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ABSTRACT 

Three Extra Low Frequency (ELF) coils for measuring low frequency magnetic 
signatures were designed and built for use with the Marine Environment Data 
Acquisition System (MEDAS) concept demonstrator. This report details the tests 
conducted to determine the performance of these coils. A circuit model of the ELF coils 
is developed so the output of the coils may be related to the incident magnetic field. 
The values for the resistance, inductance and capacitance are measured and calculated 
from details of the construction. The effect of incorporating a calibration winding for 
checking the in-situ underwater response of the ELF coils is also examined. 
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Extra Low Frequency (ELF) Coils for the 
Marine Environment Data Acquisition System 

(MEDAS) 

Executive Summary 

Extra Low Frequency (ELF) coils are used for measuring the low frequency magnetic 
signature of ships and submarines. This report details the testing and theoretical 
calculations used in determining the performance of the three ELF coils used for 
measuring low frequency (1-600 Hz) magnetic signatures in the Marine Environment 
Data Acquisition System (MEDAS). Each coil consists of two windings on a 
polypropylene former. The primary winding of 1632 turns for detecting incident 
signals and an excitation winding of 6 turns used to check the performance of the 
primary winding when MEDAS is deployed. 
The magnetic test facility (also called the uniform magnetic volume) at the Underwater 
Systems Division (now Maritime Operations Division Maribyrnong) was used to apply 
an incident magnetic signal of a set frequency to each ELF coil. The output was 
recorded and simple signal processing was used to determine the amplitude and phase 
shift. This procedure was repeated over the bandwidth to determine the frequency 
response of the ELF coils. A similar process was repeated with the excitation winding 
so the frequency response of the primary winding when stimulated by the excitation 
winding was known. The sensitivity of the coils was measured to be approximately 
12.9 mV/(uT.Hz) at frequencies below 100 Hz. 
A circuit model of the ELF coils was developed and the values for the components in 
the circuit model were measured. Methods were also developed to calculate the values 
of the circuit model components to facilitate any future design of ELF coils. The results 
of the measured frequency response were used to confirm the circuit model and circuit 
values of the ELF coils. 
In MEDAS the signal from the ELF coils was converted from the time domain into the 
frequency domain. Once the data was in the frequency domain calculations using the 
verified circuit model of the ELF coils were then used to determine the amplitude of 
the incident signal at specified frequencies. 
MEDAS was developed and deployed as a concept demonstrator and is no longer in 
service. The ELF coils used in MEDAS have been transferred to the Maritime 
Operations Division (Sydney) for use in continuing research in this field. 
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1. Introduction 

The presence of a vessel may be detected by its magnetic signature. Extra Low 

Frequency (ELF) coils are used for measuring the low frequency magnetic signature of 

ships and submarines. Some of the sources of the ELF signatures on the vessels [1] 

include 

i) electrical power generation equipment, 

ii) the current in the electrical wiring, 

iii)        the rotating propeller and propeller shaft. 

The ELF coils analysed in this report were built as part of a multisensor concept 

demonstrator package called MED AS (Marine Environment Data Acquisition System) 

for the Royal Australian Navy. In order to interpret the output from each coil it is 

necessary to determine the frequency response of each coil. Once the frequency 

response of each coil is known it is possible to determine the ELF magnetic signature 

of a vessel from the output of these coils. 

A straight curve for the frequency response across the bandwidth is desirable as it 

simplifies the processing of the output and improves coil sensitivity at high 

frequencies. This response occurs when the resonance frequency is well beyond the 

bandwidth of interest. For the ELF coils used with MEDAS the bandwidth of interest 

was 1 - 600 Hz. For the ELF coils used in MEDAS the sensitivity was approximately 

12.9 mV/(uT.Hz) up to 100 Hz, increasing to around 13.6 mV/(uT.Hz) at 600 Hz. The 

resonance frequency for the ELF coils when connected to an impedance equivalent to 

the input impedance of the MEDAS circuitry was measured as approximately 2150 Hz. 

Further analysis was carried out in order to optimise the use of these coils and 

facilitate the design and construction of future coils. This analysis examined the 

capacitances present in the coil and methods were developed to predict the magnitude 

of these capacitances. The inductance of the windings within the ELF coils was also 

calculated. Once the capacitance, inductance and resistance of an ELF coil is known the 

frequency response of the ELF coil may be determined. As part of this analysis the 

optimum positioning of the excitation winding was also examined. 
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2. Construction of ELF Coils 

The construction of the ELF coils is sketched in Figure 1. The dimensions of the ELF 

coils used in MED AS are very similar to the coils designed by Vrbancich et al [2] [3] 

although the former is constructed in a different manner. Vrbancich [3] acknowledges 

that he adopted the construction techniques suggested by Holtham [4] and Wesley [5]. 

The ELF coils used in MEDAS are comprised of two sets of windings on a 

polypropylene former. The polypropylene former has an inside diameter of 1.15m, an 

outside diameter of 1.302m and a width of 80mm. Inset into this ring is six rectangular 

slots 6mm wide, 27mm deep and separated by 4mm. 

The excitation winding of six turns was placed at the bottom of the sixth slot. The 

primary winding of 1632 turns was evenly divided between the six grooves, 8 

windings across and 34 windings deep (Figure 1). The purpose of the excitation 

winding is to provide a known excitation to the primary winding so the correct 

operation of the ELF Coil(s) and the associated electronics maybe verified. 

Three ELF coils were assembled, two of the coils closely fitted the above specifications 

for the number of windings, the third coil however was short approximately thirty five 

turns. The three ELF coils were designated Coil A, Coil B and Coil C. Coil B does not 

closely fit the winding specifications. 

Once the winding of the ELF coils was completed and their sensitivities determined 

the coils were sealed to prevent seawater from entering. It is important to prevent any 

seawater entering the ELF coils as seawater has a high permittivity, thus the presence 

of seawater in the coil would increase the capacitance of the coil. Seawater inside the 

ELF coil may also cause corrosion problems or short circuit part or the entire coil. 

In operation the three coils are orientated perpendicular to one another. One cable 

goes from each coil to a junction box, from the junction box one cable leads to the 

processor unit. At the processor unit the signal is amplified then digitised. 
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34th layer 

.1st Layer 

Note: 6th Slot has additional 
excitation winding of 
6 turns at the bottom 
of the slot 

1302.0mm 

1152.0mm 

Figure 1. - Construction of MEDAS ELF Coils 

3. Experimental Measurements 

The ELF coils with their associated cabling were tested in the DSTO Magnetic Test 

Facility at Maribyrnong. This facility is usually used to generate a magnetic field that is 

uniform to within 1% over a working region of 1 metre diameter by 6 m long1. As the 

MEDAS ELF coils are larger than the normal working area of the Magnetic Test 

Facility the magnetic flux density through a 1.3 m diameter section of the Magnetic 

1 No published reference available 
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Test Facility was measured for a range of frequencies. The value obtained from these 

measurements were used to determine the magnetic field incident on the ELF coils 

under test and only differed from the standard calibration factor for the Magnetic Test 

Facility by 4 %. The reduction in homogeneity due to working outside the standard 

working region of the Magnetic Test facility is not important as long as the total 

magnetic flux passing through each ELF Coil is known. Each ELF coil was measured 

individually. 

The frequency response of the primary winding was determined by exciting the coils 

of the Magnetic Test Facility with a sinusoidal wave over the bandwidth 1 Hz to 1 kHz 

and monitoring the voltage induced across the ELF primary winding. 

The Magnetic Test Facility was excited by a sine wave of frequency <a producing a 

magnetic field of amplitude Bo. The output from the ELF coil, V(w) may be fully 

described as 
V(6>) = A sin at + C cos 6) + N(a>)    (1) 

where A and C are constants and N(w) accounts for the noise in the system and the 

environment, mainly 50 Hz and its harmonics and includes all frequency 

components not equal to eo. The value of A can be determined by multiplying the 

output V(w) with sinö) and integrating the result over an integer number of 

periods. Similarly by multiplying the output V(w) by cos a) and integrating over an 

integer number of periods the value of C may be obtained. With this information the 

phase shift Ps and sensitivity of the primary winding SP can be determined from 

Equations 2 and 3 respectively. 

P^tair1^) (2) 

SP=J{A2+C2)      (3) 

The output V(zv) was a segment of approximately twenty periods of oo that had been 

averaged sixty four times in order to increase the signal to noise ratio. As the voltage 

induced across the winding is approximately proportional to the frequency it was 

necessary to amplify the signal by a hundred for the lower frequencies, less than 40 

Hz, before digitisation. The frequency response of the primary coil and the associated 

electronics is shown in Figure 2. 
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Figure 2. - Calibration of ELF Primary Winding 

The performance of the excitation winding on the ELF coils was tested in a similar 

manner. Instead of using the uniform magnetic region to induce a voltage in the 

primary winding a current was passed through the excitation windings to induce a 

voltage on the primary winding of the ELF coil. The output from the primary winding 

was measured in the same manner. Figure 3 displays the frequency response of the 

primary coil when excited by the excitation winding. The shape of the frequency 

response curve of the primary when excited by an incident field and the excitation 

winding are compared in Figure 4. 

The values for the calibration of the ELF coils obtained from Figure 2 will be used to 

develop a calibration curve for use in MEDAS. An appropriate form of supplying the 

calibration curve would incorporate the circuit (or effective) components. This would 

not only supply a calibration curve that represents the coils performance but also allow 

for changes in the output resistor to be easily incorporated. 
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Figure 4 b)- Comparison of the frequency response measured using an incident field 
and the excitation winding to stimulate the primary winding of ELF Coil B. 
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It is evident from Figure 4 that the curve shape generated using the incident field 

differs a little from the curve shape generated using the excitation winding. It appears 

that the resonnace frequency may have increased when the excitation winding is used. 

The apparent difference may be exagerated as the experimental error will have been 

increased by dividing the curves by their value at 10 Hz in order to compare curve 

shapes. The only difference in the set up of the ELF coil is that a current is now passing 

through the excitation winding. As the resistance of the excitation winding is very low 

the potential difference across the interwinding capacitance however should for all 

practical purposes remain unchanged. 

The largest difference in shape occurs for coil A and C, which have an interwinding 

capacitance 30 % larger than coil B (section 7). The author however doesn't believe that 

this would explain the apparent increase in resonance frequency due to the small 

change in the potential difference across the interwinding capacitance. As the purpose 

of the excitation winding is to provide a magnetic field to verify the correct functioning 

of the primary winding and the associated electronics, not to calibrate the coil this 

difference was not further investigated. 

4.   Circuit Model 

The primary winding of the device was modelled as an LCR circuit as shown in Figure 
5 with the voltage source Vpri, where Vpri is the voltage induced in the winding by the 

external field.    Faraday's law of electromagnetic induction can be used to calculate 

V 
Vpri =-NAB0co cos(© t)        (4) 

where N is the number of coils on the primary winding, A is   the average area 

surrounded by each coil and t is time. 
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Figure 5 - Circuit Model of ELF Coil 

In Figure 5 Ri is the resistance of the primary winding, R2 is the output resistor, R3 is 

the resistance of the calibration winding, Cz, is the total capacitance of the primary 
winding, Cm, is the interwinding capacitance between the primary and calibration 

windings, Lu is the inductance of the primary winding and L22 is the inductance of 
the calibration winding. The voltage induced in the primary winding is represented by 
Vpri and the voltage used to excite the calibration winding is Vcai. The impedance Z, 

experienced by the induced voltage can be determined from Figure 5. 
f \ 

Z,=R1 + 
R, 

l + (coR2 C2) 
+ j fl^i- 

R, 

\ + (a>R2C2)\ 
(5) 

Using equation 5 the current h flowing through the inductor Lu due to the voltage 
V ■ may be determined. 

',= 
p" 

(6) 

The measured output from the primary winding is the voltage across R2, VR2. Analysis 
of the circuit in Figure 5 shows that 

(X-jY)R2Vp 
V    = VR2 

pn 
(7) X2+ Y2 

where    X = Rx + R2 - tf^R^ and Y = (OL,, + (oRx R2 C2. The phase shift 6 from 
Vprl to VR2 is determined by 

0 = tan [x (8) 
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In order to use Equations 7 and 8 the values of the various components must be 

determined. These values can be measured. However if these values could be 

predicted the design of these coils would be facilitated. The resistance of the primary 

Rl is calculated in section 5. In sections 6 and 7 methods are developed to calculate the 

inductances and capacitances present in the ELF coils. 

5.   Resistance 

The resistance of the primary winding /?, (Figure 5) may be calculated as the diameter 

of the wire is known (0.68mm) and the length of wire used may be calculated. Using 

an average diameter for the primary winding of 1.275m the length of wire used was 

6545m. Thus the resistance of the primary winding was calculated as 311 ß. The 

measured values for the 3 coils 312 Q, 316 ß and 315 Q. 

The output resistor R2 (Figure 5) dampens the LCR circuit and hence the value of R2 

should be chosen with care. 

The relatively large diameter of the wire used in these ELF coils in addition to keeping 

the resistance of the primary winding low also lead to better defined problems for the 

calculation of the inductance and capacitance of these coils. 

6. Inductance 

The self inductance of the primary winding Lu is a measure of the magnetic flux 

linkage that the coil has with itself. The magnetic flux density, B, at any point due to 

the coil is the sum of the magnetic flux density caused by each individual winding at 

that point. For the purposes of determining the inductance only the component 
perpendicular to the plane of winding, Bz, is significant. Working from Smythe's 

result [6] for the z component of the flux density due to a single coil, equation 9, the 

flux density at any point due to all the windings can be determined. 

10 



DSTO-TR-0876 

Bz(a,r,z) = — 
'       a2+r2+z2   J 
K + -. r= r E (9) 

r((a + r)2+z2/2 l"'(a-r)2+z2 

Where a is the radius of the winding, K and E are the complete elliptical integral of 

the first and second kind respectively, 2 is the displacement along the z axis from the 

coil, and r is its radial displacement, ß is the permeability of the region and I is the 

current flowing in the winding. 

Integrating numerically the flux <&m passing through winding m due to the current 

flowing in all the windings can be calculated by 

®m = S J Bz W, r, z{n)) 2nrr dr        (10) 
n    r 

where n is the number of windings each with slightly different a and z value. The total 

flux passing through the coil O is the sum of the flux passing through each winding 
<E>m. Thus the self inductance is 

Ai=S*.A-    (ID 
n / 

The mutual inductance between the primary winding and the excitation winding as 

well as the self inductance of the excitation winding were calculated using this 

method. These values were also measured at 20 Hz on a bridge. Care was taken while 

measuring the inductance of the ELF coils to place the coil under test away from 

ferrous and conducting materials, the results are shown in Table 1. 

Measured Inductance Calculated Inductance 
Coil A CoilB CoilC 

Primary Winding 7.64 H 7.35 H 7.58 H 7.5 H 
Excitation Winding 188 uH 188 uH 189 pH 180 uH 
Primary - Excitation 27.5 mH 26.8 mH 27.4 mH 27.1 mH 

Table 1 - ELF Coil Inductance 

7. Capacitance 

The capacitance C2 in Figure 5 is the total of a number of separate capacitances. These 

include the capacitance of two cables, a junction box, the inter layer and inter slot 

capacitance of the primary winding and the stray capacitance between the excitation 

11 
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and primary winding. 

The capacitance of:   - the 24 wire cable was 208 pF. 

- the 8 wire cable was 145 pF. 

- the junction box was 39 pF. 

- the last junction box 20 pF. 

These values were measured with only one ELF coil connected, as in test conditions, it 

is reasonable to believe they will increase slightly with all three ELF coils connected. 

The capacitances of the three primary windings were measured as 156pF, 151pF and 

154pF. As all three windings have similar capacitance despite the differences in their 

windings it suggests mat an accurate prediction of their capacitance is possible. 

When the construction of the ELF coils is examined it is apparent that there are three 

major sources of capacitance. These are due to the potential difference between the 

conductors: 

- in the six slots. 

- of the 34 layers in each slot. 

- of the primary and excitation winding. 

In order to calculate the capacitance of the coil, the windings will be modelled as 

parallel plates. In the following subsections such a model is developed. 

12 
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7.1 Capacitance of Infinite Length Parallel Plates 

A 

Figure 6 - Element alignment on Parallel Plate 

In order to determine the capacitance of two parallel plates the surface of each plate 

was considered to consist of a finite number of elements. Each element is parallel to 
either the x or y axis with a length Sx or Sy respectively as shown in Figure 6. The 

potential and line charge density within each element is assumed to be uniform. The 
potential, Vp, at point p due to a infinite length line charge orientated parallel with the 

z axis is 

v,-ä *«(*■'+*')*    (12) 

where <J, is the line charge density, e is the permittivity, and (x,, y,) is the distance of 

the point from the infinite length line charge. 

Each element consists of a number of line charges, all of which have the same line 

charge density and potential. The potential at the centre of element i due to the line 
charge densities of element j will be labelled Vy. If the centre of element i  is a 

distance {xx, y,) from the centre of element j the potential Vtj may be determined by 

13 



DSTO-TR-0876 

Uli tegrating equation 12 from (JC, - S x/l) to (x, + 8 x/2) if the element is parallel to the 

Xaxis and from (y, -Sy/2) to (y, +Sy/2) if the element is parallel to the Yaxis. 

Thus if the element j is parallel to the X axis 

V.. = L 

"      2K£ 
-2x + 2yx tan -i — WxLnix1 +y}) 

Ix) 
: <7, fl„ (13) 

where xa = (xl +5x/2), xft = (x, -5x/2) and aff is a function of the inter element 

distance, the length, the orientation of the elements and a constant. When element j 

is parallel to the Y axis the variables x and y are swapped. 

When considering the potential at an element due to itself [xl + y, = 0) the distributed 

nature of the line charges within the element must be considered. Thus for an element 

parallel with the x axis 

V„ =  - 
27ZE 

&/ 
f "/ In x ax =  

2ne 
In 

8x 
= <*i «a (14) 

where a' = c/Sx. The potential at an element will be the sum of the contributions 

from all the elements shown in Figure 6. Thus the potential at (the centre of) one of the 
elements is the sum of the contributions from the line charges of all elements. Thus the 
potential, Vt, at the centre of element / in a system of n elements is 

v;=Zv7„-    as) 
where Gtj is the line charge density of element j and a is determined as shown in 

equation 13 and 14. When equation 15 is applied to all elements a matrix as shown in 

Table 2 is created. 

V, 

y,    «,. 

au an 

a- Or 

'12 

Table 2 - Matrix for calculating line charge density 

14 
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where i = j = n, the number of elements. 

In order to determine the capacitance of the two plates a potential difference of V is 

applied between the plates. As the total charge on each plate has the same absolute 
value the potential of one plate is set at V/2 and the other at  -V/2, ie each plate 

contributes equally to the over all capacitance.   As the potential of all elements is 
known the matrix may be solved and the line charge density (7&of each element thus 

determined. 

Once the line charge density of each element has been determined the energy E 

stored in the capacitor may be calculated. 

i=l 

The capacitance C between the two plates is 

(16) 

(17) 

When the value of the line charges is examined it is apparent that for two parallel 

plates each at a constant potential the magnitude of the line charges is symmetrical 

about the x and y axis of the capacitor. This would be expected from the initial 

formulation of the problem. Using this knowledge the dimensions of the matrix may 
be reduced by a factor of four so long as the coefficient a~ is modified to include the 

influence of the additional 3 elements. The results for different widths w to separation 

distances d for extremely thin parallel plates are displayed in Figure 7 along with the 
results obtained when fringe effects are ignored. The capacitance per unit length C 

when fringe effects are ignored were determined from equation 18. 

c~=£w/d      <18> 
From Figure 7 it is apparent that as the ratio of conductor width to separation distance 

increases the results obtained by the parallel plate method approach the results from 

the method that neglects fringe effects. 

15 
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Capacitance of Parallel Plates 
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figure 7 - Calculated Capacitance of Parallel Plate 

The method used to calculate the capacitances of two parallel plates was then 

expanded to calculate the capacitances of systems with many parallel plates where 

symmetry existed in the reflection through the x axis. The symmetry conditions require 

that the plate at y matches an identical plate at -y and the average potential of the plate 

at y has the opposite average potential of the plate at -y, ie each plate in that pair 

contributes equally to the capacitance. 

Consider two parallel plates a distance apart at a fixed potential V/2 (top) and -V/2 

(bottom). The potential in the space between these two plates will be vary linearly 

between the top plate where the potential is V/2 and the bottom plate where the 

potential is -V/2. If another plate is inserted between the top and bottom plate the 

amount of change on the plate will depend on the potential of the new plate and the 

potential that would be at the location of the new plate due to the plates that are 

already there. If the potential of the new plate is the same as the potential that already 

existed at the location before the new plate was inserted no charge will reside on the 

new plate. 

16 
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7.2   Application of the Infinite Length Parallel Plate Method to the 
ELF Coils 

A method to calculate the capacitance between two concentric rings of finite width 

may be applied to a problem involving finite width parallel plates of infinite length by 

allowing the diameter of these rings to approach infinity. Conversely if the inside 

diameter of two concentric rings greatly exceeds their thickness the infinite length 

parallel plate model can be applied to calculate the capacitance between the rings. This 

criterion is meet by tihe ELF coils used by MEDAS. 

7.2.1   Inter Slot Capacitance 

In the initial calculations of the inter slot capacitance each slot was treated as a 

conductor at a constant potential. This appeared to be a valid approximation as there 
is a constant potential difference V^ between the slots in the radial and tangential 

directions. 
N.-l 

(19) V, =■ N. pn 

where Vpri is the potential induced in the coil and Ns is the number of slots. The 

potential difference between the top and bottom of each slot is Vpri/Ns if the earth is 

connected to the beginning of the primary winding and  -Vpri/Ns   if earth is 

connected to the end of the winding. 

17 



DSTO-TR-0876 

A 

A 
-3V/12. 

J. 

6.0mm 4.0mm 

3V /12' 

Shaded Area - Conductor 
Non Shaded Area Polypropylen« 

Figure 8 - Formulation of inter slot capacitance problem 

The construction of the ELF coils used in this analysis is shown in Figure 1 and the 

earth was connected to the beginning of the primary coil. Figure 8 shows the 

formulation of this problem. The infinite length parallel plate method was used to 

calculate the line charge density of each element and thus the capacitance. The sum of 

the line charge density for each slot is shown in table 3. 

Slot 

1 

2 

3 

4 

5 

6 

Sum of Line Charge Density 

3.764 xlO-11 C/m 

3.773 xlO"12 C/m 

1.085XlO-12 C/m 

-1.085XlO-12   C/m 

-3.773xlO"12   C/m 

- 3.764 xlO-11   C/m 

Table 3 - Sum of line charge density for uniform potential difference 

From the potential and the total line charge density of each slot the capacitance was 

calculated as 33.5 pF/m using equations 16 and 17. As the average diameter of the coil 

is 1.275m the over all inter slot capacitance was 134 pF. 

This model was then further developed to allow for the potential varying with the 
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radial distance. This was achieved by allowing the potential of each element on a plate 

to vary depending on its radial displacement. The sum of the line charge densities of 

each slot calculated using this method are shown in table 4. 

Slot 

1 

2 

3 

4 

5 

6 

Sum of Line Charge Density 

3.765 xlO-11 C/m 

3.773 xlO-12 C/m 

1.084 xlO-12 C/m 

-1.084 xlO-12   C/m 

-3.773xlO-12   C/m 

-3.765xlO-1'   C/m 

Table 4 - Sum of line charge density for radial varying potential difference 

From the potential and the line charge density of each element the capacitance was 

calculated as 35.3 pF/m using equations 16 and 17. The overall inter slot capacitance 

was calculated 141 pF. 

It thus appears that the approximation, used in calculating table 3, of treating each slot 

as a plate at a constant potential was reasonable. This approximation is valid only as 

there is a constant potential difference between each slot in the radial and tangential 

direction. In both results the majority of the charge resided on the inside surface of the 

external plates. 

7.2.2 Inter Layer Capacitance 

The inter layer capacitance is the capacitance of each slot due to the difference in 

potential of the layers within the slot. The potential difference between the beginning 
of first winding and the end of the last winding in any slot is VprijNs .   In this 

calculation there is not a constant potential difference in the axial direction, only the 

tangential direction, so each turn will be considered as a separate element at a known 

potential. The potential difference in the axial direction is not constant as if a layer is 

wound from left to right the layer above this will be wound from right to left. The 

potential of an element will depend on its position. 

When the infinite length parallel plate method was adapted and applied to the inter 
layer capacitance as shown in Figure 9 the capacitance was calculated as 41er pF/m. 
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Thus the inter layer capacitance for each slot is 166er pF. The relative permittivity £r of 

the gap between the conducting plates was determined from the cross sectional area in 

each slot of plastic (wire insulation ester imide) and air. The ratio of the wire 
insulation to air was calculated as 1:1.8, the relative permittivity £r of the insulation 

was approximately 2.5, thus the value of £r in the gap between conducting layers was 

taken as 1.54. When the six of the inter layer capacitance are added in series the 

contribution of the inter layer capacitance to the overall capacitance is 43pF. This value 
is only approximate due to uncertainties in the calculation of £r and the small distance 

between layers. 

f 16V/ 3"4 

s 
s 

r 

2V'/ 34 

ZST 
~? 7 
JV 

-2V /,34 

A 

S 

6.0 mm 

7—7—7 
/16V/3 

'17V/34 

~? 7- 
V/34 

7     7 
V/34 

vw 
■V/34 

^7V/34| 

17 Layers 

17 Layer* 

Shaded Area - Conductor 
Non Shaded Area Polypropylen 

Figure 9 - Formulation of inter layer capacitance 

7.2.3 Inter winding Capacitance 

The infinite length parallel plate method was used to calculate the capacitance between 

the six turns of the excitation winding and the eight turns of the primary winding 
directly above it. A strip of mylar 0.06 mm thick was placed between the two layers, 

allowing for this and the relative permittivity of the rest of the gap between layers 

determined in section 7.2.2, the average permittivity was estimated as 1.8. A constant 

potential was assumed on each plate. The capacitance was calculated as 545pF/m or 

2.13nF for the total inter winding capacitance. The diameter of the excitation winding 
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is 1.25m. An important consideration for the performance of the coil is the potential 
difference, Viw, across this capacitance. This potential difference depends where the 

excitation winding is placed and is further discussed in section 9. The excitation 

winding was placed at the bottom of the sixth slot in the ELF coil used in this analysis. 
Thus the potential difference Viw across this capacitance is Vpri/6. The contribution of 

this to the overall capacitance is 

Ciw=(/6)
2 X2.13nF        (20) 

= 59 pF 

This value is only a rough estimation and varies considerable depending how the 

two layers in question are wound.    The values measured for the inter winding 

capacitance were 2.66nF, 2.02nF and 2.56nF. 

7.3 Summary of Capacitances 

The calculated and measured values for the capacitances are summarised in table 5. 

Capacitance Coil Measured Calculated Value 

Coil A Coil B Coil C 
Inter Slot 1 1 1 141 pFl 

1- 156 pF        J" 156 pF } 151 pF } 183 pF 

Inter Layer J J J 43 pF J 

Inter Winding 74 pF 56 pF 71 pF 59 pF 

Table 5 - Summary of measured and calculated capacitance values 

For the purposes of calculation the inter slot capacitance is the best defined. The 

polypropylene wall separating the conductors provides a gap so that the distance 

between the conductors is constrained and the dielectric constant is almost constant. 

The distance between the conductors that produce the inter layer capacitance is 

determined from the thickness of the insulation. The value of the permittivity was 

estimated from the ratio of air to dielectric. For this calculation to be valid care must be 

taken in applying the correct tension to the wire when it is placed on the former. This 

enables the layers to sit on top of each other. Minor inconsistencies should average out. 

The calculation of the inter winding capacitance is poorly defined. The positioning of 

the 6 turns within a slot is not tightly constrained and there are not enough turns to 
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average out small inconsistencies. The value calculated for the inter winding 

capacitance is only a "ball park" figure. This should not matter however as by correctly 

positioning the excitation winding the effect of this capacitance on normal operation 

may be removed, this is discussed in section 9. 

8. Excitation Winding 

The excitation winding is used to produce a magnetic field to enable the function of 

the primary winding and associated electronics to be tested when the device is 

underwater. Figure 3 displays the frequency response of the primary winding when 

excited by the excitation winding. 
The potential induced across the primary winding V . by a current ie in the excitation 

winding can be calculated using equation 21. 

The values obtained for the mutual inductance L12 between the primary and excitation 

winding are given in section 6. When the excitation winding is used to excite the 

primary winding a slight difference in the frequency response of the primary winding 

is apparent, this may be seen in Figure 4. The simple circuit model depicted in Figure 5 

does not explain this difference. 

9. Discussion 

With ELF coils a major constraint on their possible sensitivity will be limitations on 

their size and weight. Given a required sensitivity over a frequency bandwidth and a 

limitation on their size and thus their area, equation 4 may be used to determine the 

number of turns required on the primary winding. 
The resistance Rx of the primary winding may then be determined from the 

diameter of the former, the number of turns and the gauge of wire used. The gauge of 

wire used will also influence the calculations of the capacitance and inductance. 
The inductance L,, and the contribution to the capacitance C2 from the ELF coil 

22 



DSTO-TR-0876 

may be determined from sections 6 and 7 respectively. The capacitance C2 will also be 

increased if cabling is placed onto the output of the primary windings before the 

amplifier. The resistance R2 is the input resistance of the amplifier, this resistor has a 

major influence on the frequency response of the coil as it dampens the LC circuit 

formed by the primary winding. Once the value of these components is known 

equations 7 and 8 may be used to examine the behaviour of the ELF coils. If the 

resonance frequency occurs within or close to the required bandwidth it may be 

desirable to alter the design. (Alternately the resonance point may be chosen to 

amplify some frequencies.) 
The value of C2 calculated from the resonance frequency of the ELF coils is 720pF. 

As the capacitance of the coil without the cabling is approximately 230pF the 
magnitude added to C2 due to the cabling and junction boxes is approximately 490pF. 

The increase in C2 determined from the measured values of the cabling and junction 

boxes was 412pF. Unfortunately when this discrepancy was noted the cabling was no 

longer available for testing. Using the 490pF value for the cabling capacitances and the 

calculated values of the inter slot, inter layer and inter winding capacitance, the 

calculated value of C2 is 732pF. Using equations 4 and 7 the predicted frequency 

response of the coils may be calculated, the predicted and measured frequency 

response are compared in Figure 10. 

Looking at the design of the ELF coils used in this analysis the most obvious way of 

increasing the resonance frequency without altering the sensitivity would be to reduce 
the capacitance C2. A reduction in C2 can be achieved by placing the amplifier before 

the cabling. Doing this for the coil used in this analysis would reduce the expected 

capacitance from 720pF to 230pF, thus increasing the resonance frequency by a factor 

of 1.8. 
A possible cause of C2 becoming large is a poorly positioned excitation winding. For 

maximum magnetic coupling the excitation winding would be placed in one of the 

centre slots. It is more important however to place the excitation winding to minimise 

the contribution of the inter winding capacitance to the total capacitance.   This is 

achieved by minimising the potential difference across this capacitance. Thus ideally it 

would be placed next to the layer of the primary winding that is earthed so in normal 

operation (excitation winding grounded) it would have no effect. The ELF coil used in 

this analysis had its excitation winding placed on the bottom of the sixth slot so 
V.  =V 76. 
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Comparison between Frequency Response of 
ELF Coil A and Modelled Result 
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leisure 10 - Modelled and measured outputs of the primary winding 

If the excitation winding had been placed at the bottom of the first slot however Viw 

would have been V . and the contribution to the total capacitance would have been 

increased by a factor of thirty six. Such a capacitance would drastically reduce the 

resonance frequency. (In the case where the excitation winding is in the first slot by 

changing the end of the primary winding earthed the potential across the inter 

winding capacitance could be reduced for all practical purposes to zero. Thus 

removing the influence of the inter winding capacitance.) Using equation 4 and 7 the 

expected frequency response of these ELF coils without the additional capacitance due 

to cabling and the inter winding capacitance may be determined. Figure 11 shows the 

expected frequency response of the ELF coils using the measured and calculated 

values for Lu, /?, and C2 where C2 is without the additional capacitance due to the 

cabling and inter winding capacitance. The values used for L,,, RifC2 and R2 are 

shown in table 6. 
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Measured Value Calculated Value 

312 Q 311Q 

120.6 kß 

7.5 H 7.64 H 

155 pF 183 pF 

Table 6 - Measured and calculated values used in Figure 11 
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Figure 11- Modelled output of the primary winding using measured and calculated 

component values in the circuit model 

10. Conclusion 

A vessel's ELF signature can be extracted from the output of the MEDAS ELF coils 

primary winding using the frequency response shown in Figure 2. The frequency 

response is a function of the capacitances, inductances and resistances in the ELF coil 
and its associated circuitry. For the ELF coils used in MEDAS the sensitivity of the coils 
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was approximately 12.9 mV/(uT.Hz) up to 100 Hz, increasing to around 

13.6 mV/(uT.Hz) at 600 Hz. 

Once the origin of the capacitances in the ELF coil were identified methods were 

developed to calculate the magnitude of these capacitances. The self and mutual 

inductance along with the resistance of the windings in the coil were also calculated. 

These calculated values are used in equation 7 and 8 to determine the frequency 

response of the ELF coils. 

The majority (70%) of the capacitances present in the system is due to cabling and 

junction boxes attached to the coils before the amplifiers. Placing the amplifiers before 

the cabling will prevent the capacitances of the cables from altering the resonance 

frequency. Possible problems caused by poor placement of the excitation winding or 

incorrect earthing of the primary coil were also identified. With these minor changes 

the resonance frequency of the primary winding could be approximately doubled thus 

providing a straighter frequency response for future ELF coils. 
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