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Abstract 

 

APPLICATION OF e-TDR TO ACHIEVE PRECISE TIME 

SYNCHRONIZATION AND CONTROLLED 

ASYNCHRONIZATION OF REMOTELY LOCATED SIGNALS 

 

Aparna Sripada, MSE 

The University of Texas at Austin, 2013 

 

Supervisor:  Robert H. Flake 

 
Time Domain Reflectometer (TDR) measures the electrical length of a cable from the 

applied end to the location of an impedance change. An impedance change causes a portion 

of the applied signal to reflect back based on the value of its reflection coefficient. The 

time of flight (TOF) between the applied and reflected wave is computed and multiplied 

with previously determined signal propagation velocity to determine the location of the 

impedance change. We intentionally open terminate the output end of the cable which 

makes the reflection coefficient be maximum (=1) to measure its electrical length.  

Conventional TDRs designed for testing integrity of long cables use various closed pulse 

shaped test signals i.e. the half sine wave and the Gaussian pulse, that disperse (change 

shape) and change velocity while propagation along the cable. Quoting Dr. Leon 

Brillouin’s comments on electromagnetic energy propagation [10], “in a vacuum, all 

waves (e.g. frequencies) propagate at the same velocity, hence without distortion, whereas 
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in a dispersive lossy media, except for an infinitely long sinusoidal waveform, distortion 

will occur due to frequency dependent velocity.” This signal distortion generally degrades 

the accuracy of the measurement of the signal’s TOF. 

We discuss here an Enhanced Resolution Time Domain Reflectometer (e-TDR). 

The enhanced resolution is due to a newly discovered signal called SPEEDY DELIVERY 

(SD) by Dr. Robert Flake at The University of Texas at Austin (US PATENT 6,441,695 

B1 issued in August 27, 2002). This SD signal has a propagation velocity that is a 

programmable constant and this signal preserves its shape during propagation through 

dispersive lossy media (DLM). This signal behavior allows us to use ‘e-TDR’ in 

applications where remotely located signals need to be synchronized or asynchronized 

precisely. Potential applications include signal based synchronization of devices like 

sensors connected in a network. Since the cable carrying data from sensors at discrete and 

remote locations to a collecting center have different electrical lengths, it is necessary to 

precisely offset the timestamp of the incoming signal from these sensors to allow accurate 

data fusion. Our prototype is capable of synchronizing signals 1,200 ft   (~ 400 m) apart 

with sub-nanosecond resolution. 
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Introduction 

BACKGROUND 

With the frontiers of measurement and control techniques being pushed back due 

to burgeoning technological areas including Micro-Electro-Mechanical Systems (MEMs), 

semiconductor fabrication technology, distributed networks and distributed control, the bar 

of precision for time synchronization keeps rising.  

Advances in the area of MEMs/NEMs have shrunk the sizes of high performance 

sensors, while advances in fabrication technology allow fabrication of these high 

performance sensors in high volumes at very low prices. There has been a surge of interest 

in using spatially distributed large array of sensors for many applications including 

military, seismic surveys, metrological studies, deep undersea exploration, space 

exploration (Moon & Mars), high speed vision, multi camera systems in 3D imaging, 

human physiological data monitoring, automatic weather stations, satellite arrays, study of 

cosmic radiation and other many applications that require various aspects of the physical 

world to be observed and monitored with very high resolution.  

These spatially distributed sensors are usually of the same type and measure plane 

wave intensity and direction (e.g. earth quake monitoring), or are of different types and 

measure certain aspects of the some complex phenomenon (e.g. weather monitoring). 

These applications require all these sensors to receive an input at the same time instant. 

Data agglomerated from all sensors are fused together at fusion station and treated as a 

measurement made at a single time instant. Because these sensors are distributed over a 

large space, there is some inherent time delay between every sensor making a measurement 

and its transmission to the fusion station. There are usually two types of delay among sensor 

nodes and this is depicted in Figure 1. The first is the phase offset (∆) between the clock 
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pulses triggering the hardware in these sensors, and the second is the delay (d) caused when 

the signal propagates from the node to the fusion station through dispersive lossy media. 

These time delays can be expressed as: 
 

SF�t +  tdi� =  SNi(t)   and     tdi = di ± ∆i  (1)  
Where; i     =   ith sensor node,  

SF   =  signal received at fusion station after some time delay 

SN   =  the signal sensed at node at time t 

d     =  unknown delay in transmission 

∆    = unknown phase shift  
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Figure 1: Types of delay among sensor nodes 

For accurate data fusion, it is critical that the measurements made by these sensor 

nodes are precisely synchronized. Because it is essential that sensor nodes operate at low 
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power, sensors are usually left in sleep mode (power saving mode) until an event occurs. 

Time synchronization again comes into play when these nodes need to be ‘woken up’ at 

the same instant to make a measurement. Process automation is another application where 

signals need to be coordinated. There are networks of actuators in a distributed control 

system that need to act either in unison or in certain sequences whenever an event is sensed 

(or logged).  

There has been an increase in research focus for designing time synchronization 

schemes for sensor networks. Many approaches exist with a few examples being network 

time protocol (NTP), IRIG-B ,GPS based synchronization, IEEE 1588 also known as 

precision time protocol (PTP)  and IEEE 1394 also known as Firewire, although the latter 

achieves isochronous signals instead of synchronized signals and is mostly used in multi-

camera systems.  Figure 2 [1] gives an idea of these schemes with respect to precision 

achieved and distances of operation. 

 

Figure 2: Signal and time based synchronization architecture performance  
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Basically there are two ways of synchronizing signals. One approach is signal-

based and another is time-based. Signal-based synchronization is suitable for networks 

with short distances between sensor nodes. When signals propagate over large distances 

they undergo shape distortion due to dispersion which results in unstable synchronization. 

Hence time-based synchronization is done for networks with large distances between 

sensor nodes. 

THESIS OVERVIEW 

This thesis proposes to employ a new kind of signal called ‘Speedy Delivery’ (SD) 

for signal-based synchronization. It will be shown that this signal is capable of 

synchronizing signals at large distances in the order of several hundred meters with sub-

nanosecond resolution. The lab prototype depicts this fact for signals separated by 400m, 

but the technology is capable of achieving this precision for even larger distances.  

 

Figure 3: Sub-nanosecond skew with e-TDR 
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Figure 3 compares the new technology described in this thesis with the others 

shown in Figure 2 with respect to precision and distance. The remained of this document 

is organized in the following manner: Chapter 1 explains properties of the newly 

discovered ‘Speedy Delivery’ signal and shows experimental results that verify these 

properties. Chapter 2 discusses how this SD signal enhances the resolution of time domain 

Reflectometer. Chapter 3 highlights the improvements made to e-TDR instruments to 

resolve the TDR/ TDT mismatch issue and to improve the resolution of the whole 

measurement process. Chapter 4 shows the application of e-TDR to achieve high precision 

time synchronization and controlled asynchronization of remotely located signals and 

describes the proof of concept achieved with the laboratory prototype used here at UT 

Austin. Chapter 5 concludes by discussing the results achieved and potential sources of 

errors introduced in measurement processes. This chapter also describes potential areas of 

application. 
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Chapter 1: SD Signal Theory and Practical Results 
 

After reaching steady state, a pure sinusoid does not undergo shape distortion while 

propagating through a dispersive lossy media (DLM), because it has only a single 

tone/frequency component. Its propagation velocity and attenuation level are functions of 

its frequency and can be altered by varying its frequency. A pulse on the other hand is 

composed of an infinite Fourier frequency spectrum with the amplitude of the spectrum 

decreasing for higher frequencies. The phenomenon of pulse distortion arises when various 

frequency components travel at different speeds due to dispersion and/or suffer different 

amounts of attenuation due to frequency-dependent energy losses. Because each frequency 

component travels at a different velocity (depending on its frequency), the shape of the 

output signal is not the same as the input signal i.e., the pulse is distorted. 

Dr. Robert Flake of The University of Texas at Austin discovered another signal 

that preserves it shape during propagation through a dispersive lossy media (DLM). This 

technical advance is described in US PATENT 6,441,695 B1 issued in August 27, 2002. 

This signal is non-sinusoidal, non-periodic, and non-dispersive while propagating in lossy 

media with constant propagation velocity and this signal is unique! The propagation 

velocity and attenuation level of this SD signal is dependent on a signal constant α, α>0. 

This signal is called ‘Speedy Delivery’ (SD) signal and has a rising edge that is exponential 

in nature [2] 

𝐷𝐷𝑒𝑒𝛼𝛼𝛼𝛼 ;  𝛼𝛼 > 0 
(2)  
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The non-dispersive property of the SD waveform was verified [2] using the cable 

configuration shown in Figure 4. An arbitrary waveform generator (ARB) was used to 

produce the SD waveform, which was applied to the input end of three serially connected 

sections of a multiple twisted-pair telephone cable (POTS), approximately 6,000 feet in 

length (approximately 1829 meters). Thus, the total length of the cable was approximately 

18,000 feet (or 5,486 meters). 

 

 

Figure 4: SD waveform propagation test configuration 

 

We compare the natural logarithm of the input and output signal and expect that 

we will get a straight line with positive slope α. Test results are shown in Figures 5,6,7 and 

8 in the form of natural logarithm of the input and output signal at 6,000 ft, 12,000 ft and 

18,000ft. These signals have attenuated as expected; however, the shape of rising edge is 

preserved. 
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Figure 5: SD waveform and logarithm applied to the input of the test cable 

 

Figure 6: SD waveform and logarithm measured at 6,000 ft. (1,829 m) 
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 Figure 7: SD waveform and logarithm measured at 12,000 ft. (3,658 m) 

 

Figure 8: SD waveform and logarithm measured at 18,000 ft. (5,486 m) 

 

Figure 9 depicts an overlap of the time-shifted input signal and output signal after 

propagating through 200m of a coax cable. These results show that the signal preserves its 

shape during its propagation through lossy dispersive media [3]. 
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Figure 9:  Time shifted input signal over output signal 
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Chapter 2: Enhanced Resolution Time Domain 
Reflectometer 

A time domain reflectometer usually measures the time taken for an applied signal 

to reflect back from an impedance change. If one knows the propagation velocity of the 

signal accurately, then the length of interconnect can be determined (if the media is a 

wireline).  We first go through some theory of AC excitation of a transmission line. This 

analysis is relevant to a conventional TDR that uses a sinusoidal signal (i.e. Pulse/Step 

signal is composed of sinusoidal components) and is useful to understand basic 

phenomenon of reflection. 

Any wireline which is long enough to not allow an instantaneous increase in current 

and voltage at its output can be called a transmission line. Because sinusoidal signals are a 

function of frequency components, a wireline of any length ‘l’ would begin to act as a 

transmission line at frequencies higher than some initiation frequency fO. Transmission 

lines can be modeled as having some finite series resistance and inductance per unit length.  

‘l ’
R*l L*l

C*
l

G
*l

 

Figure 10: Uniform transmission line model with subsections of length ‘l ’ 
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Moreover, since a transmission line is actually a pair of lines, there also exists some 

conductance per unit length and capacitance per unit length between these pair of lines. 

Figure 10 shows a typical uniform transmission line model. 

Every transmission line can be described by its ‘characteristic’ impedance ZO. 

Equation 3 represents a general expression for the characteristic impedance of a uniform 

lossy transmission line. 

𝑍𝑍𝑂𝑂   =  �
(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗)
(𝐺𝐺 + 𝑗𝑗𝑗𝑗𝑗𝑗)   (3)  

𝑅𝑅 = Series Resistance per unit length,  

𝑗𝑗 = Inductance per unit length,  

𝑗𝑗 = Capacitance per unit length  

And  𝐺𝐺 = Conductance per unit length  

 

A transmission line can be mathematically modeled by the following differential 

equation [7, Pg. 27]; 

 

𝑑𝑑2𝑣𝑣𝑥𝑥
𝑑𝑑𝑥𝑥2 = (𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗)(𝐺𝐺 + 𝑗𝑗𝑗𝑗𝑗𝑗)𝑣𝑣𝑥𝑥 =  𝛾𝛾2𝑣𝑣𝑥𝑥 (4)  

 

and the solution of this differential equation by trial and error method is given by 

𝑣𝑣𝑥𝑥 =  𝑉𝑉𝐴𝐴𝑒𝑒−𝛾𝛾𝑥𝑥 + 𝑉𝑉𝐵𝐵𝑒𝑒𝛾𝛾𝑥𝑥 (5)  
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where, VA and VB are constants that can be determined by boundary conditions at the 

input and the output ends of the line, explained in [7, Pg. 29]. It turns out that  

 

𝑉𝑉𝐴𝐴 = 𝑉𝑉𝑠𝑠
2

      and 𝑉𝑉𝐵𝐵 = 𝑉𝑉𝑠𝑠
2
𝑒𝑒−𝛾𝛾𝛾𝛾 �𝑍𝑍𝑙𝑙− 𝑍𝑍𝑂𝑂

𝑍𝑍𝑙𝑙+𝑍𝑍𝑂𝑂
� (6)  

where, Vs is the source voltage. This expression is derived with the underlying assumption 

that their phase is referenced to the source at x = 0. 

The negative travelling wave shown in equations 5 and 6 are reflections produced 

by improper termination of a line. This reflection happens when the power delivered from 

the source is not completely absorbed by the terminating impedance (Load). The power, 

that doesn’t not get absorbed at the load travels back as a reflection. 

The reflected voltage can be characterized by reflection coefficient defined by following 

expression: 

 

ρ𝑣𝑣 =  
𝑍𝑍𝐿𝐿 −  𝑍𝑍𝑂𝑂
𝑍𝑍𝐿𝐿 +  𝑍𝑍𝑂𝑂

  (7)  

 

When ZL = ZO, i.e. when the impedance is matched, the reflection coefficient is 

zero and there is no reflection. When ZL = 0, i.e. the output is a short circuit, the reflection 

coefficient is zero and the reflection has the same amplitude as applied but opposite in 

polarity. When ZL = ∞, i.e. when the output is an open circuit, the reflection coefficient is 

one and the reflection has the same amplitude and polarity as the applied signal. The Figure 

11 shows the effects of a resistive load on the amplitude and polarity of the reflected signal 

(this figure assumes that there is no distortion during propagation). We see that when the 

load is matched to the characteristic impedance of the transmission line, the applied signal 

appears at the output without any change.  
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RLOAD = ∞ 

RLOAD = 0

RLOAD = ZO

RLOAD > ZO

RLOAD < ZO

REFLECTION

A

TWO WAY TIME OF 
FLIGHT OF SIGNAL

A

 

Figure 11: Reflections caused by resistive load when step input is applied 

 

A time domain reflectometer usually measures the time taken for an applied signal 

to return back from an open termination (ZL = ∞) at the output end. If one knows the 

propagation velocity of the signal accurately, then the length of interconnect can be 

determined. Conventional time domain reflectometer employs a pulse or step signal, which 

has a frequency-dependent propagation velocity. Figure 12 shows the oscilloscope screen 

capture of a pulse signal applied to the input of a lossy interconnect (~300ft) and the 

reflected signal. 
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Figure 12: Pulse distortion in lossy media 

 

Because the shape of the output signal is distorted, it is difficult to determine the 

time of flight. One can measure either a zero crossing or a peak amplitude of input and 

output signals. Averaging these values would not yield an accurate Time of Flight 

Measurement.  

An enhanced resolution time domain reflectometer (e-TDR) employs an SD pulse 

signal. Applied and reflected signals are acquired using oscilloscope as shown in Figure 

13. An arbitrary waveform generator digitally generates this SD pulse signal. this signal 

consists of a rising edge that is the SD signal (Deαt
, α >0) , because the signal is 
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exponentially rising and needs to be brought back to zero for the next measurement, this 

signal is brought down to zero using a negative ramp. There is virtual instrumentation 

software (LabVIEW) running on the laptop that communicates with the ARB and scope 

through USB and computes the two-way time of flight of the SD signal. 

 

SETUP FOR TDR MEASUREMENT USING e-TDR

300 FT

1MΩ 

1MΩ 

50Ω 

1MΩ 

Trigger

USB

USB
Sync

Trig
ge

r

Sy
nc

Laptop with LabVIEW VI
ARB Scope

 

Figure 13: Measurement setup using e-TDR 
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Figure 14 shows a typical waveform acquired using oscilloscope (Tektronix DPO4054). 

 

Figure 14: SD pulse preserves shape while propagating through a DLM 

 

We see that only the rising edge of the SD pulse preserves its shape and the 

trailing ramp part of the signal gets distorted. One can compare the rising edge of both 

the applied and reflected waveforms at various different ‘threshold’ voltage levels (see 

Figure 15) to determine the time of flight of this signal. 
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Figure 15: TOF at threshold voltage levels of applied & reflected SD signal 

 

Because timing measurements can be averaged on a single waveform pair (applied and 

reflected signals) at different threshold levels, we get a very precise measurement. In the 

e-TDR prototype developed in our lab at UT Austin we make 200 such measurements (i.e. 

200 threshold levels). We call one set of these 200 measurements as one run. By making 

several runs and averaging them one can fine tune the precision of these measurements of 

time of flight (TOF). 

The SD signal does not distort at steady state, but the initial portion of the signal 

(transient part) does not keep its shape. Also when the signal is brought back to zero using 
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a ramp signal, there is a rounding effect due to dispersion of high frequency components 

that distorts the top portion of the SD pulse signal. Hence there is central window which 

we pick from the waveform that has the undistorted part of the SD signal. Only this portion 

is taken into consideration while making measurements. Figure 16 shows the window in 

which the waveform preserves shape and produces very consistent time of flight 

measurement 

 

Figure 16: TOF measurement using SD pulse at different threshold voltages 

The Figure 17 shows the natural log of the rising edge of the applied and reflected SD 

pulse. 
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Figure 17: Natural log of applied and reflected SD pulse 

The Figure 18 shows 200 Runs of measurements and its variation.  

 

Figure 18: TOF measurement and variation in e-TDR 
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Figure 19 shows the LabVIEW Front panel of the e-TDR Virtual Instrument on the Laptop 

 

Figure 19: e-TDR front panel 

True potential of e-TDR’s capability can be realized when trying to look at 

reflections from very short interconnects. This is usually the case in applications including 

chip carriers and IC packages. In conventional TDRs, to measure short interconnects, there 

is a stringent requirement on a faster rise times for the pulse signal applied by the signal 

generator. This is due to the fact that the pulse needs to settle to its peak value before the 

reflection can be clearly detected and does not get mixed with the applied signal. A 

reflection appears after the signal travels one way to the end of interconnect and reflects 

back. For the two signals to be clearly resolved using a conventional TDR, the two way 

time of flight must be more than the rise time of the signal (Equation 8).  
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𝑙𝑙 =
𝑡𝑡𝑟𝑟 ∗ 𝑐𝑐

2 �𝜖𝜖𝑒𝑒𝑒𝑒𝑒𝑒
     

(8)  

𝑙𝑙 = length of the minimum resolved feature size, 

c = speed of light, 

𝑡𝑡𝑟𝑟 = risetime of incident TDR pulse, 

𝜖𝜖𝑒𝑒𝑒𝑒𝑒𝑒 = effective dielectric constant 

 

TYPICAL MEASUREMENT SETUP FOR ANY TDR MEASUREMENT

SIGNAL 
GENERATOR

DEVICE UNDER TEST
(DUT)

(CHARATERISTIC IMPEDACE = ZO)

OSCILLOSCOPE

Fast Rise Time Pulse Signal 
is applied to the DUT

The applied signal propagates through DUT and is reflected back 
from open Termination at the Other (output) end of DUT

Applied Signal  & Reflected Signal 
both are acquired by Scope

OPEN TERMINATION

(TERMINATION IMPEDANCE
Z >>> ZO)

 

Figure 20: Typical TDR measurement setup 

 

The minimum rise time achievable in conventional pulse generators is 25-40 ps. 

[4]. To improve the rise time of these generators, an enhancement module is attached 

between the signal generator and DUT. Using e-TDR this process can be simplified and 

made cost effective. We can measure extremely short interconnects as a function of change 
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in time of flight of a relatively long interconnect of the same material by connecting it in 

series with a DUT as shown in Figure 21. 

 

MEASUREMENT SETUP FOR MEASURING TOF OF SHORT INTERCONNECTS USING e-TDR

SIMPLE
SIGNAL 

GENERATOR

SHORT 
INTERCONNECT 

(CHARATERISTIC 
IMPEDACE = ZO)

OSCILLOSCOPE

SD Pulse Signal 
is applied

The applied signal propagates through Long interconnect and 
DUT(short interconnect) and is reflected back from open Termination

Applied Signal  & Reflected Signal 
both are acquired by Scope

OPEN 
TERMINATION

(TERMINATION 
IMPEDANCE, ZL >>> ZO)

LONG 
INTERCONNECT

(CHARATERISTIC 
IMPEDACE = ZO)

 

Figure 21: Setup for measuring TOF of short interconnects using e-TDR 

 

By measuring the change in time of flight as opposed to the time of flight of the 

short interconnect; stringent rise time requirements of the applied signal are avoided. This 

strategy could not have been employed using a conventional pulse TDR because of its 

inherent low TOF measurement resolution. 

To illustrate this, an extremely long cable (~300 ft) was used. First we make a 

regular TDR measurement using e-TDR and divide this by 2 to determine its TOF. Next 

we cut an extremely small portion of this cable (as opposed to connecting a small 

interconnect in series) and measure its TOF again. We take the difference of these two 
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measurements to get the TOF of the ‘cut’. We multiply this TOF with the approximate 

slowness of the signal propagating down the cable to compute the length of the ‘cut’. This 

result is compared with the manual measurement of ‘cut’ made using a vernier caliper listed 

in Table 1 are two of such measurements made and the accuracy of these measurements. 

The cable used in this experiment was a RG58/U Coax Cable, Belden Part #9201 [8]. 

Different lengths of cables were used in some of these measurements.  

 
Table 1: Resolution of measurement using e-TDR (1 mil = 0.0254 mm) 

 

Column 2 lists the 2-way TOF measurements of the long interconnect before the 

cut. Column 3 lists the 2-way TOF measurements after the cut. Column 4 gives the 

difference between column 2 & 3 which is the difference in 2-way TOF. This measurement 

is divided by 2 and multiplied with the slowness of the signal to get the length of the cut. 

These values are listed in Column 5. We compare these measurements with the ones made 

using a vernier caliper. The error (after converting it to unit of inches) is divided by the 
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total length of the cable (viz. 300ft*12ft/inch = 3600 inches) to get the measurement 

resolution. 

Figure 22 shows the TOF measurements made before and after the cut. 

 

 

Figure 22:  TOF measurements before and after the 'cut' was made 
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Chapter 3: Improvements made on e-TDR 
 

A (time domain transmission) TDT measurement is performed by terminating the 

output end of the Interconnect/DUT to the characteristic impedance ZO, because the 

impedances are matched, there is no reflection.  In a TDR setup, both the applied and 

reflected signals are connected to the same channel of the scope because they both appear 

at the same end of the Interconnect/DUT (see, Figure 13: Measurement setup using e-

TDR).  In case of a TDT Setup (see Figure 23), since there is no reflection, the input and 

output signals are compared by acquiring them on separate scope channels. A TDT now 

measures the one way TOF of the signal down the Interconnect as opposed to TDR which 

measures the two-way TOF. Figure 23 shows the TDT measurement setup using e-TDR. 

SETUP FOR TDT MEASUREMENT USING e-TDR

50Ω 50Ω 1MΩ 

Output

300ft
end 

of
Cable

300 FT
Input end 

of 300ft Cable

USB

USB

Trigger Sync

Trig
ge

r

Sy
nc

Laptop with LabVIEW VI
ARB Scope

 

Figure 23: TDT measurement setup using e-TDR 
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Ideally one would expect that a TOF obtained from a TDR measurement when 

divided by 2 would be same as the one way TOF measured using TDT. However, that is 

not the case here. Table 2 documents measurements made with different input amplitudes 

and scope settings with the resulting mismatch error between TDR and TDT.  

 

Table 2: TDR/TDT mismatch error at alpha = 1e7 

To fix this problem, the author tried to change the alpha of the applied signal and 

repeat the exercise again. A significant amount of improvement was found at alpha = 5e7 

and the results are shown in Table 3. 

 

Table 3: TDR/TDT mismatch error at alpha = 5e7 
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As the input amplitude is increased, the mismatch error keeps reducing. The author 

also noticed that the measurement made at a certain alpha and amplitude seems to be 

sensitive to scope settings, and hence the voltage/division was accordingly selected to 

produce the data in Table 3.  

There are other improvements that resulted due to these changes, such as a lesser 

standard deviation in measurements of TDR and TDT. Figures 24, 25, 26 and 27 show the 

TDR at 1e7 and 5e7 alpha with their respective scope settings. We can see that the standard 

deviation of TDR with 1e7 is approximately 21 picoseconds; whereas, standard deviation 

of TDR with 5e7 is approximately 8 picoseconds. 

 

 

Figure 24: Faceplate of TDR with alpha = 1e7 
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Figure 25: TDR: average TOF and std. deviation using 1e7 alpha 
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Figure 26: Faceplate of TDR with alpha = 5e7 

 

Figure 27: TDR: average TOF and std. deviation using 5e7 alpha 
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We also see a significant amount of improvement in the standard deviation of a 

TDT measurement. As shown in Figures 28, 29, 30 and 31, the standard deviation for 

TDT measurement using alpha 1e7 is 25 picoseconds; whereas, standard deviation of 

TDT measurement using alpha 5e7 is 8 picoseconds. 

 
Again we see that the TDR/TDT mismatch with alpha 1e7 is  
 
(954.058 / 2)  –  479.827  =  -2.798 nanoseconds 
 
And, with alpha 5e7 it is 
 
(925.563 / 2)  –  462.851  =  -0.065 nanoseconds 
 

 

Figure 28: Faceplate of TDT with alpha = 1e7 
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Figure 29: TDT: average TOF and std. deviation using 1e7 alpha 
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Figure 30: Faceplate of TDT with alpha = 5e7 

 

 

Figure 31: TDT: average TOF and std. deviation using 5e7 alpha 
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Improvements made are reflected in Figures 33 which show a much flatter region in the window  

(Figure 32 shows the same Figure for alpha=1e7) 

 

Figure 32: TOF measurements have some 'wiggle' in the window, alpha = 1e7 
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Figure 33: TOF measurements are flat in the window, alpha = 5e7 

 

Hardware Limitation for the Upper Bound of TOF measurement (TOFmax) : 

Attenuation of the signal increases, as the length of a cable increases. One can 

increase the amplitude of the applied waveform to certain extent (limited by hardware 

capability (10V)) to mitigate this problem. To measure large distances the scope needs to 

have a sufficient amount of memory to record the required number of acquired points in 

the scope scan which poses another hardware limitation. Hence there is an upper bound on 

how large a TOF the e-TDR can measure. If both the input and output-end of a really long 

cable is available (e.g. when the cable is on a spool) one can still measure the TOF using a 

TDT measurement and double the TOFmax upper bound. 
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Lower bound on TOF measurement (TOFmin):  

To measure smaller electrical length one needs to decrease the pulse width of the 

SD pulse and increase the alpha of the SD signal. Generating a higher value of alpha 

digitally is limited by the bandwidth of the signal generator and the amount of memory 

used to store the data points that make up the signal. These constraints decide the lower 

bound on the TOF measurement. However, as already explained in Chapter 2, this 

limitation can be resolved by using a change in the TOF measurement Technique. 
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Chapter 4: Application of e-TDR as a Precision Time 
Synchronization and Controlled Asynchronization 

System (PSCAS) 
 

The enhanced resolution time domain reflectometer (e-TDR) can be used to 

precisely synchronize signals spanning very large distances. For this we first compute the 

2-way time of flight (TOF) of all the cables carrying the signals that need to be 

synchronized. We next divide these TOF measurements that were made by e-TDR by 2 to 

determine the 1-way TOF. We can now compute the skew between these cables and delay 

the signal of electrically short cable by this skew to achieve synchronization of all signals 

with respect to the slowest one. 

Shown in Figure 34, is the lab prototype used for the proof of concept. This PSCAS 

system prototype consists of two large coils of coaxial cable, Coil I is approximately 300 

ft. and Coil II is approximately 900 ft. We wish to compensate for the skew between these 

two cables so that the signals appear at the same time at the output end of the two coils. 

The first step is to perform TDR measurements on each of these two coils (see 

Figure 13: Measurement setup using e-TDR).   
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Figure 34: PSCAS using e-TDR 

 

The data illustrated in Figures 35 to 38 were generated on 5th Nov’13 

 

TDR Coil I = 925.567 nanoseconds,    SD = 12 picoseconds 
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Figure 35: Faceplate of TDR measurement on coil I 

 

Figure 36: Average TOF and std. deviation for coil I 
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TDR Coil II = 2795.640 nanoseconds,    SD = 35 picoseconds 
 

 

Figure 37: Faceplate of TDR measurement for coil II 

 

Figure 38: Average TOF and std. deviation of coil II 
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The next step is to compute the 1-way TOF of each coil and get the difference of 

both to find the cable skew. 

1 − way TOF of Coil I =  
925.567

2
=  462.784 ns 

 

1 − way TOF of Coil II =  
2795.640

2
=  1397.820 ns 

 

Cable Skew = 1397.820 – 462.784 = 935.036 ns 

 

This is the cable skew that we wish to nullify. To accomplish this, we delay the 

signal fed by the arbitrary waveform generator (ARB) to the input of the shorter cable, coil 

I in this case. The ARB used in our prototype is a Tektronix AFG3102. This ARB is capable 

of generating a trigger delay to the channel generating the SD pulse. In effect the SD pulse 

fed at the input end of the coil is delayed by the same amount. A Tektronix AFG3102 is 

capable of producing a trigger delay up to a resolution of 0.1 nanoseconds. Any delay 

entered with a higher resolution is rounded up or down accordingly to 0.1 nanoseconds.  

Here we wish to apply a trigger delay of 935.036 nanoseconds to the ARB channel 

that is the input to the shorter coil (Coil I). When we enter this amount in the ARB this 

delay is rounded to 935.0 nanoseconds and introduces an error in skew compensation. We 

shall get back to this discussion later in this document; however, it is worth mentioning at 

this point for sake of clarity.  
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 In a real world application, we would usually not have access to the output end of 

these cables and we would not know for sure if the signals at the other end are truly 

synchronized. But because this is just a lab prototype, we have access to the output ends of 

the two coils, and we can verify if the synchronization was achieved, and if so, what would 

be the error in synchronization.  

For this we refer back to the TDT measurement setup explained in Chapter 3 (see 

Figure 23: TDT measurement setup using e-TDR). In a traditional TDT measurement we 

compare the applied signal at the input to the signal received at the output end of the same 

coil and make the TOF measurement. In this verification process, we treat the output of 

Coil I as the ‘applied signal’ and the output of Coil II as the ‘output signal’ and get the 

TOF measurement.  

Figure 39 illustrates the verification TDT measurement setup with signals 

synchronized. 
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Figure 39: Verification of signal synchronization at the output 

 
The measurements illustrated in Figures 40 and 41 were made on 5th Nov 2013 

Verification TDT measurement turns out to be = 136 picoseconds!! 

Standard deviation = 9 picoseconds 
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Figure 40: Faceplate for verification TDT of synchronized output signals 

 

Figure 41: Average TOF and std. deviation of synchronized output signals 
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Now that we have synchronized these signals, we can also attempt to asynchronize 

the signals by a predetermined arbitrary amount. Suppose we wish to program a cable to 

cable skew of 1234.567 nanoseconds, we first determine the ARB input of which coil needs 

to be delayed. 

Intuitively if we need to increase the cable skew from the existing cable skew, we would 

delay the trigger of the ARB input to the longer cable. In contrast, if we wish to decrease 

the cable skew from the existing cable skew, then we delay the trigger of the ARB input to 

the shorter cable. 

In this case of programing a cable to cable skew of 1234.567 nanoseconds, we 

would delay the trigger to the ARB input to the longer cable, Coil II, by  

1234.567 – 935.036 = 299.531 nanoseconds. 

Again, we note that when we enter 299.531 nanoseconds as the trigger delay to the ARB, 

this number is rounded down to 299.5 nanoseconds, introducing an error in achieving the 

programmed skew. We call this controlled asynchronization of the signals.  
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Figure 42: Result of asynchronizing signals by 200 ps 

The measurements illustrated below were made on 16th Oct 2013 to asynchronize 

signals by 200 ps. (Note that the standard deviation of measurements are higher due to the 

use of the old alpha = 1e7) 

 

Verification TDT measurement turns out to be = 67 picoseconds 

Standard deviation = 16 picoseconds 

Error in asynchronization = 200- 67 = 133 picoseconds 
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Chapter 5: Results Achieved, Errors and Conclusions 
 

 Using the lab prototype we attempted to not only synchronize signals at the output 

of Coil I and Coil II, but also to asynchronize them from +3000 nanoseconds to -3000 

nanoseconds with a step size of 250 nanoseconds. Before we display the results, we will 

discuss potential sources of errors. 

i. Error due ARB resolution for generating trigger delay 

In our prototype we use a Tektronix AFG3102 ARB which has a capability 

of generating a trigger delay at the input of the ARB channels up to a resolution of 

0.1 nanoseconds. Hence, any number dialed in with higher resolution (less than 100 

picoseconds) is rounded up/down to a tenth of a nanosecond (0.1 ns). That means 

there is an error introduced in delay generation and the upper bound on this delay 

is 50 picoseconds. 

ii. ARB hook-up cable skew 

In the verification TDT setup (see, Figure 39: Verification of signal 

synchronization at the output), we measure the TOF of the outputs of both the coils. 

Because these measurements are not referenced to the time stamp of the applied 

signal, the hook-up cable skew is included in the verification TOF measurement. 

Hook-up cables are the cables that feed the SD pulse signal from the ARB to the 

coil inputs. To fix this problem, one can measure the skew using e-TDR and 

subtract this ARB hook-up cable skew from the total TOF measurement. Or one 

can very carefully calibrate these cables to be of equal length. The change in TOF 
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technique discussed in chapter 2 is available (see, Figure 21: Setup for measuring 

TOF of short interconnects using e-TDR), thus we use this procedure to measure 

the TOF of each hook-up cable and cut them till they have equal lengths (i.e. same 

TOF). Because these measurements have a standard deviation of approximately 10 

picoseconds, we would still expect some unknown amount random error in the 

range of tens of picoseconds.  

iii. Oscilloscope channel to channel skew 

In our prototype we use a Tektronix DPO4054 scope, whose data sheet 

mentions that the channel to channel skew is 200 ps [9]. Thus we would expect an 

error of possibly 200ps during a TDT measurement due to this hardware limitation. 

However, we can get a rough estimate of this error introduced during the TDT 

verification process. We measure the TOF of outputs without synchronizing them 

and compare this measurement with the one obtained using a TDR measurement.  

 

The Tables 4, 5, 6, 7 and Figures 43, 44, 45, 46, 47 and 48 show the results obtained 

when we tried to asynchronize signals at the output of Coil I and Coil II from 3000 

nanoseconds to -3000 nanoseconds with a step size of 250 nanoseconds. The Table also 

shows the error in the asynchronization. The illustrated measurements were made on 28th 

Oct 2013 and 5th Nov 2013 using alpha = 5e7 
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Measurements made on 28th October, 2013 
 

 
 

Table 4: Measurements made on 28th Oct’13 
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Table 5: Results achieved on 28th Oct’13 (alpha =5e7) 
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Figure 43: Average (of 30) measured delay v/s programmed delay (28th Oct’13) 

 

Figure 44: Controlled asynchronization error (28th Oct’13) 
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Measurements made on 5th November, 2013 

 

Table 6: Measurements made on 5th Nov’13 
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Table 7: Results achieved on 5th Nov’13 (alpha =5e7) 
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Figure 45: Average (of 30) measured delay v/s programmed delay (5th, Nov'13) 

 

Figure 46: Controlled asynchronization error (5th, Nov'13) 
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We observe that using e-TDR one achieves sub-nanosecond precision in 

synchronizing and asynchronizing signals which are large distances apart. There is a 

temperature dependence of TOF which is 15 ps per Degree Celsius. To avoid being 

affected by temperature variation, one can perform TDR measurements right before the 

message/data needs to be sent from the sensor node to the fusion center.  

A potential application for e-TDR based PSCAS would be dynamic motion sensing 

using multiple cameras situated at different locations and capturing the same motion from 

different angles. [6] This system requires all vision frames in image acquisition to be 

temporally aligned, but a major and classic problem is that the deployment of 

synchronization wires is cumbersome. Short wires impose constraints on spatial 

configuration of vision sensors, and long wires may cause unstable synchronization. To 

overcome this problem the industry has now switched to using electronic buses such as 

IEEE 1394 and or switched to wireless methods. The best scheme seems to be the wireless 

network scheme called FTSP (Flooding Time synchronization Protocol) which achieves 

an accuracy of 1.5microsecond. The paper referenced here uses an illumination-based 

synchronization scheme, which accomplishes an accuracy of 28 microsecond. All the 

schemes which are currently being explored seem to be convoluted and expensive. e-TDR 

based PSCAS would be an excellent candidate for this application because it has a simple 

setup and is capable of achieving sub-nanosecond accuracy even when lengthy 

cables/wires are used. 
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