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Abstract 

The analysis of the surface impedance of a horizontally 
stratified earth is similar to the impedance of a step-wise 
discontinuous 1ossy transmission line. Time Domain 
Refiectometry (TDR) is commonly used in transmission line 
assessment to determine the location of faults. There are 

electrical conditions where TDR can be applied to a two 
layered subsurface to determine the time of flight of the EM 
wave and hence the thickness of the top layer. When the upper 
layer resistivity is sufficiently contrasted over a conductive 
second layer, then transforming surface impedance data 

reflectometry (SITDR) is proposed as a surface based 
electromagnetic technique of measuring ice depth in a wide 
range of environments. 

Preliminary work [Garner and Thiel, 1996a] has showed 
that broad band HF surface impedance profiles exhibit 
periodicity. Broad band electromagnetic surface impedance 
techniques [e.g. Garner and Thiel, 1996b; Dupis et al, 1995; 
Turberg et al, 1994] may yield data that is suitable for the 
simple interpretation by transforming from the frequency 
domain to the time domain. From the resultant time of flight 

measured across a broad band of frequencies into the time one can determine the depth of ice and possibly its 
domain allows one to determine the time of flight to the conductivity and dielectric constant. 
subsurface boundary. 

If the maximum frequency, frequency step size and Theory 
number of steps are optimised for the two layers a periodicity 
appears in the surface impedance profile. It is demonstrated 
through computer modelling that a layer of ice on rock or sea 
water gives a return time of flight equal to the separation time 
of peaks in the time domain surface impedance profile. The 
technique requires a vertically polarised transmitter which 
steps up to the high frequency (HF) range. For example an ice 
layer of 30 to 400 meters thickness requires frequencies up to 
5MHz. 

In this paper, the basic theory for the use of TDR 
techniques in the interpretation of the surface impedance data 
is explained, and computer modelling results are presented. 

Introduction 

When vertically polarised electromagnetic radiation 
propagates in the earth-ionosphere waveguide, a horizontal 
electric field is induced at the surface of the earth. This electric 

field is dependent on the electrical properties of the ground. 
The surface impedance Zs is the ratio of the primary horizontal 
magnetic field Hy and the induced horizontal electric field Ex 
[Wait, 1970; Thiel, 1986] i.e. 

Ex (1) 
Z•- H 

y 

In the case of a uniform half space Zs is directly related to 
the resistivity p of the medium and is equal to the intrinsic 
impedance of the medium Z [Neff, 1981 ] where 

Current techniques used for measuring ice thickness jcog 
include VHF ice radar [Morgan & Budd, 1975; Kovacs & Z- 
Morey, !986], electromagnetic induction systems [Kovacs & 
Holladay, 1990] seismology, and single frequency VLF and the propagation coefficient ¾ is given by 
surface impedance [Thiel, 1986]. 

VHF radar has been found to have loss problems in saline 
ice [Kovacs & Morey, 1986], and induction sounding is 
limited to shallow ice. Single frequency VLF surface 
impedance surveys, while useful for mapping relatively 
shallow ice depth [Thiel, 1986; Thiel and Neall, 1989] are 
limited to coastal regions as the signal is severely attenuated 
across ice covered regions [Westerlund and Reder, 1973; Kelly 
et al, !988]. Transient techniques have yet to be fully tested in 
ice environments, but they do have the potential for mapping 
deep ice. • this paper, HF surface impedance time domain 

(2) 

Copyright 1997 by the American Geophysical Union. 

.Paper number 97GL01540. 
0094-8534/97/97GL-01540505.00 

'y=ot+j• (3) 
with the attenuation constant 

o•=to -•--1+ 1+ 
and the phase constant 

(4) 

[3=to !.m 1+ 1+ (5) 

where œ is the permittivity and [t permeability of the material 
and to is the angular frequency of the radiation. Note that the 
conductivity o is the inverse of resistivity p. 
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In the two layer case, some energy is reflected at the 10 6 

subsurface boundary which affects the surface impedance. In 
this case Z.• is given by the expression [Wait, 1970]. 10 s 

ix 

Zs =-•yy =Q Zl (6) 
where Zl is the intrinsic impedance of the upper layer and Q is 
related to the intrinsic impedance of the two layers and the 
depth to the second layer, hi. 

Z 2 + Z, tanh(¾•hl) 
Q = Z1 + Z 2 tanh(¾1hl) 

(7) 

Q can be calculated iteratively for additional layers. 
The equations for surface impedance of a layered earth 

are analogues for the impedance of a multi-segment lossy 
transmission line [Wait, 1970]. Time Domain Reflectometry 
(TDR) is a technique commonly used in transmission line 
assessment to determine the location of discontinuities or 

termination mismatches. The method requires an analysis of 
the reflections from the interface between transmission lines of 

differing impedance. TDR is used either with a transient pulse 
or the Fourier Transform of the swept frequency signal. In the 
same way TDR can be applied to the surface impedance of a 
two layered subsurface to determine the time of flight of the 
EM wave and hence the thickness of the top layer. 

For conductive media most of the energy incident upon 
the surface is reflected and the transmitted energy is highly 
attenuated. In resistive media however, there is little 

attenuation. If a two layered subsurface consists of a resistive 
layer on a more conductive half space, for example ice on rock 
or seawater, then the effect on Z• is significant. For example 
when the reflected signal phase path in the upper layer is an 
integral number of wavelengths, constructive interference 
occurs and Ex and hence Z• are maximised. If the waves are out 
of phase, destructive interference occurs which results in a 
minimum in Ex and Z•. 

One can find a frequency and its harmonics that coincide 
with the surface impedance minima. This will depend on the 
electrical properties of the two layers and the thickness of the 
top layer. This fundamental frequency fr is inversely 
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Figure 1. Plots of loss tangent and phase velocity of radio 
wave versus frequency in Antarctic ice. The maximum 
frequency (5MHz) used in the model is indicated by 'o' on the 
plot. The frequency (500kHz) at the loss tangent cut-off is 
indicated by 'x'. 
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Figure 2. Plot of optimum resolvable depth and wavelength 
versus frequency in Antarctic ice. The maximum frequency 
(5MHz) used in the model is indicated by 'o' on the plot. The 
frequency (500kHz) at the loss tangent cut-off is indicated by 
•X' o 

proportional to the round trip reflection time of the wave. If 
the electrical parameters of the top layer are known, one can 
calculate the phase velocity of the wave Up and hence the 
depth to the second layer. 

(8) 
Up- [• 

This periodic effect in surface impedance will only be evident 
if the top layer medium is non-dispersive, at least for the upper 
frequencies of investigation. That is, the medium must be a 
good dielectric and thus Up is maximum. In the case of 
Antarctic ice (c• = 6.6x10 -6 S/m, a= 4.5•), g=•)) [Reynolds, 
1985] the loss tangent and phase velocity for a range of 
frequency maxima are plotted in Figure 1. 

The loss tangent is given by 

tan •c- (9) 

where 8c is the loss angle. Modelling indicates that for this 
application, the medium is a good dielectric when its loss 
tangent is less than 0.05. From this, one can obtain the 
minimum upper frequency fmax > 2•/c0 required to obtain the 
periodicity in surface impedance for a fixed conductivity and 
dielectric constant. It was observed from modelled data that 

the simplest time of flight determination is made when three 
peaks are evident in the time domain IZ•l profile. This 
consistantly occurs when the depth of ice equals approximately 
eight wavelengths •r measured in the medium, of the 
maximum frequency fmax. For this reason, the optimal 
resolvable depth is defined here as dr=8•r. Figure 2 is a plot of 
the optimum resolvable depth dr and the corresponding 
wavelength •r for a range of fma• for Antarctic ice. The dr of a 
medium is equal to an integral number of wavelengths at fm•x ß 
In this work we have used dr = 

Results 

Figure 3 shows the surface impedance in both the 
frequency and time domains for an idealised two layer model 
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Figure 3. Frequency and time domain IZsl profiles for 226m of 
Antarctic ice on sea water. 

of pure Antarctic ice on seawater. The electrical parameters for 
ice are o = 6.6x10 '6 S/m, œ= 4.5 œ0, g=go, while those for sea 
water are o = 4.0 S/m, œ= 72.0 •), g=go. The ice depth of 226m 
was chosen as it is the optimum resolvable depth for the given 
electrical parameters with fmax = 5MHz. That is, when the 
depth is equal to an integral number of wavelengths at 5MHz 
which is a harmonic of the resonant frequency fr- The resonant 
frequency (fr = 312.5kHz), reflection time (tr = 3.2gs) and the 
inverse relationship between the two parameters are indicated. 
It is important to note that the profile peaks will not always 
correspond exactly to the actual surface impedance maxima 
due to the discrete sampling required for the Fourier 
Transform. The number of data points (2 6 ) and the maximum 
frequency (5MHz) dictate the resolution of both frequency 
(78.125 kHz) and time (0.2gs) domain plots. 

To demonstrate the depth dependence of the surface 
impedance periodicity in both frequency and time domains, 
two layer models were generated over a range of depths and 
were plotted as surface impedance contours (i.e. IZsl maxima 
are perpendicular to the page). Figure 4 is a IZsl contour plot 
with depth and frequency. Clearly, there are more IZsl maxima 
with increasing depth. This means fr decreases with increasing 
depth. For example, the horizontal line labelled a at an ice 
depth of 120m has nine IZsl maxima compared with four at a 
depth of 60m (line b). The resonant frequency for line a is one 
half that for line b. The first IZsl maximum appears at fr/2. At 
higher frequencies IZsl begins to plateau as the depth increases 
and the structure appears more like an infinitely deep half 
space. 

Figure 5 is the transformed time domain IZsl contour plot 
corresponding to Figure 4. Line a at 120m has fewer IZ•l peaks 
than line b at 60m. The angled dashed lines show the linear 
relationship between the time of flight and the ice depth for a 
number of resonant modes. This linear relationship between 
surface impedance and time provides a more intuitive view of 
the complete system function. 

System Implementation 

There is unlikely to be a suitable naturally occurring 
source of vertically polarised radiation in the frequency region 
required. Lightning is a broad band naturally occurring source 
of vertically polarised VLF-ELF radiation in the far field but 
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Figure 4. Contours of frequency domain IZsl for a range of 
Antarctic ice depths (intervals of 5m) on sea water. [frb = 2 fra; 
IZ•l contours of 200, 250, 300, 350 and 600f2; Maximum IZsl 
=3000f2] 

generally does not cover the frequency range required. This 
means an artificial transmitter is required. Smith [1996] 
indicates that powerful artificial HF signals are available in the 
Antarctic. These broadcast signals operate at fixed frequencies 
that may not provide sufficient frequency resolution for a 
passive SITDR system for varying electrical conditions and ice 
depths. 

The system requires a swept, broad band HF transmitter 
and a vertically polarised antenna. There are now available 
many strategies for designing ultra-broad band antennas 
(Altman et al, 1996). This source would be fixed at one 
location, and the survey conducted in the vicinity of the 
source. For example, in mapping a glacier, the source would be 
placed in the median line and a survey conducted to the ice 
edge in both directions. This would allow a transect of the 
glacier depth to be established. The transmitter would then be 
moved to another place on the median line and the survey 
repeated. The selection of the bandwidth of the source and the 
frequency step size involves a number of compromises. This is 
explained later in this section. 

The receiver system consists of dual channel detector. A 
horizontal magnetic dipole and a horizontal electric dipole are 
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Figure 5. Contours of time domain IZsl for a range of Antarctic 
ice depths (intervals of 5m) on sea water. [tra = 2 trb; IZsl 
contour levels = 6000, 7500, 9000, 10500 and 12000•; 
Maximum IZsl =20000f2] 
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connected to the two channels and the amplitude ratio and 
phase difference between the two signals is recorded. This 
method is identical to previous surface impedance surveys 
(Thiel, 1986) although in this application, many recordings are 
made at different frequencies at each location. 

For optimal results, three surface impedance maxima are 
required in the frequency sweep, although extrapolation using 
two maxima is possible. The lowest frequency for an 
impedance maximum is fr/2. This is dependent on the ice 
depth. 

Note that the surface impedance measurements must be 
made at some distance from the transmitting antenna to ensure 
that the surface impedance measurements are accurate and 
independent of the distance from the transmitter. This 
necessitates a minimum separation distance for approximately 
5•. If the lowest frequency in the sweep is 1MHz, then the 
minimum separation distance should be 1.5 km. If the ice does 
not have significant loss, ie conductive inclusions are minimal, 
frequencies of up to 1GHz can be used for probing thin ice 
layers. At much lower frequencies, ice depths of more than 1 
km can be measured. 

The time of flight of the radio signal through the ice is 
determined by a plot of surface impedance versus time. The 
time between adjacent peaks is simply the velocity of an 
electromagnetic wave in free space divided by the square root 
of the dielectric constant. Thus it is possible to determine the 
dielectric constant of the ice from such measurements if an 

independent ice depth measurement is made. 
When conducting a survey in an area where the ice depth 

is unknown, the surface impedance must be sampled at a broad 
range of frequencies until the periodicity is evident. Following 
this, the frequency range and step size will be set to obtain 
precise measurements. 

Conclusions 

The Surface Impedance Time Domain Reflectometry 
(SITDR) technique for ice depth profiling has been modelled 
numerically using a simple two layer structure. The frequency 
domain surface impedance profile exhibits periodicity. When 
transformed to the time domain, the time of flight and hence 
thickness of the top layer can be determined if the electrical 
properties of the top layer are known. With appropriate 
frequency selection, the technique may be applied to 
environments other than ice, including those with more 
complicated subsurface stratification although higher 
frequencies are required for more conductive earth materials. 
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