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  Abstract-This paper presents ultra-wide-band 

measurements of impulsive noise within an electricity substation 

compound. The measurements are made in four contiguous 
frequency bands covering the range 100 MHz to 6 GHz. This 
range includes those bands relevant to modern wireless LAN 

and wireless PAN technologies such as IEEE 802.11a/b/g and 
IEEE802.15.1/4. Impulsive events are extracted from the 
measured data.  A noise amplitude distribution analysis of these 

events is presented. 

Index Terms--Electricity substation, impulsive noise, noise 
amplitude distribution, ultra-wide-band measurement, wavelet 

packet, WLAN, WPAN. 

I. INTRODUCTION 

Impulsive noise has the potential to degrade the 
performance and reliability of wireless communications 
systems [1]. Such noise, which is especially prevalent in 
high-voltage electricity substations, has discouraged the 
deployment of wireless technologies for operational purposes 
in the electricity supply industry (ESI). A model of impulsive 
noise specific to electricity substations would allow the 
assessment of risk associated with such deployment for 
monitoring and control functions.  Much effort has already 
been devoted to the measurement of impulsive noise in a 
variety of physical environments, spanning various frequency 
bands, with a view to assessing its impact on a range of 
wireless communication technologies. The environments 
include urban [1], rural [2], industrial [1], medical [3] and 
commercial [4]. The bands lie in the between 40 MHz and 4 
GHz and the wireless communication technologies include 
satellite-mobile [2], digital TV [5] and UMTS [6]. In all these 
campaigns the measurement bandwidths have been relatively 
narrow, ranging from 120 kHz to 40 MHz.  
In this paper we present ultra-wideband measurements of 

impulsive noise in the specific environment of a 400/275/132 
kV air-insulated substation. The data collected will allow the 
impact on performance of virtually all wireless technologies 
operating in frequency bands up to 6 GHz to be assessed. 
These include WiFi (and other WLAN systems), Bluetooth, 
ZigBee and UWB. The operating frequencies of these 
technologies, as defined by the IEEE standards 802.11a/b/g 

[7], 802.15.1 [8] and 802.15.4 [9], respectively, are listed in 
Table 1. The authors are not aware of any existing 
measurements that can be used to assess the resilience of 
these modern wireless technologies to the particular 
impulsive noise environment found in electricity substations.  
Within substations, impulsive noise may occur due to 

partial discharge (PD), periodic processes from power 
electronics and lower frequency, sporadic events due to 
switching operations. The emphasis in this study, however, is 
on the aggregate impulsive noise background irrespective of 
its physical origin. Whilst impulsive noise power is strong 
close to its source it decays rapidly with distance [10]. To 
characterise it properly, therefore, may require its extraction 
from a mixture of other unwanted signals and noise processes 
including coherent interference (e.g. broadcasting, other radio 
communications and radar signals). This makes practical site-
characterisation difficult since impulsive noise sources may 
be far from buildings where measurement equipment can be 
protected against environmental effects (in particular 
humidity and the ingress of water). An effective method of 
extracting impulsive noise from a background of higher-
power noise and interference is therefore desirable. Several 
methods of extracting PD from other noise processes have 
been investigated [11] and the wavelet transform has been 
identified as being particularly useful [12]. The wavelet 
packet transform (WPT) represents a generalisation of the 
wavelet transform [13]. An application of WPT for online PD 
detection in 11 kV cables has been reported [14]. WPT has 
been used in conjunction with neural networks to separate 
corona from PD in a gas-insulated substation [15]. 
 

TABLE I 
OPERATION FREQUENCY RANGE DEFINED BY IEEE STANDARDS 

802.11a (GHz) 802.11b/g 
(GHz) 

802.15.1 
(GHz) 

802.15.4 (GHz) 

5.15 - 5.25 
 

0.868 – 0.8686 

5.25 - 5.35 
 

 
2.4 – 2.4835 

2.4 – 2.4835 

5.47 - 5.725 
5.725 - 5.825 
 

2.471 – 2.497 
(Japan) 

 
 
 
2.4 – 2.4835 

0.902 – 0.928 
(USA) 

 



 

II. MEASUREMENT CAMPAIGN 

An impulsive noise detection system has been developed. The 
system comprises a low-band (LB) TEM half-horn antenna, a 
high-band (HB) TEM half-horn antenna, a disk-cone antenna, 
a WLAN dual-band (2.4/5 GHz) antenna, a high-bandwidth 
(6 GHz) digital storage oscilloscope (DSO) and a 1 TB 
external hard disk drive (HDD). The system is shown 
deployed in a 400 kV substation control room in Fig. 1(a).   
The TEM half-horn was selected as the principal antenna 

type for the collection of data because of its excellent impulse 

response. Details of the TEM half-horn design were reported 
in [16]. A summary is repeated here, however, and a 
schematic diagram is shown in Fig. 2(a).   
The LB horn is constructed from a triangular aluminum 

plate and a 122cm×122cm aluminum ground plane. The 
width (w) of the triangular plate at the aperture is 65.1cm, its 
length (L) is 84cm and its aperture height measured from the 
ground plane (h) is 20.1cm. The antenna feed is a 50Ω SMA 
connector with its flange in electrical contact with the ground 
plane and its centre-conductor connected to the triangular 
plate apex. The amplitude response, measured using a 
network analyzer, shows the -3dB bandwidth of a pair of 
identical cascaded horns (transmit and receive) to be 1.264 
GHz covering the frequency range 716 MHz - 1.98 GHz. The 
peak value of the amplitude response occurs at 1.068 GHz.   
The HB horn triangular flange is constructed from a printed 

circuit board. The flange width (w) at the aperture is 21.7cm 
and its length (L) is 28cm. The aperture height (h) is 6.7cm. 
The feed structure and ground plane are identical to those of 
the LB horn. The -3dB bandwidth of a cascaded pair 
(transmit and receive) is 3.195 GHz (1.905 to 5.1 GHz) and 
the amplitude response peak value occurs at 2.13 GHz. 
The disk-cone antenna covers frequencies below 710 MHz. 

This is the frequency range conventionally assumed to be 
important for PD. The details of this antenna design were 
reported in [17] but are, again, summarized here. A schematic 
diagram of the disk-cone antenna is shown in Fig. 2(b).   
The disk-cone antenna consists of an inverted right circular 

cone over a circular ground plane. The ground plane is 171cm 
in diameter and is constructed from aluminium plate. The 
cone was machined from solid aluminium. It has a base 
diameter of 13.3cm and heights of 5.4 and 4.9 cm for lower 
and upper sections of the cone respectively. A non-inverted 
cone with equal base diameter sits on top of the inverted 
cone. The antenna is vertically polarised and has 
approximately flat frequency response in the range 10 MHz - 
1 GHz with approximately constant (50 Ω) impedance [18]. 
A commercial dual-band (DB) omnidirectional antenna 

designed for WLAN applications is also deployed. It has two 
passbands sufficiently wide to accommodate WLAN signals 
in the 2.4 and 5 GHz bands. 
The DSO is a LeCroy SDA 9000 with four simultaneous 

sampling channels. Each channel has a sampling rate of 20 
GS/s and 50 MSamples of RAM. The analogue bandwidth is 
6 GHz and the input impedance is 50 Ω. 
The antennas are connected (directly) to the DSO. Direct 

sampling is used since previous studies, e.g. [19], have shown 
this to be advantageous in terms of minimising signal 
distortion. Interconnection is with 18 GHz, 50 Ω, coaxial 
cables. Time series are recorded using conventional 
amplitude triggering. Each recorded time series is 2.5 ms in 
duration which is the longest possible using the available 
RAM. The recorded signals are saved to the external HDD 
which is connected to the DSO via a USB interface. 
The measurement site is Strathaven 400/275/132 kV air-

insulated substation in the UK, owned by Scottish Power Ltd. 
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(a) Impulsive noise detection and recording system deployed in substation 

control room 
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(b) Strathaven substation – 400 kV compound 
Fig. 1.  Measurement system and site. 
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(b) Disk-cone antenna 
Fig. 2.  Schematic diagrams of antennas. 

  



Fig. 1(b) is shows a composite image of the 400 kV 
compound. The site also contains a 275 kV compound (out of 
shot behind the camera) and a 132 kV compound (out of shot 
to the left). The 400 kV control building, in which the 
measurement system was deployed, is shown on the left in 
Fig. 1(b). 
  An example of raw data measured in the electricity 

substation is shown in Fig. 3(a). The abscissa represents 
sampling time (in µs) while ordinate represents signal level 
(in mV). 
 

III. EXTRACTION OF IMPULSIVE NOISE EVENTS 

Two stages of data processing are employed to extract 
impulsive events. The first separates impulsive from non-
impulsive ‘noise’ processes. We refer to this as ‘de-noising’. 
The second extracts the important pulse parameters including 
rate, amplitude, duration, rise-time, arrival time and spacing. 
Arrival time is measured with respect to the start of the 2.5 
ms data segment. 
Due to computer resource constraints (CPU 2.33GHz, 1GB 

RAM) each time-series record of 5×107 samples is divided 
into five segments containing 10 M samples prior to 
processing. Fig.3 (a) shows an example time-series record. 
 

A. De-noising 

Wavelet packet transformation is central to the extraction 
of impulses from the measurement records [20]. The signal 
processing involves four steps. These are: 
 
1) Decomposition of both approximation and detail: 

Wavelet packet decomposition of the signal is 
computed up to level 12 using the symlet-6 wavelet 
(as shown in Fig. 4). 

2) Computation of best tree. The optimal wavelet packet 
tree with Stein's unbiased risk estimate (SURE) 
entropy function is computed. 

3) Wavelet-packet coefficient thresholding: Hard 
thresholding is applied to the coefficients of each 
packet (except for the approximation). 

4) Reconstruction: The required signal is reconstructed 
based on the original approximation coefficients at 
each level and the modified detail coefficients 

An example of de-noised impulses, extracted from the 
measurement shown in Fig. 3(a), is given in Fig. 3(b). 
 

B. Extraction of impulse feature 

The volume of data measured is large (12 TB) and the 
volume processed to date is 500 GB. The feature extraction 
algorithm is therefore required to be computationally efficient 
in order to keep processing costs manageable. The basic 
feature extraction algorithm developed in this study 
comprises the following seven steps: 
 
1) Calculation of threshold value: Threshold value, T, is 

the lesser of T1 and T2. T1 and T2 are given by 
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where X is the de-noised time-series, N is the number 
of samples, j = 1, 2… N, and k = 4 and l =6. 

2) Identification of time index clusters: Transition data, 
Mj, is defined by 
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A cluster is identified as a set of contiguous data 
points satisfying |Mj| > T. The values of Xj 
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(a) Raw measurement 

 

0 50 100 150 200 250 300 350 400 450 500
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

Time (us)

M
a
g
n
itu
d
e
 (
m
V
)

(b) De-noised impulses 
Fig. 3.  Raw measurement and de-noised result. 
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Fig. 4. Symlet-6 wavelet. 

  



corresponding to one time index cluster are assumed to 
represent one impulse. 

3) Extraction of impulse amplitude: Impulse amplitude is 
the maximum value of Xj within a given time index 
cluster. 

4) Extraction of impulse occurrence time: The occurrence 
time of an impulse is the time index (measured from 
the start of the data-segment) corresponding to the 
maximum value of the time cluster. 

5) Calculation of impulse duration: Impulse duration is 
the difference of time indices corresponding to 
locations on either side of the maximum value that are 
1/√2 of the maximum value. 

6) Calculation of impulse rise-time: Rise-time is the 
difference of time indices corresponding to 10% and 
90% of the pulse’s maximum amplitude. 

7) Calculation of inter-arrival time between impulses: 
The inter-arrival time is the difference of occurrence 
times between two successive impulses. 

The impulse features are illustrated in Fig. 5, which is a 
time-dilated segment of Fig. 3(b). 
 

IV. NOISE AMPLITUDE DISTRIBUTION 

There are four popular ways of characterizing impulsive 
noise: envelope peak voltage (PV), quasi-peak voltage 
(QPV), noise amplitude exceedance (NAE) and noise 

amplitude distribution (NAD) measurements. A NAD 
representation of impulsive noise has distinct advantages over 
the others and contains information about the rate of 
occurrence of the noise impulses as well as their strength [2].   
The ordinate of a NAD curve shows the noise impulse 

spectral amplitude (usually in decibels above 1 µV/MHz) and 
the abscissa indicates (usually on a logarithmic scale) the 
average number of impulses per second that exceed each of 
the spectral amplitude levels. The (one-sided) voltage spectral 
amplitude of an impulse envelope in V/Hz is given by Q = 2A 
where A is the strength (i.e. area) of the envelope measured in 
Vs. For example, an impulse of 60 dB µV/MHz is equivalent 
to 103 µV/MHz or 10-9 V/Hz. This corresponds to a pulse 
strength of 5 × 10-10 Vs. When a pulse with large bandwidth 
is present at the input of a receiver with much smaller 
bandwidth then the peak amplitude of the pulse at the receiver 
output, υpk, is proportional to the receiver bandwidth, B, i.e., 
υpk = QB. Thus an impulse of spectral amplitude 60 dB 
µV/MHz will produce a peak voltage at the output of a 1 
MHz bandwidth receiver of 10-9 × 106 = 10-3 V. This impulse 
response will have a duration of approximately twice the 
reciprocal of the receiver bandwidth, i.e., about 2 µs [21]. Fig. 
6 shows an impulse in the time domain. The impulse strength 
is represented by the shaded area.   
A NAD analysis has been undertaken based on data 

extracted from 318 instances of measured data. The resulting 
NAD curves are shown in Fig. 7. The average impulse rates 
corresponding to exceedance values of 75, 60 and 40 
dBµV/MHz for each antenna are given in Table 2. 
The NAD curves are remarkably similar for all antennas. 

The mean rate of impulses exceeding 80 dBµV/MHz is  
 

TABLE II 
AVERAGE IMPULSE RATE (S-1) EXCEEDED 

                    NAD (dBµV/MHz) 

Antenna 

75 60 40 

Diskcone 1.26 304 39824 

Low-band TEM horn 3.77 273 74707 

High-band TEM horm 5.03 118 34794 

Dual-band omnidirectional 2.52 25 19990 
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Fig. 6.  Illustration of impulse strength.  
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approximately 1 Hz. The curve falls at rate of 8 dB/decade to 
40 dBµV/MHz at 100 kHz. 
 

V. CONCLUSION 

Impulsive noise has been measured in a 400/275/132 kV 
electricity substation. The impulsive events have been 
extracted from raw measurements using a de-noising process 
and a feature extraction algorithm. NAD curves have been 
obtained and presented. 
An impulsive noise model for the assessment of risk 

associated with the deployment of wireless communications 
equipment in substations is under construction. 
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