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ABSTRACT Rydberg atom electric �eld sensors are projected to enable novel capabilities for resilient com-

munications and sensing. This quantum sensor is small-size, highly sensitive, and broadly tunable, and it has

the potential for performing precision vector electric �eld and angle-of-arrival measurements. While these

atomic electric �eld sensors will not replace traditional receivers in commodity applications for RF signal

reception, these sensors could be an enabling technology in niche application spaces. This review outlines

the principles of operation of atomic electric �eld sensors and compares their performance capabilities to

traditional RF receivers. It also highlights recent research and development efforts in atomic electric �eld

sensing and identi�es applications for which these sensors are projected to impact communications and

remote sensing.

INDEX TERMS Antenna, atomic sensors, communications technology, quantum sensing, receiver, remote

sensing, Rydberg atoms.

I. INTRODUCTION

Atomic electric �eld sensors are projected to enable novel

capabilities for niche applications in communications

and sensing, especially in situations where the carrier

frequency is known. This emerging quantum technology

has key performance advantages including good sensitivity,

intrinsic accuracy, small physical size, narrow selectivity,

and broad tunability [1]–[4]. In recent years, there has

been a surge of new research and engineering of these

sensors, including the development of a miniaturized sensor

head [2], [5] and the �rst demonstration of angle-of-arrival

measurements [6]. However, there is still substantial progress

that must be made before this sensor can reach its full

potential. This sensor could impact a range of applications

for communications and sensing, including resistance

to interference, electromagnetic spectrum situational

awareness, and novel sensing capabilities.

The purpose of this review article is to provide an overview

of the physics of atomic electric �eld sensors and recent

research and development efforts as well as a novel perspec-

tive on sensor capabilities and potential application spaces.

Speci�cally, the advantages and limitations as a function

of carrier frequency are analyzed in Fig. 1, and the sen-

sor performance is compared to traditional receivers (which

is de�ned here as including both antennas and front-end

electronics) in terms of parameters including sensitivity, se-

lectivity, and dynamic range.

Section II provides an overview of the physics of oper-

ation of atomic electric �eld sensors. Section III provides

a comparison of the performance characteristics of atomic

electric �eld sensors to traditional antennas and front-ends.

Section IV describes the advantages of atomic electric �eld

sensors, and Section V discusses their limitations. Section VI

describes niche application spaces, which are projected to

be impacted by further research and development of atomic

electric �eld sensors.

II. PRINCIPLE OF OPERATION

Traditional receivers and atomic electric �eld sensors have

fundamentally different principles of operation. In Fig. 2,

the schematic of an atomic electric �eld sensor is shown

next to the analogous components in a generalized receiving

antenna and front-end. In the atomic electric �eld sensor,

lasers excite atoms to high-energy Rydberg states with a large

principal quantum number n (where typically 10 ≤ n ≤ 100)

in which the atoms act as highly sensitive electric dipoles. In-

cident RF/microwave radiation from near-DC to THz affects

the internal state of Rydberg atoms, which in turn imposes
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FIGURE 1. Advantages and limitations of atomic electric field sensors relative to traditional receivers as a function of carrier frequency (wavelength) at
the bottom (top) on a logarithmic scale. The electromagnetic frequency bands are also shown. The acronym SWaP defines size, weight, and power.

FIGURE 2. General schematic of the atomic electric field sensor versus a standard receiver for sensing incident RF or microwave radiation. The atomic
electric field sensor and photodetector are analogous to the antenna and front-end electronics of a traditional receiver.

modulations on the optical �elds passing through the atoms.

These modulations are read out as spectral features on the

electrical current produced by a photodetector. The cou-

pling of incident RF or microwave radiation to the Ryd-

berg atoms is a coherent process, which does not mandate

any net absorption of the incoming radiation [7]. In con-

trast, traditional antennas operate by absorbing incident radi-

ation, which drives free electrons and produces a current that

carries the properties of the incident �eld. Section III pro-

vides more detailed comparisons between the atomic electric

�eld sensor and two speci�c traditional receiver architectures

(AM and heterodyne).

A typical schematic for exciting atoms to Rydberg states

is shown in Fig. 3. Here, two optical �elds counterpropagate

through a glass cell �lled with an atomic vapor. The probe

optical �eld is used to excite the atom to a low-lying excited

state, and the control optical �eld is used to excite the atom

from the low excited state to a high-lying Rydberg state. In

addition to this typical two-photon excitation scheme, there

are also alternative three-photon excitation schemes that can

be used to excite the atoms to Rydberg states [8]. Once in

FIGURE 3. (a) An atomic electric field sensor typically employs two
optical fields (frequencies ωp and ωc) to excite atoms to highly excited
states known as Rydberg states. The valence electron of a Rydberg atom
is located far from the positively charged remainder of the atom, which
creates a dipole that is highly sensitive to certain frequencies (ωRF). (b)
To excite rubidium (cesium) atoms to Rydberg states, one can apply a
near-IR laser, typically with a wavelength of λp ≈ 780 nm (λp ≈ 852 nm),
and a visible laser, typically with a wavelength of λc ≈ 480 nm
(λc ≈ 510 nm). For the Autler–Townes detection technique, one operates
with frequency detunings �c ≈ 0 (or �p ≈ 0) and �RF ≈ 0, while �p (�c)
is either scanned across resonance or locked to a certain feature.
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the Rydberg state (|3〉), the atoms are highly sensitive to

RF/microwave �elds that are resonant or nearly resonant

with transitions to nearby Rydberg states (|4〉). If an inci-

dent RF/microwave �eld is far-off-resonant from a Rydberg–

Rydberg transition, the �eld will still induce shifts in energy

level |3〉. The properties of an incident RF/microwave �eld

are measured via optical detection of the probe beam fol-

lowed by spectral analysis.

There are two underlying physical phenomena that

enable electric �eld measurements using Rydberg atoms:

electromagnetically induced transparency (EIT) and AC

Stark shifts, both of which arise due to the presence of

electromagnetic �elds with certain characteristics. Fig. 4

shows the consequence of each �eld on the transmission

spectrum of the probe beam in an idealized case. In the

case where only a probe optical �eld passes through the

atoms, it undergoes strong absorption when its frequency

is tuned close to resonance. This is shown in Fig. 4(a),

where transmission through an optically thick vapor is

shown. When the control �eld is turned on and a fraction

of atoms are excited to Rydberg states, one observes the

phenomenon known as EIT, where a narrow window of

high transmission is opened in the probe beam’s spectrum,

as shown in Figs. 4(b) and (c). Finally, the presence of an

RF/microwave �eld that is resonant or nearly resonant with

a neighboring Rydberg state can induce Autler–Townes

splitting, which is a version of an AC Stark shift in which

the EIT transmission window splits, as depicted in Fig. 4(d).

The Autler–Townes regime is the most sensitive operating

regime of atomic electric �eld sensors owing to a resonant

enhancement achievable when the incoming RF/microwave

�eld is on or near resonance with certain atomic transitions.

These resonances include thousands of discrete carrier

frequencies between the ultra high frequency (UHF) and

tremendously high frequency (THF) bands.

Off-resonant AC Stark shifts are used to measure �elds

with carrier frequencies belowUHF. The off-resonant regime

has poorer sensitivity than the resonant regime, but there

have been proof-of-principle experiments indicating that this

sensor can achieve continuous tunability down to near-DC

for suf�ciently strong electric �elds [9]–[11].

The Autler–Townes splitting � fp observed in the spec-

trum of the probe beam is related to the strength of the

RF/microwave �eld and the dipole moment of the transition

by

� fp =

{

λc
λp

�RF
2π

if �p is scanned (1a)

�RF
2π

if �c is scanned (1b)

where the ratio between the control and probe beam wave-

lengths (λc/λp) accounts for the Doppler mismatch between

the two �elds [12], [13], and �RF is the Rabi frequency of

the RF/microwave transition, given by

�RF =
�µRF · �ERF

�
. (2)

FIGURE 4. (a) Transmission dip of the probe beam tuned near resonance
is characterized by the Doppler-broadened linewidth, which is a function
of the temperature and density of the atoms. (Here, an optically thick
vapor is shown, in which zero transmission is observed near resonance.)
(b) Addition of the control beam induces a narrow transparency window
(EIT). This is an idealized case; in practice, the transmission is unlikely to
reach 100% due to Doppler broadening and other imperfections. (c) The
same as (b), but showing a narrower frequency window. (d) Presence of
an RF/microwave field that is resonant or nearly resonant with a nearby
Rydberg state induces Autler–Townes splitting, where �fp is defined in
(1b).

Here, �µRF is the dipole moment of the transition, �ERF is the

amplitude of the RF/microwave �eld at the atoms, and � is

Planck’s constant divided by 2π . The minimum resolvable

frequency splitting � fp imposes a limit on the minimum

detectable electric �eld amplitude Emin.

The minimum detectable electric �eld in the Autler–

Townes regime was derived in [14] and is given by

Emin =
h

|�µRF|Tmeas

√
N

(3)
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where h is Planck’s constant, Tmeas is the measurement time,

and N is the number of independent measurements [14].1

Equation (3) is a speci�c case of a general property of atomic

sensors in which the minimum detectable �eld is propor-

tional to the minimum resolvable phase shift and inversely

proportional to the product of the measurement time and the

interaction strength [16]. This relationship is often referred

to as the atom shot noise limit due to the probabilistic nature

of the measurement’s projection of the atomic wavefunction.

The de�nition in (3) must be adjusted when the measure-

ment time is longer than the dephasing time T2. To account

for this, Tmeas is taken to be T2, and the number of indepen-

dent measurements is taken to be N = NaTint/T2, where Tint
is the total integration time and Na is the average number

of excited Rydberg atoms, each of which participates in the

measurement over time T2. Therefore, the atom shot noise

limit becomes

Emin =
h

|�µRF|
√
NaTintT2

. (4)

When quoting values for the electric �eld sensitivityEmin, the

units may be given in electric �eld strength, e.g., V/m, as cal-

culated from (4), where the bandwidth of the measurement

(1/Tint) has been speci�ed. Alternatively, sensitivity can also

be speci�ed in units of V/m/
√
Hz, where a bandwidth has not

been assumed. It is important to recognize that the depen-

dence Emin ∝ 1/
√
Tint in (4) is only valid for the case where

the measurement time is longer than T2. This dependence of

the �eld sensitivity on the square root of the measurement

bandwidth is the same for traditional receivers. For higher

bandwidth measurements (e.g., when using modulated sig-

nals for communications), the sensitivity scaling of atomic

electric �eld sensors is substantially altered [i.e., see (3)], and

it no longer behaves like white noise.

The density of Rydberg atoms within a given volume is

limited by the blockade radius, and the total number of Ryd-

berg atoms is limited by the overlap between the optical �elds

and that volume. The number of Rydberg atoms Na has been

estimated to be between 100 [10] and 1000 [17] atoms in

recent experiments, which is much lower than the limit set

by the blockade radius. Higher atom numbers could be ob-

tained with access to higher laser powers and/or specialized

magneto-optical traps (e.g., anisotropic).

For warm atoms, the decoherence rate is generally limited

by transit time broadening, i.e., the time it takes for atoms

to leave the cross-sectional area of the optical �elds. The

transit-time-induced decoherence rate is a function of the

particular beamwidth and atomic temperature used in a given

experiment; this rate is estimated to be around 2π × 370 kHz

(2π × 37 kHz) for a 100 µm (1 mm) 1/e2 intensity beam

waist at room temperature [22]. For cold atoms, because the

atoms can remain within the optical cross section for a much

1The Python package ARC-Alkali-Rydberg-calculator has built-in
functions for calculating the dipole moment and lifetime for a given
transition [15].

longer duration, transit time broadening is no longer the dom-

inant decoherence mechanism. In an ideal case, the natural

and thermally induced decay processes can be the limiting

factors in the decoherence time for a given measurement.

Based on the calculated total lifetime τtotal, the decoherence

rate for cold atoms in this case (where T2 ≈ τtotal) can be

between approximately 1 kHz and 1 MHz depending on n,

as well as other possible sources of noise.

The Rydberg atom sensor can also measure incident

RF/microwave �elds that are off-resonant from a transition to

|4〉. This is done by measuring the change of a spectroscopic

feature associated with an atomic energy state due to the

AC Stark shift [1]. The off-resonant AC Stark shift measure-

ment technique is distinct from, and less sensitive than, the

resonant Autler–Townes technique where the spectroscopic

peak splits in two. Techniques used for detecting off-resonant

�elds include a heterodyne detection scheme [4], [9], [11]

or a self-calibrating instrument that measures the bare AC

Stark shift [2], [10]. These techniques have recently been

investigated experimentally for precision metrology [2] and

ultra-wideband spectrum analysis [11].

III. ATOMIC ELECTRIC FIELD SENSORS COMPARED TO

TRADITIONAL ELECTROMAGNETIC RECEIVERS

Traditional electromagnetic receivers consist of a receiving

antenna and electronic front-end. Antennas absorb energy

from an electromagnetic �eld and convert these free-space

modes into guided modes, generating a current that can be

ampli�ed, �ltered, and recti�ed in front-end electronics be-

fore being processed in the analog or digital domains by a

user. Atomic electric �eld sensors do not mandate any net

absorption of the incident electric �elds; instead, via a co-

herent process, incident electric �elds alter the internal states

of Rydberg atoms, which are then imparted to an optical

�eld as amplitude or phase modulations and detected spec-

troscopically. Due to these fundamental differences, some

of the typical parameters used to describe traditional elec-

tromagnetic receivers (e.g., gain and power sensitivity) do

not have a well-de�ned counterpart in atomic electric �eld

sensors. However, both types of receivers can be character-

ized in terms of electric �eld sensitivity, selectivity, channel

capacity, and dynamic range. This section compares per-

formance characteristics of traditional receivers and atomic

electric �eld sensors to provide a better understanding of the

advantages and limitations of the atomic electric �eld sensor.

A. SOURCES OF NOISE

All electromagnetic sensors are affected by internal and ex-

ternal sources of noise. Internal sources can include funda-

mental quantum limits as well as practical sources of noise in

electronic components. External sources can include black-

body radiation, interference, or other signals from nearby

communications sources. This article focuses primarily on

internal sources of noise in order to compare the sensitivity

limits of traditional receivers to those of atomic electric �eld

sensors.

3501313 VOLUME 2, 2021
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1) NOISE AFFECTING TRADITIONAL RECEIVERS

The internal noise �oor of traditional receivers is generally

limited by the noise produced from the various components

in the front-end electronics. The noise power of the full

system is described by the noise equivalent circuit, which

accounts for any external noise picked up by the antenna

(which is neglected here), as well as internal noise generated

by the feed line, ampli�er, �lter, and any other active or

passive components in the front-end.

The noise power is PN = kBTeqB, where kB is Boltzmann’s

constant, Teq is the equivalent noise temperature of the sys-

tem, and B is the bandwidth of the measurement. The equiva-

lent noise temperature depends on the noise power added by

each component in the receiver system as well as the gains

and losses at each stage [18]. In practice, the equivalent noise

temperature of the internal receiver components is gener-

ally dominated by transistor noise in the front-end ampli�er,

which includes thermal and shot noise contributions.

2) NOISE AFFECTING ATOMIC ELECTRIC FIELD SENSORS

The total noise of an atomic electric �eld sensor has a number

of contributions: noise causing a variation in the number

of atoms, noise on the optical �elds, and noise in the sig-

nal recovery path (photodetector and electronics). For the

atomic electric �eld sensor, the primary sources of noise

are typically those associated with the atoms and the optical

�elds. Atomic electric �eld sensors can operate with suf�-

cient power in the detected optical �eld such that the signal

received by the photodetector is higher than electronic noise

in the remainder of the signal recovery electronics, though it

is important to recognize that this requires careful design to

ensure that the power transmitted by the EIT process is suf-

�ciently high. The limiting noise source for atomic electric

�eld sensors is, therefore, not the minimum noise �oor of the

electronics (as is the case in traditional receivers); rather, it

is the resolvability of the characteristic spectral features that

arise due to the presence of an external electric �eld. This

is fundamentally limited by the atom shot noise limit, but in

practice is generally limited by other factors.

In current systems, the ability to resolve spectral features is

often limited by photon shot noise of the optical readout [3],

[11]. (However, because the number of detected photons per

Rydberg atom can be made high, the sensor performance

can theoretically reach the atom shot noise limit.) Other

factors impacting the spectral resolution of the measurement

may include the resolution bandwidth of the detector, 1/ f

noise on the detector, and broadening effects in the atoms

(such as Doppler or transit broadening). The most sensitive

electric �eld measurements to date employ heterodyne

techniques [1], [11], [19] where 1/ f noise is not dominant.

Carefully chosen beam geometries can minimize Doppler

broadening, and using a vapor cell with a buffer gas or

special coating can minimize some collisional broadening

effects, though Rydberg atoms will still be highly sensitive

to any collisions. Employing laser-cooled atoms can also

minimize certain decoherence effects, e.g., those due to

transit time broadening.

B. ELECTRIC FIELD SENSITIVITY

The sensitivity of traditional receivers is often described with

respect to received power. However, because Rydberg atoms

are fundamentally electric �eld sensors, the electric �eld sen-

sitivity metric is used here to allow for direct comparisons.

Power sensitivity comparisons are discussed in Section III-C.

Intensity sensitivity is another metric that may be used to

describe both the performance of atomic electric �eld sen-

sors [20], [21] and that of traditional receivers, especially

in systems where the antenna cannot be characterized sep-

arately from the electronics.

1) SENSITIVITY OF TRADITIONAL RECEIVERS

The minimum signal electric �eld strength required to match

the noise �oor PN of a traditional receiver is a function of

the size, shape, and ef�ciency of the antenna. The present

analysis assumes a lossless center-fed halfwave dipole an-

tenna. Average power is related to the electric �eld amplitude

via P/Ad = I = ǫ0c|E|2/2, where Ad is the effective area of
the dipole antenna, I is the intensity, ǫ0 is the permittivity

of free space, c is the speed of light, and |E| is the electric

�eld amplitude. The effective area Ad = Gdλ
2/(4π ), where

Gd = 1.64 is the directivity of a lossless halfwave dipole an-

tenna and λ is the wavelength of radiation. The electric �eld

amplitude that must be applied to a lossless dipole antenna

with effective area Ad in order to match the noise �oor is then

|EN | =
√
2PN/(ǫ0cAd ).

Fig. 5(a) shows the electric �eld sensitivity of a traditional

receiver in a 1 Hz bandwidth assuming Teq = 290 K, for

which PN = −174 dBm. The sensitivity of practical sys-

tems may be higher or lower than this particular example

depending on the actual front-end components, the receiver

topology, and the level of external noise coupling into the

receiver.

The scaling of the electric �eld sensitivity with carrier

frequency [Emin ∝ ν shown in Fig. 5(a)] is based on the

assumption that the antenna aperture size is optimized to

λ/2 for each carrier frequency ν = c/λ, i.e., the electric �eld

strength required to overcome a �xed PN is larger for smaller

antennas. This is equivalent to stating that the minimum de-

tectable power scales as Pmin ∝ 1/λ2.

2) SENSITIVITY OF ATOMIC ELECTRIC FIELD SENSORS

The electric �eld sensitivity for the atomic sensor is calcu-

lated from (4) and shown in Fig. 5 for the example parameters

de�ned in the caption. The calculation of the discrete carrier

frequencies for the atomic electric �eld sensor is described

in the Appendix.

As seen in Fig. 5(a), it is apparent that the atomic electric

�eld sensor is less sensitive than a traditional halfwave dipole

antenna receiver system at Teq = 290 K for most carrier fre-

quencies. It is not expected that the electric �eld sensitivity of
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FIGURE 5. (a) Electric field sensitivity as a function of carrier frequency for two experimentally measured data points from [1] (NIST) and [19] (Shanxi
University) and theoretical predictions for the cases defined in the legend. The atomic electric field sensor theoretical predictions are for the
nD5/2 → (n + 1)P3/2 Rydberg transitions in cesium with 10 ≤ n ≤ 100. The warm atom case assumes Na = 1000 atoms and a decoherence time of
0.3 µs [4]. The two cold atom cases assume different atom numbers (Na = 103 and 104 atoms) and a decoherence time calculated from [15] and shown
in (b). Because the cold atom decoherence time varies with n, these points have a different trend than the warm atom case. The solid gold curve shows
the Teq = 290 K sensitivity of an ideal halfwave dipole antenna optimized for each carrier frequency. (b) Decoherence time T2 used in (a) for cold and
warm atoms. In the warm atom case, a constant transit-time-limited lifetime is assumed. In the cold atom case, the lifetime is assumed to be limited
only by natural and blackbody radiation-induced decay processes.

atomic electric �eld sensors using warm atom vapors will be

able to match that of a lossless dipole antenna-based receiver

at Teq = 290 K, but it may be comparable when accounting

for the power losses and higher internal noise levels present

in many practical systems. Power sensitivities may scale

more favorably, which is discussed further in Section III-C.

Further improvement of the sensitivity will require using

higher atom numbers and/or reducing sources of decoher-

ence. Cold atom systems could enable improved sensitivity

compared to warm atom systems owing to the potential for

longer coherence times. The effective sensitivity for both

warm and cold atom-based sensors will still be limited in

practical applications by any external sources of noise that

fall within the sensor’s bandwidth.

It is instructive to compare how the electric �eld sensitivity

scales with carrier frequency, ν, for these three types of sen-

sors. The sensitivities exhibit different characteristic slopes

as a function of ν in Fig. 5(a).

In the warm atom case, the electric �eld sensitivity scales

with the transition strength like Emin ∝ 1/µRF from (3). For

large principal quantum number n, the transition frequency ν

between Rydberg states n and n+ 1 scales as ν ∝ n−3. The

dipolemomentµRF scales with n asµRF ∝ n2. Therefore, the

electric �eld sensitivity scales with frequency as Emin ∝ ν2/3

in Fig. 5(a).

The cold atom case is more complex and has a different

scaling with ν because the decoherence rate T2 is no longer

dominated by the transit time of the atoms through the

optical �elds, as is the case in warm atoms. The decoherence

rate (1/T2) is fundamentally limited by the natural lifetime

of the Rydberg state, but it is often faster in practice due

to collisional broadening, transit-time broadening, or other

sources of loss. To investigate the fundamental limits, the

natural lifetimes of the Rydberg states can be calculated

numerically [15] or estimated by τnat ∼ τ0n
u, where n is the

TABLE 1 Lifetime parameters for alkali atoms at zero temperature
from [7]

principal quantum number and the values of τ0 and u are

shown in Table 1 for various atomic species and momentum

states at zero temperature [7]. In practice, τnat will be shorter

at nonzero temperatures.

Blackbody radiation is a source of thermal noise that

can impact the Rydberg atom decay rate. The blackbody

radiation-induced decay rate 1/τbbr can be incorporated into

the total decay rate by

1

τtotal
=

1

τnat
+

1

τbbr
(5)

where τbbr can be calculated based on transitions to neigh-

boring states [15] or estimated by τbbr = 3hn2/(4α3kBT ) [7].

Here, α is the �ne structure constant. The blackbody

radiation-induced decay rate (1/τbbr) is linearly proportional

to the absolute temperature T of the radiative environment,

which here is taken to be room temperature. The total de-

cay time in the idealized cold atom case where T2 = τtotal is

shown in Fig. 5(b).

For cold atoms, the scaling of the electric �eld sensitivity

with frequency can be estimated from the warm-atom rela-

tionship Emin ∝ ν2/3 described previously and noting that

there is an additional dependence on ν present in (4) due

to the dependence of T2 on ν. For the case where black-

body radiation dominates T2, there is an additional scaling

of Emin ∝ ν1/3, and the sensitivity would scale linearly as

Emin ∝ ν if this were the only additional factor. However,
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the additional dependence of τnat on nu results in a more

complex scaling with respect to ν, which is evidenced by the

slight deviation from linearity in the cold atom points shown

in Fig. 5(a).

C. POWER SENSITIVITY

It is not straightforward to calculate a power sensitivity for

the atomic electric �eld sensor. To convert from an electric

�eld sensitivity to a power sensitivity, it is necessary to de-

�ne the appropriate sensing area. This is a current topic of

research [4], [11].

To better understand the importance of determining an

accurate sensing area, it is instructive to assume an example

sensing area for the atomic electric �eld sensor. One could

assume a conservative sensing area equal to the cross section

of the optical �elds propagating through the atomic vapor.

For a 1 mm × 1 cm interaction region and the measured sen-

sitivity of 79µV/m/
√
Hz [1], the estimated power sensitivity

is approximately −131 dBm in a 1 Hz bandwidth. However,

with a smaller assumed sensing area, the atomic electric

�eld sensor’s estimated power sensitivity is correspondingly

smaller.

For an atom-shot-noise-limited electric �eld sensitiv-

ity of 100 nV/m/
√
Hz and an assumed sensing area of

1 mm × 1 cm, the projected power sensitivity is approxi-

mately −189 dBm in a 1 Hz bandwidth—well below the

room temperature thermal noise limit of −174 dBm. Atomic

electric �eld sensors, therefore, have the potential to sur-

pass the room temperature thermal-noise-limited power sen-

sitivity for the most sensitive detection regimes, especially

for sensors employing heterodyne detection and methods to

increase atom number and reduce decoherence (e.g., using

optical cavities [22] and/or cold atoms).

D. SELECTIVITY

The selectivity of a receiver is often characterized in terms

of the Q-factor, which is de�ned as Q = ν/�ν, where ν is

the carrier frequency and�ν is the instantaneous bandwidth.

The Q-factor of atomic electric �eld sensors is shown in

Fig. 6 alongside some example electronic �lters. The atoms

provide a naturally narrowband response of approximately

�ν = 10 MHz [23], [24]. The Q-factor for traditional front-

end electronic �lters shown in Fig. 6 is de�ned only for the

RF front-end stage (i.e., the antenna and any initial �lter be-

fore the low-noise ampli�er). In both standard RF front-ends

and atomic electric �eld sensors, one can use analog and

digital domain signal processing techniques in the interme-

diate frequency and/or digital stages, respectively, to achieve

narrower instantaneous bandwidths.

To achieve high Q-factors, traditional receivers require

specialized preselection �lters, which have a limited linear

tuning range and sensitivity degradation. These receivers

typically operate with Q-factors around 10 (for halfwave

dipoles) to 100 (for electrically small antennas), with spe-

cialized �lters sometimes enabling Q-factors on the order of

103 [25]. In general, for frequencies above the super high

FIGURE 6. Q-factor of atomic electric field sensors and receiver
front-end filters as a function of carrier frequency. The case of atomic
electric field sensors, where the instantaneous bandwidth is
approximately 10 MHz [23], [24], is shown in red points. The other lines
show Q-factors for the standard front-end filters defined in the legend.
See [25] for filter specifications.

frequency (SHF) band, it is dif�cult to achieve high-Q �l-

tering. Atomic electric �eld sensors have a comparable Q to

standard front-end electronics for UHF and SHF frequencies.

However, they maintain a naturally high-Q response into the

extremely high frequency band, as shown in Fig. 6. This nar-

rowband response can enable resiliency against interference

signals, which is discussed further in Section VI.

Similar to traditional receiver systems, additional analog

and digital domain processing techniques can enable reduc-

tion of the effective instantaneous bandwidth. The Q-factor

shown in Fig. 6 de�nes only the RF and analog �ltering

components of any receiver architecture. One can engineer a

version of the atomic electric �eld sensor that is analogous to

a heterodyne receiver architecture, which is discussed further

in Section III-I. In the heterodyne case, the atomic electric

�eld sensor has been shown to achieve a frequency resolution

of less than 1 Hz [1], [19]. For the low-frequency bands,

the atomic electric �eld sensor has a very small effective

Q because the instantaneous bandwidth of the atoms is still

approximately 10 MHz.

E. POLARIZATION AND VECTOR ACCURACY

The direction-of-arrival of a signal can by fully determined

from measurement of the incident �eld’s amplitude and

phase in three mutually orthogonal directions [26]. Atomic

electric �eld sensors have been measured to have an am-

plitude precision of less than 1% [2], a phase accuracy of

less than 0.1% [27], and a polarization accuracy of less than

0.5◦ [28]. Atomic electric �eld sensors have not yet been

engineered to simultaneously sense three mutually orthog-

onal axes, though one recent work showed that by rotating

a single-axis probe, one can infer vector information from a

constant, stationary emitter [2]. In addition, another recent
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TABLE 2 Measurements of channel capacity for atomic electric field
sensors

demonstration measured the angle-of-arrival of an incom-

ing signal by constructing a two-component atomic sensor

array [6].

Comparable polarization accuracies are achievable with

traditional receiver systems, though full vector antennas can

become fairly large for frequencies belowUHFwith volumes

on the order of the cube of the carrier wavelength. Additional

research is needed to determine the accuracy limitations of

the atomic electric �eld sensor for vector measurements in

the off-resonant sensing regimes.

F. CHANNEL CAPACITY

The atomic electric �eld sensor is limited in its channel ca-

pacity for higher frequency bands, especially in the regime

where it is the most sensitive (UHF to THF). Examples of

the measured channel capacity of the atomic electric �eld

sensor for different frequencies are shown in Table 2. For

low signal-to-noise ratios (SNRs), the channel capacity is

roughly limited by the instantaneous bandwidth of the light-

atom interaction according to the Shannon–Hartley theorem.

Atomic electric �eld sensors have an instantaneous band-

width of approximately 10 MHz, though one recent demon-

stration showed that this could potentially be expanded to

200 MHz for higher electric �eld strengths [29].

The atomic electric �eld sensor is capable of performing

quadrature measurements of an incident RF �eld and, thus,

can be used for receiving quadrature-encoded information.

An initial demonstration of an 8-state phase-shift-keying pro-

tocol with the atomic electric �eld sensor measured an em-

pirical channel capacity of 8.2Mbits/s for a carrier frequency

of 17 GHz [30].

For lower frequency bands, the atomic electric �eld sensor

operates in the off-resonant regime with reduced sensitivity.

However, the sensor is capable of operating with fairly high

channel capacities in this regime; an empirical maximum

channel capacity of 40 Mbits/s for a carrier frequency of

30MHzwas recentlymeasured using the atomic electric �eld

sensor [10].

The narrowband response of the atoms provides opportu-

nities for lower bandwidth communications in crowded or

contested electromagnetic environments with rates suf�cient

for audio and positioning data.

G. DYNAMIC RANGE

The atomic electric �eld sensor can have limited dynamic

range for the resonant mode of operation (for discrete

frequencies betweenUHF and THF). However, it can achieve

a very large dynamic range with a heterodyne technique or

for the less-sensitive off-resonant mode of operation. Table 3

lists the dynamic range for different operating regimes of the

TABLE 3 Estimated dynamic range for three operating regimes of the
atomic electric field sensor from [1], [2], [11], [19], [31]

atomic electric �eld sensor from [1], [2], [11], [19], [31].

The Rydberg atom electric �eld probe from Rydberg Tech-

nologies, Inc. can access the Autler–Townes through Floquet

regimes and achieves a dynamic range of more than 80 dB

for the latter [2]. Additional research and development is

required to make smooth transitions among these operating

regimes, especially for modulated signals.

H. GAIN

The de�nition of gain for an atomic electric �eld sensor is

fundamentally different than that for a traditional receiver.

In a traditional receiver, there are two categories of contri-

butions to the overall gain: the directivity of the antenna and

ampli�cation in the electronics. The directivity of the atomic

electric �eld sensor is similar to that of an in�nitesimal dipole

(for which G = 1.5) in that there is a well-de�ned polar-

ization of the atomic electric dipole. In addition, similar to

traditional receivers, the sensitivity of an atomic electric �eld

sensor can be enhanced if one uses an antenna to focus an

incident �eld and generate a higher intensity in the detection

region [11].

In regards to ampli�cation, while the atomic electric �eld

sensor will generally have electronic gain elements (e.g., in

the photodiode), it also has a separate means for ampli�ca-

tion that does not scale in the same way as electronic com-

ponents. Speci�cally, the gain of atomic electric �eld sensors

can be enhanced by increasing the atom number, which gives

rise to enhanced sensitivity owing to the distinct scaling of

atom number with signal and noise.

I. EXAMPLES OF RECEIVER ARCHITECTURES

The atomic electric �eld sensor can be constructed with

receiver architectures that are in many ways analogous to

specialized front-end electronics for traditional receiver sys-

tems. Two example architectures are shown in Fig. 7: an

amplitude-modulation (AM) architecture and a heterodyne

architecture. The best experimentally measured electric �eld

sensitivity for the atomic AM receiver architecture is ap-

proximately 300 µV/m/
√
Hz [3]. The RF heterodyne archi-

tecture shown in Fig. 7 is more complicated, but it enables

better sensitivity with recently reported measurements of

5.5 µV/m/
√
Hz [19] and 79 µV/m/

√
Hz [1]. This RF hetero-

dyne detection scheme uses a local oscillator resonant with
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FIGURE 7. Two example receiving architectures for the atomic electric field sensor and a standard antenna and front-end. The top row shows the
schemes for simple AM signal detection, and the bottom shows a version of heterodyne detection. (Note: The use of two local oscillators at different
frequencies is sometimes referred to as superheterodyne detection.) The block diagrams on the right-hand side are adapted from [33].

the transition |3〉 ↔ |4〉, and the incoming signal �eld has a

small detuning relative to the local oscillator frequency [1],

[19].

IV. ADVANTAGES OF THE ATOMIC ELECTRIC

FIELD SENSOR

A. RESISTANCE TO INTERFERENCE

There are three key atomic electric �eld sensor character-

istics that enable resistance to strong interference signals:

a high-Q response (narrow instantaneous bandwidth), agile

tunability to enable fast frequency hopping, and a physi-

cally small sensing element for improved shielding. High

Q-factors can enable more robust performance in a noisy

environment because the sensor will have a strong rejection

of interference outside a narrow band. TheQ-factor of atomic

electric �eld sensors is shown in Fig. 6, where the atoms

provide a naturally narrowband response that is independent

of the carrier frequency. Despite this high Q-factor, it is also

important to recognize that each Rydberg state is sensitive

to multiple transitions, and thus out-of-band frequencies can

still perturb a given measurement.

B. SELF-INTERFERENCE MITIGATION

Capabilities for resistance to background interference can

also be applied to self-interference mitigation. Cosite and

colocated self-interference refers to the deleterious effects

of cross-coupling between spectrum-dependent systems that

are in close proximity. An atomic electric �eld sensor could

be operated in such a way so that it does not couple to colo-

cated or nearby spectral emissions due to its narrow instan-

taneous bandwidth.

For communications at frequency bands above UHF, the

limited Q-factor at high frequencies combined with reradia-

tion of the antennas can give rise to cosite interference. The

atomic electric �eld sensor has an intrinsically high Q-factor

at high frequencies and is nonreradiating, and it, thus, could

be deployed as a primary or backup wireless receiver for

assured spectrum sensing for applications ranging from com-

munications to radio navigation.

C. BROAD TUNABILITY

The atomic electric �eld sensor is also capable of broad

tunability. Tuning the resonance of the atomic electric �eld

sensor is achieved by small adjustments to the optical fre-

quency of one of the lasers used to excite the atoms. The

tuning time is a function of the magnitude of the desired

frequency hop. For example, if one wishes only to tune to a

nearby Rydberg state, this could potentially be accomplished

via a fast (submicrosecond) step current adjustment to the

laser head. If one wishes to tune much further (e.g., from

near 1 GHz to near 100 GHz), it is likely that the tempera-

ture or phase-matching of the laser will need to be adjusted,

and the tuning time could take multiple seconds or longer.

Alternatively, one could use a separate laser system for fast

tuning between two frequencies, but this would increase the

size, power consumption, and cost of the sensor.

By comparison, tuning of traditional receivers can gen-

erally be done quickly, though the magnitude of the tun-

ing range is more limited than that for atomic electric �eld

sensors. For example, the Keysight N5194A Agile Vector

Adapter is a fast-hopping traditional solution, which can per-

form frequency hopping from 10 MHz to 40 GHz in less

than ten microseconds [32]. However, traditional receivers

achieve fast tuning by adjusting the local oscillator frequency

and generally do not deliver fast tuning of the antenna or

preselection �lters themselves, which can leave them vul-

nerable to interferers across a wide spectral band. In addi-

tion, traditional receiver front-end components (viz. antenna,

�lter, low-noise ampli�er, and mixer) have limited tuning

ranges due to impedance matching requirements to maintain

sensitivity performance and to avoid undesired circuit im-

plementation parasitics and/or undesired signal propagation

modes. The atomic electric �eld sensor uniquely offers broad

tunability across multiple spectral bands.
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FIGURE 8. Approximate volume of halfwave dipole antennas (assuming
volume = [Gdλ2/(4π)] × 10 cm, where Gd = 1.64 is the gain of a lossless
halfwave dipole antenna) and the volume of the atomic electric field
sensor head (receiving element only, excluding lasers and electronics)
developed by Rydberg Technologies, Inc. [2].

D. SENSOR SIZE

The atomic electric �eld sensor head is signi�cantly smaller

than typical antennas for carrier frequencies below approxi-

mately 1 GHz, as shown in Fig. 8. The atomic electric �eld

sensor employs a small, compact sensor head that is broadly

tunable, whereas the aperture size of traditional antennas

generally scales with the wavelength of the radiation.

With further advances in laser miniaturization and pho-

tonic integration, the full sensor (including requisite lasers

and electronics) could be contained in a volume of approxi-

mately 20 L in the near-term (∼10 years) and potentially be

made as small as a hand-held-size device in the long-term

by employing excitation techniques requiring only diode

lasers [8]. This size reduction would enable interference re-

sistance capabilities for frequencies below 1 GHz not obtain-

able on many size-constrained platforms.

E. PROTECTION FROM INTENSE FIELD EVENTS

Atomic electric �eld sensors may also be engineered for re-

silience against intense �eld events such as electromagnetic

pulses. The sensor head itself can be constructed without

electronically conductive channels. In particular, it contains

only glass optics and �ber optics as well as a glass or crystal

vapor cell. The sensor head can be connected via optical �ber

to a shielded box that houses the lasers and other requisite

electronics. Hence, due to the absence of exposed electri-

cal antenna and transmission lines, which are connected to

voltage-biased electrical components with voltage handling

limits, the atomic sensor could continue to function normally

after an intense �eld event.

V. LIMITATIONS OF THE ATOMIC ELECTRIC

FIELD SENSOR

The principal current limitation of an atomic electric �eld

sensor compared to a traditional receiver is its relative lack

of maturity. At present, these are highly specialized de-

vices, with only one small company commercializing cus-

tom units [2]. Traditional RF/microwave receivers, on the

other hand, are commodity items, integrated in several in-

stantiations in every mobile phone and many other devices

on the planet. There are several technical hurdles that must

be overcome to make atomic sensors more affordable and

deployable. The primary technological hurdle at present is

the lack of maturity of the visible control laser (at 480 nm for

Rb and 510 nm for Cs). Improvements in narrow-linewidth,

high-ef�ciency lasers at these wavelengths will be required

for future Rydberg atom electric �eld sensor deployment.

The key limitations of atomic electric �eld sensors are

summarized in Table 4. The atomic electric �eld sensor can-

not replace traditional receivers for the majority of applica-

tions; rather, it should be viewed as an emerging technology

with unique capabilities that can be exploited to improve or

enable certain capabilities. Because the tuning time is limited

by the time it takes to adjust the laser frequency, the sensor

will operate most ef�ciently in situations where the carrier

frequency is known.

Standard tactical communications often require channel

capacities greater than 10 MHz, which cannot be achieved

with a single atomic electric �eld sensor. (Multiple chan-

nels could be used with carrier aggregation to achieve larger

channel capacities, but this comes at the expense of greater

size, power, and cost.) In addition, traditional front-end �lters

can provide low-frequency selectivity with high Q-factors

typically ranging from approximately 100 to 2500. Atomic

electric �eld sensors have a �xed instantaneous bandwidth

of approximately 10MHz and, thus, cannot achieve the same

preselection �ltering for low carrier frequencies (e.g., below

1 GHz). However, similar to traditional receivers, the instan-

taneous bandwidth of atomic electric �eld sensors can be

adjusted in digital signal processing provided that the inter-

ference signal does not distort or degrade sensor performance

prior to analog-to-digital signal conversion. Additional

examples of applications for which it would be challenging

or impossible to use the atomic electric �eld sensor are dis-

cussed further in Section VI.

VI. APPLICATIONS

The atomic electric �eld sensor cannot offer continuous

tunability for sensitivity levels required for many commu-

nications and sensing applications. However, it does offer

some unique advantages for cosite mitigation, as described in

Section IV-B, as well as in electromagnetic spectrum situa-

tional awareness, distributed sensing, and precision charac-

terization of custom antennas.

A. ELECTROMAGNETIC SPECTRUM SITUATIONAL

AWARENESS

The atomic electric �eld sensor’s precision vector

capabilities can identify the direction-of-arrival of an

unknown RF/microwave �eld. In addition, while typical

ultra-wideband antennas require careful optimization and

impedance matching to minimize power losses and maintain

sensitivity, the optical detection of the atomic electric �eld
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TABLE 4 Limitations of atomic electric field sensors

sensor is naturally impedance-matched for all available

sensing frequencies.

For situations where the �eld strength is suf�ciently

strong, the atomic electric �eld sensor is theoretically con-

tinuously tunable from near-DC through THz carrier fre-

quencies. One recent demonstration showed that the atomic

electric �eld sensor canmeasure �elds as low as 300µV/m in

the ultra low frequency (ULF) band (from 600 Hz–1.5 kHz

in this experiment) [9]. Another recent theoretical analysis

showed that the atomic electric �eld sensor can measure

�eld strengths of �102 V/m for carrier frequencies from

1 kHz through approximately 50 MHz, which spans the ULF

through very high frequency (VHF) bands [4]. There was

also a separate recent experimental demonstration showing

proof-of-principle continuous tunability from the very low

frequency through high-frequency (HF) bands [10].

The sensitivity of the atomic electric �eld sensor can the-

oretically be made comparable to electrically small antennas

in the ULF through VHF bands [4], and thus, it could simi-

larly be used for communications and sensing applications

requiring small-size sensing elements, but with the added

advantage of having nonreradiating receivers.

B. DISTRIBUTED SENSING

Atomic electric �eld sensors can enable higher precision

distributed sensing, e.g., for radar and geolocation, with a

lower SWaP sensor head. Owing to the deeply subwave-

length sensing capability of atomic electric �eld sensors, they

can improve the phase and spatial resolution for distributed

sensing applications such as bistatic radar. In addition, a ver-

sion of the atomic electric �eld sensor could be engineered to

sense two or more vastly disparate frequencies (e.g., 10MHz

and 10 GHz), which can enable spectrally sparse multitone

measurements—a common technique to overcome weather-

induced decoherence.

C. PRECISION CHARACTERIZATION OF

CUSTOM ANTENNAS

Custom antennas can enable the generation of novel geome-

tries and can also reduce the size and weight of traditional

receivers. However, characterizing the �eld of these custom

antennas and identifying defects can be dif�cult due to the

mutual interference between the custom antenna and the

characterization antenna. The atomic electric �eld sensor is

composed of dielectric material that does not generate mu-

tual interference effects. For research and standards devel-

opment, the atomic electric �eld sensor has an SI-traceable

measurement capability (i.e., one that is characterized by a

fundamental constant), and it can enable absolute electric

�eld measurement uncertainties of less than 1%, which is

nearly an order of magnitude better than current antenna

standards [2], [34]. The partially miniaturized atomic electric

�eld probe from Rydberg Technologies, Inc. is continuously

tunable from 10MHz (HF) to just under 1 THz (THF) [2] for

high �eld strengths, which is suf�cient for precision antenna

characterization applications.

VII. CONCLUSION AND OUTLOOK

This review has presented a comprehensive perspective on

the capabilities and outlook of Rydberg atom electric �eld

sensors. Their advantages and limitations have been iden-

ti�ed as a function of carrier frequency, and comparisons

to traditional receiver characteristics have been made. With

substantial laser advances, future miniaturization efforts, and

application-speci�c research and development, atomic elec-

tric �eld sensors are projected to make an impact in spec-

trum situational awareness, communications, and sensing

applications.

APPENDIX

The Rydberg energy levels (relative to the ionization energy)

are given by the Rydberg formula

E(n, j, l) = −
hcRy

(n− δ(n, j, l))2
(6)

where Ry is the Rydberg constant [35]. The term δ(n, j, l) is

known as a quantum defect that gives rise to a new effec-

tive principal quantum number neff = n− δ(n, j, l), where

n is the principal quantum number of the Rydberg state,

j describes the total angular momentum, and l describes
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TABLE 5 Defects in cesium measured in [36] and [37]

TABLE 6 Defects in rubidium measured in [38] and [39]

the orbital angular momentum. The quantum defects are

approximated by δ(n, j, l) ≈ δ0 + δ2/(n− δ0)
2, where δ0

and δ2 are given in Tables 5 and 6 for cesium and rubid-

ium, respectively. The Rydberg constant for cesium is Ry =
109 736.862 cm−1. The Rydberg constant for rubidium is

Ry = 109 736.605 cm−1. In practice, not all Rydberg levels

are accessible because transitions to high-n Rydberg states

have larger dipole moments and, thus, require higher opti-

cal powers to access. The present analysis only considers

n ≤ 100 for this reason.

Equation (6) is a good approximation, though not exact,

of the energy separation between Rydberg levels. It typically

has an error of no more than 1 MHz, which is inside the

bandwidth of interest. This formula is used to calculate the

frequency separation between neighboring Rydberg levels,

which enables sensing at RF/microwave frequencies.
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