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Recently, a Rydberg atom-based mixer was developed to measure the phase of a radio frequency (RF) field. The phase
of the signal RF (SIG RF) field is down-converted directly to the phase of a beat signal created by the presence of a local
RF (LO RF) field. In this study, we propose that the Rydberg atom-based mixer can be converted to an all-optical phase
detector by amplitude modulation (AM) of the LO RF field; that is, the phase of the SIG RF field is related to both the
amplitude and phase of the beat signal. When the AM frequency of the LO RF field is the same as the frequency of the
beat signal, the beat signal will further interfere with the AM of the LO RF field inside the atom, and then the amplitude
of the beat signal is related to the phase of the SIG RF field. The amplitude of the beat signal and the phase of the SIG RF
field show a linear relationship within the range of O to /2 when the phase of the AM is set with a difference /4 from the
phase of the LO RF field. The minimum phase resolution can be as small as 0.6° by optimizing the experimental conditions
according to a simple theoretical model. This study will expand and contribute to the development of RF measurement
devices based on Rydberg atoms.

Keywords: quantum sensor, phase detector, Rydberg atoms, micorwave, electromagnetically induced trans-

parency, amplitude modulation
PACS: 07.07.Df, 84.40.—x, 42.50.—p

1. Introduction

The Rydberg atom-based radio-frequency (RF) sensor
utilizes electromagnetically induced transparency (EIT) and
Autler-Townes (AT) splitting to enable an optical readout of
the RF electric field.!'"# This approach offers a direct interna-
tional system of units (SI) traceable, a broad frequency range,
and a self-calibrated measurement of the RF electric field.[!~%!
The Rydberg atom-based RF sensor has made rapid progress
in the past decade and provided new detection capabilities be-
yond the traditional antenna and other RF detectors.!”~!3] The
Rydberg atom-based RF sensor has also been used as atomic
receivers to demonstrate RF communication. 6191

The technique for precisely measuring the phases of RF
fields is important and applied broadly in antenna metrology,
radar, remote sensing, and various other fields. Simons et al.
successfully converted the Rydberg atom-based sensor to a
mixer and directly measured the phase of the signal RF (SIG
RF) electric field.[?”) The phase of the SIG RF field is down-

converted directly to the phase of the intermediate frequency
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(IF) beat signal (on the order of kHz), which is created by the
presence of a local RF (LO RF) field.[?*-2?! In the present Ry-
dberg atom-based mixer schemes, the amplitude of the beat
signal remains constant, and the phase of the SIG RF field can
be read out by comparison with another same frequency refer-
ence waveform,20-221 for example, combines an RF combiner
or a spectrum analyzer with the mixer.

In this study, we propose the conversion of the Rydberg
atom-based mixer to an all-optical Rydberg atom-based phase
detector. Through the amplitude modulation (AM) of the LO
RF field with the frequency of the beat signal in the Ryd-
berg atom-based mixer, the amplitude of the beat signal was
changed and related to the phase of the SIG RF field. We
present a more convenient readout for RF phase measurements
after studying the relationship between the output voltage of
the phase detector and the phase of the SIG RF field. Fur-
thermore, we use the Rydberg atom-based phase detector to

realize a sub-degree phase resolution.
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2. Theory

Figure 1(a) shows the atomic energy levels applied in this
study. The energy levels are 3Rb, 53, )2(F =2),5P3(F' =
3), 53Ds,,(F = 4) and 54P3;(F = 3) corresponding to 1),
|2), 13), |4), respectively. Rydberg EIT occurs when the fre-
quency of the weak probe field is scanned near the resonant
transition of |1) to |2) in the presence of a strong coupling
field coupled with |2) to |3) transition. The LO RF field res-
onates with the Rydberg transition |3) and |4). The frequency

(a) (b)

54P3/2 [4) =——f=osoo=. Aw
LORF SIG RF
53Ds5/,2 [3)
Coupling
5P3/0 |2) —
Probe
5812 1)

difference between the LO RF field and SIG RF field is Aw.

The electric field experienced by the atoms is defined as Eyom

and the low frequency term Epq is given by![?0]

Emoa =\ E2o + Edg + 2ELoEsi cos(Aat +A9), (1)

where E o and Egjg are the electric field amplitudes of the LO
RF and SIG RF field, respectively. A¢ = @sig — @0 is the dif-
ference between the SIG RF field phase ¢sig and the LO RF
field phase ¢ o, and ¢y o is set to zero for simplicity.

Atom
mixer

=3 Phase detector

Fig. 1. Basic principle of the Rydberg atom-based phase detector. (a) Levels scheme. (b) Block diagram of the Rydberg atom-based “phase
detector”, which combines the Rydberg atom-based “mixer” with AM of the LO RF field; the phase of the SIG RF is carried in the oscillation
amplitude of the transmittance of the probe laser (known as the beat signal).

The RF field causes AT splitting of the EIT signal, and the
transmittance of the probe light 7}, is proportional to the am-
plitude of the RF field within a certain range.!?*! For a weak
SIG RF field, where Esig < ELo, Eq. (1) can be written as?"]

T, o< Epod o< ELo + Esig cos (At + ¢siG) » )

where 7, shows periodic oscillation (known as the beat sig-
nal) with constant amplitude. Because the beat signal is an IF
signal (on the order of kHz), ¢sig can be read out by compar-
ison with another same frequency reference waveform after
the beat signal passes through the photodector, for example,
assemble with an RF combiner.

Figure 1(b) shows the transformation process of the Ry-
dberg atom-based mixer to a phase detector. The amplitude
of the LO RF field was periodically modulated with the fre-
quency of the beat signal. The modulation depth and modula-
tion phase are defined as Dam and @am, respectively. Then, T,

can be written as
Tp o< Emod =< Dam X ELo cOS (Aot + ¢am)
+ Eg1G cos (A0t + @s1G) - 3)
If Dam, ELo and Egjg satisfy the relationship of Dan X
E1o = Esig. Then Eq. (3) can be further simplified to

Pam — 9si6

T, o< Emog =< 2Es1G €08 >

X COS (Aa)t+ ¢AM+¢SIG> .

> “

Finally, since the cos(Awt + %) term only changes
the phase of the beat signal and the 2Egig cos w term
really affects the amplitude of the beat signal, the change of
the beat signal amplitude only depends on cos w. The
amplitude of the beat signal Apgy satisfies a very simple rela-

tionship with ¢siG,

OaM — PsIG
— 5)

It can be seen that we can directly extract ¢sig through

ABeat o< COS

ABeat in the experiment. When Ep o is modulated, only the am-
plitude of the beat signal is affected, and the phase information
of the SIG REF field is completely inherited. It can be seen from
Eq. (3) that in addition to ¢siG, all of Dam, ¢am, ELo and Esig
will affect the amplitude of the beat signal. Therefore, these
quantities should remain stable and this is relatively easy to
realize in practical applications. For example, Egig can be at-
tenuated to a fixed value and then sent to the atomic sensor.
Consequently, the relationship between @sig and output volt-
age of the phase detector can be obtained. Thus, our method
is to directly compare the reference phase with ¢sig inside the
atomic mixer. It avoids the perturbation that may be encoun-
tered in the transmission process of the beat signal to the RF

combiner in the traditional phase detector scheme.
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3. Experimental setup

Figure 2 schematically shows the experimental setup,
which is based on the Rydberg atomic sensor and mixer. A
weak probe light with A, = 780 nm was generated using an
external cavity semiconductor laser (DL100, Toptica), and the
frequency was locked on the resonance transition of |1) to
|2) using the Zeeman modulation saturated absorption spec-
trum (SAS).[>* A relatively stronger coupling light with A, =
480 nm was generated using a frequency-doubled diode laser
(TA-SHG-Pro, Toptica), and the frequency was locked on the
resonance transition of |2) to |3) using the Zeeman modula-
tion Rydberg EIT spectrum.?>! The linewidths of all the lasers
were estimated to be less than 500 kHz using the linewidth
of the Rydberg EIT with 494 kHz in cold atom samples. 23]
The minimum Allen variance & (7)ja5er Of lasers was approxi-
mately 7.3 x 107! at 8 s for laser stabilization.*%! The probe
light was focused to an 800 um 1/e? diameter using an achro-
matic lens with power I, = 25 uW. The coupling light with
power I. = 30 mW was focused to a 900 pum 1/e? diameter.
The probe light and coupling light were both linearly polar-
ized and were counter-propagating in the Rb cell. Then, the
intensity of the probe beam passing through the cell was de-
tected using a photodiode (PD) and sent to the lock-in am-
plifier (LI5640, NF Corporation), and finally recorded by the

oscilloscope.

[ Synchronized function generators ]
I ! —
[Triangle or TTL] [ cos(Awt +danm) ] ockmm
T l amplifier
Input
[ Phase shifter ] [ Amplitude ] ’ outpe
Modulation
4
N
\ e
EN SIG LO @)
o | RF 10 MHz RF N 0osc
] E
<
Ll
Probe light [ZDE
780 nm W 27 Sg)(;lpling light
< I { Rb ] ya nm
Dichroic el Dichrofc
mirror mirror

Fig. 2. Schematic of the experimental setup for the Rydberg atom-based
phase detector. PD denotes the photodetector, purple lines denote the
rubidium clock synchronization signals, orange line denotes the refer-
ence signal of the lock-in amplifier, and the red dotted line denotes the
signal received by the PD and the output of the lock-in amplifier. OSC
denotes the oscilloscope.

Here, we used two signal generators to produce the
two microwave fields. The first signal generator (8340 B,
Keysight Technologies) was used to generate the LO RF field

at 14.233 GHz to drive the Rydberg transition |3) to |4). The

second signal generator (E8257 D, Keysight Technologies)
was used to apply the SIG RF field at 14.233 GHz —Aw
(where Aw can vary from 1 kHz to 100 kHz). The outputs of
the two signal generators were connected to two separate horn
antennas (LB-62-10-C-SF) that radiate the microwaves toward
the cylinder Rb cell (diameter 25 mm and length 75 mm), and
the antennas were placed far away from the Rb cell to satisfy
the far-field condition. The two signal generators were trig-
gered by the same GPS (Global Positioning System)-tamed
10 MHz Rb clock (FS725, Stanford) to keep the frequency
drift of both signal generators to a very low level. The tested
minimum Allen variance (7 )cjock Of the 10 MHz Rb clock
was 1.44 x 10714 after being tamed for 24 h by the GPS. The
frequency drifts of the two microwaves were 10~2 Hz within
2 h (compared with 1 Hz frequency drifts after being triggered
by the Rb clock inside the signal generator within 2 h), which

(23] The polariza-

was sufficiently stable for our experiments.
tions of the two microwave electric fields were the same as
those of the probe and coupling beams and propagated in a
vertical direction to the two laser beams.

Next, we describe the conversion of the Rydberg atom-
based mixer to a phase detector. A function generator gener-
ated a sinusoidal signal with the same frequency as the beat
signal to modulate the amplitude of the LO RF field. The am-
plitude and phase of the modulation signal can both be con-
trolled. In addition, the output signal of the function generator
was also sent to the lock-in amplifier as a reference signal to
demodulate the amplitude of the beat signal and then recorded
by the oscilloscope. Another function generator applied a tri-
angular wave signal or a transistor-transistor logic (TTL) sig-
nal to trigger a phase shifter to change the phase of the SIG
RF field @sig. Specifically, when the voltage of the triangular
wave or the TTL signal changes from —0.5 V to 0.5V, ¢sic
can change linearly within the set range.

4. Results and discussion

First, we discuss the effect of Er o and Egig on Tp. Then,
we describe the influence of the amplitude modulation of the
LO RF field on the performance of the phase detector, includ-
ing the phase ¢4y and depth Dy of the amplitude modulation
of the LO RF field. Furthermore, we study phase resolution
capability of the phase detector.

We briefly discuss the relationship between the transmit-
tance of the probe light 7, and the RF electric field ampli-
tude experienced by the atoms Ep o (or Esig) when the probe
light and the coupling light are locked at the EIT resonance
frequency. The results show that 7, and Eyo (or Egig) sat-
isfy a monotonic proportional relationship when 0.8 mV/cm
< E1o (or Egig) <20 mV/cm. When E o (or Egig) is less
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than 0.8 mV/cm or greater than 20 mV/cm, 7, will not change
significantly with Ey o (or Esig). Therefore, in the following
experiments, we will study and optimize the performance of
phase detector by choosing Ej o and Egjg in the range of 0.8—
20 mV/cm.

To study the relationship between ¢am and @sig under
LO RF field amplitude modulation, we used a phase shifter to
change ¢sig continuously over 47 and set ¢ro = O for sim-
plicity. The data were obtained with a beat frequency Aw = 1
kHz. The black, blue, and red solid lines in Fig. 3 represent
the experimental results with ¢an = 0,7/4, and 7, respec-
tively. The dotted lines represent the corresponding theoretical
calculation results in Eq. (5). Therefore, for the convenience
of comparison, a coefficient calibration was performed on the
theoretical calculation results. As shown in Fig. 3, it is found
that the amplitude of the beat signal Agey and ¢sig show a
monotonic relationship. Furthermore, the output amplitude of
the beat signal and @sjg show a approximate linearity from 0 to
7 /2 when ¢am = 7/4, while the traditional commercial phase
detector can realize the linear region of 2x. Therefore, ¢sig
can be directly converted into a voltage signal, and then the
Rydberg atom-based mixer can act as a phase detector. From
Fig. 3, we can also find that if we change ¢am, the amplitude
of the beat signal will be only related to the difference between
¢sig and @Panv. For example, when the amplitude of the beat
signal is the positive largest, the difference between ¢sig and
Oam is always km, k= 0,4+2,44, ..., as shown in Fig. 3. This
is also consistent with Eq. (5). Therefore, from this method,
we can clearly know that even if ¢an changes, ¢sig can also
be deduced from the amplitude of the beat signal Ageae. The
calculation result of Eq. (5) is in agreement with the exper-
imental results. The slight difference may owe to the over-
simplification of Eq. (5), for example, 7, is not strictly linear
with Ey o or Esig. However, this does not affect the use of the
phase detector because the output of the phase detector can
be calibrated before the application. The results in Fig. 3 can
be repeated when A® varies from 1 kHz to 100 kHz, where
the upper limit of 100 kHz is limited by the bandwidth of the
lock-in amplifier. At 100 kHz, the signal is still clear, which
shows that the applicable frequency range of this method is
very large.

Next, we study the influence of the amplitude modulation
depth of the local RF field Day on the output signal of the
phase detector, and the results are given in Fig. 4. The results
show that when A¢gyg is fixed at 10° and Aw = 100 kHz, the
change in the phase detector output is proportional to the mod-
ulation depth Dap within 10%—-90%. When Dy is less than
10%, the signal cannot be demodulated, and the error of the
system at each Day is very small. The results show that the
output of the phase detector is proportional to Dy, and it has
a wide range of Day and high repeatability and stability. The
red dotted line was calculated using Eq. (3) with the same pa-
rameters as in the experiment and was qualitatively consistent

with the experimental results. Noted that the theoretical calcu-
lation was normalized to facilitate comparison with the experi-
mental results. Although the phase detector can work in a wide
range of Dy, in order for both to satisfy Ero > Esig and
E1 o X Dam = Egjg at the same time, we choose Day = 20%
in the following experiments.

Experiment pam =7/4 Pam =T

Calculation -.-.—. Pam =7/4 ———- PaM =T

Amplitude of beat signal (V)

Experiment dan =0
Calculation —.-.-. dan =0
—8 s 1 s 1 s 1 s
0 1m 2 3 4
¢sia (rad)

Fig. 3. Examples of the Rydberg atom-based phase detector; ex-
perimental parameters: Epo = 10.14 mV/cm, Egig = 2.75 mV/cm,
Aw = 1 kHz, and the modulation depth Dy is 20%; assuming that
¢ro = 0. The black, blue, and red solid lines represent the experimental
results with gap = 0, 7w/4, and 7, respectively; each curve corresponds
to 32 averages to improve the signal-to-noise ratio. The dotted lines
represent the corresponding theoretical calculation results in Eq. (5).
Theoretical calculation amplitude is normalized to facilitate the com-
parison with the experimental results.

S osl Experiment
- = = = Calculation by Eq. (3) L=t
8 -
9] " ’
£ 0.6f -
] .
! .
£ 0.4} s
o P
b~ 4 =
o .
£02f .
O_‘ 'ﬂ =
- L -
S

0 1 1 1 1

0 20 40 60 80 100
Dan (%)

Fig. 4. Relationship between the beat frequency oscillation amplitude
and the modulation depth Dy, where Agsig = 10°. Black solid circles
denote the experimental results with parameters Ej o = 10.14 mV/cm,
Esig = 2.75 mV/cm, and Aw = 100 kHz; red dotted line is calculated
using Eq. (3). The theoretical calculation is normalized to facilitate the
comparison with the experimental results, and the calculation parame-
ters are the same as the experimental parameters.

Finally, we demonstrate the phase resolution capability
of the Rydberg atom-based phase detector by changing the
phase difference of the SIG RF field A¢sig and measuring the
output voltage of the phase detector. Based on Eq. (3), Apeat
is most sensitive to ¢sig when Daym X Epo =~ Esig, therefore
we choose the experimental parameters: E; o = 10.14 mV/cm,
Esig = 2.75 mV/cm, and the modulation depth Day = 20%.
In the meantime, @ap was set to /4 to obtain the maximum
slope of Apear to ¢sig near ¢gsig = 0 as shown in Fig. 3. The
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data obtained with the beat frequency A®w = 1 kHz and aver-
aged over 128 sets of data to enhance the signal-to-noise ratio
(SNR) of the readout. Figure 5(a) shows the output voltage
of the corresponding phase detector when A¢sig is taken as
12°, 10°, 8°, 5°, 2°, and 1°, respectively. It can be seen that
the phase detector still has a good readout when Aggjg is set
to 1°. Figure 5(b) shows the corresponding analysis results in
Fig. 5(a). The horizontal axis represents A¢sig, and the ver-
tical axis corresponds to the amplitude of output signal of the
phase detector. The black hollow circles are the experimen-
tal results corresponding to Fig. 5(a), and the red solid line
is the result of a linear fitting that crosses the 0 points. Af-
ter analyzing the average value and error of the corresponding
phase detector output voltage at high level and low level in
the experiment, the achievable phase resolution is 0.6°, while
Ref. [13] obtained a resolution of 0.8° using the superhetero-
dyne method, and a traditional commercial phase detector can
achieve the phase resolution of about 1°.27]

—— Control (a) 10
1.0 Agsig = 12° S /\\‘ ’
Adsic = 10°

— A¢sic = 8°

0

—-0.5

Aggig = 5°
—Aggic =2°
——Apgie=1°1-10

¢sic control voltage (V)

0 0.025 0.050 0.075 0.100
Time (s)
20
> e Experiment (b)
:/ Linear fitting
9]
5 1.5
g
(]
o
2 1.0
<
el
o
S
- 0.5
5]
o)
s
=
© 0

0 2 4 6 8 10 12
Adsia (%)

Fig. 5. Relationship between the beat frequency oscillation amplitude and
the set phase difference. (a) Phase control and reaction of the Rydberg atom-
based phase detector. Black solid line is the control voltage of the phase
shifter; —0.5-0.5 V corresponds to the set phase difference. Red line, green
line, blue line, cyan line, magenta line and dark yellow line represent the
output voltage of the corresponding phase detector when Adgig is 12°, 10°,
87, 5°, 2° and 1°, respectively. Each curve corresponds to 128 averages to
enhance SNR. By setting A¢sig, ¢sig can jump back and forth with the value
of A¢sig. Specifically, 0.5 V phase control corresponds to ¢sig = AdsiG /2,
and —0.5 V phase control corresponds to ¢s;g = —Adsig/2; phase differ-
ence between the amplitude modulation of the local field and the phase of the
local field is fixed to 7/4; experimental parameters: E o = 10.14 mV/cm,
Esic = 2.75 mV/cm, Aw = 1 kHz, and the modulation depth Day = 20%.
(b) Relationship between the beat frequency oscillation amplitude and the set
phase difference. Black hollow circle denotes the experimental result corre-
sponding to (a); red solid line denotes a linear fitting that crosses the 0 points.
The experimental data are not collected in the same day, so the data of Figs. 3
and 5 cannot be directly compared.

5. Conclusion

We have converted the Rydberg atom-based mixer to an
all-optical Rydberg atom-based phase detector by the ampli-
tude modulation of the LO RF field; that is, the phase of the
SIG REF field can be directly converted into a voltage signal.
The amplitude of the beat signal Age, and the phase of the SIG
RF field ¢sig show a monotonic relaionship when the ampli-
tude of the local RF field is modulated by the frequency of the
beat signal. The output voltage of the phase detector and ¢sig
show a linear relationship within the range of 0-7/2 of the
SIG RF field phase when ¢awm is set with a difference of 7/4
from the phase of the local RF field. A sub-degree phase res-
olution is also achieved by optimizing the experimental con-
ditions according to a simple theoretical model. Because the
Rydberg atom-based phase detector is an optical readout, it is
better than the traditional phase detector in noise suppression.
This work will expand and contribute to the development of
RF measurement devices based on Rydberg atoms.
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