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Abstract— Commercial passenger aircraft are on 
average struck by lightning once a year. The In-flight 
Lightning Strike Damage Assessment System (ILDAS) 
project is to develop and validate a prototype of a system 
capable of in-flight measurement of the current waveform 
and reconstruction of the path of lightning current. This 
paper discusses the various magnetic sensors, their 
rationale and some tests. Inductive sensors require an 
integrator in the signal conditioning. Much attention has 
been paid to the passive integrator, which is the first 
integrator stage preliminarily responsible for EMC. 

 

Keywords- aircraft; lightning strike; magnetic sensor, 
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I.  INTRODUCTION 
In-flight statistics show that a commercial airliner can 

expect one lightning strike per year. The lightning current 
measurements is essential for two reasons. Firstly, to 
build up a better knowledge of the parameters of a 
lightning strike to fixed-wing aircraft which can be used 
to improve aircraft design and secondly, for the 
development of tailored and efficient maintenance 
inspection procedures, which must be applied after a 
recorded strike. Our responsibility in the ILDAS project 
is to design and develop the sensors which are able to 
capture and measure lightning current during flight. 

The knowledge about lightning strike is based on 
three major research programs studying lightning strike 
interaction with aircraft: NASA Storm Hazards program, 
USA/FAA Lightning Characterization program, 
ONERA/CEV Transall programme. The in-flight 
measurements have shown that typical waveforms of 
lightning current consists of five components (see Fig.1) 
[1] covering 98% of the lightning strike. The   parameters 
of current waveform are presented in Table I.  The most 
important for direct effects damage are the continuing 
current  (high charge transfer) and the return strokes. 

 We measure the magnetic field generated by the 
current through the aircraft as a probe for the current 
distribution. A two-sensor approach is preferred, one for 
the fast components A, D and H in Fig. 1, and another  

Figure 1.  Typical waverform of the discharge current during a 
lightning strike.sensor optimized for the low-amplitude slow 

component C. 

for high frequency components. A good solution is an 
induction coil sensor based on Faraday’s law followed by 
an integrator. An example of such induction coil as a 
sensor for ILDAS has earlier been described in [2]. We 
will discuss the window sensor as special type proposed 
for ILDAS. The design of the passive integrator will be 
presented. The passive integrator is the first stage in the 
signal conditioning, and is followed by an active 
integrator. Two approaches are available for the C-
sensor, again an inductive coil and a solid state sensor. 
Here we only discuss the solid state sensor. It should 
cope with the large magnetic field of the short time 
strokes. The A and D strokes may cause sensor’s 
saturation and thereby distortion of the measured signal. 
An appropriate shield can sufficiently reduce A and D 
magnetic field. The shield design and solid state sensors 
selection will be presented. 

TABLE I.  LIGHTNING CURRENT CHARACTERISTIC 

Lightning 
phase 

Lightning characteristic 
Minimum 
amplitude  

Maximum 
amplitude 

Minimum 
frequency 

Maximum 
frequency 

Continuing 
current (C) 

± 40 A ± 900 A 1 Hz 100 Hz 

Strokes (A, 
D) ± 1 kA ± 200 kA 10 kHz 20 MHz 

Bursts (H) ± 100 A ± 10 kA 200 kHz ≥20 MHz 
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II. DISCUSSION 

A. Shield design 
Consider a metal sphere, 2r0 = 10 cm diameter, d = 2 

mm wall thickness. Kaden [3], approximates the 
magnetic shielding Qh of such a sphere by analytical 
expression:  
 

Qh
-1 = cosh(kd)+(K+2/K)sinh(kd)               (1) 

  
with k = (1+j)/δ,  δ is the skin depth at frequency f. A 
plot of | Qh | for a copper shield is given hereunder (blue 
line). The shield starts to attenuate fields at 60 Hz, above 
6 kHz (see Fig. 2) the skin effect ensures additional 
exponential attenuation. 

 
Figure 2.  Calculated reduction for a spherical shield as funciot of 

frequency. 

For the relevant frequencies below 100 kHz, the 
amplitude of Qh can be approximated by four poles 
(green line). This approximation also fits the phase 
sufficiently well. The calculated signal of the A 
component inside, assuming 104 A/m amplitude outside 
such a shield is given in Fig. 3. It can be seen that the A  
component is slowed and reduced. We infer from the 
data that the slow signal channel should attain a 
maximum output at a magnetic field of the order of 1 
kA/m. 

 

B. Solid State Sensors 
The preliminary selection of the sensors has been 

already discussed in [2]. We evaluated the magnitude of 
continuing magnetic field (C component) in some 
sensor’s locations using date from Table 1. It was found 
that the sensor placed on fuselage is exposed to the 
lowest magnetic field, which is of the order of ±15 A/m. 
The maximum magnetic field is about ±100 A/m; it 

Figure 3.  Calculated signal from a sensor inside the shield subjected 
to four A-waveform surges. (peak value outside is 104 kA/m, inside 

310 A/m) 

 

occurs on the wingtips. But from Fig. 3 the maximum 
field due to the A component is 300 A/m. Therefore the 
low frequency sensor should measure magnetic field 
from ±15 A/m to ±1 kA/m which is the dynamic range of 
36 dB. At that moment we have two candidates for 
prototype testing: GMR (giant magneto resistance) sensor 
AAL002-02E [4] and AMR (anisotropic magneto 
resistance) sensor HMC1022 [5].   

The AAL002-02E is a one-axis GMR sensor 
manufactured by NVE Corporation with low hysteresis 
GMR material. It is temperature tolerant, from −50° to 
+150°C. The NVE GMR sensors have unipolar magnetic 
characteristic which means that output of the sensors is 
the same for the magnetic fields with different field 
directions. A bias magnetic field can be used to make 
sensor bipolar.   For this aim, a small magnet was put 
near the sensor creating a magnetic field of about 1 kA/m 
with output zero point at 15 mV. The signal from the 
sensor was preamplified by the instrumentation amplifier 
INA117 and filtered by a low frequency filter with 
AD820 with a cutoff frequency of 150 Hz and 
amplification factor 25. The last stage is the buffer 
amplifier with an output impedance of 50 Ω.  The overall 
gain is 50; the voltage source for the sensor bridge is ±15 
V.  The sensitivity measured in a test is 9 μV/V/[A/m]. 
At 30 V bridge voltage and 30 times amplification, the 
measured noise level is 3 mV peak to peak at the 
bandwidth up to 100 Hz. The noise corresponds to 0.4 
A/m. The temperature dependence of the AAL002-02E 
was also measured (see Fig. 4) and it agrees quite well 
with the data (0.1% / ºC) presented in NVE catalogue [4]. 
The signal changes by 15% over the temperature range 
from  −55º to +85º which covers to the ILDAS 
temperature requirements. The dynamic range is large  
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Figure 4.  Temperature dependence of AAL002-02E 

enough to measure continuing current and in presence of 
the strokes. 

Honeywell’s magnetic sensor HMC1022 is two-axis 
AMR bridge device equipped with set/reset and offset 
stripes. It can work at wide magnetic field range (−80 ÷ 
+80 A/m) and is sufficient for ILDAS temperature range 
from −55º to +125º. The amplification circuit is identical 
to the circuit with AAL002-02E with different 
amplification coefficient 140. The measured sensitivity of 
HMC1022 is 1 μV/V//[A/m]  (10 μV/V//[A/m].  in [5]). 
The noise level is 10 mV  peak to peak  (magnetic field 
0.5 A/m) at bandwidth up to 100 Hz. The measured 
output change with temperature is 35% in the 
temperature range from    −55 º to +85º (Fig.3) which is 
the same value as bridge resistance change (bridge 
resistance change is 0.25%/ºC) presented by Honeywell 
[5]. 

 

Figure 5.   Temperature dependence of HMC1022 

C. Window sensor 
ILDAS system has 12 sensor assemblies ultimately. 

Every sensor has to be placed on the surface of an 

aircraft.  One of the serious problems of the project from 
the point of view of requirements, technology and safety 
is to mount sensors outside the cabin.  A sensor that 
could completely be mounted inside the aircraft would be 
a good solution; for drawing see Fig. 6. The sensor’s 
geometry is designed in such way that it captures the 
magnetic field penetrating trough the window. The sensor 
output is proportional to the magnetic field H0 that would 
have existed at the outside of the fuselage without the 
window. 

 

Figure 6.  Window sensor 

Kaden in [3] gives the mathematical expression for 
the magnetic field penetrating a circular opening in an 
infinite conductive plane: 

   
 (2) 

with H0 the strength of the magnetic field parallel to the 
plane, r0 the radius of the hole, r the distance to the centre 
of the hole, υ the angle between axis perpendicular to the 
plane and r. Using (2) and substituting υ=90º we can 
calculate flux trough the half of the hole (the second half 
has opposite direction of magnetic field): 

              

       (3) 

  

The overall flux captured by the window sensor is 2Φ.  

  A test of a window sensor was made by Culham during 
a simulated lightning test by BAE Systems to a Nimrod 
aircraft installed in a return conductor rig surrounding 
the aircraft from the nose to the tail extending over the 
wings. The current was injected on the nose refuelling 
probe and extracted on the underside of the rear 
fuselage. The probe was constructed from a figure of 
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eight loop of black RG223 50Ω coaxial cable mounted 
on the window (see Fig. 7).  

 
 

Figure 7.  Picture of the window sensor mounted on the window of 
Nimrod aircraft  (photo courtesy BAE Systems). 

 
A passive integrator with a 477 μs time constant was 
connected to this loop.  

The aircraft was injected with pulses with a 
waveform approximately the same as component A 
(Fig.1) and amplitude of 34kA. The input current to the 
aircraft and the output from the sensor are shown on Fig. 
8. It can be seen the window sensor output reproduces 
the injected current with good suppression of noise. The 
slight additional droop is caused by the lack of the active 
integrator. No correction to the data was applied at low 
frequencies. The practical installation in the test was 
such the sensor was not ideally positioned in the 
window: the outer rim should have been against the 
inside wall of the airplane at some distance from the 
window, rather than covering the window area.  The 
inner panelling on the airframe prevented us placing the 
sensor close to the aircraft skin 
 

 

Figure 8.  Injected current and otput signal from integrator on window 
sensor. 

 

D. Integrator 
The passive integrator is the first step in the signal 

processing. This component has a number of functions: 
1) terminate the signal cable into its characteristic 

impedance, 
2) filter the signal and limit the dynamics to an 

acceptable level for the subsequent electronics, 
3) act as determining element in the composite 

integrator frequency characteristic, 
4) filter the signal against any unwanted 

interference outside the frequency band of 
interest. 

A passive integrator with good high-frequency 
characteristics has been described by Raleigh [6]. The 
construction is coaxial with brass outer conductor and 
BNC connectors on both ends. The integrating capacitor 
is a longer section of very low impedance line (graphite) 
insulated with Mylar. We built a prototype based on 
similar principle. It showed suitable operation, with 
intended roll-off and, most importantly, also with 
efficient interference blocking, at least up to 1.8 GHz. 
However such a construction is less suited for ILDAS 
firstly, because of the size (the low impedance line must 
have sufficient length) and secondly, because it is 
difficult to make a good contact between graphite and 
metal conductor in the high vibration environment.   

The integrator with ceramic capacitors was proposed. 
The sketch is presented in Fig. 9.  There are two stages.  

 
Figure 9.  Integrator with ceramic capacitors. 

The first stage with a roll off frequency 10 kHz is 
responsible for the integration of the signal up to 20 
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MHz and must have stable frequency characteristics at 
broad temperature range from -55º to 85º. The 
temperature stable capacitors 3.3 nF from AVX were 
used.  The second stage should guarantee unwanted 
signal attenuation above 20 MHz; the temperature 
stability is less important in this case. First a feed-
through capacitor 62 pF was chosen. Figure 10 shows 
that the integrator lacks attenuation above 50 MHz, due 
to the properties of the dielectric in the feed-through 
capacitor.  We are working now on decreasing the size 
of the integrator by using SMD capacitors instead of 
ceramic in the first stage and to replace the feed-through 
capacitor by three microwave SMD capacitors in the 
second stage. 

 
 

Figure 10.  Frequency characteristic of integrator. 

 

 

 

 

 

CONCLUSIONS 
The continuous current (C component) is of interest, 

because of its high charge transfer and its contribution to 
damage of aircraft panels at the attachment point. We 
have tested two solid state sensors sensitive enough to 
measure it. 

 For the fast stroke currents, a special internal window 
sensor as a replacement of external coil sensors was 
proposed. Tests on an aircraft subjected to simulated 
strikes proved that such a sensor is viable. Careful 
installation procedures need to be given to get a 
calibrated measurement. The frequency characteristic of a 
second version of the passive integrator was measured.  It 
showed suitable operation, with intended roll-off and, 
most importantly with efficient interference blocking up 
to 100 MHz. The new smaller version with better 
frequency characteristic is now manufactured. 
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