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We investigate the sensitivity of a Rydberg atom-based microwave sensor under two polarization configurations as a
function of local oscillator (LO) microwave field strength. By employing parallel and perpendicular alignments of laser
and microwave polarizations in our experimental setup, we study the Autler—Townes (AT) splitting spectrum and opti-
cal response of probe transmission, and analyze their sensing effects. The results show that the parallel polarization
configuration offers higher gain and better sensitivity than the perpendicular configuration. We achieve a sensitivity of
4.150(69) nV -cm~! - Hz~ /2 at an LO microwave field strength of 1.74 mV/cm. This work demonstrates the significant
role of polarization alignment on the performance of Rydberg atom-based microwave sensors.
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1. Introduction

In recent years, an emerging type of sensor employing
atoms in Rydberg states has made significant progress,[!~’!
due to their large transition dipole moments and high sus-
ceptibility to applied electromagnetic fields.®! This optical
sensor based on Rydberg electromagnetically induced trans-
parency (EIT) spectroscopy and Autler—Townes (AT) split-
ting has been employed to detect and receive radio frequency
(RF) field® !9 with a wide frequency range from 100 MHz
to 1 THz.[''-16] Particularly, Rydberg atom-based sensors
has shown excellent capability in RF measurement includ-

13,17-19 20211 and phase.[6:22-24]

ing amplitude,! I polarization, |
In addition, wireless communication receivers have been im-
plemented using Rydberg atom-based sensor, including am-
plitude modulation (AM), frequency modulation (FM), phase
modulation (PM), and digital modulation signals.[*2>-33]
Sensitivity measurement of RF electric fields is a major
focus in the development of atombased sensors.3*401 Var-
ious methods have been proposed to improve the minimal
detectable field and sensitivity. For example, Simons et al.
achieved a twofold improvement in measurement sensitivity
by detuning the RF frequency, compared to conventional on-

1411 Jia et al. demon-

resonance AT splitting measurements.
strated that auxiliary microwave-dressed Rydberg atoms can
extend the electrometric span from mV/cm to uV/em.[1¢! Sed-
lacek et al. achieved a sensitivity of 30 uV-cm™! ‘Hz /2 by
using the bright resonance of EIT.1*?) Jing et al. greatly im-
proved the sensitivity to 55nV-cm™! -Hz~'/? with the method

of Rydberg!® atom superheterodyne reception. In our previ-
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ous work, we optimized a series of experimental parameters
at microwave resonance and increased the measurement sen-
sitivity to 5.102(49) nV -cm ™' -Hz~'/2,

Most techniques for improving measurement sensitiv-
ity, as well as those used in Rydberg atom-based wireless

6,31,43

communication, I rely on the EIT transmission opti-

cal response to the applied RF field. Researchers typi-
cally employed nD to n’P microwave transitions to achieve
higher detection sensitivity, which have larger dipole mo-
ments and transmission signals.[>%!") However, the perfor-
mance of nD to n’P transitions are highly sensitive to laser

[44.45] The magnetic substructure of the atom may

polarization.
result in only partial coupling with microwave fields during
these transitions, leading to a characteristic spectroscopic sig-
nature of a pair of microwave-coupled AT peaks and a center
peak that does not respond to the microwave.>!?232] In this
case, the EIT-AT probe transmission is dependent on the rel-
ative polarizations of the laser and microwave fields, and can

be approximated as!?!!
T =1—cos?(&)sin’({), (M

where & is the relative angle between the microwave vector
and laser polarization, { is the angle between the microwave
vector and the laser path. This dependence affects both the
dipole moment and the optical response, causing a reduction
in sensitivity. The relative mechanisms of polarization sensi-
tivity on detection performance require further exploring.

We study the microwave transition 81Ds 5 <> 82P5 ), un-
der two different polarization configurations in order to inves-
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tigate the influence of laser polarization on the sensitivity mea-
surement of Rydberg atom-based sensor. The probe and cou-
pling lasers polarizations are aligned parallel to the microwave
polarization, while in the other case, they are aligned perpen-
dicularly to the microwave polarization. We analyze their re-
sponse to weak microwave fields and measure the correspond-
ing sensitivities. This work aids in selecting appropriate mi-
crowave transitions for Rydberg atom-based sensors.

2. Experiment and theory

Two different experimental configurations and their cor-
responding energy transitions are shown in Fig. 1. Figure 1(a)
represents the experimental configuration with laser polariza-
tion parallel to the microwave polarization, and figure 1(b) rep-
resents the experimental configuration with laser polarization
perpendicular to the microwave polarization. In both experi-
mental configurations, the probe laser (with a 1/ e? -waist ra-
dius of 750 um) and the coupling laser (with a 1/e2-waist
radius of 1.25 mm) counter-propagate through a cylindrical
room-temperature Rb cell measuring 25 mm in diameter and
75 mm in length. The probe laser couples the ground state
5812 to the intermediate state 5P; 5, while the coupling laser
drives the transition from the intermediate state 5P;/; to the
high Rydberg state 81Ds 5, forming a ladder-type EIT config-
uration. A high-speed photodiode detector (PD) records the
transmission spectrum of the probe laser, which is monitored
using a digital oscilloscope. A local oscillator (LO) microwave
field at a frequency of 3.866 GHz is generated using a horn an-
tenna to resonate with the transition 81D5 /5 > 82P3 5.

(a) pa=4217 a.u. (b) pa=23830 a.u.
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Fig. 1. Experimental configuration diagrams showing the laser and mi-
crowave polarizations: (a) laser polarizations parallel to the microwave po-
larization, and (b) laser polarizations perpendicular to the microwave polar-
ization, along with the corresponding energy level transition. Pyobes Peoupling
and Pyiw denote the polarization directions of the probe laser, coupling laser,
and microwave field, respectively.

To eliminate the influence of Doppler broadening in the
EIT spectrum, we lock the probe laser at 780 nm and scan

the coupling laser frequency around 480 nm to record the
spectrum more precisely. The probe laser is a cat-eye laser
from Moglabs operating at 780.246 nm, with a maximum out-
put power of 180 mW and a free-running linewidth of ap-
proximately 1 MHz. The coupling laser is provided by a
frequency-doubled amplified diode laser system (TA-SHGpro,
Toptica, Munich, Germany), which is scanned across the
5P;); <»81Ds), transition and monitored in real time by a
Fabry—Pérot (FP) cavity for relative frequency referencing.
The probe laser intensity of 100 uW and the coupling laser
intensity of 130 mW were used.

Due to the specific polarization directions of the laser
and microwave electric fields, the detailed magnetic substruc-
ture of the atoms should be considered. As shown below in
Fig. 1, we denote the overall hyperfine levels (|5S; 5, F = 3)
and [5P3 ), F = 3)) while representing the sublevels in terms of
the electron angular momentum projection, m;. This approach
is justified by the fact that optical transitions predominantly
involve changes in m;, with the nuclear spin projection, m;y,
remaining essentially unchanged (Am; =~ 0). Consequently,
each state labeled by a particular m; actually corresponds to
a linear combination of |m;,my) basis states that together form
the complete |F,mp) eigenstate. Although this representation
is an approximation, it facilitates a clearer interpretation of
polarization-dependent selection rules and transition probabil-
ities.

We denote Onm; aS the energy of the specific magnetic
sublevel, where n = 0, 1 corresponds to the two microwave-
coupled Rydberg states, and n = 2, 3 corresponds to the inter-
mediate state |SP;»,F = 3) and the ground state (|58 5, F =
3). Here, m; (m; = +£1/2,43/2,45/2) represents the mag-
netic sublevels. The Hamiltonian of the system can be ex-
pressed as

H =H, +H,. )

Here Hj is the Hamiltonian of the unperturbed atom, given by

0)073/2 0 . 0
0 a)O,l/Z A 0
Hy = : C . ; 3)
0 0 C 03 1)
and H; describes the interactions between the laser and the
atom
0 Vo3201/2 - Vo312
V¥ 0 -V _
h 0,3/2,0,1/2 0,1/2,3,~1/2
Hi=—3 : . ;)
Vo*,3/2,3.,71/2 V()*,|/2,3,71/2 0

where Vom; ' mt ; TEPrEsents the interaction between the energy
states |n,m;) and |n’,m’;). According to transition selection
rules, when An =n—n' # 1, we have V,, . v ; = 0.
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In the experimental configuration shown in Fig. 1(a), the
probe laser, coupling laser, and microwave field are all lin-
early polarized along the same direction. Therefore, all transi-
tions are 7-polarized, allowing only transitions with Am; = 0.
The interaction matrix elements are given by Vn,mj,n’,in’j =
Qn,mj’n/’m/je‘“’i‘ when Am; = 0, while all other interaction
matrix elements are zero. Here, .Q,,’mj’,,r’m/j is the Rabi fre-
quency, and @; is the angular frequency of the corresponding
transition between magnetic sublevels. However, in the per-
pendicular polarization configuration shown in Fig. 1(b), the
probe and coupling lasers are polarized perpendicular to the
microwave polarization. In this case, the laser polarizations
can be considered as a superposition of 6 and 6~ polariza-
tions relative to the quantization axis defined by the microwave
field, allowing only transitions with Am; = 1. For transitions
5812 <> 5P3 3 <> 81Ds 5, the interaction matrix elements are
Vomin m'; = Qn,mj,n/,m’j e'®" when Am; = +1 and are zero for
all other Am;. The microwave field, still being 7-polarized,
only allows transitions with Am; = 0. This leads to a critical
difference as illustrated in the below of Fig. 1: in the perpen-
dicular configuration, atoms are optically pumped to the outer-
most magnetic sublevels m; = £5/2 in the 81Ds ), state. Since
the microwave field only allows Am; = 0 transitions, and there
are no corresponding m; = +5/2 sublevels in the 82P; , state
(which has m; = £3/2 as its outermost levels), the microwave
transition from 81Ds; to 82P; 5 is forbidden for these outer-
most sublevels. Consequently, the microwave coupling is less
effective in the perpendicular configuration.

Both experimental configurations can yield steady-state
solutions using the density matrix method*>#¢! under the ro-
tating wave approximation (RWA). The Hamiltonian can be

considered time-independent as

L Hp) L )
where L4 represents the dephasing and decay terms in Lind-
blad form. In the experimental configuration with parallel po-
larizations, the microwave transition dipole moment is g =
4217 a.u. However, the energy level transitions become more
complex in the configuration where the laser polarizations are
perpendicular to the microwave polarization. The calculation
of the dipole moment requires considering the transition prob-
abilities of each magnetic sublevel, resulting in an effective
microwave transition dipole moment g = 3830 a.u. This dif-
ference affects the coupling strength between the microwave
field and the atomic system, thereby influencing the measured
signal strength and the sensitivity of the sensor.

3. Results and discussion

Figure 2(a) shows the experimentally measured EIT-AT
splitting spectrum when the laser polarizations are parallel to

the microwave polarization. A pronounced Autler—Townes
splitting is observed at the resonance frequency, indicating
strong coupling between the Rydberg states 81Ds , and 82P3
mediated by the microwave field. The splitting width increases
with the microwave power, demonstrating the expected depen-
dence on the microwave field strength. The corresponding the-
oretical simulation is presented in Fig. 2(b). The simulation is
based on the density matrix equations described earlier, incor-
porating the relevant transition dipole moments and consider-
ing only transitions with Am; = 0, as dictated by the selection
rules for m-polarized laser in this configuration. The theoreti-
cal spectrum closely matches the experimental data, validating
our theoretical model and confirming that the system behavior
is well described under these conditions.

Parallel polarization
—No MW ‘
———20 dBm (1.74 mV /cm)
———12 dBm _(4.36 mV /cm) ]

Perpendicular polarization

Y Bxp., —No MW ‘
He) Exp ———16 dBm (2.12 mV /cm) ]

r ——8dBm (5.32 mV/cm)

\ 1 A 1

‘ o™ —RoMw .
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:

[ |
|
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<
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5

ol
=]
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Fig. 2. (a) Experimental EIT-AT splitting spectrum with laser polarizations
parallel to the microwave polarization; (b) corresponding theoretical simula-
tion. (c) Experimental EIT-AT spectrum with laser polarizations perpendic-
ular to the microwave polarization, showing a central peak and side peaks;
(d) corresponding theoretical simulation. The main peak at zero detuning
corresponds to 81Ds, Rydberg EIT, and the small one at —21 MHz results
from 81D5, EIT.

Figure 2(c) displays the EIT-AT splitting spectrum when
the laser polarizations are perpendicular to the microwave po-
larization. In this configuration, the EIT spectrum exhibits a
characteristic structure consisting of a central peak that does
not respond to the microwave field and a pair of Autler—
Townes (AT) split peaks on either side. This phenomenon oc-
curs because atoms are excited to the m; = 5/2 sublevels
of the 81Ds/, state via the probe and coupling laser tran-
sitions with Am; = +£1, and the 7m-polarized LO microwave
field cannot induce transitions from these m; = +5/2 sub-
levels, as illustrated in the energy level transitions in Fig. 1(b).
Consequently, atoms accumulate in these outermost magnetic
sublevels, which do not participate in the microwave cou-
pling to the 82P;), state. The central peak corresponds to
transitions involving the m; = £5/2 sublevels that remain
unaffected by the microwave field, while the side peaks re-
sult from the microwave-coupled transitions between mag-
netic sublevels with m; = 41/2 and m; = £3/2. The presence

083201-3
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of both microwave-coupled and uncoupled transitions leads to
the observed spectral structure. The corresponding theoretical
simulation is presented in Fig. 2(d), incorporating the specific
selection rules and polarization dependencies discussed above.
It reproduces the experimental spectrum, including the central
peak and the AT-split side peaks. The agreement between the
theoretical and experimental results confirms the validity of
our theoretical model and enhances our understanding of the
underlying physical mechanisms in the perpendicular polar-
ization configuration.

0.5— : : ; ,
(a)

04F 4 =55.07(83) V-m~1/W1/2

0.3

0.2

0.1f

Electric field (V/m)

Ok

0  0.002 0.004 0.006 0.008
1.0 T T T T T
(b)

o =42.28(69) V-m~1/W/2

0.81

0.6

0.4r

0.2

Electric field (V/m)

0 0.005 0.010 0.015 0.020
Root of RF power (W1/2)

Fig. 3. Calibration of the LO microwave field strength using the stan-
dard antenna method for (a) parallel polarization and (b) perpendicular
polarization configurations.

To quantify the effect of the polarization configurations
on microwave field sensing, it is necessary to calibrate the mi-
crowave horn antenna under both experimental configurations.
The standard antenna method is commonly employed to cali-
brate the LO microwave field Ep o, which is expressed by the
following equation:[©]

_[ngou PR
Eo=\|——7 (6)

where 7] is the free space impedance (1 =377 Q), g is the gain
of the horn antenna, «; represents the loss between the mi-
crowave source and the horn antenna, Prp is the input power
of the microwave source, and d is the distance between the
horn antenna and the receiving point. Since all these coeffi-
cients are constants, equation (6) can be reduced as

ELo= aV/ PR, @)

where a = /ngoy /(4md?) is the calibration factor of horn
antenna. The Ej o can be calculated by the AT splitting ArF as

described as!*%

2rth
Ero0 = ——Agp. (®)
Ha

A series of data points were collected at different mi-
crowave powers under both experimental configurations, as
shown by the black squares in Fig. 3. The calibration fac-
tors o and were o determined through linear fitting of these
data points, represented by the red solid lines. The calibration
factor for the parallel polarization configuration was found to
be o = 55.07(83) V-m~!/W!/2, while for the perpendicular
polarization configuration, it is o’ = 42.28(69) V-m~! /W!/2,
The difference in calibration factors arises because adjusting
the polarization configuration necessitates repositioning the
horn antenna. As a result, a weaker Ej o is obtained, as de-
duced from Eq. (7) for a given attenuated microwave power.

@ 3.0 . . . .
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7 o5t —a— Perpendicular polarization |
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0 4 8 12 16 20
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Fig. 4. The probe transmission response as a function of the LO mi-
crowave field for both experimental configurations.

We further investigate the optical response dependent on
the LO field. The probe transmission intensity at the center of
the EIT-AT splitting spectrum is measured under different LO
microwave field strengths, as shown in Fig. 4. The slope of
the transmission curve reflects the sensitivity of probe optical
response to the applied microwave power. In both experimen-
tal configurations, at low microwave power, the AT splitting
is very small, rendering the probe optical response insensitive
to the microwave field. Conversely, at very high microwave
power, the AT splitting has already been separated, which also
leads to a decreased sensitivity in the probe optical response.
Therefore, there exists an optimal LO microwave field strength
at an intermediate value where the sensitivity is maximized.
From Fig. 4, it can be seen that this optimal field strength is
around 2 mV/cm. At the optimal LO field, the parallel con-
figuration maintains the maximum slope, indicating the high-
est optical response gain. However, the perpendicular con-
figuration exhibits a significantly reduced dynamic response
due to the presence of a central peak that does not respond
to the microwave field, which diminishes the overall sensi-
tivity. These observations highlight the critical influence of
the polarization configuration on the sensitivity measurements

083201-4
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in Rydberg-atom-based microwave sensors. The polarization-
dependent coupling efficiency affects the dynamic optical re-
sponse of the probe light, directly impacting the sensor’s per-
formance in detecting microwave fields.

We conducted measurements for both polarization config-
urations to compare the gain coefficients and the correspond-
ing detection sensitivities under different LO microwave field
strengths ranging from 0.6 mV/cm to 5.5 mV/cm, as presented
in Fig. 5. The gain G is defined as the inverse of the conversion
coefficient k¥ (G = 1/x), where Kk represents the conversion
from the applied electric field to the photodetector (PD) volt-
age signal. The detailed process for calculating the sensitiv-
ity and gain coefficients has been thoroughly described in our
previous work.[*3! Briefly, the weak RF electric field is trans-
mitted to the atomic RF-optical response through amplitude
modulation (AM) of the LO field. By applying an AM signal
to the LO field and measuring the corresponding modulation
in the probe transmission, the relationship between the applied
electric field and the PD voltage response is established. In our
current measurements, instead of using K directly, we use its
inverse G to represent the gain, as a larger gain indicates higher
sensitivity.

As shown in Fig. 5(a), the gain reaches a maximum at
an intermediate LO field for both polarization configurations,
corresponding to the optimal operating point where the sensor
exhibits the highest sensitivity around 2 mV/cm. Notably, the
gain in the parallel polarization configuration is significantly
higher than in the perpendicular configuration across the range
of LO field strengths, reflecting the enhanced coupling effi-
ciency due to polarization alignment. Figure 5(b) presents the
corresponding detection sensitivities calculated based on the
measured noise-equivalent power and the signal-to-noise ratio
of the system. The sensitivity is inversely related to the gain
G, meaning that a higher gain leads to a lower minimum de-
tectable electric field. The parallel configuration achieves su-
perior sensitivity compared to the perpendicular configuration,
which is consistent with the observed differences in gain.

Specifically, in the parallel polarization configuration, the
Rydberg-atom microwave sensing system achieves its best de-
tection sensitivity at an LO field strength of 1.74 mV/cm,
with a sensitivity of § = 4.150(69) nV-cm~'-Hz" /2. This
sensitivity surpasses the previously reported value of S =
5.102(49) nV-cm~' - Hz~'/2 obtained with atoms in the
7851/, Rydberg state.!**! The improvement is attributed to the
larger microwave transition dipole moment of 4217 a.u. for
the 81D5, <+ 82P3 ) transition, compared to 2998 a.u. for the
78S /2 <+ T8P; ), as well as the higher probe transmission in-
tensity of the 81D5/, EIT spectrum in the absence of the LO
field.

In contrast, in the perpendicular polarization configu-
ration, the best detection sensitivity is achieved at an LO

field strength of 2.12 mV/cm, with a sensitivity of § =
15.07(14) nV-cm~!-Hz~'/2. This sensitivity is significantly
lower than that of the parallel configuration, highlighting the
substantial impact of the relative polarization alignment be-
tween the laser and microwave fields on the sensor’s perfor-
mance. The presence of a non-responsive central peak in the
perpendicular configuration reduces the overall dynamic re-
sponse and limits the achievable sensitivity.

1.0 T T T T T
(a) —a— Parallel polarization
0.8 —a— Perpendicular polarization
0.6 1
0.4r 4
ol //\\‘\\ ]
0 = -

100 (1) —=— Parallel polarization !
—4— Perpendicular polarization

80

60

201

Sensitivity (nV-cm~1/Hz!/2) Gain G (mV/pV-cm—1!)

0 1 2 3 4 5 6

Local electric field (mV/cm)

Fig. 5. (a) Optical response gain G as a function of the LO microwave
field strengths ranging from 0.6 mV/cm to 5.5 mV/cm for both parallel
(red line) and perpendicular (blue line) polarization configurations. (b)
Corresponding detection sensitivities S calculated for both configurations.

4. Conclusions

In summary, we have investigated the sensitivity of Ry-
dberg atom-based sensor under different polarization configu-
rations and LO field strengths. By comparing the parallel and
perpendicular configurations, it demonstrated that the relative
polarization alignment significantly influences the microwave
coupling efficiency and the sensor’s performance. The paral-
lel configuration achieved a superior detection sensitivity of
S =4.150(69) nV-cm~'-Hz"'/? at an LO field strength of
1.74 mV/cm, where polarization alignment allows for com-
plete coupling between the magnetic sublevels of the energy
levels. By comparison, the perpendicular configuration ex-
hibited a reduced sensitivity of 15.07 (14) nV-cm~'-Hz~!/?
at 2.12 mV/cm, attributed to diminished coupling efficiency
and the presence of a non-responsive central peak in the EIT-
AT splitting spectrum. These findings underscore the criti-
cal role of polarization alignment between the laser and mi-
crowave fields in optimizing sensor performance, providing
valuable insights for the development of high-sensitivity mi-
crowave sensing technologies based on Rydberg atoms.
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