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ABSTRACT

Deep subwavelength radio-frequency (RF) imaging with atomic Rydberg sensors has overcome fundamental limitations of traditional
antennas and enabled ultra-wideband detection of omni-directional time varying fields all in a compact form factor. However, in most
applications, Rydberg sensors require the use of a secondary strong RF reference field to serve as a phase reference. Here, we demonstrate a
new type of Rydberg sensor for angle-of-arrival (AoA) sensing, which utilizes subwavelength imaging of standing wave fields. By placing
a metallic plate within the Rydberg cell, we can determine the AoA independent of the strength of incoming RF field and without requiring
a secondary strong RF phase reference field. We perform precision AoA measurements with a robotic antenna positioning system for 4.2,
5.0, and 5.7 GHz signals and demonstrate a 1:7� polar angular resolution from 0� to 60� AoA and 4:1� over all possible angles.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0285778

I. INTRODUCTION

Determining the angle of arrival (AoA) of an incoming radio-
frequency (RF) signal is typically achieved by receiving the signal at
multiple locations and using knowledge of the amplitude and/or
phase differences to determine the AoA through various algo-
rithms/methods. The resolution achieved by these methods
depends on the number of elements used and the stability of the
phase reference. This places limits on the size of a receiving device
and how closely individual antennas can be spaced. As opposed to
traditional antennas, Rydberg atom-based electric field measure-
ments can be made at a spacing that is fractions of a wavelength
without interfering with adjacent measurements.1 Rydberg atom
field measurements are based on an incident RF field perturbing
the atomic state of a Rydberg atom.2 By detecting the change of the

energy states of the atom, the magnitude and polarization of the
incident RF field1,3,4 can be determined at subwavelength scales,5,6

and by introducing a local oscillator (LO), the phase can also be
determined. Previous work demonstrated that a Rydberg atom
sensor can be used to determine AoA of an incident field,7–9 where
the phase of an incident RF field is resolved at different locations
inside a vapor cell (a glass cell that contains the atomic vapor). The
phase difference between multiple locations is used to determine
the AoA of the field. The phase of the incident field is determined
through the use of a Rydberg atom mixer.10 In this approach, an
additional RF field is applied to the vapor cell and acts as a local
oscillator. The two fields beat against each other and the phase of
the beat note is related to the relative phase of the incident field
and the LO. Various schemes to further enhance the sensitivity of
this scheme are proposed.11–15
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The limitations of this approach are that it requires an addi-
tional RF field (the LO) and reflections from the local environment
can destroy the connection between phase difference and AoA.
Here, we present an approach that does not require an additional
LO field and is based on the standing wave pattern that occurs
inside a vapor cell with an integrated metal plate, which can be
approximated as a perfect electric conductor (PEC). This simple
device we term a PEC-Rydberg cell. The vapor cell is made of glass
(a dielectric) and as such, weak standing waves (an interference
pattern) can develop inside the vapor cell.16,17 The addition of the
metal plate creates a strong tailored reflection pattern, which varies
monotonically as a function of the AoA of the incoming RF signal.
In effect, the standing wave pattern arises due to the PEC serving
as a constant phase reference for the incident vs reflected signals
leading to an interference pattern. However, by exploiting the PEC
geometry, our Rydberg-based imaging allows us to measure the
standing wave amplitude at multiple subwavelength locations and
determine the AoA via amplitude-only measurements without
making any phase measurements.

II. AoA DETECTION PRINCIPLE

We begin by highlighting the key data illustrating the
PEC-Rydberg sensor AoA detection (Fig. 1). We engineered a
vapor cell with an integrated metal plate to create a standing wave
field pattern that changes as a function of the incoming RF polar
and azimuthal coordinates and RF polarization relative to the plane
of incidence, (θ, f, χ), respectively [Fig. 1(a)]. The amplitude of
the electric field is measured along two paths parallel to the PEC
plate through resonant Autler–Townes (AT) splitting in Rydberg
atoms of Cs133 (see Sec. III). This Rydberg-based RF imaging
allows a non-perturbative and subwavelength probing of the
standing wave field structure, which can be directly related to the

incoming AoA as described later. In particular, we determine that
the ratio of E-field amplitude along the beam at two locations,
EA=EB, gives a monotonic determination of the incoming AoA. A
representative dataset from 4.2 to 5.7 GHz for (f, χ) ¼ (0�, 0�)
shows the one-to-one mapping of EA=EB vs AoA, θ [Fig. 1(b)].

Importantly, we note that this method requires sub-
wavelength sampling to determine the absolute field strength and
is, therefore, not possible for traditional antennas because of size
limitations and perturbation of the field by each antenna. Rydberg
atom-based field measurements, on the other hand, do not
interfere, allowing multiple measurements to be made on a sub-
wavelength scale.16,17

The basic principle behind the operation of our PEC-Rydberg
cell can be understood by examining the standing wave patterns
of an electric field incident on an infinite conducting plane
[Figs. 2(a)–2(d)]. A plane wave of wavenumber magnitude,
kRF ¼ 2π=λRF , incident on an infinite perfectly conducting plane
with angle of incidence, θ, can be analyzed in the two cases of the
vector electric field being parallel (k) (χ ¼ 0) and perpendicular
(?) (χ ¼ π=2) to the plane of incidence.18,19 The amplitudes of the
total electric field in both cases can be expressed as

jEkj/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos(2θ)cos(2kRFzcos(θ))

p
,

jE?j/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos(kRFzcos(θ))

p
,

(1)

where Ek is the total electric field amplitude for the parallel case
and E? is the total electric field amplitude for the perpendicular
case. At normal incidence, Ek has a node (Ek ¼ 0 V/m) at the
surface of the conductor (z ¼ 0) and an anti-node at a distance
λRF=4 away [Fig. 2(a)]. As the angle of incidence is increased, the
standing wave pattern changes its characteristics with respect to the

FIG. 1. The PEC-Rydberg antenna uniquely determines incoming angle-of-arrival (AoA) of an incoming RF field through amplitude-only, subwavelength RF imaging of
standing wave field patterns. (a) Illustration of the PEC-Rydberg antenna. The PEC plate (orange) runs along a cylindrical vapor cell’s major axis in the xz-plane. The cylin-
drical cell is of �2.5 cm in diameter and �7.6 cm in length with the metallic plate made of steel is with dimensions of �2� 7 cm and a thickness of �1 mm. Two
E-fields are measured through Rydberg Autler–Townes splitting along the two pink lines in the yz-plane. An E-field is incident with coordinates (θ, f, χ), where θ is the
rotation from the z-axis, f is the rotation from the x-axis, and χ is the polarization defined as the angle from the plane of incidence. (b) The measured ratio of the electric
field along Beams A and B, EA=EB, decreases monotonically with increasing θ from 4.2 to 5.7 GHz, thereby providing a unique determination of AoA at each frequency
point.
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distance z from the conducting plate. It can be noticed that the
ratio of the field strength at two locations near the plate,
Ek(zA)=Ek(zB), where zA and zB correspond to the distances of
beams A and B over the conducting plate, respectively, gives a near-
monotonic behavior [Fig. 2(b)] enabling the determination of the
incoming angle independent of absolute field strength of the plane
wave incident. In the case of E?, while E?(zA)=E?(zB) is also
monotonic over θ [Fig. 2(d)], the ratio does not vary significantly,
so any uncertainty in the measured fields will lead to a large uncer-
tainty in the incoming angle.

The closed-form solution of the infinite conducting plane
[Eq. (1)] affords an intuitive discussion of the basic AoA principle

used; however, in our PEC-Rydberg cell, the finite conducting
plane enclosed in a dielectric vapor cell must be modeled numeri-
cally, which takes into account the edge effects of the plate. The rel-
evant geometry and coordinate system is illustrated in Fig. 1(a).
The standing wave field strength, jEkj, as a function of incoming
angle for 5.044 GHz and χ ¼ 0� is shown in Figs. 2(e) and 2(f ).
We observe that at θ ¼ 0�, jEj ¼ 0 V/m at the PEC plate in the
yz-plane and increases to an anti-node along the z-axis. However,
the dielectric edges of the cylindrical vapor cell cause field distor-
tions relative to the infinite conducting plane case. As θ ! 90�, the
field strength Ek(x, zB) ! 1. The ratio of the field strengths along
the length of the cell at two locations (A and B) demonstrates the

FIG. 2. Analytical and numerical simulations indicate the ratio of two field strengths, EA=EB, measured inside the PEC-Rydberg cell can determine the incoming AoA.
(a)–(d) The standing wave field pattern at a normalized distance, z=λRF (λRF ¼ 6 cm here corresponding to RF frequency of 5 GHz) as a function of incoming
angle-of-arrival (AoA), θ, for an 1.0 V/m E-field incident on an infinite conducting plane polarized (a) parallel and (c) perpendicular to the plane of incidence. The laser
beam locations we test for RF sensing are indicated by the dashed lines. E-fields along Beams A and B, EA and EB, respectively, and the ratio of the fields, EA=EB, as a
function of θ, for fields polarized (b) parallel and (d) perpendicular to the plane of incidence. (e) Finite element simulation results showing the Ek field distribution in the
vapor cell in the yz-plane and xz-plane for three different angles of incidence for RF frequency of 5 GHz. (f ) Numerically determined average field strength along
the length of the cell for varying θ. Beam A and B locations are denoted by the black dashed lines for RF frequency of 5 GHz. (g) The field ratio, EA=EB, for varying
frequencies and θ.
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monotonic determination of AoA using the PEC-Rydberg cell,
which extends from 500MHz to 7.5 GHz [Fig. 2(g)] for the dimen-
sions of the cell considered in this work.

III. METHODS

A. Numerical simulation

We model the E-field response for plane waves incident on a
glass vapor cell using a commercial finite element solver. The
geometry is shown in Fig. 1. A 25� 75:5mm2 glass vapor cell of
thickness 0:95 mm and dielectric constant 5.5 lies with its axis
along the ŷ direction. A perfect electrically conducting plane (PEC)
lies in the cell in the xy-plane with an offset of 1 mm in �ẑ direc-
tion to replicate the fabricated cell. The source of the RF field is a
linearly polarized plane wave with frequency from 500MHz to
10 GHz, and the incoming direction, k̂, is varied as a function of θ
and f. The lower frequency limit was chosen because Rydberg
vapor cells begin experiencing charge density screening in the 100s
of MHz, and the upper limit as the AoA monotonic behavior was
seen to begin breaking down. The polarization of the plane wave is
parameterized to study its effect on the field distributions. Perfectly
matched layer (PML) boundary conditions at appropriate distances
from the cell are used in the simulation. Two lines parallel to the
PEC plane indicate field sampling locations at distances zA and zB.

B. Optical setup

We designed an optical setup for a Rydberg atomic E-field
sensor to experimentally test the simulation results that there is a
one-to-one mapping of the ratio of field strengths vs incoming
AoA. We measure field strengths through electromagnetically
induced transparency (EIT) and resonant Autler–Townes splitting
in the Cesium, 133Cs, transition [Fig. 3(a)].20 Briefly, EIT is a
process whereby the probe and coupling lasers create a quantum
superposition of the excited states rendering the medium transpar-
ent to both lasers. The Autler–Townes effect then occurs when RF
radiation incident on the atom, which is resonant to a transition
between two states of the atom, perturbs and splits each of these
energy levels. The split of these energy states can, in turn, be used
to measure the applied RF field.

This splitting of the EIT spectrum is directly proportional to
the applied RF E-field amplitude.21 By measuring the optical fre-
quency difference of this splitting, we get a direct measurement of
the RF E-field strength from the following expression:20,22,23

jEj ¼ 2π
ℏ
ρ
Δfo, (2)

where ℏ is the Planck constant, ρ is the atomic dipole moment of
the RF transition, and Δfo is the Autler–Townes frequency splitting.

We designed an optical setup capable of controlling the polar-
ization and separation of two probe beams and two coupling
beams in the PEC test cell [Fig. 3(c)]. The probe beams had a
power of approximately 1mW+ 0:4mW and 1=e2 beam diameter
of 2.1 mm at the cell. The coupling beams had a power of approxi-
mately 5mW+ 0:3mW and a beam diameter of 1.2 mm. As the
method described in this paper takes only the ratio of the field

FIG. 3. Experimental setup for measuring the AoA of an incoming RF wave. (a)
Cesium level diagram for RF detection. (b) Optical schematic: half-wave plate
(λ=2), quarter-wave plate (λ=4), photodetector (PD), dichroic mirror (DM).
Mirrors are indicated by diagonal lines and polarizing beam splitters by squares
with an internal diagonal. (c) The vapor cell is shown on the portable optical
setup inside the LAPS facility at NIST. The WR187 open-ended waveguide is at
coordinates (θ, f, χ) ¼ (45�, �45�, 0�) and at a distance of 20 cm. The inset
shows a zoomed-in image of the vapor cell with the vertically aligned PEC plate
(black line) and the two coupling beams (green spots).
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strengths at two locations, there is virtually no requirement for
power and frequency stabilization. The coupling scan rate was set
to 20 Hz, which serves as a fundamental limit for the rate at which
the AoA is determined. The separation between the beams was
7 mm as shown in Fig. 3(c). As evident from Fig. 2(a), the ratio
EA=EB for any angle θ increases as the separation between the
beams increase. We set the Beam A position to obtain the
maximum separation (zA � zB) possible within the constraints of
the optical elements and respecting the glass boundaries of the
glass cell. The distance of Beam B from the conducting plane (zB)
is set such that there will be measurable AT-splitting at lower
angles θ. There is no ambiguity of the AoA measurement in terms
of standing wave repetitions as long as the beams are placed within
the λRF=4 distance from the conducting plane as shown in
Fig. 2(a). This constraint on the positioning of the beams leads to
an upper cut-off of the RF frequency, which is �7:5GHz in this
case. Therefore, the cell size dictates the maximum beam spacing
that can be achieved and, hence, the high frequency cutoff of this
method.

The reference cell gives a frequency reference between the
main 6P3=2 ! nD5=2 and the sub-peak 6P3=2 ! nD3=2.

24,25 The
probe and coupling beam’s polarizations were controlled by a λ=2
wave plate to align all four beams into vertical polarization followed
by a pair of λ=4 wave plates to change from linear to circular polar-
izations. RF absorber separates all the optical elements from the
test cell except for three mirrors with mounts. The PEC test cell
was placed on a dielectric rod.

We measured field responses through the WR187
waveguide band of 3.95–5.85 GHz. Specifically, we investigate
the transitions: n ¼ 50, fC ¼ 588:360 46 THz, fRF ¼ 5:711 GHz;
n ¼ 52, fC ¼ 588:475 67 THz, fRF ¼ 5:044 GHz; and n ¼ 57,
fC ¼ 588:710 27 THz, fRF ¼ 4:228 GHz, where fc is the coupling
laser frequency and fRF is the RF frequency of the corresponding
transitions. The Rayleigh distance, Z, for the WR187 open-ended
waveguide antenna at 5 GHz is given by Z ¼ 2D2=λRF ¼ 9:2 cm,
where D is the diagonal distance of the WR187 open ended wave-
guide antenna. The 3 dB E-plane beam width is �78�.26 As a
balance between obtaining far-field measurements vs generating
reflections off the nearby optical mounts due to the relatively wide
beam width, we performed all measurements at a distance of 20 cm
between the waveguide open end and the Rydberg vapor cell.

C. LAPS facility

We conducted measurements using the Large Antenna
Positioning System (LAPS), in which a 7 Degree of Freedom (DoF)
subset of the positioning system composed of a 6 DoF robotic arm
mounted to a linear rail was used to permit flexible positioning in
the chamber. The position and orientation of the waveguide attached
to the robot end effector was calibrated using laser tracker measure-
ments.27 The motion coordinate system used for positioning the
robot within the chamber was established by replacing the vapor cell
with a Spherically Mounted Retroreflector (SMR).28 A laser tracker
measurement of this location is used as the origin, and principle
axes were established through measurement of the surface and
leading edge of the optical breadboard with precision SMR nests.
Angle-of-arrival measurement plans (the set of plane wave incident

angles relative to the vapor cell coordinate system) were created by
first generating the desired transforms between the vapor cell coordi-
nate system and the waveguide corresponding to the desired θ, f,
and χ coordinates. Then, robot inverse kinematics were solved for
each transform to produce unique joint configurations that were
sequentially streamed to the robot controller during measurement.

IV. RESULTS

A. Angle of arrival detection

We experimentally test the AoA principle using the
PEC-Rydberg cell by measuring the field amplitude at two locations,
A and B, through resonant Autler–Townes (AT) splitting in Rydberg
states of Cs13320 [see Sec. III, Fig. 3(a)]. We designed an optical setup
and performed angle-of-arrival measurements for varying (θ, f, χ)
from 4.2 to 5.7 GHz at the Large Antenna Positioning System at
NIST in Boulder, Colorado [see Sec. III, Figs. 3(b) and 3(c)].

We first test the PEC-Rydberg cell varying θ ¼ 0� to θ ¼ 90�

with (f, χ) ¼ (0�, 0�). The key features of the collected EIT traces
are shown in Fig. 4(a) for an example measurement at θ ¼ 30� and
fRF ¼ 5:044 GHz. The reference cell shows the main EIT peak from
the 6P3=2 ! 52D5=2 transition and the hyperfine structure from the
6P3=2 ! 52D3=2. AT splitting is observed for both the beam near
the PEC plate, Beam B, and the beam further from the PEC plate,
Beam A. The small peak near 0 MHz detuning of the coupling
laser frequency in Beam B indicates a sub-fraction of the Rydberg
population that is not undergoing AT splitting due to the relative
polarizations of the probe, coupling, and RF fields, which we
discuss in Fig. 8. The peaks in Beams A and B are fit to Lorentzian
curves to extract the AT peak separations. Figure 4(b) shows the
EIT traces represented as heat maps collected at a 2� step size for
fRF ¼ 4:228, 5.044, and 5.711 GHz. The peak separations in Beams
A and B were used to obtain the splitting ratio, EA=EB for each fre-
quency and compared to the numerical simulations [Fig. 4(c)].

The data shown in Fig. 4(c) demonstrate that the AoA of the
incoming RF fields is uniquely determined by our PEC-Rydberg cell
for (f, χ) ¼ (0�, 0�) and from 4.2 to 5.7 GHz. Although the EIT
splitting in a single channel is not monotonic with varying θ (e.g.,
Beam B 5.044GHz), the ratio of the splittings, EA=EB, maintains a
one-to-one mapping. While the measured data qualitatively match
the numerical simulations, they differ due to fact that the simulation
data are obtained by taking into account the E-field magnitude at a
single point at the center of the cell along the z-axis. However, in
measurement, the lasers sense a non-uniform field along the length
of the cell (y-axis) as shown in the field distributions in Fig. 2, which
could be due to the edge effects of the PEC plate, the perturbation of
the fields to the faces of the cylindrical cell, etc. Such non-uniformity
distorts the spectral line shapes29 and, hence, the deviations of the
field ratios. Other factors include non-idealities in the exact place-
ment of the PEC plate in the Rydberg vapor cell and possible reflec-
tions from optical components and non-ideal absorbers. Thus, the
PEC-Rydberg cell would require a calibration before field testing.

B. Uncertainty analysis

In order to estimate the uncertainties of our method, we
perform three AoA measurement repeats for 5.044 GHz across
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FIG. 4. The AoA is uniquely determined by our PEC-Rydberg vapor cell from 4.2 to 5.7 GHz. (a) EIT traces in the PEC-Rydberg cell and reference cell. The cartoon to
the right indicates the beam locations, A and B, with respect to the PEC plate and the incoming RF field. For Beams A and B, the EIT with Autler–Townes splitting is
shown for a 5.044 GHz field with θ ¼ 30�. (b) Normalized EIT signals in Beams A and B (rows) for fRF ¼ 4:228, 5.044, and 5.711 GHz (columns) for varying θ. (c) A
one-to-one mapping exists between θ and EA=EB for each tested frequency, indicating the PEC-Rydberg cell can be calibrated to uniquely determine the incoming AoA.
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multiple days and experimental runs. Our method consists of three
main sources of uncertainty—Type A repeatability, Type A fitting
error of the peak locations used to determine EA=EB, and Type B
deviations in the beam locations relative to each other and PEC
plate. We discuss our Type B beam deviation and other uncertainties
further in Sec. V. As can be seen in Fig. 5(a), the beam deviation
uncertainties dominate at low θ and the fitting error uncertainties
dominate at high θ. To compare the measurement repeats, we use
one measurement as a calibration and determine the AoA deviation,
ΔAoA, for two repeats [Fig. 5(b)]. The maximum deviation between
the repeats occurs at θ ≃ 70� with an absolute angular difference of

4:1�. For lower incidence angles with θ � 60�, the maximum
observed deviation is 1:7�. The observed deviations between the
three measurements largely fall within the uncertainty model.

C. Sensor optimization and characterization

We next explore the effect of changing the polarization of
the probe and coupling beams (Fig. 6). In the experiments
conducted here, our Rabi rates of the probe, coupling,
and RF fields are Ωp ≃ 2π � 20MHz, Ωc ≃ 2π � 0:5MHz, and
ΩRF ≃ 2π � 200MHz, respectively. Because ΩRF � Ωc and
ΩRF � Ωp, the RF field sets the quantization axis for the Rydberg
atoms and is in the θ̂ direction.1 Thus, as we vary the angle of the
RF field, the quantization axis changes and the RF electric field is
oriented parallel to the PEC plate at θ ¼ 0� and perpendicular to
the plate at θ ¼ 90�. When the probe and coupling beams are both
linearly vertically polarized [Fig. 6(a)], their polarization axes align
with the RF field only at θ ¼ 0�. In the atomic reference frame, the
probe and coupling polarizations, thus, change from π polarized at
θ ¼ 0� to σ+ polarized at θ ¼ 90�.

The changing probe and coupling polarizations in the atomic
reference frame as the RF angle is varied lead to two difficulties in
determining the incoming angle. First, the magnitude of the central
EIT peak that does not undergo AT splitting varies as a function of
angle [Fig. 6(b)], which, in turn, reduces signal-to-noise ratio as
θ ! 90�. We evaluate the fraction of the EIT signal remaining in
the central peak by fitting three Lorentzians to each trace, and
taking the area of the central peak fit divided by the area of all
three fits. In the case when the probe and coupling are both linearly
polarized, we see that �50% of the population does not undergo
splitting. This effect is reduced when only one of the probe or cou-
pling lasers is linearly polarized, but the best case is when both
probe and coupling beams are circularly polarized. Second, the
AT-split peaks further split into multiple sub-peaks, which are not
resolvable across all angles [Fig. 6(b)], leading to an increase in the
uncertainty of EA=EB. Comparing the four combinations of probe
and coupling polarizations, we see that linearly polarized probe and
linearly polarized coupling deviate from other polarization cases in
the response of EA=EB to θ [Fig. 6(e)]. Since circularly polarized
probe and coupling maximize our signal and minimize our fitting
uncertainty, we use this setup as the best combination.

The polarization effect between probe, coupling, and RF
sources can be explained by examining the Cesium transition state
diagrams in the hyperfine basis [Figs. 6(f ) and 6(g)]. The hyperfine
transition diagrams were obtained from Alkali Rydberg Calculator
(ARC)25 and the allowed transitions are plotted as connected nodes
with the dipole matrix element strength plotted by opacity.1,17,30,31

Consider first linearly polarized probe and coupling beams while
the RF angle θ is varied. At θ ¼ 0�, all sources are co-polarized in
the ẑ direction and only π transitions occur [Fig. 6(f)]. The domi-
nant dipole elements through all transitions are in the low mF

states and the population is driven toward the center with a low
distribution in dipole moments. The subpeaks arising from this low
distribution in dipole moments are not directly resolvable and con-
volve together into a wide peak [Fig. 6(b)]. Now, at θ ¼ 90�, the
quantization axis set by the RF is polarized in the x̂, so that the
projection for the ẑ-polarized light into the x̂ direction is given by a

FIG. 5. The maximum deviation from 5 GHz measurement repeats is 1:7� for
θ � 60� and less than 4:1� across all θ. (a) Components of uncertainty as a
function of incoming angle. (b) Three repeat measurements of 5.044 GHz were
obtained and one measurement is used as a calibration to determine the AoA.
The uncertainty bars are obtained from the square root of the sum of squares of
the uncertainties in (a).
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FIG. 6. Circularly polarized probe and coupling beams best resolve the incoming AoA. (a) Normalized EIT signals in Beam A and Beam B for different combinations of
probe and coupling optical field polarization. One-dimensional traces in Beam A of the EIT signal for (b) linearly polarized probe and coupling and (c) circularly polarized
probe and coupling. (d) The fraction of the population in the central peak for both Beam A. (e) The ratio, EA=EB, for the different optical field polarizations. Excitation transi-
tion state diagrams for (f ) π polarized probe, coupling, and RF fields (left) and (g) σ+ polarized probe and coupling with π polarized RF. The transition dipole moments
for each transition are given by the colormaps to the right, where e is the electron charge and a0 is the Bohr radius.
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linear combination of σ̂þ and σ̂� [Fig. 6(g)]. This leads to two
effects. First, we see strong transitions toward a trapped population
at 52D5=2 (F ¼ 6, mf ¼ +6), which do not have allowed RF transi-
tions. Therefore, this contributes to a central EIT peak that does
not exhibit Autler–Townes splitting. Second, the transitions are
driven toward a larger gradient in dipole moments at the 53P3=2
state, which leads to multiple sub-peaks observed in the
AT-splitting. In the case of circular probe and circular coupling
optical fields, the projection of these light fields into the quantiza-
tion axis is the same for all values of θ, meaning that the hyperfine
distribution will not change. The light projects into a combination
of π and σ+ transitions. From Fig. 6(a), we see that the majority of
the Rydberg population undergoes AT-splitting, indicating that the
π transitions dominate throughout θ, resulting in an easily resolv-
able AT-split peak with maximum signal-to-noise ratio.

In many applications including the phased array antenna con-
figurations used in 5G, polar angle, θ (vertical steerability), is suffi-
cient to locate the AoA of an incoming RF signal while the
azimuthal angle, f (horizontal steerability), varies only slightly.
Nonetheless, we test the extent to which θ can be determined for
varying f (Fig. 7). The simulations indicate that the monotonic
behavior of EA=EB vs θ still occurs for f � 45�, although a slight
variation in EA=EB is seen as f increases. The measured data
observed a similar trend of monotonic determination of θ for
�22:5� � f � 22:5� [Fig. 7(b)]. We note that in the case of
f ¼ +45�, reflections off the nearby optical mounts likely caused
significant scattering of the incident fields leading to noise in
EA=EB. Further experiments are needed to find if a pair of
PEC-Rydberg cells oriented perpendicular to each other could
locate the (θ, f) coordinates of an incoming RF field.

To finish demonstrating the receiver characteristics in broad
angular and polarization space, we next investigated the effect of
changing RF polarization in uniquely determining the incoming
AoA. In the data presented so far, the RF field was linearly polarized
perpendicular to the major axis of the cylinder, χ ¼ 0�. Changing
the RF polarization changes the field patterns at varying θ along the
laser beam paths as shown in Fig. 8(a). These conclusions from the
simulations are observed in our experimental data. In particular, we
see the sensitivity to θ is highest for χ ¼ 0�, lower at χ ¼ 45�, and
insensitive to varying θ at χ ¼ 90�. However, as a standalone mea-
surement, EA=EB becomes non-unique for an arbitrary unknown
polarization [Fig. 8(c)]. To break this degeneracy, we consider a sec-
ondary metric, which determines the incoming polarization.

Increasing χ from 0� to 90� leads to an increase in the atomic
population not undergoing AT-splitting and occurs across all θ
[Fig. 8(b)]. This arises because when the RF polarization is parallel
to the light propagation direction, the atoms only undergo σþ transi-
tions and become trapped in the 52D5=2 (F ¼ 6, mF ¼ þ6) state as
described previously. Thus, by extracting two metrics from a mea-
surement, the fraction in the central peak and the ratio EA=EB, we
can measure the incoming AoA for RF polarizations between χ ¼ 0�

and 45�.

D. Future improvements

Having demonstrated the directional receiving characteristics
of our PEC-Rydberg cell, we next investigated improvements that

could be applied in transitioning the device toward field applica-
tions. In most laboratory experiments investigating Rydberg vapor
cell physics with RF fields, the sensor is placed on a dielectric rod
and surrounded by RF absorber—thus acting as a free floating
device. However, in real-world applications, the sensor would
ideally be placed on or near metallic objects. Because our
PEC-Rydberg sensor specifically exploits a conductor to measure
standing wave fields, we hypothesized that we could still determine
the incoming AoA when the sensor is mounted on a conducting
surface. To test this, we wrapped a planar surface in multiple layers
of foil tape and cut a hole for the Rydberg sensor. We manually
positioned the metallic surface to lie nearly in the same xy-plane as
the PEC plate (Fig. 9). We observed a general trend of monotoni-
cally decreasing EA=EB with increasing θ, but note the relationship
is not perfect. The cause of the deviations away from one-to-one
mapping may be due to either secondary reflections off the optical
mounts or the metallic plane not being perfectly co-planar with the

FIG. 7. The AoA measurement can be well resolved within a 45� range of
varying azimuthal angle. The ratio, EA=EB, for varying f (a) simulated and
(b) measured. At f ¼ +45�, reflections in the nearby optical mounts caused
significant noise in the measured ratio.
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FIG. 8. The fraction of the EIT signal in the central peak in Beam A determines the RF polarization and enables AOA measurements from χ ¼ 0� to 45�.
(a) Finite element simulations of the field magnitude, jEj, in the xz-plane and yz-plane for varying θ and χ. The upper gray line in each vapor cell indicates the Beam
A path and the lower line the Beam B path. (b) Normalized EIT signals in Beam A and Beam B for varying θ and χ with both optical beams circularly polarized.
(c) The ratio, EA=EB, for varying χ demonstrates a one-to-one relationship for χ ¼ 0� and 45�. (d) The fraction in the central peak in Beam A varies from 0 to 1 as
χ varies from 0� to 90�.
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PEC in the Rydberg vapor cell. Future optimization of the geome-
tries could enable deployment for real-world measurements.

In the data presented so far, we demonstrate the
proof-of-principle of our Rydberg-PEC sensor in the resolved
AT-splitting regime of field measurements, whereby a relatively
strong RF field is applied in order to resolve the AT-split peaks
from the zero field EIT linewidth. Alternatively in the unresolved
AT-splitting or amplitude regime, the EIT height near zero detun-
ing can be measured for low applied RF field.23 In general, this
method requires power-stabilized optical fields. Although we did
not use power-stabilization in our optical setup, we test the ampli-
tude regime method to see if AoA measurements can still be deter-
mined. We apply field strengths of approximately 1.9 V/m at
4 GHz, 2 V/m at 5 GHz, and 1.2 V/m at 6 GHz and swept θ with
(f, χ) ¼ (0�, 0�). In the case of 5.044 and 5.711 GHz fields, we
observe a trend of decreasing EA=EB for increasing θ. However, in
the case of 4.228 GHz, the ratio IA=IB increased from θ ¼ 0� to
θ ¼ 20�. Considering the numerical simulations and experimental
data showed the expected trend for the AOA frequency-based ratio
measurement [Fig. 4(c)], and that the field distribution is indepen-
dent of the strength of the incoming wave, we expect the non-
monotonic behavior in the case of 4.228 GHz is due to uncertainty
associated with measuring fields near the limit of detection in the
amplitude regime.

V. DISCUSSION

We demonstrated a method of determining the angle-of-arrival
(AoA) of an incident radio-frequency (RF) field based on
amplitude-only measurements with a Rydberg atom sensor. Our
method addresses limitations in AoA directional finding of both tradi-
tional and photonic-based antenna systems, which we discuss below.

Traditional antenna methods for AoA directional finding
include phase, amplitude, and time delay. Current methods for
amplitude-only AoA finding include mechanically actuated
systems,32 multiple number of squinted high gain antennas,33 or
wavelength-sized monopole arrays utilizing machine learning algo-
rithms.34 These methods feature polar angular resolution of
�1�–8�, comparable to the 4:1� reported here. Although these

conventional antenna systems can meet specific demands, no
system can simultaneously maximize sampling rate, angular resolu-
tion, and bandwidth. In contrast, our Rydberg sensor has ultrawi-
deband tunability35 and operates at subwavelength scales.

Previous AoA measurements with atomic Rydberg sensors
required determining the relative phase of two measurements of
the incident field.7–9 This approach requires the use of an addi-
tional RF field, i.e., a local oscillator (LO), to provide a phase refer-
ence. Our PEC-Rydberg cell removes the LO requirement for AoA
detection and is independent of the incoming field strength within
the limits of the AT splitting field detection. The angular resolution
of our approach, 4:1�, is similar to the LO-based approaches,
�2�.7,8 Interestingly, Yan et al. used three beams to locate the polar
and azimuthal angles of the signal source in three-dimensions.9 We
believe that by adopting a second PEC-Rydberg cell orthogonal to
the first, our method would also enable (θ, f) localization.

RF scattering from vapor cell materials, like glass, can lead to
non-uniform RF field distributions,29 which can significantly
impact AoA estimation if not mitigated properly.36 However, the
structure used in this work specifically exploits a PEC plate to form
standing patterns within the cell. The deformations of the field due
to the geometry and materials of the vapor cell are minimal com-
pared to the standing wave field structure and can be captured in
the calibration of a given cell.

Since our method does not require absolute field strength
measurements and is only dependent on the ratio of two fields,
many of the uncertainties associated with making SI-traceable field
strength methods do not apply here.37 However, because our
method utilizes a calibration, other Type B uncertainties can arise.
The dominant Type B uncertainty in our measurement results is
due to the beam distances and orientations relative to the conduct-
ing plate. We assume that Beams A and B can be located to within
+100 μm by finding the center of the beam position shown in
Fig. 3(c). In this case, the largest deviation to the ratio occurs for
Beam B moving away from the plate by 100 μm and Beam A
moving toward the plate by 100 μm. We take the Type B beam
deviation as a rectangular distribution so that the uncertainty is the
max deviation over

ffiffiffi
3

p
. In this case, we have an AoA uncertainty

of �4� at θ ¼ 0�. This uncertainty decreases as the AoA, θ,

FIG. 9. Paths forward exist toward translating the PEC-Rydberg antenna from laboratory tests to field applications. (a) The experimental setup of a conducting plane sur-
rounding the vapor cell and in plane with the internal PEC. (b) EA=EB under the test setup shown in (a) vs without the plate. (c) Amplitude regime AoA measurement at
low RF field strength. The ratio of the intensities in Beams A and B was measured at zero detuning.
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increases because the slope of the field with respect to the distance
from the plate decreases as can be seen in Fig. 2(g), with �1�

uncertainty at θ ¼ 30�. Other Type B uncertainties which could
occur, such as laser power fluctuations between the two beam
paths, do not significantly affect our measurement as AT splitting
gives a calibration independent measurement of the electric field.

Here, we demonstrated the proof-of-principle our
PEC-Rydberg antenna for AoA detection and determined the asso-
ciated uncertainties. However, our current method features two
main limitations. First, the AoA is limited to θ ¼ 0 to θ ¼ 90�.
This is due to the field ratio being the same for the negative θ
values, which cannot be distinguished from the positive θ angles
with this scheme. The second main limitation is the RF field
strengths required for obtaining the AT splitting should be of the
order of the EIT linewidth (�40MHz) to be resolvable and, hence,
the field strengths are of the order of 1 V/m22 in contrast to the
heterodyne based detection with field sensitivities of the order of
1 (μV=m)=

ffiffiffiffiffiffi
Hz

p
.

VI. CONCLUSION

This paper proposes a novel scheme of Rydberg sensing for
determining the AoA through absolute measurements of the field
formed by the standing wave patterns. These patterns are due to a
PEC plate placed within the Rydberg cell. This method is free from
the requirement of a local oscillator or phase measurements. The
experimental results over multiple frequencies are in line with
the simulation results demonstrating the robustness of the scheme.
The sensor is characterized in terms of the polarization of the light
fields used. The uncertainty analysis demonstrates a 1:7� polar
angular resolution from 0� to 60� AoA and 4:1� over all possible
angles. This work demonstrates the potential of subwavelength RF
imaging with atomic Rydberg sensors, paving way for future RF
and microwave applications.
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