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Abstract: This paper presents an overview on different 
numerical and field investigation methods of lightning 
effects on radio base stations. The final purpose is to 
develop a practical application of these combined 
techniques as an effective approach for lightning 
protection of these structures. 
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1. INTRODUCTION 

Evaluation of LEMP (Lightning Electro-Magnetic 
Pulse) effects on electric and electronic apparatus 
installed in various objects as well as threat for people is 
a very complicated task. This is most of all due to 
destructive, random and not completely understood 
nature of lightning. Beside the nature of lightning a lot 
of other factors or non-linear phenomena are usually of 
great importance, for example earth properties and soil 
ionisation, detailed geometrical layout of the structure 
and possible breakdowns, etc.   

Moreover, particularly in case of direct lightning 
strokes, occur all possible mechanisms of coupling 
between lightning channel and various parts of an 
installation or structure as well as between various parts 
of the structure itself.  
Additionally, as a consequence of technical and 
economical reasons, LEMP investigation methods 
cannot take into account all factors or phenomena and at 
the same time make possible an analysis to the desired 
extent or depth. They assume several simplifications, 
which are generally difficult to verify directly. 
Therefore, these methods should be treated 
complementary. 

This paper presents an overview on various methods 
of investigation of LEMP effects starting with real 
lightning and triggered lightning experiments, current 
injection methods in real objects and investigations on 
reduced-scale models. Some selected methods of 
numerical modelling are also briefly described.  

Taking into account the presented methods of 
research, the new complex method for investigation of 
lightning effects on radio base station was presented.  

2. FIELD INVESTIGATION 

2.1. Real lightning records 

The most reliable data concerning characterisation of 
lightning effects can be obtained by real lightning 
recordings during direct lightning strokes into objects. 
Applicability of this method is however naturally 
restricted by thunderstorm activity and ability of the 
considered structure to intercept lightning strikes. 
Therefore, it was applied to tower-like structures for 
example in telecommunication centre [1]. The purpose 
of such investigations is to measure lightning current 
distribution in conductive elements of structures as well 
as induced surges in wires inside these structures (Fig. 1).  
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Fig. 1. Lightning recordings in a telecommunication centre [1] 
 
Rogowski coils were used for current measurements at 
tower elements, grounding and bonding conductors, 



waveguides entering a building and in wires inside the 
building. Surges induced in wires can be measured by 
current and voltage probes of appropriate frequency 
range: typically 10 kHz to 1 MHz for current, and dc to 
30 MHz for voltage measurements. Optical fibre links 
are used to isolate probes from recording systems. 

 
2.2. Triggered lightning experiments 

Triggered lightning experiments assume a lightning 
stroke initiation from natural thunderclouds in 
favourable weather conditions. A rockets and wire 
techniques are widely used to perform such 
investigations.  
During measurements in Brazil [2], at the top of tower 
was a platform, insulated from the tower, with rockets. 
During experiments the lightning currents were injected 
to the structure of tower. Current probes were located at 
the tower’s top and in feeder cables just before theirs 
enter to housing (Fig.2a). 
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Fig. 2. Radio base station struck by triggered lightning, a)  surge 
current measurement in cable feeder before entry to the housing, b) 
example of lightning current, c) feeder current [2] 
 
The waveshape of lightning current in the tower and in 
the feeder can be represented by the samples presented 
in fig. 2b, c. 
Similar artificially triggered investigations were 
conducted in Saint Privat d’allier [15]. Figure 3 presents 

the basic idea of triggered lightning experiment and an 
example of registered lightning current. 
 

 
Fig.  3. Lightning recordings in GSM base station [15] 
 
These techniques are the most expensive and difficult to 
apply for greater extent. Moreover, the lightning current 
characteristics are usually somewhat different from 
those obtained by real lightning recordings. 
 
2.3. Current injection methods 

In current injection methods, the real lightning current 
source is replaced with a surge current generator, which 
can be installed on the top of the tower or can be located 
at the ground level in some distance from the tower.  
The test current of appropriate waveshape is injected 
into a specific point of investigated structure. The 
current is then distributed among metallic elements of a 
structure and returns to the generator via return 
conductors.  
Surge currents in conductive elements of a considered 
structure can be measured by means of Rogowski coil 
or a clamp-on probes with a bandwidth usually of 
10MHz. High impedance voltage probes and inductive 
magnetic field probes are used to measure induced 
voltages and magnetic fields respectively. 
Several realisations of the current injection methods in 
radio base stations are presented in table 1. 
The current peak values attainable in practice are 
usually a few hundreds of A, up to 1.6kA. Another 
problem with current injection methods is that the 
current in generator conductors causes electromagnetic 
interference, which should be taken into account and/or 
eliminated.  



Table 1. Current injection methods of investigation of LEMP effects 
in case of direct lightning stroke  
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The test current generator was installed on the top of the tower 
or at the ground [5]. The test current of appropriate waveshape 
is injected at the top of tower .The current is then distributed 
among metallic elements of a structure and returns to the 
generator via return conductors. Several return conductors in 
spider-like configuration are applied. The return conductors 
were connected to the earthing system directly or to auxiliary 
electrodes driven into earth at some distance. 
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In test the generator was connected to the top and to the one 
leg of the tower [3]. The surge current reached the value of  
1,6 kA and 25 kHz damped sinusoidal shape. In building near 
by the tower many different parameters have been measured. 
One of them was the current in dc power supply cable.  

 
In test [6] were used: 

• 7,5 kJ six-stage generator , especially design for making 
tests in open area, 

• pulse-train generator with 1/500 µs to 5/500 µs with 
maximum peak value of 700 V . 

The measurements were made with digital oscilloscope with 
self-contained supply. With the first generator, test were made 
with the peak current of 1,2 kA applied to the eathing system 
of  tower. The overvoltages were recorded in different points 
in MV and LV systems. 

 
2.4. Reduced-scale models 

Performing investigations on reduced-scale models are 
often advantageous because of their relatively good 
accessibility in comparison with investigation on real 

objects. Some example test set-up of such a model is 
presented in figure 4. 

 
Fig. 4. Example test set-up of reduced-scale model [8] 
 
In case of investigations on reduced-scale models 
however, all of the quantities in the model have to be 
appropriately scaled with respect to the full-scale 
system. The most important quantities that should be 
scaled are voltage, current, frequency, time, 
capacitance, inductance, length, and conductivity [8]. 
 

3. NUMERICAL METHODS 

In fact, numerical methods of evaluation of lightning 
effects can be of great assistance for field investigations 
as they make possible analyses to such an extent that is 
practically very difficult to realize with on-site studies.  
 
4.1. Circuit methods 

In circuit models, the conductive elements of station are 
represented with an equivalent network consisted of 
lumped and/or distributed elements so that to account 
for electromagnetic couplings and propagation 
phenomena [7]. The main disadvantage of this method 
is that the inductive and capacitive couplings have to be 
determined on a preliminary basis, by considering the 
studied configuration as a network of linear cylindrical 
conductors. Then the superposition of the coupling 
effects should be applied. This becomes quite 
troublesome if it is necessary to simulate systems of 
relatively complex geometry or with the presence of 
both aboveground and underground structures. In 
consequence, this approach is applied to relatively 
simple geometries or with neglecting either 
aboveground or underground structures [9]. 
The circuit method in evaluation of lightning current 
distribution in radio base station (Fig. 4) , particularly 
under various ground resistances and lightning current 
shapes, was performed using SPICE  [15].  
The station is powered by commercial ac power from 
230/400 V electric system. The station has metallic 
connection with the telecommunication network 
through copper outside plant (T1, E1, etc.). In 
calculation the lightning current with peak value     100 
kA and shape 1/50 µs was used. 



 
 
Fig. 4. Typical radio base station used in calculation [15] 
 
Calculations of surge current distribution were done in 
dependence from resistance of base station. For the 
resistance of station in range from 5 Ω   to 25 Ω, the 
values of surge current in electric installation were 
changed from about 10 % to 14 % of value of surge 
current which flows to the top of the tower (Fig. 5.). 

 
 
Fig. 5. Surge currents in SPDs, with increasing ground resistance [15] 

 

3.2. Transmission line theory methods 

Transmission line theory is generally also difficult to 
apply to complex structures consisted of many 
differently interconnected or oriented conductors. This 
approach is mainly applied to relatively simple 
geometries, like lightning channels and transmission 
lines, usually placed in uniform media. The mutual 
electromagnetic couplings among different parts of a 
structure are also often neglected [10, 11]. 
 
3.3. Field theory approach 

The field theory approach is based on numerical 
solution of electric field integral equation in frequency 
domain [12, 13, 14]. The investigated structure can be 
represented as an appropriate network of conductors 
partitioned in short segments. Under certain 
assumptions regarding dimensions of the segments and 
the analysed frequency range, the network can be 
considered as a thin-wire structure and the current 
variation along segments as linear. Then, the segments 

can be represented by electric dipoles and all the 
electromagnetic quantities at any observation point can 
be expressed as a sum of contributions from all the 
dipoles. 
The field of a single dipole consists of three terms: the 
source term, the image term and the Sommerfeld 
integral. For numerical solving of these equations, the 
Method of Moments (MoMs) is widely used. Such 
approach is recommended by ITU [16]. 
It is possible to apply the method of moments to solve 
electric field integral equations directly in time domain, 
which makes possible to take into account also non-
linear elements. 
The field methods are generally more rigorous than 
circuit or transmission line approaches, but they 
naturally take into account all the electromagnetic 
phenomena, are relatively flexible and make possible to 
simulate quite large and complex structures where both 
aboveground as well as buried elements can be treated 
globally [14]. This is very important because on the one 
hand, the current distribution in aboveground structure 
is determined by location and specific behaviour of 
ground electrodes and on the other hand, the current 
distribution in buried electrodes depends on the 
geometry of the aerial part of the structure.  
Among numerical methods, the field theory approach 
seems to be the most appropriate for studying lightning 
effects. 
 

4. SELECTED ASPECTS OF LEMP EFFECTS 
INVESTIGATIONS 

Taking into account the presented methods of 
research, the new field investigation and numerical 
method of analysis, generally complemented, was used 
to simulation LEMP effects on radio base station. In this 
method the procedure of work was following:  
- the measurements of surge current distribution in 

conducting elements in base station using current 
injection method, 

- create, applying field theory approach, mathematical 
models simulating situation during measurements, 
calculations for different models of radio base 
stations and compare the results with measurements, 

- choice the optimum mathematical model of station 
and use this model in calculations of LEMP effect 
on radio base station. 

The combination of these methods is of a great 
advantage. It is possible for example to verify numerical 
models by field investigations using a low-current test 
set-up and then perform numerical simulations with 
larger currents, also taking into account other 
parameters or phenomena. 
 
4.1. Description of the structure under investigation 

A freestanding radio base station consists of 60 m high 
communication tower set on a triangular basis and a 
container nearby is considered.  



Measurements of surge currents in the bonding system 
and in other conductive elements in the station were 
performed using a surge generator connected to the top 
of the tower. Generator was located on the ground near 
the tower (Fig. 6).  
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Fig. 6. Current injection methods of investigation  
 
The return conductors were attached to four corners of 
the station fence, which is normally connected to the 
earthing system in several points. Double exponential 
current waveshape of approximately 20/50µs was 
applied with amplitude of about 300A. Some examples 
of surge current distribution, from measurements, were 
presented in figure. 7.  

 
Fig. 7. Measured surge current distribution in conductive 
elements of base station  
 
In theoretical calculation the station was modelled in a 
computer program based on field theory approach. The 
model of base station is presented in figure 8.  
In order to account for the effects of the test circuit 
geometry, the exact modelling of the test circuit is 
necessary i.e. exact arrangement of the generator and its 
conductors. 
4.2. Measurements and computations results 

Table 1 presents a comparison of measured and 
computed currents in ground conductors and tower legs.   

 
 

Fig. 8. Simplified numerical model of the radio base station 
 

Table 2. Comparison of measured and computed currents (in 
percentage of the total current) 
 

Conductor of interest 
Measurement 

% 

numerical 
model 

% 

Tower leg no 1 27 23 

Tower leg no 2 10,8 11 

Tower leg no 3 32,5 29,7 

Ladder ground conductor 7.8 6,7 

Ground conductor of antenna-
cable earthing terminal 

3.8 5.8 

Ground conductor of the main 
earthing terminal 

28 21,4 

 
A good agreement of measurement and computation 
results was obtained for currents in the ground 
conductors around the tower. Some differences 
appeared at the places with relatively small currents i.e. 
antenna-cable earthing terminal. 
 
4.2. Simulation of lightning stroke to the tower  

Basing on the numerical model of radio base station, 
calculations were made for the case of direct lightning 
stroke into the tower. In calculation, the following 
lightning current parameters were chosen: peak value 
100 kA, shape 10/350. This lightning current was 
describe by typical equation: 
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where: I – peak current, η – correction factor for the 
peak current,  t  - time,  
τ1 - front time constant,   τ2 -  tail time constant 



Some examples of time domain currents are presented 
in figure 9. 
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Fig. 9. Computed lightning current distribution in base station (a), 
time domain currents in ground conductor of:  b) tower legs,  
c) antenna-cable earthing terminal  
 

5. CONCLUSIONS 

An overview on various investigation methods of 
LEMP effects was presented and discussed, including 
field investigation methods as well as numerical 
modelling. Field investigations are very important 
source of information about the object. They allow for 
determining which element or factors are important and 
the lightning threat can be evaluated more effectively 
with numerical simulations.   
For economical reasons, numerical methods can be of 
great advantage in comparison to on-site investigations. 
Taking these facts into account, the new field 
investigation and numerical method of analysis, 
generally complemented, was presented to simulation 
LEMP effects on radio base station.   
Using this method it is possible for example to verify 
numerical models by field investigations using a low-
current test set-up and then perform numerical 
simulations with larger currents. 
Detailed information about the configuration of 
analysed object is necessary, since large simplifications 
in models might lead to incorrect estimation of lightning 
effects on equipment. 
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