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1College of Electronic Science and Rydberg atom-based sensors using the atomic heterodyne technique demonstrate

Technology, National University of prominent performance on sensing sensitivity and thus have significant potential for

Efgg’;;egﬁ_chmbg%Changsmr radar, electronic reconnaissance, and communication applications. Here, we propose
,China . .

Full list of author information is a local oscillator (LO) embedded field enhancement resonator to improve the

available at the end of the article sensitivity and integration of Rydberg atomic heterodyne sensors. In this approach, a

vapor cell filled with cesium atoms is placed into the resonance structure for electric
(E) field measurements. By integrating parallel-plate waveguide (PPWG) antennas and
the resonator, the LO signal can be directly guided to the resonator using coaxial
cable instead of the use of external antennas radiating through free space, allowing
for a more flexible and practical Rydberg atom-based heterodyne technique. Based
on the off-resonant Rydberg atomic heterodyne approach, for a radio frequency (RF)
signal at 638 MHz, it is found that the sensitivity is 43 V/cm+/Hz in the absence of
the resonator, while in the presence of our resonator, the sensitivity is down to 854.36
nV/cm+/Hz, indicating 50 times or 34 dB improvement capacity of the proposed
resonator. This type of enhancement resonator is expected to benefit Rydberg atomic
heterodyne applications in practical environments.
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1 Introduction

In the past decade, Rydberg atom-based sensors have been an increasingly crucial sub-
set of quantum sensors for radio frequency (RF) electric (E) field measurements thanks
to their large electric dipole moments and polarizabilities [1]. The RF signal perturbs the
energy of the Rydberg states and causes the shift or splitting of the electromagnetically
induced transparency (EIT) spectrum [2], making Rydberg atoms a directly and nonde-
structively probe medium for E-field. Leveraging the Rydberg-EIT method, the amplitude
[3-6], phase [7-9], polarization [10], frequencies [11-13], and angle [14] of the RF field
can then be detected. Compared to traditional electronic receivers, the Rydberg atomic
sensors offer several superiorities with respect to self-calibration, system international (SI)
traceability to Planck’s constant, and non-adherence to the Chu limit [15], allowing small
and room-temperature vapor cells to operate over multiple octave ranges from kHz to THz
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[16-18]. Based on these fascinating properties, various applications began to emerge, in-
cluding spectrum analyzer [19], microwave frequency comb [20], E-field probes [21, 22],
and receivers for communication and radar signals [23-31].

Besides the extension of the application scenarios, a higher sensitivity for E-field mea-
surement is another central pursuit for atomic sensors since the Rydberg atom has the
exciting possibility to avoid the internal thermal (Johnson) noise even at room tempera-
ture. The measurement sensitivity is highly dependent on the linewidth of EIT, which is
typically on the order of 5 to 10 MHz. This is because the minimal detectable field is lim-
ited by EIT’s spectral resolution, which manifests as an Autler—Townes (AT) splitting in
the resonant region or ac Stark shift in the off-resonant region. Researchers have investi-
gated various approaches to improve the measurement sensitivity, such as increasing the
number of Rydberg atoms with a ground state repumping laser [32], using three-photon
excitation schemes to overcome Doppler mismatch [17, 18], dressing adjacent Rydberg
transition by an auxiliary RF field [33—-35], driving the critical point of a many-body Ryd-
berg atomic system [36]. One of the most noticeable steps was the introduction of a local
oscillator (LO) RF field to the atoms, which is referred to as the Rydberg atomic heterodyne
technique [7, 11, 19, 37—40]. It leads to an increase in sensitivity from a few V/cm+/Hz
to 12.5 nV/cm+/Hz, an improvement of nearly three orders of magnitude compared to
the standard EIT-AT method in resonant regions [38]. The presence of LO fields not only
benefits improving the sensing sensitivity but also controls ensembles of Rydberg atoms
[7, 14, 19, 29].

The resonant structure can enhance the incident E-field strength at the location of atoms
[41, 42], which can further improve the sensing sensitivity in cooperation with the Rydberg
atomic heterodyne technique. However, to date, the majority of LO fields were employed
via irradiation from free space using antennas. This way of LO loading restricts the appli-
cation of Rydberg atomic sensors in practical and remote scenarios since the LO field will
suffer very severe attenuation in long-range propagation, and the multi-path interference
caused by scattering in realistic environments would heavily affect the phase relationship
between the LO and signal (SIG) fields, thus deteriorating the sensing sensitivity and even
leading to erroneous measurements.

To improve the sensing sensitivity and to further tailor the Rydberg atomic heterodyne
technique to the practical environment, we designed a field sensing enhancement res-
onator that can directly guide the LO signal to the atoms through a coaxial cable and
enlarge the localized E-field by integrating the parallel-plate waveguide (PPWG) antennas
into the resonator. Inside the resonator, the RF wave propagates between the PPWG and
the resonance areas of the resonator via spatial coupling. The LO port reflection coeffi-
cient can be adjusted as a trade-off between the field enhancement factor of the entire
resonator and the maximum output power of the LO source, depending on the specific
application environments. To explore the sensing ability of the E-field under GHz, the fo-
cused frequency was chosen as 638 MHz (off-resonant region). The results show that with
the presence of the resonator, the measurement sensitivity is down to 854.36 nV/ cm+/Hz,
which is over 50 times improvement than that without the resonator. This type of LO-
embedded field enhancement resonator not only improves the sensing sensitivity but also

facilitates the practical implication of the Rydberg atomic heterodyne technique.
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Figure 1 (a) Overview of experimental energy diagram. An 852 nm probe laser excites the cesium atoms
from the ground state |651/3, F = 4) to the intermediate state |6Ps/,, F' = 5), and a 509 nm coupling laser
drives the atoms from the intermediate state to the Rydberg state |60Ds,). § is the energy level shift induced
by the external RF field according to the ac Stark effect, and I'; (i = 2,3) is the state |i) decay rate. (b) Sketch of
the experimental setup. A cylindrical vapor cell is embedded into the field-sensing enhancement resonator.
The probe light (red) is counter-propagated and overlapped with a coupling light (green) through the optical
aperture of the resonator and detected by a photodetector (PD). The LO and SIG fields are generated by two
independent SGs that are phase synchronized. The LO signal is guided to the LO port of the resonator via a
coaxial cable. An isolator is used between the LO SG and the resonator to absorb the reflected waves from the
LO port. Meanwhile, the SIG field is radiated to the resonator through a horn antenna

2 Methods

2.1 Experimental setup

A two-photon Rydberg EIT ladder scheme adopted in the experiments and an overview
of the experimental setup are shown in Fig. 1(a) and (b). At room temperature, a cylindri-
cal cesium (133Cs) vapor cell with a length of 20 mm and a diameter of 10 mm is em-
bedded into the field sensing enhancement resonator. A probe laser with a 1/e? beam
diameter of 780 um and a power of 9.3 uW is frequency locked to the D2 transition
of |1) = 6812, F = 4) — |2) = |6P35, F' = 5) via modulated transfer spectroscopy [43].
Meanwhile, a 51.2 mW coupling laser with a 1/e? beam diameter of 1.34 mm is tuned
to ~509 nm to further excite the atoms to the Rydberg state |3) = |60Ds/;). The probe is
counter-propagated and overlapped with the coupling laser inside the vapor cell to mini-
mize Doppler broadening effect and is detected by a photodetector. The LO and SIG fields
are generated by two independent signal generators (SGs) that are phase synchronized.
The LO signal is guided through the coaxial cable to the LO port of the resonator, with
an isolator in the transmission path to absorb reflected waves to protect the instrument.
Simultaneously, the SIG signal is radiated to the resonator through free space using a horn
antenna. The other port of the resonator absorbs the leakage waves with a matched load
to balance the E-field distribution in the resonance area of the resonator. The polarization
of the two RF fields is the same as those of the probe and coupling beams and propagates

in a vertical direction to the two laser beams.

2.2 Off-resonant Rydberg atomic heterodyne model
To model the off-resonant Rydberg atomic heterodyne system, we consider the three-level
system in Fig. 1(a). Under normal resonance conditions, the detuning of the probe and

coupling laser A, = A, =0, and the |1) and |2) energy level shifts can be ignored since
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their low polarizability. The relevant Hamiltonian of our system can be written as [37]

Q, 0

, 1
5 Q2 1)
8

5 0
H=-|2, o
0
where 7 is the reduced Planck’s constant, €2, and €. are the Rabi frequencies associated
with the probe and coupling lasers, respectively, and § = —(1/2)a(E2,) is the spectrum
shift caused by the ac Stark effect, where « is the dc polarizability, and (Etzot) is the aver-
age value of the square of the E-field. The Rydberg atoms have a very large polarizability,
which makes them more sensitive to the external RF field. Considering the spontaneous
emission, the dynamics of our system is governed by the following master equation

p=1lpHI+ L. @

Where the second term is given by

3002 —Y12P12 —V13013
L=|-yupn Tspsz—Taps —yazpas | (3)
—~¥31031 —V32032 ~-T'3033

Where y;; = (['; + I';)/2 and T';; are the transition decay rates (Fig. 1(a)). Here we have
ignored the Doppler broadening effect for simplicity. The steady-state solution of the sys-
tem density matrix can be obtained when p = 0 in Equation (2), and the susceptibility is
further obtained

2Nout,
SOHQP

X21=— P21, (4)

where Nj is the total density of atoms, (15 is the transition dipole moment between |2)
and |1), and & is the permittivity in vacuum. After that, we can obtain the probe beam
power measured on the photodetector, which is calculated as P(t) = Py exp(—BL), where P,
is the incident power to the cell, L is the length of the cell, 8 = 27 Im[x (£)]/A;, is the Beer’s
absorption coefficient for the probe laser, and 1, is the wavelength of the probe laser.

When it comes to the Rydberg atomic heterodyne technique, the total E-field will be-
come E;o+Egig, and the Stark shift induced by the total E-field is § = —1/2a(Ero + Egic)>.
Here, we set the LO and SIG fields to be phase synchronous and let ¢10 = ¢s1g. Taking a
time average, we obtain [17]

- — 1
§= 80 - Ea[ELOESIG cos(Aa) * t)] (5)

Where Aw represents the beat-note frequency between the LO and SIG fields, and &, =
~1/4a(E? + E%) is the average ac Stark shift caused by the LO and SIG fields. From
Equation (5), we can see that the energy level shift is modulated by the beat-note frequency.
Furthermore, the magnitude of the SIG field can be extracted by measuring the beat-note
frequency component of the probe laser.
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Figure 2 Field sensing enhancement resonator and the time dependent E-field response. (a) The resonator
used in the experiments. A cylindrical cesium vapor cell is placed inside the resonator, and the entire structure
is supported by PMI foam to reduce scattering. The resonator has two SMA ports. One is used as the LO signal
input port, and the other is terminated to a 50 €2 load. (b) The purple curve is the simulated time dependent
E-field strength for a probe located at the center of the resonator. The blue curve corresponds to the
theoretical fit from Equation (6) with G =129.5, fo = 638 MHz, C = 2.3, and Q = 79.16. (c) Normalized
theoretical time dependent E-field response for different Q values of 50, 75, and 100. For a given incident
wave frequency, the higher the Q value, the longer the time is required to reach a steady state

3 Results
The LO-embedded field sensing enhancement resonator used in the experiments is shown
in Fig. 2(a). The resonator is made of copper plates with a thickness of 1.5 mm for higher
mechanical strength and has two symmetrical Sub-Miniature-A (SMA) ports. One port
is used to feed the LO signal into the resonance area, and the other port is terminated to a
50 €2 load. The resonator is supported by polymethacrylimide (PMI) foam with a relative
permittivity of ~1.1 to minimize scattering from the ambient surroundings. It has been
shown that the resonant structure has a polarization selective behavior [41, 42, 44]. In
detail, if the E-field is perpendicular to the plane of the resonator (En?), it will have the
maximum enhancement factor, on the other hand, if the E-field is parallel to the plane of
the resonator (E L ;), then the resonance response is negligible. The maximum response
area of the whole structure is the gap between the upper and lower parallel plates, and
when the vapor cell is embedded into the gap, the atoms will be exposed to the enhanced
field. The resonance frequency of the resonator depends mainly on the loop size as well as
the area and separation of the gap [44]. The resonator used in our experiments is simulated
by a commercial finite-element simulator with a resonance frequency near 638 MHz.

To evaluate the steady time of the resonator, we simulated the time dependent E-field
response at the center of the resonator, as shown in Fig. 2(b). The E-field between the gap

can be expressed as [45]

E@t) = [1 exp(—£t>i| (6)



Yang et al. EPJ Quantum Technology (2023) 10:23 Page 6 of 13

AVim

resonance area

spatial coupling
absorbed by two matching loads L T_.y

Figure 3 Simulated E-field distribution for a 638 MHz incident source. The energy captured by the resonator,
in addition to resonating between the gap, is absorbed by matched loads connected by two symmetrical
PPWG antennas through spatial coupling. The upper panel shows the E-field distribution along the optical
beam path (white dashed line in the lower panel), with the vertical dashed lines delineating the vapor cell
location. The black lines delineate the copper plate of the resonator

where G is the enhancement factor of the resonator, C is a constant determined by the res-
onator structure, f; is the frequency of the incident wave, Q = fo/BW is the quality factor of
the resonator, and BW is the 3 dB bandwidth of the magnitude of the E-field. Note that the
E-field between the gap is determined by a steady-state response for the external excita-
tion and a transient response that decays exponentially with time. We define 7o = Q/Cf; as
the relaxation time for the transient response to decay to 1/e. In our simulation, the relax-
ation time 7y of our resonator is about 53.9 ns, less than the Rydberg atomic decoherence
time, which is approximately on the order of microseconds [19, 25]. For a given incident
wave frequency, 1y is proportional to Q, as shown in Fig. 2(c). Thus, for time-varying ap-
plications, Q cannot be infinitely large to ensure that 7y is less than the SIG field retention
time.

Besides the time dependent E-field response, we also investigated the steady-state E-
field distribution of the resonator. Figure 3 illustrates the numerical results for a 638 MHz
plane wave irradiating on the resonator. The lower half of the figure shows a heatmap of the
E-field distribution in the resonant, and the upper half shows the E-field distribution along
the optical beam path (white dashed line in the lower half). This plane wave has an ampli-
tude of 1 V/m and is linearly polarized along the z direction. Due to the discontinuity of
boundary conditions, the E-field inside the resonator is inhomogeneous along the optical
beam path, the Rydberg EIT line is a combination of the probe beam absorption through
many discrete thin segments, and thus this disharmony of the E-field would broaden the
atomic spectral signatures and therefore deteriorate the measurement accuracy [22]. In
our design, we extend the length of the resonance area to eliminate this inhomogeneity
among the area of measurement. Specifically, the E-field intensity fluctuates about 1% in
the optically interrogated atomic detection region. Future work will explore other ways to
improve the E-field uniformity, such as varying the gap size along the optical beam path.

The response of the device to the E-field can be analyzed from the standpoint of the LO
and SIG fields, respectively. From the LO perspective, the LO signal can be guided to the
resonator via a coaxial cable and then converted into a spatial electromagnetic (EM) wave
by the PPWG antenna, which shares a common floor with the resonator. Subsequently, a
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fraction of the LO signal leaks into the resonance area through spatial coupling as the LO
field of the atoms. From the SIG perspective, the EM energy is mainly resonating between
the gap, while a minority is absorbed by the matching loads, which are connected by two
symmetrical PPWG antennas via spatial coupling (there is an isolator between the LO
port and the SG).

The absorption of the loads leads to a reduction of EM energy in the resonance area,
which further leads to a decrease of the enhancement factor G. From an energy perspec-
tive, the relationship between G and the LO port reflection coefficient S1; can be expressed
as

G \2
(G >:ﬂ|511|21 (7)

where G,y is the maximum enhancement factor when there are no matched loads on the
two ports. (G/Gpax)? represents the ratio of the EM energy preserved in the resonance
area to that captured through free space while |S;;|? represents the ratio of the reflected
EM energy to the total input EM energy of the LO port. Considering that the resonator
is a passive structure, according to the reciprocity principle, there exists a scaling factor
between these two ratios, denoted by 7. Here 5 is a constant less than 1 because of the
conductor loss and radiation loss. In practice, the LO port reflection coefficient S;; can be
adjusted as a tradeoff between the field enhancement factor G and the maximum output
power of the LO source. Note that a poor S;; at the LO port is tolerated since the resonator
will also enhance the LO signal.

Figure 4 shows the three EIT spectral signals as a function of the coupling laser detuning.
In this experiment, only the SIG source was turned on with its frequency set to 638 MHz,
and the SG output power was varied during the experiment. The black solid curve is the
reference EIT, which is obtained by turning off the SG. When the RF field is turned on, the
EIT spectrum will shift to the right, which can be explained by the ac Stark effect. In addi-
tion to the shift, the EIT spectrum undergoes a broadening due to the unintentional polar-
ization introduced by the scattering of the components on the optical table. Subsequently,
the magnetic substates of nDs/, begin to split thanks to the different angular matric ele-
ments [22]. The purple dashed curve shows the EIT spectrum without our resonator, with
a SG output power of 17 dBm. By applying the resonator, the required SG output power to
obtain the same EIT shift (13.9 MHz) drops to —17 dBm, shown as the orange solid curve,
indicating that the resonator enhances the E-field by a factor of +/1034/10 = 50.12. Note that
the enhancement factor is determined by comparing the SG output power corresponding
to the same EIT spectrum with and without the resonator, where the polarizability is elim-
inated during the comparison. Therefore, the magnetic substates have almost no effect on
the enhancement factor.

Figure 5 demonstrates the experimental and numerical frequency and polarization re-
sponse of the resonator. Similar to the enhancement factor determination method in Fig. 4,
we obtained the experimental enhancement data for the resonator in Fig. 5(a) under dif-
ferent RF detunings. The numerical results in Fig. 5(a) are acquired without considering
ambient factors. The data in Fig. 5(a) can be classified into two categories: Case 1. En-
hancement factors under atomic heterodyne conditions which is obtained by terminating
the two SMA ports with loads. Case 2. Maximum enhancement factors which are obtained
by open-loading these two ports. It can be seen that the measured results have lower and
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Figure 5 Measured and simulated frequency and polarization response of the resonator. (@) Enhancement
factor versus RF field frequency. There are two cases in these data, one is the two ports of the resonator are
terminated with loads, and the other case is that these two ports are no-loaded. (b) S17 of the LO port versus
RF field frequency when the other port is terminated with a load. (c) Normalized polarization response at
638 MHz for atomic heterodyne conditions by rotating the SIG antenna. The error bars correspond to the
standard deviation of three datasets

Table 1 The quality factor Q and loss coefficient n at the resonance frequency of 638 MHz

Enhancement 3dB Quiality factor Q Reflect Loss
factor G bandwidth BW coefficient Sy coefficient
(MHz)
Num. Exp. Num. Exp. Num. Exp. Num. Exp. Num. Exp.
Case 1 129.49 50.12 8.06 54.25 79.16 11.76 0.87 0.98 0.95 099
Case 2 152.56 51.17 6.76 57.59 94.38 11.08

wider peaks compared to the numerical results. This broadening trend can also observe in
the measured LO port reflection coefficient (S11), as shown in Fig. 5(b). The high S;; level
means that only a relatively minor portion of the energy is injected into the resonator. It
should be pointed out that since the resonator also enhances the LO signal, only a mod-
erate amount of energy is required to satisfy the LO field intensity.

Generally, the performance of the resonant structure can be evaluated by the quality
factor Q. The calculation of the quality factor Q and the loss coefficient n with part of the
experimental and numerical data in Fig. 5(a) and (b) is given in Table 1. In both cases,
the measured Q deteriorates seriously, and it decreases more dramatically for case 2. This
discrepancy is roughly attributed to three reasons. First, the conductivity of the inner sur-
face of the vapor cell is nonzero thanks to the adsorption of alkali-metal atoms [16]. This
E-field screening effect will worsen the enhancement factor when embedding a vapor cell
into a resonant structure. Second, in addition to the resonator itself, scattering from the
surrounding can also change the E-field distribution at atoms position. The multi-path
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effect may also reduce the enhancement factor. Third, the losses (metallic and dielectric)
of the resonator and variances in the fabricated dimensions may also lead to a reduction
in the enhancement factor. Both the experimental and numerical 1 are close to 1, while
the measured 7 is larger. This difference could be attributed to the fact that the loads are
not completely absorbed, and the structure is not perfectly grounded during the mea-
surement. Besides, for a constant Q, the enhancement factor and the 3 dB bandwidth are
inversely proportional to each other. Similar to the selection of the relaxation time 7o, there
may be a trade-off between the enhancement factor and the response bandwidth in a par-
ticular implementation. Specifically, the 3 dB bandwidth of our resonator is much larger
than the EIT linewidth, which is sufficient for Rydberg atomic heterodyne applications
[19].

In addition to investigating the frequency selectivity of the resonator, we also examined
its polarization selectivity. In this experiment, by rotating the horn antenna (Fig. 1(b)), we
varied the polarization of the SIG field at a fixed SG output power of —40 dBm. Figure 5(c)
shows the normalized experimental and numerical results as the SIG E-field is rotated
from z-polarization (¥ = 0°) to y-polarization (¥ = 90°). The mismatching between these
results might be attributed to multi-path effects and the inaccuracy of antenna rotation.
These results indicate that the resonator is highly polarization selective, which is deter-
mined by the configuration of the resonator.

To verify the benefits of our resonator in terms of the LO field integration and SIG field
enhancement, we compared the E-field sensing performance under the conditions with or
without the resonator for the atomic heterodyne scenario. In the case with the resonator,
the LO field is applied to the atoms by the LO port of the resonator, while in the case
without the resonator, the LO field is radiated through the same antenna together with
the SIG field using a power splitter. In order to acquire an accurate enhancement factor
under atomic heterodyne conditions, it is essential to guarantee that the LO field strength
is the same with and without the resonator. Therefore, we turned off the SIG field first and
obtained the EIT spectrum shifts versus the power fed to the antenna or the LO port of the
resonator at 638 MHz, as shown in Fig. 6. Regardless of where the LO signal is fed from,
there is a clear linear relationship between the spectrum shift and the SG output power.
This linear relationship can be explained by the ac Stark effect, where § o E2, considering
that the SG output power is proportional to the square of the E-field strength.

In the absence of the resonator, the SIG signal amplitude is fixed at —40 dBm, and the op-
timized LO field strength can be obtained by tuning the LO signal amplitude for the maxi-
mum spectrum analyzer output. In this case, the optimized LO signal value is 13.183 mW,
inducing a spectrum shift of 3.31 MHz, as shown by the vertical black dashed line in Fig. 6.
In our experiments, the lasers and RF fields are linearly polarized and parallel to each
other, leading to a near-degeneracy between the m; = 1/2, 3/2, and 5/2 magnetic substates
of the 60Dy levels in weak E-fields. Therefore, the overall EIT spectral shift is primarily
evident in the m; = 1/2 magnetic substate. By employing the Alkali Rydberg Calculator
(ARC) package [46] and applying the Floquet theory [47], we can calculate the polariz-
ability a(27r x 638 MHz) of the |60Ds5, m; = 1/2) state as —5.38 GHz-cm?/V?, and subse-
quently, we can derive the E-field strength as 4.91 V/m at a Stark shift of 3.31 MHz. In the
presence of the resonator, this spectrum shift corresponds to a LO signal of 0.0286 mW.
Note that despite the poor match of the LO port, the LO power required when leveraging
the resonator is only 0.0286/13.183 = 0.217% relative to that without the resonator. This is
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because the resonator avoids spatial radiation attenuation and has an enhancement effect
on the LO signal. These benefits are even more substantial for remote sensing applications,
where spatial radiation attenuation is significant.

To explore the sensitivity of the atomic heterodyne approach under GHz, we set the LO
frequency to 638 MHz and the SIG frequency to 638.01 MHz. Once the coupling laser
is fixed at an optimal operating point, the probe laser intensity will fluctuate at a beat-
note frequency of 10 kHz. Then, we measured the intensity of the photodetector output
signal with a spectrum analyzer with a resolution bandwidth of 1 Hz. Figure 7 shows the
beat-note intensity with and without the resonator at different SIG field strengths and
indicates that the sensing capability improves more than 34 dB. The error bars correspond
to the standard deviation of five datasets, reflecting the instability of the laser power and
laser frequency. The strength of the received beat-note signal is approximately linearly
proportional to the strength of the applied SIG field. In theory, the sensitivity is defined as
the minimum detectable power when the signal-noise ratio (SNR) is downs to 1. Here we
obtained the minimum power by finding the intersections of the linear response curves
and the spectrum analyzer noise floor. Following this criterion, we obtain the measured
sensitivities of 854.36 nV/cm+/Hz and 43 uV/cm+/Hz with and without the resonator,
respectively. Comparing these two sets of results, we see that the resonator does show
an E-field enhancement effect over 50 times. Consequently, this type of resonator can be
used to substantially improve the sensing sensitivity of the Rydberg atom-based atomic
heterodyne sensors.

4 Discussion

According to the way in which the SIG field enters the Rydberg atoms, atomic sensors can
be broadly classified into two categories, injected sensors and open sensors. Injected sen-
sors, as mentioned in Reference [19], the SIG field is captured by an electronic antenna
and guided into a chamber filled with alkali metal atoms. This injection method bene-
fits the loading of LO field and can improve sensing sensitivity by the usage of high gain
antenna and preamplification. However, the microwave transmission path in injected sen-
sors introduces additional undesired noise to the atoms, which means that it is impossible
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Figure 7 The beat-note intensity as a function of the SG output power of the SIG field in the presence and
absence of the resonator. The spectrum analyzer output signal showed a linear relationship with the SIG field
strength. The sensing sensitivity with and without the resonator are 854.36 nV/cm+/Hz and 43 uV/cm+/Hz,
respectively, indicating an E-field enhancement factor of over 50 with the resonator. The error bars
correspond to the standard deviation of five datasets

Table 2 Performance comparison

References Center frequency Electrical size Enhancement factor LO port
[31] 19.629 GHz 3273 A ~2.5 Yes
[41] 1.309 GHz 0.096 A 100 No
[42] 4.35GHz ~0435 A 16.2 No
This work 638 MHz 0.342 A 50.12 Yes

to break the thermal noise limit, arguably one of the most exciting advantages of atomic
sensors over traditional electronic receivers. In contrast, open sensors allow the SIG field
to be irradiated directly into the vapor cell exposed [7, 37] or encased in the structure
[31, 41, 42]. When it comes to the fiber-coupled vapor cells [21], open sensors are more
flexible in practical applications. Moreover, the sensing sensitivity of open sensors can be
further improved by additional devices, for example, by focusing the incident wave with a
parabolic surface.

To illustrate the advantage and novelty of this work, the comparison between our res-
onator and other reported enhancement structures for open-type Rydberg atomic sensors
is listed in Table 2. Compared with the work in References [41] and [42], we provide a more
flexible way to construct the atomic heterodyne configuration, which is critical for ampli-
tude and phase measurements of the E-field. Furthermore, it shows that our resonator
has clear advantages in terms of enhancement factor and electrical size compared to the
structure in Reference [31]. In addition, the E-field uniformity in the atomic interrogation
region is taken into account in our resonator, which has not been mentioned in other re-
ports. In our design, the E-field inhomogeneity is eliminated by extending the length of
the resonance region. This approach worsens the enhancement factor and electrical size,
thus the overall performance of the proposed design can get further optimized by using
other reasonable E-field uniformity methods.

5 Conclusion

In summary, we have demonstrated a LO embedded field enhancement resonator for Ryd-
berg atomic heterodyne applications. This integrated resonator facilitates substantial flex-
ibility and improves the sensitivity of Rydberg atom-based heterodyne sensors. In this
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study, we investigated the relationship between the enhancement factor and the LO port
reflection coefficient and demonstrated a power enhancement gain of over 34 dB. In the
off-resonant frequency region at 638 MHz, the atomic heterodyne measurement sensi-
tivity is improved from 43 ;V/cm+/Hz to 854.36 nV/cm+/Hz with the presence of the
resonator, which is over 50 times enhancement. In principle, the operating frequency can
be extended to arbitrary frequencies, and the enhancement factor can be increased by op-
timizing the structure of the resonator. Rydberg atomic heterodyne sensors incorporated
with this type of resonator will pave the way for practical scenarios.
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