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Less known in the field of hydrological measurements in civil engineering, time domain reflectometry
(TDR) has been developed as a new solution to some of the more difficult level measurement problems.
This study applied TDR methodology to provide two new designs for a water level sensing waveguide
that can be applied in difficult field conditions such as in an underpass, tunnel, culvert, or sewer, etc.
Two types of water level sensing waveguides are presented, including a rigid assembled coaxial pipe
and a flexible adhered parallel wire. The corresponding data reduction procedure is also proposed to
account for uncertainty of travel time analysis and calibrate the velocity of pulse propagation along
the waveguides. The satisfactory performance of both the proposed TDR waveguides and data reduction
method was experimentally validated. A field case study further demonstrated the feasibility of the TDR
technique for water level measurements under typical urban drainage conditions.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Water level data for stream and drainage systems in urban
areas are critical parameters in the planning and management
for various uses of hydrological information. Stream stage is also
useful in the design of structures that may be affected by stream
elevation. In order to obtain the water level data efficiently and
accurately, the use of electronic water level sensing equipment
has become a common practice.

Sauer and Turnipseed (2010) reviewed the equipment and tech-
niques for observation, sensing, and recording of stage in streams
and reservoirs, including float-driven sensors, gas-purge and
bubbler systems, submersible and non-submersible pressure
transducers, and acoustic, radar, and laser techniques. Basic
requirements necessary to all gages, such as gage-datum and
stage-accuracy standards, were also described. The Irrigation
Training and Research Center (ITRC) (1998) examined most of
these methods regarding several aspects such as long term trend-
ing, time lag, output stability, linearity and hysteresis, drying ef-
fects, and air temperature effects. The techniques suggested by
the ITRC in preferential order were float-driven sensors, submersi-
ble pressure transducers, and acoustic (or radar) devices. However,
several difficulties may arise when monitoring water level in
closed space such as a bridge underpass, tunnel, culvert, or sewer.
A float-driven sensor requires a monitoring well, which can be dif-
ficult and costly to construct and maintain in the aforementioned
environments. A submersible pressure transducer, while conve-
nient, is troubled by the drying effect and interference of sedi-
ments or sludge to the transducer. Acoustic and radar devices
can be troublesome in closed-space monitoring because they
may not work properly with wall interference or when submerged.

Less known in the field of hydrological measurements in civil
engineering, time domain reflectometry (TDR) has been developed
as a new solution to some of the more difficult level measurement
problems (Gray and Hollywood, 1997; Nemarich, 2001). It features
many of the benefits of radar, but none of its licensing require-
ments, wall interface or submergence problems. TDR is a measure-
ment principle based on a cable radar (formally called time domain
reflectometer) and metallic sensing waveguides. It has its roots in
the radar systems developed by the military in the 1930s, and has
long been used in the communication industry for cable disconti-
nuity testing. It is based on transmitting an electromagnetic pulse
through a coaxial cable connected to a sensing waveguide and
watching for reflections of this transmission due to changes in
characteristic impedance along the waveguide. Depending on the
design of the waveguide and analysis method, the reflected signal
can be used to monitor various engineering parameters. In the past
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Fig. 1. (a) Major components of a TDR measurement system including a TDR
pulser–receiver device (i.e. cable radar), a transmission line, and a sensing
waveguide; and (b) an example of recorded waveforms for water level sensing.
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two decades, the TDR technique has been finding its way into var-
ious hydrology-related measurements, such as soil water content
(Topp et al., 1980), electrical conductivity (Lin et al., 2008), water
level (Dowding et al., 1996; Thomsen et al., 2000), suspended sed-
iment concentration (Chung and Lin, 2011), and channel bed scour-
ing and filling (Yu and Yu, 2011; Lin et al., 2012). Moret et al.
(2004) implemented TDR to automate water level measurement
in Mariotte-type reservoirs for tension disc infiltrometers. Tidwell
and Brainard (2005) experimented on simultaneous measure-
ments of stream stage, channel profile, and aqueous conductivity.

Most literature on TDR water level sensing makes use of a mul-
ti-rod waveguide for tank measurements (Gray and Hollywood,
1997; Thomsen et al., 2000; Nemarich, 2001) or an air-filled coax-
ial cable for well measurements (Dowding et al., 1996). Some
adaptation is needed for monitoring in a fluvial environment and
urban drainage. Furthermore, water level is currently directly
determined by travel time analysis of the reflected waveform using
an algorithm such as the ‘‘intersections of tangent lines’’ method.
The physical position that corresponds to the time of reflection
can be ambiguous due to dispersion of radar wave propagation.
Positioning of the absolute water level elevation and calibration
of pulse propagation velocity along the waveguide require further
studies. It is this paper’s objective to provide two new designs for a
water level sensing waveguide that can be easily mounted in a flu-
vial environment or urban drainage. The corresponding calibration
procedure and automated data reduction method are also pro-
posed to yield stable outputs. Two types of water level sensing
waveguides are presented, including the assembled coaxial pipe
and the adhered parallel wire. The proposed calibration and data
reduction method is verified via laboratory experiments. An actual
field implementation is also presented.
Fig. 2. (a) A schematic of the assembled coaxial TDR water level waveguide and (b)
a photo of the prototype.
2. Background of TDR method

Time domain reflectometry (TDR) was originally developed for
the detection of cable faults and later applied to dielectric spectros-
copy in physical chemistry (Fellner-Felldeg, 1969). In the past two
decades, the TDR technique has been adapted for civil engineering
measurements (Lin, 2009). A TDR measurement system is com-
posed of a TDR pulser–receiver device (e.g. cable radar), a trans-
mission line and a sensing waveguide, as illustrated in Fig. 1a.
The pulse generator sends an electromagnetic (EM) pulse along
the lead cable and the sensing waveguide directs the EM wave into
the material under test or environment to be monitored. The sens-
ing waveguide may be a coaxial cable (e.g. for monitoring of local-
ized shear deformation and groundwater level) or a specially-
designed multi-conductor waveguide (e.g. for monitoring of soil
moisture, electrical conductivity, and deformation). Impedance
change occurs when the measurement waveguide is subjected to
deformation or an electrical property of the surrounding material
changes. Reflections from the impedance change are recorded
and used to interpret engineering parameters.

For water level sensing waveguide can be as simple as a twin-
wire speaker cable as illustrated in Fig. 1a. The a, b, and c points de-
picted in the recorded waveform in Fig. 1a represent the reflections
from the cable-waveguide connector, air–water interface, and the
shorted end, respectively. The reflected waveforms during rising
water levels are shown in Fig. 1b. As the water level rises, the
reflection off the air–water interface occurs earlier. Multiple TDR
sensing waveguides can be connected to a TDR device through a
multiplexer. Sensing waveguides are constructed by simple
mechanical elements without any electronic components. The
TDR device and the data acquisition controller are placed above
water at a safe place.
3. Materials and methods

3.1. TDR water level waveguides

Two types of TDR water level waveguides are presented and
investigated to facilitate simple construction in stream and drain-
age environments. The first type is the assembled coaxial pipe,
which is extended from the coaxial probe for measuring dielectric
property of various materials (Siddiqui et al., 2000; Lin et al., 2006).
Fig. 2 reveals the design details of the assembled coaxial pipe. It is
mainly composed of a stainless steel pipe and a central metal rod.
The cross-sectional configuration of an assembled coaxial pipe is
the same as the coaxial cable except that the space between inner
and outer conductors is air-filled. For practical consideration and
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easy installation, the coaxial sensing waveguide is divided into seg-
ments that can be assembled in series depending on the required
sensing range. To maintain the central position of the inner rod,
spacers are designed at the connectors between segments as
shown in Fig. 2. The typical length of segment is designed to be
500 or 1000 mm. The length and number of the waveguide seg-
ments can be adjusted depending on the field condition. A vent
is installed at the top of the pipe to release air in the coaxial pipe.
This type of sensing waveguide is designed to be installed on the
wall of a bridge pier or a drainage structure with a planar surface.
The steel pipe should be durable enough to withstand transient
impact.

The second design type of waveguide proposed is the adhered
parallel wire. It is meant to be used in environments where large
impacts from debris are not expected, such as in drainage channels,
or where the surface for installation is non-planar, such as in sewer
pipelines. Taking advantage of existing cable products, the stiff
coaxial cable (e.g. cable with solid aluminum outer conductor)
with a messenger wire is proposed to form the water level sensing
waveguide as shown in Fig. 3a. It is a similar to the type of cable
running in sewers for cable TV systems. The outer conductor of
the coaxial cable and the messenger wire serve as the two oppos-
ing electrodes for water level sensing. The plastic jacket of the
cable maintains a constant spacing between opposing electrodes
and further provides insulated coating all around the electrodes.
As in the case of a coated moisture probe (Scott et al., 2002; Lin
et al., 2006), the coating can reduce signal attenuation and allow
for a longer distance construction of the waveguide. But due to
existence of the plastic jacket, the EM wave velocity along the
waveguide is not equal to the velocity of the medium surrounding
the waveguide. The equivalent velocity needs to be calibrated in
advance. This type of water level sensing waveguide makes use
of widely available TV cable. Similar to the installation of TV cable,
the adhered parallel wire is quite flexible as shown in Fig. 3b.
3.2. TDR water level data reduction method

The proposed data reduction method involves determination of
travel time and calibration of pulse propagation velocity. As in ra-
dar and acoustic Doppler measurements, TDR utilizes the round-
trip travel time in the air section to determine the water level.
The precise time of reflection that corresponds to the position of
the interface may not be clear due to the dispersion of wave prop-
agation. The conversion from travel time to distance also requires
calibration of the velocity of the EM pulse along the waveguide. A
differential approach is proposed below to account for uncertainty
of actual travel time and calibrate the velocity of EM pulse along
the waveguide.
Fig. 3. (a) A schematic of the adhered parallel wire making use of coaxial TV cable
with messenger wire to form a level sensing waveguide (modified from Comm-
Scope, 2012) and (b) a photo of field installation.
To determine the travel time, a zero time base is first defined. A
characteristic point in the reflection spike from the connector, as
shown in Fig. 4(b), is selected to be the zero-time base in this
study. It is often easier to determine the travel time in the impulse
waveform, which is obtained by taking the derivative of the step-
pulse waveform. The round-trip travel time s is measured from
the selected point of zero-time base to the apex of the derivative
of the reflected waveform as illustrated in Fig. 4(c). Due to disper-
sion and arbitrary definition of time arrival, there might exist some
time difference t0 between the measured apparent travel time and
the actual round trip travel time from the connector to the air–
water interface. A reference waveform with known water level is
used to calibrate the error term t0. For the reference waveform
and any other measured waveform, the apparent round-trip travel
time s can be expressed as a function of the actual travel time Dt as

sr ¼ t0 þ Dtr ¼ t0 þ 2Lair;r
Va

sm ¼ t0 þ Dtm ¼ t0 þ
2Lair;m

Va

8<
: ð1Þ

where the subscript r indicates the reference case and the subscript
m indicates subsequent measurements; Lair,r and Lair,m represent the
length of the air section for the reference case and the subsequent
measurement, respectively; Va is the velocity of the EM wave along
the waveguide in air, and t is time. The difference in the length of air
section between the reference case and the subsequent measure-
ment is denoted by DLair. It can be calculated by the following
equation:

DLair ¼
1
2
ðsr � smÞVa ð2Þ

where the DLair is the difference between two lengths of the air sec-
tion, which is equivalent to the change in water level. The algebraic
operation in deriving Eq. (2) cancels out the uncertain term t0. In the
cases where the conductor(s) of the sensing waveguide is (are)
coated with insulating material, the Va is not equal to the velocity
of light. It should be calibrated before Eq. (2) is used to calculate
the change in water level. The Va of the sensing waveguide may
be calibrated beforehand in the laboratory. To calibrate the Va in
the field requires at least two measurements with different known
water levels. The reference waveform is first recorded with known
water level, which is often the case of zero water depth. Another
measurement is later recorded with another known water level.
With known change in water level and corresponding arrival times,
sr and sm, Va can be back calculated by Eq. (2). Once the velocity Va

is obtained, subsequent changes in water level (i.e. DLair) can be
determined using the same Eq. (2). The absolute water level eleva-
tion (EL) can then be determined by the following equation:

Measured Water Level EL ¼ Reference Water Level EL

þ DLair ð3Þ

where the actual ‘‘Reference Water Level EL’’ of the reference case
should be provided initially.

4. Results and discussion

4.1. Laboratory evaluation of TDR water level measurement

A Campbell Scientific TDR100 device with a SDMX50 multi-
plexer (Campbell Scientific, 2010) was used for the laboratory eval-
uation of the two types of TDR water level waveguides proposed.
Both TDR probes were connected via 25-m CommScope QR320
cables to the SDMX50 multiplexer, simulating the field condition
where the TDR device and data acquisition system are placed far
away from the sensing point. The number of data points sampled
by the TDR device is 2048 and the sampling window was set to



Fig. 4. (a) Water level changes along the TDR waveguide, (b) the corresponding step-pulse TDR waveforms, and (c) the derivatives of TDR waveforms representing the
impulse waveforms.
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be 5 m. The corresponding spatial resolution is about 2.5 mm. Set-
ting the EM wave velocity equal to the velocity of light, the equiv-
alent sampling interval was 16.3 ps. The probes are placed and
centralized in hollow acrylic cylinders with 10 cm inner diameter
and 100 cm in height. Water is incrementally pulled into the ac-
rylic cylinders to simulate rising water level. Fig. 5 shows the
TDR waveforms for the assembled coaxial pipe waveguide at dif-
ferent water levels ranging from 0 to 90 cm. Similar waveforms
were obtained for the adhered parallel wire probe, but not shown.

By setting the 0 cm water level as the reference case, subse-
quent increasing water levels in the uncoated coaxial waveguide
were estimated assuming that Va is equal to the speed of light
(2.998�108 m/s). Fig. 6 compares the estimated values with the ac-
tual water levels, which were read off a ruler on the acrylic cylinder
with a resolution of 1 mm. The associated measurement errors as
compared with the ruler measurements are shown in Fig. 7. For
the adhered parallel wire, the velocity of EM wave along the wire
Fig. 5. (a) TDR waveforms for the assembled coaxial pipe waveguide at water levels
ranging from 0 to 90 cm; and (b) the corresponding derivatives of the waveforms.
needs to be calibrated before water level measurements and the
calibration yields Va = 2.442�108 m/s. Using this calibrated velocity,
the results of water levels measured with the adhered parallel wire
and the associated errors are also presented in Figs. 6 and 7. Fig. 6
demonstrates excellent 1:1 correlations between the water levels
measured with the two types of TDR probes and the actual water
levels. A closer examination of the measurement errors in Fig. 7 re-
veals the assembled coaxial waveguide to be more accurate with
errors less than 5 mm. The adhered parallel wire produces larger
errors, but most errors are within 10 mm. Unlike the uncoated
coaxial pipe, the effective EM wave velocity along the adhered par-
allel wire depends on not only the medium surrounding the wave-
guide but also the shape and thickness of the coated jacket. Larger
errors in the adhered parallel wire can be attributed to the fact that
the cable is not rigid and perfectly straight with precise dimension
in length and the effect of cable jacket on Va is not perfectly uni-
form. The USGS accuracy standard is 0.01 ft (�3 mm) or 0.2% of
the effective range in stage (Sauer and Turnipseed, 2010). Accuracy
within 10 mm is considered more than satisfactory in many appli-
cations. It should also be noted that the measurement accuracy de-
pends on the sampling resolution of the TDR device. The
magnitude of error (5 mm) is about twice the sampling resolution
(2.5 mm) since each measurement involves two travel time deter-
minations in the proposed differential approach. The accuracy can
Fig. 6. Measured water levels compared with the actual water levels.



Fig. 7. Measurement errors of the two proposed water level sensing waveguides.

Fig. 8. Aerial photo showing the location of the TDR water level station.

350 C.-C. Chung et al. / Journal of Hydrology 505 (2013) 346–351
be further improved by increasing the number of sampling points
or decreasing the size of the sampling window.

There is no limitation on the range of the TDR probes in water
level measurements as long as the total length of the lead cable
and probe is within the pulse range (which is about 2 km in the
Campbell Scientific TDR100 device). Furthermore, unlike most
other sensors having accuracy expressed as percentage of full scale,
a nice feature of the travel time-based TDR method is that the mea-
surement resolution or accuracy does not decrease with increasing
range (Lin and Tang, 2005).
Fig. 9. The 6-m assembled coaxial water level waveguide (EL -5.8–0.8 m) installed
at Zhonggang East pumping station.
4.2. Field example of TDR water level monitoring

A field implementation was demonstrated at the Zhonggang
East pumping station located in New Taipei City, Taiwan, as shown
in Fig. 8. Zhonggang Main Drainage was an irrigation channel built
in 1910, and water was introduced to Zhonggang Main Drainage
through Dakekeng Stream. Due to the fast growth of local popula-
tion, there was a demand of space for discharge or temporary stor-
age of domestic wastewater and rainwater. Zhonggang Main
Drainage was therefore widened and deepened in 1989 with a total
length of 2.6 km and a catchment area of 16.6 km2. A cutoff wall
and two pumping stations were installed at the convergence of
Dakekeng Stream and Zhonggang Main Drainage. The slope of
the drainage channel bottom is quite flat without much of gravity
flow, so it is like a large-scale flood pond. During high stages, the
pumping stations pump the water from Zhonggang Main Drainage
channel into Dakekeng Stream to help keep the area from flooding.
The stage in Dakekeng Stream is often higher than Zhonggang
Main Drainage during storm events. The water level of Zhonggang
Main Drainage will quickly rise and lead to urban flooding if the
pumping stations does not have sufficient capacity or have a break-
down (Lee, 2012).

As a pilot project for future deployment of TDR water level
monitoring in the drainage system, a TDR monitoring station was
installed next to the trash rack of the Zhonggang East pumping sta-
tion for continuous water level monitoring. As shown in Fig. 9, the
location was selected to mimic the monitoring condition in drain-
age conduits such as a culvert or a sewer. The assembled coaxial
probe was utilized. The total length of the assembled TDR water le-
vel waveguide is 6 m (EL �5.8–0.8 m). The waveguide is composed
of 6 segments 1 m long as shown in Fig. 9. An existing radar water
level station was mounted on the overpass in the pond (forebay) of
the pumping station, also shown in Fig. 8. The stage of Dakekeng
Stream is recorded at a nearby bridge station.

Field demonstration of TDR monitoring was carried out from
July to December 2009. A torrential rainfall event was recorded
on August 12th. The results in Fig. 10 show that both TDR and radar
instruments recorded a dramatic water level change in the pump-
ing station. The variation of water level in Dakekeng Stream was
also recorded but the data collection was disrupted due to mal-
function of the measuring radar device. The results of TDR agree
fairly well with that of the radar instruments at the beginning
and the end of the event. A significant difference between TDR
and radar instruments was observed during the period of pumping
operation from the 14:00 h until 23:00 h. The water level mea-
sured by radar instruments was 0.1–0.3 m higher than the TDR
water level. This difference can be explained by the effect of pump-
ing and local flow condition. The radar was installed near the cen-
ter of the forebay of the pumping station, where the flow surface is
stable, while the TDR was installed on the downstream side of the
bridge pier at the entrance of the forebay, as shown in Figs. 8 and 9.
Due to compression and interference from the bridge pier, the up-
stream inflow velocity is reduced causing a water level increase on
the upstream side and a reduction of TDR water level on the down-
stream side of the pier. As the pumps were turned on, stronger flow
velocity led to lower TDR water level. After the pumps stopped
running, the flow velocity reduced to the lowest point and the
TDR water level approached the more stable water level measured
by radar instruments. The continuous and stable TDR water level
measurements observed in the field implementation validated
the feasibility of using the TDR technique for water level measure-
ments under typical urban drainage conditions.



Fig. 10. Field data of TDR water level monitoring in comparison with that of a radar
water level station.
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The TDR water level measurement is based on the reflection off
the interface between air and water. Debris in the water will not
affect the TDR level measurements since the water level is deter-
mined by the length of the air section. We have not experienced
fouling problem in the air section in the field. However, potential
fouling on the waveguide after water level retreat should be noted.
The adhered parallel wire is less affected by fouling because the
most sensitivity area around the conductors is coated by the cable
jacket. By the same reasoning, coating can be applied to the central
conductor of the coaxial pipe to make it more fouling resistant and
less affected by fouling should it occur. But in this case, the velocity
of EM wave along the coated waveguide should be calibrated.

5. Conclusions

Various techniques are widely available for water level sensing.
But there are still great challenges when conducting long-term
monitoring of water level in field environments such as in an
underpass, tunnel, culvert, or sewer. This study applied time do-
main reflectometry (TDR) technique to provide two new designs
for a water level sensing waveguide that can be easily mounted
in a fluvial environment and/or urban drainage. The rigid assem-
bled coaxial waveguide constructed by stainless steel can be in-
stalled on the wall of a bridge pier or a drainage structure with a
planar surface, while the flexible parallel-wire waveguide makes
use of widely available TV cable and works well in drainage chan-
nels and sewer pipelines. Results of a laboratory evaluation show
that both water level sensing waveguides are fairly accurate and
reliable using the proposed data reduction procedure that accounts
for uncertainty of actual travel time and velocity calibration. As a
pilot project for future deployment of TDR water level monitoring
in a drainage system, a TDR monitoring station was installed next
to the trash rack of a pumping station to mimic the condition of
monitoring in a culvert or sewer. The field implementation suc-
cessfully demonstrated the feasibility of the TDR technique for
water level measurements under typical urban drainage
conditions.

The newly proposed TDR probes provide a new solution for
water level measurements in some of the more difficult environ-
ments where existing water level sensing methods may not work
well. Additional special features include flexible and unlimited
measurement range and a measurement accuracy not affected by
measurement range. Effect of possible waveguide fouling on TDR
water level measurements is considered minor if the waveguide
is coated with fouling-resistant coating, but it should be further as-
sessed in an environment where severe fouling is to be expected.
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