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Abstract

Electric fences used to create protected areas (PAs) are prone to faults that affect their
operation. The conventional method of measuring the voltage of the fence periodically
to detect faults and walking along the fence to locate the faults is inefficient and time con-
suming. This paper presents a low-cost Raspberry Pi time domain reflectometer (TDR) for
fault detection and localisation in electric fences. The system is designed using cheap off-
the-shelf components. It uses time domain reflectometry to detect hard (open and short
circuit) faults in electric fences. Time domain reflectometry is a method of detecting and
locating faults in electrical cables. The Raspberry Pi TDR is evaluated and it has success-
fully detected and located open circuit and short circuit faults in electric fences with a mean
absolute error of 1.52 m. The Raspberry Pi TDR offers the potential to remotely monitor
electric fences autonomously, hence improving their effectiveness.

1 INTRODUCTION

The expansion of human activities has resulted in the loss of the
natural habitat of wildlife. This, in turn, has led to the degrada-
tion of biodiversity and an increase in human–wildlife conflicts
(HWCs) [1, 2]. To help solve these problems, governments and
private partners have set aside protected areas (PAs) to safe-
guard biodiversity [3, 4]. PAs confine wildlife in a given area. By
restricting the movement of animals, PAs help to reduce HWCs
and make it easier to monitor and protect them [5, 6].

One way of establishing PAs is by erecting electric perimeter
fences on large tracts of land. A basic electric fence comprises
high tensile cables mounted on posts and connected to an ener-
giser on one end. The energiser sends high-voltage pulses down
the cables. When an animal touches the fence, it receives a non-
lethal electric shock that scares it away. Over time, the animals
learn to avoid the fence [7, 8].

Electric fences used in creating PAs are prone to faults
that reduce their effectiveness. The faults should be detected,
located, and repaired with the shortest possible downtime. The
conventional way of detecting faults in electric fences involves
periodic measuring of the voltage in the fence. If the measured
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voltage is below a given value, the fence is most likely faulty.
The condition of the power supply and output of the ener-
giser is first checked. If the power supply and the energiser
are working as expected, then the fence cables are diagnosed
[9]. To locate a fault, an authorised person is required to
walk along the fence measuring the voltage of the fence. The
voltage will fall up to the faulty point and remain constant
beyond that point [10]. This method of locating faults is time
consuming and inefficient since the fences are exceptionally
long [8, 11].

An alternative method of installing sensors at intervals on a
fence has also been developed [12]. The sensors measure the
voltage or current of the fence to detect faults. Once a fault
is detected in a given section of the fence, the information is
relayed wirelessly or using a communication line to the rangers.
This reduces the section of the fence that needs to be inspected
to locate a fault. The use of sensors greatly improves the pro-
cess of detecting and locating faults in electric fences [11, 13].
However, several sensors are needed to cover all lines of the
long fences, making this method expensive. The sensors and the
communication line are prone to breakage, which means they
also need to be monitored.
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FIGURE 1 An illustration of equivalent time sampling [26].

This article proposes using time domain reflectometry to
detect and locate faults in electric fences. A low-cost Raspberry
Pi-based time domain reflectometer (TDR) has been developed
to detect and locate open circuit and short circuit faults in elec-
tric fences. Time domain reflectometry is a method of detecting
faults in electrical cables that involves applying a signal to a
cable and analysing the reflected signal [14]. The reflection of
electrical signals in circuits is caused by impedance mismatch.
Faults introduce impedance mismatches in circuits. The mag-
nitude and phase of the reflected signal are used to determine
the type of the fault. The time delay between the incident and
the reflected signals is used to compute the distance to the fault
[15, 16].

The need for complex high-speed signal acquisition and pro-
cessing systems makes state of the art TDRs expensive [17,
18]. Existing commercial TDRs retail at several hundreds to
thousands US dollars. The TDR500/3P handheld TDR from
Megger (which is a well-established brand known for making
electrical test and measurement equipment), for example, costs
about US$910 at the time of writing this paper [19, 20]. There
exists a need to develop simple and low-cost TDRs [21]. Sev-
eral projects aimed at developing low-cost TDRs have been
undertaken.

The main focus of the research that has been done on
low-cost TDRs is development of inexpensive signal sampling
systems. Signal sampling can be done using real-time sampling
or equivalent time sampling (ETS) [22]. Real-time sampling
involves acquiring the signal as it evolves. This method is, there-
fore, limited by the maximum sampling rate of the analogue to
digital converter (ADC) in use [23]. ETS is a technique of sam-
pling a signal in different periods using multiple triggers and
then recombining the sampled data to reconstruct the original
signal. ETS enables sampling of periodic signals at very high
sampling rate using ADCs with low sampling rates. One basic
requirement of ETS is the signal being sampled should be peri-
odic [24]. There are two methods of ETS and they are sequential
sampling and random sampling [25]. Figure 1 is an illustration
of ETS.

Figure 1 shows a triangular signal with a period T is being
sampled using ETS. A single sample of the signal is collected
in every cycle. The ADC is triggered at sequentially increasing
intervals. In Figure 1, the time interval is increased by 𝜏 each
time. The samples collected are then used to reconstruct the
original signal.

The concept of ETS has been used to design various TDRs.
In reference [27], a Vernier clock generator comprising two
crystal oscillators with slightly different frequencies (16 and
16.000312 MHz) is used to generate time delays to achieve
slightly different sampling points of the incident and reflected
signals. The system achieved a sampling rate of 59.5 giga
samples per second (GSPS). The system uses two fixed oscil-
lators making it less flexible to suit different applications that
may require different frequencies. In reference [28], a low-cost
microcontroller-based TDR has been developed for soil mois-
ture measurement. The system uses the internal module of
the ARM Cortex M4 on-board the STM32F429I to generate
a 100.0079 kHz input signal and a direct digital synthesiser
(DDS) to generate the ADC trigger signal. The TDR achieved
a sampling rate of about 9 GSPS. The system is faced with the
problem of low-quality signals hence a thousand measurements
are required to compute the soil moisture. A microcontroller-
based sequential sampling TDR is described in reference [29].
The TDR uses three delay lines to generate triggers for the sam-
pling circuit and has achieved a sampling rate of 4 GSPS. One
drawback of this system is that delay lines have limited number
of programmable steps which results in very limited record-
ing time that affects the accuracy of the reconstructed signal
and limits the maximum length of the cable the TDR can be
used to monitor. Delay lines also consume a lot of power and
need to be calibrated [30]. In reference [30], an FPGA-based
TDR that employs delta modulation has been developed. The
use of a delta modulator in place of an ADC drastically reduces
the amount of raw data that need to be collected. The system,
however, suffers from the same drawback of inadaptability for
long transmission line like the other low-cost ETS-based TDRs
mentioned above.

ETS is a method of increasing the temporal resolution of sig-
nal acquisition systems [31]. ETS is used in state of the art digital
storage oscilloscopes (DSOs) and TDRs. However, complex
analogue circuits are needed to achieve the sophistication of
state of the art DSOs and TDRs which drastically increase their
cost [27, 28]. The low-cost ETS-based TDRs described before
suffer from various shortcomings. First, synchronisation of the
incident signal and the trigger signal is required which might
increase the complexity of the system especially if independent
signal generators are used. The choice of the signals also needs
to be carefully done to avoid the wave missing phenomena [22].
Second, a lot of data needs to be collected to ensure the recon-
structed signal is as close to the original signal as possible. This,
in turn, results in large memory requirement and increases the
time of acquisition [22, 30]. Third, the low-cost ETS were only
efficient at very high frequencies. Low-frequency signals are,
however, needed for long transmission lines to avoid super-
posing of multiple signals as a result of long time of flight of
the incident and reflected signals. This makes the low-cost ETS
described above suitable only for applications that have short
transmission lines like testing PCBs and soil moisture [30].

To circumvent the drawbacks of ETS, a low-cost real-time
sampling-based Raspberry Pi TDR was developed. The TDR
attained a maximum sampling rate of 31 mega samples per sec-
ond (MSPS). This translates to a maximum spatial resolution
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KIARIE ET AL. 3

FIGURE 2 Schematic design of the Raspberry Pi time domain reflectometer.

of about 4.8 m. Due to the extensive lengths of the electric
fences used in PAs it is difficult to determine the distances of
points along the fences using sub-millimetre, sub-centimetre, or
sub-metre resolution. From interacting with rangers from con-
servancies it was realised that the posts used in electric fences
are mostly uniformly spaced and the rangers use this prior
knowledge to estimate the distance of points along the fences
from the starting point. A low-resolution TDR is, therefore,
effective for monitoring electric fences. The distance to a fault
predicted by the Raspberry Pi TDR will have a precision of
about ±4.8 m. This is a very short distance to search for a fault
compared to the distance the rangers have to walk when using
the conventional way of locating faults in electric fences. The
Raspberry Pi TDR was developed using readily available cheap
off-the-shelf components. The TDR uses very few components
making it cost less than US$100.

2 METHODOLOGY

2.1 System architecture

The Raspberry Pi TDR consists of hardware and software. The
following subsections describe each of these parts.

2.1.1 Hardware

The hardware components of the Raspberry Pi TDR include
a Schmitt trigger signal generator, an AD9226 ADC module,
a Raspberry Pi 4, a cable interface port and a buck converter.
Figures 2 and 3 show the schematic design of the circuit
and the parts of the TDR on a printed circuit board (PCB),
respectively.

Schmitt trigger signal generator
A Schmitt trigger inverter was used to generate a fast-rising step
signal to be applied to the cable under test (CUT). The step
signal used in time domain reflectometry should have a fast
rise time. An SN74AC14N Schmitt trigger inverter was used
as the step signal generator. SN74AC14N has six independent
inverters with a fast rise time [32]. The Schmitt trigger was con-
figured into a bistable multivibrator by connecting an RC circuit
between the output and the input of one inverter. The output
of the inverter was then fed to the remaining five inverters.
The outputs of the five inverters were combined to increase
the power of the generated step signal. Combining the out-
puts of the five inverters increases the maximum power of the
step signal the Schmitt trigger can generate from 0.12 to 0.6 W.
Increasing the power of the step signal helps to compensate for
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4 KIARIE ET AL.

FIGURE 3 Parts of the Raspberry Pi time domain reflectometer.

FIGURE 4 Configuration of the SN74AC14N Schmitt trigger inverter
signal generator.

the effect of attenuation caused by the CUT. Figure 4 illustrates
the configuration of the Schmitt trigger signal generator.

The values of R1 and C1 used are 1 kΩ and 220 nF, respec-
tively. The signal generator generates an 8.9 kHz step signal with
an amplitude of 5 V and a rise time of 35.5 ns.

AD9226 ADC module
The AD9226 is a cheap fast 12-bit ADC with a parallel interface.
It has a maximum sampling rate of 65 MSPS. It requires a 5 V
supply and has a 3.3 V logic interface allowing it to be easily
interfaced with the Raspberry Pi. The ADC can sample signals

of up to± 5 V [33]. It samples the signal at the input of the CUT
and feeds it to the Raspberry Pi.

The Raspberry Pi
The Raspberry Pi is the central device of the TDR system. It
takes the output of the ADC and processes it to detect faults in
cables. The ADC is interfaced with the Raspberry Pi using the
Secondary Memory Interface (SMI). SMI is a general-purpose
high-speed parallel interface that is found in all Raspberry Pi
versions. The ability to grab all data bits at once in a single clock
cycle makes SMI faster than the other serial interfaces found in
the Raspberry Pi [34].

Direct memory access (DMA) was used to transfer the data
from the general-purpose input/output (GPIO) pins to the
storage. DMA is a method of moving data around a computer
at high speeds independent of the CPU [35, 36]. Using a Rasp-
berry Pi 4 interfaced with an AD9226 ADC module, a sampling
rate of 31 MSPS was achieved.

Buck converter
The buck converter is used to step down the voltage from a
12/24 V battery to 5 V to power the TDR system. Some fences
are powered by batteries, which can also be used to power the
TDR system through the buck converter.

Table 1 shows the cost of components used to make the
Raspberry Pi TDR.

2.1.2 Software

The software for the Raspberry Pi TDR system is divided into
two.

(i) Data acquisition programmes
(ii) Time domain reflectometry algorithm
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KIARIE ET AL. 5

TABLE 1 Cost of the components used to produce the Raspberry Pi time
domain reflectometer.

Component Number

Cost per

unit (US$)

Total cost

(US$)

Raspberry Pi 4 1 55 55

AD9226 ADC 1 35 35

SN74AC14N Schmitt trigger 1 0.67 0.67

50 Ω resistor 1 0.014 0.02

1 kΩ resistor 1 0.014 0.02

200 𝜇F capacitor 1 0.036 0.04

LM2596 buck converter 1 1.44 1.44

JST connector 3 0.14 0.42

Female double-row header pin 1 0.22 0.22

14-Pin DIP IC socket 1 0.14 0.14

Copper clad board 1 0.86 0.86

Total cost (US$) 93.83

Data acquisition programmes
The data acquisition programmes are responsible for driving the
ADC and transferring its output to the storage of the Raspberry
Pi. The programmes are written in C programming language to
achieve high data transfer speed. The sampled signal is stored as
a CSV file. Each file contains 10,000 samples, which is approx-
imately equal to 0.3-ms-long sampled signal. The programmes
used for data acquisition in the Raspberry Pi TDR were adapted
from programmes developed for SMI by Bentham [22].

Time domain reflectometry algorithm
The time domain reflectometry algorithm processes the sam-
pled signal to detect a fault and determine its type and location.
The time domain reflectometry algorithm should be fast,
accurate, and computationally cheap enough to run on the
Raspberry Pi. To detect a fault, the time domain reflectome-
try algorithm checks for the presence of a reflected signal on
the sampled signal. Figure 5 shows the reflection of an incident
pulse by a short circuit and an open circuit.

Figure 5 shows the reflection of electric signals in a short cir-
cuit and an open circuit. The reflected signal is out of phase with
the incident signal in a short circuit and in phase with the inci-
dent signal in an open circuit. The phase of the reflected signal
is governed by Equation (1).

Γ =
Zl − Zc

Zl + Zc
(1)

where Γ is the reflection coefficient, Zc is the characteristic
impedance of the cable, and Zl is the impedance of the load.

If a step signal is applied to an open-circuited or short-
circuited cable, the reflected signal is also a step signal. Consider
a single cycle of a step signal with an amplitude of 1 V, a period
of T , and a 50% duty cycle as shown in Figure 6.

If the pulse is applied to an open circuit or a short circuit, it
travels to the end of the circuit where it encounters a change in

FIGURE 5 (a) Reflection of a step pulse by a short circuit; (b) resulting
signal due to interference between the incident and the reflected signal in a
short circuit; (c) reflection of a step pulse by an open circuit; and (d) resulting
signal due to interference between the incident and reflected signal in an open
circuit.

FIGURE 6 A step signal with an amplitude of 1 V, period of T, and a 50%
duty cycle.

impedance resulting in its reflection. The reflected pulse travels
from the end of the circuit to the input. Let Δt be the time taken
by the pulse to travel from the input to the end of the circuit
and back. If Δt is less than half the period of the pulse, that is,
Δt < 0.5T , then the reflected pulse will arrive at the input while
part of the incident pulse is still incoming. The word pulse is
used to refer to the HIGH section of the step signal in this case.

The arrival of the reflected pulse at the input with part of
the incident pulse still incoming, results in interference between
the two. The interference between the incident and the reflected
signals results in change points. The time domain reflectom-
etry algorithm searches for these change points to detect the
reflected signal. The pulse reflected by an open circuit results
in constructive interference and that reflected by a short cir-
cuit results in destructive interference. Figures 7 and 8 show
the interferences of the incident and reflected pulses in an open
circuit and a short circuit, respectively.
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6 KIARIE ET AL.

FIGURE 7 Resultant signal due to interference between an incident and a
reflected pulse in an open circuit.

FIGURE 8 Resultant signal due to interference between an incident and a
reflected pulse in a short circuit.

The interference between the incident and the reflected sig-
nals results in stepped signals as shown in Figures 7 and 8. The
first change point on the signal is the rising edge of the incident
pulse. The second change point occurs after Δt from the first
change point due to the arrival of the reflected pulse. The third
change point occurs at the falling edge of the incident pulse. The
fourth change point occurs after Δt from the falling edge of the
incident pulse and is the falling edge of the reflected pulse that is
still incoming after the end of the incident pulse. These change
points are used to detect the reflected pulse and determine its
time delay.

The change points are stepped, meaning they can be detected
using the method of edge detection in step signals. One way
of detecting edges in step signals is using the method of dis-
crete gradient [37]. The discrete gradient of a step signal is
zero everywhere except at the rising and falling edges. The dis-
crete gradient is computed by taking the finite difference of the
sampled signal, which is a computationally cheap process.

If {vt }, for 0 ≤ t ≤ T is a sampled signal that contains an
incident and a reflected pulse, its finite difference, {Δvt }, for 0 ≤

t ≤ T − 1, is given by Equation (2).

{Δvt } = ||vt+1 − vt
|| for 0 < t ≤ T − 1 (2)

Figures 9 and 10 show the plots of signals with reflections
due to an open circuit and a short circuit, respectively, and their
discrete gradients for a line that is lossless and matched to the
source.

The stem plots in Figures 9 and 10 show the discrete gra-
dients of signals containing the incident and reflected pulses.
The discrete gradient is zero everywhere except at the rising and
falling edges of the incident and reflected pulses. This property
is used to detect the change points of interest. Using the loca-

FIGURE 9 A plot of a signal containing an incident step pulse and a
reflected step pulse due to an open circuit and its discrete gradient.

FIGURE 10 A plot of a signal containing an incident step pulse and a
reflected step pulse due to a short circuit and its discrete gradient.

tions of the change points, the time delay of the reflected signal
is given by Equation (3).

Δt = trrise
− tirise

= trfall
− tifall

(3)

where tirise
is the time of the rising edge of the incident pulse; trrise

is the time of the rising edge of the reflected pulse; tifall
is the time

of the falling edge of the incident pulse; and trfall
is the time of

the falling edge of the reflected pulse. To compute the time delay
of the reflected pulse, the correct pair of change points needs to
be used as shown in Equation (3). The pairs are the rising edges
of the incident and reflected pulses pair or the falling edges of
the incident and reflected pulses pair.

In Figures 9 and 10, the incident signal is wholly reflected.
For this to happen, the line needs to be lossless and matched
with the source. It is, however, practically impossible to achieve
a lossless line [38, 39]. A lossy line attenuates a signal as it travels
in it [40]. The reflected pulse will therefore have a smaller ampli-
tude than the incident pulse in a lossy line. This means that the
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KIARIE ET AL. 7

FIGURE 11 A plot of a signal containing an incident step pulse and a
reflected step pulse due to an open circuit in a lossy line and its discrete
gradient.

FIGURE 12 A plot of a signal containing an incident step pulse and a
reflected step pulse due to a short circuit in a lossy line and its discrete gradient.

discrete gradients of the falling and rising edges of the reflected
pulse will be less in magnitude than those of the edges of the
incident signal.

Consider a case where the reflected pulse has an amplitude
that is 75% of the amplitude of the incident pulse. Figures 11
and 12 show the plots of the signals with reflections due to an
open circuit and a short circuit, respectively, and their discrete
gradients.

The discrete gradients of the rising and falling edges of the
incident pulse are large compared to those of the reflected pulse
as shown in Figures 11 and 12. The time domain reflectometry
algorithm uses this property to identify the edges of the incident
signal and those of the reflected signal separately and then pair
them appropriately to compute the time delay of the reflected
signal.

Using a predetermined threshold, the indices of the rising and
falling edges of the incident signal can be obtained from the
discrete gradient of the sampled signal. Equation (4) is used to
generate a binary vector, I , of 1s and 0s where the indices of 1s

FIGURE 13 Generated binary vector showing the indices of the edges of
the incident pulse in an open circuit.

FIGURE 14 Generated binary vector showing the indices of the edges of
the incident pulse in a short circuit.

represent the indices of the edges of the incident signal.

it =

{
1, if Δvt > vth

0, otherwise
for 0 ≤ t ≤ T − 1 (4)

where vth is the threshold value.
Figures 13 and 14 show the plots of signals and the obtained

binary vectors, I , using a threshold of 0.75 that is equivalent to
the ratio of the amplitude of the reflected pulse to the amplitude
of the incident pulse.

The stem plots in Figures 13 and 14 show the binary vectors
obtained from the discrete gradients of the signals from an open
circuit and a short circuit, respectively. The binary vectors have
values of zeros everywhere except at the indices of the rising and
falling edges of the incident signals. Using the generated binary
vector, the time domain reflectometry algorithm can locate the
edges of the incident signal.

Next, the time domain reflectometry algorithm searches for
the edges of the reflected pulses. The choice of the incident
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8 KIARIE ET AL.

FIGURE 15 Signal segments generated from the end of the rising edge of the incident pulse to the start of the falling edge of the incident pulse for signals
sampled from (a) an open circuit and (b) a short circuit.

FIGURE 16 Signal segments generated from the end of the falling edge of the incident pulse to the start of the rising edge of the next cycle of the incident
signal for signals sampled from (a) an open circuit and (b) a short circuit.

pulse used in the Raspberry Pi TDR is such that for a given
cycle, the rising edge of the reflected pulse will be located within
the HIGH section of the incident step signal and the falling edge
will be located within the LOW section of the incident step sig-
nal as shown in Figures 7 and 8. This was achieved by using a
signal with a duty cycle that is almost 50% and whose half period
is greater than the expected approximated maximum time delay
of the reflected signal. This property ensures that the reflected
pulse that corresponds to a given incident cycle does not spread
over to another cycle. This prior knowledge of the possible loca-
tions of change points due to the reflected signal makes it easy
to search for them.

Using the located indices of the rising and falling edges of
the incident signal, signal segments are generated. The segments
are generated based on the knowledge of the possible locations
of the change points due to the reflected signal. This makes it
easier to pair the change points for the correct time delay com-
putation. One signal segment is generated from the end of a
rising edge to the start of the falling edge of the incident sig-
nal. This segment is expected to contain the rising edge of the
reflected pulse. The second signal segment is generated from
the end of the falling edge to the start of the rising edge of the
next cycle of the incident signal. This segment is expected to
contain the falling edge of the reflected pulse. Figures 15 and 16
show the signal segments that are generated to find the edges of
the reflected pulses. The solid sections of the plots are the signal
segments.

The number of samples, N , in each segment is given by
Equation (5).

N = k ×
1
f
× fs (5)

where f is the frequency of the step signal and fs is the sampling
rate of the signal.

k =

{
duty cycle, i f duty cycle ≤ 0.5

1 − duty cycle, i f duty cycle > 0.5
(6)

The same procedure for locating the edges of the incident sig-
nal is used to detect the edges of the reflected signal in the signal
segments. If {sn}, for 0 ≤ n ≤ N is a signal segment, its finite
difference, {Δsn}, for 0 ≤ n ≤ N − 1, is given by Equation (7).

{Δsn} = |sn − sn+1| for 0 ≤ n ≤ N − 1 (7)

Equation (8) is used to generate a binary vector, R, containing
0s and a 1 at the index of the edge of the reflected signal.

rn =

{
1, if Δsn ≥ sth

0, otherwise
for 0 ≤ n ≤ N − 1 (8)

where sth is the threshold value
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KIARIE ET AL. 9

FIGURE 17 Computed binary vector showing the index of the rising
edge of the reflected pulse in an open circuit.

FIGURE 18 Computed binary vector showing the index of the rising
edge of the reflected pulse in a short circuit.

Signal segments shown in Figure 15 will be used to explain
the next steps. Figures 17 and 18 show the signal segments and
the binary vectors, R, computed from them.

Figures 17 and 18 show the plots of R vectors calculated from
signal segments that contain the rising edges of the reflected
pulses. The R vectors contain zeros everywhere except at the
edges of the reflected pulses. The spike in the stem plot of the
binary vector corresponds to the index of the change point due

to the reflected pulse on a signal segment. The index represents
the number of samples between the edges of the incident and
reflected pulses. If nrrise

and nrfall
are the indices of the rising

edge and falling edge, respectively, of the reflected pulse in a
signal segment, the time delay, Δt , is given by Equation (9).

Δt =
nrrise

fs
=

nrfall

fs
(9)

The time delay obtained in Equation (9) is used to calculate
the distance to the fault. The distance to the fault, df, is given by
Equation (10).

df =
VF × c × Δt

2
(10)

where VF is the velocity factor of the CUT and c is the velocity
of light in vacuum.

To determine the type of fault, the time domain reflectometry
algorithm checks for the presence of negative going peaks. This
is done by checking if the sampled signal has values that are less
than −1. Their presence means the fault is a short circuit and an
open circuit if otherwise. Figure 19 shows the flowchart of the
time domain reflectometry algorithm.

2.2 Preliminary experiments

Preliminary tests were conducted to ascertain if the Raspberry
Pi TDR can be used in fault detection and localisation. Two 15-
m-long silicone-rubber-insulated copper cables, an oscilloscope,
and the Raspberry Pi TDR were used in these experiments.
The VF of a silicone-rubber-insulated copper cable is about
0.67 [41]. A step signal generated by the Schmitt trigger on
the Raspberry Pi TDR was applied to one end of the cables,
while open circuit and short circuit faults were simulated on the
other end of the cables to reflect the incident signal. The inci-
dent and reflected signals were measured at the input using the
oscilloscope and the Raspberry Pi TDR and the results were
compared. Figure 20 shows the setup for testing time domain
reflectometry using an oscilloscope, the Raspberry Pi TDR, and
two 15-m-long silicone-rubber-insulated copper cables.

2.3 Experiments with electric fences

Next, the Raspberry Pi TDR was tested with electric fences. A
106-m-long section of an electric fence at the Dedan Kimathi
University of Technology Wildlife Conservancy (DeKUTWC)
and a 280-m-long section of an electric fence at Ol Pejeta Con-
servancy were used for these experiments. A set of two cables
for each of the fences was used to simulate open and short
circuit faults. The entire fence section was treated as an open
circuit in both cases to simulate an open circuit fault. Only two
open circuit fault instances could be simulated. Short circuits
were introduced at intervals along the fences by connecting the
two cables with a wire.
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10 KIARIE ET AL.

FIGURE 19 Flowchart of the time domain reflectometry algorithm.

FIGURE 20 Setup for testing time domain reflectometry using an oscilloscope and the Raspberry Pi time domain reflectometer.

For the DeKUTWC fence, short circuit faults were created
at points approximately midway between posts and immedi-
ately after each post. Nineteen short circuit fault instances were
created using the DeKUTWC fence. For the Ol Pejeta Conser-
vancy fence, short circuit faults were introduced after every five
posts. Ten short circuit fault instances were created using the Ol
Pejeta Conservancy fence.

Using the Raspberry Pi TDR, a step signal was applied to the
cables and about 0.3-ms-long signal was sampled at the input
and saved on the storage of the Raspberry Pi as a CSV file. For
each fault simulation, several files were collected. The files col-
lected from these experiments were 581. Forty-seven files are
signals sampled from the open-circuited electric fence setups.
The rest are signals sampled from the electric fences with short
circuits at different points. Figure 21 shows the TDR connected
to the electric fence at the DeKUTWC.

3 RESULTS AND DISCUSSION

First, the results of the preliminary experiments with the oscillo-
scope and copper cables were analysed. Figures 22 and 23 show
the signals measured by the oscilloscope when a step signal was
applied to one end of the test cables, while the other end was
open-circuited.

Figure 23 shows the rising edges of the incident and reflected
signals. The interference of the reflected signal is constructive
because it is in phase with the incident signal. The measured
time delay of the reflected signal is 148 ns.

Figures 24 and 25 show the signals measured by the oscil-
loscope when a step signal was applied to one end of the test
cables, while the other end was short-circuited.

Figure 24 shows the signal measured at the input of the short-
circuited cables. The reflected signal is out of phase with the
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KIARIE ET AL. 11

FIGURE 21 The Raspberry Pi time domain reflectometer connected to
the electric fence at the Dedan Kimathi University of Technology Wildlife
Conservancy.

incident signal, hence the destructive interference as shown in
Figure 25. The measured time delay of the reflected signal is also
148 ns. In both the open circuit and short circuit cases, there are
secondary reflections that exhibit themselves as ripples after the
first reflection due to a mismatch between the signal generator
and test cables. The distance to the fault (length of the cables) is
computed using Equation (11).

d f =
0.67 × 3 × 108 × 148 × 10−9

2
= 14.87 m (11)

The value computed in Equation (11) has an absolute error
of 0.13 m.

Second, the signals collected using the Raspberry Pi TDR
from the preliminary experiments with the copper cables were
processed using the time domain reflectometry algorithm.
Figure 26 shows the step signal generated and sampled by the
Raspberry Pi TDR.

The step signal shown in Figure 26 has an amplitude of about
2.5 V, but the on-board signal generator of the Raspberry Pi
TDR generates a step signal with an amplitude of 5 V. The
measured amplitude of the step signal is less since the input
resistance of the AD9226 ADC module and the output resis-
tance of the signal generator are both about 50 Ω forming a
voltage divider. This means that the voltage across the input of
the ADC will be approximately half the voltage produced by the
signal generator.

Figures 27 and 28 show the signal sampled by the Raspberry
Pi TDR during the simulation of an open circuit with the test
cables.

Figure 27 shows the signal sampled at the input of the open-
circuited cable. A zoomed section of the signal containing the
rising edges of the incident and the reflected signal is shown in
Figure 28. The reflected signal is additive since it is in phase with
the incident signal.

Figures 29 and 30 show the signal sampled by the Raspberry
Pi TDR during the simulation of a short circuit on the test
cables.

Figure 29 shows the signal sampled at the input of the short-
circuited cable. A zoomed section of the signal containing the
rising edges of the incident and the reflected signal is shown in
Figure 30. The reflected signal is subtractive since it is out of
phase with the incident signal.

The signals sampled by the Raspberry Pi TDR are similar to
the ones measured by the oscilloscope for both the open cir-
cuit and short circuit. The ripples after the first interference

FIGURE 22 Signal measured at the input with test cables open-circuited.
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12 KIARIE ET AL.

FIGURE 23 A zoomed section of the signal measured at the input with the cables open-circuited showing the additive reflected pulse.

FIGURE 24 Signal measured at the input with test cables short-circuited.

are due to secondary reflections. The signal segments shown in
Figures 28 and 30 will be used to show the results of the next
steps of the time domain reflectometry algorithm.

The discrete gradients of the sampled signals were computed
using the time domain reflectometry algorithm. Figures 31
and 32 show the discrete gradients of the signal segments shown
in Figures 28 and 30, respectively.

The stem plots in Figures 31 and 32 show the discrete gra-
dients of signal segments containing the incident and reflected
signals. The discrete gradients increase at the edges of the inci-
dent and reflected signals. The discrete gradients are the largest
at the edges of the incident signals. For each signal segment, the
next largest discrete gradient is at the edge of the first reflected
signal.

The binary vector, I , is computed from the discrete gradient
using Equation (4) to locate the edges of the incident signal. The
standard deviation of the step signal generated and sampled by
the TDR (1.18) was used as the threshold to compute the binary
vector. Figures 33 and 34 show the plots of the sampled signals
along with their corresponding binary vectors.

Figures 33 and 34 show the plots of the binary vectors com-
puted from the signals sampled from the open circuit and short
circuit setups, respectively. The spikes in the binary vectors cor-
respond to the indices of the falling and rising edges of the
incident signals. The time domain reflectometry algorithm, thus,
successfully located the rising and falling edges of the incident
signals from the signals sampled from both the open and short
circuit setups.
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KIARIE ET AL. 13

FIGURE 25 A zoomed rising edge of the signal measured at the input with the cables short-circuited showing the subtractive reflected pulse.

FIGURE 26 Signal generated and sampled by the Raspberry Pi time
domain reflectometer system.

FIGURE 27 Signal sampled from the input of the open-circuited test
cables.

Next, signal segments were generated using the obtained
indices of the rising and falling edges of the incident signals. The
step signal generated by the signal generator has a duty cycle of
51%. The size of a segment is given by Equation (12).

N = 0.49 ×
1

8.9 × 103
× 31 × 106 ≈ 1707 samples (12)

FIGURE 28 A zoomed section of the signal sampled at the input of the
open-circuited test cables showing the additive reflected pulse.

FIGURE 29 Signal sampled from the input of the short-circuited test
cables.

The discrete gradient of each segment was computed using
Equation (7). The binary vector, R, was then computed from
the discrete gradient using Equation (8). A threshold value of
0.3 was used. The value was determined from experimentation.
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14 KIARIE ET AL.

FIGURE 30 A zoomed section of the signal measured at the input of the
short-circuited test cables showing the subtractive reflected pulse.

FIGURE 31 A plot of a sampled signal segment and its discrete gradient.

FIGURE 32 A plot of a sampled signal segment and its discrete gradient.

Figures 35 and 36 show the plots of signal segments, their
discrete gradients, and the calculated binary vectors, R.

Figures 35 and 36 show signal segments that contain the
edges of reflected signals from the open circuit and short cir-
cuit setups, respectively. The black stem plots with solid stems
show the discrete gradients of the signal segments. The discrete
gradients have the largest magnitudes at the edges of the first
reflected pulses. Subsequent secondary reflections have smaller
discrete gradients at their edges due to attenuation. The red
stem plots with dotted stems show the binary vectors, R, com-
puted from the discrete gradients of the signal segments. The
vectors have values of 1s at the indices corresponding to the
rising edge of the first reflected signals and 0s everywhere else.
Figures 37 and 38 show the detected edges of both the incident
and reflected signals.

Figures 37 and 38 show the time of the rising edges of the
incident and reflected signals. The dash-dot lines show the time
of the rising edges of the incident signals and the dotted lines
show the time indices of the rising edges of the reflected sig-
nals. Using the pairs of the detected edges of the incident and
reflected signals, the time delay was computed. The time delay
of the reflected signal in both the open circuit and the short
circuit setup was 161.3 ns. The distance to the fault is given by
Equation (13).

d f =
0.67 × 3 × 108 × 161.3 × 10−9

2
= 16.21 m (13)

The value obtained from Equation (11) has an absolute error
of 1.21 m.

The Raspberry Pi TDR can therefore be used to detect
and locate faults in electrical cables. The distance to the fault
obtained from the Raspberry Pi TDR has a larger absolute error
than the one obtained from the oscilloscope since the Raspberry
Pi TDR has a lower spatial resolution than the oscilloscope. This
is attributed to the lower sampling rate of the Raspberry Pi TDR
(31 MSPS) compared to that of the oscilloscope (2 GSPS).

Table 2 shows the results obtained from experiments con-
ducted with the Raspberry Pi TDR, the oscilloscope and the
copper cables.

Finally, the files collected from the experiments conducted on
the electric fences were processed using the time domain algo-
rithm to predict the distances to the simulated faults. Tables 3
and 4 show the results obtained from experiments conducted
with the Raspberry Pi TDR and electric fences.

Tables 3 and 4 show the average predicted distances for the
faults simulated at different points along the electric fences’
cables at DeKUTWC and Ol Pejeta Conservancy. The val-
ues predicted by the time domain reflectometry algorithm are
close to the expected values. The overall mean absolute error
(MAE) of the time domain reflectometry algorithm on the
data collected from the experiments with the electric fences is
1.52 m. This means that on average, the faults were predicted
within ±1.52 m of the actual distance. The error is very small
compared to the distance the rangers have to walk while search-
ing for faults. The predicted distance to the fault greatly narrows
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KIARIE ET AL. 15

FIGURE 33 Plots of a signal sampled from the open-circuited cable setup and the binary vector computed from the discrete gradient of the signal.

FIGURE 34 Plots of a signal sampled from the short-circuited cable setup and the binary vector computed from the discrete gradient of the signal.

down the section of the fence that the rangers need to look for
the fault. The Raspberry Pi TDR can detect and locate faults
in electric fences despite their nonuniform nature due to the
multiple joints they have.

With the electric fences, the Raspberry TDR had a blind spot
of about 12 m. A blind spot in time domain reflectometry is
the shortest cable length below which a TDR cannot detect
faults due to overlapping of the incident and reflected waves.
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16 KIARIE ET AL.

FIGURE 35 A plot of a signal segment containing change points due to
interference by reflection caused by an open circuit. The dash-dot line is the
finite difference of the signal segment, and the dotted line is the generated
binary vector.

FIGURE 36 A plot of a signal segment containing change points due to
interference by reflection caused by a short circuit. The dash-dot line is the
finite difference of the signal segment, and the dotted line is the generated
binary vector.

The problem of blind spots can be solved by using probes that
are at least the length of the blind spot to connect a TDR to the
CUT [42].

4 WORK IN PROGRESS

The current version of the Raspberry Pi TDR is designed to
test an electric fence that is not live. Electric fences operate
at very high voltages (in the kilovolts range) that can dam-
age the Raspberry Pi TDR. The user needs to switch off the
energiser and then test the fence using the Raspberry Pi TDR.
Future work will include designing a protection circuit to inter-

FIGURE 37 Detected time indices of the incident and reflected signals’
edges in an open circuit.

FIGURE 38 Detected time indices of the incident and reflected signals’
edges in a short circuit.

TABLE 2 Results obtained from preliminary experiments with the
Raspberry Pi time domain reflectometer and the oscilloscope.

Instrument Fault

Distance to

the fault (m)

Predicted

distance (m)

Absolute

error (m)

Oscilloscope Open circuit 15 14.87 0.13

Short circuit 15 14.87 0.13

Raspberry Pi
TDR

Open circuit 15 16.21 1.21

Short circuit 15 16.21 1.21

face the Raspberry Pi TDR with a live fence. The circuit will
filter out the low-frequency high-voltage pulses generated by
the energiser but allow the TDR signal to pass. The use of the
high-voltage pulses of the energiser for arc reflection to detect
high impedance faults in electric fences will also be explored.
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KIARIE ET AL. 17

TABLE 3 Results obtained from processing files collected from Dedan
Kimathi University of Technology Wildlife Conservancy.

Type of fault

Actual

distance to

fault (m)

Number of

files

collected

Average

predicted

distance

(m)

Mean

absolute

error

(m)

Short circuit 12.41 21 14.30 1.89

Short circuit 17.44 21 18.60 1.16

Short circuit 22.38 21 25.53 1.51

Short circuit 26.86 21 28.41 1.55

Short circuit 32.24 21 33.20 0.96

Short circuit 37.61 20 38.71 1.10

Short circuit 42.15 21 43.50 1.35

Short circuit 47.35 25 48.81 1.47

Short circuit 52.11 21 53.77 1.66

Short circuit 57.08 22 58.58 1.50

Short circuit 62.05 22 63.24 1.19

Short circuit 66.93 21 67.49 0.56

Short circuit 72.10 20 74.02 1.92

Short circuit 77.00 21 79.20 2.20

Short circuit 82.03 21 84.05 2.02

Short circuit 87.52 21 88.71 1.19

Short circuit 93.26 21 94.58 1.32

Short circuit 98.56 21 99.41 0.85

Short circuit 104.26 22 105.97 1.71

Open circuit 106.10 30 108.81 2.71

The Raspberry Pi TDR can also be used to detect faults in
other electrical cables as shown during the tests with the copper
cables.

5 CONCLUSION

This paper presents a low-cost Raspberry Pi-based TDR for
fault detection and localisation in electric fences. Fault detec-
tion and localisation in electric fences are necessary to ensure
their effectiveness. Conventional methods of fault detection and
localisation are inefficient. The Raspberry Pi TDR uses the prin-
ciple of time domain reflectometry to detect and locate open
circuit and short circuit faults in electric fences. The system has
been evaluated and it has successfully detected and located open
circuit and short circuit faults in electric fences. From the exper-
iments carried out with electric fences, the Raspberry Pi TDR
was able to compute the distances to faults with an MAE of
1.52 m. The error is very small compared to the distance the
rangers have to walk to locate faults in electric fences. The Rasp-
berry Pi TDR has the potential to make the process of fault
detection and localisation in electric fences more efficient, thus
improving their effectiveness.

TABLE 4 Results obtained from processing files collected from Ol Pejeta
Conservancy.

Type of fault

Actual

distance to

fault (m)

Number of

files

collected

Average

predicted

distance

(m)

Mean

absolute

error

(m)

Short circuit 12.20 10 14.16 1.96

Short circuit 36.60 10 35.41 1.19

Short circuit 67.10 13 65.92 1.18

Short circuit 97.60 14 96.73 0.87

Short circuit 128.10 11 126.64 1.46

Short circuit 158.60 12 156.79 1.81

Short circuit 189.10 12 188.30 0.80

Short circuit 219.60 15 217.79 1.81

Short circuit 250.10 13 249.46 0.64

Short circuit 280.60 20 278.51 2.09

Open circuit 280.60 17 278.56 2.04
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