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Summary: The paper presents an overview on 
investigation methods of lightning effects in low-voltage 
systems powered the GSM base stations. On-site current 
injection methods, real lightning recordings, reduced-scale 
models, as well as numerical methods are described. The 
final purpose is to develop the values of lightning currents 
which appeared in power systems during direct lightning 
strokes to the towers of GSM stations. These currents can 
cause the threat for the equipment inside station and for the 
other users of energy.  
 
Keywords: Lightning, LEMP, simulation methods, 
overvoltage protections, GSM base stations. 
 

1. Introduction 

In recent years development of GSM base stations has 
increase. High degree of lightning threat is caused by 
the following reasons:  

• considerable number of GSM stations, 

• stations, especially in rural areas, are often located 
on the top of hills or mountains in order to get a 
good coverage as possible,  

These facts make a GSM highly exposed to lightning 
currents. Additionally, the stations are equipped in 
electronic and electric devices sensitive to overvoltages 
and are powered by commercial ac power from the local 
power systems. 

High probability of direct lightning discharge into single 
station in connection from violently increasing their 
numbers caused important problem at assuring failure-
free working of this station and safety for the users of 
energy. The evaluation of LEMP (Lightning Electro-
Magnetic Pulse) effects on electric and electronic 
equipment installed in GSM stations as well as threat 
power ac was realized using numerical methods.  

2. Evaluation of the risk of lightning damage  

In GSM base station lightning damage can take form of 
hazard posed to humans from the step/touch voltages or 
physical damage to electric or electronic equipment inside 
container and in the other structures near the station. 
The goal of lightning protection system is to reduce 
damage to tolerable level. The standards IEC 61024-1-1 
include some information relating to the evaluation of the 

lightning risk to the tower of GSM base station. The risk 
of lightning strike is a function of: 

• structure height,  

• the local topography, 

• the local level of lightning activity.  

The frequency of direct strokes to the tower may be 
estimated from: 

610−⋅⋅= egd ANN
 

where: 
-   Ng is the average annual ground flash density per 
km2. 
-   Ae is the equivalent collection area of the tower being 

assessed in m2. 
The equivalent collection area of a tower is defined as 
an area of ground surface which has the same annual 
frequency of direct lightning flashes as the tower. For 
the tower placed on a flat ground: 

22 hmAe ⋅⋅≈ π  

where      -   h is the height of tower 
          -  m coefficient equal 3   

Figure 1 shows the equivalent collection area produced 
by a tower of GSM station placed on flat ground.  

 

 
Fig. 1. Evaluation of equivalent collection area of the high   

tower 

When assessing the lightning flash frequency to the 
tower of GSM station, the collection of data about the 
local ground flash density (Ng) is necessary.  
National organisations may be able to provide this 
information. If the ground flash density is not available 
it may be estimated using the following relationship: 
 

25,104,0 dg TN ⋅=  



Where Td is the number of thunder storm days per year 
obtained from isokeraunic maps (typically available 
from national meteorological organizations). The 
numbers of local ground flash density in relation to 
thunder storm days per year are presented below.  
 

Td 5 10 15 20 25 30 35 40 45 

Ng 0,3 0,7 1,2 1,7 2,2 2,8 3,4 4,0 4,7 

 
IEC 61024-1-1 states that value of the accepted frequency 
of strokes Nc shall be compared with actual value of 
frequency of lightning strokes Nd to the structure. From this 
comparison, we obtain: 

Nd  ≤ Nc   - the lightning protection system is not 
needed, 

Nd  > Nc  - lightning protection system should be installed.  

The minimum lightning protection system efficiency E 
can be defined using the following equation 
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c

N

N
E −≥ 1  

For different values of E standard IEC 61024-1-1 defines 
four lightning protection system levels, level I through 
level IV. To further considerations for the GSM base 
station the III level of lightning protection was chosen. 
 

3. Simulation of LEMP effects  

Practical measurements of LEMP effects on equipment 
installed in GSM stations and on the power system 
during direct stroke to the tower are very complicated 
problem. Below, an overview on the following methods 
of investigation is presented: 

- measurements during direct lightning stroke, 

- triggered lightning experiments, 

- current injection methods in real stations. 
 
3.1. Measurements during direct stroke to structure  

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, these methods are most naturally applied to 
tower-like structures for example in telecommunication 
centre in Kuala Lumpur, Malaysie [7].  
The purpose of such investigations is to measure 
lightning current distribution in the tower or building 
structure as well as induced surges in wires.  
Rogowski coils are used for current measurements in 
tower and building conductive elements.  
Surges induced in wires can be measured by using 
current and voltage probes of appropriate frequency 
range: typically 10kHz to 1MHz for current, and d.c. to 
30MHz for voltage measurements.  
Optical fibre links are used to isolate probes from 
recording systems. The location of measurement points 
is presented in fig. 2a.  
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Fig. 2. Lightning recordings in a telecommunication centre, a) 

location of measurements points, b) current in ac 
power system [7] 

 
Twenty-two waveforms of lightning current 
distributions were observed in conductive elements. The 
average values of lightning current parameters were 32 
kA, 10µs and 66 µs (peak value, front time and time to 
half value respectively). Some example of surge current 
in power system in building is presented in fig. 2b. 
Based on results, the correlation between the peak value 
of lightning current IL and currents in power system 
were obtained. In most cases these currents reached 
values 0,05 - 0,1 IL . 
The application of this method to GSM base station is 
possible but very difficult.   
 
 



3.2. Triggered lightning experiments 

Triggered lightning experiments assume a lightning 
stroke initiation from natural thunderclouds in 
favourable weather conditions. A rocket and wire 
techniques is widely used to perform such 
investigations. The lightning current is usually injected 
to the structure via a tower launcher connected with a 
wire to the injection point. For GSM base station two 
series of artificially triggering lightning tests in Saint 
Privat d’Allier were measured.  
Distribution of lightning current 50 kA with the front 
time 13 µs in the case of direct lightning stroke to the 
tower is presented in fig. 2 [8]. 
 

 
Fig.  3. Lightning recordings in GSM base station [8] 
 
The results of measurements show that near 10% of 
lighting currents flows in supply low-voltage power 
system.  
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. 
 
3.3. Current injection methods 

In current injection methods, the real lightning current 
source is replaced with a surge current generator.  
The test current of appropriate waveshape is injected 
into a specific point of metallic part of a building, a 
tower or other investigated structure, for example into 
LPS or bonded installations.  
The current is then distributed among metallic elements 
of a structure and returns to the generator via return 
conductors. 
Several realisations of the current injection methods in 
telecommunications towers are presented in table 1. 

 

Table 1. Current injection methods of investigation of LEMP 
effects in case of direct lightning stroke  

 
The test current generator was installed on the top of the tower 
or at the ground [3, 4]. 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. 

 

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. 
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In test the generator was connected to the top and to the one 
leg of the tower [2]. 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.  

 
The test current generator can be installed on the top of 
the tower or at the ground level near or in some distance 
from the station.  



Several return conductors in spider-like configuration 
are usually applied while a single return conductor can 
simulate a lightning strike.  
The return conductors can be connected to the earthing 
system directly or to auxiliary electrodes driven into 
earth at some distance. 
 

4. Theoretical calculations 

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. 
There is a lot of technical literature related to various 
numerical methods of evaluation of lightning effects. 
 
4.1. Circuit methods 

In circuit models, 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. 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. The 
circuit method in evaluation of lightning current 
distribution in GSM station, particularly under various 
ground resistances and lightning current shapes, was 
performed using SPICE on the complex model.  
Fig. 4 presents typical GSM station which was 
theoretically analysed [1].  
 

 
 
Fig. 4. Typical GSM base station  
 
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. 
Calculations of surge current distribution were done in 
dependence from resistance of base station.  
The resulting waveforms in of surge current in surge 
protective devices in ac power systems and in signal 

line for different ground resistance of station are 
presented in fig. 5. 
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Fig. 5. Surge currents in SPDs, a) in ac power system in 

telecommunication system, b) currents with 
increasing ground resistance [1] 

 
For the resistance of station in range from 5Ω   to 25Ω,  
the value of surge current in electric installation was 
changed from about 10 % to 14 % of value of surge 
current which flows to the top of the tower.  
 

5. Numerical method 

The numerical tool used for calculations is based on 
electromagnetic field theory. In the method numerical 
solution of electric field integral equation in frequency 
domain is adopted. The complete set of equations is 
solved numerically using the Method of Moments. 
In the method, an investigated structure is represented 
as a network of straight cylindrical conductors, 
partitioned in short segments. 
Under certain conditions concerning segment 
dimensions with regard to the wavelength for the 
highest analysed frequency, the thin-wire approximation 
and the linear current variation along the segments can 
be assumed. Hence, the segments can be represented by 
electric dipoles, where the field of a single dipole 
consists of three terms: the source term, the image term 
and the Sommerfeld integral.  
The specific electromagnetic quantity at any observation 
point is then expressed as a sum of contributions from 
all the dipoles [4, 9]. 
 



5.1. Numerical model of GSM base station  

The station consists of a 60 m high communication 
tower put on an equilateral triangular basis of a side 
length of 2.5 m and a small container in close proximity 
of the tower. The dimensions of this container are the 
following 3.8m x 2.5m x 3m. This base station was 
modelled as a network of cylindrical conductors as 
shown in fig. 6. 

 
 

Fig. 6. Numerical model of the base station [4] 
 
In analyses, the reference arrangement of the 
transformer grounding system consists of a square ring 
buried at 0.6 m depth and four vertical rods of 2.5 m 
length (Fig. 6.). The two-layer soil model was applied: 
top layer of 260 Ωm resistivity up to 30 m depth, 
bottom layer of 1060 Ωm resistivity. The analysed 
arrangements of the transformer grounding properties 
were characterized with their power-frequency 
impedances of 30 Ω, 18 Ω and 9.7 Ω. The distance of 
the transformer station was changed in a range of 66 –
 203 m. 
Direct lightning stroke to the tower was modelled by an 
external current source placed at the top of the structure. 
In analysis, the following surge currents:  

• 100 kA (peak value) and shape 10/350µs,  

• 25 kA and shape 0.25/100  

were used for simulation the first and subsequent lightning 
strokes. These parameters of the lightning current were 
taken according IEC 61312-1 [12] for the III protection 
levels. 
These lightning currents were described by typical 
equation: 
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where: 
I – peak current,   η – correction factor for the peak 
current,   t – time,    τ1 and τ2 respectively front and tail 
time constants. 

In the case of theoretical model, the lightning current 
represents ideal current source which was connected to 
the top of the tower. Some results of surge current 
distribution in conductive elements of GSM station are 
presented in fig. 7, 8 and 9. 
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Fig. 7. Surge currents (values in kA) in conductive element of 

GSM station for the subsequent strokes, a) surge 
current distribution, b) current in PEN conductor of 
low-voltage power system 
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Fig.  8. Surge current distribution in conductive element of GSM 

station for the first lightning stroke (values in kA) 
 

 
Fig. 9. Current in PEN conductor of low-voltage power 

system for the first lightning stroke 
 
Results from calculations showed that during first 
lightning stroke to the tower in PEN conductor of low-
voltage electric installation will flow 15 - 35% of 
lightning current.  
In the case of subsequent strokes, currents in installation 
can achieve values up to 30 % of lightning current.  
 

6. Conclusions 

An overview on various investigation methods of 
LEMP effects on GSM base stations was presented and 
discussed, including field investigation methods as well 
as numerical modelling.  
The results of measurements show that near 10%-15% 
of lighting currents flows in supply power system.  
For economical reasons, numerical methods can be of 
great advantage in comparison to on-site investigations 
and some results received from calculations are 
presented. 
The results for simple models of station showed that the 
value of surge current in electric installation was 
changed from about 10 % to 14 % of value of surge 
current which flows to the top of the tower.  
More exact results were received analyzing the GSM 
station based on electromagnetic field theory. Surge 
current distribution showed that during first lightning 
stroke to the tower in PEN conductor of low-voltage 
electric installation will flow up to 35% of lightning 
current.  

The information about the values of flowing currents in 
electric power systems make possible the opinion of 
threat different users of energy as well as proper 
selection of surge protection devices in these 
distribution systems.  
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