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Abstract— Loop antennas are widely used in various military 

and civil test applications in order to measure the magnetic fields 

especially below 30 MHz. They are commonly calibrated as per 

the standards IEEE 291 and SAE-ARP 958. Although there are a 

good number of researches in literature about the comparisons of 

loop antenna calibration methods, we brought the comparison 

measurements one more step further in this paper and 

investigated the existing 3 antenna loop calibration method that 

requires a Vector Network Analyzer (VNA) and included it into 

our loop antenna calibration comparison. Ultimately, we present 

the determined advantages and disadvantages of the three 

antenna method with respect to the other standard methods. 
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I.  INTRODUCTION 

Loop antennas are extremely important especially in 

Electromagnetic Compatibility (EMC) tests and measurements 

such as electromagnetic pollution measurements. They are 

widely calibrated according to the standards IEEE 291 [1], 

SAE-ARP 958 [2] and other methods [3,4,5]. MIL-STD 

461E/F standard [6,7] is one of the famous military EMC 

standards which require the use of loop antennas. One of the 

important tests, RE101, requires a shielded loop antenna with 

36 turns and a diameter of 13.3 cm. The aim of this test is to 

measure magnetic radiated emissions from Equipment Under 

Test (EUT) and subsystem enclosures including electrical 

cable interfaces in the frequency range 30 Hz – 100 kHz. The 

calibration of the RE101 loop antenna is specially defined in 

SAE-ARP 958 at a calibration distance of 12 cm by using a 

reduced calculation equation. The factors of the RE101 

antenna are often presented in unit of dBpT/µV since the 

limits in the standard are in the unit of dBpT. The other test in 

MIL-STD 461E/F which requires the use of loop antennas is 

the RS101 test. For this test, the standard defines two loop 

antennas. Unlike the RE101 test, this test is an immunity test 

and its aim is to expose the EUT to magnetic radiated 

emissions in the frequency range 30 Hz - 100 kHz. One of the 

required antennas for the RS101 test is a transmitting loop 

antenna with 20 turns and a diameter of 12 cm for exposing 

EUTs to magnetic fields. This transmitting loop antenna is 

also chosen as a transmitting antenna by SAE-ARP958 

standard for the calibrations of the RE101 receiving loop 

antenna. The other antenna required by the RS101 test is a 

receiver loop with 51 turns and a diameter of 4 cm for 

verifying the test setup before the actual test. In the RS101 

test, the current that flows on the transmitting loop is 

measured by means of a current monitor probe, and the 

produced magnetic field on the EUT is just calculated by 

using this measured current, therefore the precise 

measurement of the current becomes essential for the 

reliability of the test. In addition to military applications, loop 

antennas are commonly utilized in screening effectiveness 

measurements below 30 MHz. In screening effectiveness 

measurements, calibration factors are not needed. The 

comparison of two measurement cases with and without the 

target shield, yields the desired screening effectiveness value 

[8]. Moreover, loop antennas are also used in special 

measurements such as the planar scanning measurement 

technique of electromagnetic (EM) near-field (NF) emitted by 

electronic printed circuit boards (PCBs) fully in the time-

domain (TD)[9]. In [9], the probes having two different 

orientations of metallic loops are used to measure magnetic 

NF horizontal and vertical components. 

The loop antennas calibrations are very well studied in 

literature in [10] by means of the comparison of the calibration 

methods. In this paper, we also performed a comparison 

between the loop antenna calibration methods but, unlike the 

researches in literature, we also included the three antenna 

method introduced in [11-12] into the comparison and showed 

its advantages and disadvantages over the other standard 

methods such as the standard field method of IEEE 291. 

II. THEORY AND EXPERIMENTAL SETUP 

The AFs for loop antennas are commonly expressed as 

AF=H(µA/m)/V(µV) in dBS/m or as AF=B(pT)/V(µV)  in 

dBpT/µV. One needs to subtract 1.98 dB from dBpT/µV and 

obtains dBS/m. Sometimes, the AF is expressed in terms of 

equivalent electric field intensity AF=E(µV/m)/V(µV). In this 

case, the unit of the AF is dBm
-1

[10]. 

The standard field method as per IEEE 291 is performed 

by using two antennas at frequencies up to 100 MHz. One of 

them is the transmitting antenna with one turn and produces a 

known free-space magnetic induction field at the location of a 

relatively close receiving antenna. Since the antennas are very 

close to each other, the effect of reflection from the ground 

and nearby objects is minimized. In this method, the near-zone 

field is primarily magnetic and the value of magnetic field 

strength is expressed in terms of the equivalent free-space 

electric component E that would exist in a far-zone radiation 

field. The relation between E and H is given in (1) and the 
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resulting value of the equivalent field for a single-turn 

transmitting loop averaged over the area of the receiving loop 

is given in (2). If the number of turns is not one, it is taken into 

account by multiplying the calculated E or H field with the 

number of turns. 
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Where;  
 

2 2 2

0 1 2R d r r   in m,  

E  is the magnitude of the equivalent free-space RMS electric 

field strength in V/m,  

A is the area of the transmitting loop antenna in m
2
,  

I is the uniform RMS current flowing on the transmitting loop 

in A,  

 is the  free space wavelength in m,  

d is the distance between the centers of the transmitting and 

receiving loop antennas in m,  

1r  is the mean radius of the transmitting loop antenna in m, 

2r is the mean radius of the receiving antenna in m.  

This standard recommends the measurement of the current 

I flowing on the transmitting loop antenna via a thermocouple 

ammeter therefore a vacuum thermocouple should be built 

into the transmitting loop. The involved lead should be short 

and should not alter the mean radius of the loop. Because of 

the difficulties of the construction of the transmitting loop 

together with a vacuum thermocouple on it, the resistor 

method on the input of the loop or the current clamp method 

stated in SAE-ARP 958 may be preferred to measure the 

flowing current on the transmitting loop [10].  

SAE-ARP 958 includes calibration of loop antennas 

required in both of military and civil EMC standards. Unlike 

the method in IEEE 291, the SAE-ARP 958 standard method 

states a calibration exactly at 1m from the transmitting antenna 

and a resistor along with current sensor measurement methods 

in order to measure the current on the transmitting loop. In 

addition, a transmitting loop with multi-turns in the calibration 

can be used while a transmitting antenna with one turn is 

stated in IEEE 291. The magnetic field averaged over the area 

of the receiving loop is calculated as follows [10]:  
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Where; 

 H is the magnetic field strength (A/m),  

xmtd is the diameter of the transmit loop (m),  

rcvd is the diameter of the receiving loop (m),  

L is the distance between the loops, center-to-center (m),  

I is the injected current into the transmitting loop (A),  

xmtn is the number of turns in the transmitting loop,  

f is the calibration frequency (Hz),  

c is the speed of light (m/s).  

In addition, SAE-ARP 958 also includes a special 

calibration, alias SAE-ARP 958 RE101 antenna calibration, 

for RE101 receiving loop antennas by stipulating the use of a 

reduced frequency-independent equation given in (4) in order 

to calculate the magnetic field at a calibration distance of 12 

cm from the transmitting antenna. Moreover, in this special 

calibration, SAE-ARP 958 requires the use of the special 

RS101 transmitting antenna whose details are stated in the 

standard MIL-STD 461E/F. 
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Where; 

H is the magnetic field strength (A/m),  

I is the injected current into the transmitting loop (A),  

N is the number of turns in the transmitting loop 

R is the radius of the transmitting loop (m), 

Z is the distance between the loops, center-to-center (m), 

   is the permeability of free space   

The antenna factor (AF) in units of dBS/m can be calculated 

from the H field, as: 
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H
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Where;  

H is the magnetic field strength (A/m),  

V is the voltage induced in the receiving loop (V) [10]. 

 

Finally, the three antenna loop calibration method introduced 

in [11,12] requires three loop antennas taken in pairs and 

yields the factors of each antenna separately. Unlike all the 

other standard methods, this method requires a VNA and the 

measurement of each loop antenna pair in turn as seen in 

Fig.1. 

 

 
Fig. 1 Three-antenna loop calibration setup [11,12] 

 

  The method necessitates the use of complex calculations 

given in (6). 
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AFm i is the #i loop antennas’s magnetic antenna factor,  

k is the wave number (=2π/ ),  

A12, A13, A23 are the transmission S-parameters between the 

antennas,  

ω is the angular frequency, 

   is the permeability of free space,  

ZL is the load impedance matched to the transmission line,  

r1, r2, r3 are the radii of the loop antennas, 

d12, d13, d23 are the distances between the two loop antennas. 
 

For comparison, as a first step, we used three large 

commercial antennas. Two of them are ETS 6512 antennas 

(diameter: 56 cm) and the third antenna is a shielded home-

made antenna (diameter: 31 cm). Firstly, the three antenna 

calibration method was applied to the antennas at a distance of 

25 cm and the antenna factors of each antenna were 

determined by using the VNA as seen in Fig.2.  

 

 

Fig. 2 Three-antenna loop calibration setup of large commercial antenna (ETS 
Model:6512) 

 

Thereafter, one of the commercial loop antennas (ETS 

6512) was chosen as a target antenna and the IEEE 291 

standard field calibration method at the same measurement 

distance was applied to it to be compared with the results of 

the three antenna method between 10 kHz and 30 MHz (see 

Fig. 3).  In the IEEE291 standard field method, as transmitting 

antennas on which the flowing current was measured to 

calculate the magnetic field just on the antenna under 

calibration, we employed two reference transmitting antennas; 

Schwarzbeck Model: HFRA 5152-017 (diameter: 25 cm, DC - 

3 MHz) and Schwarzbeck Model: 5154-012 (diameter: 10 cm, 

0.1 MHz - 30 MHz).  

 

 

Fig. 3 IEEE 291 calibration setup of large commercial antenna (ETS 

Model:6512) 

 As a next step, we applied the same calibration methods to 

a set of RE101 receiving antennas, which are normally 

designed to be used in RE101 tests of the standard MIL-STD 

461E/F, between 30 Hz – 10 MHz at a distance of 12 cm that 

complies with the test distance stated in MIL-STD 461E/F as 

seen in Fig.4 and Fig.5. In the IEEE 291 standard method, as 

transmitting antennas, we used the same transmitting antennas 

used in the previous step along with the RS101 transmitting 

antenna (Solar Model: 9230-1, d: 12cm, 30 Hz-100 kHz).   

 

 

Fig. 4 Three-antenna calibration setup of RE101 antenna (R&S Model:HZ-10) 

 

 

Fig. 5 IEEE 291 calibration method for RE101 antenna (R&S Model:HZ-10) 

  
 

 

Fig. 6 Special SAE-ARP RE101 calibration method for RE101 antenna (R&S 
Model:HZ-10) 

 

In this second step, the loop antenna (R&S Model: HZ-10, 

diameter: 13.3 cm) that has the operating frequency range 

between 30 Hz and 10 MHz was chosen as the target antenna 

under calibration.  

As a final step, to be able to include the special RE101 

antenna calibration of the standard SAE-ARP 958, alias SAE-

ARP 958 RE101 antenna calibration, into the comparison, the 

same RE101 loop antenna (R&S Model:HZ-10) was measured 

between 30 Hz – 100 kHz by firstly using the IEEE 291 

method at 12 cm and 33 cm in turn by means of the RS101 

transmitting antenna. Thereafter, also, as seen in Fig. 6, it was 



calibrated as per the SAE-ARP 958 military RE101 calibration 

method by using the same RS101 transmitting antenna at a 

distance of 12 cm and 33 cm in turn and using the reduced 

equation given in (4). Ultimately, the results of the SAE-ARP 

950 RE101 calibration method were compared to the results of 

the IEEE 291 method in this final step. Finally, based on the 

performance and the ease of use of each method, a conclusion 

is presented in this paper. 

III. EXPERIMENTAL RESULTS 

The results of the commercial loop antenna (ETS 
Model:6512) are presented in Fig.7 along with the calibration 
data obtained from the calibration report of National Physical 
Laboratory (NPL), UK which used the TEM calibration 
method for the calibration of this loop antenna. At first glance, 
the NPL and three antenna method results look very 
compatible and the maximum deviation is 0.4 dB between 
them. On the other hand, when we compare the results of the 
standard field method with the results of the three antenna 
method, we see that the results of IEEE 291 deviate from the 
results of the other methods by 2 dB maximum especially in 
higher frequencies and by around 1 dB in the rest of the 
frequency range. This clearly arises from the higher uncertainty 
of the IEEE 291 calibration method due to uncertainty 
contributions coming from the measurement requirement of the 
current flowing on the transmitting antenna and from the 
inclusion of the cable losses. 

 

Fig. 7 Antenna factor results of large commercial antenna (ETS Model:6512) 

at 25 cm 

 

 

Fig. 8 Antenna factor results of RE101 antenna (R&S Model: HZ-10) at 12 
cm 

The results of the RE101 antenna (R&S Model: HZ-10) are 
presented in Fig.8 along with an example supplementary 
comparison average result of the same model antenna, which 
was acquired from [13] just for information. The results are in 
very good agreement and look satisfactory. 

Ultimately, the results of the same RE101 antenna (R&S 
Model: HZ-10) calibrated as per the IEEE 291 and special 
SAE-ARP 958 RE101 calibration methods are given in Fig. 9. 
The graph clearly reveals that at first glance the special SAE-
ARP 958 RE101 calibration method results obtained at 12 cm 
deviate by 2 dB from the results of the same method performed 
at 33 cm and also from the results of the IEEE 291 method in 
the entire frequency range. Moreover, the curves in Fig.9 also 
say that the antenna factors obtained in the IEEE 291 method 
are slightly dependent on the measurement distance while the 
antenna factors obtained in the special SAE-ARP 958 RE101 
calibration method for RE101 antennas are significantly 
dependent on the measurement distance, most probably due to 
the reduced equation given in (4). Despite this difference of 2 
dB, the special SAE-ARP 958 RE101 calibration method 
stipulates the calibration of RE101 antennas at 12 cm from the 
RS101 transmitting antennas during the calibration. Moreover, 
the test standard MIL-STD 461E/F requires the calibration of 
RE101 antennas as per this special SAE-ARP 958 RE101 
calibration. This means that calibrations of RE101 antennas in 
any calibration method other than the special SAE-ARP 958 
RE101 calibration method at 12 cm may lead to test result 
differences of 2 dB during a RE101 test due to the antenna 
factor.   

 

Fig. 9 Special SAE-ARP RE101 calibration method of RE101 antenna (R&S 

Model: HZ-10)  at 12 cm and 33 cm and its comparison with IEEE291 method 

 

All the results and experiences acquired so far in this work 
show that all the investigated methods yield consistent results 
in fact. On the other hand, the three antenna method seems to 
be a very promising method and become prominent during the 
research in terms of ease of use and lower uncertainty. While 
the measurement uncertainty of the three antenna method was 
calculated approximately as 0.8 dB in our research as per the 
uncertainty budget guidelines given in [12], the uncertainty of 
the standard field method (IEEE 291) was around 1.8 dB when 
the uncertainty budget given in [13] was adapted for our 
measurements of this research. The standard field method 
necessitates the measurement of the current on the transmitting 
antenna and the measurement of cable losses, which requires 
much more time and effort in comparison to the three antenna 



method. The necessity of measuring the flowing current and 
taking the cable losses into account is one of the main 
contributions to the measurement uncertainty in the standard 
field method. The three antenna method saves us from the 
burden of measuring the current on the transmitting antenna 
and also from the bother of the inclusion of cable losses. 
However, the three antenna method requires an expensive 
network analyser and another two supplementary antennas to 
obtain the antenna factors of the target antenna. 
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