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We demonstrate the sensitivity enhancement of measurement of microwave electric fields by use of the
full information of the complex atomic susceptibility. The transfer characteristics of both the microwave
electric fields and the noise relevant to atoms, which are mapped to two quadrature components of the
probe light, are systematically measured with use of a Mach-Zehnder interferometer. On the basis of the
readout of the full complex atomic susceptibility, a sensitivity enhancement of 12 dB is achieved when
the probe light has red detuning of 6 MHz. The results shed light on increasing the sensitivity of atomic
sensors of microwave electric fields that is beyond the capability of the traditional antenna.

DOI: 10.1103/PhysRevApplied.19.064021

I. INTRODUCTION

An increasing number of researchers have moved
toward the goal of sensing of microwave (MW) elec-
tric fields with Rydberg atoms because the exaggerated
electrical characteristics of atoms are advantageous for
high-sensitivity measurement. Many interesting studies
have been conducted in recent years, including the some
researches on accuracy [1], the first demonstration of vec-
tor microwave electrometry [2], related studies to increase
sensitivity [3,4], and measurement of the frequency [5–7]
and the phase [7,8] of MW electric fields. In particular,
we reported an atomic superheterodyne that can be used
to measure the amplitude of MW electric fields with a
significant increase of sensitivity [7].

The research studies mentioned above focused on the
imaginary part of the complex atomic susceptibility via
direct optical readout. The predominant limit to the sen-
sitivity is the noise in a laser, which consists of technical
noise and shot noise from the photons, especially the noise
induced by atomic ensembles. The influence of laser tech-
nical noise can be eliminated or reduced; for example, the
fluctuation of laser power can be suppressed by balanced
detection, the phase noise of the laser can be suppressed
by lock the laser frequency to the frequency reference pro-
vided by a Fabry-Perot cavity made of ultralow-expansion
glass as a stable frequency reference [9], and the noise of
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photodetectors and the spectrum analyzer is much lower
than that of optical-readout noise and is therefore ignored.
However, the optical-readout noise from phase-noise-to-
amplitude-noise (PN-to-AN) conversion through atomic
ensembles cannot be eliminated. Previous work in the
context of delayed light in electromagnetically induced
transparency (EIT) [10] and magnetometers [11] investi-
gated the noise spectrum with PN-to-AN conversion. In
Rydberg-atom EIT systems, He et al. [12] experimentally
demonstrated that the noise due to PN-to-AN conversion is
suppressed on two-photon resonance. These research stud-
ies also concerned only the imaginary part of the complex
atomic susceptibility, while only the PN-to-AN conversion
process has been investigated. For the Mach-Zehnder-
interferometer (MZI) measuring scheme, one can extract
the real part of the atomic susceptibility for the study of
magnetometer sensitivity [13] or the imaginary part for the
study of the MW-electric-field sensitivity [3]. But more
than that, it can be used to extract both the real and the
imaginary part when the PN-to-AN conversion process is
quantified in the measurement of MW electric fields based
on Rydberg EIT.

To obtain the optimal sensitivity or signal-to-noise ratio
(SNR), it is therefore important to analyze the main source
of noise in the optical-readout process for measurement
of MW electric fields. Unlike the sensitivity-enhancement
scheme in Refs. [7,14], where an enhanced transduction
parameter γ [15] is used, we focus on achieving the
optimum condition for minimizing the output noise in a
realistic Rydberg EIT scheme. The MW electric fields
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FIG. 1. (a) Energy-level diagram. The 852-nm and 510-nm
lasers are the EIT probe laser and the coupling laser, respectively.
The MW electric field couples to the 47D5/2 → 48P3/2 transi-
tion. δp is the one-photon detuning and �c is the two-photon
detuning. (b) Experimental setup. A free-space MZI containing a
vapor cell with Cs atoms at room temperature. The transmission
of the probe beam through the cell is monitored by a balanced
detector (BD). BS, nonpolarizing beam splitter; DM, dichroic
mirror; HA, horn antenna, OSC, oscilloscope; PBS, polarizing
beam splitter; PZT, piezoelectric transducer.

can change the absorption and dispersion of the probe
light, which is also the basic principle of measurement
of microwave-field strength based on the EIT effect. In
this paper, we report the measurement of the full infor-
mation of the atomic susceptibility, namely, the real and
imaginary parts, to enhance the sensitivity of MW elec-
tric fields based on EIT. Using the MZI, we record the
optical-readout-noise power spectrum at the optimum bias-
ing phase by adjusting the optical-path difference of the
two arms of the MZI . Therefore, we present clear evi-
dence to understand the degree of PN-to-AN conversion,
and the experimental results show that the optimum condi-
tion for maximizing the SNR in a realistic Rydberg-atom
EIT scheme can be achieved by adjustment of the one-
photon detuning in the MZI. The one-photon detuning
corresponding to the optimum sensitivity is −6 MHz and
the sensitivity is enhanced by 12 dB.

II. EXPERIMENTAL SETUP

A four-level atom system is formed by a ground state
|1〉, 6S1/2(F = 4), an intermediate state |2〉, 6P3/2(F

′ = 5),
and two adjacent Rydberg states |3〉 and |4〉, 47D5/2 and
48P3/2 [see Fig. 1(a)]. The model is used to provide an
explanation for the experimental observations. The probe
laser drives the 6S1/2(F = 4) → 6P3/2(F

′ = 5) transition
at 852 nm, and the beam from the coupling laser reso-
nant with the Cs 6P3/2(F

′ = 5) → 47D5/2 transition at 510
nm is counterpropagating in the vapor cell. δp is the one-
photon detuning and �c is the two-photon detuning. Both
lasers are locked to an ultrastable Fabry-Perot cavity with
a linewidth of about 10 Hz and noise suppression of 70 dB
[9].

Figure 1(b) shows the experimental setup. The probe
light is divided into two beams (the detection beam and the
reference beam) with orthogonal polarization directions by
a polarization beam splitter. The detection beam and the
reference beam are divided into two beams by a nonpo-
larizing beam splitter (BS1). These two components travel
along different paths and then are recombined by a second
nonpolarizing beam splitter (BS2). They form two typical
free-space MZIs. The aim of the reference MZI is to lock
the phase and the other MZI is used to sense the phase
variation. Spectral information on the phase difference �φ

between the two optical paths of the interferometer can be
monitored through the digital oscilloscope. A cylindrical
vapor cell filled with cesium atoms is located in the signal
arm of the MZI. The probe laser has a power of 20 µW
and a waist diameter of 800 µm, and the coupling laser
has a power of 50 mW and a waist diameter of 1 mm.
The amplitude-modulated MW electric field (6.94 GHz)
is led into the vapor cell by a horn antenna, and couples
resonantly to the 47D5/2 → 48P3/2 transition. The modu-
lated optical signal carrying intensity information on the
MW electric field is fed into the spectrum analyzer. The
frequency of the modulated signal is 150 kHz. The reso-
lution bandwidth and the video bandwidth are both 1 kHz.
The EIT transmission signal can also be analyzed with an
oscilloscope.

Using the MZI, we precisely measure the complex sus-
ceptibility, which comprises both the phase and the absorp-
tion of probe light due to the coherence effect induced by
the interaction of the probe light, the coupling light, and the
modulated MW electric field among the four-level atom
system.

III. RESULTS AND DISCUSSION

To fully understand the PN-to-AN conversion process in
Rydberg EIT, we first measure the EIT transmission spec-
trum with the oscilloscope along with the intensity-noise
spectrum (INS) of the optical readout with the spectrum
analyzer. Figure 2 shows the transmission signal and the
INS versus the coupling-laser frequency detuning. The
INS is recorded directly by a single photodiode and a
spectrum analyzer operating in zero-span mode, so the
transmission signal and the INS can be obtained syn-
chronously. The analysis frequency is 150 kHz, at which
the lowest noise is obtained when the laser weakly inter-
acts with the atoms. Figure 2(a) indicates that the INS
strongly depends on the coupling-laser frequency (i.e.,
two-photon detuning) in the EIT transmission window, and
the noise is suppressed at the two-photon resonance and
is about 8 dB lower than in the off-two-photon-resonance
case. Similar results were reported in Ref. [12], but our
results show the noise on both sides of the resonance is
asymmetrical. The phenomenon was reasonably explained
by the atomic noise in the red-detuning condition being
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less than the noise in the resonant and blue-detuning con-
dition in Ref. [10]. It is important to point out that the
intensity noise within the EIT linewidth critically comes
from PN-to-AN conversion due to interaction between the
atoms and the laser rather than the shot noise of the laser.
Figure 2(b) shows the transmission signal and the INS
with an amplitude-modulated MW electric field of about
3 mV/cm, which is calibrated by the EIT Autler-Townes-
splitting effect. The modulation depth of 1% associated
with the MW-electric-field strength to be measured is too
small to change the EIT Autler-Townes splitting. The noise
in the transmission window is suppressed once more, and
the asymmetry of noise power still exists. The INS power
when the coupling-laser frequency is blue detuned is lower
than that for red detuning. For the direct measurement
scheme, the magnitude of the transmission can be used to
infer the amplitude-modulated MW electric field led into
the vapor cell, but only with regard to the imaginary part
of the atomic susceptibility [16]. In addition, more partic-
ipating atoms can be maintained at two-photon resonance
than in the off-two-photon-resonance case.

The MZI is the prototypical apparatus used in ultrapre-
cise interferometric measurements [17–22]. In a classical
MZI, one of the inputs is placed in a coherent state,
whereas the other is not excited. In this case the phase
sensitivity is bounded by the shot-noise limit of photons,
which is due to quantum fluctuations at the unused port.
A magnetometer based on atomic coherence effects was
analyzed by Fleischhauer and Scully [23] using a quantum
Langevin approach, and theoretically they determined the
quantum noise limits for the phase-shift measurement in
the MZI by taking into account the pump-laser fluctuations
and Doppler broadening. An MZI offers the possibility that
not only both the real part and the imaginary part of the

atomic susceptibility can be measured but also that the
PN-to-AN conversion process can be quantified.

In our experiments, the optical-readout signal of the
MZI is given by

I = a cos(�φ) = a cos(�ϕ
′ + �ϕ). (1)

The parameter a is the transmission loss and �ϕ
′

is the
phase shift induced by the MW electric field:

a ∝ exp
{−2π lIm[χ(δp , 	MW)]

λp

}
, (2)

�ϕ
′ ∝ π lRe[χ(δp , 	MW)]

λp
, (3)

where l is the length of the cell, λp is the wavelength, δp is
the detuning of the probe laser, 	MW is the Rabi frequency
of the MW electric field, and χ is the susceptibility, which
we can obtain from a density-matrix analysis of the system
[24–26].

Inspired by Refs. [10,11], we note that the noise from
the PN-to-AN conversion of probe light cannot be ignored.
The optical-readout signal and the noise are measured and
the one-photon-detuning dependence of the SNR in the
MZI is determined. In Fig. 3, �c + δp is kept zero. Figs.
3(a)–3(c), 3(d)–3(f), and 3(g)–3(i) show the spectrum sig-
nal intensity at an analysis frequency of 150 kHz, the
noise, and the SNR for δp = 0 [Figs. 3(a), 3(d), and 3(g)],
δp = −6 MHz [Figs. 3(b), 3(e), and 3(h)], and δp = 6 MHz
[Figs. 3(c), 3(f), and 3(i)] when the piezoelectric trans-
ducer is adjusted to change the phase difference between
the two arms of the MZI from 0 to 2π . The measured
output-signal data and the theoretical simulation obtained
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FIG. 2. Transmission signal and intensity-noise spectrum versus the coupling-laser frequency detuning. The red line is the transmis-
sion signal and the black line is the intensity-noise spectrum at an analysis frequency of 150 kHz. The spectrum when the MW electric
field is turned off is shown in (a) and the spectrum when the MW electric field is turned on (about 3 mV/cm) is shown in (b). EITAT,
EIT Autler-Townes splitting.
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(a) (d) (g)
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FIG. 3. Spectrum signal intensity and noise when the PZT is adjusted. In (a)–(c) the red circles are the peak values of the demodu-
lated signal and the cyan curves are the fitted curves, in (d)–(f) the black circles are the noise, and in (g)–(i) the green lines are the SNR
and the coordinates marked in red represent the location and the value of the optimum SNR. For (a),(d),(g), δp = 0, for (b),(e),(h),
δp = −6 MHz, and for (c),(f),(i), δp = 6 MHz.

with Eq. (1) with the optimum fitting parameters are shown
in Figs. 3(a)–3(c). The mismatch between the experimental
data and the fitted curve is attributed to nonlinear char-
acteristics of the piezoelectric transducer. The maximum
signal strength is almost always found in the quadrature
phase for δp = 0 MHz, δp = −6 MHz, and δp = 6 MHz
as shown in Figs. 3(a)–3(c), but the variation of noise is
different, as shown in Figs. 3(d)–3(f). The dependencies
of the signal versus the relative phase are insensitive to
detuning of the probe laser, while the relationship between
noise power and relative phase varies dramatically due to
the different PN-to-AN conversion efficiency, which leads
to distinctive SNR behavior versus the relative phase at a
certain detuning of the probe laser. Figures 3(g)–3(i) show
that the optimum SNR is not exactly present in the quadra-
ture amplitude or quadrature phase. This result is attributed
to the fact that we can quantify the PN-to-AN conver-
sion process with the MZI. The Rydberg atoms prepared
with coupling (probe) light red (blue) detuned experience
an attractive potential 47D5/2-47D5/2, leading to higher

collisional and ionization rates compared with those in
the coupling-light (probe-light) blue-detuning (red-tuning)
condition, and this produces stronger background electric
fields in the vapor cell and reduces the number of effec-
tive atoms [27,28]. The stronger background electric fields
in the vapor cell lead to the energy shift of the Rydberg
level. This energy shift breaks the EIT (i.e., two-photon-
resonance) condition, which increases the efficiency of
PN-to-AN conversion.

In Fig. 4, the results show the optimum SNR is at
δp = −6 MHz and the SNR is increased by 12 dB in
comparison with the on-resonance case. We obtain the
minimum detectable field Emin in a measurement time
of 1 s and derive a sensitivity of 1.3 µV · cm−1 · Hz−1/2.
Without introducing a transduction parameter, we increase
the sensitivity by a factor of 5 compared with the work
reported in Ref. [3]. In addition, as shown in Fig. 2, the
PN-to-AN conversion process, with an MW electric field
of 3 mV/cm, which is the same value as the optimized
local MW electric field in the atomic superheterodyne
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FIG. 4. Output SNR of the MZI as a function of the one-
photon detuning δp . Here the SNR is extracted from the optimum
phase-measurement points shown in Figs. 3(g)–3(i). The results
show the SNR is increased by 12 dB when the probe-light
frequency is red detuned by 6 MHz from resonance.

scheme, does not change compared with the direct detec-
tion. Optimizing single-photon detuning does not result in
the least-noisy measurement position. Compared with the
atomic superheterodyne scheme, a less-local oscillator is
used in our measurements. Therefore, on the basis of the
superheterodyne scheme, the MZI scheme will be a supple-
ment to increase the sensitivity. We expect to achieve the
same SNR increase of 12 dB, corresponding to a sensitivity
of 13 nV · cm−1 · Hz−1/2.

The sensitivity benchmark is that of an ideal quan-
tum sensor operating at the standard quantum limit S =
h/u

√
T2TN [29], which shows the sensitivity of the MW-

electric-field strength is crucially dependent on the number
of atoms participating in the measurement N , the measure-
ment time T, and the atom relaxation time T2. In a realistic
Rydberg-atom EIT scheme, the PN-to-AN conversion via
absorption and dispersion effects is also critical in deter-
mining the sensitivity. The experimental results show that
the output noise of the MZI is sensitive to one-photon
frequency detuning.

IV. CONCLUSION

In this work, we investigate the complex atomic sus-
ceptibility, and the measurement scheme using an MZI
realizes joint measurement of the quadrature components
of the output signal. The experimental results show that
the PN-to-AN conversion depends not only on the two-
photon detuning but also on the one-photon detuning in
the EIT window. We conclude that the optimum SNR
is at one-photon detuning of −6 MHz and is increased
by 12 dB. The present results may have practical signif-
icance for achieving standard quantum limit sensitivity

of atom-based microwave-field electrometry with realistic
lasers.
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