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Abstract—Rydberg atom-based antennas exploit the quantum
properties of highly excited Rydberg atoms, providing unique ad-
vantages over classical antennas, such as high sensitivity, broad
frequency range, and low intrinsic noise. Despite the increasing
interests in their applications in antenna and communication en-
gineering, some key properties, involving the lack of polarization
multiplexing and isotropic reception without mutual coupling, re-
main unexplored in the analysis of Rydberg atom-based multiple-
input-multiple-output (MIMO) communications. Generally, the
design considerations for any antenna, even for atomic ones, can
be extracted to factors, such as radiation pattern, efficiency, and
polarization, allowing them to be seamlessly integrated into existing
system models. In this letter, we extract the antenna properties
from relevant quantum characteristics, enabling electromagnetic
modeling and capacity analysis of Rydberg MIMO systems in both
far-field and near-field scenarios. Focusing on spatial multiplex-
ing performance under the same signal-to-noise level, our results
indicate that Rydberg atom-based antenna arrays offer certain
advantages over classical dipole-type arrays in single-polarization
MIMO communications.

Index Terms—Channel capacity,
Green’s function, multiple-input-multiple-output
communications, Rydberg atomic antenna.

electromagnetics (EM),
(MIMO)

1. INTRODUCTION

IRELESS communications have evolved significantly

over the years, transitioning from single-antenna sys-
tems to multiple-antenna configurations [1], then leading to
massive [2] and even holographic antenna arrays [3]. The de-
sign of these advanced arrays enables the efficient and skillful
utilization of spatial, angular, temporal, frequency, and polariza-
tion domains, thereby continuously improving communication
performance. However, classical antennas are bounded by many
intrinsic limitations, such as Chu’s [4] gain-bandwidth limit and
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Hannan’s [5] efficiency limit, which significantly constrain the
potential performance enhancements of current communication
systems.

Since it is challenging to overcome these classical lim-
its through conventional physics, Rydberg atom-based re-
ceivers [6], [7], [8], [9], [10], [11], rooted in quantum physics,
offer new possibilities by circumventing these restrictions. Ry-
dberg atom-based antennas exhibit several attractive properties,
including high sensitivity, broad frequency range, compact size,
and low intrinsic noise, making them promising candidates for
sensing [12], [13], [14], [15], [16], [17] and communication [7],
[8], [18], [19]. Notably, a single-input multiple-output system
has been developed [20], and direction-of-arrival (DOA) esti-
mation has been achieved [21], paving the way for multiple-
input-multiple-output (MIMO) applications. In addition, chan-
nel models and signal processing techniques have also been
investigated for Rydberg MIMO communications [22], [23],
[24], [25]. From an antenna engineering perspective, critical
factors, such as radiation patterns, efficiency, and polarization,
must be addressed, as they directly influence MIMO system
performance. However, most existing research emphasizes hard-
ware architectures or signal processing methods, with limited
focus on extracting antenna properties specifically for MIMO
purpose. Moreover, the electromagnetic (EM) modeling of such
systems remains underdeveloped. A comprehensive approach
that combines EM, quantum, and information theories is re-
quired to advance the understanding and application of Rydberg
MIMO systems.

In this letter, we propose an EM model of Rydberg MIMO
systems and perform capacity analysis at both far and near
fields, leveraging the two key properties of isotropic reception
and lack of polarization multiplexing. Our contributions can be
summarized as follows.

1) The analysis of a two-level system S;/; <> Py/o is
presented to demonstrate why Rydberg systems are
insensitive to polarization and direction in MIMO
communications, and the distinction between polariza-
tion measurement and multiplexing communication is
clarified.

2) The isotropic and polarization effects of Rydberg antenna
are considered and integrated into EM-based models for
both far-field and near-field communications. Capacity
analyses are conducted for revealing the performance of
Rydberg MIMO receiver at both far and near fields.

This work unifies the quantum properties of Rydberg antennas
with the EM modeling of MIMO communication systems, of-
fering valuable insights for the design of future Rydberg antenna
arrays and communication systems.
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Fig.1. Rydbergatom-based MIMO receivers. (a) Rydberg atom antenna array,
the element spacing d is typically smaller than half-wavelength. (b) EIT and AT
splitting in frequency domain analysis. (c) Time-domain signals from photo
diodes for retrieving the amplitude and phase of incident wave.

II. PRINCIPLES

A. Rydberg Atom-Based Antenna Array

Highly excited Rydberg atoms exhibit large transition dipole
moments between neighboring Rydberg states, allowing them to
resonate with EM waves across a broad frequency range' from
MHz to THz [8], [9]. Fig. 1(a) illustrates the conceptual design
of a Rydberg atom-based antenna array. By using coupling and
probe lasers, the Rydberg atoms can detect incoming waves,
effectively functioning as atomic antennas. In the frequency
domain, electromagnetically induced transparency (EIT) can be
established with two laser fields, enabling the Rydberg atoms to
become transparent at certain frequencies. The Autler—Townes
(AT) splitting effect, induced by microwave fields, facilitates
precise field measurements and enables direct encoding and
decoding of information [8], as shown in Fig. 1(b). Fig. 1(c)
demonstrates how amplitude and phase information can be
directly retrieved from photo diodes in time-domain measure-
ments, typically using the superheterodyne technique with a
local oscillator [21], [26]. Fig. 1(b) is generated using the fast
algorithm for simulating the Rydberg response developed in our
previous work [27], while Fig. 1(c) presents our experimental re-
sults for DOA estimation. In addition, because the atomic vapor
is typically enclosed in glass, which has minimal scattering of
EM waves, mutual coupling between atomic antennas is nearly
negligible [28].

B. Antenna Radiation Pattern and Polarization

Intuitively, the Rydberg atoms are conducting stochastic mo-
tions in the vapor with no fixed dipole axis, making the receiver
insensitive to electric field direction after averaging. To further
illustrate this, we consider a system comprising two Rydberg
energy levels, Sy /» and Py 5, each with two sublevels,m; = 1 /2

! While the bandwidth of a single transition is typically narrow, on the order
of kHz to MHz, it can be expanded by utilizing multiple transitions.
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Fig. 2. Axis and level diagram for analyzing the effect of incoming wave

direction and polarization. (a) Axis and relative angles, z-axis is set as the
quantum axis, the angle between +z and E-field is 0, the angle between +x
and the projection of E-field on xoy-plane is ¢. (b) Level diagram with two
Rydberg energy levels. The E-fields couple each sublevel of Sy /5 and P /o

through o or 7 transition, dependent on the wave polarization and direction.

and —1/2. The Hamiltonian for the wave-atom interaction can
be constructed based on this system.

According to the transition selection rules, the EM field cou-
ples these sublevels through 7 and o transitions with Am; = 0
and +1. The strength of the individual transitions depends on
the orientation of the microwave field’s polarization. The axis of
this quantum system and the energy levels are depicted in Fig. 2.
When the electric field E is along the z-axis, the Hamiltonian
of this system can be represented by a matrix

0 0 -Q 0
- 1[0 o 0o @
H=351_a0 0 0 o M

o 2 0 0

where the (2 is Rabi frequency, and the entries represent the
interactions between the basis states [Si2, —1), |S1/2,3).
|Pija,—1), |Pij2, 3). As depicted in Fig. 2(b), only the =
transition will appear between Sy, and P/, with the same
m,;. With arbitrary rotation of field direction and polarization,
the angles between the axis and F can be denoted by 6 and ¢
in Fig. 2(a). The contribution of E along z-axis accounts for
the 7 transition, and the contribution along zoy plane accounts
for the o transition with a phase shift exp(j¢). Therefore, the
Hamiltonian after arbitrary rotation of £ field becomes

e - L
2
0 0 —Qcosh Qsinfe I?
0 0 Qsin fe’?® Qcosb
—*cos Q*sinfe I? 0 0
Q*sinfe’®  Q*cosb 0 0

2

Solving the eigenvalues of (1) and (2), it can be found that they
have the same eigenvalues £ /2. Therefore, the direction of the
electric field, and consequently the incoming wave direction and
polarization, do not influence the Hamiltonian of this system.
This process establishes the mapping from quantum proper-
ties to antenna characteristics, demonstrating that the Rydberg
antenna inherently exhibits an isotropic radiation pattern and
is polarization-independent. The AT frequency splitting Anar,
which can be directly measured in experiments, is equal to the
energy difference between two eigenvalues, i.e., Ay = . After
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Fig. 3.  Far-field and near-field communication scenarios, where the sizes of

antenna arrays are fixed as L x L, with N x N antennas uniformly distributed.
L is fixed as 5 wavelengths in this article. (a) Far-field signals can be approxi-
mated as incoming plane waves inside certain angular spreads, and an isotropic
scattering environment is considered here to match the isotropic pattern of
Rydberg antenna. (b) At near field, the transmitting and receiving arrays are
directly opposite at a distance D, with no scatterers between them.

that, we can obtain the electric field with
uE
Q = | — 3
L 5

where 7 is the Planck constant, y is the transition dipole moment.
Similar methods can be extended to more complex systems, and
these principles have been experimentally verified [29], [30].

It is important to note that shifts or splittings of the field-
modified spectroscopic lines depend on the amplitude of the EM
field, while the relative strengths of these lines are determined
by the orientation of the incident EM field polarization relative
to the optical polarization [31]. Although this latter property
can be employed for polarization measurement, current Rydberg
atom systems rely on the shaping of spectroscopic lines for
information transmission [8]. This suggests that polarization
multiplexing cannot be used effectively, as the information
would not be retrievable in such a configuration.

C. Antenna Efficiency

The configurations of the antenna arrays are plotted in Fig. 3.
At far field, classical dipole-type antenna appears a cosine-
shaped radiation pattern. Hannan’s limit [5], [32] is employed
to account for efficiency losses in dense array as e = w.S/A?,
where S = (L/N)? is the area of a single antenna element, A
is free-space wavelength. As the gain limit is a fundamental
far-field bound, this efficiency limit concept should also hold for
very dense atomic arrays. The efficiency formula for Rydberg
antenna can be expressed as e = 475/, since the directivity
of each electrically small Rydberg antenna is still 1 (isotropic),
unlike the typical value of nearly 4 for dipole antenna. As atomic
antennas lack the concept of impedance matching, the decrease
in efficiency is likely due to insufficient interaction between the
atoms and the field, potentially caused by smaller atom clusters
in vapors, which requires further investigation. In this work,
ideal efficiency is assumed for the Rydberg antennas, since the
considered element spacing typically exceeds 0.3 wavelength.

III. EM-BASED MODELING OF RYDBERG MIMO SYSTEMS
A. Far-Field Model

In the far-field scenario, the primary characteristics of
Rydberg MIMO systems are the isotropic radiation pattern
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and the absence of mutual coupling. Consequently, far-field
performance analysis can be readily conducted using existing
ray-based methods [33], [34], with appropriate sampling of
the radiation patterns. In this letter, we assume an isotropic
scattering environment, which aligns with the characteristics of
Rydberg antennas due to their isotropic patterns. The correla-
tion coefficient between antennas at positions m and n can be
determined with

[ En (0, $)E;, (6, ¢) sin 0d6d

VITE . O sin 62036/ TTE @, 9)P sm a8y
where * denotes the conjugate operator, E(0, ¢) is the far-field
radiation pattern that directly determines the correlation, thus
MIMO performance. More general forms can be easily included
for dual polarizations, cross-polarization discrimination, and
nonisotropic scattering environment [28], [33], [34]. After form-
ing the correlation matrix R, the channel matrix considering
noise becomes H = (H,,R2), where the entries of H,, are
independent identically distributed complex Gaussian random
variables. The transmitting side is considered ideal appearing no
correlations with ideal efficiency. Normalization of the channel
matrix should be properly made for characterizing the realized
gains of the antenna array, especially for dense array [35],
[36]. Consequently, with power equally allocated, the ergodic
capacity is given by

c=¢& {1og2 [det <I + ;HHT)} } (5)
t

where £ denotes the ensemble average, I is the identity matrix, y
is the total signal-to-noise ratio (SNR), and /V; is the transmitting
antenna number. Notice that the Rydberg antenna could exhibit
significantly lower quantum noise compared to the thermal noise
in traditional antennas [18], which generally allows for higher
SNR. In this work, however, we assume an equal SNR level
for both systems to facilitate a fair comparison of their spatial
multiplexing performance.

Tmn

B. Near-Field Model

For near-field model with no scatterers, the vector field should
be considered, and we can use the free-space dyadic Green’s
function

~ - VV
G (r, I‘/) = (I + k,2> g(r, I'/) ©)
where I is the unit tensor, k& denotes the wave number, r and 1’
are the positions of receivers and transmitters, and g(r, r’) is the
free-space scalar Green’s function. The relation between source
J(r’) and field E(r) can be written in matrix form and

Ey = Gym ny Gyz J, y] @)
EZ GZI GZy GZZ JZ

more explicit form of the Green’s function can be found in the
Appendix IT of [36]. When considering full-polarizations at near
field, we can form the channel matrix

Hac:c Hwy sz
H=H, H,, Hy,|. )
Hz:v sz sz
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Fig. 4. Capacity comparison of MIMO systems build with Rydberg atom and
dipole-type antennas at far field (SNR=10 dB). “w/o coupling” denotes the
dipole array with ideal radiation efficiency.

For example, h,,(r,r') = G, (r,r’) are the elements of chan-
nel matrix H,, for the transmitters and receivers using x
polarization [37]. The expressions for other polarizations fol-
low similarly. Unlike classical systems fully described by
(8), the Rydberg MIMO receiver does not differentiate be-
tween polarizations. Thus, the amplitude of received signal
depends solely on the amplitude of total vector field |E| =
VEz[?> + |Ey|> + |E.[?, while the phase term is identical to
that of a scalar Green’s function, given by exp(—jk|r —r']).
Although, strictly speaking, only amplitude information can
be observed [24], the phase can be directly retrieved from
time-domain delays and is therefore considered explicitly known
here for the purpose of spatial multiplexing analysis. In a more
explicit form, the element for the channel matrix Hy, is

ha(r,r') = exp (—jk[r — ']

2 2 2
Xal| Do Gai| +| D Gy +| D Gu| )

1=2,Y,2 1=2,Y,2 1=x,Y,2

where the ¢ denotes the polarizations used. Typically, a single po-
larization suffices, as no polarization gain is available. Compared
to classical MIMO systems described by y = Hx, the model for
Rydberg ones can be regarded as y = |Hpzx|P, where the | - |
here denotes entry-wise absolute value, y and x are the receiving
and transmitting signals, P is a diagonal matrix containing the
phase term exp(—jk|r — r’|) from the time-domain signal in
photo diode. For conciseness, the influence of polarization is
not explicitly denoted on Hzx, but is detailed in (9).

IV. CAPACITY ANALYSIS
A. Far Field

The numerical results are shown in Fig. 4, where the capac-
ity of classical MIMO system decreases after reaching half-
wavelength spacing due to the efficiency loss caused by mutual
coupling. While dual polarizations significantly increase capac-
ity, a similar decline caused by mutual coupling at close antenna
spacing is still observed. For Rydberg antennas with single
polarization, even when compared to dipole antennas without
mutual coupling, certain advantages are still evident, primarily
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Fig. 5. Capacity comparison of MIMO systems build with Rydberg atom and
dipole-type antennas at near field (SNR=10 dB).

due to their larger degree of freedom (DOF) in rich multipath
environments [37]. In addition, although precoding is not applied
in this case, the capacity trends remain similar, as they are
primarily determined by the communication DOF. Moreover, the
absence of mutual coupling makes Rydberg antenna a promising
candidate for ultra-dense holographic arrays.

B. Near Field

Atnear field, we use (9) to construct the channel matrix for Ry-
dberg MIMO system. For classical cases, H,, from (8) is used
for single polarization, while [H,,, H,,; Hy,, H,, ] is used for
dual polarizations. The element spacing is fixed as half wave-
length for both transmitting and receiving sides, while the dis-
tance between them is changing. Compared to the channel matrix
build with scalar Green’s function [37], the main difference in the
Rydberg MIMO system lies in the received amplitudes, which
are calculated using the dyadic Green’s function. The capacity
results are shown in Fig. 5, where only minimal benefits are
observed at very close distances for the Rydberg MIMO system.
As the distance increases, approaching the radiative field region,
the performance of both systems becomes nearly identical. Thus,
while Rydberg atom-based receivers offer distinctive advantages
in efficiency, size, and noise levels, their spatial multiplexing
performance remains similar to that of classical antenna arrays.

V. CONCLUSION

This letter extracts key antenna properties from the quantum
characteristics of Rydberg atom receivers, facilitating efficient
analysis and seamless integration into existing MIMO sys-
tem models. In general, the Rydberg antenna behaves like an
isotropic scalar point receiver. The unique attributes of atomic
antennas underscore their potential for communications in spe-
cific scenarios. For instance, Rydberg antennas offer orders of
magnitude better sensitivity compared to traditional antennas.
However, they also face challenges, such as high power re-
quirements for lasers, and scalability limitations due to complex
experimental setups. Overcoming these challenges will require
advancements in both EM engineering and atomic physics.
Further experimental and theoretical studies are crucial to fully
unlocking their potential.
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