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Notation
Symbol
a, d, l
Aeq
B
f
H
L
R
t
V
X
Z

µ
θ

Quantity
Linear dimensions
Equivalent area
Magnetic flux density
Frequency
Magnetic field
Inductance
Resistance
Time
Voltage
Reactance
Impedance
Permeability
Angle

Unit
m
m2
T
Hz
A/m
H
Ω
s
V
Ω
Ω
H/m
radians
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1. Introduction
To evaluate the properties and potential of warheads emitting high-power microwaves (HPM),
the measurement of the electric and magnetic field components is fundamental. The
measurement of HPM radiation poses special problems, since the radiation has a pulsed
character, short duration, often a very high peak power, and can span a large frequency range.
Hence, common commercial equipment for measuring continuous radiation is of limited use.
Instead, sensors adapted for measuring transient signals, i.e. single radiation pulses, and with a
wide spectral sensitivity must be used.
Often the radiation from a source can have a complex radiation pattern with several modes
present. For a complete picture a large number of detectors are needed for measuring both the
electric and the magnetic field components. This report describes a magnetic field measurement
system based on commercial components. It can be used as a reference for relative calibration of
simpler radiation measurement systems.
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2. Magnetic field sensors

ψ
H

2.1. Single strand loops

Magnetic field sensors known as B-dot sensors or Bθ
dot probes consist of a loop of conducting material
E
[1,2,3]. The name B-dot is due to the mathematical
a
dot-notation for the time derivative, B& = ∂B ∂t , 2b
y
operating on the magnetic flux density B = µ0 H. The
1 2
loops considered here are electrically small with a
circumference less than one tenth of the measured
φ
wavelength. When a plane electromagnetic wave is
incident on a loop, as shown in figure 1, an openx
circuit voltage V0 develops across the loop terminals,
denoted 1 and 2 in figure 1. The induced voltage is
Figure 1. Plane wave incident on a loop.
proportional to the area encircled and to the time
derivative of the magnetic field according to
r
d H (t )
.
(1)
V0 (t ) = Aeq ⋅ µ 0
dt
Assuming a circular loop of radius a, we can rewrite Eq.(1) as
dH (t )
V0 (t ) = πa 2 ⋅ µ 0
(2)
cos(ψ )sin (θ ) .
dt
A circuit containing a loop to detect the magnetic field must be terminated by a load over which
the voltage can be measured by an oscilloscope or corresponding equipment. Figure 2 shows an
equivalent circuit where Zin is the input impedance of the loop and Zload is the load impedance.

Z in

+

V0

Z load

-

Figure 2. Equivalent circuit of B-dot sensor.
The voltage across the load is given by voltage division of the open-circuit voltage according to
Z load ( f )
Vload ( f ) = V0 ( f ) ⋅
.
(3)
Z in ( f ) + Z load ( f )

The input impedance Zin is the sum of the antenna resistance and the antenna reactance. The
antenna resistance is the sum of the radiation resistance, Rr, and the loss resistance, RL, while the
reactive losses is the sum of the inductive reactance of the loop, XA, and the reactance of the loop
conductor Xi. Eq.(3) can be expressed as
Z load ( f )
.
(4)
Vload ( f ) = V0 ( f ) ⋅
R r + R L + Z load ( f ) + j ( X A ( f ) + X i ( f ) )
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For a B-dot loop sensor of a size much smaller then the measured wavelength and terminated by
a 50 Ω impedance, the main loss can be shown to be inductive, cf. e.g. Balanis [3]. This is
exemplified by figure 3 which shows the ratio Vload / V0 for different total loop inductances
ignoring resistive losses in the sensor and having a purely resistive 50 Ω termination.
.

Load voltage / open circuit voltage

1

0.8

L = 0.1 nH
0.6

L = 1 nH
0.4

L = 10 nH

0.2

0
7
1 .10

1 .10

8

9

1 .10

10

1 .10
Frequency(Hz)

11

1 .10

1 .10

12

Figure 3. Reactive losses for different inductances.

In case the frequency of the field measured is so low that inductive losses can be ignored
(Xtot/Rload << 1) the load voltage is equal to the open circuit voltage. This is the differentiating
mode of the sensor. The magnetic field component normal to the loop is then obtained by
integration of the load voltage signal

H (t ) =

∫V

load

(t )dt

µ 0 ⋅ Aeq

,

(5)

which for a sinusoidal voltage signal of frequency f0 is written

H (t ) =

Vload (t )
.
2π f 0 ⋅ µ 0 ⋅ Aeq

(6)

At higher frequencies (Xtot/Rload >> 1) the sensor operates in its self integrating mode. The
magnetic field is then proportional to the voltage signal
H (t ) =

Vload (t ) Ltot
.
⋅
µ 0 ⋅ Aeq Rload

(7)

Between these pure modes the sensor operates in its transitional mode (Xtot/Rload ≅ 1) and the
magnetic field is obtained by
 2π f 0 ⋅ Ltot
Vload (t )
⋅ 
H (t ) =
2πf 0 ⋅ µ 0 ⋅ Aeq  Rload

8

2


 + 1 .


(8)

FOI-R--1330--SE

2.2. Cylindrical loops
To avoid having a large inductive signal loss in a loop sensor the inductance can be reduced by
extending the loop in its axial direction and form a cylinder [5,6]. The inductance of a very long
cylinder, considered as a solenoid with a small thickness is given by [5]:
Lcyl = µ 0

πa 2

(9)

l

where l is the length of the cylinder and a is the radius. For shorter coils and coils of not
negligible thickness, Eq.(9) is multiplied with a correction factor KL [7]. The correction factor is
a function of length to diameter ratio and outer/inner radius ratio. The ratio b/a in figure 4 (from
Knoepfel [7]) is the ratio between the outer radius of the solenoid and the inner radius of the
solenoid. The ratio h/2a in figure 4 is the length to inner diameter ratio of the solenoid.

Figure 4. The inductance correction factor KL for various solenoids [7].

By requiring the cylindrical sensor to have time constant τ, or an upper 3 dB frequency f3dB, a
condition for the inductance is obtained:
Lcyl = Rload ⋅ τ = Rload

1
.
2π ⋅ f 3dB

(10)

Introducing a correction factor KL into Eq.(9) and combining with Eq.(10) gives the expression

µ0

πa 2
l

K L = Rload ⋅ τ = Rload

1
2π ⋅ f 3dB

(11)

The response of the loop itself is limited by the rise time, given by
2πa
(12)
tr =
c
and represents the time it takes for an electromagnetic wave to travel around the loop. This
means that the loop itself has a maximum frequency response given by Eq.(24). An optimum
situation would be if the maximum frequency of the loop based on transit time and the frequency
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limitation of the inductance and termination were equal. Combining Eq.(11) with Eq.(24) the
expression

µ0

πa 2
l

K L = Rload

1
1
2π ⋅ 2
4t r

= Rload

is obtained, reducing to
4 ⋅ Rload
a
,
=
l K L µ 0 cπ 2
or
l K L µ 0 cπ 2
.
=
a
4 ⋅ Rload

4a
2c

(13)

(14)

(15)

A 50 Ω transmission line matching (Rload = 50 Ω ) and a correction factor KL = 0.9 gives a ratio
l/a ≈ 7.5 or l/2a ≈ 3.8, assuming a negligible thickness of the solenoid.
The time response given by Eq.(12) assumes that the signal is introduced at the centre of the
cylinder axis. This means that the transit time for a signal is longer if introduced at the farthest
point of the cylinder, i.e. at one end of the cylinder. The transit time for that signal would be
tr =

2
c

(πa )2 +  l 

2

 2

,

(16)

which for l = 0 is the same relation as Eq.(12). The high frequency limit would depend on the
cylinder radius and length by
f max = 2

1
=
4t r

2
2
4⋅
c

(πa )

2

2

l
+ 
 2

(17)

Combining Eq.(11) and Eq.(16) gives a more accurate condition for the size of the sensor given
either radius or length.

µ0

πa 2
l

4⋅
K L = Rload

(πa )2 +  l 

2

 2
π ⋅ 2 ⋅c

(18)

Solving for the ratio l/a gives
l
= 2π
a

1+

µ0 2c 2 K L 2
8 Rload

2

−1

(19)

The l/a ratio is 6.038 for a 50 Ω load when the transit time for a cylinder is accounted for. From
figure 4 an outer radius of 1.22a of the cylinder would be required to have a KL = 1 at
l/a = 6.038. An inner radius of 2 mm requires an outer radius of 2.44 mm.
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2.3. Bandwidth of a B-dot sensor
The bandwidth of a sensor is defined as the frequency at which the measured output voltage has
dropped 3 dB (i.e. halved) compared to the open circuit voltage. Using the differentiating mode
or self integrating mode expressions the error would be 29.3% at this frequency. For the B-dot
sensor the 3 dB limit is obtained when
f 3dB =

Rload
2π ⋅ Ltot

(20)

where Rload is the terminating resistance and Ltot is the total loop inductance. Eq.(20) corresponds
to a time constant τ of the sensor according to

τ=

Ltot
1
=
Rload 2π ⋅ f 3dB

(21)

2.4. Rise time and frequency limits
The equivalent frequency of a signal corresponds to a rise time of the signal [2,4]. For a
continuous wave the frequency fCW, period time T, and rise time tr (0 – 100%) relate according to
f CW =

1
1
=
T 4t r

(22)

For a double exponential pulse the equivalent frequency fP relates to the rise time tr according to
1
fP =
(23)
4t r
where tr is the 10 to 90 % rise time of the double exponential pulse. A sensor required to have a
fastest rise time tr has a 3 dB frequency limit estimated by [2,4]
1
0.35
f 3dB = 2
=
(24)
4t r
tr
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3. Commercial sensor Prodyn B-24
The commercial B-dot sensor used is a Prodyn B-24 (serial number 54), shown in figures 5 & 6,
with specifications according to table 1 [8]. The data sheet for the B-24 is found in Appendix A.
Table 1
Equivalent Area (Aeq Differential)
Frequency Response (3dB point)
Rise time (tr 10-90)
Maximum Output (peak)
Output Connectors

9 x 10-6 m2
8.5 GHz
~ 0.041 ns
± 500V
SMA (male)

Figure 5. The Prodyn B24 sensor design [8].
The B-24 sensor is a cylindrical loop with differential output. The sensing cylinder consists of
two half cylinders each connected to a 50 Ω transmission line giving opposite sign on the output
signals. The sensor is then connected to a balun taking the difference of the two signals
increasing the signal and reducing the noise. This sensor is used with a Prodyn Balun BIB-100G
[9] and an HP8472B crystal detector diode [10], both described by Appelgren et al. [11]. The
sensor head is encapsulated to provide breakdown resistance and environment protection.

Figure 6. The Prodyn B24 sensor. The white cylinder is the sensor head .
The 3 dB frequency limit of the Prodyn B-24 is 8.5 GHz corresponding to a rise time of 0.041 ns
using Eq.(24). The 3 dB frequency corresponds to a time constant
L
1
1
1
=
=
=
= 1.87 ⋅ 10 −11 s.
(25)
9
R ω 3dB 2πf 3dB 2π ⋅ 8.5 ⋅ 10
The sensing head consists of two half cylinders, each connected to a 50 Ω transmission line. The
sensing loop has a diameter of 3.30 mm, corresponding to an enclosed physical area of
8.56 mm2, which is close to the equivalent area given in the data sheet. No drawings of the
sensor head are available. Some measured values are given in the measurement report
(Appendix C). The width of the sensing loop is 3.56 mm and is assumed to be the height of the
cylinder. The attenuation in the transmission lines has not been considered in the datasheets
supplied by the manufacturer.
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4. Measurement system
The magnetic field measurement system consists of a B24 sensor, a Prodyn balun, a LeCroy
WaveMaster 8500 5 GHz oscilloscope, and coaxial cables connecting them, cf. figure 7.

Figure 7. Magnetic field measurement system
Balun
The balun used together with the B24 sensor is a Prodyn Technologies BIB-100G, which accepts
the two signals from the sensor and outputs the unbalanced difference signal. The BIB-100G has
an attenuation of 8 dB and bandwidth 250 kHz - 10 GHz. These baluns are also used in the
electric field measurement system, as described by Appelgren et al. [11] including specifications
and calibration curves.
Coaxial cables
The signal attenuation in the connecting coaxial cables is usually frequency dependent, and must
be accounted for in the evaluation of the measurement results. One high-frequency cable used is
Habia Flexiform 405FJ [12,13], suitable for frequencies up to 20 GHz. This cable has an
attenuation of 1.5 dB/m at 4 GHz. The attenuation in voltage amplitude is given by
V2
= 10 −α l / 20
(26)
V1
where α is the attenuation in dB/m and l is the total cable length, i.e. the sum of the cable lengths
before and after the balun (l = l1 + l2 in figure 7). It is important that the two cables from the
sensor to the balun are of equal length.
Data reduction
Inserting B = µ 0 H into Eq.(8) and introducing attenuation factors for balun and cable we get
8
α ⋅l
−
−
 2πf 0 ⋅ Ltot
V (t )
B⊥ (t ) = osc
⋅ 10 20 ⋅ 10 20 ⋅ 
2πf 0 ⋅ Aeq
 Rload

2


 + 1


(27)

where B⊥ is the component of the B-field normal to the loop plane, and Vosc (t ) is the voltage
signal as recorded on the oscilloscope.

If the spectral sensitivity for the frequency range of interest is available for sensor, cables and
balun these components can be regarded as filters, each with their own transfer function.
Recorded data are then reduced to field amplitudes by applying the inverse transfer functions.
Crystal detector option
A crystal detector diode can be inserted before the oscilloscope termination to measure the
microwave power. This is useful for measuring microwaves of high frequency when time
resolution of the signal is not required. Hence, an oscilloscope with a smaller bandwidth can be
used in this configuration. The HP 8472B crystal detector has an input impedance of 50 Ω,
sensitivity 0.1 mV/µW, and is documented in Appelgren et al. [11].
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5. Calibration
Ignoring attenuation and using datasheet values in Eq.(27), the magnetic field H(t) relates to the
measured signal according to
 f
VL (t )
H (t ) =
⋅  0
2πf 0 ⋅ µ 0 ⋅ Aeq  f 3dB

2

2


V L (t )
 f0 
 + 1 =
⋅ 
 +1
9
−6
2πf 0 ⋅ µ 0 ⋅ 9 ⋅ 10
 8.5 ⋅ 10 


(28)

5.1. Measurements with calibrated source
The balun has an attenuation of approximately 8 dB, which however has a large variation with
frequency. A calibration of the B-24 with a balun was performed at the Swedish National
Testing and Research Institute, SP (Appendix D). The sensor with balun was positioned in the
far field in front of a horn antenna with known output. The frequency was swept between 1.15
and 8 GHz. The frequency was increased in steps of 250 MHz up to 4 GHz while the step size
was 500 MHz above 4 GHz. Figure 8 shows the calibrated sensitivity (crosses) versus the
theoretical (line) as given by Eq. (28). The sensitivity (V per A/m) deviates up to 50 % from the
theoretical sensitivity.

Figure 8. Calibrated (crosses) and theoretical sensitivity (line) of B-24 sensor.

The theoretical curve represents an average sensitivity in the frequency range measured, but the
deviations are large at several frequencies. The sampling in this measurement is not dense
enough to resolve the peaks and troughs, but shows that the accuracy in measurements with this
system is not better than a few tens of percent.
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5.2. Network analyzer measurements
The voltage reflection coefficient S11 was measured for the Prodyn BIB-100G balun together
with the Prodyn B-24 B-dot probe, see Figure 9. In total, 401 points were measured in the range
between 100 MHz and 8 GHz with a HP 8510C network analyzer.

Figure 9. S11 parameter for B-24 with balun.

The input impedance Zin of the balun and B-dot seen from the network analyzer can be
calculated from the voltage reflection coefficient as [3]
Z − Z0
(29)
S11 = in
Z in + Z 0
where Z0 is the characteristic impedance of the measuring equipment, i.e. Z0=50 Ω. The input
impedance of the balun and B-dot can be seen in Figure 10.

Figure 10. Input impedance for B-24 with balun.
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6. Concluding remarks
The magnetic field measurement system described can be used for free field measurements in the
characterization of pulsed microwave sources. The B-dot probe and balun configuration can be
used to directly sample one field component of the received radiation for pulses with frequency
content up to about 8 GHz, or to the bandwidth of the oscilloscope used. It is also possible to
measure the microwave power by using a crystal detector.
The B-dot probe and balun show a rather complex spectral sensitivity with many peaks and
troughs in the frequency range of interest. Hence the detailed evaluation of a measurement can
become very complicated if all spectral components are to be treated with full accuracy. Instead,
simplified expressions may be used in the reduction of data.
A magnetic field measurement system built on a commercial B-dot probe and balun can be used
as a reference for relative calibration of similar in-house made measurement systems.
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Appendix A: Data sheet Prodyn B-24
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Appendix B: B-24 Equipment test data

19

FOI-R--1330--SE

Appendix C: B-24 Measurement report
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Appendix D: Calibration documents
Page 1 of calibration document.
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Page 2 of calibration document.
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Standard gain horn antennas (Flann Microwave) used and distance to sensor.
Frequency
[GHz]
1.15
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.50
5.00
5.50
6.00
6.50
7.00
7.50
8.00

Horn
[-]
6240
6240
6240
8240
8240
8240
8240
10240
10240
10240
10240
10240
12240
12240
12240
14240
14240
14240
14240
14240
14240

24

Distance
[m]
1.402
1.402
1.402
1.510
1.510
1.510
1.510
3.414
3.414
3.414
3.414
3.414
3.865
3.865
3.865
3.934
3.934
3.934
3.934
3.934
3.934

