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We have theoretically and experimentally studied the dispersive signal of the Rydberg atomic electromagnetically-
induced transparency (EIT) Autler—Townes (AT) splitting spectra obtained using amplitude modulation of the microwave
(MW) electric field. In addition to the two zero-crossing points interval Afyeros, the dispersion signal has two positive
maxima with an interval defined as the shoulder interval Afs,,, Which is theoretically expected to be used to measure a
much weaker MW electric field. The relationship of the MW field strength Enrw and Afyy, is experimentally studied at
the MW frequencies of 31.6 GHz and 9.2 GHz respectively. The results show that Af, can be used to characterize the
much weaker Eyw than that of Af,eros and the traditional EIT-AT splitting interval Afp,; the minimum Eygw measured by
Afsho 1s about 30 times smaller than that by Afy,. As an example, the minimum Epgw at 9.2 GHz that can be characterized
by Afsho 1 0.056 mV/cm, which is the minimum value characterized by the frequency interval using a vapor cell without
adding any auxiliary fields. The proposed method can improve the weak limit and sensitivity of Eyyw measured by the
spectral frequency interval, which is important in the direct measurement of weak Eyqw -

Keywords: quantum sensor, Rydberg atoms, electromagnetically induced transparency, amplitude modulation

PACS: 07.07.Df, 84.40.—x, 42.50.—p

1. Introduction

Quantum sensing involves utilizing quantum systems,
properties, or phenomena to measure physical quantities. !'~2?!
Rydberg atoms, characterized by high excitation, long life-
time, and large polarizability, exhibit sensitivity to mi-
crowave (MW) frequencies, with energy level intervals
falling within the microwave band. This quality makes
them ideal quantum sensors for precise MW measurements.
In recent years, Rydberg atom-based microwave electric
field sensors have witnessed rapid development in vari-
ous fields, including extreme weak field measurement, [23.24]
power frequency measurement,/?>! phase measurement, 26!
polarization measurement,!'® and more. Through Rydberg
electromagnetically-induced transparency (EIT), the introduc-
tion of MW induces the splitting of Rydberg atomic energy
levels, leading to Autler—Townes (AT) splitting in EIT. Lever-
aging the EIT-AT effect, the MW strength can be translated
into optical frequency outputs.[*! Optical frequency is well
known for its absolute and direct measurability. Consequently,

the measurement of microwave electric fields based on the op-
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tical frequency interval is considered the most accurate. Cur-
rently, the traditional EIT-AT splitting method achieves a min-
imum resolution of ~5 mV/cm in room temperature atomic
vapor cells.[*! The measurement of electric field strength us-
ing EIT-AT splitting is traceable and widely utilized for weak
MW electric field calibration.!* Consequently, the expansion
of the lower limit for measuring weak MW fields through EIT—
AT splitting holds significant importance.

Several methods have been developed to push the lower
limit of EIT-AT splitting measurement for MW electric
fields. These include the cold atom method, 7281 MW fre-

30,31] three-photon

quency detuning,*! auxiliary MW field,!
excitation!*?! and amplitude modulation (AM) dispersion. 3]
Laser-cooled cold atoms, with their lower temperatures and re-
duced dephasing rates, significantly narrow the Rydberg EIT
linewidth, enhancing precision. Kai-Yu Liao et al. achieved
a minimum MW field resolution of 100 pV/cm using cold
Rydberg atom samples,?’! while Fei Zhou et al. reached a
222 wV/cm limit. (28,341 However, the laser cooling of atoms
requires complex equipment and has a long preparation cycle.

These characteristics make the experimental platform based
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on cold atoms unfavorable to the subsequent development and
maintenance. In addition, the atomic vapor cell has the follow-
ing advantages: atomic samples are easy to obtain, the optical
path is simple and easy to integrate. Therefore, Rydberg mi-
crowave electric field sensors based on vapor cells remain a
vibrant research area. We outline the efforts to expand EIT-
AT measurements of weak microwave fields based on atomic
vapor cells. Simons et al. shifted the MW frequency from res-
onance to detuning, improving sensitivity by approximately
2 times.!*®! Feng-Dong Jia et al. extended the lower limit by
adding an auxiliary MW field, achieving two orders of magni-
tude lower electric field strength.* Jin-peng Yuan er al. en-
hanced sensitivity by two orders of magnitude using an auxil-
iary field at the signal MW frequency.3!! Mingzhi Han et al.’s
bichromatic EIT in Rydberg atoms improved the minimum
detectable MW electric field strength by about 3 times.[®!
Fabian Ripka et al. achieved a 500 kHz EIT linewidth in ce-
sium atomic vapor cells with collinear three-photon excita-
tion, advancing the EIT-AT split linear region’s lower limit
by one order of magnitude.??! Nikunjkumar Prajapati et al.
compared two-photon and three-photon excitation, noting that
narrow line features do not directly correspond to the best

[37

sensitivity.[*”] Meyer et al. explored AM in microwave com-

munication, and elucidated the characteristic of zero crossings
and the maximum values of the dispersive curve AM MW.[36]
Xiu-bin Liu et al. demonstrated that the spectral interval be-
tween two zero-crossing points near the EIT resonance of the
dispersion signal could be utilized to measure the strength of
a weak microwave electric field.[>3] The method of AM MW
dispersion, with its strong operability, can be applied to both
two-photon and three-photon excitation, expanding the mea-
suring range of the EIT-AT splitting region.>*!

This work represents a further exploration of the AM
MW dispersion methodologies presented by Meyer et al.30]
and Xiubin Liu ef al.3*! who aim to directly measure weak
MW fields. In addition to exploring the zero-crossing point
interval of the dispersion error signal as reported by Xiubin
Liu et al.,'33 the work discusses the measurement of the MW
electric field by the interval between the two maximum val-
ues of the dispersion error signal. The paper is structured
as follows: Section 2 provides the detailed theoretical pro-
cess of AM MW, Section 3 introduces the experimental sys-
tem and method, Section 4 focuses on the experimental results
obtained at MW frequencies of 31.6 GHz and 9.2 GHz, and

Section 5 concludes the paper.

2. Theoretical model

The four levels model of ®’Rb atoms driven by an
amplitude-modulated microwave is shown in Fig. 1. The probe
laser couples the ground state |1) to the excited state |2), and
the coupling laser further couples the excited state |2) to the

Rydberg state |3). The ground state |1), excited state |2) and
Rydberg state |3) form a typical ladder-type EIT configuration.
To obtain the Rydberg EIT spectrum, we make the detuning of
the coupling laser A. = 0 and the detuning of the probe laser
continually A, scanning between the upper and lower dashed
lines of the excited state |2). A MW field couples the two ad-
jacent Rydberg energy states |3) and |4). When the resonant
MW field is strong enough, the EIT peak splits symmetrically
into two peaks — so-called EIT-AT splitting.

13)
) IZK]\\v(‘AXI)
w‘.\|\\§ P
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Fig. 1. Energy four-level diagram for MW amplitude modulation. The
diagram involves four energy levels, two laser fields, and one amplitude-
modulated MW field. Among them, the red arrow indicates the probe
laser, @y, is the angular frequency of the probe laser and it scans near the
transition of |1) to |2); the blue arrow indicates the coupling laser, @ is
the angular frequency of the coupling laser and it is always constant; the
gray arrow tables the MW field, Qymw(AM) is the amplitude-modulated
MW Rabi frequency.

By measuring the interval Afy, of EIT-AT splitting, the
MW electric field strength Eyw, which is proportional to A fr,,

can be obtained by*%]

Enw = zngmfm, M

where U is the resonance transition dipole moment of the cor-
responding Rydberg energy levels, 7 is Planck’s constant, A,
and A, are the wavelengths of the probe laser and the coupling
laser, respectively. D is the Doppler mismatch factor, which
explains the Doppler mismatch of the reverse transmitted to
the probe and coupling lasers. D = 1 means scanning the
frequency of the coupling laser without considering Doppler
mismatch.?! In this paper, D = 4,/ represents scanning the
frequency of the probe laser.[”) When Af, is smaller than the
EIT linewidth I'gir, Afy cannot be obtained directly, B9 je.,
the weak MW cannot be detected by Afy,. In order to further
directly measure the weaker MW, the amplitude modulation of
MW is further studied in this work.

An AM MW is performed as shown in Fig. 1, which
will cause the Rydberg energy levels of |3) and |4) to be pe-
riodically shifted at the modulation frequency. It is equiva-
lent to the frequency modulation of the EIT-AT splitting spec-
trum, and further dispersion signals can be obtained. We have
modeled and calculated the four-level EIT-AT splitting spec-
tra through the ATOMIC DENSITY MATRIX package. #0411
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The weak probe condition is adopted in the modeling process,
and the Doppler convolution is further obtained by numeri-
cal integration. [3*3°! The detailed calculation steps of the AM
EIT-AT splitting spectra are as follows:

(i) Firstly, we derive the analytical solution for pj» by
solving the steady-state Lindblad equations

. _dp i

where L is the Lindblad operator that represents the relaxation
term related to the atomic decay process. Under the steady-
state condition of p, the analytical solution of the density ma-
trix element p1, can be obtained from Eq. (2). Then the analyt-
ical solution for py, is a function of the probe light detuning
Ap, the coupling light detuning A¢, the microwave detuning
Amw, the probe light Rabi frequency €2, the coupling light
Rabi frequency €2, and the microwave Rabi frequency Qnw.
Subsequently, we incorporate the Doppler effect induced by
gas temperature through numerical integration of the veloc-
ity distribution of atoms to get the pi2;,, as demonstrated in
Ref. [39].

(i) To obtain the EIT (or EIT-AT) splitting spectrum with
probe light detuning A, one only needs to set the calculation
range and step size of the probe light detuning and fix the other
parameters to obtain pyp,, from which the EIT (or EIT-AT)
splitting spectrum can be derived by the magnetization ) of
2/2?{)%(;2) P12- Let
a be 2nIm[x]/A,. Here, A is the 8’Rb atomic density in
the cell, €, is the transition dipole moment from the ground

the medium in the cell obtained by y = (

0.45 0.45

state |1) to the excited state |2), E, is the electric field am-
plitude of the probe laser, & is the vacuum permittivity, A, is
the wavelength of the probe laser, and o is the Beer absorp-
tion coefficient of the probe laser transmitted in the medium.
According to Beer—-Lambert law, the transmission ratio of the
probe laser before and after passing through the cell filled with
87Rb atomic vapor is obtained as T = I /Iy = exp (—al), where
I and I represent the optical signals before and after the probe
laser passes through the cell respectively, and / represents the
length of the cell containing 3’Rb atoms.

(ii1) When solving the EIT-AT splitting spectrum for MW
amplitude modulation, we introduce the MW Rabi frequency
OQmw(AM) at various probe light detunings A,. In other
words, it is equivalent to calculating the transmittance of the
probe light at each probe light detuning A, for different AM
microwave Rabi frequencies Qyw(AM). As long as the probe
light detuning scanning is sufficiently slow, each probe light
detuning yields results in a steady state which ensures the reli-
ability of the calculations. By continuously varying the probe
light detuning, we can obtain the spectra under microwave am-
plitude modulation.

(iv) Based on step (iii), the dispersion signal corre-
sponding to the EIT-AT splitting spectrum under AM MW
is obtained using modulation and demodulation codes. Af-
ter modulating and demodulating the transmission signal
T (Ap, 2uw(AM)) of the probe light and performing low-pass
filtering, the dispersion signal associated with the probe laser
spectrum is obtained.

2
0.40 (a) — Raw spectrum 0.40 (b) —— AM of of microwave =
a Af m — %029 ||NWMWMI‘ .
2 0.35} 2 0.35 L i 2
s 0.30r 2 0.30 Fou =
o) I - e g
5 0.25 E 0.25 | &
= 0.20¢ s 0-20 ¢ g
0.15} 0.15 £
o

0.10 SE o 0.10 S 8 _ T S
=75  —25 25 7.5 ‘75 —25 25 75 A 0975 T 25 25 7.5

Ap/2m (MHz)

Ap/2m (MHz)
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Fig. 2. Calculations of the spectrum of each stage in the AM of MW process. (a) Original EIT-AT splitting spectrum. (b) EIT-AT splitting
spectrum after modulating the MW amplitude, and the modulation depth is 100%. (c) Dispersion signal after demodulation and low-pass
filtering. The calculation parameters are £, = 27 x 1.0 MHz, . = 27 x 4.0 MHz and Quw = 27 x 2.5 MHz.

We first discuss the effect of the modulation—
demodulation process theoretically on the EIT-AT spectrum,
as shown in Fig. 2. Figure 2(a) shows the original EIT-AT
spectral signal when Q, =27 x 1.0 MHz, . =27 x 4.0 MHz
and Qyw = 27w x 2.5 MHz. Figure 2(b) shows the EIT-AT
signal modulated by Qymw, where MD = 100%. Note that MD
is the ratio of the difference between the original MW ampli-
tude and the minimum MW amplitude after modulation to the
original MW amplitude. In Fig. 2(b), the illustration depicts

the spectrum details under an AM microwave electric field

intensity in step (iii). Figure 2(c) shows the dispersion signal
after demodulation and low-pass filtering of the modulated
signal. The EIT-AT splitting interval Afy, is 2xx 1.51 MHz
as shown in Fig. 2(a), the interval Aferos between the two
zero-crossing points of the dispersion signal is 27 x 2.42 MHz
as shown in Fig. 2(c), and the shoulder interval of the dis-
persion signal Afg, is 27t 3.71 MHz as shown in Fig. 2(c).
The spectral peak resolution of the dispersion signal is signifi-
cantly higher than that of the original EIT-AT spectral signal,

simultaneously obtaining larger frequency intervals under the

050702-3



Chin. Phys. B 33, 050702 (2024)

same Qyw. This indicates that the lower resolution limit of
Enw can be further extended by measuring A fyho.

We further investigate the effects of MD on the disper-
sion signal, as well as Afyeros and Afisno. The dispersion
signals with different MD are calculated and are shown in
Fig. 3. The Quw = 27 x 2.0 MHz is set low enough that
the traditional EIT-AT splitting Afy, cannot be distinguished,
as shown in the inset of Fig. 3. The corresponding disper-
sion signals have two zero-crossing points and a splitting sym-
metric double-peak. The results demonstrate that distinct dis-
persion signals can be acquired across a broad range of MD,
thus confirming the method’s universality. As the MD in-
creases from 10% to 100%, the splitting symmetric double-
peak becomes higher and clearer. Afg, as well as Aferos
becomes smaller as the MD increases due to the equiva-
lent MW Rabi frequency becoming smaller. The relation-
ships of Afyeros/2Mw, Afsho/mw with MD are shown in
Fig. 4. When the MD of Quw is below 60%, Afreros/ MW,
Afsho/ Cmw show a good linear relationship with the MD, and
as the MD becomes larger, A fyeros/2mw and Afsho/2mw be-
comes smaller. This is due to the fact that the MD of Qumw
becomes larger, leading to a decrease in the effective MW
Rabi frequency, and Afyeros/Q2mw and Afiho/Qmw also in-
directly becomes smaller. When the MD of Q\w is greater
than 60%, the MW effective Rabi frequency constantly ap-
proaches the EIT linewidth without MW (the EIT spectral line
width in the lower left corner of Fig. 4 is about 27w x 4 MHz),
then A freros/ Qmw and Afspo/Qmw are nonlinearly related to
the MD. The results confirm that Af,eos and Afso can be
clearly obtained over a large range of MD, and A fyeros/ Cmw,
Afsho/mw are constant when the modulation depth is fixed.

0.2

0.1F

7 SR
i/ — AM depth(100%
)/ — AM depth(90%)
— AM depth(80%)
— AM depth(70%)

AM depth(60%)
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-0
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Fig. 3. Calculations of the dispersion signals with different modu-
lation depths. The inset shows the original spectrum with Qyw =
21 x 2.0 MHz. Note that the EIT-AT cannot be distinguished. The
calculation parameters are £, = 27 x 1.0 MHz, Q. = 27 x 4.0 MHz
and Qumw = 27 x 2.0 MHz.

We calculate the dispersion signal of EIT-AT at dif-
ferent Qyw to discuss the feasibility of Afy, to measure

weak fields. Figure 5 shows the numerical simulation results
of EIT-AT splitting with MW field Rabi frequencies Qnw
from 27 x 0.7 MHz to 27 x 3 MHz where figure 5(a) rep-
resents the EIT-AT splitting spectra at Qyw without ampli-
tude modulation. Af;, becomes smaller when Qyw decreases,
and Afy becomes indistinguishable when Qyw is less than
27 x 2.2 MHz. Figure 5(b) represents the dispersion error sig-
nal after an amplitude modulation of Qyw. When Qv is
much smaller than 27 x 2.2 MHz, Af,, can still be observed.
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Fig. 4. Calculation results of the relationship between the interval
of the zero crossing of dispersion signals Afyeros, the dispersion sig-
nal shoulder interval Af,, and different modulation depths. The blue
dashed line represents Afyeros/2mw; the red dotted line represents
Afsho/S2mw. The calculation parameters are £, = 27 x 1.0 MHz,
Q. =21 x4.0 MHz, Qmw = 27 X 7.0 MHz, and the amplitude modula-
tion depth of Qnpw is 5%—-100%. The inset shows that the EIT spectrum
with Qyw = 0 and the line width of the EIT is about 27 x 4 MHz.
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Fig. 5. Numerical simulation results of EIT-AT splitting spectra at MW
field Rabi frequencies Qyw between 27 x 0.7 MHz and 27 x 3 MHz.
(a) EIT-AT spectra without modulation. (b) Corresponding dispersion
error signal with modulation depth MD = 100%.

The relationship between A fi, Afzeros and A fho for Quw
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between 27 x 0.7 MHz and 27 x 10 MHz is shown in Fig. 6.
As shown in the black solid line in Fig. 6, Af, decreases lin-
early as Qyw decreases, but when Qyw is less than 27 x
3.4 MHz, the linear characteristic of Afy, disappears and fi-
nally becomes indistinguishable with Qyw = 27 x 2.0 MHz.
The blue dashed line in Fig. 6, Af,eros decreases monotoni-
cally with Qyw decreasing, and A f,er0s becomes unchanging
when Qyw < 1.5 MHz. The red dotted line in Fig. 6, Afy,, de-
creases monotonically as Qyw decreases, and A fiho becomes
unchanging when Qyw is 27 X 0.8 MHz. The results show
that A fsho has a significant resolution advantage over A fi, and
Afseros When measuring weak MW fields.

8
5 _Afm
T
\% - - = Afzeros
=3 6r ... Afsho
>
-
Q
=
& 4t
>
O -
=) -
g _ i
o 2r
[
=
00 2 4 6 8 10

QMW (MHZ)

Fig. 6. Calculation results with Afqy, Afzeros and Afsno With respect
to 2yw. The solid black line represents the original EIT-AT splitting
interval Afy; the blue dashed line represents the interval of the zero
crossing of dispersion signals Aferos; the red dotted line represents
the dispersion signal shoulder interval Afg,. The calculation param-
eters are Qmw = 270 x 0.7 MHz-27 x 10 MHz, €, = 27 x 1.0 MHz,
Q. =271 x 4.0 MHz, and the modulation depth is 100%.

3. Experimental system and methods

We have experimentally verified the above proposal in a
rubidium vapor cell at room temperature. The schematic di-
agram of the experimental system is shown in Fig. 7. The
diameter and length of the Rb vapor cell at room temperature
were 25 mm and 75 mm, respectively. In the four energy lev-
els proposed in Fig. 1, when the MW field frequency to be
measured is 31.6 GHz by 3"Rb atoms, the four energy levels
[1), |2), |3), and |4} in the theoretical model can be selected
as 5812, 5P3 2, 41D5 5, and 42P5 5, respectively, as shown in
Fig. 8, where the probe laser (lp ~ 780 nm, DL100, Toptica) is
generated by a tunable diode laser whose frequency is locked
at the transition of *’Rb 58/, — 5P3,. The coupling light
(Ac ~ 480 nm, TA-SHG Pro, Toptica) is generated by a fre-
quency doubling diode laser, and its frequency is locked at the
resonant transition of *’Rb 5P3/, — 41Ds, by the Zeeman
modulation EIT method.*?! The probe and coupling lasers
overlap and transmit in reverse on the central axis of the Rb
cell. The MW amplitude modulation is realized by inputting
a TTL or sin signal into the amplitude modulation port of the
microwave source, and finally the modulated MW is irradiated

on the vapor cell through a microwave antenna (LB-28-15-C-
KF). A photodetector (PDA36A2, Thorlabs) is used to receive
the transmission signal of the probe laser through the 3’Rb va-
por cell and is then recorded by an oscilloscope.

The MW field in the experiment was provided by an MW
source (Keysight Technologies, E§257D) and radiated by a
horn antenna of the corresponding frequency (see below for
specific models) to the Rb vapor cell. In the experiments, we
generated a modulation signal consisting of a high level of 0 V
and a low level of —0.999 V, utilizing a 10 kHz sinusoidal
amplitude modulation signal from a signal source (RIGOL,
DG4202). This signal was connected to the Ext 1 input port of
the microwave source (Keysight Technologies, E8257D); here
0 V corresponds to the output power set by the microwave
source, while —0.999 V effectively deactivated the microwave
source’s output, achieving an RF output with a modulation
depth of 100% and a modulation frequency of 10 kHz. In fact,
an MD of 0-100% can be achieved by changing the value of
the low level from 0 to —0.999 V. Our experiment shows that
we only needed to attenuate the microwave power, and there
was no need to double it. This approach is more practical for
real-world applications, for example, attenuate and modulate
the MW amplitude by adding a TTL switch to the microwave
cable connected to the horn.

AM
Modul.ator or MW source
switch
Microwave

antenna

Coupling laser

PD

Probe laser

DM DM

Fig. 7. The experimental setup for measuring the MW strength by the
amplitude modulation method. The red and blue lines with arrows rep-
resent the probe laser and coupling laser, respectively. A modulator or
switch is used to modulate MW amplitude. DM is the dichroic mirror,
and PD is the photodetector.

In the experiments, MW fields at two different frequen-
cies (9.2 GHz and 31.6 GHz, respectively) are measured in
this work. Specifically, the microwave horns employed in
the experiment were 9.2 GHz (A-INFO, LB-90-15-C-SF) and
31.6 GHz (A-INFO, LB-28-15-C-KF). Note that the horn was
placed 550 mm away from the Rb cell during the experi-
ment, ensuring compliance with the far-field conditions. The
schematic diagram of the energy level is shown in Fig. 8. For
the MW field at 31.6 GHz, the coupling laser coupling energy
level is 5P3/, — 41D5/, and the MW field coupling energy
level is 41Ds 5, — 42P; )5, corresponding to a resonant transi-
tion dipole moment of 955 ape calculated by Ref. [43], where
ap is the Bohr radius and e is the elementary charge. For the
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MW field with 9.2 GHz, the coupling laser coupling energy
level is 5P3 /5 — 61Ds/, and MW field coupling energy level
is 61D5/; — 62P35, corresponding to a resonant transition
dipole moment of 2160age calculated by Ref. [43]. The MW
field, probe laser, and coupling laser are all linearly polarized.
A sin signal is used to modulate the MW source as discussed
above. The range of modulation frequency in this work can be
set from 1 to 99 kHz, and the MD of the MW can be changed
from 0% to 100%. The Rydberg EIT-AT spectra are obtained
by scanning the probe laser frequency near the EIT resonance
using an acousto-optic modulator (AOM). The modulated EIT
signal is sent to a lock-in amplifier (LI5640, NF Corporation)
for demodulation, and then the dispersion signal can be ob-

tained.
MW
61D5/2_T~9 GHy
W 62P;
41Dy ——
R ~32 GHz
624 .70217 THz 624.86988 THz
5P3/0 —— 5P3/0 —a—
384.23048 THz 384.23048 THz
551/ —— 581 /g ——

Fig. 8. Selection of energy levels of rubidium for measuring MW with
a frequency of 31.6 GHz and 9.2 GHz, respectively. In order to clearly
show the energy levels, the energy level positions are not drawn strictly
at real intervals.

4. Results and discussion

We first studied the Rydberg EIT-AT spectrum obtained
without modulation of the MW and the dispersion signal ob-
tained by modulation. The experimental results are shown in

Fig. 9. Figure 9(a) shows the original EIT-AT splitting spec-
trum where the signal-to-noise ratio (SNR) is relatively poor.
The experimental data clearly exhibits a periodic noise. It
was determined that this noise signal originated from other
equipment within the laboratory, most likely stemming from
a nearby switch power supply. In fact, this noise signal can be
effectively eliminated through modulating coupling light in-
tensity (as depicted in Fig. 9(b)), or by modulating the ampli-
tude of the microwave field (as shown in Fig. 9(c)). The solid
black line in Fig. 9(b) indicates the EIT-AT spectrum obtained
by modulating the coupling laser amplitude, the red dashed
line indicates the signal demodulated by the lock-in ampli-
fier, and the SNR of the demodulated spectrum is improved
by 17.5 dB compared with the original EIT-AT spectrum in
Fig. 9(a). The solid black line in Fig. 9(c) represents the EIT—
AT spectrum obtained by modulating the MW amplitude, and
the red dashed line represents the dispersion signal obtained
by MW amplitude modulation. The SNR of the dispersion sig-
nal is improved by 20.2 dB compared with the original EIT-
AT spectrum in Fig. 9(a). It can be seen that the dispersion
signal has two zero-crossing points whose interval is defined
as Afyeros- Xiu-bin Liu ef al. have demonstrated that A feros
extends the lower limit of MW measurement by a factor of
6 compared to the conventional EIT-AT splitting method. 33!
More interestingly, there are two positive maxima of the dis-
persive signal whose interval is defined as A fiho; A fsho 15 larger
than A f,eros Which could reflect the weaker Eyiw. Compared
with the former and based on the theoretical model in Sec-
tion 2, the lower limit of the MW electric field that can be

measured by this method can be also lower.

0.016 MW power set: —5 dBm (a) 0.016 MW power set: —5 dBm (b) 1.6 0.016 MW power set: —5 dBm (C) 20 —
0.014 — Raw spectrum 0.014 -—— AM of coupling laser 11.4 0.014[—— AM of MW i* ﬁ— |, — Dispersion signal 4 1.5 >
0.012f 0.0121~ ~ Lock-in output of AM of 11.2 0.012} g :/
' : coupling laser, : <
—~ 0.010¢f —~ 0.0101 11.0 ___o.0101 &0
Z 0.008} 2 0.008 lo.8 = = 0.008} -
~" 0.006} =~ 0.006 10.6 & 2 0.006f 2
0.004| 0.004 10.4 0.004f g
0.002 1 0.002 0.2 0.002+ Qﬁ
0 0 0 04
T00025357 220 —10 0 10 20 30 000230700 210 0 10 20 30 - —0.0027

Ap/27 (MHz)

Ay/2m (MHz)

Ap/27 (MHz)

Fig. 9. Experimental examples of the spectra: (a) original EIT-AT splitting spectrum without AM modulation, (b) the coupling laser amplitude
modulation spectrum, and (c) the MW amplitude modulation spectrum, respectively. The amplitude modulation frequency is 10 kHz and the

amplitude modulation depth is 100%.

A smaller modulation depth can lead to larger splitting,
however, the amplitude and signal-to-noise ratio of the disper-
sion signal itself are also greatly reduced. In fact, we have
conducted theoretical and experimental research with modula-
tion depths ranging from 10% to 100%. In our experiments,
we were able to obtain a sufficiently clear dispersion signal at a
modulation depth of 10%, allowing for the clear determination
of shoulder intervals and zero-crossing intervals. These results

demonstrate that the SNR of spectral reading signals can be
improved within the modulation depth range of 10% to 100%,
leading to the acquisition of clear dispersion signals. This val-
idates the universality of our method. At a modulation depth
of 100% for microwave amplitude modulation, we observed
a more pronounced peak in the dispersion signal’s shoulder,
further enhancing the distinguishing ability of the shoulder in-
terval at weak microwave strength. Additionally, achieving
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100% amplitude modulation was simpler in real applications,
such as by adding a TTL switch to the microwave antenna ca-
ble. Consequently, our experimental focus was primarily on
utilizing a 100% modulation depth for in-depth research.

2.0 —Eyw =15.35 mV /cm
(a) Enw =12.19 mV /cm|
Eyw=9.68 mV/cm
1.5F —Enw=7.69 mV/cm
: Eyw=6.1 mV/cm
Eyw =4.85 mV/cm
< ~—Eyw=1.22 mV/cm
Z 10}
5
0.5}
0 L N
—20 —10 0 10 20
Ap/2m (MHz)
4
(b)
2+
S
< 0 .
o 0.05
= r"\/\ v
~ /\ Eyw=6.11 mV/cm
Z o’ PR — Exw=4.85 mV/cm
—2r < —— Eyw=0.15 mV/cm — Emw=1.22 mV/cm
— Eyw =0.48 mV/cm
—0.05 — Exw=0.30 mV/cm
—20 ﬂ.!v(](“““ |~ Buw=0.15mV/em
—20 —10 0 10 20

Ap/2n (MHz)

Fig. 10. Experimental conventional Rydberg EIT-AT splitting spec-
tra and the dispersion signal obtained by AM modulation of MW. (a)
EIT-AT splitting spectra with the Eyw reduced from 15.351 mV/cm
to 1.219 mV/em. (b) Dispersion signal with the Eyw reduced from
6.115 mV/cm to 0.155 mV/cm. The inset shows that the dispersion
signal with Eyrw = 0.155 mV/cm. In the experiment, the modulation
frequency of MW is 10 kHz and the modulation depth is 100%.

We then performed a detailed analysis of the spectra
obtained by the conventional method!*! and the AM modu-

lation method at 31.6 GHz.
when the MW electric field is continuously varied between

For the conventional method,

1.219 mV/cm and 15.351 mV/cm, a series of spectral sig-
nals corresponding to the EIT-AT splitting are obtained, as
shown in Fig. 10(a). The experimental results show that
Afm becomes indistinguishable as Eyw gradually decreases
to 4.854 mV/cm. Even for Eypw = 4.854 mV/cm, we cannot
read Afy, directly from the graph, but can only get it indirectly
by spectrum analysis. The reason is that Eyw is too small; the
two dressed-level intervals by MW are smaller than the EIT
linewidth Izt which results in the fact that the Rydberg EIT-
AT splitting cannot be directly observed. Furthermore, when
Enmw is smaller than 1.219 mV/cm, Afy, cannot be obtained
even by spectrum analysis. In contrast, as shown in Fig. 10(b),
when the Eyw is smaller than 1.219 mV/cm, the two maxima
in the dispersive signal can still be distinguished and easily ob-
tained fiho. We find that Afyy,, are still present under the weak
field where the EIT-AT splitting is indistinguishable, which

confirms that Afg,, can be used to measure and characterize
the weak MW electric field strength. More interestingly, A fino
is still clearly distinguished when the interval A fe;os does not
exist with the much weaker MW field, as shown in Fig. 10(b).

30
WMW = 31.6 GHz
< 25k — Linear cal.
Z 0 Afn
g s Af
— 20 - zeros
§ ° Afsho
—
é 15 i £ - =
> s *
2 10t - -
g @ * EY *
g 5 Py ®§ A
0 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40
EMVV (mV/Cm)

Fig. 11. Experimental results of Afm, Afzeros and Afsno versus Eyw
at MW frequency of 31.6 GHz. The black hollow squares represent the
results of the traditional EIT-AT splitting method by A f,,. The blue hol-
low triangles represent the experimental results of the interval of zero
crossing of the dispersion signals method by A fyeros. The red hollow cir-
cles represent the experimental results of the dispersion signal shoulder
interval method by Afho. The modulation frequency of MW is 10 kHz
and the modulation depth is 100%.

Next, we discuss in detail the experimental results of the
Afm method, Afyeros method, and A fip, method at an MW fre-
quency of 31.6 GHz. The Afn, Afzeros and A fipo correspond-
ing to different Eyw can be further obtained from Fig. 10,
and the results are shown in Fig. 11. The black hollow square
dots indicate the variation of the EIT-AT splitting interval A fi,,
with the MW field Eypw by the conventional EIT-AT split-
ting method, which exhibits a linear feature when Eyw >
7.694 mV/cm. As Eyw decreases, the Afy, becomes smaller
than the linear prediction by Eq. (1) and cannot be observed
when Eyw < 4.854 mV/em. For Aferos method as shown as
the blue hollow triangles in Fig. 11, Afyeros cannot be observed
with Epyw < 3.856 mV/cm in this work. Note that the im-
provement by Af,eros is not as good as the results of Xiu-bin
Liu et al.'®3 This is because the experimental parameters in
our experiment were optimized to obtain clearer A fg, resolu-
tion instead of A f,er0s. More especially, to achieve the optimal
Afzeros in Ref. [33], a modulation depth of 10% is chosen, aim-
ing to obtain a broader A f,eros interval, as a small modulation
depth may not yield a clear dispersion signal, which becomes
particularly problematic at extremely low microwave strength.
Consequently, in this study, we opted for a modulation depth
of 100%. While this sacrifices the resolution of Afyeros in-
tervals, it enhances the SNR of the dispersion signals in weak
fields. Experiments have demonstrated that, even when A f,ero0s
is not present, Afspo remains discernible, indicating an im-
proved ability to detect weak fields. As a result, for the Afgp,
method as shown as the red hollow circles in Fig. 11, A fy, 1S
still clearly observed even when Eyw = 0.155 mV/cm, and the
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monotonic relationship between Enw and A fy, is always re-
tained. As the results with MW frequency of 31.6 GHz, Afg,
in this work is better than A fyeros method,?3! and the lower
limit of Enw is even 32 times improved than that of conven-
tional EIT-AT splitting A fi,.

We further discuss and analyze the measurement results
of the three methods at 9.2 GHz MW frequency in order to
verify the effectiveness of the proposed method for MW mea-
surement at 1-40 GHz.
The process of analysis is similar to the above. The results
with MW frequency of 9.2 GHz show that the lower limit of
Eyvw = 0.056 mV/em is even 31 times improved than that of
the conventional EIT-AT splitting method. ¥

The results are shown in Fig. 12.

30 z
. wmw = 9.2 GHz
mN 25— Linear cal.
Sl an
Tg 20 & Afzcros
3 o Afsho
g 151
; o
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% 10} .5 .
@ &

£ Pl

0 1 1 1

0 5 10 15 20

EMVV (mV/Cm)

Fig. 12. Experimental results of Afm, Afzeros and Afgno versus Eyw
at MW frequency of 9.2 GHz. The black hollow squares represent the
results of the traditional EIT-AT splitting method by Afy,. The blue hol-
low triangles represent the experimental results of the interval of zero
crossing of the dispersion signals method by A feros. The red hollow cir-
cles represent the experimental results of the dispersion signal shoulder
interval method by Afgpo. The modulation frequency of MW is 10 kHz
and the modulation depth is 100%.

Across the measurements at two different frequencies, we
observe a qualitative consistency in the relationship between
Afreros (Afsho) and Enw, as shown in Figs. 11 and 12. The
distinct slopes can be attributed to variations in the resonant
dipole moments corresponding to these frequencies. In our
experimental setup, we sought to measure the field strength
of weak-field microwaves using two different microwave fre-
quencies within the same experimental system. However, due
to the absence of microwave horns covering the 0—40 GHz
range in our laboratory, we opted for two horns designed for
use at these frequencies. Given the varying sizes of these mi-
crowave horns across the two frequency bands (with horn size
decreasing as microwave frequency increases), it was chal-
lenging to ensure complete consistency in the distance be-

tween the MW horn and the cell while maintaining far-field
conditions when switching between microwave horns. This
discrepancy accounts for the inconsistent quality of the A f,eros
and A fgno experiments in two frequencies. In our actual exper-
iments, we employed a traditional EIT-AT splitting interval
Afn to calibrate Af,eros and Afsho for each band (horn). After
calibration, we were able to achieve reproducible experimen-
tal results under identical experimental conditions. The sta-
bility and repeatability of the experimental results were main-
tained, primarily under consistent parameters such as modu-
lation depth and lock-in phase amplifier settings. Therefore,
by utilizing the traditional EIT-AT splitting method to cali-
brate the electric field intensity corresponding to the disper-
sion shoulder interval, we are able to characterize very weak
fields using the dispersion shoulder interval.

The shoulder interval of dispersion signals Afgo dis-
plays a monotonous relationship with microwave intensity that
proves challenging to fully encapsulate with an analytical for-
mula, as shown in Figs. 6, 11, and 12. This relationship re-
mains entirely reproducible when experimental parameters are
held constant. Therefore, by employing the traditional EIT-AT
splitting interval Afy, as a reference for calibrating the electric
field intensity associated with the dispersion shoulder interval,
it becomes feasible to characterize the weak field.

Finally, a comparison of the minimum MW strength
Envw measured by different methods is shown in Table 1,
with MW frequencies of 31.6 GHz and 9.2 GHz respec-
tively. EMW(Afm)min’ EMW(Afzeros)min and EMW(Afsho)min
are the lower limits for measuring the distinguishable MW
field strength at specific MW frequencies. When the MW fre-
quency is 9.2 GHz, the lower limit of the Eyw that can be
measured is 0.056 mV/cm, which is much smaller than that
when the MW frequency is 31.6 GHz. The quantum number
of the two adjacent Rydberg levels is relatively high when the
MW frequency is 9.2 GHz, which makes the electric dipole
moment between the two Rydberg levels large. According to
Eq. (1), for the same spectral splitting interval, the greater the
electric dipole moment, the lower the limit of the measurable
microwave field. Since then, this work has verified that the
Afsno method has advantages over traditional methods and the
Afzeros method in the MW field measurement under the ex-
perimental conditions of MW frequencies of 31.6 GHz and
9.2 GHz. This is also predicted in the theoretical part of Sec-
tion 2.

Table 1. Comparison of the minimum MW strength Eyw measured by different methods, with MW frequencies of 31.6 GHz and 9.2 GHz

respectively.

Frequency Emw (Afm )min Emw (Afzerm )min Evw (Afsho ) min
31.6 GHz 4.85440.022 mV/cm 3.856£0.032 mV/cm 0.152£0.055 mV/cm
9.2 GHz 1.782£0.056 mV/cm 0.709 £0.036 mV/cm 0.056£0.031 mV/cm
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5. Conclusion

We have theoretically and experimentally studied the dis-
persion signal of the Rydberg atomic electromagnetic induc-
tion transparent Autler—Townes splitting spectrum obtained
using amplitude modulation of the MW field in detail. The-
oretically, we first demonstrate the process of microwave elec-
tric field amplitude modulation and demodulation to obtain
the dispersion signals by numerical simulation. Compared
with the traditional EIT-AT splitting interval Afy,, the dis-
persion signal provides two spectral intervals, namely, the in-
terval of the two zero-crossing points A fyeros and the interval
of two positive maxima Afgho. Then we study the effect of
modulation depth on the dispersion signals in detail, and the
results show that distinct dispersion signals can be acquired
across a broad range of modulation depths, thus confirming
the method’s universality. The greater the modulation depth,
the more pronounced the characteristics of maxima (A fgo) in
the dispersion signal. When the modulation depth is fixed, the
ratio of Afreros/2mw OF Afsho/Lmw is fixed, which proves
that A fyeros and Afsho can be used to characterize microwave
electric field strength Enw. The traditional EIT-AT spec-
tra and the corresponding dispersion signals at 100% modu-
lation depth at different Qppw are theoretically calculated in
detail.

the results show that A fiho can characterize much weaker mi-

By comparing Afn, Afzeros, and Afino with Qnvwy,

crowave electric fields than that of Afy,, Afzeros- Experimen-
tally, we have studied the relationship of MW field strength
Enmw and Afgpo in a rubidium vapor cell at the MW frequen-
cies of 31.6 GHz and 9.2 GHz, respectively. The results show
that the microwave electric field amplitude modulation method
improves the spectral signal-to-noise ratio, and more interest-
ingly, A fsho can be used to characterize the much weaker Eniw
than Af, and A fyeros, the minimum Eppw measured by Afgp, is
about 30 times smaller than the conventional EIT-AT splitting
method. As an example, the minimum Epnw at 9.2 GHz that
can be characterized by Afsp, is 0.056 £0.031 mV/cm, which
is the minimum value we know that can be characterized by
frequency interval using a vapor cell without adding any auxil-
iary fields. The proposed method can reduce the weak limit of
Envw measured by the spectral frequency interval and is suited
to different excitation schemes, which is important in the di-
rect measurement of weak Eyw.
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