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Abstract— The National Institute of Standards and
Technology (NIST) in Boulder, CO, USA provides measurements
of radio frequency field probes in a standard field. This
service provides calibrations to industry and other government
agencies, and performs inter-comparisons with other national
metrology institutes. Check standard probes are periodically
measured to maintain the consistency of the standard fields
used for calibration. The NIST field strength calibration service
was greyed-out from 2014 to 2021 for renovations. After the
renovation, measurements of check standards were performed
and compared with historical data. Here we demonstrate
equivalence of generated fields at the NIST facility from 1996
to 2024 across the frequency range 900 MHz to 10 GHz from 6
three-axis check standard probes.

Keywords — Electromagnetic fields, Radiofrequency safety,
Electromagnetic metrology.

I. INTRODUCTION

The National Institute of Standards and Technology
(NIST) in Boulder, CO, USA provides measurements of
radio frequency (RF) field probes in a standard field. This
service provides calibrations to industry and other government
agencies, and performs inter-comparisons with other national
metrology institutes (NMlIs) [1]. NIST uses Calibration Method
B from [2] to provide transfer standards for other laboratories.
Accurate calibrations are critical, as field strength probes are
often used for safety monitoring.

From 2014 to 2021, renovations were performed on
the anechoic chamber at NIST. After completion of the
renovations, the fields generated in the anechoic chamber were
compared to fields generated inside another test environment
and with measured data from 2010 [3]. To further demonstrate
consistency in the chamber, we have measured several check
standard probes at frequencies from 0.9 GHz to 10 GHz. In this
paper we compare recent 2024 measurements of several NIST
check standard field strength probes in the anechoic chamber
with measurements in the same facility in 1996.

II. EXPERIMENTAL DESCRIPTION

A. Measurement Facilities

NIST performs calibrations of field strength probes from
450 MHz to 40 GHz in an anechoic chamber [4]. Fig. 1 shows
a diagram of the anechoic chamber. A signal generator creates
a low power, single frequency signal which is then amplified
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Fig. 1. Diagram of the NIST anechoic chamber facility for field strength probe
measurements. A 7-axis robot attached to a linear rail is used to position the
probe under test. Shown is the configuration for the boresight alignment for
the single-axis probe; for the three-axis probes the robot was configured to an
ortho-angle alignment.

and sent through a low-pass filter to remove harmonics. A
dual-directional coupler measures the input and reflected power
to determine the net power to the horn. From the directional
coupler the signal is input to a long waveguide and then to
a pyramidal horn antenna. The field is projected out from the
horn antenna into the chamber where the field strength at a
finite distance can be calculated. The chamber is lined with
pyramidal absorber with an absorption rating higher than 35 dB
across 0.5 GHz to 40 GHz.

The rms electric field E in the chamber is calculated by
o \/T VPNET X G
=\ (1

47 d

where 7 is the impedance of free space, Py g7 is the net
power delivered to the horn antenna, G is the near-zone gain of

the horn antenna, and d is the distance from the horn aperture
to the field probe [4].

B. Check Standard Probes

The NIST check standard probes are tapered dipoles with
a diode connected to high-resistance wire (Fig. 2a) [5]. The
voltage across a resistor in parallel with the diode is measured
with a voltmeter. The probes measured were three-axis probes.
The three-axis probes are aligned orthogonal to each other in
an ortho-angle configuration, as in Fig. 2b, 2¢c. Each axis was
aligned with the field for measurement.
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Fig. 2. (a) Drawing of a single tapered dipole antenna used for the three-axis
check standard probes. (b) Alignment of probe in the ortho-angle orientation.
(c) Dipole antennas mounted onto the triangular prism substrate.

The probes are listed in Table 1. The probe numbers are
referred to in the plots in Section IV. The 8 mm dipole probes
include 6 separate probe heads, each with 3 orthogonal axes,
for a total of 18 independent probes. The probes are housed
in an electromagnetically transparent foam casing.

Table 1. List of probes measured.

Probe | Serial Number | Axis | Dipole Length
1 888102 X 8 mm
2 888102 Y 8 mm
3 888102 Z 8 mm
4 888104 X 8 mm
5 888104 Y 8 mm
6 888104 Z 8 mm
7 888106 X 8 mm
8 888106 Y 8 mm
9 888106 Z 8 mm
10 888107 X 8 mm
11 888107 Y 8 mm
12 888107 Z 8 mm
13 888108 X 8 mm
14 888108 Y 8 mm
15 888108 Z 8 mm
16 888110 X 8 mm
17 888110 Y 8 mm
18 888110 Z 8 mm

C. Procedures

Measurements were performed in accordance with IEEE
Standard 1309 [2]. A different horn antenna and waveguide

was used for each frequency range, listed in Table 2. In the
case of the 8 mm three-axis probe comparisons, the frequency
was chosen as the center-point frequency for each horn.

Due to chamber size and available power constraints, the
probe measurements are done closer than the Rayleigh far field
distance R,, given by

2D?

Ro - T (2)

where D is the horn aperture size, and A is the wavelength.
Thus the gain in Eq. 1 is the near-zone gain, calculated
using [6], [7], and depends on the distance from the horn.
Alignment of the horn to the probe is done using a laser
to set the probe on boresight with the horn. This is verified
through a longitudinal scan of the probe along boresight at
constant field strength. An example scan in Fig. 3 shows
the half-wavelength sinusoidal reflections with minimal drift
compared to the standing wave height. The probe distance is
set to the nearest node greater than 1 m.
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Fig. 3. Probe 1 response relative to the average (in dB) as a function of
distance from the aperture of the horn at 1.0 GHz, with a constant calculated
field strength of 60 V/m applied for each distance.

Table 2. Pyramidal horn antennas used for each frequency. Dimensions are
width (W) and height (H) of each horn aperture in meters.

féig;ency Horn Antenna Name {);n;eﬁs i(ori:;

0.9, 1.0 Scientific Atlanta 12075 0.828 x 0.612
32 FXSR 638A 0.323 x 0.240
4.9 FXH 638 0.216 x 0.160
7.0, 8.2 Scientific Atlanta 1258 0.289 x 0.214
10.0 Systron-Donner DBG-520-20 | 0.123 x 0.093
18.0 Scientific Atlanta 1212 0.152 x 0.125

IIT. UNCERTAINTY CONTRIBUTIONS

The uncertainty contributions to the electric field strength
are shown in Table 3. Uncertainties were determined following
the analysis outlined in Reference [4]. Here, we use frequency
independent worst-case uncertainties. The largest contribution
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Fig. 4. Difference between the historical and current measurements for an
input field of 60 V/m. Only probes 1 to 6 were compared at 900 MHz.

to uncertainty is from the near-zone gain of the horn antenna.
This was determined from comparisons between calculations
and measurements [7], [8]. Multipath reflections from the
non-ideal absorber contribute to uncertainty. We evaluated
the contribution from reflections from the longitudinal scans,
as in Fig. 3. The uncertainties from the power sensors for
the forward and reflected power measurements are dominated
by the forward power sensor. These are determined by
vendor calibrations traceable to NIST. Uncertainty from the
dual-directional coupler is determined by calibration of the

coupling coefficients using a vector network analyzer. These
uncertainties are likewise dominated by the forward and thru
coupling coefficients. Distance from the horn aperture at 1
meter separation was measured using a meter stick, and a rail
system moved the probe to the measurement point. Uncertainty
from distance and alignment was mainly due to the finite size
of the probe.

Table 3. Sources of uncertainty, type, distribution, and standard uncertainty
values for measurements in 2022-2024.

Source Type | Distribution | u; (dB)
Near-zone antenna gain B rectangular 0.15
Multipath reflections B rectangular 0.13
Power sensors B Gaussian 0.12
Dual-directional coupler B Gaussian 0.12
Distance and alignment B rectangular 0.06
Repeat measurements A Gaussian 0.10
Combined standard uncertainty | u = \/>u? 0.29
Expanded uncertainty k=2 0.58

The individual standard uncertainties (u;) are combined
according to [9] to obtain a combined standard uncertainty u
such that

u=/Zu? . 3)

The expanded uncertainty is then U = ku, where k = 2 for a
confidence level of 95%.

We are interested in whether or not there is a difference
in measurements from 1996 to 2024. To test this hypothesis,
we fit the following mixed-effects model. Let V%, be the
measured voltage converted to dBmV units by probe [ in year
1 at frequency j using axis k. Then

Viik = ptBryear+Pa j frequency;+ B3 paris,+P+e (4)

where p is the average voltage in dBmV when year,
frequency, and axis are all at their baseline categories, (1
is the effect of year showing the estimated difference from
1996 to 2024, [, ; is the effect of frequency and has
j € [1,...,4] levels showing the difference between the j
frequency and the baseline frequency, and s is the effect
of axis and has k£ € [1,2] levels showing the difference
between the k" axis and the baseline axis. P; is a random
effect measuring the offset of probe [ from the mean of all
probes. € ~ N(0,0?) is the normally distributed errors. We
fit this model in R using the lme4 package to to estimate
i, Bh 5£,j7 ﬁ;;;w P, and their associated standard errors
o(f), 0(31), a(ﬁg,j), O'(ﬁg;]g), 0(15;). If zero is not included

in the interval () — \/40(5})2 + U(1996)2 4 U(2024)2, 3, +
\/40(31)2 + U(1996)2 4+ U(2024)?), then we conclude there

is a significant difference in our probe measurements across
year.
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IV. RESULTS

The difference between the historical and recent
measurements of each three-axis probe from Table 1
for each frequency is shown in Fig. 4. The error bars are the
combined standard uncertainty of the two measurements, with
a coverage factor of k& = 2. For the historical measurements,
the combined standard uncertainty was 0.38 dB. The combined
standard uncertainty of the two was 0.47 dB.

We statistically tested if there was a significant difference
in probe recordings between the years 1996 and 2024. The
mixed-effects model estimated the effect of year to be 31 +

\/40(51)2 + U(1996)2 + U(2024)2 = —0.27 + 0.98 dB.
Since zero is included in the given interval, we do not see a
statistically significant difference in the measurements between
1996 and 2024 across the frequency range 900 MHz to 10
GHz.

V. CONCLUSION

Maintaining a standard field realization of RF field strength
requires continuity in check standard measurements as well
as inter-comparisons with other national metrology institutes.
This study provides confidence that NIST is generating
consistent fields over time. NIST is planning to participate in
upcoming bilateral and multilateral inter-comparisons. NIST
is also developing an atom-based field strength measurement
technique to independently measure field strength [10],
[11]. The Rydberg technique converts an RF field strength
measurement to an optical frequency measurement of atomic
energy levels. An uncertainty analysis of this technique can be
found in [12], [13], which shows the potential for an order of
magnitude improvement over current methods. This technique
is designed to reduce uncertainties as well as provide a more
direct traceability path to the International System of Units (SI)
through the Planck constant, newly redefined as fundamental
SI constant [12], [14], [15].
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