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Abstract—We1are developing a fundamentally new atom-

based approach for electric (E) field measurements. This new 
approach will lead to a self-calibrated, SI traceable, E-field 
measurement, providing us with the capability to perform 
measurements on a fine spatial resolution in both the far- and 
near-fields.  Here, we discuss the development and applications of 
the first moveable fiber-coupled version of this atom-based E-
field measurement approach. We show results for various 
measurements including: far-field measurements of the E-fields, 
measurements of the E-field distribution along the surface of a 
circuit board, field measurements in apertures, measurements of 
the directivity pattern of a horn antenna, and measurements 
made in a GTEM cell. 

I. INTRODUCTION 
Significant progress has recently been made in the 

development of a novel Rydberg-atom spectroscopic approach 
for radio-frequency (RF) electric (E) field strength 
measurements [1]-[9].  This approach utilizes the phenomena 
of electromagnetically induced transparency (EIT) and Autler-
Townes (AT) splitting [1]-[10], and leads to a direct 
International System of Units (SI) traceable, self-calibrated 
measurement. 

While various international metrology organizations 
around the world are beginning to investigate this new 
approach as a possible new standard for E-field measurements 
and calibrations, all previous investigations and measurements 
have been confined to an optical table.  This confinement is a 
result of the fact that this technique requires the two lasers 
(probe and coupling lasers) to overlap inside the vapor cell. In 
order to overcome these issues, we have developed the first 
fiber-coupled vapor cell (see Fig. 1) [11], where the two 
counter propagating lasers are carefully overlapped inside the 
vapor cell while it is moved off the optical table. Moving the 
probe off of the optical table allows measurements to be 
performed in free space and in other standard RF metrology 
environments. The new probe consists of a 10-mm cubic 
vapor cell (made with all dielectric material, i.e., glass) filled 
with cesium 133Cs and two optical fibers with lenses attached 
with UV curing epoxy at either end (see Fig. 1). We have 
performed various measurements in order to illustrate the new 
probe’s capabilities. These experiments are described in this 
paper. 
 

 

Fig. 1: Fiber-coupled atom-based E-field probe. 

II. DESCRIPTION OF THE ATOM-BASED APPROACH 
The measurement approach uses a vapor of alkali atoms 

(placed in a glass cell, referred to as a “vapor- cell”) as the 
active medium for the radio frequency (RF) E-field 
measurement. The basic concept is that by manipulating alkali 
atoms with both optical (laser) fields and RF fields, it is 
possible to cause a laser to transmit through the vapor cell 
where it would normally be absorbed by the atoms in the 
vapor cell. Rubidium (85Rb) and cesium (133Cs) are the two 
atomic species that are typically used in the approach. A 
typical measurement setup is shown in Fig. 2(a). This 
measurement approach can be represented by the four-level 
atomic system shown in Fig. 2(b), see [1]-[3] and [9] for 
details. 

A “probe” laser is used to probe the response of the 
ground-state transition of the atoms and a second laser 
(“coupling” laser) is used to excite the atoms to a Rydberg 
state. In the presence of the coupling laser, a destructive 
quantum interference occurs and the atoms become 
transparent to the resonant probe laser. This is the concept of 
EIT, in which a transparency window is opened for the probe 
laser light, and the probe light transmission is increased.  The 
coupling laser wavelength is chosen such that the atoms are in 
a sufficiently high state (a Rydberg state) so that a RF field 
coherently couples two Rydberg states (levels 3 and 4 in 
Fig. 2(b)).  The RF field in the four-level atomic system 
causes constructive interference of excitation pathways within 
the EIT transmission window, resulting in a decreased 
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transmission of the probe laser and AT splitting of the EIT 
peak.  

A typical power measurement from the detector when the 
laser is scanned across this wavelength is shown Fig. 3(a) 
(where �p=�p��o, �o is the on-resonance angular frequency of 
the ground state transition and �p is the angular frequency of 
the probe laser). The bottom curve shows the measured probe 
laser spectrum with no coupling laser, the top curve is the 
spectrum with the coupling and no RF, and the middle curves 
is the spectrum with both the coupling laser and with RF on 
(note the wings of all three curves normally would lay on top 
of one another, but they are shifted here for ease of viewing). 
For the top curve, notice at �p=0��the power on the detector is 
larger than the Doppler background, i.e., the global inverted 
bell-shaped behavior.  

The wavelength of the coupling laser is chosen judiciously 
such that the atoms are excited to a very high energy, where an 
RF source is at a resonant frequency that causes an atomic 
transition to a nearby state (i.e., an RF atomic transition). 
When the RF source is turned on, the EIT signal splits into 
two (this splitting is called Autler-Townes (AT) splitting), see 
the middle curve in Fig. 3(a).  To increase the EIT signal-to-
noise, we modulate the coupling-laser amplitude with a 50/50 
duty-cycle 30 kHz square wave and detect any resulting 
modulation of the probe transmission with a lock-in amplifier. 
This removes the Doppler background and isolates the EIT 
signal. Fig. 3(b) shows a typical EIT signal from the lock-in 
amplifier for different values of RF field levels. The splitting 
of the EIT peak is indicated by �fm. 
 

 

(a) Experimental setup. 

 

 

(b) Vapor-cell and four-level system. 

Fig. 2:  Measurement setup and four-level atomic system.  

 

(a) EIT signal without lock-in. 

 

 

(b) EIT signal with lock-in. 

Fig. 3:  Typical measurement of the EIT signal.  

This splitting (�fm) of the probe laser spectrum is easily 
measured and is directly proportional to the applied RF E-field 
amplitude. Once this �fm is measured, the RF E-field strength 
is obtained from  [1]-[3] and [9]: 

     m
c

p fE �
�

�
	
	


 �2||      ,                       (1) 

where  �  is Planck’s constant, �  is the atomic dipole 
moment of the RF atomic transition, and p	  and c	  are the 
wavelengths of the probe and coupling lasers, respectively. 
The ratio cp 		 /  accounts for the Doppler mismatch of the 
probe and coupling lasers [10], assuming the probe and 
coupling lasers are counter-propagating in the cell. One can 
also scan the coupling laser and not the probe laser during the 
experiments. If the coupling laser is scanned, it is not required 
to correct for the Doppler mismatch, and cp 		 /  ratio is not 
needed, see [9] for details. The measurement based on (1) is a 
direct SI-traceable measurement, in that it is directly related to 
Planck’s constant. To estimate |E|, �fm is obtained from a 
measurement, Planck’s constant is known, and �  is 
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calculated from first principles (see [3] for discussion on 
determining� ). 

One of the advantages of this new approach is that it is 
very broadband. In fact, utilizing the experiment setup shown 
in Fig. 2(a), we can measure the E-field strength over a 
frequency range from hundreds of MHz to 1 THz.  Fig. 4 
shows measurements for six different frequencies ranging 
from 9.22 GHz to 182 GHz using two different atomic species 
(85Rb and 133Cs). In this figure, we also compare the estimated 
E-field obtained for this atom-based approach to both far-field 
calculations and to numerical simulations. We see that the 
atom-based approach correlates very well with both 
(uncertainties are discussed below). 

III. FIBER-COUPLED E-FIELD PROBE 
Most experiments using this atom-based approach have 

been confined to an optical table, see Fig. 2(a). For the 
technique to be useful, the probe needs to be moved off the 
table and constructed such that it can be moveable. Toward 
this goal, we have developed the first fiber-coupled vapor-cell 
E-field probe (see Fig. 1). We have used this probe in various 
experiments, which are discussed next. 
 

 
Fig. 4: A comparison of the measured E-field to results obtained from far-field 
calculations and from a full-wave numerical simulation. 

A. Mapping the Fields In a GTEM Cell  
We used the fiber-probe to measure the E-field inside a 

gigahertz transverse electromagnetic (GTEM) cell. This 
allows us to access the field variability along the longitudinal 
axis as a function of frequency. The fiber probe was placed at 
the center of a GTEM cell and moved to different locations 
along the longitudinal axis, see Fig. 5. In these experiments, 
we measured the E-field at three different positions in the 
GTEM cell at three different frequencies.  Fig. 6 shows the 
measured results for the total field. For reference, we also 
shown results for the calculated field inside the GTEM, see eq. 
(E.2) in [12]. From these experiments, we see that E-field 
varies as a function of frequency and position, due to 
impedance variations and higher-order modes. The high 
frequency variation with frequency is also shown in [13]. 

Notice that the variability becomes worst the furthest from the 
input of the GTEM feed, as expected. 

 

 
Fig. 5: Fiber-probe inside a GTEM cell. 

 

 

(a)  2.64-m from input. 

 

(b)  3.08-m from input. 

 

(c)  3.49-m from input. 

Fig. 6: E-field mapping inside a GTEM cell. 
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B. Imaging the Fields Above a CPW Line 
In order to illustrate the near-field imaging capability of 

the fiber-coupled probe, we imaged the total E-field at various 
heights (h) across the surface of a co-planar waveguide (CPW) 
line, see Fig. 7. The CPW has a center strip of 3 mm, gaps of 2 
mm, and a substrate (��= 3.5) of thickness 1.52 mm.  Fig. 8 
shows the scans at six different heights for a frequency of 
11.6 GHz.  In order to show the repeatability of this probe we 
performed three sets of measurements for each height and the 
error-bars represent all these measurements. As a check, we 
show results obtained from HFSS (mentioning this full-wave 
simulator does not imply an endorsement, but serves to clarify 
the numerical program used) for h = 6.64 mm. While the 
HFSS simulations have the same general behavior as the 
measured results, the differences are due to the fact the that 
the HFSS results are for an infinitely wide ground plane CPW. 
These results show the probe capability for near-field imaging 
and field-mapping across the surface of printed-circuit board 
structures, which will be used in the future to support 
calibrated on-wafer measurements of high-speed (high-
frequency) integrated circuits.  The fiber-coupled probe allows 
for much finer spatial resolution than is possible with current 
E-field probes. The spatial resolution is 70 �m, which is 
essentially the width of the laser beams [1]. 
 

 
Fig. 7: Fiber-probe above a CPW line. 

 

 
Fig. 8: Measured E-field above a CPW line. 

C. Antenna Pattern Measurements 
We used the fiber-coupled probe to measure the antenna 

pattern of a Narda 640 standard gain horn antenna (mentioning 
this product does not imply an endorsement, but serves to 
clarify the antenna used). The experimental setup for these 
measurements is shown in Fig. 9. In these measurements, the 
fiber-coupled probe was placed 0.835 m from the horn 
antenna (in the quasi-far-field). During the experiments, we 
scanned the antenna from bore site to an angle of 60o. We 
scanned both the E-plane and H-plane of the horn antenna and 
the total E-field was measured. Fig. 10 shows the measured 
antenna patterns for both the E-plane and H-plane at 
11.6 GHz.  Also shown in this figure are results obtained in an 
anechoic chamber test range [14] at 9.4 GHz. Good correlation 
between the two types of measurements is seen.  The 
deviations are because our measurements were performed in a 
laboratory with no RF absorber on the walls and the laboratory 
had several objects in the room, see Fig. 9. Thus, our results 
suffer from some background scattering. 

D. Imaging the Fields In an Aperture 
As another mapping example, we performed 

measurements across an aperture located on the side of a small 
transverse electromagnetic (TEM) cell, see Fig. 11. The TEM 
cell size was 5.5 cm wide, 2.7 cm tall, with a circular aperture 
of radius 0.75 cm. The fiber-coupled probe was scanned 
across the aperture for a given input power to the TEM cell. 
We performed measurements of the total field at the aperture 
6 mm from the aperture at 21.6 GHz and 29.5 GHz. These 
data are shown in Fig. 12. Since the TEM cell is highly multi-
moded at these two frequencies and the aperture fields cannot 
readily be calculated, and measurements are the best approach 
to determine the near-fields. The fiber-probe allows for such a 
measurement.  

IV. UNCERTAINTIES 
Understanding the uncertainties of this technique is an 

important step if this method is to be accepted as a standard 
calibration technique. The various aspects that contribute to 
the uncertainties of this technique are currently being 
investigated and are summarized in [1]-[6], [9], and [15]. 
While the uncertainty analysis is still being performed, initial 
results indicate the uncertainties have the possibility of being 
below 0.1 -to- 0.5 dB. 
 

 
Fig. 9: Setup for the antenna pattern measurements. 
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Fig. 10: Measured antenna pattern. 

 

 

Fig. 11: Fiber-probe at aperture of small TEM cell. 

 

 
Fig. 12: Measured E-field across the aperture at a height of 6 mm for two 
different frequencies. 

V. SUMMARY 
In this paper, we discussed the development of a 

fundamentally new approach for a SI traceable E-field 
measurement. We have shown the evolution of this technique 
from being confined to an optics table to the first fiber-
coupled atom-based E-field probe. We illustrate the utility of 
this probe by showing results for fields inside a GTEM, near-
field imaging of printed circuit boards and apertures, and 
antenna pattern measurements. While there is still a lot of 

work to be done in order for this technique to accepted as a 
new E-field standard, these results in this paper are useful 
steps toward making this probe a practical device. 
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