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Chapter 1 

Introduction 

The use of electric components is currently common in domestic, industrial, and military 

applications. Furthermore, the failure of some of these devices can produce catastrophic 

consequences; as in the case of electric detonators. Electromagnetic fields can be a cause of failure 

in electric devices, for this reason, the assessment of the electromagnetic (EM) response of critical 

devices is required. In this document, an experimental approach to study the electromagnetic 

susceptibility of devices and systems is studied.  

Currently, in addition to the electromagnetic interferences produced by natural sources (e.g. 

lightning, ESD), intentional electromagnetic interferences (IEMI) should be considered. Different 

strategies, including modeling, simulating, or measuring, are used to determine the susceptibility of 

a system against a disturbance. However, the experimental alternative is nowadays the more viable 

for complex systems. 

EM immunity tests can be destructive or non-destructive. Non-destructive tests allow 

characterizing the device’s EM response with more details; however, it presents additional 

challenges. In this case, not only high power electric fields have to be generated but induced 

currents should be measured without altering the device behavior. In this document, a procedure to 

characterize the EM susceptibility using a non-destructive test is presented. The considered method 

is based in measuring the induced power in the victim device using a fiber-optic thermometer on a 

critical electric load. The selected device under study in this document is an electro-explosive 

device (EED), which is a typical example of an element with minimal failure requirements.  

The document is organized as follows. In Chapter 2, current techniques used to characterize the 

EM susceptibility of EEDs are presented. In Chapter 3, the sensor response, used as a power sensor, 

is assessed and modeled. Then, in Chapter 4, a continuous wave source proposed for susceptibility 

tests is analyzed in detail. In Chapter 5, a radiation test for the characterization of systems with 

EEDs is presented and compared with theoretical results. Finally, general conclusions are presented 

in Chapter 6.  
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Chapter 2 

Radiated Electromagnetic Susceptibility Testing of 

EEDs 

2.1 Introduction 

With the development of high power electromagnetic radiators, the concern about their use as 

sources of IEMI has become evident [1]. As a consequence, diverse studies assessing the 

susceptibility of critical devices and critical systems have been conducted; even, a series of 

standards devoted to protect civil society against high power electromagnetics (HPEM) have been 

produced [2]. Studies on the electromagnetic susceptibility of EEDs against different HPEM 

sources have been reported, including analyses on the EED electromagnetic and thermal responses 

[3] and the effect of the firing circuit variability [4, 5].  

Effects produced by HPEM are diverse. They depend on the waveform of the incident signal, the 

system characteristics, and the environment characteristics. Effects can be noise added to data 

signals, the complete system reset, or even component destruction. In spite of the broad range of 

consequences, all effects are characterized by a significant amount of power induced in the victim 

device and finally coupled to a critical element. In addition, effects can be classified as recoverable 

and destructives.  

Most upsetting effects are generally related to thermal phenomena. Depending on the device 

nature, thermal effects are developed in different ways. In electronic devices, most of thermal 

effects are secondary effects given by short-circuit currents produced by failures in semiconductors. 

In electric devices, such an electric detonator, thermal effects are due to the dissipation of the 

induced power by the external field. These effects are commonly assessed by destructive methods 

[6-8]; however, recent non-destructive techniques allow a better understanding of the presented 

dissipation phenomena [9-12]. 

2.2 Electro-explosive Devices  

Electro-explosive devices (EEDs) are electro-thermal transducers commonly used in many 

industries (e.g. mining, automotive, and military) because of their versatility and simple operation 

mode [13]. According the initiation mechanism, there are three main types of EEDs: i) hot bridge-

wire detonators, ii) exploding bridge-wire detonators, and iii) exploding foil initiators. The first two 
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kinds are particularly susceptible to EM fields since they are low voltage devices [14]. One of the 

most common types of EEDs is the hot bridge-wire detonator, whose diagram is shown in Fig. 2.1. 

In this study, we will only consider this type of detonator. Hot bridge-wire detonators are composed 

by a pair of feeding wires that connect a bridge-wire located inside a cylindrical metallic case. The 

bridge-wire is surrounded by a primary explosive that is activated when its temperature achieves a 

critical value. Normally, these devices are activated with DC current pulses or a capacitor 

discharge.  

Hot wire-based EEDs have an all-fire current, which is the current that guarantees an activation 

with a 99% probability, typically in the order of 800 mA for low energy devices [15]. In addition, 

manufacturers also provide the no-fire current or the maximum no-fire threshold (MNFT), which is 

the current that guarantees a 0.1% firing probability with a 95% of confidence level [15]. The 

MNFT varies in each device, but it ranges from 100 mA for low energy EEDs to several Amperes 

for high energy devices [16].  One of the drawbacks of hot wire EEDs is that electromagnetic (EM) 

fields can induce currents higher than the firing threshold in their connection wires; for this reason, 

these devices are susceptible to radio frequency interference (RFI).  

 

Fig. 2.1. Schematic of a hot-wire detonator with typical dimensions and materials based on [17] 

2.3 Non-destructive Tests 

Non-destructive techniques include measurements of current or power induced in specific elements 

of the device under test (DUT). This kind of measurement presents a challenge because the 

instrumentation should not affect neither the electrical nor the thermal behavior of the system. In the 

case of electric detonators, a thin film thermocouple in the vicinity of the bridge-wire was proposed 

to quantify the effects of RF pick up on EEDs [18]. Other indirect techniques consist of measuring 

the current in the wires with a RF current transformer or calculating the bridge-wire current by 

indirect measurements with a voltage divider [10]. However, outputs of these measurements are 

disturbed by EM fields and the conductive elements, required for these techniques, affect the DUT’s 

EM near fields.  Other techniques include the use of magnetic field sensors [10], oscilloscope [19, 

20], and RF terminals based in wideband transformers [21].   
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(a)      (b) 

Fig. 2.2. Temperature measurement of an EED’s bridge-wire (form [22]) (a) and of a surface component in an 

electronic circuit using a fiber-optic thermal sensor (from [23]) (b). 

In [4], a non-destructive technique to obtain the electromagnetic response of improvised 

explosive devices (IEDs) is proposed using independent measurements of their components 

response. There, the IED is discomposed in two elements: the firing circuit and the EED. Gain and 

impedance data of these elements are inserted in a model which generates the total response. This 

strategy is useful for cases in which it is possible to physically separate the components. However, 

in some cases it is not possible and the whole system under test has to be characterized.   

2.4 Fiber Optic Sensors 

Other alternative is the use of fiber-optic based sensors, which are immune and transparent to EM 

fields. The main advantages of this technology are the reduced probe size, the small EM and 

thermal load that represent, and the low noise level. These characteristics are desirable when the 

temperature of specific points is required, such as the bridge-wire in an EED [24, 25] or small 

components in electronic circuits (see Fig. 2.2).  

This technique has been used in several studies of the EM response of EEDs. In [11], a method 

based on infrared radiation thermometer is proposed to determine safety distances in HPEM 

environments. Specifically, the EED response to a damped sinusoidal (DS) excitation is shown in 

that study. In [26], a fiber-optic sensor based on Fabry-Perot Interferometery is used to verify the 

extrapolation of the temperature measurement due to higher electromagnetic field levels at specified 

frequencies. The test was performed in a shielded enclosure in the range of 400 MHz to 8 GHz and 

with field strengths between 20 V/m and 160 V/m. A similar probe was used in [12], in which the 

susceptibility of EEDs connected to short wires (<25 cm) in dipole and parallel configuration was 

tested for CW in free space. Maximum bridge wire currents of 170 mA and 77 mA were reported 

for dipole and parallel configurations, respectively, with a 50 V/m incident field. Table 2.1 
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summarizes the characteristics of a list of tests that use radiated RF signals to excite EEDs in 

different setups. 

In [27], the common mode (pin to case) RF response of a NASA standard initiator (NSI), which 

is a bridge-wire EED designed for aerospace applications, is experimentally characterized. The NSI 

is fed using a RF generator, a bidirectional couple, a tuner, and an adapter to change from the 

standard coaxial connector to the NSI. A combination of forward and reflected power measures and 

a fiber-optic thermocouple from Opsens is used to calculate the delivered power to the NSI.  

Currently, fiber-optic sensors, based on the temperature-dependent band-gap of a GaAs crystal 

[22] and fluoroptic thermometry [23], have been adapted for this application and are available 

commercially. The disadvantage of fiber-optic based measurements is that only modified EEDs can 

be measured since the explosive content of the EED should be extracted to insert the sensor. A 

solution to this issue is to packing the EED with an inert material with electromagnetic and thermal 

properties similar to those of original fillers [28].  

 

Table 2.1.  Radiation Tests on EEDs 

Test Type Ref. 
Wave 

form 

Frequency 

Range (GHz) 

Field 

Strength 

(V/m) 

Device Under Test 
Induced Current 

(mA) 

Destructive [6] CW 300 - 1000 50 Mine 

> All-Fire 

(at 543, 692, and 893 

MHz) 

Non-

destructive 
[10] 

DS 

pulse 

200 – 600 

(Meas. BW) 

Pulse width = 

5 ns 

18000 

(peak) 

60-cm parallel wires 200 (peak) 

60-cm parallel wires  

+ firing Circuit 
5000 (peak) 

Non-

destructive 
[11] 

DS 

pulse 

Pulse width = 

5 ns 

30000 

(peak) 

Generic firing circuit, 

15 cm x 10 cm 
40000 (peak) 

Non-

destructive 
[26] CW 400 - 8000 20 - 160 

MK1 Squib with 

98 cm loop 

32.06 

(at 577 MHz and 100 

V/m) 

Non-

destructive 
[12] CW 100 - 3000 50, 100 

Rock*Star M200 

detonator with dipole 

and parallel wires 

300 

(at 264 MHz and 50 

V/m) 
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2.5 HPEM Test Sites 

Different test sites can be used to characterize radiated susceptibility. Although most of tests are 

performed in anechoic chambers or open area test sites (OATS), due to their availability, other 

scenarios also are used. The main reason for exploring other test sites is the difficulties to generate 

the very high electric field strengths at different frequencies required for some immunity test, 

especially for military standards [26].  

Some of them include shielding enclosures able to generate electric fields in the order of 150 V/m 

using a signal generator and a power amplifier [26]. Similar experimental conditions, but in 

anechoic chamber, are reported in [12], where strengths of 50 V/m and 100 V/m are used. A useful 

test site to produce controlled high strength electric fields is the GTEM cell. This structure produces 

a transverse electromagnetic field travelling by a terminated transmission line. The DUT is located 

inside the transmission line and is illuminated by the traveling field [29].  

2.6 Conclusions 

This chapter presented different experimental techniques reported in the literature to assess the 

electromagnetic susceptibility of EEDs. Non-destructive tests are particularly explained and it is 

shown the widely use of fiber-optic based sensors in EED characterization. In the next chapter, a 

fiber-optic thermometer is particularly characterized as power sensor attached to an EED and the 

importance of a good mechanical adapter is shown.  

  



11 

Chapter 3 

Characterization of the Fiber-optic Thermometer 

Response as Power Sensor 

The characterization of a fiber-optic thermometer used to quantify the dissipated power in an EED 

bridge-wire is presented in this chapter. Two adapters, made of plastic and wood, are compared. 

Although the behavior of both assemblies is similar, the wood adapter presents a better 

repeatability.  

3.1 Introduction 

Fiber-optic thermometers have become a substitute of other measurement methods such as 

thermocouples in EM susceptibility tests. The main reasons for that are their immunity to EM fields 

and the low influence on the electromagnetic and thermal response of the DUT. In fact, this 

technology is commonly used in tests of Hazards of Electromagnetic Radiation to Ordnance 

(HERO) and Electromagnetic Radiation Hazards (RADHAZ) [22]. In the last years, these devices 

have been practical for testing the susceptibility of EEDs against HPEM. Sensors based on infrared 

emissions [24, 30], semiconductor bandgap (SCBG) [31], Farby Perot Interferometry [26], and 

fluorescence [28] have been considered.  

Besides the sensor capacities, the assembly robustness is a necessary condition to obtain a 

reliable measurement in a susceptibility test. Due to the small dimensions of the bridge-wire, 

specialized positioning equipment, such as microscope and micromanipulators, can be required 

[31]. In this chapter, two low cost positioning adapters are presented. These adapters guide the fiber 

optic to the interest point and allow reuse the sensor since any glue is required. Here a fiber optic 

thermometer (FOT)  based in fluorescence is used [23].  

3.2 EED Thermal Model 

The thermal response of an EED is commonly represented by a  first order model proposed by 

Rosenthal [32]. This model is based in the exponential response observed in experimental heating 

curves and is given by: 

 
 ( )      

  

  
 

(3.1)  
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In (3.1),   is the bridge-wire temperature,   is the thermal conductance, which represents the 

material capability to conduct heat between the bridge-wire and the exterior of the EED, and   is 

the thermal capacitance. The inverse of the thermal conductance is the thermal resistance     

   , which directly relates the power and the temperature in steady state. This parameter is used in 

the next chapters to relate the measured temperature and the induced power in the device under test.  

Although the first order model describes the general heating behavior of the EED bridge-wire, it 

neglects the temperature increase given in the bridge-wire surroundings. Then, Prince and Lieeuw 

proposed a second-order model that includes this effect  [33].  

 
 ( )    (     )    

   
  

 (3.2)  

 
  (     )    (     )    

   
  

 
(3.3)  

Eqs. (3.2) and (3.3) represent the heat flow from the bridge-wire to the surrounding materials and 

from the surroundings to the ambient, respectively. In this model,   ,   , and    are the ambient, 

bridge-wire, and surrounding materials average temperatures, respectively.    and    are the 

thermal parameters of the bridge-wire, and    and    are the parameters of the pyrotechnic mixture. 

As a consequence, two thermal constants can be calculated:          and         . 

Solving (3.2) and (3.3) for a constant input power and assuming       , the bridge-wire 

temperature yields 

      [  (   
   )    (   

   )]  
(3.4)  

where  

   
 
 

          
  (     )(    )

 

   
          

  (     )(    )
 

     
 

 
(   √    (
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3.3 Experimental Configuration 

3.3.1 Adapters 

In a preliminary test, the temperature increase of the bridge-wire of an instrumented EED was 

measured using a FOT. The instrumented EED is an inert-EED (i.e. without explosive fillers) 

attached to the temperature sensor, as shown in Fig. 3.1. The measured heating curve shown in Fig. 

3.2 presents the expected exponential response; however, it shows that the time constant is several 

times higher than the typical one, which ranges between 20 and 60 ms [3]. This difference in the 

time constant can be due to the air flowing to the bridge-wire through the adapter or due to a poor 

thermal coupling between the probe and the bridge-wire. In addition, there is a possible probe 

misalignment affecting the measurement. In the next section, the adapter influence in the 

temperature measurement is studied and compared with other adapter in balsa.  

The plastic adapter was made with a hollow plastic tube with a smaller output diameter, as shown 

in Fig. 3.3a. The adapter output end guides the fiber-optic probe to the point of interest. The balsa 

adapter is a solid balsa wood cylinder with a small hole of the same diameter than the fiber optic 

probe. This adapter is shown in Fig. 3.3b and was designed to reduce the plastic adapter problems. 

Since the EED’s bridge-wire could not be centered, the hole was adjusted inserting a conductive 

wire and verifying continuity between the wire and the EED feeding wires. 

 

 
Fig. 3.1. Plastic adapter used to assemble the FOT with an inert EED.  

Fiber optic probe 

Plastic support 

Inert EED 



14 

 
Fig. 3.2. Temperature measurement of an EED bridge-wire using the FOT with plastic adapter.  

 

 
(a) 

  
(b) 

Fig. 3.3. Photo and diagram of the plastic (a) and the balsa (b) adapter used for assembling the FOT to the EED bridge-

wire.  

3.3.2 Adapter Material Selection 

Balsa selection, as filler material, resulted due to its EM and thermal characteristics. First, three 

materials were considered: ballistic gel, balsa wood, and oak wood. Due to the mechanical 

characteristics, the ballistic gel provides some advantages, such as taking the internal EED’s form 

and covering all the air spaces. The wood, on the other hand, provides known and stable EM 

characteristics and easy handling. Table 3.1 shows the characteristics of the proposed materials and 

the characteristics of the first explosive (i.e. lead azide) used in EEDs. The table shows that no 

material has the same characteristics as the lead azide. For this reason, the material that improves 

the sensor response was chosen. Thus, the balsa wood was selected due to its low thermal 

conductivity. Using this material, the heat is gathered around the bridge-wire. The ballistic gel was 

dismissed because the wet fabrication can affect the sensor performance.  
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Table 3.1. Thermal and electromagnetic characteristics of some materials considered to be used in the adapter.   

 Thermal 

Conductivity 

(W/m°K) 

Specific Heat 

(J/Kg°K) 

Dielectric 

Constant 

Loss Tangent Reference 

Lead Azide 0.176 596.02 17 <0.0012 [3] 

Balistic Gel 0.35 2677.80 50 - 260 0.01 [34, 35] 

Wood – Balse 0.055 2900.00 1.22 0.1 [36, 37] 

Wood – Oak 0.17 2000.00 2 - 6 0.03 [36] 

3.3.3 Equipment and Instruments 

The following instruments were used in the characterization of the instrumented EED: 

 Temperature industrial monitor Luxtron 812 

 Surface Temperature (STS) Fiber Optic Thermometry Probe – Luxtron FOT Probe STS 

 Variable DC source, 5V, 2A 

 Oscilloscope 

 Signal Generator 

 Multimeter 

3.4 FOT Characterization 

3.4.1 Steady State Response  

Table 3.2. Bridge-wire steady-state temperature obtained with the plastic and balsa adapters. 

Samples PA PB B1 

Adapter Plastic Plastic Balsa 

EED No. 2 2 N 

T∞ (°C) 25.5 24.5 23.8 

I (A) 0.3 0.3 0.3 

V (V) 1.5 1.7 0.8 

Tbw (°C) 

71.1 76 98.31 

94.6 115.7 101.93 

82.2 109 101.96 

131.1 134 

 
131.6 87.8 

 
123 90 

 
92.1 148 

 
Mean (°C) 103.67 108.64 100.73 

STD (°C) 24.64 26.11 2.099 

Rth (°C/W) 173.7 165.0 320.6 
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Table 3.2 shows the setup characteristics and the temperature measurements of the instrumented 

EED using both adapters for a DC input signal. The table presents the adapter type, the environment 

temperature, the current and voltage supplied to the EED, the temperature measurements, and the 

thermal resistance. Repeated measurements, inserting and moving away the probe but maintaining 

the adapter in place, were performed. Results show that the balsa adapter presents a much lower 

standard deviation than the plastic adapter. As a consequence, the balsa adapter shows a higher 

repeatability; this is because a more precise alignment is obtained with the balsa adapter. In 

addition, the balsa adapter presents a higher thermal resistance, which represents a higher 

sensitivity.  

3.4.2 FOT Step Response 

Fig. 3.4 shows the step response of two temperature measurements for each adapter. In this case, the 

instrumented EED was fed with a current pulse of 0.3 A, generating 0.8 V. The balsa adapter 

preciseness is verified in this test since the balsa heating curves shown in the figure are very close. 

In spite of the amplitude variability, the figure also shows that all the heating curves present the 

same behavior. This is illustrated in Fig. 3.5, in which the curves are fitted to the second order 

model explained earlier and named fitted-wire model [33]. The figure shows that all the 

measurements agree with the model.  

 
Fig. 3.4. Temperature measurements using the FOT with both adapters. 
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(a)      (b) 

 
(c)      (d) 

Fig. 3.5. Second order model fitted to the heating curves obtained using the FOT with the balsa adapter (a)-(b) and the 

plastic adapter (c)-(d). 

3.4.3 Wheatstone-Bridge Step Response 

With the aim of comparing the EED thermal response obtained by a different method, a 

measurement using a Wheatstone bridge was done [9, 33, 38]. This approach is based on 

determining the EED temperature variation from its resistance change. The EED under test is 

placed in an arm of the Wheatstone bridge, which is fed with a constant current source, and a 

voltage output proportional to the EED resistance change is obtained.  

Fig. 3.6 shows the implemented circuit. It includes a constant current source implemented with a 

transistor and an operational amplifier. The current source provides a constant current determined 

by Io =Vp/R1. Using a voltage of Vp=5 V, the current is Io=277.8 mA. The Wheatstone bridge 

output is given by 
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where        (    ),   is the temperature increase,        and             are the 

EED resistance at reference temperature and the EED thermal coefficient, respectively. This voltage 

is then amplified using an instrumentation amplifier. To balance the bridge, the method presented in 

[9] was used. It requires feeding the bridge with 5 ms pulses at a 0.1 Hz frequency and adjusting the 

trimmer  .  

During the test, the bridge was fed with pulses of 12.5 s and 0.05 Hz. In Fig. 3.7, the measured 

output voltage (Vm) and the second order model fit are presented. This result shows a stable 

temperature faster than in the FOT measurements. This is illustrated in Fig. 3.8, where both 

measurements are compared.  

 

 

 Fig. 3.6. Schematic of the Wheatstone bridge and its conditioning circuit. 
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Fig. 3.7. Output voltage of the circuit presented in Fig. 3.6 due to the EED heating. 

 
Fig. 3.8. Step response of the normalized EED temperature measured with the FOT and the Wheatstone bridge.  

Table 3.3 presents the thermal parameters of the second order model fit of results obtained using 

FOT and Wheatstone bridge approaches. Parameters in the same range are obtained for all 

measurements with FOT. However, parameters of the Wheatstone bridge measurement correspond 

to a faster response. Time constants (τ), calculated from the second order model parameters, are two 

magnitude orders lower than the obtained from the FOT measurements.  Since the oscilloscope used 

to measure the bridge output voltage is much faster (~ µs) than the EED thermal response, less 

distortion in the heating curve is obtained in this approach. In fact, the calculated parameters from 

the Wheatstone-bridge curve are inside the ranges reported in the literature [33, 38].  
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Table 3.3. Thermal parameters obtained from the measured heating curves.  

Transducer Fiber Optic Thermometer 
Wheatstone 

Bridge Measurement B1 B2 P1 P2 

Adapter Balsa Balsa Plastic Plastic 

y1 (mW/°C) 3.608 3.627 5.848 3.315 2.600 

y2 (mW/°C) 13.896 14.087 19.594 19.111 27.346 

C1 (mJ/°C) 12.687 14.004 20.481 11.492 0.134 

C2 (mJ/°C) 1776.761 2054.546 1982.835 2289.020 97.008 

τ1 (s) 3.516 3.861 3.502 3.466 0.052 

τ2  (s) 127.861 145.844 101.198 119.776 3.547 

 

3.4.4 Hot Plate Measurement 

To characterize the FOT dynamic response in a more controlled setup, a hot plate was used. This 

device, which provides a stable temperature in a flat surface, was used to measure the FOT step 

response. First, the hotplate was let stabilize at 100 °C. Then, the FOT was put in contact with the 

hotplate surface at t=0 s and during 40 s. Fig. 3.9 shows the measured temperature. It shows that 

after stabilizing, the FOT register the 100 °C with few variations. The figure also shows that for this 

kind of measurements, the sensor response is 5.3 s (time in reaching 90 % of the maximum value). 

Although it is a fast response as compared with other temperature sensors, it is not of 25 ms as 

specified in the datasheet [23].  

 

Fig. 3.9. FOT step response measured with a Hotplate at 100 °C. 

Using the hotplate measurement it is possible to analyze the response of the EED heating curves 

measured with the FOT.  In Fig. 3.10, both temperature measurements, hotplate and EED, are 

presented. The figure shows that the same performance is obtained until t=3.5 s and after that a 
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different behavior is presented. This result indicates that measurement before 3.5 s corresponds to 

the sensor response and after that corresponds to the DUT response. The figure also shows that the 

temperature measured of the hotplate becomes stable faster than the EED. In fact, the hotplate 

temperature is stable at 10 s, while the EED temperature continues increasing. 

3.4.5 FOT Thermal Model 

According to the results presented earlier, particularly in Table 3.3, the FOT shows a slower 

response than the bridge-wire heating. The effect of the instrumentation in the measurement can be 

modeled using a low-pass filter [30], which explain the low system sensibility to fast temperature 

variations. However, although the FOT specification is 25 ms, the response is stable for time 

periods higher than 100 s for the plastic adapter. This is possible due to the bridge-wire reduced 

area. Since the bridge-wire diameter is around 24 μm and the FOT probe is 250 μm, bridge-wire 

surroundings temperature is affecting the measurement.  

To model the surroundings influence, the circuit presented in Fig. 3.11 is proposed. In the model, 

the mean bridge-wire (  ) and surroundings (  ) temperatures contribute to determine the FOT 

measured temperature, named   . The ratio of each temperature contribution is determined by the 

thermal resistances ratio, which depend in the effective contact are in each section. Using this 

model and the EED thermal parameters measured with the Wheatstone bridge, the measured FOT 

temperature were calculated in Ansoft Designer
(R)

 and is presented in Fig. 3.12. A thermal 

resistance of R= 1000 k°C/W [39] and capacitance of C=25μJ/°C were used to model the sensor. 

The figure shows that the steady stable temperature measured by FOT is lower than the one of the 

bridge wire, such as found in experimental results.  

 
Fig. 3.10. EED bridge-wire and hotplate temperature curves measured using a FOT.  
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Fig. 3.11. Thermal circuit used to model the instrumented EED with FOT. 

 
Fig. 3.12. Bridge-wire, surroundings, and probe temperatures calculated using the FOT thermal model. 

3.5 Conclusions 

An instrumented EED, based in a balsa adapter, was proposed and analyzed. It proved to produce 

more precise measurements than a plastic adapter. In addition, the balsa adapter guarantees that the 

thermal parameters do not change considerably with the time. This characteristic is useful for 

radiation tests since the instrumented EED response can be measured before the test and its 

parameters are not modified during the tests. In addition, the balsa adapter allows a precise EED 

bridge-wire to probe alignment until achieving a good thermal coupling.  

The FOT response was compared with the one of a Wheatstone bridge. It was verified that the 

FOT presents a slower response. As a consequence, the sensor the sensor is not optimal for short (< 

1 s) transient measurements; however, it is satisfactory for slower or steady state measurements. A 

low-pass filter was proposed to model imperfections in the FOT measurements.   
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Chapter 4 

Low Power Microwave Source 

In this chapter, details of design and implementation of a low power microwave source are 

presented. The source is based on a domestic microwave oven, which is modified to obtain a 

continuous power control and to feed the magnetron with a full wave rectified signal. The clamper 

circuit, commonly used in domestic microwave ovens as power supply, is replaced by a half-wave 

voltage doubler to feed the magnetron with constant high voltage in both positive and negative half 

cycle of the AC input. The proposed power supply is implemented and its performance is analyzed. 

This radiation source is used in the next chapter for the radiation test.   

4.1 Introduction 

EM disturbances can have diverse waveforms. They are determined by the characteristics of the 

source. In the last years, an important effort has been devoted to classify high power 

electromagnetic (HPEM) systems [40] and environments [41].  HPEM systems are characterized for 

having between 1 kW to 10 MW average continuous wave (CW) power sources and electric fields 

between hundreds of V/m to hundreds of kV/m several meters away [41]. In terms of spectral 

content, intentional electromagnetic environments (IEME) can be classified as presented in Table 

4.1. This classification is more appropriate for modern HPEM sources than classifications based on 

communication technologies.  

Table 4.1. IEME Classification Based on Bandwidth. Based on [41]. 

Band type  Percent bandwidth  

       (
    

    
)  

Bandratio br 

Hypoband < 1% < 1.01 

Mesoband 1% ≤     ≤100% 1.01 ≤    ≤ 3 

Ultra Mesoband 100% ≤     ≤163.64% 3 ≤    ≤10 

Hyperband 163.64% ≤     ≤200% 10 ≤     
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Some examples of HPEM include radar, classified as a hypoband system, and lightning, a 

hyperband disturbance. Other example is the switched oscillator presented in [42] and proposed as a 

radiator for susceptibility testing of IEMI. This equipment is categorized as a mesoband radiator 

due to its capability to produce high electric field intensities (24 kV/m at 3 m) in a moderate 

frequency band. 

Pulsed continuous wave (CW) disturbances have shown to produce higher thermal effects than 

other kinds of HPEM signals in resistive devices [3]. Since this type of sources can transfer and 

couple more energy in the victim, higher currents can be are generated. On the other hand, short 

pulse radiators, such as the JOLT [1], deliver less energy although higher peak field intensities can 

be achieved. Since our objective is to study the response of a resistive device against EM 

disturbances, we will focus only in CW sources.   

In this chapter, a low power microwave (LPM) system based on a modified domestic microwave 

oven is studied. Different power supplies for continuous power control are analyzed. In addition, 

the resulting variable power device is verified using a commonly used calorimetric technique 

4.2 Magnetron Operation 

Magnetron is the source of microwaves used in domestic microwave ovens. These devices are 

basically composed by a filament, magnets, and resonant cavities. To enter in the oscillation region, 

as shown in Fig. 4.1, the magnetron requires a current flow in the filament and a high voltage (HV) 

and a stable current between anode and cathode. In this condition, the HV accelerates the filament 

electrons inside the magnetron’s cavities and generates the microwaves.  

The magnetron’s feeding circuit, commonly used in domestic microwave ovens, is composed by 

a high voltage transformer and a clamper. In addition, the circuit includes a low voltage transformer 

used to feed the magnetron’s filament, which emits electrons when heated [43]. This supply circuit, 

shown in Fig. 4.2, is practical and cheap; however, it turns off the magnetron during most of the 

cycle of the AC input signal. In the next section, different circuits to feed a CW magnetron are 

presented. Particularly, a half-wave voltage doubler is implemented and its performance is assessed.  
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Fig. 4.1. Operating curve and equivalent circuit of a 1-kW magnetron. From [44]. 

 
Fig. 4.2. Diagrams of a domestic microwave oven power. From [45]. 

4.3 Circuits for Driving a CW Magnetron 

4.3.1 Clamper 

Different schemes have been proposed to feed a CW magnetron. As mentioned above, the clamper 

is one of the most common circuits used for microwave ovens [43]. This circuit provides HV to the 

magnetron’s cathode only during part of half cycle. Fig. 4.3 shows the diagram and the simulation 

results from ANSOFT Designer® of the clamper. A 1 µF capacitor, typically found in microwave 

oven circuits, and an in-oscillation magnetron model were used [44, 46]. The figure shows that the 

critical HV (3.5 kV) required for oscillation is given only at a limited time window during the 

negative cycle of the input signal.  
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(a) 

 
(b) 

Fig. 4.3. Schematic (a) and simulation (b) of a clamper loaded with a magnetron. 

4.3.2 Full-Wave Rectifier 

In [47], a circuit that supplies the magnetron in the positive and the negative half-cycle of the AC 

input signal is proposed. Fig. 4.4 shows the diagram and the simulation of this circuit. In this case, 

the magnetron was simulated in the off condition using a high resistance. This supply requires that 

the transformer provides the high voltage itself (4 kV peak in this case) since the circuit is not a 

doubler. The figure shows that, similarly to the previous design, the magnetron turns to the 

oscillation condition in a pulsed way, just around the peaks of the output signal.   
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(a) 

 
(b) 

Fig. 4.4. Schematic (a) and simulation (b) of a full wave rectifier feeding a magnetron. The diagram was taken from [47]. 

4.3.3 Half-Wave Voltage Doubler 

A method to produce a constant HV voltage is by using a voltage doubler, as shown in Fig. 4.5. 

This design includes a clamper and an output filter. In this case, the output capacitor is 

progressively charged to reach a quasi-constant HV in the magnetron. Although the voltage has the 

oscillation condition permanently after the capacitor is charges, the circuit only provides a current 

way between the magnetron and the source during a half cycle. Then, the magnetron oscillates only 

a half cycle of the AC input signal.   
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(a) 

 
(b) 

Fig. 4.5. Schematic (a) and simulation (b) of a half-wave voltage doubler feeding a magnetron. 

4.3.4 Full-Wave Voltage Doubler 

To provide both conditions for continuous oscillation, the HV and a stabilized current in the 

complete cycle, a full-wave voltage doubler can be used. Fig. 4.6 shows the diagram and the 

simulated voltages a full-wave voltage doubler loaded with a magnetron in the oscillation condition. 

As the figure shows, the capacitors reach the required HV for the magnetron after the first cycle. In 

this case, the output winding of the HV transformer is not grounded. For his reason, adequate 

isolation is required to avoid arcing.  
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(a) 

 
(b) 

Fig. 4.6. Schematic (a) and simulation (b) of a full-wave voltage doubler feeding a magnetron. 

4.3.5 Inverters 

Recently, power supplies for magnetrons based on inverters have been proposed [44, 46, 48]. These 

designs replace the leakage  HV  transformer by compact high frequency inverter and transformer 

[44]. This alternative reduces costs, weight, and volume, as compared with the previous designs; 

however, more elements are required.   

4.4 Clamper and Half-wave Voltage Doubler Implementation 

The behavior of a Clamper and a Half-wave Voltage doubler are experimentally compared in this 

section. In addition, a circuit for continuous power control was included, as shown in ¡Error! No se 

encuentra el origen de la referencia.. Additional elements are a Variac, which feeds the HV 

transformer with a variable voltage, and an additional low voltage transformer, which permanently 

feeds the magnetron’s filament with a voltage of 3.4 V and around 10 A. Although the circuit looks 
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simple, this implementation should be performed by trained personnel since the circuit handles high 

voltage (> 4 kV) [45] and microwave energy. 

4.4.1 Elements 

The elements used in both circuits were: 

 Magnetron: Galanz M24FB-210A, Output Power: 950 W, Frequency: 2.45 GH z 

 High Voltage Transformer: GAL-700U-2, 120 V, 60 Hz, Class 220 

 Filament Transformer: GAL-700U-2, 120 V, 60 Hz, Class 200 (3.4 V output was used) 

 Main Oven Controller: 16 A, 220V Relay. 

 Variac: 120 V, 50 Amp 

 Capacitance: 0.8 uF, 2100 VAC (Clamper) 

 Capacitance: 0.95 uF, 4000 VAC (Half-wave doubler), Composed by 5 capacitors in series 

to reach the operation voltage. 

 The Zenner diode and the miliamperimeter shown in ¡Error! No se encuentra el origen de 

la referencia. were not included. Instead, a current clamp was included after the main relay 

to obtain the input current.  

4.4.2 Power Calculation 

To verify the variable power output, a cup of water was heated in the oven cavity during 30 s. 

Assuming that all the power generated by the magnetron is absorbed by the water and dissipated as 

heat, the power can be calculated as [43] 

  
 ̇

 
 
       

 
  

 

 
Fig. 4.7. Diagram of a power supply based on a clamper with additional elements for continuous power control. From 

[45]. 
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Table 4.2. Measurements of the power delivered to a water sample by a Clamper and a Half-wave doubler 

Circuit 
Source 

Current (A) 
Trial # 

Magnetron 

Current (A) 
ΔT (°C) Power (W) 

Half-Wave 

Doubler 
11.6 

1 
0.46 12 671.33 

2 
0.4 10 559.44 

Clamper 11 
1 

0.34 9.5 531.47 

2 
0.23 

   

Table 4.3. Circuit variables and water temperature for different Variac outputs. 

Variac 

Output 

(V) 

Current 

(A) 

Input Power 

(W) 

Temp. 

(°C) 

Absorbed Power 

(W) 
Notes 

 

  

19 

 

Room Temperature 

10,7 7,5 80,25 20 55,94 

 
50,4 8 403,2 21 111,89 

 
91 7,1 

646.1 
22 167,83 

 
97 7,6 

737.2 
27 447,55 

 
103 9,9 1019,7 36 951,05 

 
103 9,8 1009,4 32 727,27 

 
111 17,6 1953,6 34 839,16 The current probe registered the peak current 

 

where  

         Kg is the sample mass 

         Kg/m
3
 is the water density 

            m
3
 is the water volume 

           J/Kg K is the water specific heat 

     s is the heating time 

   is the temperature rise in the sample  

4.4.3 Source Power Measurements 

4.4.3.1 Clamper and Half-wave Doubler Comparison 

Table 4.2 presents the results obtained for both supply circuits. Measurements of the source and 

magnetron currents are presented. The table shows that the half-wave doubler requires more current 

form the source and it is mainly supplied to the magnetron. This was expected since the magnetron 

in this case operates in the complete half-cycle of the AC input signal; on the opposite to the 

Clamper, in which it occurs only for voltages close to the negative peaks of the AC input signal.  
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Fig. 4.7. Dissipated power in the water load as a function of the variac voltage used in the supply circuit.  

 

This operation generates that the delivered power to the water load is greater in the half-wave 

doubler. Table 4.2 shows this fact, where the dissipated power for both circuits are compared. An 

increase in delivered power of 26 % is obtained in the best case.  

4.4.3.2 Continuous Power Variation 

The temperature rise of a water load and the power measured for different variac voltage conditions are presented in  

Table 4.3 and Fig. 4.7. The results show that a variable microwave power was obtained ranging 

from 56 W to 839 W.  

4.5 Conclusions 

In this chapter, the implementation details of a low power microwave source using a common 

magnetron are discussed. Different circuits to supply a CW magnetron are analyzed. It is shown that 

only the full-wave voltage doubler feeds the magnetron for a non-pulsed CW operation. Two power 

supply circuits, a clamper and a half-wave doubler, were implemented and compared. It was 

verified that the half-wave doubler maintains the magnetron oscillating more time by cycle than the 

clamper. In addition, a circuit for continuous magnetron power control was implemented using a 

variac. A continuous microwave power variation from 56 W to 839 W was obtained.  
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Chapter 5 

Radiation Test with LPM  

A radiation test of two dipole antennas attached to inert detonators and three samples of inert 

improvised explosive devices (IED) with inert detonators is presented in this chapter. The radiated 

energy was produced by the low power microwave (LPM) generator with output power of 950 W 

and operating frequency of 2.45 GHz presented in Chapter 4. The power coupled in the DUTs was 

measured using a fiber optic thermometer attached to the detonator’s bridge-wire as explained in 

Chapter 3. Implementation details and comparisons with a theoretical model are presented.  

5.1 Experimental Setup 

Fig. 5.1 shows the measurement setup inside the anechoic chamber. The device under test (e.g. inert 

IED) was located at 3 m and 1.2 m away from the transmitting antenna.   

 
Fig. 5.1. Experimental setup of the radiation test 

5.1.1 Instruments and Equipment 

The equipment used for the test is listed in Table 5.1 
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Table 5.1. List of equipment used in the test 

Equipment Details 

Low Power Microwave Radiator Microwave source (950 W @ 2.45 GHz) 

Launcher1 

Waveguide1 

Horn Antenna (8 dBi) 1 

Variac 120 V, 50 A 

Variable Voltage Source 5 V, 2 A 

Multimeter  

Meter  

Electric Field Probe Kit FL7006 Kit 

Industrial Temperature Monitor Luxtron 812 

Fiber Optic Thermometry Probe Luxtron FOT Probe STS 

Additional Requirements 

 Outlet inside the Chamber: 120 V – 1500 VAC  

 3 m Extension Cord 

 Chamber configuration: Anechoic  

 Tower for the DUT 

 Table for the LPM 

5.1.2 Measurements 

Fig. 5.2 shows the measurements setup. In each measurement the temperature and the electric field 

were recorded. Table 5.2 summarizes the characteristics of the performed measurements.  

Table 5.2.  Characteristics of the measurements 

# Device2  Distance (m) Supply Circuit  Variac 

Voltage (V) 

LPM Output 

Power (W) 

Duration (s) 

1 Tuned Dipole @ 

2.45 GHz + EED1 

1.2 

3 

Clamper 

HW Doubler 

103 

130 

531 

950 

30 

 

2 

 

7.96 cm Dipole + 

E881 

1.2 

3 

Clamper 

HW Doubler 

103 

130 

531 

950 

30 

3 IED5 + EED2  1.2 

3 

Clamper 

HW Doubler 

103 

103-131 

531 

500-950 

30 

4 IED11 + EED2 1.2 

3 

Clamper 

HW Doubler 

103 

80-130 

531 

200-950 

30 

5 ED13 + EED2 1.2 

3 

Clamper 

HW Doubler 

103 

130 

531 

950 

30 

                                                      
1
 These elements were provided by the Electromagnetic Compatibility Group of the Universidad Nacional de 

Colombia 
2
 IEDs were provided by Mr. Ernesto Neira from the Escuela de Ingenieros Militares de Colombia 
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Fig. 5.2. Radiation test experimental setup.  

Fig. 5.3 illustrates a fiber optic probe assembled to an inert EED, named instrumented EED. A 

wood cylinder was used to guide the temperature probe to the EED’s bridge-wire. A good thermal 

contact between the probe and the bridge-wire was verified before the measurements. The same 

instrumented EED was reused for all measurements. Fig. 5.4 shows the devices under test (DUTs).  

 
Fig. 5.3. Instrumented EED: Fiber optic probe assembled to an inert EED.  

 

        
(a)      (b) 

 

LPM  
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(c)       (d) 

Fig. 5.4. Characterized DUTs. (a) DUT # 1: Tuned dipole, (b) DUT # 3: IED5, (c) DUT # 4: IED11, (d) DUT # 5: IED6. 
 

5.2 Electric Field Measurements  

Incident electric field measurements were obtained for different conditions of the magnetron’s 

supply circuit. Two supply circuit designs, a clamper and a half wave voltage doubler (HWVD), 

were implemented. These schematics are shown in Fig. 5.5 and allowed to modify the power 

delivered to the magnetron. Actual implemented circuits are shown in Appendix A.   

 
(a) 

 
(b) 

Fig. 5.5. Power supplies used to feed the magnetron. (a) Clamper and (b) half  wave voltage doubler.  
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Fig. 5.6 shows a comparison between the electric fields measured using both circuits. The Variac 

voltage was fixed to produce similar field magnitudes.  The figures show that both circuits produce 

a pulsed radiation. This is due to the nature of the high voltage and the current flow produced by 

both designs. The figures show that the HWVD produces an electric field with a more stable 

magnitude. In fact, the clamper produces variations of the peaks magnitude in the order of 250 V/m, 

as shown in Fig. 5.6a. In addition, Fig. 5.6b and Fig. 5.6d illustrate that the HWVD maintains more 

time the magnetron oscillating since it present more frequent peaks than the clamper.  

  
(a)      (b)  

  
(c)      (d)  

Fig. 5.6. Electric field measured using the clamper (a) and its zoom in (b) and using the half wave voltage doubler (c) and 

its zoon in (d) as power supplies.  

Using the HWVD circuit as power supply, a variac voltage sweep was performed. Fig. 5.7 

illustrates the magnetron response. For lower values of voltage, the radiated field is occasional and 

with low magnitude. After 100 V, the critical high voltage is fed to the magnetron and it enters to 

the oscillation region. After the critical voltage, an exponential relationship between the voltage and 

the field is obtained, as shown in Fig. 5.8. 
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(a)      (b) 

 
(c)      (d) 

 
(e)      (f) 

Fig. 5.7. Electric field measured using the HWVD for different variac’s voltages: (a) 80 V, (b) 90 V, (c) 100 V, (d) 120 V, 

and (e) 130 V. (f) Zoom in of 130 V case.  
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Fig. 5.8. Measured electric field as a function of the Variac voltage. 

 

  
(a)      (b)  

Fig. 5.9. Typical heating curves obtained with (a) a plastic adapter and a (b) wood adapter.  

5.3 Temperature Measurements 

One of the main objectives of these tests was to improve the temperature reading using the wood 

adapter in the instrumented EED. This improvement is verified in Fig. 5.9, where temperature 

measurements using a plastic adapter and the wood adapter are compared. Evidently, the wood 

adapter produces a faster response.  

Table 5.3 presents the bridge-wire steady-state temperature measured of the five devices. Table 

presents the dissipated power Pd and the temperature increase measured with the fiber optic 

thermometer and calculated using the procedure described in Appendix B. Table 5.3 also shows the 

measured incident electric field and other measured parameters of the devices, such as the gain, the 

transmission coefficient τ, and the thermal resistance Rth. These parameters were previously 

measured.  

 

0

10

20

30

40

50

60

0 20 40 60 80 100 120 140E
le

c
tr

ic
 F

ie
ld

 R
M

S
 (

V
/m

) 

Variac Output (V) 

0 100 200 300

0

1

2

2.55

3

4

Time (s)

T
e
m

p
e
ra

tu
re

 I
n
c
re

a
s
e
 

T
 (

°C
)

 

 

0 50 100 150 200
-0.5

0

0.5

1

1.5

Time (s)

T
e

m
p

e
ra

tu
re

  


T
 (

°C
)



40 

Table 5.3. Comparison between measured and calculated bridge-wire temperature and induced power. Other 

parameters of the characterized devices are also presented. 

Set Device 
Gain 

IED 
τ 

Ei  

(V/m) 

Rth 

(°C/W) 

ΔT 

(°C)  

Calc. 

ΔT 

(°C)  

Meas. 

Pd 

(mW) 

Calc. 

Pd 

(mW) 

Meas. 

ΔPd 

(dB) 

1 Tuned 

Dipole 

(5.8 cm)  

1.64 0.32 109.30 320.55 6.36 6.06 19.84 18.91 0.21 

2 Dipole           

(7.96 cm)  

1.80 0.31 99.14 320.55 5.56 9.18 17.36 28.64 -2.17 

3 IED5  1.47 0.14 70.30 320.55 1.03 0.54 3.21 1.68 2.80 

3 IED5  1.47 0.14 72.16 320.55 1.08 0.50 3.38 1.56 3.36 

3 IED5  1.47 0.14 80.00 320.55 1.33 0.70 4.16 2.18 2.80 

3 IED5-hor. 1.47 0.14 350.80 320.55 25.63 1.34 79.97 4.18 12.82 

4 IED11  1.48 0.13 18.10 320.55 0.06 0.13 0.20 0.41 -3.08 

4 IED11  1.48 0.13 78.20 320.55 1.19 0.59 3.72 1.84 3.06 

4 IED11  1.48 0.13 114.20 320.55 2.54 1.05 7.94 3.28 3.84 

5 IED13 0.34 0.16 196.70 320.55 2.15 1.96 6.72 6.11 0.41 

5 IED13 0.34 0.16 86.00 320.55 0.41 0.59 1.28 1.84 -1.56 

Table 5.3 shows that for most of cases, a good agreement between the calculated and the 

measured was obtained. The same conclusion is transferred to the induced power because in this 

case the temperature and the power are linearly dependent. This is due to the fact that the thermal 

resistance from the instrumented EED is the same for all cases. The table shows that the results 

diverge only in the case of the IED 5. It shows differences of one order of magnitude in temperature 

and 12 dB in power. The rest of cases, differences between measured and calculated power are 

lower than 3.9 dB. The difference of 12 dB in sample 5 is expected since that measurement was 

performed in cross-polarization and the device gain in this condition is not available for 

calculations. Differences in the other IEDs were also expected due to possible changes in their 

geometries, affecting the gain and the transmission coefficient, since the IEDs’ wires are not fixed 

inside the container.  
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Fig. 5.10. Calculated and measured temperatures.  

 
Fig. 5.11. Induced power measured using the FOT for all the DUTs. All-fire threshold and maximum no-fire threshold are 

included for comparison.  

Fig. 5.10 shows a graphical comparison between the measured and the calculated devices 

excluding the IED 5 in cross-polarization. Small differences are observed for most of the samples. 

However, some uncertainties are present in the measurement, mainly given by variations in gain 

and impedance due to the wiring variation.    

Finally, to assess the DUT’s electromagnetic susceptibility, Fig. 5.11 presents a comparison 

between the measured power using the FOT, the all-fire threshold and the MNFT for a low energy 

device. The figure shows that the devices with dipole antennas are susceptible to the radiated fields 
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MNFT, which guarantees a low ignition probability due to the tested electric fields. The figure also 

shows that all the induced power in all the samples are more than 10 dB bellow the all-fire 

threshold.  

5.4 Conclusions  

An electromagnetic susceptibility test of different structures connected to EEDs was performed by 

measuring the power dissipated in the EED’s bridge-wires. A fiber-optic thermometer was used to 

measure the power without disturbing their electromagnetic behavior. Measurements are in a good 

agreement with results of theoretical models used to calculate induced power in wired EEDs. A 

difference in the bridge-wire power lower than 3.9 dB was obtained between calculations and 

measurements.  

The wood support evaluated in this test produced a faster response as compared with the plastic 

support used in earlier tests. The instrumented EED presented a time response in the order of few 

seconds.  

The electromagnetic field radiated by the LPM source used for the tests was measured. The 

electric field presented a pulsed waveform. Since the EED heating is expected to be in the order of 

ms and the E-field sensor sampling period is 22 ms, the peak electric field data resulted more 

appropriated to use in calculations.   

The induced power calculated using the FOT was compared with theoretical results obtaining a 

good agreement. Thus, the measurements validated the electromagnetic model used to describe the 

coupling between an incident electric field and a system that includes an EED. In addition, the 

susceptibility of 5 devices loaded with an EED was characterized. It was shown that electric fields 

of 100 V/m can induce currents that exceed the maximum no-fire threshold of low energy EEDs.  
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Chapter 6 

Conclusions and Future Work 

The electromagnetic susceptibility of EEDs was studied in this document from an experimental 

point of view. A non-destructive test using a non-invasive technique to characterize the 

susceptibility of these elements against CW excitations was proposed through the chapters. The 

main components required for a radiation test, which includes high filed strengths, high frequencies, 

and non-standard test ports, were depicted and characterized in this document. An especial focus is 

devoted to measure the disturbance effect and the required instrumentation, which in this 

application must be immune to EM fields and should not affect the DUT’s EM and thermal 

responses. A Fiber-optic thermometer is proposed as power sensor for this work. In addition, the 

implementation details of a CW radiator are discussed.  

In general, it is concluded that the proposed thermometry technique allows to perform radiation 

tests and to obtain the induced power in an EED. The proposed EM coupling model showed to be in 

a good agreement with experimental results of a radiation test with a low power microwave source. 

It was shown that the surface fiber optic sensor can be used for CW excitations; however, it presents 

a slow dynamic response to measure the instantaneous power induced by transient excitations. 

The step response of a FOT, using two assembly adapters, was characterized. It was shown that 

the proposed balsa adapter, contributed for an adequate repeatability and sensitivity in power 

measurement. Using two methods, taking a hotplate temperature as reference and with a 

Wheatstone bridge, it was verified that the sensor has a delay time in the order of seconds. This fact 

limits its use to slow or CW excitations, as done in the radiation test of Chapter 5.  

A low power magnetron connected to a horn antenna was used as radiation source in a 

susceptibility test of different devices against CW high strength fields. Different magnetron’s power 

supplies, including circuits for non-pulsed operation and continuous variable power, were proposed 

and discussed. Two of them were implemented and their electric field was characterized. A variable 

control of the electric field strength was obtained. It was verified that an adequate control is 

obtained in the magnetron’s oscillation region by modifying the HV-transformer input voltage. 

However, for voltages over 125 V and after several tests, the transformer overheated. This was 

probably due to a magnetron’s filament overheating, which leads a high current in the transformer’s 

winds.  
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The radiation tests performed with five devices were useful to validate the electromagnetic 

coupling model of systems loaded with EEDs as critical load. Differences lower than 4 dB were 

obtained between the model and the experimental results. This precision is adequate considering the 

randomness in the characterized devices. From these results, it is concluded that the proposed 

measurement technique is adequate for characterizing the electromagnetic susceptibility of EEDs 

against CW excitations.   

Results presented in this document can be bases for further research in IEMI studies. For 

instance, it would be interesting to assess the probe response against transient excitations. It is 

expected that despite the slow sensor response, the objective of quantifying the average dissipated 

power in heat by the DUT is still accomplished.   

A future work is the implementation and characterization of the full-wave voltage doubler as 

magnetron’s power supply. This configuration should provide a more stable CW high strength 

electric field, which is very useful in radiation tests of elements with low thermal constants. 

Although measuring and calculating the RMS value is always an option, a CW signal provides a 

quantity of properties that make easier the data analysis. Similarly, measurements including 

frequency sweep and higher strength electric fields are part of the future work. These tests would 

allow verifying the linearity in the system response and the behavior near and over the all-fire 

threshold.  
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Appendix A: Power Supply Schematics 
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HALF-WAVE VOLTAGE DOUBLER 
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DELAY CIRCUIT  

Taken from the Rob Paisley’s webpage “555 and 556 Timers”: http://home.cogeco.ca/~rpaisley4/CircuitIndex.html 
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Appendix B: Temperature Increase Calculation  

Representing the EED’s firing circuit as an antenna and the EED as its (lumped) load, antenna 

theory can be used to calculate the received power in the EED due to an incident plane wave. Thus, 

the received power yields [49] 

      
   

  
 ,             (B. 1) 

where    |  |
  (    ) is the incident power density,    is the incident electric field,   

(  |  |
 ) is the transmission coefficient,    (       

 ) (       ) is the reflection 

coefficient between the antenna (IED wiring) with impedance    and the load (EED) with 

impedance     ,   is the wavelength, and   is the antenna gain. Neglecting the losses inside the 

EED, this power corresponds to the dissipated power in the bridge-wire. 

The impedances of the DUTs’ elements, measured at 2.45 GHz, are listed in Table B. 1. These 

values were used to calculate the DUTs’ transmission coefficients. 

Table B. 1. Impedances of the components of the DUTs at 2.45 GHz 

Element 
Impedance 

Real part (Ω) Imaginary part (Ω) 

EED2 40.3 -151.1 

EED3 48.09 -169.3 

Tuned Dipole (5.8 cm) 71.47 -0.72 

Dipole (8.2 cm) 303 346.6 

IED5 224.1 -133 

IED11 767.4 -185.2 

IED13 159.4 62.79 
The power dissipated in the bridge-wire can be related to its increase temperature. In steady state, 

the temperature increase is given by 

         ,             (B. 2) 

where     is the system thermal resistance. It depends on thermal characteristics of the bridge-wire 

and surrounding elements and, in this case, on the characteristics of the thermal coupling with the 

probe. For this reason, this parameter was characterized on the assembly of each device. More 

details on thermal and electromagnetic models of wired EEDs can be found in [3, 5]. 
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