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Abstract—Quantum sensing using Rydberg atoms offers
unprecedented opportunities for next-generation radar systems,
transcending classical limitations in miniaturization and spec-
tral agility. This work proposes a quantum-enhanced radar
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reception architecture that replaces conventional antenna-to-
mixer chains with a centimeter-scale vapor cell as a quantum
radio frequency (RF) field sensor and mixer, enabling this
paradigm for radar sensing. This approach is based on elec-
tromagnetically induced transparency, which uses Autler-Townes
splitting to enable direct RF-to-optical downconversion within
the atomic medium via an external co-frequency reference.
To circumvent the range-resolution limitation imposed by the
narrow instantaneous response of the atomic receiver, we adopt a
stepped-frequency synthesis strategy involving the hybrid manip-
ulation of Rydberg energy states. This strategy combines coarse
laser frequency tuning with fine AC-Stark shift compensation.
Additionally, we establish a nonlinear response model of the
Rydberg atomic homodyne receiver and propose a customized
nonlinear compensation method that extends the linear dynamic
range by over 7 dB. We developed a compressive sensing-
based algorithm (CS-Rydberg) to suppress noise and mitigate
the undersampling problem. Experimentally, we demonstrate a
compact prototype that achieves centimeter-level ranging preci-
sion (RMSE = 1.06 cm) within 1.6–1.9 m. By synthesizing a 1-GHz
equivalent bandwidth via sparse stepped-frequency sampling
over 2.6–3.6 GHz, we observe resolvable target separations
down to 15 cm under controlled sparse scenarios. These results
validate the feasibility of quantum sensing based on Rydberg
atomic receivers and underscore the architecture’s scalability.
By harnessing the atoms’ ultra-broad spectral response, the
synthesized bandwidth can extend well beyond the current range.
This enables sub-centimeter resolution in future radar systems
while preserving quantum-traceable calibration and a highly
simplified front end.

Index Terms—Quantum sensing, Rydberg atomic receiver,
radar ranging, homodyne detection, nonlinear response.

I. INTRODUCTION

BY USING quantum coherence to overcome classical
detection constraints, quantum sensing has revolution-

ized precision measurement [1], [2]. This method allows
microwave electrometry with remarkable sensitivity and spec-
tral coverage when used for electromagnetic field detection,
which is crucial for next-generation radar systems [3], [4].
However, there are inherent trade-offs between bandwidth,
sensitivity, and miniaturisation in conventional radar systems.
Multiple distinct receiver front-ends and processing modules
for distinct bands are required for frequency agility, which
greatly increases system complexity. Large-aperture antennas
are necessary for high-sensitivity reception while still being
limited by the thermal noise floor [5]. For ranging applications,
which are essential to contemporary remote sensing and Earth
observation, these restrictions become severely restrictive. The
main explanation is that the system bandwidth determines
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TABLE I
COMPARISON OF CLASSICAL MICROWAVE RECEIVER AND RYDBERG

ATOMIC RECEIVER

the achievable range resolution. Additionally, there are strict
requirements for integration density and sensitivity when
deploying on platforms with limited space and load, such as
satellites [6]. Therefore, it is essential to investigate new radar
reception designs that can get around these basic limitations
[7].

Rydberg atomic microwave electrometry, an innovative
advancement in quantum sensing, establishes a novel frame-
work for electromagnetic field detection [8]. Rydberg atomic
sensors employ alkali metal atoms (such as caesium or rubid-
ium) that are driven to highly sensitive Rydberg states using
coherent laser stimulation. These sensors have been experi-
mentally demonstrated to possess sensitivities about equal to
nV ·cm−1 ·Hz−1/2 [9], [10]. Theoretically, there exists at least
one further order of magnitude of expansion potential to sur-
pass the thermal noise threshold of traditional receivers. The
response frequency range can be adjusted from DC to terahertz
without the need for component replacement. Rydberg atom
sensing can be self-calibrated by the inherent characteristics of
the atoms. Simultaneously, it can be compactly incorporated
within a vapor cell of less than one centimetre. Furthermore,
in contrast to high-frequency classical antennas that intrin-
sically demonstrate significant directionality, Rydberg-based
sensors possess a virtually omnidirectional response through-
out the whole electromagnetic spectrum [11]. A comparison
between the classical microwave receiver and the Rydberg
atomic receiver is summarized in Table I. The fundamental
detecting method, utilising electromagnetically induced trans-
parency (EIT) and Autler-Townes (AT) splitting, facilitates
concurrent radio frequency (RF)-to-optical conversion and
coherent mixing, devoid of the conventional electronic noise
and distortion associated with standard receivers. It facilitates
integrated measurement capabilities for intensity quantification
[8], precise frequency discrimination [12], polarisation analy-
sis [13], [14], and phase-sensitive detection [9], [15], [16], all
within a cohesive, coherent physical framework. The Rydberg
atomic sensor has garnered considerable interest as a pivotal
device poised to transform traditional microwave electrometry
regarding sensitivity, dimensions, and spectrum agility.

Advancements in remote sensing utilising Rydberg atomic
receivers are underway. Experimental validations thus far
have shown atomic sensing capabilities for detecting moving

targets [19], determining angle of arrival [20], positioning with
multiple base stations [21], implementing digital beamforming
[22], and facilitating communication amidst dynamic radar
interference [23]. However, substantial challenges remain
in their practical application for radar ranging tasks. The
reception frequency of Rydberg atoms can be continuously
adjusted across the entire band. However, the intrinsic response
bandwidth within a single EIT window is generally less
than 10 MHz, constrained by the atomic lifetime limitations
[24], [25]. No studies have reported methods anticipated
to overcome this limitation. The theoretical radar resolution
is constrained to approximately 15 meters, which does not
satisfy the fundamental requirements for applications [26].
Studies have investigated continuous frequency detection capa-
bilities in the presence of external electromagnetic fields
[27], [28]. However, existing methodologies exhibit signif-
icant sensitivity deterioration at frequencies deviating from
atomic resonance. A recent study introduced a theoretical
framework for Rydberg atomic radar ranging utilising linear
frequency modulation (LFM) signals [29]. Nonetheless, the
chirp bandwidth employed remains confined to a narrow EIT
response window, which does not satisfy the resolution and
sensitivity demands of practical radar applications. The engi-
neering feasibility of the study requires further demonstration.
To our knowledge, there has been no reported comprehensive
experimental verification of Rydberg-based radar ranging. The
architectural design, engineering implementation, response
modelling, and data processing algorithms of the Rydberg
atomic radar represent significant research gaps.

This paper presents a new radar architecture that combines
Rydberg atomic homodyne detection with a stepped-frequency
waveform strategy, utilising quantum sensitivity benefits and
addressing the inherent resolution limitations. This study
presents a calibration and ranging algorithm framework that
addresses the challenges posed by the unique characteristics of
atomic receivers, including atomic nonlinear responses, spatial
local oscillator (LO) multipath effects, and system sensitivity
in practical implementations. This study’s main contributions
are summarised below.
• We develop a novel radar sensing framework based on a

Rydberg atomic receiver. By leveraging laser frequency
tuning and AC-Stark-effect-based fine adjustment, the
atomic reception mechanism enables the detection of
stepped frequency continuous waveform (SFCW) signals,
facilitating synthesized wideband sensing from discrete
frequency points. This framework is inherently scalable
to higher bandwidths and increased frequency-domain
sampling density.

• We establish an analytical nonlinear response model for
Rydberg atomic homodyne receivers. Building on the
model, we propose a dedicated nonlinear compensation
technique to achieve rapid phase correction, improving
linear dynamic range by over 7 dB.

• Addressing sensitivity challenges unique to Rydberg
atomic radar, we introduce a dedicated compressive-
sensing-based algorithm framework, called CS-Rydberg.

• To the best of our knowledge, we are the first to
implement a compact ranging system based on a Rydberg
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atomic receiver. Experimental results demonstrate
centimeter-level ranging precision (RMSE = 1.06 cm)
in the range of 1.6-1.9 m, with an observable resolution
down to 15 cm for sparse targets under controlled
conditions.

II. SYSTEM MODEL

A. Stepped-Frequency Signal Model

High-resolution ranging requires a large effective RF
bandwidth. In contrast to conventional receivers, the
Rydberg-atomic receiver provides ultra-sensitive field-to-
optical transduction but exhibits an intrinsically narrow
instantaneous response centered around an atomic transition.
This unique “narrowband-yet-tunable” characteristic moti-
vates a frequency-synthesis strategy rather than a physical
broadening of the atomic response. Specifically, the SFCW
strategy does not extend the instantaneous EIT–AT bandwidth.
Instead, the receiver remains narrowband at each dwell and
is tuned near resonance with the current single-tone carrier.
The equivalent wideband response is obtained by coher-
ently accumulating the complex measurements over multiple
stepped frequencies, so that the target-delay information is
reconstructed from the frequency-dependent phase evolution
across the synthesized frequency aperture. To synthesize a
wide effective bandwidth while confining the atomic receiver
to its narrow instantaneous response window, we adopt a
SFCW waveform in which the transmitter radiates a sequence
of single-tone carriers. Over one sweep, the transmitted signal
is expressed as

s(t) =

K∑
k=1

E0
SIG · rect

(
t− tk − Tk/2

Tk

)
× exp[j (2πfkt+ φk)] , (1)

where t is time, K is the number of frequency points in one
sweep, fk is the k-th carrier frequency, Tk is the dwell time
spent at fk, and tk =

∑k−1
i=1 Ti denotes the start time of the

k-th dwell. The function rect(x) equals 1 for |x| ≤ 0.5 and 0
otherwise, ensuring that only the k-th tone is active during
its dwell. The constant E0

SIG denotes the transmitted field
amplitude referenced to the receiver plane before propagation
losses are applied, and φk is the initial phase of the k-th tone
at the transmitter. Importantly, we do not require {fk}Kk=1 to
be uniformly spaced. In our system, the available reception
frequencies are constrained by quantum-state-selective atomic
resonances and fine tuning, so the stepped grid is naturally
non-uniform.

After propagation and reflection from the scene, the RF field
arriving at the vapor cell is the superposition of echoes from
M paths, modeled as

ERX(t) =
K∑
k=1

M∑
m=1

ηmE
0
SIG rect

(
t− τm − tk − Tk/2

Tk

)
× exp[j (2πfk(t− τm) + φk)] , (2)

where ηm is the complex attenuation of the m-th path such
as capturing path loss, reflection coefficient, and any fixed
phase offset not explicitly modeled elsewhere, and τm is the

corresponding two-way delay. For a specular reflection from a
target at range Rm, the delay is τm ≈ 2Rm/c, where c is the
speed of light. The form exp[−j2πfkτm] makes explicit that
the range information is encoded as a frequency-dependent
phase rotation. This is precisely why the SFCW paradigm is
used for ranging.

To enable coherent phase-sensitive reception at each stepped
frequency without relying on a wideband electronic mixer
chain, a co-frequency LO field is radiated toward the vapor
cell as a phase reference. The LO field at the cell is modeled
as

ELO(t) =
K∑
k=1

E0
LO · rect

(
t− τLO − tk − Tk/2

Tk

)
× exp[j (2πfk(t− τLO) + φLO,k)] , (3)

where E0
LO is the LO field amplitude at the cell, τLO = D/c

is the (one-way) propagation delay from the LO horn to the
cell with fixed distance D, and φLO,k is the initial phase of
the LO at the k-th tone. The LO path is designed to be short
and stable so that τLO is constant and calibratable. In practice,
the echo and LO tones are generated from the same RF
synthesizer, so their relative phase is stable within each dwell
(φLO,k ≈ φk). The total RF field that drives the atomic sensor
is therefore Etot(t) = ERX(t) + ELO(t), and the subsequent
receiver model will map this composite field into an optical-
domain observable for ranging.

B. Rydberg Atomic Receiving Model

The receiver front-end is a four-level ladder-type Cs-133
system that converts an incident RF electric field into an
optical-domain observable through EIT and AT splitting. As
shown in Fig. 1(a), a weak probe laser at 852 nm couples the
ground state |1〉 = 6S1/2 to the intermediate state |2〉 = 6P3/2

with Rabi frequency Ωp, while a strong coupling laser at
509 nm drives |2〉 → |3〉 = nD5/2 with Rabi frequency Ωc.
This optical ladder establishes an EIT window in the probe
transmission, which provides a narrow and highly sensitive
transduction channel. The incident RF field couples the Ryd-
berg state |3〉 to a nearby state |4〉 with an RF Rabi frequency
ΩRF, producing AT splitting whose magnitude depends on the
RF field strength.

The quantum dynamics of the driven and dissipative four-
level system are described by the Lindblad master equation
formulated as

ρ̇ = − j
~

[H, ρ] +
∑
q

γq

(
LqρL

†
q −

1

2
{L†qLq, ρ}

)
, (4)

where ρ is the 4 × 4 density matrix, j is the imaginary unit,
~ is the reduced Planck constant, and [H, ρ] = Hρ − ρH
denotes the commutator. The operators Lq represent dissipa-
tive channels and γq are the corresponding rates, which include
spontaneous decay on the optical transition |2〉 → |1〉 with
rate γ21 and effective decoherence of the Rydberg manifold
summarized by γ3. Under the rotating-wave approximation
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Fig. 1. Energy-level diagrams and ranging methods of the proposed system (DM: dichroic mirror. PD: photodetector). (a) A four-level structure enables
single-frequency signal reception via EIT and AT splitting. Multi-frequency reception is achieved by switching Rydberg states through laser frequency tuning.
(b) The frequency hopping of the signal is synchronized with the laser frequency tuning, ensuring that both the echo signal and the LO field are resonantly
received and coherently downconverted to a DC optical readout. (c) Continuous frequency tunability is realized using an additional far-detuned field.

(RWA), the bare Hamiltonian without the far-detuned tuning
field is written as

H(0) =
~
2

 0 Ωp 0 0

Ω∗
p −2∆p Ωc 0

0 Ω∗
c −2(∆p+∆c) ΩRF

0 0 Ω∗
RF −2(∆p+∆c+∆

(0)
RF )

 ,
(5)

where Ωp and Ωc are the probe and coupling Rabi frequencies,
ΩRF is the RF Rabi frequency on the |3〉 ↔ |4〉 transition, and
∆p, ∆c, and ∆

(0)
RF are the corresponding detunings from the

bare transitions. When the far-detuned tuning field is applied
during the k-th dwell, it does not enter the off-diagonal RF
coupling term as an additional resonant signal. Instead, after
eliminating its rapidly oscillating component, its leading-order
contribution is a diagonal AC-Stark shift of the Rydberg states.
The effective Hamiltonian used at the k-th dwell is therefore

Hk = H(0) + ~ diag (0, 0, δ3,k, δ4,k) , (6)

where δ3,k and δ4,k are the AC-Stark-induced angular-
frequency shifts of states |3〉 and |4〉, respectively. For a
far-detuned tuning field, they can be approximated as

δi,k =
αi(ωtuning)

4~
|Etuning,k|2 , i = 3, 4, (7)

where αi(ωtuning) is the dynamic polarizability of state |i〉 at
the tuning-field angular frequency ωtuning, and Etuning,k is the
tuning-field amplitude at the k-th dwell. In the experiments,
the probe and coupling lasers are frequency-stabilized and
operated near two-photon resonance so that ∆p ≈ 0 and
∆c ≈ 0 at the selected Rydberg state, which maximizes the
EIT contrast and yields a well-defined operating point.

The RF drive entering (5) is produced by the total incident
RF field at the cell, Etot(t) = ERX(t) + ELO(t) defined in
Section II-A. Since (5) is formulated under the RWA, the RF

coupling term is determined by the slowly varying complex
envelope rather than the fast carrier oscillation. Assuming the
dwell time Tk is sufficiently long compared to the propagation
delays (Tk � τm, τLO), the envelopes of the LO and echo
signals overlap substantially. Thus, during the effective dwell
interval, the near-resonant total RF field at the cell can be
approximated as

Etot(t) ≈
K∑
k=1

Ẽtot,k rect
(
t− tk − Tk/2

Tk

)
exp(j2πfkt) ,

Ẽtot,k = ẼLO,k + ẼRX,k, (8)

where Ẽtot,k is the complex envelope that captures the coher-
ent superposition between the LO and the echo at the stepped
carrier fk. Using (2)–(3), one may equivalently write

ẼRX,k =
M∑
m=1

ηmE
0
SIG exp[j (φk − 2πfkτm)] ,

ẼLO,k = E0
LO exp[j (φLO,k − 2πfkτLO)] . (9)

Accordingly, in the RWA Hamiltonian (5), the RF Rabi
frequency is determined by this envelope and is effectively
constant within each dwell denoted as

ΩRF(t) =
K∑
k=1

ΩRF,k rect
(
t− tk − Tk/2

Tk

)
,

ΩRF,k =
d34

~
Ẽtot,k, (10)

where d34 is the effective electric dipole matrix element
between |3〉 and |4〉.

As described in (6) and (7), its leading-order effect in
the far-detuned regime is to produce diagonal Stark shifts of
the Rydberg states. The relevant quantity for RF reception
is the differential Stark shift between |3〉 and |4〉, which
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changes the effective transition frequency. Specifically, the
|3〉 ↔ |4〉 transition frequency is formulated as

f34,k = f
(0)
34 + ∆f34,k,

∆f34,k =
δ4,k − δ3,k

2π
=
αAC

4h
|Etuning,k|2 , (11)

where f (0)
34 is the unperturbed transition frequency, αAC is the

differential AC polarizability relevant to the |3〉 and |4〉 pair,
and h is Planck’s constant. For the k-th stepped tone at
frequency fk, the RF detuning in (5) is expressed as

∆RF,k = 2π(fk − f34)

= 2π
(
fk − f (0)

34 −∆f34

)
, (12)

and is piecewise constant over the sweep written as

∆RF(t) =
K∑
k=1

∆RF,k rect
(
t− tk − Tk/2

Tk

)
. (13)

In operation, the tuning-field amplitude is synchronised with
the SFCW dwell such that f34(Etuning,k) ≈ fk, ensuring
the atomic transition stays resonant with the instantaneous
stepped carrier. Therefore, ∆RF,k captures only the residual
detuning error, while the range-dependent phase is encoded
by the propagation term exp(−j2πfkτm) in (2), which is
the basis of the SFCW ranging reconstruction. By treating
AC-Stark tuning as a detuning control, the receiver response
can be described within a single unified quantum framework.

The optical readout is obtained from the probe coherence
ρ21, because the induced polarization on the probe transition
is proportional to ρ21 and directly determines probe absorption
and dispersion. Under the weak-probe approximation, the
electric susceptibility at the probe frequency can be expressed
in the standard form modeled as

χ(t) =
N |d21|2

ε0~
ρ21(t)

Ωp
, (14)

where N is the atomic number density, d21 is the dipole matrix
element of the |1〉 ↔ |2〉 transition, and ε0 is the vacuum
permittivity. The probe transmission through a vapor cell of
length L is then described by Beer–Lambert propagation, and
the normalized transmitted probe power can be written as

Tprobe(t) ,
Pout(t)

Pin(t)
= exp

[
−kpL Im

(
χ(t)

)]
, (15)

where Pin(t) and Pout(t) are the incident and transmitted
probe powers, kp = 2π/λp is the probe wavenumber with
probe wavelength λp = 852 nm, and Im(χ) is proportional to
Im(ρ21). The photodetector converts the transmitted optical
power into an electrical signal formulated as

iPD(t) = RPD Pout(t) + in(t), (16)

where RPD is the photodetector responsivity and in(t) repre-
sents the aggregate detection noise, including shot noise and
technical noise. In the proposed system, the stepped-frequency
RF excitation is synchronized with laser tuning and AC-Stark
control such that, within each dwell interval, the parameters
in (4)–(16) can be treated as quasi-static. Consequently, one
can associate each frequency point fk with a corresponding

time-averaged detector output sample extracted from iPD(t),
which serves as the input observable for subsequent coherent
ranging reconstruction.

III. PROPOSED RYDBERG ATOMIC RANGING SCHEME

A. High-Resolution Rydberg Atomic Sensing

The frequency agility of Rydberg atomic homodyne receiver
originates from quantum state-selective RF reception governed
by EIT windows. However, the intrinsic narrow instantaneous
bandwidth of Rydberg transitions severely limits ranging
applications, as the range resolution fundamentally depends
on the transmitted signal bandwidth given by

∆r =
c

2B
, (17)

where c is the speed of light and B represents the effective
bandwidth. This necessitates a frequency-hopping scheme
across multiple Rydberg transitions to synthesize GHz-level
bandwidth, enabling narrowband reception while achieving
broadband-equivalent resolution.

For each frequency point, the transmitter radiates a single-
tone carrier during a dwell interval of duration Tk as modeled
in (1). Meanwhile, the atomic receiver is configured such that
its effective reception frequency matches the transmitted tone
by selecting the Rydberg transition and applying AC-Stark
tuning. Specifically, for the k-th dwell, the tuned transition
frequency is fRX,k = f

(0)
34 + ∆f34,k with ∆f34,k controlled

by the far-detuned field Etuning, and the RF detuning in (5)
becomes ∆RF,k = 2π(fk − fRX,k). This design ensures that
∆RF,k can be kept close to zero at each point, so that the
receiver operates near a well-defined, high-sensitivity working
point while the overall sweep spans a wide effective bandwidth
that determines the achievable range resolution.

At the vapor cell, the incident RF field is the coherent sum
of the echo field ERX(t) and the local-oscillator field ELO(t)
defined in (2) and (3), yielding Etot(t) = ERX(t) + ELO(t).
Through (10), this composite field drives the Rydberg transi-
tion with RF Rabi frequency ΩRF(t) = (d34/~)Etot(t). The
quantum dynamics governed by (4)–(5) determine the probe
coherence ρ21(t), which sets the optical susceptibility χ(t)
via (14) and thus the transmitted probe power through (15).
The photodetector converts the transmitted probe power into
an electrical current iPD(t). Within each dwell, the system is
operated in a quasi-static regime in which the laser parameters,
the tuning field, and the scene-induced delays can be treated
as constant over Tk, so the receiver output can be summarized
by a single sample extracted from iPD(t) by time averaging or
synchronous demodulation over the dwell interval.

To recover phase information required for ranging, quadra-
ture homodyne reception is implemented by using two LO
phase biases separated by 90◦ at the same carrier frequency
fk. During the k-th dwell, define the complex RF Rabi
envelopes at the vapor cell as ΩLO,k , (d34/~)ẼLO,k and
ΩRX,k , (d34/~)ẼRX,k. Applying an LO phase bias ϕ
amounts to ΩLO,k → ΩLO,ke

jϕ, and the composite drive
magnitude that enters the quasi-static atomic transduction can
be written as

Ω
(ϕ)
tot,k ,

∣∣∣ΩLO,ke
jϕ + ΩRX,k

∣∣∣ . (18)
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After averaging over Tk, the photodetector output at that bias
can be summarized as a nonlinear mapping of this magnitude
formulated as

z̄(ϕ)
k ≈ Sk

(
Ω

(ϕ)
tot,k; ∆RF,k

)
+ n

(ϕ)
k , (19)

where Sk(·) is the effective RF-to-optical transduction induced
by the atomic medium under the operating configuration of
the k-th point. Because AC-Stark control actively maintains
∆RF,k ≈ 0 and the optical readout is an intensity measure-
ment, the dominant dependence near the working region is on
the magnitude Ω

(ϕ)
tot,k.

Writing ΩRX,k = Ake
jθk with Ak ≥ 0 and θk being the

LO-referenced echo phase, and assuming the echo is weak
relative to the LO, Ak � |ΩLO,k|, the magnitude in (18)
admits a first-order expansion expressed as

Ω
(ϕ)
tot,k ≈ |ΩLO,k|+Ak cos(θk − ϕ). (20)

Linearizing the nonlinear mapping in (19) around the LO bias
point is written by

z̄(ϕ)
k ≈ Sk(|ΩLO,k|; 0) + κk Ak cos(θk − ϕ) + n

(ϕ)
k ,

κk ,
∂Sk(Ω; 0)

∂Ω

∣∣∣∣
Ω=|ΩLO,k|

. (21)

A reference measurement with the echo path blocked removes
the constant background term Sk(|ΩLO,k|; 0), yielding observ-
ables ∆z(ϕ)

k = z̄(ϕ)
k − z̄(ϕ)

LO,k that satisfy

∆z(ϕ)
k ≈ κk Ak cos(θk − ϕ) + ñ

(ϕ)
k . (22)

Choosing ϕ = 0 and ϕ = π/2 therefore produces the
canonical quadratures proportional to cos θk and sin θk, which
is denoted as

Ik = κk Ak cos(θk) + nI,k, (23)
Qk = κk Ak sin(θk) + nQ,k. (24)

Here Ak collects the echo-induced RF coupling magnitude
at fk, which includes the reflection coefficient, propagation
loss, and any frequency-dependent path effects. κk is the local
small-signal responsivity determined by the operating point of
the atomic transduction. When Ak is not small compared to
|ΩLO,k|, or when Sk(·) is not locally linear over the induced
perturbation range, higher-order terms neglected in (20) and
in the Taylor expansion of Sk(·) lead to gain compression
and distortion, which motivates the nonlinear compensation
developed in Section III-B.

The additive noise terms nI,k and nQ,k collect all fluc-
tuations in the extracted in-phase and quadrature channels,
including fundamental quantum noise and technical noise
introduced by the practical readout chain. In the present
room-temperature vapor-cell implementation, the measured
baseband readout is in a technical-noise-limited regime. The
dominant contributions arise from laser intensity and fre-
quency noise transferred through the optical transduction,
residual amplitude modulation in the optical readout, elec-
tronic noise in the photodetector and acquisition chain, and
environmental RF interference [30]. These effects are broad-
band and can exceed the expected quantum-noise floor under
the current operating conditions [9].

For completeness, we include a lower-bound estimate of
the photodetector shot-noise floor. For a detected probe power
PPD and photodetector responsivity RPD, the shot-noise-
limited current spectral density is written by

iSN =
√

2qRPDPPD , (25)

where q is the electron charge.
In (23) and (24), the phase θk represents the relative

propagation phase between the echo and the LO References
at frequency fk. For a single dominant reflection at range R
with two-way delay τ = 2R/c, and an LO reference path of
length D with delay τLO = D/c, the phase is expressed as

θk = −2πfkτ + 2πfkτLO + ∆φ+ φsys(fk), (26)

where ∆φ is the initial phase offset between the transmit-
ted/echo branch and the LO branch, and φsys(fk) represents
any residual frequency-dependent phase contributed by the
experimental system, including cable delays, antenna phase
centers, and atomic readout latency, that is stable across
sweeps and can be calibrated. Writing λk = c/fk, (26) is
equivalent to θk = −4πR/λk + 2πD/λk + ∆φ + φsys(fk),
consistent with a two-way ranging phase term plus a one-way
LO reference term.

Combining (23)–(24) yields a complex measurement at each
stepped frequency written by

yk , Ik + jQk ≈ κkAkejθk + wk, (27)

where wk = nI,k+ jnQ,k. Since the LO reference delay τLO is
fixed and known, it is convenient to remove this deterministic
phase by defining ỹk = yk exp[−j2πfkτLO], which leads to

ỹk ≈ κkAk exp

[
−j

4πfk
c

R

]
× exp[j(∆φ+ φsys(fk))] + w̃k. (28)

For general scenes with M paths at ranges {Rm}Mm=1, (28)
extends to a superposition model formulated as

ỹk ≈
M∑
m=1

bm,k exp

[
−j

4πfk
c

Rm

]
+ w̃k, (29)

where bm,k absorbs the path-dependent complex
amplitude and any slowly varying system phase term.
Equations (28)–(29) show that ranging reduces to estimating
delays/ranges from the frequency-dependent phase rotation
of ỹk across the stepped grid {fk}, while κk and Ak
primarily modulate the amplitude. This separation motivates
the subsequent nonlinear compensation that stabilizes κk
across states and tuning conditions, and it also motivates
phase-focused ranging reconstruction methods that are robust
to amplitude fluctuations.

Given {ỹk}Kk=1, a continuous matched-filter range profile
can be formed as

p(r) =

∣∣∣∣∣
K∑
k=1

ỹk exp

(
j
4πfk
c

r

)∣∣∣∣∣ , (30)

which reduces to an inverse discrete Fourier transform when
{fk} are uniformly spaced. The achievable range reso-
lution is primarily set by the effective swept bandwidth
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B = fmax − fmin through ∆r ≈ c/(2B), while the detailed
sidelobe structure depends on the specific frequency place-
ment and the weighting implicit in κkAk. For algorithmic
implementation, we discretize the range axis into a grid
r = [r1, . . ., rNr

]T and define the complex measurement
vector y = [ỹ1, . . ., ỹK ]T . The one-dimensional ranging model
can then be expressed as

y = Φx + w, Φ(k, n) = exp

(
−j

4πfk
c

rn

)
, (31)

where x ∈ CNr represents the complex range reflectivity
profile on the grid and w is the noise vector. This linear
model, together with the physics-informed calibration of κk
and the non-uniform stepped grid induced by quantum-state
selection and AC-Stark tuning, forms the basis for the nonlin-
ear compensation and the one-dimensional ranging algorithm
developed in the subsequent sections. To make this calibration
and stabilization practical over the synthesized band, the next
subsection derives a simple physically grounded local model
of the atomic transduction around the operating point and uses
it to construct an efficient inverse mapping for compensation.

B. Nonlinearity Compensation

The ranging model in Section III-A is built on the fact
that, at each stepped frequency point fk, the Rydberg atomic
receiver provides phase-sensitive I/Q samples whose phase
encodes the delay (range) through θk in (23)–(24). This model
implicitly assumes that the receiver responsivity κk is well-
defined and that the extracted I/Q samples are proportional
to the LO–echo interference term. In a Rydberg atomic
homodyne receiver, however, the mixing and downconversion
do not occur in an electronic multiplier but are generated
by the atomic medium itself, so the photodetected output
is a nonlinear function of the composite RF Rabi frequency
Ωtot ∝ |ELO + ERX| as governed by the master equation (4).
Consequently, the measured time-averaged detector outputs
at each dwell, denoted generically as Īk and Q̄k before
compensation, are more accurately described by a nonlinear
mapping written as

Īk ≈ Sk
(

Ω
(0◦)
tot,k ; ∆RF,k

)
+ nI,k,

Q̄k ≈ Sk
(

Ω
(90◦)
tot,k ; ∆RF,k

)
+ nQ,k, (32)

where Sk(·) represents the quasi-static RF-to-optical transduc-
tion at the k-th operating point, which includes the selected
Rydberg state, laser parameters, and Doppler-broadened
thermal effects. ∆RF,k is the effective RF detuning that
already includes the AC-Stark tuned reception frequency,
and nI,k, nQ,k denote the post-detection noise terms. The
composite amplitudes Ω

(0◦)
tot,k and Ω

(90◦)
tot,k correspond to the two

LO phase biases used to form quadratures. When the echo
is sufficiently weak relative to the LO, one may linearize
Sk(·) around the LO working point, and the slope of this
mapping becomes the effective responsivity κk that appears
in (23)–(24).

To support an analytically invertible effective model for
Sk(·), we specialize the master-equation transduction to the

weak-probe, steady-state, near-resonant regime targeted at
each step (∆p = ∆c = 0 and ∆RF,k ≈ 0). In this limit,
the probe coherence ρ21 is linear in Ωp and is obtained by
solving a set of linear steady-state equations for the relevant
coherences, where the RF coupling enters only through the
composite drive magnitude Ωtot ∝ |ELO + ERX|.

Under the weak-probe, steady-state, and near-resonant con-
ditions, ρ11 ' 1, ρ22, ρ33, ρ44 ' 0, ∆p = ∆c = 0, and
∆RF,k ≈ 0. Here, γ21, γ31, and γ41 denote the effective deco-
herence rates of the corresponding coherences. Eliminating the
upper-state coherence gives

ρ41 =
jΩtot

2γ41
ρ31, γ31,eff = γ31 +

Ω2
tot

4γ41
.

Solving the remaining steady-state coherence equations then
yields

ρ21 =
jΩp/2

γ21 +
Ω2

c

4γ31,eff

.

Because the probe response is determined by Im(ρ21), the
RF-induced baseline-subtracted response satisfies

∆S(Ωtot) ∝ Im[ρ21(Ωtot)− ρ21(0)] ∝ Ω2
tot

Ω2
tot + Γ2

coh

,

Γ2
coh = 4γ31γ41 +

γ41

γ21
Ω2

c . (33)

Equation (33) directly establishes the quadratic weak-RF
dependence and strong-RF saturation of the optical response.
The reduced scale Γcoh is introduced only to establish the
physical origin of the rational form and is not directly identi-
fied with the experimentally calibrated parameter Γ below.

In practice, three coupled mechanisms make this lin-
earization imperfect over a wide synthesized band. The
intrinsic nonlinearity of Sk(·) causes amplitude-dependent
gain compression. The optimal working point varies with
the addressed Rydberg transition because the dipole moment
scales approximately as n2, and the far-detuned AC-Stark
tuning field changes ∆RF,k and can also modify the effective
linewidth through power broadening and thermal averaging.
If left uncompensated, these effects distort the I/Q amplitudes
and may introduce frequency-dependent phase bias through
unequal nonlinear compression in the two quadratures, ulti-
mately degrading the range estimate that relies on the phase
evolution across {fk}.

A direct remedy would be to compute Sk(·) from (4) with
all experimental parameters and then invert it point-by-point.
Although rigorous, this approach is impractical for real-time
calibration because numerical integration of the density-matrix
dynamics is computationally expensive, accurate values of
atomic/laser/environmental parameters are difficult to obtain,
and nonideal effects in thermal vapor cells can make first-
principles predictions mismatched to the measured response.
We therefore adopt an analytical approximation that preserves
physical interpretability while being simple enough to calibrate
and invert efficiently. In the quasi-static regime, the Lindblad
dynamics (4)–(5) define a steady-state mapping from the RF
drive to the probe transmission through ρ21 and (14)–(15).
Under the intended operating condition with ∆p = ∆c = 0
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and ∆RF,k ≈ 0, the near-resonant RF coupling primarily
modifies the EIT/AT feature through an effective broadening
and splitting whose scale is set by the composite RF Rabi
magnitude Ωtot ∝ |ELO + ERX|. After thermal averaging
in a vapor cell, finite laser linewidth, and other technical
broadenings, the measured dependence of the normalized
time-averaged probe transmission on Ωtot becomes smooth
and symmetric around the working region, so its dominant
behavior can be captured by a two-parameter Lorentzian-type
saturation curve. This effective form preserves the key property
required for ranging, namely that the small-signal responsivity
is the local slope around the LO bias point, while avoiding
repeated density-matrix simulations during calibration and
compensation.

Accordingly, the baseline-subtracted normalized probe
response is represented by the following calibrated Lorentzian-
type saturation model:

S(Ωtot) = A

(
1− Γ2

Ω2
tot + Γ2

)
, (34)

where S(Ωtot) denotes the normalized time-averaged probe
response, A is its saturation amplitude, and Γ is the effec-
tive characteristic RF-Rabi-frequency scale of the measured
nonlinear response.

For an ideal homogeneous four-level model under the weak-
probe, steady-state, and resonant conditions, the analytical
treatment gives [9]

A =
αγ21Ωp

γ2
21 + 2Ω2

p

,

where γ21 is the effective decoherence rate of the optical
coherence and α collects the atomic-density, transition-dipole,
optical-path, and response-normalization factors. In the same
ideal model,

Γ =
2
√

2 Ωp√
Ω2

c + Ω2
p

ΓEIT,

ΓEIT =
Ω2

c + Ω2
p

2
√
γ2

2 + 2Ω2
p

, (35)

where γ2 is the effective decoherence parameter of the
intermediate state. These ideal expressions establish the phys-
ical parameter dependence of the model. In the present
thermal-vapor implementation, Doppler averaging, finite laser
linewidths, additional decoherence, AC-Stark-induced spectral
modification, optical losses, and photodetection gain alter
the measured amplitude and characteristic scale. Therefore,
A and Γ are treated as effective parameters and calibrated
experimentally under the corresponding operating conditions.

The responsivity follows directly by differentiating (34):

κ(Ωtot) =
∂S

∂Ωtot
=

2AΓ2Ωtot

(Ω2
tot + Γ2)

2 . (36)

Setting ∂κ/∂Ωtot = 0 gives the optimal operating point
Ωtot = Γ/

√
3. This directly explains why the LO power must

be carefully chosen: too weak an LO reduces the slope and
degrades sensitivity, whereas too strong an LO pushes the

receiver into a compressed region where the slope decreases
and higher-order nonlinearities become prominent. Over a
synthesized wide band, the effective Ωtot at the cell varies with
frequency because the selected Rydberg transition changes the
dipole matrix element and because the AC-Stark tuning field
modifies the operating point through ∆RF,k. Consequently, a
fixed LO setting cannot maintain a constant κk across all fk,
and the raw I/Q samples extracted from the photodetector are
not directly comparable across the grid.

To obtain a computationally efficient compensation rule
that remains physically grounded, we calibrate a Lorentzian-
type response function in the vicinity of the optimal LO
at each operating configuration. The calibration uses three
experimentally accessible quantities at the maximum-slope
point: the corresponding composite Rabi frequency Ωmax,
the signal value Smax = S(Ωmax), and the maximum gain
κmax = κ(Ωmax). The quantity Ωmax is determined from the
AT splitting of the EIT spectrum, where the measured peak
separation ∆f provides an SI-traceable estimate of the RF
coupling strength. The linewidth parameter follows from the
extremum condition of (36), yielding Γ =

√
3 Ωmax, and the

amplitude factor is obtained as A = 8κmaxΩmax/3. Substi-
tuting these relations into (34) yields a calibrated nonlinear
response around the working region written as

S(Ωtot) =
8κmaxΩmaxΩ2

tot

3(Ω2
tot + 3Ω2

max)
+ Smax −

2κmaxΩmax

3
, (37)

which captures the dominant nonlinearity without requiring
repeated density-matrix simulations. Because (37) is mono-
tonic in Ωtot over the operating region, it admits an efficient
inverse mapping S−1(·) that converts a measured probe signal
back to an equivalent composite Rabi frequency, enabling
real-time linearization. The compensation is applied to the
time-averaged mixed outputs (Īk, Q̄k) and to the correspond-
ing LO-only reference outputs (ILO,k, QLO,k) to remove both
the nonlinear distortion and the LO background, producing the
compensated quadratures denoted as

Ik = S−1(Īk)− S−1(ILO,k), (38)

Qk = S−1(Q̄k)− S−1(QLO,k). (39)

After applying (38)–(39), the compensated I/Q samples satisfy
the linear homodyne ranging model (23)–(24) with a stabi-
lized effective responsivity across the stepped-frequency grid,
thereby mitigating frequency-dependent gain compression and
the associated phase distortions that would otherwise corrupt
one-dimensional ranging. In addition, (35) implies that when
the coupling-Rabi-frequency variation across the grid satisfies
∆Ωc � Ωp, the resulting Γ is approximately proportional to
ΓEIT, so a single calibration of this proportionality constant can
be reused to rapidly determine near-optimal LO settings across
multiple frequency points, which simplifies multi-frequency
operation under AC-Stark tuning.

C. Ranging Algorithm for Rydberg Atomic Homodyne
Receivers

After obtaining the compensated quadratures via (38)–(39),
each stepped-frequency point fk provides a complex baseband
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sample sk = Îk + jQ̂k whose phase carries the propagation
delay information. In an ideal dense-sampling SFCW radar,
one could directly apply a non-uniform Fourier transform
(NUFFT) across {fk} to form a range profile. In the present
quantum-receiver setting, however, two practical constraints
motivate a reconstruction method that is robust to both under-
sampling and non-Gaussian perturbations. First, the frequency
grid {fk}Kk=1 is fundamentally constrained by quantum-state-
selective reception and tuning, so the number of usable
sampling points K can be far smaller than that required
by conventional matched filtering to suppress sidelobes and
grating lobes. Second, unlike conventional coherent receivers,
where mixing is implemented using an electronic multiplier,
the LO field in a Rydberg receiver propagates through free
space and may undergo multipath reflections. Together with
technical noise sources, these effects can introduce outlier
components that deviate from the Gaussian assumption typ-
ically used in standard least-squares ranging.

To make the reconstruction problem explicit, we discretize
the range axis on a grid r = [r1, . . ., rNr ]T and represent the
reflectivity profile on that grid by x ∈ CNr . The compensated
measurements across the non-uniform grid are collected into a
vector s = [s1, . . ., sK ]T ∈ CK . Under the single-scatterer or
sparse-multipath assumption, the ranging model can be written
in the standard linear form

s ≈ Φx + w, (40)

where w denotes the aggregate residual noise after preprocess-
ing, and the measurement matrix Φ ∈ CK×Nr is constructed
as

Φ(k, n) = exp

(
−j

4πfkrn
c

)
. (41)

Here c is the speed of light. Deterministic phase terms that are
independent of target range (such as stable hardware delays
and fixed reflection/branch offsets) are treated as calibration
factors and are removed in preprocessing, so that (41) captures
only the propagation-induced phase progression versus fk.
With this formulation, one-dimensional ranging reduces to
estimating x from s given a potentially sub-Nyquist number
of frequency samples K.

The key reason for adopting compressive sensing is that,
under sparse scenes, x is approximately sparse on the range
grid, while the mapping (40) remains linear. In our controlled
ranging experiments, the scene is sparse, and the non-uniform
frequency sampling imposed by quantum-state selection leads
to strong sidelobes and spurious peaks when directly applying
NUFFT methods under limited K. By enforcing sparsity, com-
pressive sensing suppresses the undersampling artefacts that
would otherwise obscure the true peaks, thereby improving
robustness and peak detectability under the current sampling
constraints. When the scene is not sparse, conventional dense
sampling or alternative regularized inversions would be more
appropriate. The CS-Rydberg formulation is therefore targeted
at sparse ranging scenarios and at regimes where the num-
ber of frequency points is limited by the current prototype
implementation.

In addition to undersampling, robustness to outliers is
critical. The preprocessing stage in Algorithm 1 first applies

Algorithm 1 CS-Rydberg Ranging Algorithm
Require: Non-uniform frequency grid {fk}Kk=1

Require: I/Q signals I,Q ∈ RK×Ns

Require: LO reference ILO,QLO ∈ RK×Ns

Require: Range grid r = [r1, . . ., rNr ]T

Require: Huber param δ, tolerance ε
Ensure: Range profile pCS

1: s← zeros(K) // Initialize signal vector
2: for k ← 1 to K do
3: Ĩk ← medfilt(Ik, 50) // Median filter (impulse noise)
4: Q̃k ← medfilt(Qk, 50)
5: Īk ← mean(Ĩk) // Temporal averaging
6: Q̄k ← mean(Q̃k)
7: ĪLO,k ← mean(ILO,k)
8: Q̄LO,k ← mean(QLO,k)
9: // Nonlinear compensation (S−1)

10: Îk ← S−1(Īk)− S−1(ĪLO,k)
11: Q̂k ← S−1(Q̄k)− S−1(Q̄LO,k)
12: sk ← Îk + jQ̂k
13: s[k]← sk
14: end for
15: Φ←BuildMeasurementMatrix(fk, rn) // Eq.(41)
16: x← SolveOptimization(Φ, s, δ, ε) // Eq.(42)
17: pCS ← |x|
18: pCS ← pCS/max(pCS) // Normalization
19: return pCS

median filtering along the samples within each dwell to
remove impulsive disturbances, which can arise from occa-
sional LO multipath and measurement glitches. Temporal
averaging then increases the effective SNR before nonlinear
correction. The nonlinear compensation S−1(·) is applied prior
to differencing the LO-only reference because subtraction in
the raw detector domain does not commute with the nonlinear
atomic response. This step restores a field-proportional quan-
tity and is required for the linear model to be meaningful
across the stepped grid. After compensation, we retain the
complex samples sk so that the linear forward model remains
valid, and any residual amplitude variation across {fk} is
treated as model mismatch and absorbed into w.

The sparse reconstruction is then performed by solving a
Huber-regularized constrained optimization

min
x

Nr∑
n=1

φδ(|xn|),

s.t. ‖Φx− s‖2 ≤ ε, (42)

where ε is a noise tolerance and φδ(·) is the Huber function

φδ(z) =


z2

2δ
, |z| ≤ δ,

|z| − δ

2
, |z| > δ.

(43)

The Huber penalty is used here as a smooth surrogate that
transitions from a quadratic penalty near zero to an `1-like
penalty for larger magnitudes, which provides a convenient
sparsity-promoting regularizer for x. The final range profile is
obtained as pCS = |x| followed by normalization.
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Fig. 2. Overview of experimental radar framework. (a) Rydberg atomic homodyne receiver, (b) and (c) experimental setup. The SIG field and LO field are
generated from the same RF source to maintain long-term phase coherence and power-split. The SIG field is amplified by an amplifier and transmitted toward
the target via a horn antenna. The LO field passes through a phase shifter to adjust its initial phase difference relative to the SIG field, and is then optimized
in amplitude via an attenuator before propagating toward the atomic vapor cell through another horn antenna. The tuning field is generated by a separate RF
source and directed toward the vapor cell. On the receiver side, the probe laser and coupling laser counter-propagate and overlap through the vapor cell, and
their transmitted lasers are collected by photodetector and recorded by oscilloscope. In the experimental setup, the targets are two 400 mm diameter aluminum
circular plates mounted on displacement stages with a 500 mm travel range.

TABLE II
RYDBERG TRANSITION FREQUENCIES AND MEASURED PARAMETERS

IV. EXPERIMENTAL RESULTS

A. Experiment Implementations

The primary element of the system is a cylindrical Cs-133
vapor cell measuring 5 cm in length and 2.5 cm in diameter.
Experiments are performed in a microwave anechoic chamber
to mitigate environmental electromagnetic interference and
multipath effects. Fig. 1(b) and Fig. 2 (b) and (c) demonstrate
that a 852 nm probe laser excites atoms from the ground
state 6S1/2 to the intermediate state 6P3/2, with its fre-
quency stabilised through saturated absorption spectroscopy.
A 509 nm coupling laser excites atoms to Rydberg states
with principal quantum numbers ranging from n = 58 to
64. The probe and coupling lasers propagate in opposite
directions and overlap within the vapor cell to reduce Doppler
broadening. The probe laser functions at a power of 50 µW
and has a beam waist of approximately 1.0 mm, whereas
the coupling laser operates at 30 mW with a beam waist of
around 1.3 mm. Both lasers feature linewidths below 1 MHz,
and their beams are aligned to overlap near the center of
the vapor cell in a counter-propagating configuration. The
coupling laser’s dynamic frequency tuning is accomplished
through mechanical adjustments of the piezoelectric actuator
in the laser’s external cavity, enabling selective alignment
with Rydberg transitions at S-band frequencies. The transitions
utilised in the experiments are presented in Table II. The

measured transition frequencies are calibrated prior to each
experiment and may exhibit slight deviations from nominal
values. These shifts are primarily attributed to the AC-Stark
effect induced by the strong coupling laser and LO fields,
as well as residual laser locking offsets. We compensate
these systematics by using in-situ calibrated frequencies during
signal synthesis, which largely removes the apparent shifts.
The maximum frequency interval between adjacent steps is
173 MHz, corresponding to a maximum unambiguous radar
range of approximately 0.87 m.

The stepped-frequency waveform is synthesized by a vector
signal generator (1466H-V, Ceyear) with 8 non-uniform fre-
quency steps. These frequencies are initially calculated using
the Alkali Rydberg Calculator (ARC) [31] and experimentally
calibrated to ensure resonance. For each target frequency, we
first estimate the required AC-Stark shift using ARC and
then experimentally fine-tune the tuning-field intensity around
the theoretical estimate to maximize the homodyne readout
response at that frequency. Under stable system conditions,
the dwell time of each frequency step does not affect one-
dimensional range profiling. Thus, dwell times are maximized
to ensure frequency and power stability after laser retuning.
As shown in Fig. 2(a), both the SIG field and LO field
are generated by the same vector signal generator and split
via a power divider to maintain a common time reference
and LO coherence over extended periods. The signal path
is amplified and transmitted toward the target via a horn
antenna. The LO path passes through a voltage-controlled
phase shifter to generate in-phase and quadrature components,
followed by an attenuator to optimize LO power levels across
frequency steps. A far-detuned RF field (2 GHz), generated
by a secondary RF source, operates at frequencies far from
the Rydberg resonance. High-frequency electric field tuning
is adopted to avoid low-frequency shielding effects caused by
Rydberg atom adsorption on the vapor cell walls, which would
otherwise induce standing waves and phase measurement
errors in homodyne detection. This approach also mitigates
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insertion loss variations from phase shifter and attenuator
adjustments. All three RF fields (SIG, LO, and tuning fields)
employ identical linearly polarized antennas (LB-20180-SF),
with the LO polarization aligned parallel to the coupling
laser polarization. These broadband horns feature a frequency-
dependent 3-dB beamwidth of E-plane 85

◦
–19

◦
and H-plane

77
◦
–18

◦
over 2–18 GHz. Geometrically, the SIG antenna is

boresighted toward the target to maximize illumination, while
the LO antenna is boresighted toward the vapor cell. In both
paths, the target and cell are positioned within the antenna
main lobe to ensure a well-defined RF incidence geometry.
The horn antenna has a maximum aperture dimension of
13 cm, yielding a far-field boundary distance of approximately
23 cm at 2 GHz. The reason for employing a high-frequency
electric field for continuous frequency tuning, rather than a
magnetic field [32] or a DC electric field [33], is that devices
placed in close proximity to the vapor cell tend to reflect elec-
tromagnetic waves. Such reflections exacerbate insertion-loss
variations during phase-shifter adjustments, thereby increasing
phase-measurement errors. Additionally, the LO field path
maintains a distance of 45 cm from the vapor cell to ensure
far-field conditions. The echo signal modulates the Rydberg
atomic energy levels, altering the transmission intensity of
the probe laser. This perturbation is down-converted to the
DC baseband through homodyne detection, captured by a
photodetector (PDA36A2, Thorlabs), and recorded using a
digital oscilloscope (Tektronix MSO56B). Two aluminum cir-
cular plates (diameter: 400 mm) serve as ranging targets,
mounted on parallel displacement stages to provide adjustable
distances. The absolute distance is measured from the antenna
aperture plane using a laser rangefinder (±3 mm accuracy).
The measured distance consists of three segments: R1, the
distance from the aperture of the SIG antenna to the target,
R2, the distance from the target to the region where the laser
beams overlap, and D, the distance from the aperture of the
LO antenna to the target. The target range is then defined as
R = 1/2(R1+R2−D), which cancels the phase shift induced
by the vapor-cell medium and corrects for any offset between
the antenna phase center and the mechanical reference.

Pre-experimental calibration of the optimal LO power is
based on the method in Section III-B by adjusting the
attenuator of the LO path. Resonant frequencies at optimal
power are individually determined to account for AC-Stark
shifts caused by the LO field, ensuring optimal alignment
of atomic transitions across the frequency steps. Additionally,
the orthogonality of the I/Q components is calibrated using a
vector network analyzer (Ceyear 3657A), recording the phase
shifter input voltages corresponding to 0◦ and 90◦ phase
differences between the LO and SIG fields. The frequency-
dependent insertion losses of the SIG and LO RF chains
were also characterized using the VNA, and the attenuation
settings were adjusted at each frequency step so that the
powers referred to the horn-input planes were maintained at
approximately −10 dBm for the SIG path and −6 dBm for
the LO path. To ensure phase stability, electronic components
and cables (bending-induced phase variation ≤ 0.1◦/GHz)
are rigidly fixed to minimize mechanical disturbances during
operation.

To isolate the contribution of each processing module under
the same severe sampling constraint as the experiment, we
additionally perform a simulation-based ablation study with
parameters tied to the measured system. We use the same
K = 8 non-uniform carrier set {fk} as in Table II (effective
bandwidth B = fmax − fmin ≈ 0.94 GHz), and reconstruct
the range profile on a grid rn ∈ [0, 5] m. Following the signal
model in Sec. III, the per-tone complex measurement vector
s ∈ CK is formed from the simulated I/Q baseband outputs
after the same preprocessing chain, and the sensing matrix
Φ ∈ CK×N is constructed as Φ(k, n) = exp(−j4πfkrn/c).
The scene consists of a dominant reflector at Rtrue = 2.0 m
and a weak delayed multipath component at Rmp = 2.2 m
with amplitude ratio α = 0.30. Correlated per-tone phase jitter
is modeled as an AR (1) process (ρ = 0.92, σcorr = 0.20 rad,
σiid = 0.05 rad). Impulsive disturbances are included by
adding spike outliers with probability pspk = 0.20 and ampli-
tude Aspk = 1.10 (normalized units), in addition to Gaussian
noise with standard deviation σ = 0.01. Monte Carlo statistics
are obtained from NMC = 250 trials.

B. Experimental Results

Fig. 3 (a) shows the measured probe transmission as a
function of the applied RF electric field under four conditions:
1) no RF, 2) LO only, 3) signal + LO in-phase, and 4) sig-
nal + LO in quadrature. The transmission curves highlight the
response of the Rydberg receiver. In the absence of any RF
(no RF), the probe laser transmission remains at its baseline
level (the natural EIT transmission with no perturbing field).
With only the LO field applied, the transmission shifts due to
the AT-splitting from the LO, establishing a bias point on the
atomic resonance. When an echo signal is added in-phase (0◦

out of initial phase with the LO), the total RF field amplitude
increases. Conversely, adding the signal in quadrature (90◦

out of initial phase with the LO) produces a larger net change
in transmission. This is because, under these conditions, the
echo signal undergoes stronger cross-interference with the
LO, resulting in a larger perturbation of the atomic medium
and a more pronounced change in transmission. The in-phase
and quadrature outputs can be used to reconstruct the echo
signal incident on the atomic vapor cell. Using the LO-
background-subtracted I/Q data, the coherent amplitude and
combined RMS noise were evaluated as As =

√
∆I2 + ∆Q2

and σn =
√
σ2
I,SIG+LO + σ2

Q,SIG+LO + σ2
I,LO + σ2

Q,LO,
respectively, yielding a pre-reconstruction baseband SNR of
20 log10(As/σn) ≈ 24.4 dB at 3.225 GHz. Fig. 3 (b) shows
the variation of the spectral transmission under resonant con-
ditions as a function of the applied electric field strength. The
experimental data (markers) are in excellent agreement with
the theoretical EIT-based model (solid curves), which predicts
a saturating response as the RF field increases. Deviations
between experiment and theory grow progressively at very
low and very high fields, owing to AC-Stark-induced shifts in
the resonance frequency, which detune the probed transition
from resonance. The inset depicts the spectrum recorded at
the optimal LO bias. Compared with the results reported in
[9] and [34], the corresponding field values shown here are
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Fig. 3. Experimental demonstration of the Rydberg atomic receiver and its nonlinear response principle. (a) Spectra under conditions of no RF field (blue
curve), LO field only (red curve), in-phase LO and SIG fields (yellow curve), and quadrature-phase LO and SIG fields (purple curve). The transmission
value at resonance is taken as the output of the Rydberg atomic receiver. (b) Transmission versus electric field under resonant conditions. Experimental data
are shown as red circles. Error bars represent 1σ standard errors obtained from 3 measurements. The blue curve shows theoretical calculations based on
Eq. (37). The inset displays the AT splitting spectrum under optimal LO conditions and its position in the transmission-electric field relation. (c) Intrinsic
gain coefficient of the Rydberg atomic receiver versus electric field strength. The black curve is the derivative of interpolated experimental data from (b) after
Gaussian smoothing. The red curve shows the derivative of the theoretical curve in (b) according to Eq. (36).

smaller, likely due to additional Doppler-broadening effects.
Crucially, the derivative of the transmission with respect to the
electric field, also shown in Fig. 3(c), illustrates the receiver’s
gain. This derivative (dT /dE) peaks at an intermediate field
amplitude, indicating an optimal operating point where the
atomic medium is most sensitive to small changes in E. At
low fields, the slope is initially small (the atoms are in the
linear regime of response). As the LO bias raises the operating
point, the slope increases, reaching a maximum gain where
the system responds most strongly to the signal. Beyond this
point, the slope decreases, as the Rydberg atoms saturate and
additional field produces diminishing changes in transmission.
This gain saturation is a direct consequence of the atomic
population approaching the upper state limit (once a signif-
icant fraction of atoms are already excited by the combined
LO+SIG field, the transparency can no longer change linearly
with further field increase). Physically, this behavior mirrors
a classical receiver’s amplifier saturation, manifested in the
optical domain via EIT. From this fit, one can extract an
estimated maximum incremental gain of the atomic receiver.
For example, the peak derivative corresponds to a gain of
approximately 213 a.u. of transmission per V/m (arbitrary
units), achieved at an RF field around E ≈ 3.7 mV/cm. This
confirms that the receiver operates optimally in a certain field
range, and outside this range, sensitivity drops.

After determining the receiver’s amplitude response, we
proceed to assess its capability to accurately measure RF
phase. In a homodyne system, the output is contingent upon
the phase difference between the SIG and LO, expressed as
Vout ∝ cos(∆φ) for the in-phase channel, while the quadrature
channel exhibits a sin(∆φ) dependence. The LO phase is
incrementally adjusted in steps of π/6, maintaining a constant
signal amplitude for testing purposes. The output of the
receiver, indicating changes in optical transmission, is recorded
for each relative phase. The nonlinear amplitude response
of the atomic sensor, illustrated in Fig. 4, necessitates the
application of a calibration curve or nonlinear compensation to
transform the raw transmission changes into a linearised output

Fig. 4. Internal phase-readout calibration under a controlled LO phase
sweep. Blue squares show the raw demodulated output of the Rydberg-
atomic homodyne receiver as the LO phase is stepped in π/6 rad increments
at a fixed signal amplitude. Red circles indicate the output revised by the
nonlinear response of Eq. (36). The yellow dashed curve corresponds to a
cosine function fitted to the red circles, with R2 = 99.89%.

that is proportional to the effective RF field. Fig. 4 illustrates
the normalised receiver output in relation to the LO phase shift
following the compensation process. The data points closely
align with a cosine function, represented by the solid fitted
curve. The cosine fit exhibits a coefficient of determination
R2 = 99.89%, signifying a nearly perfect alignment with
the anticipated cos relationship. This illustrates two significant
aspects: 1) The Rydberg receiver exhibits a repeatable relative-
phase dependence under controlled LO phase sweeps, and
2) the in-phase and quadrature components of the signal are
appropriately orthogonal and balanced. The LO phase sweep
results in a cosinusoidal variation of the in-phase channel
output, with no leakage of the quadrature component. A 90◦

phase shift in the LO causes the receiver output to traverse
the complete sinusoidal cycle, indicating the existence of a
corresponding quadrature channel if measured. The near-unity
R2 and the lack of distortion in Fig. 4 indicate that the atomic
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Fig. 5. Linearity and dynamic range of the Rydberg atomic homodyne receiver under: (a) coherent enhancement, and (b) coherent cancellation conditions.
Blue circles represent the raw demodulated output, red circles represent the output after nonlinear compensation, and the yellow dashed line is a linear fit to
the small-signal regime. In (a), the uncorrected linear dynamic range is 31.10 dB, extending to 39.30 dB after compensation. In (b), it is 30.00 dB uncorrected
and 37.24 dB with compensation. In both cases, a dynamic range improvement of over 7 dB is achieved after nonlinear compensation.

Fig. 6. Performance analysis of the proposed signal processing framework. (a) One-dimensional range profile comparison showing that the proposed
CS-Rydberg algorithm (blue curve) significantly suppresses sidelobes and artifacts compared to the conventional NUFFT method (green curve). (b) Ablation
study revealing the contribution of each processing stage. The full CS-Rydberg framework (orange curve) is compared against configurations omitting median
filtering (NoMedian), omitting nonlinearity compensation (NoComp), using L1-like regularization, and the baseline matched filter (MF). This validates that
both preprocessing and nonlinearity compensation are critical for high-quality reconstruction.

mixer functions as an ideal IQ demodulator for small signals,
effectively converting the RF field’s phase into a measurable
optical output. Minor deviations from the ideal cosine, with
data points closely aligning to the fitting curve and maximum
deviations less than 1%, can be ascribed to experimental
uncertainties, including residual amplitude modulation and
inadequate compensation for the nonlinear response. These
results confirm that phase coherence is preserved during the
atomic detection process, with the interference between the
LO and SIG within the vapor cell producing a stable and
repeatable phase-dependent output. This capability is essential
for applications such as interferometric sensing or coherent
radar, as it allows the Rydberg receiver to operate similarly to
a traditional coherent detector, delivering both amplitude and
phase information of the RF field.

Fig. 5 evaluates the receiver’s linearity and dynamic range
by plotting the demodulated output Vout versus equivalent

input voltage under two phase conditions: (a) coherent
enhancement of the SIG field with the LO field, and (b) coher-
ent cancellation. In both instances, the LO field is maintained
at a high-sensitivity bias point, while the SIG field, cali-
brated using a vector network analyzer, is varied from the
system noise floor to saturation. In the small-signal regime,
both the raw output and the predistorted output align with
a yellow dashed linear fit, confirming that Vout ≈ κEsig.
Outside this region, the slope diverges from the reference
line as a result of atomic-saturation-induced compression,
and at elevated inputs, the output approaches a plateau. The
coherent-enhancement case shows that the uncorrected linear
dynamic range is approximately 31.10 dB, which increases
to 39.30 dB after nonlinear compensation, resulting in a gain
of 8.20 dB. In the coherent-cancellation scenario, the initial
range is approximately 30.00 dB, which increases to 37.24 dB
with compensation, resulting in a 7.24 dB enhancement.
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Fig. 7. Single-target relative displacement and ranging repeatability experimental results. The target plate is translated on a motorized stage from 1.60 m to
1.90 m in 0.05 m increments. A reference measurement at 1.90 m is used once to estimate and remove a constant range-origin bias introduced by static system
delays, and the same offset is applied to all other distances. (a) Ranging results for six target positions in a single measurement run, and (b) Summary of
five independent measurement runs. The horizontal axis denotes the true target distance, and the vertical axis shows the ranges measured by the radar system
based on Rydberg atomic homodyne receiver. Error bars represent ±1σ standard error from five measurements. The system achieves a root mean squared
error (RMSE) of 1.06 cm and maximum measurement deviation of 2.3 cm.

TABLE III
ABLATION RESULTS

Consequently, compensation increases the usable dynamic
range by over 7 dB in both scenarios, encompassing over two
orders of magnitude in input amplitude. The lower limit of
each range is determined by the system’s noise floor, primarily
influenced by laser noise, detector noise, and atomic projection
noise, which establishes the minimum detectable signal.

Following the characterization of the receiver’s baseband
performance, radar ranging experiments were performed to
assess its practical capabilities using a straightforward bistatic
configuration, where the Rydberg atomic receiver detects
echoes from a metal plate positioned at approximately 1.80 m.
All reported distances correspond to the averaged two-way
path lengths post-processing, with the LO propagation distance
subtracted. Fig. 6(a) illustrates the one-dimensional range
profile, where the conventional NUFFT method (green curve)
reveals a primary peak at 1.72 m. While the peak width
aligns with the theoretical resolution of 15 cm, the slight
ranging offset arises from effective phase-center drift and
cumulative path errors. More critically, the profile suffers
from significant spurious peaks due to insufficient frequency
sampling and multipath effects. In contrast, the CS-Rydberg
algorithm (blue curve) effectively suppresses these undersam-
pling artifacts, improving target clarity. To rigorously validate
the processing architecture, Fig. 6(b) and Table III present
an ablation study analyzing metrics such as Mean Absolute

Error (MAE), Root-Mean-Square Error (RMSE), and Peak-to-
Sidelobe Ratio (PSLR). The quantitative results demonstrate
that CS-Rydberg substantially outperforms the matched-filter
baseline. Specifically, removing the median prefilter increases
vulnerability to impulsive disturbances (resulting in large
RMSE), while omitting nonlinearity compensation degrades
the profile by elevating sidelobes. Furthermore, replacing the
sparsity promotion with an `2 penalty fails to suppress the
sampling artifacts, confirming the necessity of the full pro-
posed framework for robust detection.

Consequently, given the present experimental conditions,
validating the ability of Rydberg atoms to conduct direct
ranging through absolute phase measurements is not feasi-
ble. Ranging is accomplished through a singular calibration
process to ascertain the relative positional offset. This study
assesses the accuracy and repeatability of relative displacement
measurements of a target. A metallic reflector is displaced
across seven specified distances, varying from 1.60 m to
1.90 m in increments of 5 cm. Five independent ranging mea-
surements are conducted at each position utilising the Rydberg
atomic homodyne receiver. A single reference measurement
at 1.90 m is used once to estimate the constant range-origin
offset, and the same offset is then applied uniformly to all
other distances, rather than adjusting each trace individually.
Fig. 7(a) presents the one-dimensional range profiles derived
from a single independent set of measurements at six target
positions, excluding the calibration point at 1.90 m. Each
measurement consistently demonstrates a distinct echo peak
at the established target distances. Residual sidelobes and
spurious peaks remain because the eight-point non-uniform
frequency grid produces a non-ideal range point-spread func-
tion, while coherent multipath and LO leakage, together with
residual frequency-dependent response and phase-calibration
errors, introduce additional model mismatch. Fig. 7(b) illus-
trates the average measured distance in relation to the actual
distance, where each data point denotes the mean of five trials,
and error bars represent ±1 standard deviation. The findings
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Fig. 8. Dual-target resolution experiment results. Two target plates are placed
within the transmit beam and mounted on motorized stages: one plate fixed at
1.90 m, the other translated from 1.65 m to 1.80 m in 5 cm increments. When
restricting the ranging window to 1 to 2.5 m, two distinct peaks corresponding
to the true target positions are observed for the separation cases of 25 cm,
20 cm and 15 cm. For the separation case of 10 cm, the two peaks merge and
are not consistently resolvable under sparsity constraints. This indicates an
achievable target separation of 15 cm in sparse scenarios.

demonstrate high measurement accuracy, consistently match-
ing true distances with deviations of less than 3 cm across the
full tested range of 1.60 to 1.85 m. The average discrepancy
between the measured and true distances is −0.08 cm, sug-
gesting that the system demonstrates minimal systematic bias.
The root-mean-square error (RMSE) of the measurements is
1.06 cm. The data presented in Fig. 7 provide strong evidence
for the feasibility of utilising quantum sensors in practi-
cal remote sensing applications, indicating that measurement
capability remains uncompromised by the atomic medium.

We conduct a dual-target resolution test using two metallic
reflectors to experimentally verify the range resolution capa-
bility of the Rydberg atomic radar. One target is positioned
at approximately 1.90 m, while the other is affixed to a
movable stage that enables precise adjustments in distance
relative to the radar sensor. The movable reflector is initially
set at 1.65 m, creating a target separation of 25 cm. The
second target is subsequently moved incrementally closer,
from 1.65 m to 1.80 m in 5 cm increments. At each distance, a
one-dimensional range profile is reconstructed using the CS-
Rydberg algorithm. The limited frequency points under the
existing experimental conditions, coupled with pronounced
multipath effects involving two targets, result in numerous
false peaks in the range profile. However, the two target-
related peaks that progressively approach one another remain
observable, as illustrated in Fig. 8. When the target separa-
tion is 15 cm or greater, two distinct and clearly separable
peaks consistently emerge, corresponding to the two reflec-
tors. As the separation decreases below 15 cm, the two
echoes merge into a single response, preventing the algorithm

from distinctly resolving both targets. This indicates that
15 cm is the minimum observable separation in this exper-
iment. However, statistical validation is necessary to confirm
a reliable resolution threshold. The observed limit of 15 cm
is close to the theoretical resolution of 16 cm, which is
facilitated by the synthesised 1-GHz bandwidth. Sparse sam-
pling limits practical resolution from achieving theoretical
optimum, whereas the CS-Rydberg algorithm reduces sidelobe
interference to maintain target visibility. This illustrates the
Rydberg receiver’s capability to distinguish closely spaced
targets within operational limitations.

V. DISCUSSIONS AND FUTURE PROSPECTS

The Rydberg atomic receiver allows for the tuning of
atomic energy levels through the adjustment of laser frequency,
facilitating quasi-continuous frequency coverage from DC
to THz, without replacing frequency-dependent RF sensing
and mixing components. However, AC-Stark tuning is not
a lossless translation of an isolated resonance. The tuning
field modifies the Rydberg sublevel and dressed-state struc-
ture, redistributes the spectral response, and may reduce the
effective transition dipole moment. These effects are experi-
mentally manifested as reduced EIT/AT peak height, increased
linewidth, or asymmetric AT peaks, which decrease the local
response slope |∂S/∂Esig| and thereby increase the mini-
mum detectable electric field. Similar sensitivity degradation
under Stark- or dressing-based tuning has been reported in
previous Rydberg electrometry studies [32], [33]. Therefore,
the additional frequency tunability is obtained at the cost of
possible sensitivity degradation, which remains a limitation
of the present implementation. Frequency agility encounters
fundamental constraints, as the transition between operational
frequencies necessitates laser relocking and thermal resta-
bilization. This significantly limits real-time target tracking
and the response to dynamic scenes. The current latency
significantly exceeds the microsecond-scale beam switching
capabilities of electronic systems. In addition, this temporal
latency introduces challenges for tracking moving targets,
since the bandwidth is synthesized over the sweep duration.

For a target with signed radial velocity vr, the echo can
experience a Doppler shift |fD| ≈ 2|vr|fc/c. When |fD|
becomes comparable to the atomic receiver’s effective EIT-
based sensing bandwidth BEIT, the response may deviate
from the flat-gain regime. In typical moderate-speed scenarios,
however, |fD| � BEIT and the gain variation is negligible.
Consequently, the dominant motion artifact is an additional
velocity-dependent phase term, − 4πfk

c vrtk. This error can be
mitigated computationally by incorporating velocity estima-
tion into the ranging model, or physically by reducing the
sweep duration via rapid electro-optic laser retuning and fast
state switching technologies. Emerging rapid-retuning laser
technologies have the potential to meet the future demands
of atomic radar systems for high-dynamic target tracking and
high-throughput imaging [35].

The constraints of the darkroom size and laser perfor-
mance restrict our ability to attain a higher equivalent
bandwidth and increased frequency-domain sampling. Under
the present eight-tone configuration, sparse and non-uniform
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frequency sampling produces a non-ideal range point-spread
function with relatively high sidelobes and ambiguity peaks.
Coherent environmental multipath and LO leakage, together
with residual frequency-dependent atomic-response and phase-
calibration errors, introduce additional spurious responses.
Although CS-Rydberg substantially suppresses these artifacts,
as supported by the ablation results in Fig. 6, it cannot
completely eliminate them under the current laboratory con-
ditions. Further suppression may be achieved through denser
or optimized frequency placement, frequency-domain sidelobe
weighting, complex-domain background and multipath cali-
bration, and joint sparse reconstruction over multiple sweeps.

Accordingly, the tested range of 1.6–1.9 m should be inter-
preted as a constraint of the present laboratory prototype rather
than as a fundamental sensing-range limit of the Rydberg
atomic receiver. It is also important to distinguish range resolu-
tion from maximum detection range. The former is primarily
determined by the synthesized frequency span, whereas the
latter is governed by the radar link budget, including transmit
power, antenna gains, and target radar cross section. To extend
the detection range from the present laboratory scale to tens
or hundreds of meters and beyond, the system must overcome
the 1/R2 propagation loss of the echo field. The maximum
achievable range is fundamentally governed by the radar link
budget, requiring the received electric field |Eecho| to exceed
the sensitivity threshold defined by |Eecho| & σNEF/

√
τ ,

where σNEF is the atomic sensitivity spectral density and
τ is the coherent integration time. Consequently, long-range
operation necessitates engineering optimizations such as high-
sensitivity Rydberg atomic energy-level design, increasing
transmit power, employing high-gain receiver antennas to
focus the weak field onto the vapor cell, and extending
the integration time τ to suppress noise. A mature con-
ventional coherent receiver can readily perform the present
short-range ranging task and currently offers clear advan-
tages in instantaneous bandwidth, tuning speed, integration
maturity, and operational robustness. Therefore, the present
work does not claim superior short-range radar performance
over conventional receivers. Its contribution is to demonstrate
the feasibility of atomic RF-to-optical sensing and mixing
while retaining coherent stepped-frequency ranging capability.
The inherent quantum traceability and absolute calibration
capabilities render the atomic receiver particularly suitable as
a reference receiver in high-precision electromagnetic field
metrology, such as RF antenna testing or radar cross-section
measurements.

Several essential technologies require additional exploration
to fully harness the potential of these applications. It is feasible
to transition from zero-IF to heterodyne detection. A small fre-
quency offset in the reference field is sufficient to convert the
signal to an intermediate frequency, thereby mitigating base-
band noise. This may also reduce phase errors associated with
gain variations and low-frequency disturbances. A rigorous
performance comparison with a conventional coherent receiver
will additionally require both systems to be evaluated under
matched transmit power, antennas, frequency grid, synthesized
bandwidth. Such a controlled benchmark remains an important
subject of future work.

VI. CONCLUSION

In this paper, we have introduced and experimentally
demonstrated a transformative radar ranging methodology
based on Rydberg atomic detection, addressing fundamen-
tal challenges faced by conventional radar front-ends. The
atomic receiver architecture utilises quantum-optical inter-
actions in caesium vapor cells to facilitate RF-to-optical
signal conversion, eliminating the need for conventional
RF components like mixers, amplifiers, and filters. Utilis-
ing a stepped-frequency method alongside laser frequency
tuning and AC-Stark shift techniques, we have success-
fully synthesized a 1-GHz equivalent bandwidth via sparse
stepped-frequency sampling across 2.6–3.6 GHz, facilitating
centimeter-level precision in ranging. This study presents a
nonlinear response model for a Rydberg atomic receiver. By
implementing a nonlinear compensation scheme, we have
achieved an extension of its linear dynamic range by more
than 7 dB. We have developed a specialised CS-Rydberg
signal-processing framework using compressive sensing. The
experimental results indicate that the atomic radar attains a
ranging accuracy of RMSE = 1.06 cm, with resolvable target
separations observed to be down to 15 cm in controlled sparse
scenarios.

The results indicate significant support for the practical
viability and future potential of quantum sensing utilising Ryd-
berg atomic receivers. This study offers essential experimental
validation and theoretical foundations, facilitating significant
progress in precision remote sensing and electromagnetic
calibration within next-generation radar systems.
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