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Abstract— Spread spectrum time domain reflectometry (SSTDR) has been traditionally used to detect hard faults 
(open and short circuit faults) in transmission lines. Prior work has focused on loads at the end of the line with little 
research on impedances from circuit elements located in the middle of the line (i.e., not at the load) or on only one 
wire of the line. In this work we consider cases of transmission lines with different impedances on each wire. We refer 
to lines with the same impedance on both wires (positive and negative) as symmetric. Lines with different impedances 
on each wire are asymmetric. For highly localized impedances (approximately infinitesimal in length, i.e. with a length 
significantly smaller than the wavelength of the incident signal), the reflections and their effects on the propagating 
wave become difficult to describe with traditional transmission line theory. We provide analytical expressions for 
reflection coefficients for symmetric and asymmetric transmission lines and show that these formulae describe 
experimental measurements of capacitors and resistors to about 99% accuracy for the magnitudes and 75% for the 
phases.  

 

Index Terms— Fault detection, impedance measurement, spread spectrum time domain reflectometry (SSTDR), 
transmission lines. 

 

 

I.  Introduction and Motivation 

RANSMISSION lines are subject to numerous electrical 

faults that, if not quickly attended to, can result in 

electrical fires, increased system downtime, and reduced 

system efficiency [1], [2]. Transmission lines are also 

susceptible to line-to-ground faults, line-to-line faults, and 

three phase faults [3]. These faults constitute impedance 

variations on the line, can occur anywhere along the 

transmission line, and are often highly localized. Similarly, 

faults can occur where transmission lines connect to local 

devices, such as photovoltaics (PV). In this paper, we analyze 

impedance changes that are highly localized and act 

effectively as lumped elements. These lumped elements can be 

symmetrically placed in parallel or in series on both wires of 
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the transmission line or asymmetrically placed on only one 

wire of the transmission line. 

 Prior work has demonstrated that reflectometry can 

accurately locate open circuit faults and short circuits in 

transmission lines [4]. In these schemes, an incident signal is 

sent through the electrical system. This signal reflects at points 

of impedance mismatch [5] and returns to the transmitting 

point, where it is measured. The time delay between the 

incident and reflected signals gives the distance to the fault [6] 

while the amplitude and phase of the reflection gives the 

strength and characteristics of the impedance mismatch [7].  

There are several types of reflectometry [4]. We will use  

Spread spectrum time domain reflectometry (SSTDR) [6], [8] 

for the assessment in this paper, however the results are 

applicable to all other types of reflectometry as well. In this 

paper, we will demonstrate the accuracy of our evaluation 

methods by using spread spectrum time domain reflectometry 

(SSTDR), which uses a modulated pseudo-noise (PN) code as 

the test signal [8], [9]. The theory we develop in this paper 

applies to other forms of reflectometry as well.  

 Most prior work using reflectometry techniques considers 

either reflections from loads (impedances) at the end of the 

transmission line (e.g., parallel open or short circuits) or 

impedances distributed uniformly along the length of the 

transmission line (e.g., for the analysis of soil moisture [10]). 

Note that open or short circuit faults in the middle of a line 

effectively create the end of the line at their location, and 

signals cannot propagate past them. Smaller impedance 

discontinuities that are short enough in length that they 

effectively act like a lumped element (e.g., from a resistive or 

capacitive sensor, a solar cell, or other circuit element) in the 

middle of a transmission line have been analyzed [11]. These 

analyses show the potential for reflectometry to locate and 

measure complex impedances embedded along the length of 
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transmission lines. Small faults such as chafes and frays have 

also been analyzed [12]–[14]. These are notoriously difficult 

to detect and locate, because the reflections they produce are 

very small (due to small changes in impedance), and the 

reflection at the start of the fault overlaps and nearly negates 

the reflection from the end of the fault, due to their short 

length. Our analysis methods apply to these types of faults as 

well. 

 In this paper, we evaluate lumped elements (resistors and 

capacitors) in a series (ring) connection and parallel (ladder) 

connection. This is in preparation for finding faults in 

photovoltaic (PV) arrays, where each PV module presents a 

complex impedance. We will consider impedances on only 

one wire (positive/negative) of a two-wire line (typical of a 

PV installation), creating an asymmetric system.  In section 2 

of this paper, we investigate and model very short impedance 

discontinuities (such as lumped elements) in both symmetric 

and asymmetric transmission lines, such as found in 

photovoltaic strings while also extending the study to a 

parallel impedance case. Modified reflection and transmission 

coefficients are introduced to account for effectively 

infinitesimally short impedances along transmission lines. 

 To validate these theoretical derivations, section 3 describes 

SSTDR experiments with (lumped element) resistors and 

capacitors in symmetric and asymmetric transmission line 

configurations. In our experiments, we convert the time 

domain SSTDR reflectometry response to the frequency 

domain to measure the magnitude and phase of the reflection 

coefficients as a function of frequency for each of these 

setups. Our results show an excellent match with a minimum 

confidence level of greater than 99% between our theory and 

the experimental data. In addition, we will discuss how our 

results infer strategies for identifying and locating faults for 

both symmetric and asymmetric transmission lines. 

Conclusions and future work are discussed in section 4.  

 

II. MODELING INFINITESIMALLY SHORT IMPEDANCE 

DISCONTINUITIES IN TRANSMISSION LINES. 

A. Transmission Line Model and Reflection Coefficient 
in the Frequency Domain 

A transmission line connects a source on one end to a load at 

the other end as shown in  Fig. 1. Two wires make up the 

transmission line, connected to + and – terminals. When an 

incident signal (Vinc) is sent down the line, it reflects at ZL, 

producing a reflected voltage (Vref) that returns to the test end 

and can be measured there. This reflection is described by the 

complex frequency domain reflection coefficient at the load:  
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where Z0(ꞷ) is the line’s characteristic impedance, and ZL(ꞷ)  

is the load impedance. When the end of the line is an open 

circuit, we expect a complete reflection with a reflection 

coefficient of 1, and a short circuit gives a reflection 

coefficient of -1. Most prior work has focused on locating 

shorts and opens at the end of the transmission line. This paper 

studies the reflection behavior of arbitrary real and complex 

impedances anywhere along the transmission line.  

 Traditionally, a discontinuity in the middle of the line can 

be modelled as part of a multi-segment transmission line, 

shown in Fig. 2. This Figure illustrates three transmission lines 

with characteristics impedances Z01(ꞷ), Zi(ꞷ), and Z02(ꞷ). We 

refer to the middle line as an interface between transmission 

lines 1 and 2. The reflection and transmission coefficient in 

each segment can be defined using the systematic solution 

procedure by [15]: 
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When the interface transmission line’s length is negligibly 

small (as for a lumped element), i.e., l ≈ 0, the reflection 

coefficient at each boundary can be defined by 

  
2 )

) (0) (0)z l e
(−

     ( = − =  =         (7) 

  
1 2(0)

( ) ( )
1 2(0)

i
total

Z z l Z
+ 

= − = 
− 

 
 
 

        (8)

 

02

02
02

02

( )

( ) ( )
( ) ( ) ( )

2 ( )

( ) ( )

2

i
i

i

i

total

Z

Z Z
Z z l Z Z

Z

Z Z



 + 
= − =  



 + 

=

 
 
 
 
 

   (9) 

+

-

Z01 (ꞷ)

Г1 (ꞷ)

+

-

Zi (ꞷ)

Г2 (ꞷ)

Z02 (ꞷ)

T1(ꞷ) T2(ꞷ)

l z =0z = -l
 

Fig. 2: Transmission line with impedance at the middle of the line with 

the reflection and transmission coefficients. 
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Fig. 1. Transmission line with a load. 
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Where β is phase constant, Γ1(ω) is the reflection coefficient at 

the front of the interface and Γ2(ω) is the reflection coefficient 

at the end of the interface. Hence, when the length of the 

interface is infinitesimally small, and the transmission line 

segments before and after the interface are equal, the total 

reflection coefficient observed at the front of the interface is 0. 

This derivation illustrates that traditional theory cannot be 

used to analyze lumped elements (near-zero-length impedance 

changes) in a transmission line.   

 This approach works well to analyze systems defined by 

characteristic impedances, but it does not accurately represent 

what happens if we have a lumped element (e.g., a resistor, 

capacitor, PV module, or other circuit element) in the system. 

This lumped element is fundamentally different than the 

transmission line interface segment above. When we consider 

the characteristic impedance of a transmission line, this 

represents a ratio of voltage and current travelling in only one 

direction (forward or backward). When we consider the 

lumped element impedance, it represents the ratio of the total 

voltage and current, which are a combination of the incident 

(positive-traveling) and reflected (negative-traveling) voltages 

and currents. Thus, we handle this lumped element impedance 

in a fundamentally different way than we handle the 

transmission line impedance above. Notably, in all these cases, 

characteristic impedance Z02(ω) represents both the 

characteristic and total impedance at that location since there 

are no reflections on this infinitely long line. In the next 

section, we will re-derive reflections at lumped impedances. 

 

B. Reflection and Transmission Coefficient for a 
Spatially Small Impedance in an Asymmetric line  

 

In this section, we consider the reflection coefficient from a 

lumped impedance that is effectively infinitesimally small in 

length, as shown in Fig. 3a. The lumped element is placed on 

only one of the two wires that make up the transmission line, 

thus creating an asymmetric system. We refer to this 

infinitesimally small impedance as an interface impedance, 

since it is found between two points (A and B) of the 

transmission line. To generalize our theory, we assume the 

transmission line has different characteristic impedances 

before Z01(ω) and after Z02(ω) the interface impedance.  

 We determine the reflection coefficient at the interface in a 

manner similar to analysis of power splitting in microwave 

circuits [16]. Specifically, we assume the interface is located 

at point z=0 The characteristic impedance after the interface 

(Z02(ω)) is modeled as a load between points A and B, as 

shown in Fig. 3(b). An equivalent load impedance ZL(ω) is 

found by summing Z02(ω) with the interface impedance ZL(ω) 

= Z02(ω) + Zi asym(ω). Plugging this effective load impedance 

into (1), the complex, frequency-domain reflection coefficient 

at the interface is defined by 
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The corresponding transmission coefficient from the interface 

to the layer between B and C is defined as: 
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Considering a voltage divider, Ti2(ω) is: 
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 When the two transmission line segments have the same 

characteristic impedances (i.e., Z01(ω) = Z02(ω) = Z0(ω)) the 

coefficient simplifies to 
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These expressions correspond to a voltage divider in circuit 

theory between half of Zi asym(ω) and Zo(ω). Note that when 

the interface impedance Zi asym(ω) = 0, a series short circuit, 

the reflection coefficient from the interface will be 0 and the 
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(b) 

Fig. 3. A lumped impedance (Zi) attached between two transmission 

lines, where the second transmission line is (a) An infinitely long 
transmission line and (b) the equivalent circuit of the infinitely long 

line. 
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transmission coefficient will be 1, as expected. Also note that 

for most practical transmission lines, the characteristic 

impedances vary only minimally with frequency.  

C. Reflection and Transmission Coefficient for a 
Spatially Small Impedance in a Symmetric Line 

 

The line is symmetric when two equal lumped impedances 

(Zisym(ω)) are at the same location on both wires of the line, as 

in Fig. 4. Using the same approach as in the previous section, 

the complex, frequency-domain reflection coefficient at the 

interface is 
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Note that this implies that when the interface impedances of a 

symmetric line are half that of the interface impedance of the 

asymmetric line, we expect to observe the same reflections. 

This also implies that, in the symmetric configuration, the 

interface impedances act as if they are in series.  

 Similarly, we define a transmission coefficient from the 

interface of the spatially small impedance as: 
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Ti2(ω) then becomes: 
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When the characteristic impedances on both wires of the 

interface are equal (i.e., Z01(ω) = Z0(ω) = Z02(ω)), the 

reflection and transmission coefficients of a symmetric line 

simplifies to a voltage divider between Zi sym (ω) and Z0(ω): 
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D. Reflection and Transmission Coefficient for a 
Spatially Small Impedance in Parallel to the Line 

 

 We extend our theoretical derivation to the case where there 

is a parallel impedance across the transmission line, as shown 

in Fig. 5. Using the same theoretical technique as in the series 

case, we assume the transmission line has different 

characteristic impedances before (Z01(ω)) and after (Z02(ω)) a 

parallel impedance Zipar(ω). In the equivalent circuit, the load 

impedance ZL(ω) becomes Zipar(ω) || Z02(ω). The reflection 

coefficient can then be found using (1): 
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Note that when Zipar(ω) = 0, a short, the reflection coefficient 

is -1 and when Zipar(ω) = ꝏ, an open, then we get a reflection 

coefficient of: 
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When Z01 (ω) = Z0 (ω) = Z02 (ω), the reflection coefficient at 

the interface becomes:  
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Since voltages in parallel are equal, Ti1 (ω) = Ti2 (ω), 
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III. COMPARISON WITH MEASUREMENTS 

To test the theoretical reflection coefficients, we used spread 

spectrum time domain reflectometry (SSTDR) [11] to transmit 

a 24MHz square wave modulated pseudo noise (PN) signal 

into a transmission line and then measure and analyze its 
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Fig. 5. (a) Infinitesimally small impedance for parallel impedance 

between the line. (b) Equivalent circuit. 
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reflections. For our experiments, we used a WILMA 

W50A000F SSTDR (from Livewire Innovation) [17]. The 

incident signal is sent down the transmission line where it 

reflects at points of impedance mismatch. The reflected signal 

is then correlated in the SSTDR device with a delayed version 

of the incident signal to produce the reflectometry signature. 

To calculate the distance, the sample time is multiplied by the 

velocity of propagation to convert it to distance.  

 The twin lead cable was made up of 10 AWG multi-

conductor cross-linked polyethylene (XLPE) coated 2000 V 

photovoltaic PV wires [18] taped together to form a twin-lead 

cable. The cable has a characteristic impedance of 178Ω. Other 

parameters of this twin-lead cable are given in Table I. [19]. 

We measured the reflection coefficients for parallel interface 

impedances as shown in Fig. 6 and for serial interface 

impedances as shown in Fig. 7. The variables ZiA(ω), ZiB(ω), 

and Zipar(ω) represent lumped impedances that can be plugged 

into specialized connectors that allow us to attach resistors, 

capacitors, etc. in series or parallel with the twin lead 

transmission line [19]. 

For the series case (Fig. 7), we consider either a symmetric 

or asymmetric system. The symmetric system has ZiA(ω) = 

ZiB(ω) (resistors or capacitors in our tests), and the end of the 

line is open. The asymmetric setup has ZiA(ω) or ZiB(ω) equal 

to zero (a short circuit/wire), and the end of the line is open. 

The parallel setup (Fig. 6) also has Zipar(ω) for resistor and 

capacitor values while the end of the line is also open.   

 When a signal is sent down the line, there are reflections 

from where the SSTDR connects to the transmission line and 

from the connectors in the system. We can remove these 

reflections from our analysis by using a baseline measurement 

of the basic system (with  ZiA(ω) = ZiB(ω) = 0 in Fig. 7). The 

baseline will be subtracted from all other measured data to 

remove the reflections from connectors, etc.  

 Resistors and ceramic capacitors were used for ZiA(ω), 

ZiB(ω), and Zipar(ω). We considered resistor values of 10, 20, 

30, 56, 130, 503, 1000, 2000 Ω and capacitor values of 470, 

330, 100, 47, 25, 20, 15, 8, 5, 2, 1 pF.   

Fig. 8a shows the time domain reflection signature of our 

baseline, an asymmetric system with ZiA (ω) = 20Ω or ZiB(ω) 

= 20pF. Each reflection signature was normalized by its 

maximum value. The reflection at 0m is from the change in 

impedance between the SSTDR and the line. The next 

reflection is from Zi(ω). The final reflection is from the open 

circuit at the end of the line. For each measurement, we 

subtract the baseline from the reflection yielding, for example, 

the signature shown in Fig. 8b for the case where ZiA(ω) = 

20Ω. We then isolate (time-gate) the reflection at Zi(ω), 

assuming the line after the interface is sufficiently long that 

additional reflections do not overlap with the reflection from 

the interface. The baseline subtracted reflection signature is 

shown in Fig. 8b, and the extracted reflection signatures for 

capacitors and resistors are shown in Fig. 9 and Fig. 10 

respectively. 

15.29m

ZiB (ꞷ)

ZiA (ꞷ)

SSTDR

0.11m 12.2m0.11m

0.11m 12.2m

Open 
Circuit

 
Fig. 7. Experimental Setup for the series impedance. 

15.29m

SSTDR

12.2m

0.19m

0.19m

15.29m 12.2m

Zi par (ꞷ)
Open 

Circuit

 
Fig. 6:  Experimental Setup for the parallel impedance.  

Reflection 
at Zi

Reflection 
at end of 
the line

 
 (a) 

          (b) 
Fig. 8. a) time domain reflection signature for baseline, 20 ohms 

resistor and 20pF capacitor. b) Time-gating the first reflection of a 

baseline subtracted reflection signature for ZiA (ω) = 20Ω.  

 

Table I 

PV cable and SSTDR parameters  

Parameters Values 

Conductor diameter (dc) 2.94 mm 

Conductivity of copper (σc)  5.98 × 107 S/m  

Loss tangent of XLPE 4 × 10-4 

μrXLPE 0.999994 

XLPE insulation thickness (tin) 3.375 mm 

Distance between conductors (Dc)  11 mm 

εrXLPE 2.3 

ZSSTDR 68 Ω 

fm 24 MHz 

vo (times speed of light) 0.722 ± 0.008 

Zo 178 Ω 

ZSSTDR 68 Ω 
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A. Time-domain Reflection signatures  

Fig. 9 shows the measured time-domain baseline subtracted 

reflection signatures for resistances. Reflections from series 

interface impedances (shown in Fig. 7) are shown for both 

symmetric cases (Fig. 9a) and asymmetric cases (Fig. 9b). We 

see that the magnitude of the reflection coefficient increases as 

the resistor values increase. Reflections from parallel interface 

impedances (shown in Fig. 6) are shown in Fig. 9c. The 

magnitude of the reflection decreases as the resistor values 

increase. For all resistances (series and parallel), the shape of 

the reflection is symmetric with time. Reflections from 

resistors have the same shape as for an open circuit, but a 

lower magnitude. Fig. 10 shows the measured time-domain 

baseline subtracted reflection signatures for capacitances. 

Reflections from series interface impedances (shown in Fig. 7) 

are shown for both symmetric cases (Fig. 10a) and asymmetric 

cases (Fig. 10b). Reflections from parallel interface 

impedances (shown in Fig. 6) are shown in  Fig. 10c. For 

capacitors, the shape of the waveform changes significantly. 

This is because their impedance (1/jωC) is frequency-

dependent, which creates frequency dispersion in the time 

domain reflection.  

B. Reflection Coefficients 

From the time-domain reflection coefficients in Fig. 9 and  

Fig. 10, we compute the fast Fourier transform, which gives 

the reflection coefficient as a function of frequency. There are 

15 samples (Δt =10.42 ms) in the time-gated reflection 

signature (Fig. 9 and  Fig. 10). To increase the frequency 

resolution of the FFT, we zero pad the end of the time gated 

signal to 40,960 points and Δf = 4.68 kHz. From the FFT, we 

extract the magnitude and phase of the reflection coefficient at 

24 MHz (the modulation frequency of our SSTDR) and 

compare this measured reflection coefficient to the theoretical 

reflection coefficients derived in Section 2. 

Fig. 11 shows the magnitude and phase of the reflection 

coefficient for a symmetric series interface impedance (i.e., 

the same impedance value on both wires of the transmission 

line, as shown in Fig. 4) for a range of resistive interface 

impedances. Fig. 12 shows the reflection coefficients for 

symmetric series capacitors. The solid line represents the 

                     

                                            (a) 

                                                  (b)    

         (c) 
Fig. 9. SSTDR time-domain reflections (baseline subtracted 

reflection signatures) for the first interface reflection for resistors that 
are  a) Symmetric in series, b) Asymmetric in series, c) Parallel. 

 

 
   

                                                 (a) 

                                                (b)  

           (c) 
Fig. 10. SSTDR time-domain reflections (baseline subtracted 
reflection signatures) for the first interface reflection for capacitors 

that are a) Symmetric in series, b) Asymmetric in series, c) Parallel. 

 

 
(a) 

(b) 
Fig. 11. (a) Magnitude and (b) phase of the reflection coefficient for 

the theoretical (from (21)) and measured data for symmetric resistors  
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theoretical results (from equation (21)), and the square points 

represent the measurements. 

 Excellent agreement between theoretical and measured 

reflection coefficients is seen. For asymmetric series interface 

impedances (i.e., the impedance on one wire of the 

transmission line, as shown in Fig. 3), Fig. 13 and Fig. 14 

show the reflection coefficients after placing a resistor (Fig. 

13) or capacitor (Fig. 14) in ZiB(ω) only. The measured 

reflection coefficients show excellent agreement with the 

theoretical reflection coefficient in (15).  

For parallel interface impedances (Fig. 6), Fig. 15 and Fig. 

16 show the reflection coefficients after placing a resistor (Fig. 

14) or capacitor (Fig. 16) in Zipar(ω). The measured reflection 

coefficients show excellent agreement with the theoretical 

reflection coefficient in (25)).  

IV. CONCLUSIONS AND FUTURE WORK  

 Spread spectrum time domain reflectometry is a viable 

means of locating faults on energized transmission lines. To 

properly interpret the results from SSTDR, the underlying 

principles must be understood. This work has extended 

SSTDR analysis to cases where there are infinitesimally long 

 
(a) 

(b) 
Fig. 13. (a) Magnitude and (b) phase of the reflection coefficient for 

the theoretical (from (15)) and measured data for asymmetric 

resistors. 

 

 

 

 

 

 

 

 

 

 

 
(a) 

 
  (b) 

Fig. 12. (a) Magnitude and (b) phase of the reflection coefficient for 

the theoretical (from (21)) and measured data for symmetric 

capacitors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ghk 

 
(a) 

 
(b) 

Fig. 14. (a) Magnitude and (b) phase of the reflection coefficient for 

the theoretical (from (15)) and measured data for asymmetric 

capacitors 

 
(a) 

 
(b) 

Fig. 15. (a) Magnitude and (b)  phase of the reflection coefficient for 

the theoretical (from ((25)) and measured data for parallel resistors. 
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impedances and asymmetric transmission lines by deriving 

new reflection coefficients.  

 Our theory was compared with experiments, and results 

show a near perfect match. For each setup, we correlated the 

magnitude of the reflection coefficient obtained from 

experiment with the theoretical result. This gives a 99% match 

for the symmetric, asymmetric and parallel setups for both 

resistor and capacitor values. A similar comparison for phase 

shows a 71% match for asymmetric resistor, 99% for 

asymmetric capacitors, 75% for symmetric resistors, 92% for 

symmetric capacitors, 99% match for parallel capacitors and 

65% for parallel resistors. Discrepancy in the results could be 

attributed to parasitic inductance, resistance and capacitance in 

real-world elements. Such parasitic parameters are also 

frequency dependent. These results could be extended to many 

applications, such as the evaluation of sensors or photovoltaic 

panels connected by transmission lines. Future work will study 

multiple reflection behavior, particularly with respect to 

detecting faults in photovoltaic modules connected via 

transmission lines. 
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