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ABSTRACT

Rydberg atoms show great promise for use as self-calibrated
electric field sensors for a broad range of frequencies. Their
response is traceable to the international system of units mak-
ing them a valuable tool for a variety of applications including
traceable channel sounding. The Rydberg atom sensor is an
electrically small point probe. Its detection volume is defined
by the overlap of probing and coupling lasers, which can be
as small as hundreds of microns. We present measurements
of the beam-formed output of a horn antenna in the far field
at 28 GHz. We move a Rydberg atom sensor over a synthetic
aperture to obtain high angular resolution of the received sig-
nal and employ electromagnetic induced transparency with
AC stark shifting and a local oscillator signal radiated onto
the atoms for magnitude and phase detection at each location
in the area. These results demonstrate the use of these Ry-
dberg atom sensors in a synthetic aperture configuration and
inform their eventual use for traceable channel sounding mea-
surements.

Index Terms— Rydberg atom, electric field sensor,
aperture, quantum optics, electromagnetically induced trans-
parency, Stark shift.

1. INTRODUCTION

Channel sounding is a technique that evaluates an environ-
ment for wireless communication and is often used to engi-
neer solutions that allow for multi-band carriers to be trans-
mitted and received in a space [1]. This requires the char-
acterization of the radio environment to eliminate the effects
of multiple paths that can interfere and overshadow the in-
tended signal. Typically, a vector probe is moved around in
an environment to produce a map of the environment that can
be used to overcome or leverage complex multi-path trajec-
tories. However, classical probes have certain limitations that
can impede these measurements. Metallic antennas scatter in-
cident waves and affect the measurement of the environment.
In addition to this, to characterize the background noise envi-
ronment accurately, the probe must be calibrated with trace-
ability to a national metrology institute.

NIST-on-a-Chip IMS.

To avoid these issues, we utilize Rydberg atoms (highly
excited atoms) as electric field probes. Rydberg atoms have a
strong response to external fields, are SI-traceable to Planck’s
constant, and are nondispersive to radio frequency (RF)
fields [2, 3, 4]. Rydberg atoms garnered substantial atten-
tion over the past decade where they have been used as
RF power meters [5], spectrum analyzers [6], and receivers
among others [7, 8, 9, 10]. By exposing the atoms to a local
oscillator (LO) along with the RF signal, the Rydberg atoms
act as a mixer and can be used to receive phase and amplitude
modulated signals [9, 10]. This also allows for the determi-
nation of angle-of-arrival [11]. The Rydberg atom sensor can
have a small form factor to be used as a low invasiveness
sensor [12].

Optical
Fibers

Fig. 1. (a) Fiber probe (FP). The two lasers are fed into the
vapor cell via fiber and probe laser is readout via fiber. Cell is
made of boroscillicate glass. (b) Anechoic chamber with RF
absorber placed throughout the inside of the chamber.

In this manuscript, we present measurements that utilize
the Rydberg atoms in a synthetic aperture (SA) configuration
to simulate a 2D array based receiver and perform high reso-
lution imaging of a transmitter with a minimally perturbative
receiver. We utilize electromagnetically induced transparency
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(EIT) to establish and probe the Rydberg atoms [4]. We con-
structed a small fiber-coupled probe and placed it in an ane-
choic chamber to test the SA Rydberg receiver in a controlled
environment. We placed the 10 mm x 10 mm Rydberg atom
vapor cell filled with cesium atoms inside of the test cham-
ber. The fiber probe mounted on a acetal resin stand that is
supported on a 2-axis motorized stage controlled via USB.
The stage has a movement range of 100 mm. We measure the
electric field amplitude and phase as the probe is translated on
a motorized stage, as shown in Fig 1 (a) and (b).

2. RYDBERG ATOMS AS FIELD SENSORS

Rydberg atom-based electric field sensors rely on exciting
atoms to highly excited states in the energy manifold. These
states exhibit a large atomic polarizability and therefore are
very sensitive to external electric fields [3]. By monitoring
the response of the atoms, we can accurately determine the
electric field.
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Fig. 2. (a) Level diagram of Cesium atom showing the ground
state |1), intermediate state |2), and two Rydberg state |3) and
|4). (red) Probe laser used for readout. (blue) coupling laser
to generate EIT and populate Rydberg state. (b) Sample trans-
mission spectra. (black) Probe transmission spectra with no
RF field applied. (red) Transmission spectra with off-resonant
RF field applied. (green) Transmission spectra with off reso-
nant RF field applied.

The Rydberg atoms are established and probed through a
two-photon interaction known as electromagnetically induced
transparency (EIT), shown by Fig. 2 (a). This allows for a
narrow line spectroscopic measurement of the Rydberg state,
shown by the black trace in Fig. 2 (b). In the presence of an
RF field resonant from the Rydberg state (|1)) and an adjacent
Rydberg state (|1)), the atomic state will split according to the
Autler-Townes effect [4],
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where F is the electric field, % is the reduced Planck constant,
and p is the transition dipole moment between the adjacent

Rydberg states. The transition dipole moment can be calcu-
lated to the 1% level and Planck’s constant is a fundamental
constant defined by the SI. By measuring the observed split-
ting, we can obtain a calibrated measurement of the resonant
electric field.

The resonant frequencies for adjacent Rydberg states can
span from less than 1 gigahertz to several terahertz by simply
tuning to a state with a different principle quantum number
n. Other methods also exist to tune to DC [13] and several
MHz [14]. These rely on the AC-stark effect, an off resonant
shift in the Rydberg energy level, shown by the green trace in
Fig. 2 (b). The off resonant shift is given by [3],
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where « is the polarizability of the state, which also can be
accurately calculated. It should be noted from this equation
that the response is steady state, meaning that the signal is au-
tomatically demodulated from the carrier into the base-band.

3. EXPERIMENTAL IMPLEMENTATION
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Fig. 3. Schematic of experiment. Abbreviations in text.

The experimental apparatus is shown in Fig. 3. We use
an external cavity diode laser (ECDL) to generate the 850 nm
probe laser light (red). The coupling laser beam (green) is
derived from a 1020 nm ECDL that is amplified by a tapered
amplifier and then doubled through a second harmonic gen-
eration cavity. Both lasers are passed through acousto-optic
modulators (not shown) for power control and stabilization
and then through beam shaping optics (not shown) for opti-
mal fiber coupling.

The probe beam polarization is controlled using a A/2
wave plate. Following the waveplate, the probe is split by a
polarizing beam splitter (PBS) into a signal and a reference
beam that is directly sent to one port of the balanced photo-
diode (BPD). The signal portion of the probe is then injected
into the fiber coupler (FC) to send into the FP via the optical
fiber (OF). The coupling laser is fiber coupled directly into
the fiber probe without a reference pickoff.

Light from the probe and coupling lasers is collimated by
gradient index lenses and arranged into a counter propagating
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co-linear configuration through the vapor cell. Each ferrule
is followed by a GRIN lens to size and shape the respective
optical beams. The lenses are set so that the coupling beam
is larger than the probe beam and to have optimal coupling
of the probe beam into the coupling fiber for readout of the
probe transmission. The probe signal is then output from the
coupling laser FC. It is separated from the coupling laser us-
ing a dichroic mirror (DM) and then measured on the second
port of the BPD. Once we achieved an EIT signal in the cell,
all components making up the FP are set into place using a
UV cured epoxy.

In this implementation, we utilize the off-resonant Stark
effect to measure the beamformed output pattern of RF fields
ranging in frequency from 28 GHz to 28.7 GHz. We tune
our probe laser to be resonant with the 6S; /— >6P3 /5 tran-
sition in Cesium and the coupling laser to be resonant with
the 6P3,5— >458S, ), transition. The transition frequency be-
tween the Rydberg states 455, ,— >45P3,5 is roughly 45
GHz; thus, 28 GHz is far from resonance and Eq. 2 applies.
This far off-resonant state is selected to maintain the same po-
larizability across the entire Ka band (26.5 to 40 GHz). The
presented measurements at 28 GHz are a proof-of-concept
demonstration of these Rydberg atom measurements. Mea-
surements across the entire Ka band are currently in process.

Fig. 2 (b) shows how the probe transmission signal
changes with different applied powers to the horn antenna.
By measuring the frequency shift from this stark effect, we
can determine the electric field strength using Eq. 2. We
also looked at the phase of the field by applying our own
LO with an additional horn that translates with the Rydberg
atom probe over the SA, shown in Fig. 1 (b). While this will
produce additional reflections, we will later implement other
methods that allow for phase measurement without a LO [15].
Since the response of the atoms given in Eq. 2 is based on the
absolute value of the field, the atoms act as a mixer of the two
RF fields [16, 17]. We apply an LO field that is shifted by 14
kHz from the signal field. This causes the green peak in Fig. 2
(b) to oscillate at the 14 kHz beatnote. We can retrieve the
phase by measuring this beatnote through lockin detection.

4. RESULTS AND DISCUSSION
We complete phase measurements of the signal field. The
measurements are repeated as we move the fiber probe over
a SA defined by 35x35 measurements spaced by 3.75 mm in
a plane perpendicular to the line of sight of a horn antenna
at the ceiling of the chamber. The fiber probe is mounted on
a acetal resin stand that is supported on a 2-axis motorized
stage controlled via USB. The stage has a maximum move-
ment range of 100 mm along both axes. We lock the laser
to the side of the atomic resonance and record the magnitude
and phase output of a lock-in amplifier. The magnitude is flat
across the translation profile, so we present the phase of the
beat-note as a function of spatial location in Fig. 4. The phase
map matches the expected phase for a horn antenna output
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Fig. 4. (a) Phase measurement by Rydberg probe as the probe
is translated across the chamber along the x and y axis for 28
GHz RF. (b-h) The phase difference from 28 GHz phase map
for frequencies of the carrier wave, as labeled.

that is close to far field. As we tune the fruency of the sig-
nal, we can see how small differences in response based on
frequency change the scattering in the reverberation chamber.
To further demonstrate, we will look to introduce scattering
elements in the chamber and map out the phase dependence
in the chamber under more complex scattering conditions. We
believe that this is a good first demonstration of the operation
of the Rydberg atom probe as a synthetic aperture.

The Rydberg atom probe is electrically small compared to
conventional antennas. For the 28 GHz field ( 10 mm wave),
we are measuring in steps of 3.75 mm. However, the vol-
ume of measurement is considerably smaller than the step size
since it is controlled by the size of the lasers. In this case, the
lasers were roughly 100 pm. With a different motor, we could
map out the field with a much better resolution. Additionally,
while the length of the cell or interaction is roughly 10 mm,
other fields in the single digit gigahertz can also be mapped
out with the same cell, allowing for sub-wavelength measure-
ments.

In addition to making a Rydberg atom fiber probe to use
as a synthetic aperture, we are also fabricating a photonic chip
cell that can probe the atoms in a 2-d array [18, 19]. The pho-
tonic chip will allow for the measurement higher bandwidth
signals due to the small interaction volumes with the atoms
[20] and potentially lead to a stronger signal since we can per-
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form matched filtering for enhancement. In addition to this,
the array will allow for application of new interesting phase
estimation methods without a local oscillator [21].

5. CONCLUSION

We have demonstrated the capability of the Rydberg atom re-
ceiver as a synthetic aperture. By fabricating a fiber probe
and making a chamber with minimal RF wave reflection, we
were able to demonstrate the far field characteristics of a horn
antenna. While this demonstration is the simplest base case,
it gives credence to the Rydberg atom electric field sensor
as a field probe. Furthermore, the use of the atoms allows
for self-calibrated and low invasiveness measurements. The
atom probe also allows for characterization of a large range
frequencies by simply tuning the coupling laser to different
atomic resonances. We have demonstrated the use of Ryd-
berg atom probes as a new type of synthetic aperture for use
in channel sounding.
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