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Notation

Symbol Quantity Unit
a d | Linear dimensions m
Aeq Equivalent area m?
B Magnetic flux density T
f Frequency Hz
H Magnetic field A/m
L Inductance H
R Resistance Q
t Time ]
V Voltage \Y
X Reactance Q
Z Impedance Q
Y7 Permeability H/m
0 Angle 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

2.1. Single strand loops

Magnetic field sensors known as B-dot sensors or B-
dot probes consist of a loop of conducting material
[1,2,3]. The name B-dot is due to the mathematical
dot-notation for the time derivative, B = oB/ot,

operating on the magnetic flux density B = uyH. The
loops considered here are electrically small with a
circumference less than one tenth of the measured
wavelength. When a plane electromagnetic wave is
incident on a loop, as shown in figure 1, an open-
circuit voltage V) 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

dH (1)

2b

Vo(f):;leq "My g (1)
Assuming a circular loop of radius a, we can rewrite Eq.(1) as
a0 =ty oD cos(y)sin(e). @)

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 Z;, is the input impedance of the loop and Zj,, is the load impedance.

A

mn

VO Z load

e
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 100 ()
Vieaa (S) =V (f)- o : 3)
Zin (f) + Zload (f)
The input impedance Z;, is the sum of the antenna resistance and the antenna reactance. The
antenna resistance is the sum of the radiation resistance, R,, and the loss resistance, R;, while the
reactive losses is the sum of the inductive reactance of the loop, X, and the reactance of the loop
conductor X;. Eq.(3) can be expressed as

Viea (N =V (f)-

Z od (f) .
R +R, +Z,,(N+iX,()+X,(f))

“4)
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For a B-dot loop sensor of a size much smaller then the measured wavelength and terminated by
a 50 Q 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 V. /Vy for different total loop inductances
ignoring resistive losses in the sensor and having a purely resistive 50 €2 termination.

0.6 [~

041

Load voltage / open circuit voltage

1 1
7 8 9 10 11 12

0

1-10 1-10 1-10 10 1-10 1-10

1-
Frequency(Hz)
Figure 3. Reactive losses for different inductances.

In case the frequency of the field measured is so low that inductive losses can be ignored
(Xo/Rivaa<< 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

_[ Vv/oad (t)dt
H(t)y=—"—, (%)
lu() : Aeq
which for a sinusoidal voltage signal of frequency fj is written
Viua (
H@)= L() . (6)
27Z'f0 ) /’lO : Aeq

At higher frequencies (Xj,,/Riaqa>> 1) the sensor operates in its self integrating mode. The
magnetic field is then proportional to the voltage signal

V, L
H(Z) — load (t) 3 tot . (7)
lu() ’ Aeq R/oad

Between these pure modes the sensor operates in its transitional mode (X,,/Riaq=1) and the
magnetic field is obtained by

Vs  f27f L,
H(t) - 2#0 ’ luO : Aeq \/( R/oad J +1 . (8)
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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]:

72'612

Lcy/ = ﬂo T (9)

where / is the length of the cylinder and « is the radius. For shorter coils and coils of not
negligible thickness, Eq.(9) is multiplied with a correction factor K; [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 4/2a in figure 4 is the length to inner diameter ratio of the solenoid.

1.5 T T II‘H'II

Ko

0.5—

1 !11]][ 1 IllJI!

0 0.1 1 0 h 100

Fig. A1.10. The inductance correction factor K for various solenoids; the continuous
curves refer to constant current density, the broken lines to the current distribution as
determined by potential theory (see Fig. A1.9).

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

By requiring the cylindrical sensor to have time constant 7, or an upper 3 dB frequency f3.5, a
condition for the inductance is obtained:

1
L,=R,, T=R, ,——. 10
cyl load load 271_ . f;dB ( )
Introducing a correction factor K, into Eq.(9) and combining with Eq.(10) gives the expression
2
a 1
—K, =R, T=R, ,—— 11
/’lO l L load load 27[ . f3dB ( )
The response of the loop itself is limited by the rise time, given by
2
t, = < (12)
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

2
7 1 4a
/’lO TKL = R/oad 1 = Rload \/_ (13)
2m-A2— 2¢
4t
is obtained, reducing to
4-R

g — load , (14)

I K, ucm2
or

I KL,uocm/E (15)

a 4 : Rlaud .

A 50 Q transmission line matching (Rj,.¢ = 50 € ) and a correction factor K; = 0.9 gives a ratio
l/a="1.5 or [/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

2
(=2 () +(£J : (16)
c 2

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

S =V2—= (17)

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

2 ol (1)

na
1, K, =R, (18)
0 l L load 7[‘\/§~C

Solving for the ratio //a gives

2 2 2
K
£=4/2;; 1+'UOC—ZL_1 (19)
a 8Rload

The //a ratio is 6.038 for a 50 € 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 K;=1 at
l/a=6.038. An inner radius of 2 mm requires an outer radius of 2.44 mm.

10
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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

R
f3dB =l (20)

2r-L,,
where Rj,,q is the terminating resistance and L, is the total loop inductance. Eq.(20) corresponds
to a time constant 7 of the sensor according to

L 1

tot

Rload 2r - fde

= 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 fcy, period time 7, and rise time ¢ (0 — 100%) relate according to

1 1

=—=— 22
Jow =757 : (22)
For a double exponential pulse the equivalent frequency f» relates to the rise time ¢ according to
1
- 23
f P 4lr (23)

where t; is the 10 to 90 % rise time of the double exponential pulse. A sensor required to have a
fastest rise time ¢, has a 3 dB frequency limit estimated by [2,4]

1 0.35
f3dB=\/§K=t_ (24)

r

11
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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 (4., Differential) |9 x 10° m’
Frequency Response (3dB point) 8.5 GHz

Rise time (- 10-90) ~0.041 ns
Maximum Output (peak) + 500V
Output Connectors SMA (male)

SMA CONNECTORS ——

QUTPUT CABLES
Loop (Semi-Rigid Coax)

-STRAIN
RELIEF

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 Q 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.

Fgure 6. The Prd B24 sensor. The white 1inder 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__t _ ! = ! =1.87-107"s. (25)

R w,, 2, 27-8510°
The sensing head consists of two half cylinders, each connected to a 50 € transmission line. The
sensing loop has a diameter of 3.30 mm, corresponding to an enclosed physical area of
8.56 mm®, 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.

12
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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.

/; l

D —1+
Bﬁ balun - g—oscilloscope
D — - =

Figure 7. Magnetic field measurement system

_————-X

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

& — 1070{1/20 (26)

4
where o is the attenuation in dB/m and / is the total cable length, i.e. the sum of the cable lengths
before and after the balun (/ = /; + L in figure 7). It is important that the two cables from the

sensor to the balun are of equal length.

Data reduction
Inserting B = u,H into Eq.(8) and introducing attenuation factors for balun and cable we get

v 5w o Y
B (o) =—le=® o7 107 \/[—”fo j +1 27)
2#O'Aeq load

where B, is the component of the B-field normal to the loop plane, and V, (¢) is the voltage

osc

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 Q,
sensitivity 0.1 mV/uW, and is documented in Appelgren et al. [11].

13
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5. Calibration

Ignoring attenuation and using datasheet values in Eq.(27), the magnetic field H(?) relates to the
measured signal according to

H(t): VL(t) . (fo] +1= VL(t) —- ( fO 9) +1 (28)
2#0'/'10'14611 Saas 27 - 1y -9-10 8.5-10

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.

0.25 . .

o

a

%]
T

Sensitivity (V per A/m)
o

0.05-

0 1 1 1
0 2 4 6 8 10

Frequency (GHz)

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.

14
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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.

-5

10k

-15F

511[dB]

'300 1 . 3 e 5 & 7 g

Freqguency [EHZz)
Figure 9. S11 parameter for B-24 with balun.

The input impedance Z;, of the balun and B-dot seen from the network analyzer can be
calculated from the voltage reflection coefficient as [3]
L —Z
Sl 1 _ "in 0
Z,+Z,
where Zj is the characteristic impedance of the measuring equipment, i.e. Z,=50 Q. The input
impedance of the balun and B-dot can be seen in Figure 10.

(29)

160 ! ; ! ;
140_ .......... .......... .......... ........... ........... ........... ........ ;
120

100

Z[q)]

20

40

200 1 2 3 4 5 5] T g
Frequency [GHZz]

Figure 10. Input impedance for B-24 with balun.

15
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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.

16
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Appendix A: Data sheet Prodyn B-24

DATA SHEET

MAGNETIC FIELD SENSOR (B)
(Free Field)

MODEL B-24

DESCRIPTION

The PRODYN Model B-24 is a full loop magnetic sensor that measures the time rate-of-change
of a magnetic field . This very small portable device was designed specifically for making
high frequency free field measurements. For this type of measurement and because the sensor
is fragile due to its size, it should be supported by dielectric materials and placed a
minimum of two sensor diameters from conducting surface. The sensing area is encapsulated
to provide breakdown resistance and protection from the environment. The sensor is a passive
device, therefore, an external power source is not required.

The equation relating to the sensor is:

—_— >
Vo = Req ° g% = sensor output (in volts)
where
R
Agq = sensor equivalent area (m2)

i’

magnetic flux density vector (teslas)

ELECTRICAL SPECIFICATIONS

Equivalent Area (Agq, Differential) . . . . . .. .. .. ... .. 9 x 10-6
Frequency Response (3dB point). . . . . . . v v v v v v v v v v . ~8.5GH,
Risetime (t, 10-90) . . . . . . . .« . v o i oo ~ .041 NS
Maximum Qutput (peak) . . . . . .. % 4 s 4 5w s e s e oneewos +500v
Qutput CONMECtOrS . . . & v v v v v v e e e e e e e e e e e e e e SMA (Male)

PHYSICAL SPECIFICATIONS

SMA CONNECTORS

OUTPUT CABLES
(Semi-Rigid Coax)

STRAIN
RELIEF

15,75 "

18
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Appendix B: B-24 Equipment test data

BS-FEB-20B4 16:38 FROM PPM TO BB46855584144 P.82-83

lf“l"llllmi Fauipment Test Data

LI
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Equip, Description

Serial No.

Piciure Oatp

10w ov s
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Serial Ne.
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B-24 Measurement report

Appendix C
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Appendix D: Calibration documents

Page 1 of calibration document.

=
Q

utférdat av Riksmétplats 01 / CALIBRATION CERTIFICATE issued by a Swedish National Laboratory
Patrik Appelgren
FOIL
Grindsjon Research Centre
147 25 TUMBA

heyHandled by, DatunvDate Beteckning/Reference Sida/Page

Kristian Karlsson, Electronics 2004-02-24 F403094-B 1(3)

Calibration of B-Dot field probe

Calibration object

B-Dot field probe: Prodyn, model B-24(R), S/N 54, ID: GR000595

Mission

To calibrate a B-Dot field probe in the frequency interval 1.15 GHz to 8 GHz.
Date of calibration

2004-02-18

Test environment

Temperature before calibration: 219 °c
during calibration: 2] 9°Cc
after calibration: 21.7°%

Humidity: 3B%+5%

Method of calibration
Calibration is performed in a known electric field according to SP method: SP 2781.

1GHz - 18GHz: The electric field is generated by a computable Standard Gain
Horn (from Flann Microwave)

Traceability

Power measurements were performed with a power meter calibrated at Nederlands
Meetinstituut, NMi.

SP Sveriges Provnings- och Forskningsinstitut, Box 857, 501 15 BORAS, Tel 033-16 50 00, Telefax 033-13 55 02, E-mail info@sp.se, Org. nr. 556464-6874
SP Swedish National Testing and Research Institute, Box 857, SE-501 15 BORAS, SWEDEN, Telephone +46 33 16 50 00, Telofax +46 33 13 55 02, E-mail info@sp.se, Reg. No. 556464-6874

Riksmiitplats utses av regeringen enligt lagen (1992:1119) och férardningen (1993:1065) om teknisk kontroll. Detta dokument far endast Aterges | sin helhet om inte SP i 1orvag skriftligen godkant annat.

National Laboratories are designated by the Swedish Government according to the Act (1992:1119) and the Decree (1993:1065) conceming testing and melrology.
This certificate may not be reproduced other than in full, except with the prior written approval of SP.
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Page 2 of calibration document.

DawnvDate Beteckning/Reference Sida/Page

2004-04-24  F403094-B 2(3)

Result

The generated H-field and measured voltage is provided in table 1 below.

Provided that the test antenna is placed in the far field, the E-field in front of an antenna
can be calculated as (SP-method 2781):

£ +30P, G
R
where:
Pin = Power at the connector of the horn antenna.
G = Gain of the reference antenna
R= Distance between reference antenna and test object.

See figure | for test setup. The H-field can be calculated from the E-field:
H=E[n, n=377
where 77 is the wave impedance in free space.
During the calibration the H-field at the test object was calculated and according to SP-

method 2781 and the voltage over a 50Q load at the port of the test object was recorded.

Horn antenna,
Test object

]Rm

Figurel. Test setup within anechoic chamber.
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Page 3 of calibration document.

Datun/Dare Beteckning/Reference Sida/Page

2004-04-24 F403094-B 3(3)

Table 1. Generated H-field and measured voltage (Prodyn B-24 (R))

Frequency Reference level | Voltage at probe/balun connector

[GHz] [A/m] [mV]
1,15 0,254 7,80
1,25 0,258 7,94
1,50 0,315 12,8
1,75 0,139 6,03
2,00 0,221 8,83
225 0,302 13,1
2,50 0,351 16,2
2,75 0,198 13,1
3,00 0,199 11,7
3,25 0,231 13,9
3,50 0,236 12,0
3,75 0,228 11,4
4,00 0,198 12,7
4,50 0,171 23,6
5,00 0,174 16,5
5,50 0,115 10,6
6,00 0,147 25,6
6,50 0,161 22,7
7,00 0,103 123
7,50 0,105 22,0
8,00 0,122 17,6

Uncertainties

The relation between generated H-field and voltage at the probe has a total
measurement uncertainty of: +/- 0.7 dB (+/- 10 %)

The reported expanded uncertainty of measurement is stated as the standard uncertainty
of measurement multiplied by the coverage factor k = 2, which for a normal distribution
corresponds 1o a coverage probability of approximately 95%. The standard uncertainty
of measurement has been determined in accordance with EA Publication EA-4/02.

SP Swedish National Testing and Research Institute
Electronics - EMC

RMP01 HF

LN Ll YL
Tan Welinder Kristian Karlsson
Technical manager Technical Officer
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Standard gain horn antennas (Flann Microwave) used and distance to sensor.

Frequency Horn Distance
[GHZ] [) [m]
1.15 6240 1.402
1.25 6240 1.402
1.50 6240 1.402
1.75 8240 1.510
2.00 8240 1.510
2.25 8240 1.510
2.50 8240 1.510
2.75 10240 3.414
3.00 10240 3.414
3.25 10240 3.414
3.50 10240 3.414
3.75 10240 3.414
4.00 12240 3.865
4.50 12240 3.865
5.00 12240 3.865
5.50 14240 3.934
6.00 14240 3.934
6.50 14240 3.934
7.00 14240 3.934
7.50 14240 3.934
8.00 14240 3.934
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