence in this representative time-domain task. These results
further confirm its effectiveness as a reliable numerical simu-
lation tool for modeling microwave electric field detection and
reception based on Rydberg atom systems.

C. Numerical Verification of MCWF Convergence in
Multi-Level Models

To examine whether the convergence requirement of the
MCWF method varies with the number of energy levels M the
same physical parameters and numerical settings as those used
in Figs. 2 and 3 are adopted. Equivalent models with M = 2, 3,4
are constructed by setting the couplings and decay parameters
associated with higher levels to zero, thereby ensuring that
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Fig. 9. Reception of AM signals in a Rydberg atom-based receiver system.

(a) Sine wave AM signal (50 Hz), (b) Square wave AM signal (100 Hz),
(c) Triangular wave AM signal (100 Hz).

results obtained for different M are directly comparable within
a unified framework.

Under the zero-detuning condition A, = 0, the density ma-
trix reconstructed from MCWEF trajectories is comparison with
the DMF reference solution. Over the same evolution time
T = 50 ns the numerical integration result of the DMF method
for the master equation is taken as the reference solution. Using
identical physical parameters and time-sampling points, the
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Fig. 10.  Results of Rydberg atoms receiving a 30-bit 8ASK signal.

TABLE III
RELATIVE ERROR (%) OF MCWF FOR DIFFERENT ENERGY LEVEL NUMBERS
M AND TRAJECTORY NUMBERS N

N M=2 M=3 M=4
8001 0.69 0.51 0.73
16001 0.41 0.28 0.19
20001 0.18 0.12 0.10

number of trajectories N in MCWF is then swept, and the agree-
ment between MCWF and DMF is quantified by the relative
error err in percentage.

1/2
MCWF __ pDMFH2

112

err = x 100

19)
T2l P

Table III reports the resulting errors for M = 2, 3,4 at dif-
ferent values of N. As N increases, the error exhibits an over-
all decreasing trend. At the representative trajectory number
N = 20001 used in this work, the errors for M = 2, 3,4 are
all small and remain at a comparable level. Therefore, under the
parameter regime and error metric considered here, the MCWF
reconstruction shows consistent agreement with the DMF refer-
ence solution for the tested energy-level numbers. This indicates
that, within the tested range, the trajectory number required to
reach a fixed accuracy does not show a pronounced dependence
on M, suggesting that the MCWF sampling requirement is
approximately independent of the number of levels.

IV. CONCLUSION

Efficient transient simulation of Doppler-broadened thermal-
vapor Rydberg microwave sensors is important for system-
level design and parameter optimization, yet DMF solvers of-
ten become computationally expensive when velocity-resolved
averaging and fine time stepping are required. This paper
presents an MCWEF-based trajectory framework, where open-
system dynamics are modeled through stochastic quantum
trajectories rather than the full ensemble density matrix. By
replacing density-matrix propagation with a trajectory-based
wave-function representation, the proposed framework reduces
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the state dimension of each propagated sampling object from
quadratic to linear scaling with the number of levels. Mean-
while, Doppler broadening is incorporated through Maxwell-
distributed velocity sampling at trajectory initialization, avoid-
ing explicit velocity-grid integration in the MCWF calculation
while retaining the underlying thermal-ensemble physics.

Benchmark studies indicate that the proposed MCWF ap-
proach agrees with DMF for the considered observables, in-
cluding population dynamics, optical coherence, fitted EIT-AT
spectra, and extracted AT splittings. After time-step selection,
the MCWF implementation achieves comparable AT-splitting
extraction accuracy with an approximately 9.36 times shorter
runtime than the present direct time-domain DMF baseline.
These results demonstrate the computational benefit of the
MCWEF framework for the direct time-domain transient simula-
tion considered in this work. The framework is further applied to
representative time-domain signal-recovery scenarios, including
reception and baseband symbol recovery of 8-ASK signals.

Overall, the MCWF framework provides a computation-
ally scalable simulation tool for dynamic Rydberg-atom-based
microwave sensing and quantum reception, facilitating faster
parameter sweeps and design exploration. Future work may
include adaptive strategies for trajectory sampling and time
stepping, extensions to more complex multilevel schemes and
vector-field sensing configurations, and systematic validation
against experimental measurements across broader operating
conditions.
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