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Bridging gaps in Rydberg rf receivers using modulation-transfer bandwidth enhancement
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We optimize theoretically and experimentally the performances of the recently demonstrated
modulation transfer protocol [D.-A. Trinh et al., Modulation transfer protocol for Rydberg rf receivers,
Appl. Phys. Lett. 125, 154001 (2024)] aiming at extending the bandwidth of quantum rf receivers based on
hot Rydberg atoms. This optimization relies on tuning the parameters of the phase modulation of the
coupling beam, which is converted by the nonlinear response of the atoms into an amplitude modulation of
the probe beam. We develop a theoretical model to optimize both the modulation frequency and the
modulation amplitude of the coupling beam, thereby maximizing the atomic response. Once optimized,
the sensitivity to detuned rf fields of this modulation transfer protocol is measured and compared with that
of the conventional protocol. This comparison shows that the new protocol permits a strong increase in the
detection bandwidth. Indeed, it outperforms the usual one as soon as the rf signal to be measured is
detuned by more than a few MHz. We illustrate the capability of this modulation transfer protocol to
enhance the detection bandwidth by showing experimentally how it permits bridging the gap between two
Rydberg transitions separated by 166 MHz. In all cases, the experimental results are in good agreement

with the simulations.
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L. INTRODUCTION

A large fraction of quantum sensors are based on atomic
resonances probed by electromagnetic radiation. In such
cases, the sensor sensitivity typically depends on (i) the
strength of the probed resonance and (ii) the linewidth of
the resonance [1]. According to these two criteria, Rydberg
atoms, i.e., atomic levels corresponding to large values
of the principal quantum number n, are particularly
appealing because (i) the electric dipole moment between
two neighboring Rydberg levels scales like n? and (ii) the
lifetime of Rydberg levels can be as long as milliseconds,
making resonances between them extremely narrow.

Since the transitions between Rydberg levels exhibit
frequencies ranging from the MHz to the THz domain,
these considerations have led to the development of very
promising rf receivers based on such Rydberg levels.
These rf receivers rely on a three-level electromagnetically
induced transparency (EIT) [2] in a thermal vapor of alkali
atoms, where the rf field induces an Autler-Townes (AT)
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splitting. This technique was initially introduced using
rubidium-87 (®7Rb) [3] and has since been expanded to
include rubidium-85 (3Rb) [4] and cesium [5].

While the primary focus of such sensors is electrometry
through the measurement of rf field amplitude, some
studies have developed alternative methods using the
same initial apparatus. These methods aim to measure
the phase [6-8], the polarization [9,10], or even the angle
of arrival of the rf field [11,12].

This all-optical detection method allows for detecting
signals ranging from the sub-megahertz [13-16] range
to terahertz frequencies [17], exploiting the large number
of allowed atomic transitions between Rydberg states in
alkali atoms. These transitions exhibit large electric dipole
moments, which make Rydberg rf receivers highly sensi-
tive to resonant microwave fields.

However, this sensitivity decreases very rapidly when
the rf signal is detuned from the narrow resonance. Indeed,
while the dependence of the energies of the dressed
states is linear with the rf field amplitude when it is
exactly at resonance (Autler-Townes doublet), this depend-
ence becomes quadratic (light shift) far from resonance.
Additionally, there are notable gaps in the gigahertz range
where transitions are separated by several megahertz. This
limitation restricts the ability to achieve continuous fre-
quency detection.

Published by the American Physical Society
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To address this limitation, some research groups have
proposed to improve the rf bandwidth by inducing an ac
Stark shift using a high-intensity [18] detuned rf field. This
approach can create a large bandwidth of several gigahertz
(ranging from 2 to 5 GHz), but results in a reduced
sensitivity, which is not ideal for detecting weak rf fields.
Another approach consists in using an rf local oscillator
[19-21] to enhance the sensitivity and enable detection of
weak 1f fields. It has also been demonstrated that exciting a
second Rydberg transition permits to tune the sensor
resonance frequency [22]. However, both of these tech-
niques require a second rf field, which undermines the
goal of developing an all-optical detection system. Alter-
natively, dc Stark shifts [23] can be used, but they
necessitate electrodes inside the vapor cell, which also
contradicts the aim of creating an all-dielectric detection
system.

In order to overcome these limitations, an all-optical
method has been demonstrated to increase the rf band-
width by using a modulation transfer similar to four-wave
mixing [24,25]. It is based on the use of a phase modu-
lation of the coupling laser, which is transferred to the
probe laser through the nonlinearity of the atomic medium.
A new signal is then obtained by detecting the intensity
modulation of the probe field, which has been shown
to allow a significant improvement in the rf detection
bandwidth [25].

The aim of this article is thus to improve this modulation
transfer protocol (MTP) to expand the rf bandwidth as
much as possible compared with the conventional protocol
(CP), thereby closing the gap between two closely spaced
rf transitions. This is performed by optimizing the modu-
lation parameters in a three-level ladder EIT scheme in
8Rb. The first step consists in developing and using a
reliable theoretical model. This is performed in Sec. II,
where we simulate the response of the system along the CP
and the MTP. This model is subsequently used to optimize
the modulation parameters. The results from these simu-
lations are then compared with the experimental mea-
surements in Sec. III. Then, Sec. IV provides a detailed
comparison between the performances of the two proto-
cols. The signal and the noise are carefully measured and
analyzed to determine the conditions in which the MTP
outperforms the usual approach. A complete comparison
of the bandwidths and sensitivities is provided, and sub-
stantiated with simulations. Finally, the interest of the
new approach is illustrated by showing how it permits
maintaining a good sensitivity while the rf frequency is
tuned between two adjacent Rydberg transitions, whereas
the conventional approach leads to a complete loss of
sensitivity.

II. THEORY AND SIMULATIONS

As stated in the introduction, this section is dedicated to
the theory and simulation of the Rydberg sensor along the

two protocols. In CP, Sec. II A, variations in dc trans-
mission of the probe field are used to measure the rf field.
In the modulation transfer protocol [25], the coupling
beam is phase modulated, leading to a modulation of the
probe beam intensity (Sec. II B). The simulations detailed
in this section will be used in Sec. III B to optimize the
modulation parameters.

A. Conventional protocol

To model the interaction between the atoms and the
electromagnetic fields, we consider a four-level atom
as schematized in Fig. 1(a). The atom is initially in the
ground state |1) and is coupled to the first excited state
|2) by a probe laser with frequency w,. Additionally, a
coupling laser with frequency @, connects this latter
level to the Rydberg state |3). The electric fields associated
with the two counterpropagating lasers [see Fig. 1(b)]
read  E,(x,1) =& ek fcc. and  E.(x,1) =
E eiwemikex 4 ¢ ¢ respectively. Moreover, the rf field
to be detected couples the atom to two Rydberg states |3)
and |4) with a frequency wy. Its electric field is given
by Ey(z,t) = Eg e i@ —ikaz 4 ¢ ¢,

The Hamiltonian H that drives the system consists of
an atomic part H, and an interaction term defined as
H; = —@ - E,, where g is the dipole operator. The
different Rabi frequencies are Q, = 2¢,,&,/h for the
probe field, Q. = 2¢05,E./h for the coupling field, and
Qi = 2¢034E¢/h for the rf wave. We introduce the
detunings A, = w, — wy;, A3 = (0, + ®;) — w3, and
Ay = (0p + @, — ) — w4y, Where o;; is the transition
frequency between levels |i) and |j). In the frame rotating
with the fields, the Hamiltonian governing the system

(a) (b)
13)
Phase
3 wt“ m(co) (P modulated
- ¢ Coupling coupling
12) 12) —
1A,
13 @, Probe Probe
1) 1) —
(©
85p1,
Probe input Coupling input ~ Probe output
—_— — —_—
(d) ,
85RD Phase modulated Intensity modulated
Probe input R| coupling input probe output
—_— — —
FIG. 1. (a) Excitation scheme used for the conventional

Rydberg rf receiver. (b) Excitation scheme used for the MTP
Rydberg rf receiver, where the coupling field is phase modulated.
(c) CP featuring single-frequency coupling and output probe
fields. (d) MTP, including sidebands for both the coupling and
output probe fields.
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evolution then becomes:

Q 0 0
20, Q0
Q. 24y Q
0  Qp 2Ay,

0

e

H==310 M
0

The density operator describing the state of the atoms
evolves according to the von Neumann equation

dp I~

TR h[H»ﬂ]wLﬁ, 2)
where £ models the relaxation mechanisms. The decay
rate for the population p;; of level |i) is noted I'; while
vij =5 +T;) is the decay rate for the coherences p;;
between levels |i) and [j). The transit rate of the atoms
through the laser beams is noted y,, and adds to the decay
rates of all the elements of the density matrix. Finally, the
rate of atoms in the ground state that enter the interaction
region is noted y;,. By casting the density matrix p as a
16-component column vector, Eq. (2) can be rewritten in
the following form:

d—p:Mp—R;H—N, 3)
dr

where M is a 16 x 16 matrix containing the elements
coming from the Hamiltonian, R is also a 16 x 16 matrix
containing the relaxation terms, and N is a 16-element
column vector in which the first element is y;, and the other
elements are zero. In the following, we look for the steady-
state solutions of Eq. (3).

The evolution of the probe field during its propagation
in the atomic medium is obtained from Maxwell equations.
The polarization of the atoms at the probe frequency is
Py(r.1) = P,e @ %" 4 c.c. with a complex amplitude
Py(x.1) = N @122 (x,1), where N is the atomic
density. In order to take into account the large optical
thickness of the atomic cell at the probe wavelength, we
divide its thickness into a large number of small slices of
thickness dz, each of them corresponding to a weak linear
absorption smaller than 1%. Then, for each of these slices,
the evolution of the probe field amplitude reads:

1,
Ep(x +dx) = &E,(x) + TPCNO@U dx
—+o00 ’ (4)
< [ oo,

(e8]

where ¢ is the velocity of light and P(v) is the Maxwell
distribution of the longitudinal components v of the atomic
velocities. In the integral of Eq. (4), the optical coherence

TABLE 1. Parameters used in the simulations (see Fig. 2),
which correspond to the experimental parameters (see Fig. 4)
introduced in Sec. III A.

Dipole Population Rabi

moment  (eag) decay (MHz) frequency (MHz)
91 1.96 I,/2n 6.050 Q,/2x 1.32
923 0.01 I';/27 0.002 Q./2n 2.38
9934 2272.4 I,/2n 0.002 Qy/2x  Variable

pa1(x,v) depends on the atomic velocity v through the
detunings of the probe and the coupling beams, which are
affected by the Doppler shifts —k,v and k v, respectively.

In the experiments described below, the atomic medium
is optically thick, and we divide its length L into typically
100 slices of equal thickness dx, each absorbing less than
1% of the probe power. The output of each serves as the
input for the next one. We then obtain the probe trans-
mission as |£,(L)[*/|€,(0)]*.

In the following, we focus on the following levels of
BRb: level |1) is 528} »(F = 3), level |2) is 52 P35 (F = 4),
level |3) is 50°Ds 5 (F = 3,4,5), and level |4) corresponds
to 512P3/2(F = 2,3,4). The values of parameters wij, Qi
and I'; are obtained from the PYTHON package called alkali
Rydberg calculator [26]. The values of the elements of the
electric dipole matrix are obtained by averaging over the
transitions between the different sublevels that constitute
each transition. The values of these parameters used in the
simulations are compiled in Table I. Moreover, the small
signal transmission of the cell at resonance is equal to 0.34,
and the atom transit rate in the beam is y,/2z = 650 kHz.
All these values are deduced from the parameters of the
experiment described below (see Sec. III A).

B. Modulation transfer protocol

In the modulation transfer protocol, the coupling laser
is phase modulated at frequency w,,,q. This creates two
sidebands with opposite signs, as shown in Fig. 1(b).
The coupling field then reads E.(x, 1) :Ef;_l)(x, )+

E§O>(x, 1) +E£+1) (x, 1), where the carrier and sideband
field components are given by

TV (x, 1) = EFVelomutemilwathen) 4 ¢ ¢ o)
(

where 5£+1) and ngl) are the complex amplitudes of the
sidebands. Because of the presence of these sidebands,
Eq. (3) must be replaced by
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% — M(_l)eim"‘"dtp 4 M(O)p + M(+1)e—iwm0dlp —Rp+N,
(6)

where M©, MY and MDY are 16 x 16 matrices
containing the terms in the Hamiltonian corresponding
to the different frequency components of the field.

The solution to this equation can be approximated by
performing a Floquet expansion of the density matrix,
namely p=>_, pMei@ma! The amplitudes p) of the
different frequency components can then be obtained using
the continuous fraction method [27]. By truncating these
continuous fractions at orders 1, one obtains the follow-
ing system of equations:

PO =[R—-MO + MEN(MO — R —iwyql) "' M
+MED(MO — R 4 iwp0ql) 1N,
pD = _(M(O) ~ R+ ia)mod]l)‘lM(“)p(O),
P = _(M(O) ~ R+ ia)mod]I)_lM(_”p(o), (7)

in which I is the 16 x 16 identity matrix. After obtaining
the matrices p(©, p(=1, and p+! from Eq. (7), we can
write the coherence between states |1) and |2) in the
rotating frame according to:

71 . O l s
o1 :P§1 )elwmodt +P§1> +p§f )e i0moq? (8)

Equation (8) shows that the atoms radiate light at
frequencies w, and w;, £ wy,oq. This transfer of modulation
from the coupling to the probe beam, which can be
interpreted as a four-wave mixing phenomenon mediated
by the nonlinearity of the atoms [28], adds sidebands to the
probe beam. For example, we see that the combination of
the three incident frequencies w., @+ Wpeq, and w,
creates the new sideband frequency ;, £ @yoq-

The appearance of these new sidebands induces a
modulation of the intensity of the probe beam, as depicted
in Fig. 1(d). We can thus extract from the probe beam
detection a novel signal known as the relative modulation
amplitude (RMA), defined as

RMA =2(&," (&) + (&) & |/&p P, ©

where Ef,o), Egl), and Effl) are the complex amplitudes
of the probe carrier and sidebands, respectively, and Sg‘ is
the complex amplitude of the incident probe field. It is
worth noting that this signal, although obtained by
demodulating the probe power at the phase modulation
frequency of the coupling beam, differs significantly from
what could be obtained using a standard lock-in detection
method.

The simulated RMA signal of Eq. (9) is plotted in Fig. 2
as a function of the probe detuning. The values of the

(a) 0.045 T T T T I T T T T I T T T T I T T T T
| (Simulation) Y E—
| 56
. 0.030 |- §3
= . £0
a - = Z10 0 10 1
0.015 |- Ap/2z (MHz) —
0.000 1 1 1 1 1 1 1 1
(b) 0.045 T T T T I T T T T I T T T T I T T T T
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FIG. 2. Simulated evolution of the RMA of the probe intensity
versus probe detuning for (a) E; = 0 and (b) E; = 0.65 V/m.
The insets show the corresponding evolution of the probe
transparency in the conventional protocol. The transparency is
defined as the variation in probe transmission induced by the
presence of the coupling beam. The values of the simulation
parameters are given in Table I. For the modulation transfer
protocol, @y,.q/27 = 3 MHz and g = 0.25.

parameters used to compute these spectra, as listed in
Table I, correspond to the experimental parameters that
will be described below. Figure 2(a) shows the RMA
spectrum in the absence of an rf field. Contrary to the usual
EIT spectrum shown in the inset, the RMA spectrum
exhibits a very sharp destructive interference feature at
A, = 0. This destructive behavior originates from the z
phase shift between the two sidebands of the phase
modulated coupling beam. In the presence of an rf field
resonant with the Rydberg transition, the signal becomes
as shown in Fig. 2(b). In the following, we aim to exploit
the sharp resonance exhibited by these signals due to the
destructive interference phenomenon to enhance the band-
width of the rf signal detection.

The modulation of the coupling field is based on two
key parameters: (i) the modulation frequency @,,.q, and
(ii) the modulation amplitude. This latter parameter is
quantified by f defined as

|€(i])|2
p= : -
2|5£i1)|2 n |g£0>\2

(10)
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In the following section, we optimize these two param-
eters to maximize the rf detection bandwidth using the
modulation transfer protocol.

III. EXPERIMENTAL AND THEORETICAL
OPTIMIZATION OF THE MODULATION
TRANSFER PROTOCOL

Based on the theoretical approach described in the
preceding section, the aim of the present section is to
describe the experiments and simulations that allowed
us to optimize the response of the modulation transfer
protocol.

A. Experimental apparatus

Before discussing the RMA optimization itself, let us
first describe the experimental configuration, as repre-
sented in Fig. 3.

The probe and coupling lasers at 780 and 480 nm,
respectively, propagate in opposite directions through a
quartz cell, which contains a natural mixture of rubidium
isotopes at room temperature. Within the cell, the probe
(coupling) laser has a waist diameter of 300(400) pm,
leading to Rayleigh ranges longer than the 7.5 cm length of
the vapor cell. The input laser powers are 0.4 pW for the
probe laser and 46 mW for the coupling laser. A horn
antenna (MVG QR18000) located at 57.5 cm from the
vapor cell generates the rf field, which is sent to the cell
orthogonally to the laser beams. To shield the antenna and
vapor cell from external fields, we use a custom-built small
anechoic chamber made of aluminum sheets and lined with
rf-absorbing panels. The probe, coupling, and tf fields are
all linearly polarized along the Y axis.

The frequency of the 780 nm probe laser (Toptica
DL-Pro) is locked to the transition between levels

Z Mirror 1

528, 2(F = 3) and 5°P;,(F = 4) of Rb using modula-
tion transfer spectroscopy [29-32] in an auxiliary cell. The
480 nm coupling laser (Toptica TA-SHG) is locked to the
transition between the 52P;,,(F =4) and 50°Ds,(F =
3,4,5) levels using an EIT resonance in the presence of the
probe laser [33]. The amplitude of the rf electric field E,; at
the position of the vapor cell is estimated after accounting
for the losses, the gain of the antenna, and its distance from
the vapor cell. The cell perturbation factor [34-36], which
reduces the average rf field within the cell, is estimated to
be approximately 0.54 according to experimental charac-
terization using AT splitting. This rf signal couples level
50°Ds),(F = 3,4,5) with level 512P;,(F = 2,3,4).

To tune its frequency, the coupling beam passes through
two single-pass AOMs inducing frequency shifts of
opposite signs. The second AOM is also used to phase
modulate [37] the coupling beam in the modulation
transfer protocol. The phase modulation frequency g
and amplitude f are programmed using an arbitrary
waveform generator. This allows us to fine-tune f and
to only provide first-order sidebands to the modulation.
The value of f is experimentally calibrated by measuring
the laser spectrum with a Fabry-Perot interferometer. In
the modulation transfer protocol, the probe beam intensity
is demodulated at 4, and the two quadratures provided
by this demodulation are combined to measure the RMA
defined in Eq. (9). In the conventional protocol, the
coupling beam intensity is modulated by a square signal
at 100 kHz with a 100% modulation depth, and the probe
beam intensity is demodulated with a lock-in detection.
This directly provides the so-called probe beam trans-
parency, which is the difference in probe beam trans-
mission when the coupling beam is present and when it is
absent. Similarly to the coupling beam, the probe beam
frequency can also be scanned thanks to two acousto-optic

A
AOM1AOM2 BS 4

EE T

Filter
PD

z Servo

Signal in

A
E DM 1 Lens 1
Antenna

17.0422 GHz

Mirror 2 &

85 j’
Rb Lens2DM2 7

Y 5

Filter
APD

Signal out

Reference

Quadrature 1

Oscilloscope

FIG. 3.

Quadrature 2

Simplified experimental setup. BS: beam splitter, (1/4): quarter-wave plate, (1/2): half-wave plate, PD: amplified

photodetector, APD: avalanche photodiode, DM: dichroic mirror, AOM: acousto-optic modulator, AWG: arbitrary waveform
generator. The amplified PD and the APD are used to monitor the probe laser power both before and after it passes through the vapor
cell. In the conventional protocol, the coupling laser is modulated in amplitude using a square wave signal. In contrast, the modulation
transfer protocol employs phase modulation of the coupling laser by a sinusoidal signal.
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modulators. In all cases, the probe beam is detected
with a fast avalanche photodiode (APD) (Thorlabs
APD410 A/M) with a 10 MHz bandwidth and 1.2 x
107 V/W sensitivity at 780 nm. Another photodetector
detects a fraction of the incident probe power on the cell to
calibrate transmission measurements.

Figure 4 reproduces typical experimental spectra,
obtained by scanning the probe laser frequency.
Figures 4(a) and 4(b) correspond to the RMA signal in
the absence and in the presence of an rf field, respectively.
The insets are the corresponding transparency spectra
obtained in the conventional protocol, i.e., in the absence
of phase modulation of the coupling beam and by
measuring the dc transmission of the probe beam. The
amplitudes and widths of both the RMA signal and the
probe transparency of Fig. 4(a) are in very good agreement
with the corresponding simulations of Fig. 2(a). In the
presence of the rf field, the agreement between theory and
experiment [see Figs. 2(b) and 4(b)] degrades slightly.
In particular, the experimental spectra become slightly
broader than the predicted ones. We attribute this broad-
ening to the fact that while the model relies on only four
levels, the experimental level structure is much more
complicated, and the different Zeeman sublevels of the
different levels exhibit different AT splittings. Despite
this small discrepancy, we still rely on our simple four-
level model to optimize the modulation transfer proto-
col below.

(a) 0.045 P—r—r—T—TT—TT T T
| —2 i

i 56

- 5]

2

0.030 - £3

< I 20
= [ E 1

o -10 0 10

0.015F Ap/27 (MHz) —

0.000 i
(®) 0045 =T
| 56 17

| ‘g i

0.030 - 23l i

< I 20 ]
= 1 1 1

E - = T 0 10 ]
0.015F Ap/27 (MHz) —

-20 -10 0 10 20
A,/27 (MHz)

FIG. 4. Experimental spectra corresponding to the simulations
of Fig. 2. (a) E; = 0 and (b) E; = 0.65 V/m

B. Optimization of the phase modulation
of the coupling beam

Now that we have checked the validity of our simu-
lations, we can use them to optimize the response of the
modulation transfer protocol. In particular, we have shown
in Ref. [25] that the modulation transfer protocol is
particularly interesting to enhance the bandwidth of rf
detection. This improvement comes from the sharp dip
that can be observed around A,/27 = 0 in Figs. 2 and 4.
This dip, which originates from destructive interference
between the two sidebands of the coupling beam, creates a
steep slope near the probe resonance A,/2z =0 MHz.
When the rf field is detuned, one can use this steep slope
at A,/2x slightly different from O (typically 100 kHz),
to enhance the response of the RMA signal to the varia-
tions of E.

To optimize the system response in the modulation
transfer protocol, we optimize the slope of the RMA at
A,/2m = 100 kHz and the amplitude of the RMA signal
by varying the values of w,, and f. The corresponding
results are summarized in Fig. 5. Figure 5(a) shows the
simulated evolution of the RMA amplitude as a function of
®Wmod and p, as illustrated by the different experimental
spectra shown in Fig. 5(c). The maximum occurs for
®Omod/27m = 3.5 MHz and f = 0.25, as shown by the black
contour plots in Fig. 5(a). Similarly, the evolution of the
RMA slope is shown in Fig. 5(b), with a selection of
associated measured spectra shown in Figs. 5(c) and (5d).

© 104
3 ><| T
s
~ <Ef 2
E 2
E 1
e
E 0 T }
-10 /70 N 10
A, /27 (MHz)
(d /1'0_2 A
3 &

Lt
5
.

(0] —THE
-2 0
A,27x (MHz)

Slope amplitude (MHz™")
RMA

[\

Wmod/2m (MHz)

FIG. 5. Simulated RMA signal (a) amplitude and (b) slope at
A, =100 kHz versus f and @y,0q. Black lines: iso-amplitudes
(0.027 and 0.023). White lines: contours of constant signal slope
(0.029 and 0.023 MHz!). The colored crosses denote the
parameters used to plot figures (c),(d), which display exper-
imental spectra of the MTP. (d) is an enlarged view of (c).
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FIG. 6. Spectra evolution versus (a),(c),(e),(g) resonant or (b),(d),(f),(h) detuned rf field amplitude. (a)-(d) Experiments.
(e)—(h) Simulations. (a),(b),(e),(f) Conventional protocol. (c),(d),(g),(h) Modulation transfer protocol.

This time, the maximum slope is obtained for @,,q/27 =
2 MHz and f = 0.25, as shown by the white contour plots
in Fig. 5(b).

As an acceptable trade-off between the two optima,
we choose the values @,,q/27 =3 MHz and g = 0.25.
One notices that the optimized value of w,,.q is of the
order of y, + y1,, i.e., the order of magnitude of the width
of the EIT peak, thus optimizing the overlap between the
signals that must interfere destructively. Additionally,
we note that the optimal value of f equal to 0.25
means that half of the power of the coupling beam is
contained in its two sidebands. Moreover, the simulations
of Fig. 5 show that the modulation transfer protocol is
quite robust to small variations of the parameters @,yq
and . As long as f is between 0.15 and 0.4 and w,,,oq/27
is between 1 and 6 MHz, the RMA signal remains
comfortable.

Now that we have used the model of Sec. II to optimize
the parameters of the phase modulation of the coupling
beam, we can check that the system indeed responds to a
resonant or detuned rf field in the expected way. This is
performed in Fig. 6, which compares simulated and
experimental spectra for both the conventional and modu-
lation transfer protocols and for both resonant and detuned
rf fields. In every figure, the probe transparency (for the
CP) or the probe RMA (for the MTP) are represented in
color maps as a function of the probe detuning and of the
amplitude of the rf field.

First of all, we observe that the simulations are in very
good agreement with the experiments. Second, one can
notice in Figs. 6(a) and 6(e) that the CP is very efficient at

detecting a resonant rf field. For example, by monitoring
the probe transparency for A, = 0, one can see that the
transparency undergoes a strong variation for field ampli-
tudes as small as 0.2 V/m. On the contrary, Figs. 6(b)
and 6(f) confirm that the CP becomes quite inefficient as
soon as the rf field is detuned by 10 MHz from the
transition between Rydberg levels. Conversely, Figs. 6(c),
6(d), 6(g), and 6(h) show that the exact opposite con-
clusion holds for the MTP: at probe resonance (A, = 0),
this protocol is insensitive to resonant rf fields [see
Figs. 6(c) and 6(g)] but becomes extremely sensitive to
small fields for detuned rf fields, for example, when
Ay¢/27 = 10 MHz [see Figs. 6(d) and 6(h)].

The above discussion, based on the results of Fig. 6,
confirms that the optimized MTP permits extending the
sensitivity of the sensor to detuned rf fields. In the
following section, we provide a quantitative comparison
of the sensitivity of the two protocols and of the bandwidth
improvement provided by the optimized MTP. We also
demonstrate the MTP’s ability to close the gap between
two nearby rf transitions.

IV. EXPANSION OF RF BANDWIDTH

This section explores the expansion of the rf bandwidth
allowed by the MTP optimization performed in Sec. III.B.
We will first examine the bandwidth expansion around a
single transition. Next, we will compare the sensitivities
of the two protocols. Finally, we will assess whether the
bandwidth improvement is sufficient to bridge the fre-
quency gap between two Rydberg transitions.
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A. Expansion of rf bandwidth around
a single transition

In order to examine the performance of the MTP in
comparison to the CP, we focus on weak and detuned rf
fields. In particular, we examine whether the MTP permits
expanding the rf bandwidth. The sensitivity S [38],

expressed in Vm~' Hz~'/2, is defined as
Vo
S =7, 11)
() VRBW (

where % is the dependence of the measured voltage on the

rf signal amplitude at E; = 0, and V,, is the rms signal
noise in the detection bandwidth RBW. As discussed
below, in our experimental conditions, this noise is of
the same order of magnitude for the CP and the MTP.
The slope 0V/0E, is determined by measuring the
probe output signal with an avalanche photodiode at
A, =0 in the conventional protocol and at A,/27 =
100 kHz in the modulation transfer protocol. The output
voltage is monitored while scanning E ;. Examples of such
signal responses to various detunings of the rf field are
presented in Figs. 7(a) and 7(b) for the CP and the MTP
protocols, together with the corresponding simulations in
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FIG. 7. (a),(b) Measured and (c),(d) simulated sensor

responses for various detunings of the rf field (Ay/27 =
0,2,4,6,10,20,and 30 MHz). (a),(c) Conventional protocol
with A, /27 = 0 kHz. (b),(d) Modulation transfer protocol with
A,/2m = 100 kHz.

Figs. 7(c) and 7(d). The simulations and the experiment
agree well, while the small remaining discrepancies are, as
mentioned above, attributed to the hyperfine structure that
is overlooked in the simulations.

As anticipated in Fig. 6, the change in probe trans-
parency with E; is maximum at rf resonance for the CP.
The slope of the CP response curve almost reaches zero for
Ay¢/27z = 30 MHz, resulting in a poor sensitivity. On the
contrary, for the MTP, the signal at resonance shows a
minimal response to the rf field. However, the slope
gradually increases until A;/2z = 4 MHz before decreas-
ing but remaining significant at A,;/27z = 30 MHz.

To better appreciate the measurement bandwidth of
the two protocols, we performed 101 measurements for
Ay¢/2x ranging from O to 30 MHz and interpolated the
results with polynomials. This leads to the response slopes
represented as color maps in Fig. 8.

In the conventional protocol, the strongest slope, and
thus best sensitivity to the rf field, is measured for
Ay/27 =0 MHz and for values of E. between 0.05
and 0.25 V/m. Based on this reference value, the white
and gray contour lines in Fig. 8 correspond to decreases in
the slope of 6 and 10 dB, respectively. These plots show
that for the CP, the maximum sensitivity for detuned rf
fields is obtained for higher values of E,. Besides, in the

Signal slope amplitude (m/V)

Signal slope amplitude (m/V)

Signal slope amplitude (m/V)

Signal slope amplitude (m/V)

0
0.0 0.2 0.4
E¢ (Vim)

Erf (V/ m)

FIG. 8. (a),(b) Experimental and (c),(d) theoretical slopes of
the response of the system to variations of the rf field amplitude,
plotted versus E; and A ;/27. (a),(c) Conventional protocol with

» = 0 kHz. (b),(d) Modulation transfer protocol with A, /27 =
100 kHz. The white and gray lines denote the rf bandwidth
at —6 dB and —10 dB, respectively, compared with the CP
response at Ay = 0.
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MTP, the best sensitivity is achieved between A/27 = 2
and 6 MHz. In this domain of detunings and above, the
MTP outperforms the CP.

Figure 8 shows how the MTP allows for improving the
bandwidth of the sensor. For vanishing rf field amplitudes,
the rf bandwidth at —6 dB is A, /27 = 3.5 MHz in the
conventional protocol, while itis As/27 = 6.5 MHz in the
modulation transfer protocol. Similarly, the rf bandwidth
at —10 dB (indicating a loss of 90% of sensitivity) is
reached at A;/27z = 5.5 MHz in the conventional protocol
and at A;/2z =17 MHz in the modulation transfer
protocol. This is an improvement of the rf bandwidth
by 11.5 MHz. This improvement is slightly larger in the
experiment than expected by the simulations.

B. Sensitivity comparison between the two protocols

Finally, we wish to determine in which range of
parameters and to which extent the modulation transfer
protocol outperforms the conventional protocol.

To perform this comparison, since the noise associated
with the two protocols is similar, we calculate the ratio
between the slopes of the system responses in the two
protocols. This ratio is shown in color maps in Fig. 9, both
experimentally and theoretically. The white lines indicate

(a)
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FIG. 9. Sensitivity improvement of the MTP versus CP
sensitivity between the MTP and the CP for various amplitudes
of the rf field and various rf detunings A. (a) Experiment.
(b) Simulation. The white lines indicate where the sensitivity
levels for both protocols are equal.

where the sensitivity levels for both protocols are equal,
i.e., when the sensitivity improvement factor equals 1.
Above that line, the modulation transfer protocol outper-
forms the conventional one. In the experiment [see
Fig. 9(a)], the modulation transfer protocol exhibits better
performance as soon as Ay/2x =3 MHz for vanishing
rf field amplitudes. Starting from A,/27z = 4 MHz, the
improvement in sensitivity exceeds 2. This limit closely
follows the rf bandwidth at —6 dB. For even greater rf
detunings, this improvement goes beyond a factor of 20.
As discussed previously, the simulations of Fig. 9(b)
closely replicate the experiment.

We finally present in this last paragraph a comparison
between the sensitivities of the two protocols, as defined
by (11). Table II presents the sensitivities of the two
protocols for various values of the rf detuning. For each
case, we give two values of the sensitivity: one is obtained
by taking the shot noise limit for V) in Eq. (11), while the
other is based on measurements of the noise V, in our
experiment. In both cases, the slope 0V /JE,; is measured.
We notice that the MTP outperforms the CP as soon
as Ay/2z >3 MHz for weak fields. Moreover, the
improvement of the sensitivity for the MTP with respect
to the CP is even better when we consider the measured
noise than when we consider the shot noise limit. This is
due to the fact that the MTP corresponds to a measurement
at 3 MHz, where the detected noise is much lower than
at the lower frequency (100 kHz) where the CP is
implemented. Moreover, we observe that these sensitivity
measurements compare very favorably with those in the
existing literature [39,40] within the same range of rf
frequencies.

TABLE II.  Sensitivities of the rf field amplitude measurement
for the two measurement protocols and for several values of the
rf detuning and E; = 0.05 V/m. The sensitivities are given in
pVem~! Hz~ /2. The first (second) part of the table is based on a
noise value V, measured experimentally (deduced from the shot
noise limit).

Sensitivity based on Conventional Modulation transfer
(uwVem~'Hz 1/2) protocol protocol
Measured noise

A/27 =0 MHz 1.0 21.2
Ag/2n =5 MHz 7.4 1.3
A/27n =10 MHz 36.0 2.6
Ay /27 =20 MHz 350.6 53

A /27 =30 MHz 529.2 8.1
Shot noise

A/27 =0 MHz 0.1 39
Ay/27 =5 MHz 0.6 0.2
A/27n =10 MHz 2.8 0.5
A/27n =20 MHz 26.7 1.0
A/27n =30 MHz 40.3 1.5
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C. Closing a frequency gap between
two Rydberg transitions

Now that we know that the MTP expands the rf band-
width around a single transition, let us examine whether
it can bridge the gap between two nearby Rydberg
transitions.

We selected a nearby transition, which couples 66>Ds 2
and 682P; /2 states (transition II), and is approximately
166 MHz away from the previously used rf transition. This
frequency gap is too large for the CP to maintain a good
sensitivity between the two transitions, as shown by
Fig. 10(a). This figure shows, as a color map, the evolution
of the measured sensitivity as a function of the detuning
from the 502Ds/, — 512P;3 5 (transition I) transition (ver-
tical axis) and of the rf field amplitude (horizontal axis).
The two vertical white arrowed lines show the regions
in which we tune the coupling laser close to the 50%Ds )
level or to the 66%Ds /2 level: the detuning varies from
Ay/27 =0to Ayg/27x = —100 MHz for the first transition
and from A;/27=0 to Ay/2z =+66 MHz for the
second one. The dark region between the two transitions
is a signature of the fact that the sensitivity becomes
very poor as soon as the rf field is detuned by a few
MHz from resonance. The white contour lines correspond
to the parameter values for which the sensitivity is equal
to S=10 pVem'Hz /2. A good sensitivity (around
1 uVem~'Hz"'/?) is obtained only at 0 detuning and at
—166 MHz, corresponding to the resonances of the two

Sensitivity (uV cm~! Hz~!?)
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FIG. 10. Evolution of the measured sensitivity to the rf field
amplitude for various detunings between two nearby rf tran-
sitions. (a) Conventional protocol. (b) Modulation transfer
protocol. The white lines indicate an iso-sensitivity
of 10 pVem~!' Hz /2,

transitions. Notice that we carefully chose two transitions
with similar electric dipole moments. However, in order to
compensate for the 30% drop in dipole moment of the
coupling transition, we increased the coupling laser power
by a factor of two when using transition II. One should
notice that since we are using two slightly different rf
frequencies, the rf pattern inside the cell is modified. We
adjusted the position of the laser beams inside the cell to
have a close cell perturbation factor. It was previously 0.54
and is now 0.59 for transition 1. Also, the rf field is more
homogeneous, leading to less peak broadening as the
rf field amplitude increases. This results in better sensi-
tivities than in Table II, from 36 pV cm~! Hz~'/2 down to
4 uVem'Hz /2 at A,;/27x = 10 MHz with the CP and
from 2.6 pVem~'Hz='/? down to 1.8 pVem~!Hz™!/?
with the MTP. For the new transition, the cell perturbation
factor is 0.64.

For comparison, Fig. 10(b) reproduces the same mea-
surements performed using the MTP. One can see that
the gap between the two transitions has now completely
disappeared. Although the sensitivity of the MTP at reso-
nance is slightly decreased to about 30 pVem~! Hz~'/2 it
becomes much better than this (down to 1 pV cm~! Hz~!/2)
for all other values of the detuning.

V. CONCLUSION

In this article, we have developed a theoretical model
for the quantum Rydberg receivers based either on the
measurement of the dc power of the transmitted probe field
(so-called conventional protocol) or on the measurement
of the transfer of modulation from the coupling beam
to the probe beam in the atoms (so-called modulation
transfer protocol). By comparison with an experiment
using 8°Rb atoms, we have seen that this model accurately
reproduces the experimental results. This model was used
to optimize the two key parameters for the coupling beam
phase modulation in the modulation transfer protocol,
namely the modulation frequency @4 and the modulation
amplitude fB. The theoretical and experimental results
revealed that, under the experimental conditions used
here, the optimal combination is @p,.q/27 =3 MHz
and f = 0.25.

An analysis of the performances of the two protocols,
both theoretical and experimental, has shown that the
conventional protocol is the most efficient one when the rf
field is resonant with the Rydberg transition. However, its
sensitivity decreases rapidly when the rf field detuning
increases. In contrast, the optimized modulation transfer
protocol demonstrates superior sensitivity starting from a
detuning of A,/27 =3 MHz and beyond. The improve-
ment in sensitivity provided by this latter protocol can
exceed a factor of 20 at large detunings. Furthermore, this
protocol allows for an increase in rf bandwidth at —10 dB
by 11.5 MHz, resulting in a bandwidth of 17 MHz.
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The two protocols are thus complementary: the conven-
tional protocol is recommended for rf field detunings
smaller than 3 MHz, while the modulation protocol should
be used for larger detunings. Since both protocols use the
same apparatus, switching between them is straightfor-
ward and can be accomplished by modifying the modu-
lation applied to the coupling beam AOM. One can also
operate both protocols simultaneously within the same
vapor cell. The optimized modulation parameters pre-
sented in this paper only apply to rubidium-85; they should
be tailored to any other alkali atom and adapted when the
number of probed atoms is modified. We demonstrated
that the modulation transfer protocol enables closing rf
frequency gaps of at least 166 MHz, which is promising
for developing a frequency-continuous sensor. The results
presented in this article could be improved by heating the
cell, using optical repumping, or increasing the atoms’
transit time. However, it is significant to note that this
technique does not achieve rf bandwidths or sensitivities
comparable to alternative techniques based on the use of an
rf local oscillator [18-22]. It is also not sensitive to the
phase of the rf field. Nonetheless, the protocol presented in
this article is an all-optical method that does not require
any external rf antenna, which would undermine the goal
of developing a dielectric sensor.

Future developments of the modulation transfer proto-
col may involve exploring different modulation patterns
or using the quadratures separately to investigate various
nonlinear responses. Additionally, combining the modu-
lation transfer protocol with other methods that allow for
measuring the phase or polarization of the rf field also
deserves investigation.
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