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EXPLORATION TECHNOLOGY DEVELOPMENT FUND

Final Research Report

Foreword

The Exploration Technology Development Program was created in the 
Fall of 1981 as part of the Ontario Government's Board of Industrial 
Leadership and Development program to assist in areas of mineral 
exploration and research. The intention of this program is to 
encourage the advancement of exploration geophysics and geochemistry 
through mission-oriented joint ventures with industry.

It is the intent of this Program to finance 60 percent of approved 
project activities to a maximum government contribution of 3150,000 
per year.

A requirement of the Exploration Technology Development Program is 
that grant recipients submit a final report concerning project 
activities while receiving a grant. A final report is defined as a 
comprehensive summary stating the findings obtained during the tenure 
of the grant, together with supporting data.

It is not the intent of the Ontario Geological Survey to formally 
publish the final reports for wide distribution but rather to 
encourage the recipients of grants to seek publication in appropriate 
scientific journals whenever possible. The Survey, however, also has 
an obligation to ensure that the results of the research are made 
available to the public at an early date. Although final reports are 
the property of the applicants and the sponsoring agencies, they may 
also be placed on open file. This report is intended to meet this 
obligation.

No attempt has been made to edit the report, the technical content 
of which is entirely the responsibility of the author(s).

V.G. Milne
Director
Ontario Geological Survey

- v -





CONTENTS

Foreword v
Contents v i
Abstract ix
Introduction l
High Power Transmitter 2

Introduction 2
Hardware Review 3
Current Regulation Techniques 5
Automatic Waveform Correction Algorithm 7
Conclusion 11

Matched Filter Processing 11
Introduction 11
Process Implementation 12
Apparent Conductivity 16
Conclusion IS

References 18
List of Captions to Figures 19

FIGURES

Figure Captions
80.1 Block Diagram of the Prototype Transmitter 21
80.2 The Assembled Prototype on the Bench 22
80.3 Transmitter Components Mounted in the Field

Case with its Front Panel Removed 24
80.4 The Main Digital Circuit Board and its Functions 25
80.5 Response of the Switch-mode Regulators for a

Load Simulating a Large Loop 27 
6 Block Diagram of UTEM High Power Transmitter 28

APPENDICES

Appendix l 29 
Appendix 2 77

vii





ABSTRACT

A project was initiated in 1984 to improve the effectiveness of 

wideband EM measurements with developments in both hardware and 

software. The hardware development is the design and field testing 

of an effective current regulated high power transmitter. The 

hardware design was reported on earlier. The emphasis of this 

report is on the last stage of our laboratory development: the use 

of high speed signal processing techniques to achieve very high 

current fidelity while using efficient switch-mode regulation. The 

software development consisted in two parts, both aimed at 

displaying processed multi-channel EM data in the form of apparent 

conductivity sections more easily related to the underlying 

conductivity structure. One of these processes, 'Depth Image 

Processing 1 , which is suitable for quasi-layered structures, has 

been finalized and reported on earlier. The other process, 

'Matched Filter Processing', is still in development. It 

transforms the data into correlation densities which are functions 

of the model parameters. Algorithms are being developed to turn 

these multi-dimensional tables into apparent conductivity 

sections.
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INTRODUCTION

To respond to the need for more effective exploration tools for 

mineral exploration, a major effort was undertaken by Lamontagne 

Geophysics to pursue geophysical hardware and software developments

for mineral exploration. These comprise the design and testing of
t 

an effective high power EM source with regulated current, and of

software for processing and display of multichannel EM data.

There are thus two sub-projects in this development which started 

in 1984, and was scheduled to continue until 1987:

A: High Power Transmitter

B: EM Data Processing Techniques: 

Bl: Matched filter processing 

B2: Depth image processing

A first report (Lamontagne et al., 1985) reported on earlier 

progress on these projects, and in particular, on the completion of 

the depth image processing development, which is a processing 

system for transforming quasi-layered earth responses into 

approximate images of the causative conductivity structure.

Recent developments have been on the sub-projects A and Bl which 

are now nearing completion.
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GRANT 080 HIGH RESOLUTION EM DEVELOPMENTS

A project initiated in 1984 was initiated with funding from the ETDF 

grants program of the Government of Ontario. When funds for the ETDF 

program were cancelled by the Government, the research project for 

which the grant had been awarded was terminated without completion. 

Thus the accompanying 'final' report consists of reports on work in 

progress at the time of termination rather than summaries of completed 

research.

HIGH POWER TRANSMITTER . 

Introduction

The analysis leading to an optimized high power wideband transient 

EM source was given in Lamontagne et al. (1985). The 

implementation of this design in the form of a field usable 

instrument has been an ongoing project for 2 1/2 years.

In summary, the unique characteristic of this EM transmitter is



that it is to regulate the current to a high precision and over a 

high bandwidth to allow measurements during the "on" time at a much 

higher power level than the present UTEM 3 transmitter: 15 kW vs 

1.5 kW. This feature, together with a judicious choice of 

waveform, can make such an EM source considerably more effective 

for the same power level than a more conventional transient EM 

source. This is why the development of such a device is well 

justified in spite of its much greater complexity.

Hardware review

The block diagram of the prototype transmitter presented in 

Lamontagne et al. (1985) is reproduced in Figure 80.1. The main 

blocks of this diagram are visible in the bench assembled prototype 

shown in Figure 80.2. The switch-mode regulators power components 

(SMPR and 4QSM) are in the main frame assembly supporting the two 

visible circuit boards. The circuit board on the left is the 

switch-mode controller (SMC), and the large circuit board the 

microcomputer and the two high speed signal processors. The 

separate module is the waveform measuring module (WFM) linked to 

the processors by two fiber optic cables. The main frame also
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includes a D.C. power supply (DCPS) for up to 5, kW operation. An 

external D.C. voltage source is required for high power operation.

In Figure 80.3, the final prototype components are shown in the 

transmitter case incorporating elaborate shielding partitions to 

protect sensitive circuits from high voltage switching within the 

output stage. The WFM shown in its guarded box is actually mounted 

on the main output frame and floating at the output voltage for 

operation. The high voltage isolation required in this arrangement 

is achieved by the fibre optic cables and use of digitally coded 

signals.

The size of the field case is 54cm x 49cm x 40cm. Protective 

ventilation baffles and filters (not shown in Figure 80.3) add 12 

cm to the length. This prototype is relatively heavy (47 kg), in 

good part as a result of magnetic shielding material used in 

partitions. However this is not excessive in comparison to the 

450 kg of the 20 kW generator set which will be needed as a power 

source in operation, and the estimated 100 l of fuel which it will 

consume daily.



Current regulation techniques

Recent developments in this project have been centered on the 

difficult problem of regulating the current to the desired accuracy 

by refinement of the switch-mode regerative regulator, and 

particularly by use of digital signal processing techniques. The 

processing power for this purpose is provided by two high speed 

digital processors marked ECP and WFS on Figure 80.4 coupled to the 

controlling processor marked x\C. The signal processors implemented 

with TMS320 processors and high speed support circuitry are capable 

of 10 million filtering operations per second and 32 bit accuracy.

Two techniques were originally considered to achieve the high 

current fidelity needed for high resolution EM measurements:

A. Transmitter current waveform sampling and recording. 

B. Automatic current waveform correction.

Both of these options were considered only as digital processing 

enhancements of the regulation level achieved by electronic
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regulation. Option A was considered feasible qnly if the 

correction required is a minor perturbation of the raw waveform. 

Otherwise, fine time sampling of the waveforms and complete 

deconvolution of the receiver measurements would be necessary.

It was soon realized that, although the switch-mode regulator can 

be tailored to have an accuracy better than one percent for slow 

signals, the output response with a very inductive load (simulating 

a transmitter loop) is too slow for reasonable regulation within 

up to l ras. One reason for this is that the regulator must be 

conservatively stabilized to handle a variety of load impedances.

This is illustrated in Figure 80.5 which shows the output voltage 

(a) and current (b) around a slope transition of the reference 

triangular wave for a load with 15 raH inductance (simulating a 

1500m square loop). Because of the inductive load, the voltage (a) 

shows the step response of the current regulator. It has a rise 

time of 250 JLJS and a 15Z overshoot at 400 #s delay. These times 

are to be compared with the design objective of 20 JLJS rise time.

After these characteristics were determined, the main emphasis was 

turned towards option B: the use of automatic waveform correction
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techniques.

Automatic waveform correction algorithm

This technique is based on digital processing of the error E in 

the output current waveform, which is the difference between the 

desired reference waveform R and the measured current M. The aim 

of this- processing is to produce an estimate of a correction 

waveform C to add to the input waveform on later cycles to obtain 

the desired output.

The original error with no correction applied EO is

EO - MO - R (1)

where MO is the original current waveform. If a process GE can 

be found which can produce an estimate of the correction C to 

apply to correct an error E, then the first correction CI is:

ci - G(EO} (2)
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Using this correction, a new measured current Ml is obtained. Then 

El - Ml - R (3)

The new correction becomes:

C2 - CI * G {El} (4)

The Nth iterate is recursively defined as

Cn - Cn-1 * GJEn-l] (5)

For this algorithm to converge to the exact output, the RMS error 

waveform must decrease for every iteration, whereas, if the process 

G was perfectly designed, only one iteration would be necessary.

The process G is actually the inverse transfer function of the 

regulator. A number of least square formulations were tried to 

estimate this function as a convolution filter from output 

responses representative of various loads. The main objective was 

to find the form which produced a good estimate while being 

computationally economical.



A good approximation was found to be:

I(t-e) - A D(t;k) -f B D f (t;k) * C D"(t;k) (6)

involving the density function D and its derivatives where D(t;k) 

is

D(t;k) - exp(-tk) O-O (7) 

-O tX O

The delay e is a system constant which is not load dependent. The 

correction is estimated by convolving the error waveform with the 

inverse filter I. In practice this can be done in the signal 

processor by a simple three point filter with recursion. Depending 

on how well determined the error waveform is (over how many 

cycles it is averaged), damping factors less than l can be applied, 

particularly to the higher terms of (6) to prevent over estimating 

the correction waveform.

So far inverse filter calculations have been studied experimentally 

on a development station, but the latest formulation is simple
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and well behaved enough that it is being programmed into the error 

correction processor to be determined adaptively for every new load 

and to adjust for non linear variations in the response.

In the present implementation, the error is sampled every 2 143 near 

waveform transitions and more coarsely at long delay after these. 

The number of cycles over which the error waveform is averaged will 

remain variable until enough experience is gained by field use in 

the presence of power lines and other noise sources which will 

introduce errors in the waveform estimate.

Our objective is to achieve current regulation of better than Q.1% 

for delay times greater than l ras, and better than 1Z for delay 

times as short as 50 MS. These specifications would apply to the 

average of several hundred waveforms at least because of the 

statistical nature of the switch-mode regulation techniques. 

Proper testing of the actual transmitter performance will be done 

in the field using the UTEM 3 digital stacking receiver.
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Conclusion

The use of adaptive waveform correction techniques promises to open 

new geophysical applications for high power signal sources 

combining high efficiency and very high waveform accuracy. 

These would be particularly suited for use with the new generation 

of digital stacking receivers. This development constitutes the 

last stage in the development of a current regulated 15 kW, 800 V 

wideband EM transmitter.

MATCHED FILTER PROCESSING 

Introduction

The formalism of automatic interpretation using 'matched filter 1 

processing was presented in Lamontagne et al.(1985). In summary, 

the process consists in forming correlation functions between 

measured data and filters matched to models of varying parameters 

The two types of correlation density functions described are:



- 12 .

R : the result of matched filter correlation 

S : a semblance function

The function R is amplitude dependent in the sense that if the 

input is doubled, R is halved, whereas S is not amplitude 

dependent, being devised as a measure of shape similarity without 

regard to amplitude.

Process implementation

The process described in the above reference has been partially 

implemented by means of building blocks which are either 

independent programs or main subprograms:

Model response generation:

smodel : generate a suite of elementary dipole responses of varying 

positions and orientation for use in matched filter 

calculation.
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sdec : generates a set of sphere model decays in form suitable for 

matched filter calculation.

mloopl : generates a suite of quasi-plate responses of varying 

positions, depths, dips, and conductances for use in 

matched filter calculation.

pplate : generate the response of multiple interacting quasi-plates 

each made of several concentric ribbons for use as 

synthetic data for processing.

Matched filter design:

wdat : select a data window for filter design around point of

interest, set up special treatment near data boundaries, 

apply cosine taper.

wcorr : generates a windowed multidimensional correlation matrix,

wpar : generates a windowed parameter covariance matrix,

dlequ : fast damped matrix inversion routine, linear equation
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solver with lag taper, 

rfil : generates R function 'filters', 

rafil : generates intermediate result for S 'filters'.

pmpy : multidimensional matrix multiplication for correlation 

matrices.

Analysis of results:

vscan : scans R for dips of maximum correlation.

xscan : scan correlations for unstability in x.

ssiz : estimate effective size function using smoothed ratio of 

S and R, using the sphere model as reference.

cfill : add densities to circular and elliptic 'areas of 

influence*.
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Data display:

plot3d : 3-D perspective screen display package.

occlud : screen display package with opaque surfaces and hidden 

lines.

The main difficulties in designing the filters has been in 

achieving reasonable speed, considering the large number of matrix 

inversions. This was done by restricting the number of lags in the 

autocorrelations matrices to a minimum without smearing the results 

unduly.

In the cases treated so far, no y variation was considered such 

that the correlations are functions of:

x : position along profile

z : depth

T : time constant

d : dip angle of dipole
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The only problems with unstability have been as a function of the x 

parameter, which have been identified as being caused by 

insufficient damping (excessive number of lags). Lateral averaging 

with a simple three point filter has been used on poorly behaved 

functions, rather than critically adjusting the data window width 

and lag taper with almost equivalent results. The iterative use of 

smoothing filter to remove local unstabilities has resulted in a 

considerable improvement in performance because iterative matched 

filter recalculations have been mostly eliminated. The processing 

time ranges from 0.5 to 5 s per point in parameter space depending 

on the filter width which varies according to model depth.

The difficulty in displaying intermediate results which are large 

matrices, and in searching for which parts to display has been 

addressed with the recent design of three-dimensional display 

programs and data scanning routines.

Towards an apparent conductivity section

An essential step in presenting the processed data as a useful 

section is the reduction of the number of parameters. An obvious 

choice in parameter reduction is the dip of the reference model,
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but this has proved more difficult than anticipated. After 

experimenting with a simple method scanning for maxima as a 

function of the dip parameter which produced spurious results, the 

method now under trial is one using a least square sine/cosine fit 

of each complete set of S correlation values as a function of dip. 

The estimated maximum correlation as a function of dip will then be 

a function with one less parameter. A more meaningful measure of 

effective size can then be obtained which is equivalent to the 

radius of a sphere. This is proportional to the cubic root of the 

smoothed ratio S/R.

The apparent conductivity is estimated with reference with the 

sphere model:

CT- 7r2 TXCua2) (8) 

where a is the effective size and T the time constant.

The planned final processing as outlined in Lamontagne et al.(1985) 

is in the form of correlation sections for a number of conductivity 

classes.
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Conclusion

A processing system for multichannel EM data was implemented which 

converts these data to tabulated correlation densities of two types 

each a function of four parameters. It is hoped that further 

analysis of these data by reduction and combination of parameters 

will result in a system for automatic preliminary interpretation of 

multichannel wideband EM data in the form of approximate 

conductivity sections.
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LIST OF CAPTIONS

FIG 80.1 Block diagram of the prototype transmitter:

1 DCPS D.C. power supply

2 SMC Switch-mode controller

3 SMPR Switch-mode preregulator

4 4QSM Four quadrant switch mode regenerative regulator

5 WFM Waveform measuring module

6 High speed digital adder 

7,8,9,10 Optical transducers

11 ECP Error correction processor

12 WFS Waveform synthesizer

13 i\C Microcomputer circuit

14 Precision crystal controlled clock
*

15 FP Front panel

The paths labeled are the digitally coded signals referred in the 

text:

R: reference waveform

E: error waveform

C: correction waveform
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FIG. 80.2. The assembled prototype on the bench with location of 

the main components shown.

FIG. 80.3. Transmitter components mounted in the field case with 

its front panel removed.

FIG. 80.4. The main digital circuit board and its functions.

FIG. 80.5. Response of the switch-mode regulators for a load 

simulating a large loop. A: voltage waveform; B: current waveform. 

The reference waveform is triangular. The time window displayed is 

near a peak of the reference waveform.
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1. Primary control

Transmission and conversion of power in the power section of the 

transmitter requires galvanic insulation, wide bandwidth, small 

size, light weight, and high efficiency.

It is obvious that only a high frequency power converter can meet 

these requirements. It might appear that the S.M.P.S. technique 

would satisfy this. In the S.M.P.S. concept, energy which is to 

be transfered from the load must Jbe stored in inductance before, 

during, or after the pulse which supplies the load. After that, 

there is a rest period during which the load current will decay. 

For a given load current, supply voltage, load impedance and 

permissible ripple current it is possible to calculate a minimum 

fundamental frequency of operation for the S.M.P.S.

/.
- * 

. ^ .,-j y 7 - //^ . jo
IA - cf

J -. . 7/ /V//, f/j
•J- l*t t Li ~ ' S

Generation of a square wave of this frequency at the required 

controllable power exceeds the capabilities of todays technology. 

It is obvious that filtration would be necessary. However, this 

filter must be as small as possible because the energy stored in
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it would add to the energy stored in the load. This would make

control more difficult. (especially in the neighbourhood of the

current peak where the voltage is rapidly chang-ing) .

The second reason for keeping the frequency high, is a necessity

to have an open loop bandwidth of at least 20 KHz. This would

make the lower frequency limit of the S.M.P.S. about 83 KHz.

The minimum frequency will determine the maximum pulse width,

whereas minimum pulse width would be dictated by the

semiconductor's speed. The optimum component utilization is

achieved with a 50% duty cycle.

Let s consider a boost converter.

L

rrvwv^

B,

Fig l 

The charging energy must be equal to the energv diacr.arjed to the

load .



r,

y T 0 lT . 2L"" — —- L-' ~^~ 'z-z L- y T2

T /y T - t l 9 W t r \l 0 'z
uj^f* " ~ T'*"*^

f cf rf G

/f .. T 2.

0 ~ ' 2.

For a 50% duty cycle ' n = ———— , l *16 A

I,s 420A .

L.

L- l.SyUH

This indicates that a boost converter is not the solution than. 

There .are .no semiconductors available which could switch a 

current of 420A at 100 KHz. It is also Impossible to build
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S.M.P.S. inductors with a total inductance of l.5mH rated at 

420A, and 6 mVs.

Push pull or bridge converter. 

This type of converter does not store energy in inductance.

-ho

T
-o- f

L

Fig 2 

The input current is in direct proportion to the ratio of the

transformer and load current. 
Uo

To
n = 106A

Maximum load capability is achieved with a 50% duty cycle. There 

is air obvious limitation on the'minimum duty cycle. Even with the 

fastest power mosfets, it would be difficult to control below
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0.5 to lus (leakage inductance and essential snubber would 

require at least that.) Therefore, the minimum voltage which can 

be obtained from a pulse width modulated push pull converter 

cannot be smaller than 20% of the maximum output voltage. 

Since this is not acceptable for regulation, an external means of 

control shall be implemented outside of the converter itself. 

Double Converter.

A

8
1

OUTPUT PV/M
\

Fig 3

In this configuration, the current through tJ?e input switches is 

reduced to half (I,-53A). Since the output pulse width is



controlled by a phase shift between two waveforms, it is possible 

to achieve a wide range of output control . 2* to 98% could be 

easily achieved; with careful timing control.it is possible to 

widen it even more.

It is also possible to implement double controlling mode. P.W.M. 

and P.S.C, would of course help to achieve the required fine 

output control. This method however requires two power 

generators and two tranformers.

Considering the necessity of troublesome paralelling of power 

switches and larger size of power transformers in a simple push 

pull system, the price for more complex control logic appears to 

be small in comparison to the achieved advantage.

2. Secondary Control.

The switchmode power supply (Fig.4) appears to be the simplest 

power conversion method. It can convert D.C. power into a High 

Frequency train of pulses which, through a transformer, might be 

fed into an output rectifier. The polarity of this rectifier 

would be switched from positive to negative depending on the 

required polarity of the output current. The amplitude of the 

voltage could be controlled by either duty cycle or frequency 

control.



Tl

H F. PWM

D e 
—KJ-

f
o

DC/AC OUTPUT

D

Fig.4

This simple scheme however could not be implemented so easily. 

The reactive characteristics of the load will require the voltage 

to lead the current. The specified boundary of the load will 

limit not only the phase shift between current and voltage but 

also the dynamic requirements at the power source. In the worst 

case (R-41ohms, I^40mH for 800V supply) the voltage would lead 

the current by l.lms. During this time it is necessary to produce 

a negative voltage when the current is still positive. Figs. S&6 

present computer simulated voltage and current respectively.
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-100

FORMULA

Fig 5

FORMULA

Fig 6 .

The product of negative voltage and positive current results in a 

negative number which physically means that power is delivered by 

the load to the power supply. This must be absorbed by the power
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supply.

In this case, absorption would take place during 2x l.lmsof each

24ms cycle.

Energy to be absorbed during each cycle is equal to 520 W at a

frequency of 40 Hz (see page 14,15 for detailed calculations).

This power can be absorbed either in a resistor which might be

connected to the load, or fed back to the capacitor. The first

method would require a third switch which would determine the

direction of the output current. When it is open, the output

current generated by the load will be controlled by resistance

variation of the dissipating element (resistor, transistor) .

HP PWM T OUTPUT

DI
Fig. 7

Since current will linearly decay from about 3 A to zero (see 

Fig. 6) while voltage is rising from 0 to 133 V , the resistance 

value should be controlled from 0 to c*o V. This of course cannot be 

possible. 

Permitting 0.01^* deviation from the ideal case, we have a minimum
goo to'*' r,

resistance equal to Rmin * -———— * ? ^ *—t J"—
3 *-
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nR max = ——————————— a ^ l (t JL 
J 6 C?,#f - 10'**-

Such a range of resitance control can be achieved using several 

fet transistors connected in parallel. They must be controlled 

linearly during the required period and disconnected when not 

needed.Since any disconnecting device would be in series with 

the above resistance, its effect Dust be carefully considered. In 

order to keep the switch OFF resistance sufficiently above Rmax 

(26m ohms), external high voltage (800V) transistors can be used. 

High voltage transistors in turn present a high ON resistance 

(l to 5 ohms). Hence to meet R ain requirements, 50 to 109 of them 

must be connected in parallel. This is of course not a practical 

solution.

Another simple configuration which looks promising at first 

glance is presented below.
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p, —w-
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,

-X-,

LOAD

v

p S*

T
Fig. 8

During the first quadrant of operation, the regulated voltage 

produced by the S.M.P.S. is supplying the load through DI S SI 

while S4 S S3 are open and the capacitors are fully charged (CI 

positive, C2 negative). When the voltage approaches 0,Sl would 

close, and SI would control the duty cycle of the output current 

flowing through D1&D6 up to the point at which SI is completely 

open.

At this moment, the output current is almost zero and the output 

voltage is negaetive.

Energy removed from the load was stored in C2 causing its voltage 

to rise -above the maximum produced by the S.M.P.S. (negative 

voltage). In the next phase of operation S2 closes, and the 

S.M.P.S. increases its voltage to maximum.

Next, S4 closes, allowing C2 to discharge through R. Once 'J C2 

discharges to U max (higher than U max of S.M.P.S. to avoid 

useless energy dissipation) S4 opens, leaving C2 charged and 

ready for the next cycle. Capacitors C1&C2 jnight be relatively



small:
L t
-
2.

Z t

for ^4A, U = 100V L* 40 mH

C= 64uF X 900V, 

Other component ratings: 

SI S2 : 1600V (wide duty cycle) 

S4 S3: 900VX3A (slow) 

D4 D6: 1800V X 3A (fast)

Fast switches rated at 1600VX16A are not really obtainable. To 

overcome this diffcuilty, the circuit might be modified as 

follows. 5,
v-f(—,—

Ot.

Y-ir

Fig. 9

S5 is permitted to operate only when all other switches are

4 2



open.

Ratings are:

SI S2 - 1600V/16A Slow

54 S3 - 900V/4A Slow

55 - 900V/4A Fast 

D4 D6 - 1800V/4A Fast

Better component utilization might be obtained by creating a
t

bridge configuration:

S (r

) ——

55
y

i

A Pt

Fig. 10

Component ratings are as follows: 

S1,S2,S6,S7 - 900V/16A 

S5, - 900V/4A

3. Four quadrant operation:

Previously discussed schemes do permit operation with inductive
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loads, however reactive power must be dissipated in a resistor 

which of course reduces the efficiency of the power converter.

Below is a calculation of the reactive power dissipation

rt 1 - /s
- o

eft
6

* O U - L Ti 

u.

p - 2 i tt -I
s

O

T K f L

t jL. s^L

*A - /*

L

/ ** — 
TTtt -r-

2

. t
6

X/ 
-"d f
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O

Almost 600W must be dissipated in order to control reactive power

on an 800V/16A transmitter. This means that the efficiency will

be lowered by 18% in comparision to efficiency achieved with a

real load.

This disadvantage might be avoided only when the S.M.P.S. is able

to operate in 4 quadrant mode.

There are few S.M.P.S. configurations operating in this mode.

It is important to note that for galvanic insulation between the

S.M.P.S. and the output, it is necessary to have power switched

on both sides of the transformer, primary and secondary.

Otherwise the output transformer must be a-ble to transmit both

high frequency (switching) and low frequency (in this case a few
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Hz) .

A four quadrant configuration with the least possible component

stress is presented below.

/•J-

Fig. 11

Assuming positive current flow, the sequece of operation with a 

H.F. square wave might look as follows:



o

1.

S*:

I/of-)

Fig. 12 Real Power

IT r X /'/X / / x x.x

Fig. 13 Reactive Power

Component ratings for this configuation are: 

SI to 4 800V/16A (fast) 

S5 to 8 800V/16A (slow) 

DI to 4 800V/16 (fast)

In this scheme, a high frequency current will flow through 8 

semiconductors at a time (eg. DI, SI, D5,S5, D7,S7, 03,S3,). All

of them are fully rated. This same current will also flow through 

the secondary winding of the output transformer, but its 

direction will change twice during every H.F. cycle. Hence 

leakage inductance must be reduced to a minimum, otherwise 

commutation time would prevent the circuit from operating. 

Assuming Ls^lfluH, I*16A, 7=6007, commutation would last 0.3 us. 

Adding another 3.5us for diodes, we have tq * 0.8us.



During this period of time ,output voltage of the circuit remains 

zero. J^r ~

i - *.

Fig. 14 Commutation period for H.F. 4 quadrant bridge

J ^ -i

Maximum output voltage would be reduced by 2 '6 *c '&-S ''o : 

Allowing another lus rise time for the H.F. square wave, we have 

output voltage for a period of about 75% of the H.F. transformer 

voltage. Adding to this disadvantage a high component count and 

the necessity of sensing current before the polarity is switched 

over, it is easy to realize that this kind of 4 quadrant 

operation is not a practical solution. However, since reactive 

power is not large, there is a possibility of introducing an 

additional small power converter to handle the reactive power 

flow.

4-,



CZ 
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Q
vo

l

L

OUTPUT

-O .'

Fig. 15

The additional bridge might be rated for about 600VAR only but 

its existence in series with the main converter requires the use 

of switches rated for full current and voltage of about 100V 

(800V design) or 50V (400V design). The capacitor must be able to

store reactive power and deliver it back to the load during the 
next half cycle.

Control of an additional circuit would require complex logic, 

since both reactive power and volatge across the capacitor must 

be controlled. It is not advisable to take the power used to 

charge this capacitor through the output. An additional problem 

is that this capacitor must withstand H.F. operation. These two 

disadvantages might be overcome if reverse energy flow with 

separate control is implemented.
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(peak)
reactive

.1VAR

1 /r

Fig. 16

Since the switches in the additional circuit are rated for full 
current but 100V only, it is possible to use MOS transistors here 
and operate at a frequency well above 100 Khz. Due to their high 
frequency capabilities, these transistors could also be used for 
the fine control of the output current.



4. Proposed power conversion.
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Circuit description

The A.C. line is fed into rectifiers DI St D6, through the D.C.

filter ,and delivered to two D.C. choppers. These choppers operate

at a moderate frequency, in the order of 40 to 60 Khz, and are

rated for 60% (Tl) and 50% (T2) of the output power.

The output voltage presented to the bridge D9 S.D12 is the sura

of the voltages across Tl and T2. Phase shift between the

choppers effectively changes this voltage (see drawing below).

T, 1
— J) — — li —

.. — tt —
-

1 Jl"- — -
t l. 1 1 

, . — (1, . T r

-D,
1 1

re - ; — T

07.FULL OUTPUT
Fig. 17

The output of the bridge would be controlled l?y ^ the phase shift 

between the two choppers. A polarity change might occur only when 

the current crosses zero. This can be achieved by cqntrolling S.C.R.l 

4 as follows.
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r, f r.

Fig.18

A dead period is required during which the output of the bridge 

D9-D12 will be zero. During this time energy is delivered by the 

load. Voltage control during this period is achieved by 

controlling the duty cycle of S12 - S15.

Energy removed from the load during this time would be fed back 

to C2 and subsequenty passed to CI via controlled bidirectional 

rectifier (S1I,T1,D7 ,D8) . Bridge D19 fi D22 would also be used for 

fine control of the output current. Since only 100V might be 

necessary, it may be possible to operate in the range of 150KHz, 

and deliver a double frequency to the output section (ie. 300 

Khz). Two output H.F. filters and traps would prevent High 

Frequency from entering into the loads.

Fine current control in the neighbourhood of the peak requires a 

sudden voltage change. This would be accomplished by

1. Applying a pulse to S16 or S17

2. P.S.C. control of the power bridge to reduce its output 

voltage to zero.

3. Changing the output voltage polarity of the reactive output
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bridge.

All these actions take place simultaneously.

A+B Control ( rise) 

E- Fine contr

Disch. of c3

Rapid Change of A+B

A+B Control (Fall) 

E-Fine contr.

Control by E only

A+B Control (rise)

C3 Charge

Fig. 19

This action around the current peak can be initialized by 

dV(ref)7dt. The remaining control is to be accomplished by the control 

regulator.E

In the proposed solution, component ratings are as follow:

DI, D6, 350V/60A peak X 11A average (60KHz) 

SI, SB 350V/30A peak / 6A average (43KHz) 

07, D 9 350V/30A peak / l.5A average (43KHz) 

D9, D12 900V/16A peak /5A average (40KHz)

450/32A peakX10A average (40KHz)

SCR1, SCR2 1000V/32A peak710A average71300V7us,tq,50us 

S12, S15 150V/32A peak710A average (100KHz) 

D19, D22 150V/32A peak/SA average (130KHz)
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D15, D18 300V/15A peak72A average (40KHz)

Sil 300V/15A peak72A average (40KHz)

Tl, T2, 7.5KVA of 40KHz

Ferrite 3C8 core size Winding; Litz wire 60x0.01

None of the above components are beyond todays technology. Power

handling is distributed among many of them, leaving a margin for

future increase. For a current/voltage rating change, only a simple

connection is required. However, paralleling of the power units

would require numerous connections: all switches must be

controlled from the same source. Since the operating frequency would

be in the order of 40 to 150KHz, optocouplers cannot serve that

purpose. Pulse transformers or optical links appear as the only

two alternatives left.

5. Current Sensing

Stability of the system is mainly determined by the 

stability of the reference voltage, sensing devices and the first 

stage of amplification where drift and noises are significant.

Current reference is obtained externally in the form of an 

analogue or digital signal. The sensing device shall have equally 

good or better stability.

The above sensing device must be:
-V

1. Stable (10 )

2. Fast (over 300 KHz)

3. Able to sense D C components

4. Negligibly small electronically in comparison to 

the load. -

Hall effect sensors provide galvanic insulation and fast
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response up to 100 KHz. Temperature drift is in the order of

10 " 3 /deg. C.

Since .001 (at least) is necessary, the Hall sensor shall be 

kept in the oven with the temperature stability of at least 0.1 

deg. over the whole range of operation. This might not be 

difficult, however, for such sensing a flux density in the order 

of a few hundred is required. Hence it is necessary to pass a 

measured current through a few turnes of winding located in the 

core with a gap. Inside this gap a sensor might be placed, and 

the whole assembly kept in the oven.

This solution offers galvanic insulation, but frequency response 

is not sufficient. An additional C.T. might be then added to 

cover the range from 100 to 500KHz.

The circuit is complex, but offers total insulation. It might 

however require an additional measure to make it insensitive to 

other magnetic fields such as earth fields, or magnetic noises.
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The proposed sensor crossection is shown below:

CURRENT WINDING
HEATER

TEMP. SENSOR HALL SENSOR

Fig. 20

•The resistor can also serve as a current sensor. The temperature 

coefficient for the wire wound resistors is in the order of 

10 ~ deg.C. This makes the requirements for oven control less 

rigid. However, the output current would produce a power
T fZ. f "N

dissipation on it. p - — *"* - ^ ffJTU/. 11J
I/IT ————— 

This is not acceptable.

If R is reduced to 0.1 ohm, P will drop to an acceptable 

limit of 30w at maximum output current. Let's assume that at 50 C 

cooling of the resistor is sufficient to keep it at 83 ̂ C. Then Rt 

=30W/30 C ^1 W/ 0 C . At low ambient temperatures it will be 

necessary to heat it. The worst case would be when both output 

current and ambient temperature TA are low.
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To keep the resistor -

at the same temperature, the required power is equal to

l -- 120V

Maximum voltage drop would be 3.2V. Since we are searching 

for 10-4 regulation, the minimum voltage to be recognized by the 

sense amplifier shall be 320 V. (for 32A units) or 60 V (for 16A 

unit) .

This can be easily achieved with common ground signals. 

However , since a resistive sensing laks a galvanic insulation 

common voltage might reach more than 800V.

Assuming a common mode voltage at the first amplifier in the 

order of 20V, it would be necessary to use a voltage divider (kept 

in the oven too) with a ratio of 1/40. Now the minimum voltage 

sensed by the sense amplifier becomes ^uV.It would be overwhelmed 

by l deg.C change of the offset in most commonly used amplifiers. 

At best, input offsets might be kept in the order of 

0.1uVXdeg.C. 

Sill the oven must contain:

Sensing resistor 0.1 ohmX30W

Voltage divider 1/40

Sense amplifier with supporting circuitry.

Heating element 120 W

It appears that a Hall effect sensor might be a better 

solution. It requires careful linearization but offers total 

insulation and relatively easily obtainable accuracy. It is 

recommended to explore this approach first, then test it. Only if
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it fails to operate correctly should one move to the resistive 

sensor technique.



6. Logic

A. SINGLE - LOOP FEEDBACK SYSTEM

Before attempting a detailed analysis of the real system it is

worth considering a simplified network to see whether the

required specification can be easily achieved. In this chapter we

will investigate an idealized linear servo-system and its

reaction to the ramp input. The structure of the feedback control

system is shown in Fig.21.

Res) l G so

Fig.21. Generalized structure of the feedback control system.

A feedback control system is to be designed to satisfy the 

following specifications:

(a) steady state error for a ramp input

(velocity error) ey s r (t)-l (t) ^ 0.01 Vo

(b) damping ratio of the dominant roots } 0.7 

(overshoot less than St)

(c) settling time of the system ^ 0.2 ms

a-



Additional Simplifications:

1) Power section is a linear noninertial amplifier with gain 

KO / having an output filter Rp - LF -Cr (Fig.22.)-

o— — — —

^ p
l l K0
U l

FIG.22. Simplified model of H.F. inverter.

2) Feedback loop does not introduce any error and its transfer 

function H(s) * -1.

3) Error amplifier is ideal 

E(s) - R(s) - H(s)

4) Load consists of linear R0- L0 . Load transmitance 

is

UCs)



The structure of the analized system is shown in Fig.23.

RlS)

Fig.23. The structure of the analized system

The transfer function G a G 3 is done by

where
5* -t-oCs4 -r

TofTr 
T0 TF T -

ss |C (Oj

0 L.
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The problem reduces to the selection of a regulator. 

Referring to the Fig. 24. we have

^s)*V s)

Fig.24. The closed loop system

To satisfy the steady - state error requirements the system

should be at least a type-two system so that a zero velocity

error is obtained.

Thefore the transfer function G(s) should be

Mnl*i

n

Examining G A 63 we find that the regulator transfer function 

G. should possess two or more integrations. Taking

K j - (D.C. gain of the regulator,

We have
(S o
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To determine the transient behavior of the system we will utilize 

the root locus method.

Numerical analysis will be performed for the following- 

parameters .

Load

H.F. Filter:

T V*ifu*

Choosing reference parameters as

we have 

i.-2? *7 S

and

G(s) is now

The polynomial : 

has one real root at

T0 ~ \

^ f

co F =

s*- (s4 -i- i.

^3^ ,.,a , s

s - - O 168 
and a pair of complex roots at 5 —i 0.91
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G(s) may be rewritten as follows:
6J(3 sOASt J0.51

G(s) has double poles at (0.0) location, a single pole at 
6"a-0.163 ,and complex conjugate poles at S* -O.US ±j 0.61

The root locus as K varies is sketched as shown in Fig.25.

"

- - •" - ;1 J_ ̂. — *-'•j'a* * f t •f-.r^^.- l "T^T^'-~\ ;j H i T •^^^gj^JJi^l;^rrr^rf -s--f-———r --i ,. ^.O^^T^^iis^l^-.P-^ i l ^ - .^ .:|-. uvf.'/xrr/^v't-'^NJj- - -— ~'--f- , :. -\ - .•s-'s-jr.--jfs\s*'.'v.-.-;Jr**.

Fig.25. Root locus as a function of K and a region for desired 
root location.
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The damping ratio of the dominant roots, ^ ^ COS @ ~ 0.7 

requires that the roots of the closest loop system be below the 

line at 45 0 in the left-hand s-plane. The settling time 

specification can be rewritten in terms of the real part of the 

dominant roots as

J^
*5

Therefore

0.3.
= 0.159

In order to satisfy the above specifications all the roots must 

lie within the area shown in Fig.25.

Examining the root locus of Fig.25. we find the system behavior 

unsatisfactory in terms of the transient requirements. To improve 

the transient performance a compensation network must be added.

Compensation

The compensation of the system may be accomplished in the s-plane 

by the root locus method. In order to alter the locus of the 

roots of the closed - loop system it is necessary to insert a 

compensation network, represented by the transfer function Gc (s), 

cascaded with the regulator (Fig. 26).

Re^,

Fig.26 The System With Compensation Network
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Generally

The problem reduces to the selection of the poles and zeros of 

the compensator.

Following the root locus method:

1) We cancel the complex poles of the output filter by placing 

two zeros at the same location.

2) We choose the location of the desired roots on the boundary 

line 45 c (to satisfy the specif icatons in terras of ^ and 15 ) 

and introduce additional pole and zero (to provide phase 

leading compensation) as illustrated in Fig. 27. The zero is 

placed directly below the desired root location. To determine 

the pole locaton we calculate the angle which must satisfy 

the relation.

-© +900 -loo 0 s rao 0

Therefore - - ioo

Now the compensator is

and the compensated transfer function ^

(5
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Fig.27. Root locus of the compensated
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The gain fc K*c is evaluated by measuring the vector length from 

the poles and zeros to the root location.

0,2,85* O.

In real terms

JCK^ 0.017 x —^ s ^.-16 * 10 0"

The Bode diagram of the open loop transfer function is shown in 

Fig. 28.

Fig.28. The Bode diagram of the compensated system



SUMMARY

We can notice the high bandwidth necessary to compensate the 

system properly. Refering to the Bode plot the cutoff frequency 

of the compensation system lies in the few MHz range. Since 

the power section of the real system has a frequency limit far 

below the required range, it would be extremely difficult in 

practice to overcome this limitation. This, combined with a high 

D.C. gain requirement makes the technical realization of the 

analog one - loop feedback system questionable.

Note that the real requirements are more severe; the reference 

signal has exponential components superimposed on a linear 

triangle which requires additional integration to maintain a 

steady - state error near zero , and extra compensation. A system 

with such a degree of complication is susceptible to the 

parameter changes and its stability is very fragile.
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B. Adaptable Digital-Analog Control System 

An alternative approach to the control problem described 

in the previous chapter, is briefly discussed below. In 

the proposed concept two control circuit are used : 

digital and analog, working in separate loops designed and 

optimized each to handle different tasks. A block diagram 

of the proposed system is shown in fig. 29.

Fig. 29. A block diagram of the adaptable digital-analog 

control system.

The concept is based on the assumption that the reference 

signal is periodic, and its parameters change slow. 

Therefore,*- having a guasi-deterministic situation at the 

reference input, it is possible to stabilize these
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parameters using digital method. The digital regulator is 

capable to control the shape of the output waveform with 

required accuracy. The controller adapts its output with 

respect to the reference, in order to maintain the steady- 

state error at minimum. Since the digital control loop is 

of stabilization type, a relatively simple, type-one 

control procedure can be sufficient (theorically 

independent of the shape of the input waveform) to meet 

error requirements. Considering further advantages of the 

digital system such as high resolution, and lack of 

thermal drifts, it is evident that this approach is 

superior, in our application, to the analog high-order 

servo solution.

To improve the system response to the external 

perturbations, it is necessary, however, to introduce an 

additional fast acting feedback loop optimized to satisfy 

dynamic requirements. Since in the additional loop the 

accuracy is of secondary meaning, it would be reasonable 

to utilize analog type regulator. Its action should bring 

the systems state variables back in the vicinity of the 

"working point"- in the shortest possible time.
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Operation of the digital loop

Digital controller is connected to the process by means of 

A/D and D/A converters. It shall be however assured that 

the data enter or leave the processor periodically 

preferably in synchronism to the working frequency of the 

power converter.

This kind of synchronism offers the best transfer ratio in 

terms of information flow.

C*(t) is a string of M discrete numbers,

delivered at the output of processor and updated every T 

sec. After being processed by a D/A converter and 

corrected by analog loop signal, C* (t) becomes a 

continuous function C(t) controlling the power section.

The working sequence of the digital loop is sketched in 

fig. 30.
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In the example of fig. 30. the reference is sampled M

times per cycle. Starting at sampling moment ti , the

digital procedure computes a new value of o^-L

which will be updated in the next n+1 cycle. The
i 

procedure must be fast enough to complete processing

before the next i+1 sampling moment arrive. In that mode

of operation the system reaction is delayed by one 

reference cycle. For slowly changing reference shape, 

this delay may be neglected and the system considered 

quasi-continuous. Introducing simplified digital 

procedure, P I which includes proportional and integration 

terms (minimum to achieve steady-state error - zero) we 

have

(Ei+Ei -h.. .. . ,+En)

where Kp, Ki -proportional and integration 

constants

N- number of integration samples

' *

Examining the above formula we find relatively small
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number of operations to be performed within one sample 

period. If the power section is working at maximum 

frequency eg. 100KHz, the processing time must be less 

than 10 ps. To choose a processor capable to handle the 

control task we should consider also errors due to 

computer finite word size and quantization errors 

introduced by A/0 and D/A converters. In discussed case a 

fast, 16-bit processor should satisfy the precision

limitations. For slower processors, the effects of 

sampling must be taken into consideration.

Summary.

The use of hybrid (digital-analog) techniques to control 

the H. F. converter in order to achieve very accurate 

output waveform form offers an optimistic perspective. A 

design of such a system should be however supported by

detailed and accurate analysis, including computer 

simulation of system behavior.

7 6
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Imaging quasi-layered conductive structures by simple processing 
of transient electromagnetic data

James Macnae* and Yves Lamontagne*

ABSTRACT

An "imaged" conductivity section of a layered earth 
can be obtained by simple transformation of step- 
response electromagnetic data measured in the quasi- 
static zone. This method of data transformation is 
presented as an alternative to conventional apparent 
conductivity transformations. At each delay time, the 
variation of the step response as a function of geometry 
(transmitter and receiver location) is transformed to an 
equivalent reference depth /i, which can be related to the 
depth of electromagnetic field diffusion. The behavior of 
h as a function of delay time is nearly independent of 
the source-receiver geometry. The slowness dt/dh 
divided by the magnetic permeability is almost exactly 
proportional to the cumulative conductance measured 
from the surface down to a depth h. Thus we can esti 
mate an apparent conductivity, which we call the 
"imaged conductivity," at depth to be d2 ti\i0 dh2 .

The cost of this transformation is a fraction of the 
cost of conventional data inversion, and it does not 
require an a priori constraint on the number of parame 
ters used in the inversion. The empirically developed 
technique was used successfully to process UTEM field 
data measured over a quasi-layered earth.

INTRODUCTION

Electromagnetic (EM) sounding is often applied to geologic 
problems to obtain a conductivity-versus-depth section. Nu 
merous papers and books (e.g., Kaufman and Keller, 1983) 
have been written on controlled-source EM sounding in the 
quasi-static zone over layered earths and on methods of data 
interpretation. EM data are commonly transformed using 
various limiting approximations to a conventional apparent 
conductivity-versus-time (or frequency) plot to aid in initial 
interpretation; alternatively, with limited data sets, computer- 
intensive inversion of the data may be performed. This first

procedure has serious shortcomings: data are often collected 
at delay times where limiting approximations are invalid; and 
conventional apparent conductivity-versus-time sections are 
not independent of source and receiver geometry, and bear 
limited resemblance to the actual conductivity-versus-depth 
section. Inversion, the currently available alternative pro 
cedure, is very slow and generally too expensive to be applied 
on a point-by-point basis to extensive survey data.

For simple transformation of the data, the conventional 
choice has been first to estimate the apparent conductivity 
directly from the data, and then to attempt to derive an apparent 
depth by curve fitting or dimensional analysis. Unfortunately, 
the conventional apparent resistivity transformation often ren 
ders multilayer data very poorly, and it generally suffers from an 
arbitrary choice between late and early definitions (Spies and 
Eggers, 1986). Of particular concern to us is that transformed 
data from different source-receiver geometries cannot be directly 
compared; even with the same geometry (such as central-loop 
measurements), apparent resistivity curves derived from step- 
response data are very different from those derived from 
impulse-response data.

While apparent resistivity is essentially a form of data nor 
malization that may simplify comparison with similarly nor 
malized model data, an ideal transformation would produce a 
close image of the conductivity structure without the expense 
of a full inversion. The main difficulty of the apparent resistivi 
ty concept in this respect is that, since inductive decays for 
widely different layered earths are all smooth and similar in 
general character, the result of a simple conversion of ob 
served amplitude to apparent resistivity as a function of time 
yields a very smooth function even when the actual model has 
abrupt changes. Devising a time-to-depth conversion scale for 
this sounding curve then becomes an almost pointless exercise, 
and extensive libraries of type curves are needed to derive 
depth information.

We became convinced that a much more productive strat 
egy should first include the transformation of amplitude to a 
smooth, monotonically increasing parameter, more in keeping 
with the character of the EM sounding decays. This parameter

Manuscript received by the Editor October 11, 1985; revised manuscript received September 23, 1986. 
•Lamontagne Geophysics Ltd., 49 Spadina Avenue, Ste. 306, Toronto, Ont., Canada M5V 2J1. 
C 1987 Society of Exploration Geophysicists. All rights reserved.
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FIG. 1. Profiles of five components of the secondary field computed over a thin sheet of conductance 1.59 x 10 T S at a 
depth 0.01 L. The step response to a square transmitter of side L (in meters) is shown. T is the time-scale factor for 
delay times l T, 2T, 4 T,... 512T shown as curve labels. Amplitudes are expressed as a percentage of the primary step.
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may be an apparent depth of diffusion, an apparent time, or 
some monotonic moment of the conductivity function such as 
the cumulative conductance. We have chosen to use a conver 
sion to an apparent depth of diffusion h which is likely to be 
monotonically increasing with time (Hoversten and Morrison, 
1982). As a different offshoot of the same general strategy, 
Polzer (1986) and Polzer and West (1987) use a conversion to 
apparent time as a step in a single-iteration inversion scheme. 
The initial motivation for our strategy was that, following the 
estimation of h, the assignment of a sensible conductivity was 
likely to be simple, involving some form of the diffusion- 
distance formula.

OUTLINE OF THE PROCESS

The first step in the proposed procedure is converting the 
data at each delay time to an apparent depth; this is designed 
to estimate the mean depth to which currents have diffused at 
that time. Furthermore, our aim is to find a transformation 
that produces an apparent depth function from data measured 
over a layered-earth model that is independent of variations in 
source-receiver geometry. We have developed such a model by 
using an approximate representation of the response in the 
form of source images.

In the second step, a reasonable conductivity function is 
derived from the apparent depth function. After theoretical 
considerations, and many experiments with synthetic data, a 
simple conductivity estimator was devised using the concept 
of "slowness" of diffusion.

Our success in fitting responses numerically to source 
images and the similarity between our estimated conductivity 
and the actual model led us to search for a theoretical basis 
for the procedure, but this has proven to be a difficult task. 
We have therefore chosen to report on this process as a suc 
cessful, empirically derived, method of data presentation 
before completion of a formal study, hoping that our results 
will stimulate research.

SOURCE IMAGES

While this paper is primarily concerned with the derivation 
of an approximate image of the vertical conductivity section, it 
uses the concept of source images which has been applied 
historically in EM theory. Maxwell (1892) solved the time- 
domain problem for the case where a thin, infinite sheet of 
conductance s located in the plane 2 = 0 experiences a step 
change in the magnetic field at the instant t = O, produced by 
a source in the region z > 0. At the instant after r = O, the 
quasi-static secondary magnetic field in the region z > O is 
identical to the field of an image of the original source located 
at the mirror point below the plane conductor, with the sec 
ondary source amplitude equal but opposite in sign to the 
primary step change in amplitude. At any time t > O, the field 
in the region recedes at a constant slowness (inverse velocity) 
of

di
T dz

s
T.2 (D

without any change in secondary source strength.
Step-response secondary fields over the thin sheet are gener 

ally complex functions of position and delay time, as shown in 
Figure 1. The unique characteristic of the step response is that

FIG. 2. Alternative display to Figure l profiles, showing nor 
malized apparent depth z/L of source image required to match 
the amplitude at each station. The normalized position x/L is 
the station location on the profile.

the decay amplitude is not affected by any scaling of the 
model conductivity, and in fact all layered-earth responses 
have similar peak-to-peak decay amplitudes when normalized 
to the primary field. Taking the profiles shown to be noise-free 
data, it is thus very simple to transform each point on a profile 
from measured secondary amplitudes to an equivalent source 
image depth. In theory, instantaneous measurement of the 
total (magnetic or electric) field components at any station is 
all that is needed to specify the necessary source image depth 
completely. With only single-component data there may be 
some ambiguity, in that two possible depths exactly fit the 
observed response at one station and delay time. This is the 
case, for example, for vertical magnetic field responses mea 
sured outside the transmitter loop. The ambiguity does not, 
however, present a practical problem when the result is con 
strained by neighboring data points.

Based on calculation of two source depths z, and z 2 mea 
sured below a receiver location at two different delay times 1 1 
and 1 2 , the conductance of the sheet can be simply calculated 
to be

f, - r,
(2)

where u0 is the permeability of free space. The depth D of the 
conducting sheet below the receiver location is given by

0-0.5(2, -st,). (3)
Figure 2 presents a plot of the data from Figure l trans 

formed to source image depths, any two of which specify the 
sheet as above. We can choose to plot the image depth di 
rectly below the receiver location, since, if the layering is per 
fect, all (horizontal) plotting locations are equivalent. The 
presence of noise, or secondary fields from conductors other 
than one infinite thin plane, would lead to deviations from this 
simple straight-line behavior. When both primary and second 
ary fields are present, error analysis indicated that the most 
stable estimates of source image depth arise from measure 
ment stations whose distance from the source is approxi 
mately equal to the image depth.

FITTING THE HALF-SPACE

Application of source images to other forward modeling 
problems are given, for example, in Metwally and Mahmoud
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(1984), Lindell and Alanen (1984), Thomson and Weaver 
(1975), and Wait (1969). Wait showed that a single image of 
complex amplitude could fit frequency-domain half-space data 
at the inductive limit, but that it had large errors elsewhere. 
Other references given above considered a vertical distribution 
of real and complex source images. None of them, however, 
provides an exact, useful solution in the time domain to either 
the half-space or the general layered-earth problem.

We thus tried numerically to fit the step response of a half- 
space with a vertical distribution of source images. If we can 
find such a distribution in free space whose anomaly at one 
delay time everywhere matches the secondary field, then the 
same vertical distribution of images of sources of any other 
shape will match its secondary field at the same delay time 
over the same half-space.

We calculated the magnetic EM response to a vertical mag 
netic dipole-source with step excitation at 40 stations over a 
conductive half-space. We used Anderson's (1979) fast Hankel 
transform algorithm for frequency-domain calculations, and 
transformed to the time domain using a numerical fit to a set 
of exponential basis functions (program YVESFT, see Holla- 
day, 1981).

Using a standard nonlinear inversion package provided by 
Vozoff (Jupp and Vozoff, 1975), we inverted the step response 
to calculate the required vertical distributi6n d, and amplitude 
distribution at of n discrete source images with i = l, n. The 
sum of the image amplitudes was constrained to be equal to 
the primary step amplitude of the source to satisfy the induc 
tive limit (Grant and West, 1965) constraint. Figure 3 presents 
three of these inverted image distributions. The relative error 
of fit of half-space magnetic fields calculated from these distri 
butions of source images compared to direct numerical calcu 
lation is presented in Table 1.

Since time-to-distance scaling is exact for instantaneous 
measurements of the step response over a half-space, it is only 
necessary to fit the geometrical variation of the response at 
one delay time. The secondary field at all other times can be 
scaled simply by using the invariance of the response parame 
ter a (West et al., 1984), where

(4)

and a is the conductivity, .x is the geometrical distance (scale) 
parameter, and t is the time delay.

Our strategy for determining a "depth of penetration" of 
the field required us to choose a reference point h within the 
image distribution as a measure of this depth. We sought a 
form consistent with both equation (4) and the thin-layer case. 
In the case of a thin layer, the apparent depth is half the initial 
image depth, i.e..

h ~ Z (5)

With this definition, the conductance defined by equation (1) 
can be expressed as

- 
Ho

(6)

The same relationship for a half-space would change equation 
(4) to the more specific

h 2 - 2J/CTU (7)

by integration of equation (6). Substituting for r, CT, and u in 
equation (7), we found that

h = 0.54 M, (8)

implying that fi is at a depth slightly greater than half the 
geometrical mean M of the image-depth distribution as shown 
in Figure 3. The slowness defined in terms of reference depth h

Table 1. Maximum error of fit MEF of half-space model data 
as a function of the number N of discrete images used in the fit. 
The maximum error is measured when the rms error of fit to 
the profile as a whole is minimized.

MEF
l
6
9

14
18
38

20
3.5
1.5
0.6
0.4
0.2

6 POINT 9 POINT 18 POINT
300*

A/AC

-3OOX .

0.3 l

DEPTH

FIG. 3. Image distributions fitting a half-space response as 
determined by nonlinear inversion for various numbers of 
images. Note the form of image amplitude approximating a 
sync function in log depth. Depths have been scaled to that at 
the geometric mean M of the distribution. Reference depth h is 
at 0.545 M. and the reference width W is the length of the 
0.3 to 3 axis.

Table 2. The amplitudes and depths of the separate images 
comprising the 14-image distribution used to fit layered-earth 
models by varying the distribution width. This is a modification 
of the 18-1 mage distribution of Figure 3 obtained by trial and 
error. The distribution depths are normalized to a reference 
depth of l, located at fractional depth zero.

14 Discrete image
Amplitude

-0.33
1.0

-1.0
-1.33
-1.0

1.0
2.33
2.33
1.69

-1.0
-1.33
-1.33
-1.0

1.0

distribution
Fractional Depth

-0.4684
-0.472 7
-0.369 5
-0.328 2
-0.2800
-0.204 3
-0.154 2
-0.1139
-0.0638

0.056 2
0.119 1
0.165 3
0.222 3
0.4966
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FIG. 4. Behavior of fitted image reference depth h versus delay time for a thick layer in free space. Note the simple 
break in the curves at a fitted reference depth approximately equal to the layer thickness. D0 and t 0 are dimensionless 
scaling parameters.

can then be expressed as a function of time in the case of a 
half-space, using equation (7), as

dt/dh = au/i =

EXTENSION TO GENERAL LAYERED EARTHS

(9)

For extension to more general layered-earth models, we 
used a 14-point discrete source image distribution similar to 
the 18-image distribution of Figure 3. The image amplitudes 
and depths of this distribution are shown in Table 2. Since 
the slowness of a single image (very narrow width) recession is 
constant for the thin sheet and the slowness of the reference 
point is proportional to t 112 for the half-space, we sought to 
define a width-to-depth ratio W/d in the general case as a 
function of the exponent of t. We obtained good fits to general 
layered-earth models using the simple equation

W Id - 2p, (10)

where p is the assumed average power of the slowness as a 
function of delay time, W is a. measure of the distribution 
width, defined as equal to the depth for the half-space case, 
and d is the difference between the reference depth h at each 
delay time and the extrapolated depth at time t = 0. Thus for 
a half-space, p is 0.5, and for a thin layer, p is 0. This some 
what arbitrary definition is successful only because the depen 
dence of the profile response on the width W is weak and our 
simple scheme describes the response variations of other 
layered-earth models well (to a first order).

It was observed in early experiments that approximate fit 
ting of a single image to half-space data gave a fitted slowness 
proportional to t 112 , in agreement with equation (9), although 
the root-mean-square (rms) error of fit was large. Thus fitting 
of layered earths became a two-step process: first, we found 
the best-fitting single image depth as a function of delay time, 
from which we calculated a smoothed apparent power p of the 
slowness function (expressed as a function of time); we then

CONDUCTIVITY (S/m)
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FIG. 5. Three-layer conductivity-depth sections modeled. Con 
ductivity variations in the second layer are identified by letters 
A to H.

H
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used this power function to fix an image W'/d ratio to be used 
in a second pass to determine h more precisely. This two-step 
process gave good fits to other layered-earth models. The pro 
cedure can be iterated if necessary, but no iterations are in tHe 
results reported here.

Figure 4 shows an example of the variation of h with delay 
time for a number of thick layer responses obtained using this 
two-stage process. The fitted reference depths h were derived 
by simultaneously fitting all stations calculated at the same 
delay time. At early delay times, note that the image depth- 
time curve is identical to the curve of a half-space with the 
same conductivity as the layer. At late delay times, the re 
sponse is identical to that of a thin layer with the same inte 
grated total conductance as the thick layer whose depth to the 
top is equal to half the total thickness of the layer. There is a 
fairly rapid transition in depth-versus-time behavior between 
the half-Tpace and thin sheet when the time or image depth is 
about doubled.

SLOWNESS AND INTEGRATED CONDUCTANCE

The cumulative conductance, defined as the integrated total 
conductance from the surface to a depth d, is one of the most 
stable parameters of any layered-earth section that can be 
determined by inversion of EM magnetic field data from an 
inductive source (Fullagar and Oldenburg, 1984). By extend 
ing equation (9) to a continuous conductivity distribution,

dt/dh -rCTU dh.

We inferred that the slowness of the reference depths as 
defined above may be a good estimator for the cumulative 
conductance. If this approximation is correct, the slowness is 
then directly proportional to the cumulative conductance. The 
validity of this type of assumption has been studied by Raiche 
and Gallagher (1985), among others. However, they found no 
exact, simple relationship between diffusion velocity of peak
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FIG. 6. Comparison of cumulative conductances of three-layer models with slowness of the reference depth, fitted from 
computed vertical magnetic step response, plotted as a function of depth. Letters A to H and symbols l and 2 are 
identified in Figure 5.
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magnetic fields and apparent resistivity for a pulse response. 
To test the validity of this relationship when applied to the 
slowness of our apparent depths, we used a number of layered 
models and computed each side of the equation independent 
ly: the left-hand term by converting to apparent depths and 
calculating the slowness functions, and the right-hand term by 
integration of the model's conductivity function.

Figure 6 shows the results of the testing for a suite of three- 
layer models with variable conductivity in the second and 
third layers, as shown in Figure 5. The step response of the 
layered earth was calculated, and h was fitted as a function of 
delay time using the two-stage process. The derivative dt/dh 
was then simply estimated using central differences. The plots 
show a remarkable similarity between the cumulative model 
conductance versus the true depth and the modeled slowness 
versus the reference depth. In fact, the slowness curves appear 
to be somewhat smoothed estimates of the true conductance. 
As was the case for the thick layer just discussed, the reference 
depth h appears to be a reasonable estimate of the penetration 
depth at any given delay time. The smoothing is more pro 
nounced where poor resolution is expected, namely, resolution 
of very resistive embedded layers. Some slight improvement in 
resolution can be obtained by decreasing the separation be 
tween time channels. However, a tradeoff must be made; in 
the field data, shortened time windows lead to increased data 
error.

Error analysis indicates in the slowness-reference depth pre 
sentation that the transformation of field data collected over a 
wide range of delay times and transmitter-receiver separations 
will give rise to approximately uniform error bars on the log 
slowness-log depth plot. In other words, on a plot such as 
Figure 8, each of the slowness and reference depths will be 
estimated with the same relative error over the whole depth 
range. For field data, this holds for depths up to roughly three 
times the transmitter loop size. This would imply that the 
relative error in the estimated cumulative conductance should 
be roughly uniform. This error analysis agrees with the phys 
ics of induction where we know, for example, that relatively 
resistive layers are difficult to define.

CONDUCTIVITY-DEPTH SECTIONS

Since equation (11) appeared to be a reasonable approxi 
mation, the obvious consequence is that conductivity can be 
estimated directly by taking another derivative with respect to 
reference depth, to get

dh 2 (12)

We define the term "imaged conductivity" to be this value a,. 
Figure 7 shows the imaged conductivity versus reference depth 
h plotted for six three-layer models, scaled to a top layer of 
unit conductivity. For comparison, the true conductivity sec 
tion is also presented.

Using equation (12) to estimate conductivity involves taking 
a second derivative with respect to a dependent variable h 
(determined from the data). This operation is highly nonlinear 
in h. As a result, a discrete estimate of the second derivative is 
usually inconsistent with the data. Assuming steps or a linear 
interpolation, the discretely determined values do not inte 
grate back to the true sampling times, nor do they necessarily 
obey the physical constraints that conductivity is positive,

with cumulative conductance (and hence slowness) being both 
positive and monotonically increasing. This problem was 
solved by using a spline formula to fit the t =f(h) function, 
such that t and its first n derivatives with respect to h are 
continuous. The second derivative is then estimated by ana 
lytic differentiation of the spline formula. A smoothing con 
dition was also added in the spline design; it must correctly 
extrapolate the second derivative to two channels before and 
after its point of support. A description of a similarly designed 
spline is given in Boerner and West (1986). This well-behaved 
process essentially determines one of the smoothest conduc 
tivity functions consistent with the apparent depths.

This procedure gave good lateral correlation of imaged con 
ductivity and depth when applied on a station-by-station basis 
to computed data. A good illustration is the following field 
example from an area where the response shows both noise 
and the effect of gradual lateral changes.

FIELD DATA EXAMPLE

Figure 8 shows part of one line of vertical-component mag 
netic UTEM data obtained in an extensive sounding survey 
over sedimentary terrain. The side of the square transmitter 
loop was 400 m. Each station was measured with three loop 
positions, as shown by the staggering of the data sections. The 
mean delay time t n corresponding to each channel n is given 
by the equation

-84-

1.5
(13)

where/, the base frequency, was 30 Hz. Note the characteristic 
positive anomalies inside the transmitter loops with migrating 
crossovers outside. The reference depths obtained from the 
transformation of the measured data are presented in profile 
form in Figure 9. Each depth point was obtained using a 
weighted average of three independent determinations from

1C1 10' 

DEPTH (h)

FIG. 7. Comparison of apparent conductivity (calculated by 
differentiating the fitted slowness with respect to reference 
depth curve) with the actual conductivity for four three-layer 
models.
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the three transmitters used for each receiver location. The 
horizontal datum lines are the averages of each time channel 
for the whole survey line extending well beyond the portion 
shown here. Two types of shading emphasize the difference 
between the determined depth and this average: heavy shad 
ing for greater depths, and light shading for shallower depths. 
In general, the conductivity of the section is greater where the 
depth penetration is shallower, and vice versa; however, a 
given conductive layer would have a greater effect when lo-'' 
cated at a shallower depth.

The computed slowness-derived apparent resistivities are 
displayed in Figure 10 as a gathered section of profiles of 
apparent conductivity versus depth as calculated by differ 

entiating the spline formula. The scale is logarithmic, with 
resistivity increasing to the right. The base lines represent a 
resistivity of 30 Q - m (shale), and the spacing between vertical 
lines is a factor of ten. The heavily shaded area in the right- 
hand part of the section is a resistive feature (300 Q. m) identi 
fied by a borehole near transmitter loop 232. The conductive 
feature at depths below 500 m centered under transmitter loop 
230 (< 3 Q - m) is thought to be a brine-saturated zone within 
porous rocks.

We emphasize that this plot shows only data transformed to 
an "imaged conductivity" rather than to an inverted section. 
The data can, in fact, be integrated back to recover the orig 
inal data, except for the effects of averaging three readings

Hz (Ch.n /Ch.l — 1) VERSUS LOCATION

0221 0222 0223 0224 0225 0229 0227 0228 0229 0230 0231 0232 0233 0234

-i 200*

H-

200V.

-20OV.

. 4QOm . DISTANCE

Flo. 8. Profiles of Hf (vertical) data observed over a 5.6 km segment of a longer survey line, with three-fold coverage. 
Each 1.2 km long "spider" plot is centered over a square transmitter loop 400 m to a side.

DISTANCE
023 2 023 3 023 4

DELAY
TIME (msl

h (REFERENCE DEPTH) VERSUS LOCATION

FIG. 9. Fitted reference depth h along the survey line as a function of channel number. Shading shows the difference 
between h and a datum equal to an average over a longer length of survey line than shown here. Light shading is for h 
shallower than the datum, dark shading for h deeper than the datum.
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IMAGED RESISTIVITY PROFILES

FIG. 10. Gathered plots of apparent conductivity versus reference depth h along the survey line. This plot defines a 
smoothed image of the actual conductivity depth section, with limitations as discussed in the text.

with different transmitter loops and slight lateral averaging 
after stack. We call this process "depth-image processing."

LIMITATIONS

The regularity of these results illustrates the power of the 
processing technique for imaging the ground conductivity 
structure in quasi-layered areas. Our experience with the pro 
cess has shown that an essential condition to obtain such 
regular results is that the measurements must provide uniform 
resolution at all depths of interest for each station. Uniform 
resolution can be achieved in practice by using at least three 
loop positions per station, as in the field data example pre 
sented. On the other hand, our experience with data measured 
in areas with many prominent shallow lateral changes has 
shown that the method as currently used may fail completely. 
However, it shows particular promise in identifying the subtle 
response of discrete deep structures within a layered earth.

The current process uses a numerically derived image distri 
bution with an empirically set width-to-depth ratio to fit gen 
eral layered-earth step resposes approximately. The limits and 
accuracy of the distribution used have only been partially 
tested to date. The difficult problem of mathematical deri 
vation of theoretical distributions of the source image to fit 
the step response is currently being addressed.

Most time-domain EM systems operating today do not 
measure the step response, but rather a modification of the 
impulse response. The process will not work directly on such 
data; but some modification of the fitting process will likely 
allow an extension to these cases in the future.

COMPARISON WITH INVERSION METHODS

Depth-image processing in our view is a forward data trans 
form which, if well stabilized, provides discrete estimates of the 
conductivity-versus-depth section that have a one-to-one re 
lationship to input data. Inversion, on the other hand, is a 
two-step process involving both a derivation of a best-fitting 
model and an evaluation of the range of acceptable models 
which could equally fit the data within specified errors. The

best-fitting model produced from standard inversion packages 
is prone to show considerable variation with insignificant 
changes in input data. As a first pass, depth-image processing 
greatly facilitates visual analysis of larger data sets in that very 
similar responses will produce very similar imaged sections.

Depth-image processing produces as many conductivity- 
depth values at a receiver station as there are input amplitude- 
time data, and it produces a smooth interpolation of the data. 
Inversion requires a constraint on the number of layers used, 
and thus the inverted model has the potential to lose detail if 
too few layers are used, which they might be to save cost or 
stabilize the inversion. Of course, a proper error analysis is 
required to evaluate the imaged conductivity section in each 
case. Depth-image processing may well prove to be a starting 
point for selection of areas displaying lateral uniformity which 
will be conventionally inverted, and at the same time it may 
provide an ideal starting model.

CONCLUSIONS

A processing system, provisionally called "depth-image pro 
cessing," has been developed which produces an approximate 
image of the ground conductivity structure in horizontally 
layered areas by simple direct transformation of data rather 
than by inversion. The resulting image is constrained to be 
that of the smoothest conductivity distribution that can fit 
derived "apparent depth" data; and it is essentially a data 
transform, not an inversion. This process is proposed as an 
alternative to presenting data in terms of apparent resistivity. 
Because of the physical analogy on which it is based, we hope 
this type of process can be used to reduce, to a common pre 
sentation, sounding data obtained with different waveforms 
and sjjurce-receiver geometries.
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