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ABSIAC 

The properties of electrolytes and sane electrolytic 
density measurement methods are discussed, with special emphasis 
on seawater and the electrical determination of salinity permit-
ted by the ionic conduction of dissolved salts. 

An externally sensing eddy-current conductivity trans-
ducer is constructed and analysed, and although drift is reduced 
significantly by switching a reference into the stabilised paral-
lel resonant oscillator circuit, this remains the principal per-
formance constraint. Capacitive effects and RF switches are 
described; silver paint screens and PIN diode switches are recom-
mended. Shunt-excited separation-insensitive doubly—resonant in-
ductive power/data links are developed and their advantages over 
series-excited circuits are described. 

Some alternative transducers are demonstrated and oth-
ers postulated, but no inexpensive means for extended stable in-
situ salinanetry has been identified. 

vi 



1 

1 .1 Marine instrumentation 

This thesis describes collaborative research between the 

Department of Electrical Engineering, University of Eth.nburgh, and 

the Scottish Marine Biological Association, CDan, Argyll, 

concerning the development of an in-situ seawater salirkxtter 

capable of long periods of unattended operation. This work is 

part of the Department's research into the application of 

electronic systems in hazardous environments (1,2). 

A knowledge of the salinity of the oceans is of interest in 

several fields, a selection of which are discussed briefly below. 

Sonar reconnaisance, for example, is subject to refraction 

anomalies due to vertical density layering, and sound is ducted at 

the surface and near 1 km depth where natural density minima 

occur (3,4,5). The density profile must be obtained to locate 

'shadow zones' where sonar cannot penetrate, and an expendable CID 

(Conductivity-Temperature-Depth) probe is often dropped into the 

sea for this purpose (6). 

The direct measurement of ocean currents is very difficult 

and circulations are usually inferred instead from density 

distributions by the classic 'geostrophic' method (7). 

As a final example, fish farms may suffer losses if fresh 

water run-off or tides change the cage salinity. 

We have seen that salinity is of some relevance, but its 

determination is unfortunately non-trivial and the environment in 

which instruments must operate is adverse. Water and salt must be 

excluded by a robust casing capable of withstanding hydrostatic 

pressure, and canponent reliability should be such as to obviate 

inconvenient field replacement. Tubular and spherical housings 

provide good protection for most of the instrument, but the 

transducers themselves, by their nature of operation, must 

inevitably suffer greater exposure to hydrostatic pressure, 

fouling (8), and corrosion. 
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Seawater density is a function of temperature, pressure, and 

the concentration of dissolved salts. These exist in solution as 

mobile ions and permit electrical determination of salinity. CID 

units measure conductivity, temperature, and depth together for 

subsequent compensation, especially the large positive temperature 

coefficient of electrical conductivity. Before the advent of 

digital techniques, elegant bridge and transformer circuits 

provided immediate correction (9). Induction salinaneters have 

cane to prominence in recent years (10,11). 

Deep-ocean salinaneters are invariably of the high-quality 

transformer type, because these can discriminate the very small 

density gradients found there, while simpler conduction cells 

suffice to discern the more pronounced profiles in estuaries. 

Having briefly introduced salinometry, it may be instructive 

to discuss sane other important marine instruments with which the 

salinaneter is often deployed. 

Platinum wire thermometers and bead thermistors are both 

widely used, the wire probes giving repeatable linear response and 

the thermistors a large non-linear sensitivity suitable for 

inexpensive expendable units of reduced specification. CID 

thermometers must have low thermal inertia because failure to 

follow rapid temperature fluctuations elicits characteristic 

impulsive salinity errors. 

Strain gauges are the most common pressure sensor in marine 

work, but vibrating wire transducers, Bourdon gauges, and 

capacitive displacement units have also been used (12,13,14,15). 

Pressure sensors are susceptible to hysteresis and their depth 

range is often limited. 

The electromagnetic current meter (16) is an interesting 

instrument in which a magnetic field is used to induce a voltage 

proportional to the speed of the f1c, between two immersed 	2 
electrodes, but there is no application to salinanetry because the 

induced voltage is independent of the fluid conductivity. 

Velocimeters are acoustic instruments that measure sound 

speed directly (17,18). 
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1.2 Conductivity instrumentation 

Electrical conduction is, of course, a fundamental material 

property and conductivity instrumentation is widely applied, often 

in hazardous situations • For example, corrosive liquids must be 

monitored continually in some chemical plants and plasma probes 

suffer severe heating and erosion. 

There are many analogies in conductivity instrumentation. 

The four-point wafer probe (19) is comparable in principle to a 

four-electrode conduction cell (20,21 ,22), and RF absorption 

semiconductor resistivity measurement (23) is analogous to eddy-

current techniques in the study of electrolytes and plasmas. 

In analytical chemistry, conductivity testing may be 

classified under the headings of oscillanetry and conductanetry, 

the former being concerned with direct application of current to 

the fluid by electrodes and the latter encompassing the 

galvanically isolated methods whereby an electric field is 

impressed in the test solution by inductive or capacitive 

coupling. 

In plasma diagnostics, direct contact to the ionised gas may 

be made with Lanyrnuir probes (24,25), but these suffer high 

contact resistance because the electrode cools the impinging 

plasma, reducing the degree of ionisation. Inductive probes have 

also been applied in this field (25,26,27) and these operate below 

the collision frequency, where the plasma is lossy. 

1.3 Advances in conductivity instrumentation 

In this section, a brief historical review of conductivity 

instrumentation is presented and the contents of this thesis are 

described. 

Before Kohlrausch introduced alternating current 

conductanetxy in the 1860s, direct current was used in 

conductivity cells in the absence of convenient alternating 

sources. The unidirectional current flow caused large 

polarisation errors as an inevitable consequence of the chemical 
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reactions at the electrodes. Further improvement was attained by 

the introduction of additional 'potential' electrodes to sense the 

voltage drop across the fluid circuit without themselves passing 

appreciable current. When radio frequency sources became 

available, oscillanetric techniques were developed and applied to 

advantage in the analysis of corrosive fluids. 

The next major advance was the development of an inductively 

coupled cell operating at low frequencies, which lessens the stray 

capacitive coupling problems evident to some degree in all 

induction cells due to the potential applied across the winding in 

conjunction with the large permittivity of water. Design and 

calibration of the circuits is also somewhat less demanding than 

at radio frequencies. 

Soon after Relis obtained a patent (28) for his double toroid 

transformer conductivity bridge, several workers became active in 

this field (29,30). The device was originally intended for marine 

applications, but it was quickly applied to industrial process 

control (31) and analytical chemistry (32). 	Relis himself 

attributed the instrument's principle to earlier work by Piccard 

and Frivold (1920,33). 

The electrical conductivity method was first applied to 

salinatry in the 1910s and its popularity increased steadily due 

to its relative rapidity and accuracy compared to the then 

standard Knudsen silver nitrate titration (34). An in-situ Cr1) 

came into use in the 1940s (35), comprising a submerged electrode 

cell connected to a shipboard bridge, but the bridge was soon 

packed into the submerged instrument and modulation techniques 

applied 	to 	overcome signal transmission problems (36). 

Performance was also improved by the introduction of Phase-

Sensitive-Detectors (PSD's) which can reject electrode capacitance 

and stray coupling in the bridge (31 ,37,38). Several transformer 

cells became available in the 1960s, but electrode cells remain 

useful where low cost and small size are important. 

The specification of some Cr1) probes are listed in table 1.1. 

The excellent accuracies and stabilities expressed therein will 

inevitably be degraded in field service. 



/ 
MODEL NEIL BROWN 

III B 
GUILOLINE 

8750 
SIPPICAN 

XCTD 
PLESSEY 

904.0 

DATE 1983 1983 1984 1975 

TYPE IN- SITU IN-SITU EXPENDABLE IN-SITU 

500m 6000m 1000  6000 m / 
SALINOMETER 	hgures 	in parts per 	thousand 	(ppt) 

ACCURACY 0.01 0.005 0.03 0.02 

RESOLUTION 0.001 0.001 - - 
STABILITY 0.003 

per month 
0.002 

per 6 month 
- - 

RANGE 1-4.0 0.1 -40 - 30 -4.0 

THERMOMETER 	figures 	in 	degrees 	Kelvin 

ACCURACY 0.01 0.005 0.03 0.02 

RESOLUTION 0.001 0.0005 - - 
STABILITY 0.001 

per month 
0.005 

per month 
- 

Table 1.1 	Commercial 	CTD instrument specifications. 

5 



11 
The principal performance limitation of in-situ salirianeters 

is unpredictable drift caused by fouling, geanetrical distortion, 

polarisation, and mechanical shocks. These problems remain to be 

solved, as does the difficult problem of miniaturising a high-

quality transformer salirianeter. 

The physical properties of electrolytes are discussed in the 

following chapter, with emphasis on the variations induced in 

seawater by salinity changes. 

Chapter 3 is a review of the published literature in the 

field of salirianetry and conductivity instrumentation in general. 

In chapter 4, the action of single-winding eddy-current 

transducers with external sensing volumes and some associated test 

circuits are described. The response of some transducers is 

presented and capacitive screening is discussed. 

The application of matched transducers to mitigate the severe 

drift problem exhibited by single-winding transducers is the 

subject of chapter 5. Various RF switches are described. 

Chapter 6 is a description of the design, construction, and 

operation of an in-situ salinarieter incorporating matched single-

winding transducers. Doubly-resonant power and datacarun. (data 

communications) circuits are described. 

Some interesting non-contact and travelling-wave conductivity 

techniques are discussed in chapter 7. 

A novel modulated conduction cell technique is presented in 

chapter 8. 

Finally, the merits and demerits of matched single-winding 

transducers, capacitive screens, RF switches, and alternative 

techniques are discussed in the concluding chapter. 
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2.1 Electrical properties of electrolytes 

Seawater is a solution of salt and lesser amounts of other 

materials as listed in table 2.1 (39). The electrical nobility of 

the dissolved ions is very low because they carry a solvation 

layer of water molecules in addition to their own bulk (40), but 

this is compensated by the large number of carriers (table 2.2). 

Liquids are considerably more complex than gases or 

crystalline solids because although liquids are a condensed 

phase there is only short range order (41). 

The conductivity of seawater as a function of salinity and 

temperature is shown in figure 2.1  (42). Ions accelerated by a 

field are retarded by viscous forces • There is no free path 

between interactions because the ion is never free from the 

influence of neighbouring molecules and suffers a continual 

viscous drag as it moves through the solution seeking gaps in the 

molecular barrier confronting it. As Bockris and Reddy (43) note, 

the classical Stokes' equation (equn. 2.1) relating the retarding 

F = 67rijav 	 2.1 

force experienced by a sphere of radius 'a' in a medium of 

viscosity j cannot be applied without modification to ionic 

movement because the medium is not continuous at the molecular 

level, nor is the ion perfectly spherical. Nonetheless, simple 

viscous drag theory gives reasonable agreement with observed 

mobilities and substantially explains the large temperature 

coefficient (fig. 2.2). 

Hydrostatic pressure in the ocean increases by 1 atmosphere 

every 10 metres and seawater is compressed by some 4 % at 

10,000 metres, such is the overlying burden. Water viscosity 

rises with pressure, but this appears to be counteracted by a 

reduction in solvation number and conductance rises slightly with 

increasing pressure (44,fig. 2.3). 



rc -F Na 
--I SrI. +4.1 

Mg 
+1 

K  
+4.1 

I 
Ca 

-I 
1HCO3 

- 

1 	
Br Boron'  

1 19. 3 10.7 2.7 I 0.4 0.4 10.14 1 0 .07 l0.004J 

Table 2.1 The most abundant constituents of seawater 

and their concentration in grammes per Litre. 

COPPER N-TYPE SILICON SEAWATER 
(collector doping)  

concentration n= 8.5 x 10% 3  n = 1021 /m 3  n=p=3.6x1029/m3  

mobility 3.210 0.14 iun 	= 	7x10 

M2/VS) 
 

= 5x10 

conductivity 4.3x10 7 SIm 22.6. 	S/rn 6.9 	S/rn 

DI 

Table 2.2 Relative carrier densities and mobilities 
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The diminished ionic nobilities evident at higher 

concentrations in figure 2.1 are explained by two well-known 

phenomena (45). 

Firstly, the electrophoretic effect is an enhanced viscous 

retardation experienced by ions as they migrate against an 

apparent counter-current of water molecules loosely bound to ions 

moving in the opposite direction. 

Secondly, the relaxation effect is an electrical retarding 

force produced by the atmosphere of counter-ions surrounding each 

ion. When the minimal energy condition satisfied by the central 

location of the ion is disturbed, mutual retardation is 

experienced. When migration is steady, an atmosphere of ions 

continually forms about each ion as it moves, but if the frequency 

of the applied field is too great the atmosphere cannot respond 

and an enhanced mobility is evident above a frequency near 

10c GHz, where c is the molar concentration. If the electric 

field is very great the ion can escape its atmosphere and mobility 

again increases (the Wien effect), but this phenomenon can be 

ignored at normal field strengths. Equation 2.2 expresses the 

A = A0 - [bA0 +d]/c 	2.2 

dependence of molar conductance on concentration 'c'. The 

constants 'b' and 'd' respectively denote the influence of the 

relaxation and electrophoretic effects. As noted by Cooper (46), 

the increased conduction loss engendered by the dielectric Debye-

Falkenhagen relaxation is obscured by the dielectric absorption 

loss of the water, which becomes significant in the same frequency 

range. The dielectric loss exceeds the conduction loss in 

seawater near 2 GHz (fig. 2.4). 

The anomalously high dielectric constant of water (80) 

greatly exceeds that expected from simple molecular dipole 

theory (30), the excess being due to hydrogen bonding which links 

water molecules into large agglomerates of considerable electric 

dipole moment (45). 

The immobilised water molecules which surround each ion in 

solution have a dielectric constant of only 5 because the dipoles 
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cannot re-align with the field, and so electrolytic permittivity 

falls with increasing concentration (47, fig. 2.5). The dielectric 

behaviour of water over many frequency decades is describable by a 

single relaxation process occurring at 15 GHz (48). This results 

in a semicircular Cole-Cole plot of the real and imaginary parts 

of permittivity, with the arc centre depressed below the axis by 

the smll spread of relaxation time constants in the 

medium (fig. 2.6). 	A second relaxation is evident in the 

subnillimetric region at 3 Thz (48) in which the permittivity 

falls to 1,7, the value observed in the visible region. Increased 

concentrations raise the first relaxation time constant but appear 

to reduce the second. 

Stogryn (1971 ,47) has reviewed the published work on the 

microwave properties of seawater, including the seminal NaCl 

experiments of lane and Saxton (1952,49). However, Klein and 

Swift (50) note apparent discrepancies in his estimates of the 

dielectric parameters and give their own temperature-salinity 

expressions for these constants. The lack of definitive data in 

the microwave region is a reflection of severe experimental 

difficulties. At lower microwave frequencies, ionic conduction 

complicates the measurement of permittivity, while at higher 

frequencies the apparatus geometry becomes critical. Assuming a 

single relaxation process with time constant spread denoted by a 

factor '1- ci' approaching unity, the dielectric constant is 

described by equn. 2.3, which includes ionic conduction. In 

1 	E. wll-a 

seawater, the displacement current exceeds the conduction current 

above 300 MHz and the ionic conduction term in equn. 2.3 becomes 

rapidly less significant. 

In addition to the relaxation process near 3 THz (100 tm) in 

the far-infra-red, there are three absorption resonances evident 

in the near infra-red at 3,7,and 14 1um. Salt ions shift these 

resonance wavelengths slightly and the sulphate ion contributes a 

weak absorption near 9 1um (51 ,52). The refractive index is raised 
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throughout the infra-red and visible regions by ionic 

polarisability, notably that of chlorine. 

Interesting integral relations between the real and imaginary 

parts of electrical susceptibility can be derived from simple 

causality considerations (Appendix 1), and these are useful in 

illustrating the relations between apparently independent 

conductivity measuring techniques. 

Lopatin (20) describes interesting eddy-current electrolyte 

measuring instruments similar to induction motors with solution-

filled tubes as rotor conductors. The developed torque on the 

locked rotor is a function of the winding resistance and hence of 

the electrolytic conductivity. 

2.2  Non-electrical properties of electrolytes 

Dissolved salt alters many physical properties of water, but 

these salt-induced changes are invariably minor and often obscured 

by large temperature coefficients. Only refractive index and 

sound speed measurements have been pursued as alternatives to the 

uniquely sensitive electrical conductivity method. 

Figure 2.7  (53) and equn. 2.4 (5) illustrate the salinity and 

temperature dependence of sound speed in seawater. While it 

increases by 1.2 m/s per ppt (parts per thousand), it also rises 

C 	1449.2 + 4.6T - 0.055T+ 0.00029T 	2.4 

+ (1.34-0.010TH S 351 + 0.016Z 

C-Sound speed [m/s] 	S- Salinity [ppt] 
Z-Depfh [ m ] 	T- Temperature F C] 

by 	4 m/s per deg. C and by 18 m/s per 1000 metres depth. 

Determination of salinity to within 0.1 ppt therefore requires 

0.01 % sound speed resolution and accurate temperature 

compensation. In seawater, the absorption of sound increases as 

the square of frequency (3,4,5) and is dependent on the 

concentration of magnesium sulphate (3, fig. 2.8), which absorbs 

energy as it dissociates and recombines in sympathy with the 

passing pressure waves. 
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The variation of refractive index and the speed of light with 

salinity is only 1/2 of 1 % over the normal range of salinities 

from 0-35 ppt (39,fig. 2.9). However, the characteristic is 

linear and the temperature coefficient is low. Seawater is 

remarkably transparent in the visible region (notwithstanding 

suspended solids), but there is some absorption at the red end and 

attenuation rises rapidly as the wavelength moves into the infra-
red. At the other end of the visible spectrum, branine ions 

absorb strongly in the ultra-violet (54). Green-blue light is the 
most penetrating in the ocean and Rayleigh scattering causes more 

attenuation than absorption does at these wavelengths (54). 

The physical properties of seawater are extensively tabulated 

in the appendices of (39). 

2.3 Properties of electrolyte/solid mixtures 

The seabed is often composed of permeable sands and silts 

into which seawater percolates. 	The composition of the 

interstitial water is often similar to that of the overlying 

water, and although silicates and carbonates may be more 

abundant (55) the salinity is unlikely to be more than a fraction 

of a ppt different. To measure the salinity of the interstitial 

water, it must first be squeezed from cores and then analysed 

conventionally because although some empirical relations between 

the saturated sand conductivity and the water conductivity have 

been discussed (56), the seafloor conductivity is normally used 

only as an indicator of porosity, with the salinity assumed to be 

the oceanic norm of 35 ppt. The conductance will rise as porosity 

increases, but the absolute value of conductance is dependent on 

the detailed structure of the medium, which is not known because 

it will vary between sites. 

Fine silts are best treated as colloidal dispersions (57), 

the properties of which,such as electrophoresis (58), are largely 

determined by the interfaces • n electric potential (the zeta 

potential) develops between each solid particle and the fluid in a 

two-material suspension. Water molecules are adsorbed on the 
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solid surfaces and a stagnant layer of semi-bound water surrounds 

each particle. Below 10 % water content, the moisture is mostly 

bound to the particles, but above this level the volume of free 

water rises, engendering a higher dielectric constant and 

loss (48,59). The addition of salt decreases the mutual repulsion 

of the solid particles, allowing them to coalesce and precipitate. 

This is known as flocculation (45,60). 

nanalously high dielectric constants arise in some colloids 

due to interfacial polarisation occurring where ionic migration 

allows charge to build up in opposition to the applied field. 

Relaxation of this polarisation is known as the Maxwell-Wagner 

effect. Very large polarisations can also arise due to distortion 

of the double layer surrounding each particle (48). 

Wobschall (61) illustrates the typical relaxation expected in 

saturated soil (fig. 2.10). The frequency dependence is modelled 

as an additional RC series impedance arm. 

Electrical soil moisture content is best performed at high 

frequencies to minimise the effect of ionic conduction. 

Conversely, if water conductivity is sought, low frequency 

measurement is optimal because the mixture conductivity then 

depends only on porosity and water resistivity. Unfortunately, it 

is very difficult to discriminate these two factors. 

The dielectric constant of a mixture may be estimated using 

several formulae (reviewed by Hasted (48)), but as Kumar (59) 

points out, it is unreasonable to expect good agreement when 

simple mixture formulae are applied to randomly distributed 

particle suspensions. 

Birchak (62) used a refractive index mixture formula and 

achieved reasonable agreement in fine soils at microwave 

frequencies, but Lange (63) prefers a linear mixture formula plus 

an offset to account for bound water. Kumar applied the well-

known Wiener mixture formula (equn. 2.5) to the analysis of 
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soil/water mixtures at 9 GHz, but the geometrically derived factor 

u' is an indeterminate function of the water content. 

Hasted (48) has collated the published work on the dependence 

of boulder clay permittivity with water content (fig. 2.11). The 

rise in dielectric constant as water is added beyond 10 % is 

clear, but agreement between workers is poor. Capacitive moisture 

content analysis is rendered practical only by the large 

difference in dielectric constant between water and most other 

materials. 

Microwave attenuation methods based on the dielectric 

absorption of water are more sensitive than capacitive techniques 

at low moisture levels. 

The hydrogen nuclei in water permit the application of 

Nuclear Magnetic Resonance (NMR) and neutron scatter techniques to 

moisture content analysis, but capacitive methods are simpler. 
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3.1 Conductanetry 

3.1 • 1 Two-electrode cells 

The two-electrode cell is the simplest method of measuring 

electrolytic conductivity, in which current passes into the 

solution at electrodes by direct electronic charge transfer. The 

electrode processes are discussed in the next section, but the 

cell conductance itself is simply the product of the specific 

conductance and a geometrically derived 'cell constant'. 

Salincineter cells are normally long and thin because this produces 

a convenient resistance of around 100 ohm. A long cell also 

maximises the ratio of the bulk resistance to the electrode 

impedance, but there is a limit to the length and narrowness of 

the bore dictated by the need to clean the interior surfaces and 

allow easy passage of water through the cell. 

Riley and Chester (34) attribute the principle of 

conductivity salincxnetry to Knudsen, who is better known for his 

salinity titration technique. It is not known if Knudsen pursued 

experimental work, but Jacobson (35) refers to electrical 

instruments appearing before 1920. 

An early bridge comprising a test cell opposed by a standard 

seawater cell is described by Wenner, Smith, and Soule (1930,64). 

Although this configuration substantially cancels electrode 

impedance, temperature equalisaticn was difficult due to the 

sealed cell's thermal inertia. Shipboard bridges were used by the 

U.S. Coastguard in the 1920s. 

In the 1940s, an in-situ salinaneter was developed (35) in 

which a submerged cell was connected by cable to a servo-motor 

controlled self-adjusting bridge. The salinity was computed by a 

circuit using slidewires driven by the temperature and 

conductivity servo-motors. In the late 1950s, Hanon and 

Brown (36) developed an improved in-situ salincineter in which 

cable impedance problems were eliminated by locating the 
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measurement bridges in the submerged unit. The temperature effect 

was compensated by a thermistor in the conductivity bridge, which 

was itself placed in the feedback loop of a phase shift oscillator 

and capacitively offset to produce a phase modulation as salinity 

changed. The resultant FM signal was multiplexed on the power 

supply cable. This configuration was a precursor of the popular 

'Paraloc' circuit (65). The bridge was not self-balancing and 

therefore suffered increasing non-linearity at greater unbalance, 

restricting the dynamic range to 20 %, sufficient only for oceanic 

use. The measurement bridges and the reference resistors were 

switched sequentially into the valve oscillator circuit by relays 

to reduce cabling and cancel drift outwith the transducers 

themselves. 

The notable Wien bridge oscillator salinaneter circuit due to 

Pederson and Gregg (66) is similar, but has a larger dynamic range 

because although the FM output is non-linear it is well-defined. 

The simple two-electrode marine conductivity cell invariably 

comprises three electrodes in a long tube (35,66,67), with the 

outer two shorted. This confines the electric current to the 

interior, which would otherwise be shunted by the lower resistance 

of the external circuit (fig. 3.1). 

Stainless steel electrodes resist corrosion, but platinised 

platinum (platinum black) electrodes are often preferred because 

they jfeduceAelectrode impedance and polarisation by catalysis and 

increased surface area. 

nen one electrode is reduced to a needle point, the cell 

exhibits a large sensitivity to the conductivity of the solution 

at that point because the current density is very great there and 

elsewhere much more diffuse (68). However, the high current 

density aggravates electrochemical problems. Gregg and Cox (69) 

decoupled the electrodes from the sensing volume by moving the 

region of high current density to a constriction in the cell, but 

the hydraulic resistance of the orifice required a complex 

mechanism to draw water through the cell. A very small probe 

consisting of two needles in close proximity is useful in 

calibrating the much larger four-electrode cells (70). Similar 



Fig. 3.1 Three electrode conduction ceLl. 

Fig. 3.2 	Switched -capacitor square-wave 
conduction cell circuit (after Oauphinee(75)) 
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probes have been applied to investigate very fine scale structure 

in the ocean (71) and elsewhere (72,73). 

Salinater noise is of relevance in oceanic microstructure 

surveys and is readily assessed by monitoring the output power 

spectrum from the device when immersed in a uniformly saline 

bath (66,71). These tests reveal a 1/f noise spectrum with a 

corner frequency similar to that of the op-amps in the circuit, 

which suggests that electrode noise is below the amplifier noise 

level. Pederson and Gregg (66) estimate the noise in their Wien 

bridge salinaieter to be 0.0001 parts per thousand rms in a 2.5 Hz 
bandwidth. 

Electrode cells are energised by audio frequency sine or 

square waves of a frequency sufficient to minimise electrode 

impedance, yet not so great that stray capacitive coupling to the 

fluid (the Parker effect (21)) becomes severe. While electrode 

impedance decreases approximately as the square root of frequency, 

stray coupling increases as the square of frequency and a 

ccmpranise of 3000 Hz is typical. The cell can be modelled as a 

simple RC series circuit at audio frequencies because the 

impedance of seawater is purely real at these frequencies and the 

electrode impedance is largely capacitive. The electrode 

capacitance can be nulled by a capacitor (35) or an inductor (38) 

in another bridge arm. Reactive elements in the bridge may also 

be rejected by Phase-Sensitive-Detectors (PSD' s) which isolate the 

resistive unbalance ccznponent. 	Simultaneous resistive and 

reactive bridge balance is not possible when only one degree of 

freedom is available and a residual unbalance will appear if a PSD 

is not used, reducing the sharpness of the bridge null. The 

excitation should also be spectrally pure to minimise additional 

harmonic-induced residuals. 

A major difficulty of in-situ instrumentation is marine 

biofouling. In-situ conductivity cells become coated by 

insidious growths which alter the cell constant and may in extreme 

cases completely block the electrodes. Meagher et al (71) 
describe the appearance of slime on a towed needle probe but find 

that it continues to function. They postulate that the slime is 
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of similar conductivity to the seawater, but this is unlikely to 

be of general applicability. Organic growths may be inhibited by 

paints containing tn -butyl -tin (8), or by ultra-violet light, or 

by heat, but inorganic calcareous films will remain. 

The effects of growths on large cells with relatively open 

conduction paths is much less than that suffered by small enclosed 

cells, but large cells are often inconvenient. 

The electrical system of a ship is often connected to the 

hull and thence to the sea, allowing possible leakage paths in the 

conductivity circuit. The cell is therefore isolated by 

transformer (71), blocking capacitor (74), or 'flying capacitor' 

circuits (75). 

In the switched-capacitor circuit due to tuphinee et al (75, 

fig. 3.2, page 23), a square wave voltage is impressed across the 

cell and the current measured by a series sense resistor. Only 

one precision resistor is required and the dynamic range is good, 

but electrode capacitance is not rejected and the mechanical 

relays are an obvious source of unreliability. The various 

switched capacitor topologies promulgated by Iui*xinee are 

identical in principle to those found in contemporary monolithic 

filters (76) and may be analysed similarly (Appendix 2). 

Capacitor matching is not critical when the switching frequency 

exceeds the signal bandwidth because no charge flows between 

capacitors in equilibrium, irrespective of their relative 

capacities. Square wave techniques are retained in Dauphinee '5 

recent publications, but switched capacitor networks have been 

replaced 	by 	operational 	amplifier 	circuits. 

Meagher et al (1982,71) describe a square wave excited conduction 

cell isolated by pulse transformers and with solid-state 

switching. 

The bipolar pulse method (77,78), is a time domain technique 

for isolating the electrolytic resistance from the electrode and 

cell capacitances, in which the current is sampled at the 

appropriate instant during a pulsed bipolar voltage excitation. 

Despite its elegance, it has not been applied to salinanetry. 

The three-electrode cell bridge due to Moron (79) is similar 
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to the early Wenner-Smith-Soule circuit (64) in that electrode 

impedances in opposed arms are largely rejected. Moron, however, 

prefers a single asymmetric test cell to separate test and 

reference cells, and since the electrolyte is identical at each 

electrode the effects there should be more closely matched and 

rejection of electrode impedance improved. 

3.1.2 Electrochemistry in conductcinetry 

The polarisation of electrodes, a serious problem in 

conductanetry, is characterised by indeterminate changes in the 

electrode circuit. It is ultimately attributable to the asymmetry 

of the metal/electrolyte interface because the reactions which 

attend the passage of anodic and cathodic current are quite 

different and cannot be reversed by simply inverting the current. 

In addition, the reaction products may diffuse away from the 

electrode and become involved in secondary reactions. Direct 

electrification of an electrolyte results in irreversible changes 

in the material under test, and conductanetry is an altogether 

rather primitive means of analysis. 

As discussed in section 2.3, an electric potential develops 

between two materials in contact, and the mechanism which 

determines this potential is the automatic equalisation of the 

'exchange currents' (80) flowing across the junction. These 

thermally driven currents are unequal when the materials are first 

brought together, but the charge accumulated by this discrepancy 

produces a reaction field that increases the lesser current and 

reduces the greater current until equilibrium is achieved. The 

exchange currents which flow between a platinum electrode and an 

electrolyte in the absence of external impetus are extremely small 

and remain low even when a substantial fraction of a volt is 

applied. This high impedance, which is symptomatic of the weak 

coupling between metal and solution, can be mitigated by the 

action of adsorbed gases as described below (20,80). 

The charge supporting the interfacial field is concentrated 

in a narrow zone around the electrode where the cations exceed the 



27 
anions or vice-versa. The ionic depletion and accumulation is 

very similar to the electron and hole distributions observed in 

MIS (Metal-Insulator-Semiconductor) structures. This charged 

layer, a planar analogue of the ionic atmosphere, is balanced by a 

very thin surface charge layer in the metal • The capacitance of 

this 'double layer' is a function of applied potential. 

Current flow at electrodes is attended by chemical reactions 

because electronation and de-electronat ion are equivalent 

to reduction and oxidation. The most important reactions in brine 

electrolysis are given below (81). The cathodic processes are 

simpler than the anodic reactions and will be discussed in greater 

detail. When hydrogen is reduced at the cathode, it becomes 

2W+ 2e 	H2  

2C1- 2e 	C12  

40H- 4e 	02 + 2H20 

chemically adsorbed to the platinum (fig. 3.3) and the cathode 

effectively becomes a hydrogen electrode, with the metal acting 

catalytically. The reduced and oxidised species exist in 

equilibrium and current is able to pass freely in either direction 

because a reservoir exists of each species sufficient to satisfy 

charge demand in each half-cycle. This bi-directional charge 

transfer mechanism cannot, however, be established until some gas 

is generated at the electrode. When the concentration of hydrogen 

being reduced at the cathode becomes equivalent to atmospheric 

pressure, it bubbles around the electrode and escapes. The 

electrode potential then stabilises at the 'reversible 

decomposition potential' (82), which may be equated with the 

chemical energy required to free hydrogen from water. 

Chlorine is preferentially discharged at the anode because 

although chlorine and oxygen have similar decomposition 

potentials, the overvoltage of the latter on platinum is very 

high (60). Hydrogen is reduced at the cathode to the exclusion of 

all other cations because its decomposition potential and 

overpotential on platinum are low. 
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Seawater is weakly alkaline and the electrode reactions are 

further complicated by the presence of various ionic species and 

dissolved gases. The anode reactions are especially complex 

because, amongst other reactions, evolved chlorine gas reacts 

slowly with water to produce hydrochloric and hydrochlorous 

acids (81). 

When in equilibrium, the potential of the chemical cell at 

each electrode is given by the Nernst equation (60), which is 

based on the logarithm of the relative reactant concentrations. 

However, as pointed out by Bockris and Reddy (80), current flow 

disturbs equilibrium and the potential must be in excess of that 

prescribed by Nernstian theory. According to the second law of 

thermodynamics, a reaction is reversible only if the net driving 

force is infinitesimal and this premise is violated when current 

flows. 

The volt-ampere characteristic of a chemical cell displaced 

from equilibrium is given by the Butler-Vo]ir equation (80, 

equn. 3.1), which relates the 'activation overpotential' 'n' to 

r  -± 	bDL 
RI - 	RT 	 3.1 

the cell current I and describes the disruption of exchange 

current equilibrium by the applied field. The 'F/RT' term is 

analogous to the 'q/kT' term in the diode equation. The 'b' 

factor representing junction asymmetry is derived from reaction 

kinetics theory (83). The energy/reaction coordinate curve is 

distorted by an electric field such that if the energy maximum is 

close to one side then the change in the barrier height apparent 

from that side is much less than the change observed from the 

other side. Hence the two exchange currents exhibit different 

sensitivities to the applied field. The Butler-Vo]iier equation 

may be linearised to yield a series resistance element in the 

model for the chemical cell at the electrode (fig. 3.4). 

Activation overpotential is normally ascribed to the extra field 

required to overcome a slow step in the reaction sequence, which 

often arises when products accumulate and block further reaction. 
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The self-discharge resistor shown in figure 3.4 is intended to 

represent the diffusion of chemical species from the cell. 

In addition to activation overpotential, a 'concentration 

overpotential' 	arises at each electrode because the 

concentration of reacting ions in the electrode vicinity falls as 

they are consumed, thereby altering the cell potential. The 

concentration overpotential at the anode is further augmented in 

brine electrolysis by the additional impetus required to drive 

current across the depleted diffusion layer. There is no such 

effect at the cathode because the ionic concentration is almost 

constant in the absence of salt consuming reactions. The salt 

acts there as a 'neutral' or 'supporting' electrolyte (82). 

It is instructive to visualise the electrode as a leaky 

capacitor in which the capacitance is that of the electrical 

double layer, amounting typically to some 10 flJF/ an2(83). The 

leakage current represents the 'Faradaic' or electrochemical 

current passing through the double layer. At higher frequencies 

the quantity of charge leaking through the capacitor is relatively 

small and most charge is capacitively coupled. The similarity 

between conduction and capacitance cells at higher frequencies is 

notable, the major differences being the finite leakage and the 

greater coupling capacitance in the conduction cell due to the 

narrowness (around 10 nm) of the double layer. 

Reacting species in the vicinity of the electrode move by 

diffusion, and Lopatin (20) derives the well-known Warburg 

impedance by solving the diffusion equation with alternating 

excitation. This impedance is an RC element of phase angle 

45 degrees and amplitude diminishing with the square root of 

frequency. IlDpatin' s derivation assumes that the double-layer 

capacitive current can be ignored in relation to the Faradaic 

current, leading to the electrode model of figure 3.5 (page 28), 

but this assumption is not universally accepted (84,85). 

Excessive current densities may heat the solution 

sufficiently to. alter the conductivity (64,69), but water's large 

heat capacity reduces this problem. Higher frequencies and lower 

current densities decrease electrochemical effects, and series 
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block capacitors prevent dc current flow. This latter expedient 

reduces polarisation but increases the small-signal electrode 

impedance as the gas electrodes described above cannot form so 

readily. The dc potential offset between the electrode and the 

electrolyte tends to float to an indeterminate value, but this is 

of little consequence in an ac coupled circuit. 

Wilson (86) describes a salinaneter based on an ion-selective 

membrane of the type used in reverse osmosis desalination (87), 

which develops a potential proportional to the logarithm of the 

concentration ratio between standard seawater on one side and 

sample water on the other. Ion-selective devices are notoriously 

unpredictable, but this device appears to be the only method 

available for in-situ measurement of interstitial water salinity 

(if the solid grains are sufficiently coarse then most of the 

membrane area will be abutted by interstitial water). 

3.1 .3 Four-electrode cells 

In a four-electrode cell, polarisation at the current 

electrodes is eliminated fran the measurement by the addition of 

two low current potential-sensing electrodes. This is comparable 

to 'four-wire' techniques in wafer probing and remote voltage 

regulation. 

The polarisation of the sensing electrodes is much less than 

that of the current electrodes because the current carried is very 

small, being normally only the sum of dc leakage currents and ac 

currents charging the finite input capacitance of buffer 

amplifiers. Although considerable dc offsets might appear between 

the electrode and the solution, the ac voltage drop will be very 

small. 

Four-electrode conductivity cells are used in higher quality 

instruments such as laboratory salinctieters (88), precision in-

situ devices (69) and anti-submarine probes (6). 

The very small currents flowing through the potential 

electrodes have little effect on the conduction field between the 

main electrodes, especially if placed in side-arms (88). 
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The consequences of fouling on the sensing electrodes can be 

reduced by locating them in a field-free zone where the 

distribution of foulant on their surface does not influence the 

apparent potential. 	One method of providing a field-free 

environment for the sensing electrodes is to place them between 

paralleled twin current electrodes (89), or in electric field 

nodes (70, fig. 3.6). 
The spatial resolution of the miniature Neil Brown cells has 

been investigated by propelling them through sharp salinity 

interfaces (70). The Fourier transform of the transient response 

yields the spatial response, but with a 1/f weighting because the 

excitation is a step and not an impulse. Field plots of the Neil 

Brown 3 cm cell derived from oversized model tests (70) show that 

90 % of the voltage drop accrues within the central bore, with the 

residual sensitivity diminishing rapidly with distance. 

The four-electrode cell cannot be used as a simple resistive 

bridge element, but a half-bridge may be constructed around an 

instrumentation amplifier connected to the potential 

electrodes (90). The square wave circuit of figure 3.3 is readily 

adapted by use of a virtual earth (91 ,f 1g. 3.7). 

In the circuit of figure 3.7, there is a control loop acting 

to stabilise the current electrode polarisation. Polarisation is 

detected by measuring the residual emf appearing across the cell 

and this is then zeroed by adding a reverse dc component to the 

square wave excitation. This will certainly not reverse the 

polarisation process, but the symptczns will be reduced. 

It should be noted that the net cell emf extracted by the 

switched capacitor network in figure 3.7 is augmented by a signal 

proportional to the difference in the forward and reverse cell 

currents. It would appear that this is intended to prevent 

polarisation, while the pensitivity to cell emf continues to allow 

the nulling of polarisation, should it occur. A similar circuit, 

without this current inequality sensing, has also been 

presented (92). 
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Fig. 3.6 Neil Brown 	3 cm cell. 
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Fig. 3.7 	4- electrode circuit with polarisation compensation. 
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Analysis of the extracted 'cell einf' in figure 3.7 reveals 

that it is the sum of three terms: amplifier offsets, current 

electrode polarisations, and potential electrode polarisations. 

Even if polarisation is initially absent, the amplifier offsets 

will bring it about. As the current electrode polarisations 

invariably exceed the potential electrode polarisations, the 

latter may be neglected. 

In-situ application of the popular 'autosal' flow-cell 

circuit has been proposed (91). A reference four-electrode cell, 

through which standard seawater flows, is to be thermally 

equalised with a continually sampling test cell. However, the 

side-arms in the 'autosal' are difficult to clean and fast 

accurate thermal matching is difficult even in a stirred bath. 

Square wave excitation permits simple demodulation in a 

second switching circuit (71,88,89,93). The salinaneter due to 

Meagher et al (71) is similar to sane of Dauphinee's earlier 

circuits (93) in that the switches are located between the 

amplifiers and the electrodes, allowing the amplifiers to operate 

at dc with attendant higher gain and input impedance. The 

carefully designed pulse transformers in this circuit are 

cumbersome and isolation by series capacitors would be simpler, as 

in the circuit of Mesecar and Wagner (74). 
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3.2 Oscillatetry 

3.2.1 Introduction 

The principal advantage of oscillartry over conductcinetry is 

the elimination of electrochemical processes by galvanic isolation 

of the test object, and this is not difficult because, as 

equation 3.2 shows, electric fields may be impressed in any 

material by suitable charge or current distributions. 

E 	 3.2 
at 

In a capacitive cell, electrifying charge is isolated by a 

thin insulating barrier, while in an inductive cell eddy-currents 

are induced by currents within protected windings. 

The enormous benefits of isolation are obtained at the 

expense of a higher operating frequency, a lower power factor, and 

increased circuit complexity. In inductive transducers, high 

frequencies are required to maximise the ratio of induced eddy-

loss to the resistive winding loss. In capacitive cells, high 

frequencies are required to achieve adequate coupling through the 

insulating barrier (fig. 3.8). The transformer transducer, can, 

however, operate at lower frequencies by virtue of its unique 

magnetic configuration. 

Isolation is of inestimable value in the monitoring of 

plasmas (24-27,94-97), electrolytes (10,11,20-22,28-33,37,98-105), 

semiconductors (23,106-108), anisotropic conductors (109,111) and 

liquid metals (112,113). Inductive sensors also find application 

in metal detectors (114) and NIYr (Non-Destructive-Testing) 

probes (115). 

While a conductoaieter can be rendered useless by a thin 

coating over the electrodes, an oscillcineter subject to similar 

contamination will continue to function, albeit with a calibration 

error. In this respect, the capacitive cell is inferior to the 

induction cell because even a thin coating may be comparable to 

the coupling layer width. 

The range of sample conductivities accessible by inductive 
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test circuits is very large, encompassing metals (100 MS/m) and 

weak salt solutions (0.1 S/rn). Capacitive probes are suited to 

materials of somewhat lesser conductivity, but there is 

considerable overlap because operating range is dependent on 

frequency and device dimensions. 

As Pungor (21) discusses, it is misleading to ascribe a 

purely capacitive or inductive nature to a test cell, as it is 

impossible to maintain an alternating magnetic field without 

charge accumulation, nor is it possible to accumulate electrifying 

charge without the passage of current. 

3.2.2 One- and two-winding transducers 

Single and dual winding inductive transducers are an 

important class of oscillanetric sensor and we discuss them in 

some detail. The simplest inductive transducer is the single-

winding inductor, but while this will of course respond to the 

presence of lossy media, its observability is ultimately limited 

by the dissipation within its own windings. For this reason, a 

second winding is often added to monitor the magnetic field 

passively. Unfortunately, a critically adjusted PSD (Phase-

Sensitive-Detector) is required to discriminate the in-phase and 
quadrature voltages induced therein. 

Single and dual winding transducers are described together in 

this section because their magnetic fields are identical, the 

passive winding ideally not having any influence on it. 

Self-inductance transducers are used to test electrolytes 

(20-22,98), plasmas (25,27,94,96), and semiconductors (23,108). 

The toroidal self-inductance salinaneter due to Skinner (11), 

the only single-winding salinorneter reported, may be identified as 

one-half of a transformer type transducer (section 3.2.3). It 

operates at 500 kHz, has a repeatability of 0.1 ppt, and the 

closed magnetic circuit produces a large magnetising reactance 

with low flux leakage. Ferrite magnetic circuits are also useful 

for guiding flux to small samples, thereby increasing the filling 

factor and hence the sensitivity to materials of lesser 
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conductivity (23,110,111). 	Unfortunately, 	these 	magnetic 

insulators exhibit strong pressure and temperature sensitivity in 

addition to losses and disaccczriwdation (118). 	The latter 

phenomenon attends. thermal or mechanical shocks and is typically 

manifested by gradual relaxation from an altered initial 

permeability. 

Although the magnetic field is more intense in the centre of 

a loop than outside, the externally induced losses are greater due 

to the larger active volume and there is thus no advantage in 

inserting a continuous medium into the solenoid if it can support 

uninterrupted external eddy-currents. Immersed electrolyte probes 

which excite purely external eddy-currents were suggested by 

Blake (1950,22) and subsequently applied to solutions (98), 

plasmas (27,94,96) and liquid metals (112). 

Some inductive transducer analysis methods are described in 

the following paragraphs. 

Zero-order treatment, as . described by Crowley and 

Rabson (119), is valid at lower sample conductivities where the 

flux generated by the eddy-currents may be neglected in relation 

to the primary magnetic field. The reaction flux is exactly in 

quadrature with the exciting flux and induces in each winding a 

voltage in phase with the exciting current. The zero-order eddy-

current loss is given by a volume integral (equn. 3.3), in which 

P = 1a2fA2dv 	3.3 

the magnetic vector potential is denoted by A0  . The sample 

conductivity is or. 
If the effect of the induced currents upon the magnetic field 

is considered, but not the displacement currents, then the 

treatment becomes 'quasi-static'. Displacement and conduction 

currents become equal in seawater near 10c MHz, where 'c' is the 

salinity in ppt. Although quasi-static derivations are easily 

extended to include displacement currents by substituting a 

complex material susceptibility for a pure real conductivity, the 

arguments of special functions become unwieldy and significantly 
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complicate field calculations, as illustrated by the Bessel 

function expansions in Young's analysis (120). 

Rosenthal and Maxfield (116) present a quasi-static solution 

for an infinite solenoidal systn subject to both internal and 

external losses. Stuhee (27), using quasi-static magnetic vector 

potential methods, gives exact solutions for a finite solenoid 

exposed to an infinite external lossy cylinder. This geometry is 

similar to that of the transducers built and tested in this study. 

Hammond (121) and Rajotte (122) apply similar methods to thick and 

thin loop-excited metal plates (fig. 3.9). 

Vector potential has only an azimuthal component in all of 

the cylindrically symmetric examples in figure 3.9, and solutions 

may be written as Bessel integrals (equn. 3.4), in which J1  is a 

A 	= 	fF W. Jl(kr) . e- kz  . dk 	3.4 

Bessel function of first order, first kind, and F(k) is an 

arbitrary function dependent on geometry. Minott and Parris (123) 

treat a sample as an ensemble of loops coupled to the primary 

winding, but their analysis is equivalent simply to an evaluation 

of equn. 3.3 because they do not consider the coupling of the 

loops with each other. 	Hughes (112), and Wej gaard and 

Tanar (124), illustrate the characteristic semicircular impedance 

locus followed by an inductive transducer as conductivity 

increases beyond the limit of zero-order treatment (fig. 3.10). 

The locus parameter is the ratio of sample size to the skin-

depth (equn. 3.5).  Sample size is fixed by the probe dimensions 

in an immersed transducer. 

X = ---aj/° 	3.5 
ts 

A circular arc is characteristic of a single discrete 

secondary, but real, distributed, secondaries produce broadly 

similar curves. The 45 degree angle of the curve at higher 

conductivities in figure 3.10 reflects the equality of the 

real 'P' and imaginary 'Q'  parts of magnetic energy observed 
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within skin-depth-limited samples (equn. 3.6). 

fB~SP+jO = .[i 
#i1 	

3.6 
L u8 

surface 	
t2 

 

Analysis  of multiple secondaries is simplified by 

transferring the leakage inductances as shown in figure 3.11, 

where k1 are the coupling factors to each loop and n are the 

roots of the ratios of primary and eddy-current loop inductances. 

Each RL secondary becomes daninantly resistive when the sample has 

low, conductivity, and their conductances are added to obtain the 

equivalent of the integral in equn. 3.3. The eddy-currents begin 

to interact as conductivity rises and the nKidel soon becomes 

untenable. 

Hughes (112) presents experimental impedance plots for sane 

immersed transducers and discusses their sensitivity. Maximum 

inductive response occurs where the resistance is greatest, and 

resistive sensitivity maxima occur scinewhat to each side of this 

(fig. 3.12). Equation 3.7 shows how inadequate inductor Q 

G =G 
+ 1 

3,7 
Induced Loss 	p0 2 

obscures the eddy-loss. R0 is the unloaded series resistance and 

G is the parallel equivalent conductance of the transducer. 

Evaluation of the zero-order loss integral shows that a 

circular wire loop induces the greatest eddy-current losses for a 

given wire length and hence self-loss. Ignoring radiation and the 

current distribution within the wire, it can also be shown that 

while self-loss increases linearly with loop radius, the induced 

losses increase volumetrically, and so larger single-winding 

transducers will therefore tend to exhibit a greater ratio of 

eddy-loss to self-loss. Self-loss may be reduced by a magnetic 

core which lessens the current required to maintain a given 

magnetic field. 

Having discussed transducers, we now describe the circuits in 

which they form the working element. Most single-winding eddy- 
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current conductivity meters use oscillator (23,94,96,98,108.-111) 

or bridge circuits (10,11,26,27,112). 

Transducer inductance is cancelled by a capacitance in the 

widely-used parallel resonant configuration (fig. 3.13). The 

conductance of the parallel resonant circuit reflects the sum of 

losses in the inductor, capacitor, amplifier input and output 

admittances, bias circuitry, and connecting wires. 

In the crudest circuits, oscillation level is monitored (108) 

by observing the dc voltage or current at an amplifier circuit 

node. Alternatively, a detector may be used (94,98). These 

methods give a generally non-linear indication of the power 

absorbed within the sample and hence its conductivity. However, 

if the amplitude is stabilised, the power fed to maintain 

oscillation is proportional to the parallel equivalent 

conductance (23,109). 	Miller et al (23) use the well-known 

emitter-coupled agc circuit in which the amount of emitter-fed 

current flowing into each collector is controlled by base bias. 

The dc bias current is proportional to the signal current in each 

collector and conveniently indicates power absorbed within the 

resonant circuit. Amplitude stabilisation by an auxiliary loop 

also allows the amplifier to operate in its linear range with 

resultant low harmonic levels. 

It is not only the conductance of an inductor which changes 

when it is immersed in a conducting fluid, for the inductance also 

changes, and its variation is monotonic (fig. 3.12). The inductor 

may thus be used to elicit unambiguous frequency response in a 

free-running oscillator. The frequency is a convenient indicator, 

but it is non-linear and is also insensitive at lesser 

conductivities. Zeller et al (110) note that frequency is also 

altered slightly by increased eddy-current dissipation because the 

self-loss resistance reflects loss changes into apparent 

modulation of the parallel equivalent inductance (fig. 3.14). 

This second-order effect is reduced by a high inductor quality 

factor, but some workers (125) appear to confuse inductor Q  with 

circuit Q  in attempting to mitigate undesired frequency modulation 

with a 0-multiplier. While the Q-multiplier will certainly 
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increase the circuit Q,  it cannot influence the inductor Q because 

that is determined entirely by the inductor itself. Series 

resonant circuits do not exhibit this effect, but are less 

convenient, and in any case second-order frequency modulation is 

not a serious problem because there is only one impedance locus 

for a given sample shape, and this permits the unambiguous 

determination of sample conductivity if inductance is also 

monitored. 

The series coil self-resistance also couples energy storage 

changes into variations of the apparent parallel conductance. 

This 'cross-modulation' is evident as an alteration of the Q  in 

equn. 3.7. Flanagan (126) determines both the permeability and 

conductivity of particles from an ensemble of impedance loci. 

Bridges comprising matched and opposed transducers exhibit 

usefully reduced drift if the sensors are exposed to similar 

environments. This configuration is used by Koritz and Keck (26) 

in their transient plasma studies and in Skinner's 

salinaneter (11). The reference toroid in Skinner's bridge is 

blocked to prevent eddy-currents flowing and balance is achieved 

by adjustment of a variable resistor connected to a wound 

secondary (fig. 3.15). Hughes' temperature noise probe (112) has 

two matched wound elements, one of which monitors the large 

changes in self-resistance attending immersion in liquid sodium. 

The bridge is inductively and resistively balanced by a slow 

servo-loop, thereby eliminating baseline drift and maximising 

observability of temperature fluctuations. 

Johnson and Johnson's Oien's bridge (127) is balanced by air 

variable capacitors, which according to Scaife (128) are 

preferable to variable resistors as RF bridge balancing elements 

because of their relative freedom from parasitics. Despite the 

use of these elements, they find a series resonant Q-meter more 

suitable above 250 kHz due to the increasing severity of parasitic 

impedances within their bridge. Stubbe's twin-T circuit (27) is 

also balanced by variable air capacitors, but in this bridge the 

input, the inductor, and the output are all conveniently earth-

referred. 
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In the interesting current-fed inductor circuit due to 

Delley et al (113), a sample is inserted cyclically and the 

resulting impedance modulation extracted by a complex PSD-based 

circuit. The impedance modulation is servoed to 45 degrees by 

adjusting the excitation frequency, and, according to monotonic 

phase theory (124), the excitation frequency required to elicit a 

given impedance modulation angle from a fixed sample shape is 

proportional to its resistivity. However, unless the change in 

impedance is linearly related to the sample position, which seems 

unlikely, the impedance phase angle will differ from 45 degçees. 

Drift in the self-impedance of the inductor is eliminated by this 

expedient, but at the expense of mechanical and circuit 

complexity. 

Mutual -impedance transducers are applied to the measurement 

of 	the 	conductivity 	of 	metals (116,117,129-133), 

semiconductors (119) and plasmas (95). A simple model of a two-

coil system is shown in figure 3.16. The high-impedance driver 

eliminates the effect of variations in the primary impedance, 

and cross-coupling between resistance and inductance channels due 

to the secondary self-impedance is also absent because no current 

flows there. Considering a pick-up coil wound closely over the 

primary, the emf induced in the secondary matches the potential at 

the unobservable node 'n' in the single-winding transducer 

node]. (fig. 3.14). 

A two-winding test circuit is not suited to materials of 

conductivities less than 1 S/rn because adjustment of the PSD 

becomes critical above 100 kHz, the limit of many commercial 

lock-in amplifiers. Resonance currents also begin to flow in the 

pick-up coil, altering the sample magnetisation. 	Direct 

capacitive coupling from the exciting coil to the pick-up produces 

a signal in phase with the mutual resistance, but this is a 

problem only at the lowest sample conductivities. 
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Rosenthal and Maxfield (116) derive the following expression 

for the modulation of mutual resistance between infinite 

solenoidal windings of radius 'b' and internal lossy filling 

radius 'a'. The unloaded mutual inductance is 'M'. Equn. 3.8 is 

valid where the ratio of sample size to skin-depth is very low and 

shows the great sensitivity to geometrical changes. 

4 
LR 	- 	 a 	

38 
wM 	- 	4 	b2 b 

At very low sample resistivities, the output is very 

insensitive at the frequencies required to obtain operation in the 

linear region. The heavy currents that flow in the primary at 

these low frequencies are inconvenient, but Bauhofer (129) 

measures up to 100 GS/m at 2 Hz. 

The conventional two-winding system (116,117,119,129, 

fig. 3.17.) incorporates a second pair of windings, preferably 

matched (119,129), which substantially null the mutual inductance 

and so lessen the PSD accuracy and dynamic range requirements. 

The response of a PSD (equn. 3.9)  shows that errors increase 

V 	= 	V' cos 0 + V"sin 0 	 39 

'-i-'  V 1  [1 +Q.] , 	small Q _V/v I 

rapidly as the phase reference setting drifts. V1  is the in-phase 

voltage, V'1  is the quadrature voltage, and 4 is the phase 

reference error. 

Crowley and Rabson (119) measure conductivities as low as 

3 S/rn at 40 kHz with a dummy sample between the nulling coils to 

compensate stray capacitive coupling between the measuring coils. 

In almost all single and dual winding transducers, the sample 

conductivity is measured subtractively by noting the resistance 

(or mutual resistance) with and then without the sample, thereby 

eliminating offsets, notably the effect of self-impedance. 

However, as Rosenthal and Maxfield (116) discuss, the changed 

magnetic field distribution in the presence of a sample alters 

other losses within the system in a nonlinear fashion. System 
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losses are not then additive and a simple subtractive process is 

subject to increasing errors as the magnetic field becomes more 

distorted. 	In this context, the 'proximity' effect is an 

important phenomenon whereby the coil self-resistance is modulated 

by the field passing through the windings. 

Sundqvist and Lundberg (1 30) describe an interesting 

triangularly symmetric system of three coils within a large 

exciting solenoid. One coil provides a reference signal for the 

PSD and the others contain test and reference samples. Symmetry 

ensures that the effect of a sample in one coil on the other two 

coils is similar and can therefore be subtracted, but the coil 

matching and positioning requirements were found to be onerous. 

We conclude this section with a brief review of some less 

popular inductive techniques. 

Transient two-coil eddy-current test circuits (99,134) are 

very simple but are not widely used because it is difficult to 

discriminate the relevant time constant in the observed signal. 

Nagao and Ish.thashi (99) applied the technique to salt solutions, 

but with moderate results. 

In field displacement probes, the field produced by a dc coil 

is deflected into a detector loop by a transient conducting 

region (24), or, alternatively, an ac field is similarly deflected 

by a steady conducting zone (97). Field displacement transducers 

are simple, and PSD's are obviated because only the amplitude is 

monitored. However, as we shall see in chapter 7, the sensitivity 

is poor. 

In conclusion, single-winding transducers require careful 

assessment of their self-loss and dual-winding transducers demand 

carefully adjusted phase-sensitive circuitry. 
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3.2.3 Transformer transducers 

The transformer transducer is the'dominant form of high- 

quality salinoneter, and is peculiar amongst inductive sensors in 

its low operating frequency (typically 3000 Hz, permitted by the 

lack of direct magnetic coupling between the driving and detector 

toroids. In the absence of stray fields, the output reflects only 

the induced currents flowing around the cores and is not obscured 

by large mutual inductance quadrature signals. The progressive 

development of the two core transducer from the single-winding 

salinaneter is illustrated in figure 3.18. It is interesting to 

note that the transformer coupled salinaneter was 're-invented' in 

the mid-1960s, some years after the publication of the seminal 

articles in this field. 

The two toroidal cores are usually constructed from high 

permeability metallic tapes or ferrites, which minimise stray 

flux, leakage inductance and magnetising current, while increasing 

the detector's response to eddy-current generated nnf. 

Apart fran salinanetry (9,28,30,100-102), transformer 

transducers have been applied to process control (31,135), 

dialysis water monitoring (37), and chemical analysis (29,32). 

Stray magnetic coupling and leakage are reduced by uniformly 

distributed 'astatic' or 'regressive' windings which prevent 

'single turn coupling' (28,31, fig. 3.19), and the cores should 

also be uniformly oval to prevent scattering of flux from the 

core. Gross (136) describes winding schemes which minimise 

electrostatic coupling in toroidal electrolytic conductivity 

probes. Residual inter-core couplings may be diminished by 

permeable or conducting screens which contain the magnetic and 

electric flux. 

All modern transformer transducers are similar to Relis' s 

original device (1950,28), with variation restricted to the 

detector circuitry and screening. The crudest sensors have open-

circuited pick-up windings (102,137,138), but these suffer f ran 

permeability shifts in the detector core, Zero-voltage (and hence 

zero-flux) detector operation engenders immunity to permeability 
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drifts, and this can be attained by nulling the eddy-current rmf 

with an auxiliary resistive loop wound on the transmitter and the 

receiver (29,31,32,101). Similar benefits accrue from Brown's 

virtual earth circuit (9) and Diamond's 1cM input impedance 

transistor circuit (37). Brown used a high gain tuned 

amplifier (fig. 3.20) to drive the transformer output current 

through a temperature compensating resistance network. This 

obviates clumsy servoed variable resistor and inductive voltage 

divider circuits. The tuned amplifier has greater gain than many 

operational amplifiers at audio frequencies, which reduces gain 

errors • In figure 3.20, L1 represents the leakage inductance 

associated with the primary winding, L2 represents the leakage 

associated with the secondary, and L represents the inductance 

of the seawater conduction path. 

Brown (30) proposed the use of standard seawater cells during 

the development of this in-situ salinaneter (Bissett-Berman 

Hytech'), but latterly rejected this idea because of the 

fragility of the cells and pressure equalising membrane. 

Instrument stability is dependent on the constancy of the 

transformer voltage ratios, which in turn depend on the per-unit 

leakage of each transformer. 	According to Snelling and 

Giles (118), leakage in ferrite-cored transformers decreases as 

the square of the size and so small accurate-ratio transformers 

are therefore impractical. Smaller sensors also have increased 

magnetising currents, water path resistance, and stray coupling. 

Stray electric and magnetic couplings produce signals in 

quadrature with the desired output, so these can be removed by 

a PSD (31 ,37,1 01), as may the effects of leakage and water-loop 
inductance. 

Operating frequency is rarely critical, but should not be so 

high that core losses became excessive, nor so low that the driver 

core saturates. Williams et al (137) experimentally verify the 

wide frequency and conductivity range possible in even a crude 

transformer transducer. 

Some unusual transiently excited transformer transducers have 

been reported (138), but their practicability is compromised by 
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the presence of reactive parasitic impedances. 

In conclusion, the transformer transducer is a mature device 

of undoubted superiority in salincinetry. 

3,2.4 Capacitive transducers 

Capacitive resistivity probes are in general simpler than 

inductive devices, but are restricted to materials of sanewhat 

lesser conductivity, such as siconductors (106,107) and 

electrolytes (20-22,103). Capacitive shipboard salinaneters were 

introduced in the 1950s (104,105), but have not been further 

developed. 

Unlike inductive transducers, the capacitive cell is 

sensitive to weak electrolytes because the self-loss is very small 

and does not obscure the loss within the fluid (fig. 3.21). 

However, this advantage is outweighed by the lesser resistance to 

fouling. 

Thevenin analysis shows that the electrolyte and coupling 

capacitances are effectively in parallel, forming an RC series 

impedance with the electrolyte conductance. The cell response is 

linear when the conductance is much less than the susceptance of 

the series capacitance. The coupling capacitance is determined 

almost wholly by the thickness of the insulating harrier because 

this is invariably much thicker than the double layer with which 

it forms a series combination. Coupling to moderately good 

conductors may be improved by lengthening the cell to increase its 

resistance, but, as in conduction cells, this aggravates fouling 

problems. 

A further important consideration is the provision of a 

balanced drive to the probe, because this prevents electric flux 

straying from the device. Although a balun transformer could be 

used to ensure balance even when the probe is driven from coaxial 

cable, an enclosing earthed screen is invariably used instead to 

collect stray flux. 

McCourt' s salinaneter (104) was a basic parallel resonant 

test circuit in which the absorbed RF power was monitored by 
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simply noting valve bias current. With frequent recalibration, 

this gave 0.1 % accuracy over a 40-80 ppt range in a desalination 

plant. An improved portable bridge, due to Sandels (105), gave an 

accuracy of 0.3 ppt over a 0.2-50 ppt range in estuaries. A 

linear output was obtained by matching cell conductance with the 

susceptance of an air variable capacitor. The cell itself was very 

similar to McCourt's (fig. 3.22) and the 10 MHz excitation 

frequency was only slightly lower. 

3.3 Alternative techniques 

3.3.1 Transmission line, microwave, infra-red and 

optical methods 

We have seen in sections 3.1 and 3.2 that conventional 

transducers suffer various problems and so we now discuss some 

alternatives. 

Transmission line cells, for example, are very useful for 

assessing electrical properties of materials at very high 

frequencies because the absence of parasitics engenders a wide 

bandwidth. Scaife (128) reviews travelling-wave cells. The 

wideband properties of transmission line circuits are also 

exploited 	in 	distributed amplifiers (139) and wideband 

transformers (140). 

The impedance of TE'1 lines is a function of both the cross-

sectional geometry and the intrinsic impedance of the material, 

but the reflection at an interface between air-filled and sample-

filled line is a function only of the material properties. This 

is also true in waveguides with homogeneous filling, because the 

transverse impedance is then everywhere constant. Roberts and 

Von Hippel (1946 0,141) used a slotted line to. measure reflections 

from a liquid-filled guide termination, and Cooper (1 946,46) used 

an open twin wire (Lecher) line to investigate seawater properties 

to 4000 MHz. The propagation coefficient of a line is also 

dependent on the material filling, and material properties can be 

determined by noting the relative amplitude and phase at two fixed 
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points on a shorted line (142). Druelle et al (143) describe a 

slotline cell for the investigation of liquids at microwave 

frequencies and apply it to salt solutions. Slotline fields 

extend relatively far into the material above the substrate and 

this type of line is therefore more suitable than stripline, but 

low VSWR transitions to slotline are complex. 

The input impedance of an antenna is a function of the 

surrounding material and simple half-dipole probes are convenient 

for geological probing. However, unlike a TE24 line, the 

dependence of antenna impedance on the material's intrinsic 

impedance is complicated. Smith and Nordgard (144) apply an 

electric monopole antenna to salt water solutions. 

The transmission line cells and antenna probes discussed 

above are all susceptible to fouling, and in this respect are no 

better than conventional transducers. Non-contact methods are 

preferable and remote sensing, as discussed below, permits 

considerable separation of sample and transducer. 

In passive remote sensing, the natural thermal radiation of 

materials is monitored. At microwave frequencies, the intensity 

of this radiation is given by the Rayleigh-Jeans equation 

(equn. 3.10,145), where wavelength is A and 'k' is Boltzmann's 

3.10 

S = e .T. (2k/A2) = e 	.T 	.(2k/ (2k/A2) W/mHz . Sterad 
blackbody brightness 

constant. By Kirchhoff's law, the emissivity 'e' of a surface is 

equal to it's absorptivity (146). At an interface, this is simply 

equal to the transmittance and so the amount of thermal radiation 

emitted is a strong function of the dielectric constant • Salt 

reduces the 'brightness temperature' of water, especially at lower 

frequencies (fig. 3.23,147), and the atmospheric window between 1 

and 20 GHz allows remote sensing of the sea surface with 

instruments similar to Dicke's (1946,148) original switching 

radiometer, which had an internal reference blackbody source. 

Greater sensitivity is obtained at higher salinities and 

temperatures. 



III  

90 

85 - 	 - 
SEA SURFACE TEMPERATURE Ts ( °C I 

120 

SEA SURFACE TEMPERATURE Ts ( °c 

SALINITY (%o) 0 	 10 

Fig. 3.23 	Reduction of sea surface microwave 
brightness temperature by dissolved salt. 

From Swift (14.7 



61 

Thomann (149) reports 2 ppt accuracy in an airborne salinity 

survey at 1.43 GHz, where the brightness temperature is 

insensitive to the thermodynamic surface temperature and there is 

little noise (146). Level flight is essential because the 

transmittance varies with incidence angle and polarisation in 

accordance with the Fresnel equations (146,150). 

The sensitivity of brightness temperature to the sea surface 

temperature is greatest at 5 GHz and Allan (151) believes that 1 K 

accuracy is attainable in satellite surveys. Satellite-borne 

multi-channel radiometers are unsuited to salinanetry because they 

operate only between 5 and 37 GHz and the spot size is too large 

(around 100 km). Infra-red radiometry offers greater resolution 

0 km) and there is a convenient atmospheric window near 10 ,um 

where natural radiation is strongest. However, sensing through 

clouds is impossible because liquid water droplets interact 

strongly with this radiation. 

Stewart (146) extensively reviews satellite oceanography, and 

although he alludes briefly to potential satellite salinanetry at 

1.43 GHz, it is clear that salinity variations are treated only as 

a source of error in temperature surveys.. Francis et al (150), 

and Stewart (146), model the emissions, scattering and absorption 

of radiation in the atmosphere. A linear least squares regression 

may be applied to extract, surface temperature and water vapour 

concentration estimates from multi-channel radiometer data (152), 

and could easily be extended to include salinity if a 1.43 GHz 

channel were added. 

Thomann (149) used an 8-12 um IR radiometer to measure sea 

surface temperature for salinity compensation, but errors of up to 

6 K have been reported (153) in similar airborne surveys. IR 

radiation monitoring is sensitive only to a very thin surface 

layer of about 0.02 mm which may be anomalously cold or brackish. 

According to Hobson and Williams (52), the effects of salts on 

water IR properties are too small to be noticeable, with the 

possible exception of the increased reflectance near 10 ,um, but 

the effect of salinity at this popular temperature monitoring 

wavelength is again treated only as a potential source of error. 
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Active IR instruments must use reflection principles because the 

extinction coefficient prohibits transmission cells. 

The visible refractive index of seawater is a well-defined 

linear function of salinity (fig. 2.9, page 16), and the 

temperature sensitivity is low, though non-linear. Shipboard 

interferometers have been used in Russia and Italy with apparent 

0.01 ppt accuracy, while refractciiters 	exhibit 	lesser 
resolution (14). 

Ref ractcineters are critical angle instruments in which the 

observed division between darkness and light moves in response to 

the changes in the relative refractive indices of the prism and 

adjacent medium. The in-situ salinc*iter refractcxneter due to 

Mahrt et al (154) is illuminated by He-Ne laser light conducted to 

the interface by fibre. This device is very susceptible to 

fouling of the optical surfaces. Transit time measurements might 

be less susceptible to fouling, assuming that the light beam was 

strong enough to penetrate the film, but adequate resolution would 

require very long path lengths. Zaneveld (155) discusses the 

propagation of narrow light beams in the sea. 

Rusby' s Jamin laboratory interferometer (156) has a matched 

transmission cell containing standard seawater and has no moving 

parts. Assuming that water could be sampled and filtered in-situ, 

good resolution could be expected from a temperature-equalised 

instrument of this type. 	The principal disadvantage of 

interferometers (156) is that the fringes traversing the detector 

are indistinguishable and must be integrated continually following 

initial calibration. 

3.3.2 Ultrasonic and other techniques 

The speed of sound in seawater is a linear function of the 

salinity, but unlike the refractive index it has a large 

temperature coefficient (equn. 2 • 4, page 14). 	According to 

Williams (14), velocimeters only achieve 0.4 m/s resolution in 

field service, equivalent to 0.3 ppt. Indeed, he contends that 

salinity is never computed from sound velocity measurements, but 
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Lovett (17) obtains low-resolution salinity profiles from 
velocirneter data. 

Three acoustic travel time velocimeter techniques have been 

described in the literature (fig. 3.24), of which the 'sing-

around' method (157) is the best known. In this technique, a 

retriggered pulse generator is used to produce a pulse repetition 

frequency proportional to the speed of sound in water. The 

received pulse is distorted by the selective attenuation of higher 

frequency components, resulting in timing jitter due to 

uncertainties in the determination of pulse arrival. Temperature 

drift results indirectly from the increased pulse distortion 

attending the greatly increased attenuation at lower 
temperatures (14). 

The Lockheed 409001A sing-around velocimeter, as used by 

Pederson (18), has a 14 kHz nominal pulse repetition rate and is 

accurate to 0.013 m/s, equivalent to 0.03 ppt. The acoustic path 

length is 10 an. Daniel and Collias (158) report 0.3 % accuracy 

in their sing-around velocirneter, which is used to calibrate 

induction salinaneters. 

The accuracy of Weber' s experimental 54 kHz CW in-situ 

velocirneter (159) is severely restricted by precision phase 

comparison requirements, and its performance is inferior to sing-
around units. 

Mahrt 'S 5 MHz CW sing-around salinaneter (160) is a free-

running sine oscillator, the frequency of which is determined by 

the delay in the 3.2  an water path and the resonance 

characteristics of the spherical quartz piezoelectric transducers. 

Mode jumps between different frequencies are reported. The 

receiver and transmitter are transposed to permit measurement of 

differential transit time and hence current velocity. Density is 

computed from the average transit time. 

The specific gravity of solutions is most easily and directly 

measured by floating a sample-filled 'pycnaieter' or hydrometer in 

a fresh water bath. Buoyancy is noted from the gradations on the 
vessel. 	Pickard (13) describes a U-tube densitometer, the 

resonant frequency of which is altered by the gravity of the fluid 
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Fig. 3.24 Vetocimeter configurations 
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within it. Pickard suggests that this device is suitable for in-

situ application, but this is debatable. 

Salt water may be distinguished fran fresh water (161) by 

virtue of the neutron absorbing properties of 

chlorine (fig. 3.25). 
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4.1 Introduction 

Selection of an appropriate transducer for the proposed in-

situ salirianeter was restricted to oscillanetric cells because of 

their immunity to electrochemical phenomena, and capacitive cells 

were discounted due to their contamination sensitivity and earth 

capacitance problems. Transformer cells are very well developed 

and the only remaining improvement possible concerns the complex 

issue of miniaturisation. This leaves for consideration only 

eddy-current transducers and some other, less practical, 

alternatives. 

The relatively 1CM conductivity of seawater demands a high 

frequency to elicit measurable response from small transducers, so 

a two-winding transducer with phase-sensitive-detector is not 

practical. This restricts choice to one-winding transducers, and 

an externally sensing solenoid without a magnetic core was 

selected for investigation. 

This class of transducer is analysed in the next section, 

capacitive screens are described in section 4.3, and the last 

section of this chapter contains descriptions of two inductor test 

circuits. These are compared with a commercial all-purpose 

impedance analyser and some transducers are evaluated with the 

balanced test circuit. 
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4.2 Field analysis of single-winding transducer 

4.2.1 Zero-order analysis 

A solenoid may be treated as a simple set of current loops 

and the magnetic field computed additively from an expression for 

the field due to a single ring. This we shall now derive, by two 

different methods, from the elementary relations 4.1 and 4.2, 

V X H = J + D 	 41 

VxAB 	 4.2 

making the assumption that displacement current is negligible and 

that the induced eddy-currents do not themselves affect the 

magnetic field (zero-order analysis). Combining the elemental 

relations yields a Laplace ' s equation for magnetic vector 

V24 	= -pJ 6 (r - a) 6 (z) ( 	 4.3 

potential with a singularity at the current loop (fig. 4.1, 

equn. 4.3). There is only an azimuthal component of the vector 

potential and the equation is readily solved by separation of 

variables to yield solutions in the form of equn. 4.4, where L is 

the root of the separation constant. L may be any real number and 

as it is not discretised by finite boundaries the solution becomes 

an integral (equn. 4.5). J1  (Lr) is a Bessel function of first 

CL J1  (Lr) e 1 	 4.4 

A= 
fo 

C(L) J1 (Lr)&dL z>O 4.5 

00  

A 	= 	I 	C(L) J1  (Lr)e+LZdL 	z<O 
J o  

kind and first order. Second kind (Neuman) solutions are 

inadmissable because the axis r=O is within the solution zone. It 
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Fig. 4.1 Magnetic vector potential solution zones 

in cylindrical and spherical coordinate 

systems. 
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remains only to find the function C(L) from boundary conditions. 

C(L) may be determined by canparing the magnetic induction 'B e  

derived from A to that established from simple theory on the 

axis r=0. (equns. 4.6 and 4.7). L.C(L) is by inspection simply 

the inverse Laplace transform of the RHS of 4.7, and this is found 

in tables (162,equn. 4.8). 

= i—_(rA) 
=f 

L C(L)J0(Lr)PdL 	4.6 

B,r=O 	=JLC(L)dL 	
fiAIa[22+Z2]2 	4.7 

Z LJ1(La)/a 	[ a2+z21 2 	 4.8 

SO FROM 4.7 	LC(L) - Ia
2 	L(La) 

a 

AND 	 A 	
flula 

2 I J1(La)J1(Lr)edL ] 
	

4.9 
.10 

We will now pursue an alternative derivation in which no 

prior knowledge of the field is required. The singularity at 

r=a,z=0 is effectively spread over the plane z=0 by treating it as 

an impulsive modulation of a current sheet in that plane, and the 

tangential magnetic boundary condition at the sheet (equn. 4.10) 

Hr 	- 	 = K (r) = IS(r-a) 	4.10 

—2 	 =K (r) = YI6(r-a) 	4.11 

FROM 4.2 AND SYMMETRY 
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is Hankel transformed (equn. 4.12,163), yielding 4.13, in which a 

bar denotes a transformed variable. C(L)  is obtained from 4.14. 

f(r) 
= fo F 
	L J1(Lr)dL 
	

4.12 

F(L) 	
f 

f(r) r J1(Lr)dr 

—2- A(L,z)LO 
	. ( 

uK,(L) 	 4.13 

_2..LF C(L) 
t3Z [ L 	

e 	uaIJ1 (La) 	 4.14 

zzO 

Equn. 4.9 is not convenient for field computation, but it is 

the natural solution in cylindrical coordinates and has been used 

for the analysis of stratified media excited by current 

loops (27,121). 

The solution of Laplace's equation in spherical coordinates 

is an expression containing associated Legendre functions 

(equn. 4.15). Unlike the cylindrical case, the separation 
0+1 1 

= 	C 0  {*} 	P (cos 0) , r> a 	 4.15 

n 	1 
A(p 	r 	 (cos o) , r < a 

constant is discretised and so the solution is a sum of 

eigenfunctions and not an integral. The coefficients may be 

evaluated in an analogous, manner to the cylindrical treatment 

above, using the boundary condition 4.16 and the transform pair 

4.17 to yield the current ring field expressions of 4.18. These 



- H 2 L a 

f(o) = E C(coso) 

f 7l 
Zn +1

C 	2n n+1 	f(0) (cosO) sinO d6 
o 

Aq, 	fiuJ 	2n n+1 P1(0)P1( 	
){a} 	

, r> a 	418 

A(,) 	=,uI 	
1 
n41 1(0) 	(cosO){f} 2n 	 r < a 

multipole expansions are very useful where r is much different 

from a, but convergence is poor near the surface r=a • We must 

therefore develop an alternative field expression, and to this end 

we invoke the integral solution (equn. 4.19) of 4.3. I is the 

exciting current and ri ,r2 are the source and field points 

respectively. 

A
= fiAJfsiL 

- 	 47r 

Applying 4.19 to a current ring results in equn. 4.20 (164), 

which may be rewritten in terms of cctnplete elliptic integrals, 

fi2Ia 

fo 

7T 	
C0S d(p 	 4.20 A (r,z) 	

2 	 a2+z2-2ar cos 

[,u 	 _ 1 = 	I 

]  V—r! — [_
i 

][{}K(m)—Ecm)] 	4.21 

K is complete elliptic integral of the first kind. 

M 
= C~a 	r )2 

+ z 2 	E is complete elliptic integral of the second kind. 
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for which there are short accurate approximations 

(165 ,Appendix 3). As an example of the application of these 

elliptic expansions, figure 4.2 shows the decile contours of 

magnetic vector potential and induced loss per unit cross-

sectional area around a small 16-turn double-layer solenoid. 

Values are normalised to those at the equator. The loss within 

the coil is relatively small and so this region may be deleted 

fran the active sensing volume. 

The effect of growths on the surface of three classes of 

inductive transducer was investigated by integrating the induced 

loss within a series of concentric shells around the device 

(fig. 4.3,equn. 4.22). LP is the loss within a cross-sectional 

= aw2Aprrdr.dz 4.22 

area dr.dz  and a is the conductivity. The sensing volume extends 

quite far from the transducer, but is biased heavily towards the 

immediate vicinity and the transducer therefore suffers the same 

severe contamination problems as the eddy-current transducer with 

internal sensing volume. The active zone of the external sensing 

device is not bounded and has been truncated artificially to a 

layer 6 an thick. The eddy-current transducers exhibit a cubic 

cumulative sensitivity while the transformer transducer exhibits a 

quadratic response corresponding to the loss of cross-sectional 

area. 

4.2.2 Travelling-wave analysis 

Travelling-wave treatment must be adopted when displacement 

current or induced currents become significant. A wave equation 

(equn. 4.24) for azimuthal magnetic vector potential is readily 

derived from 4.1,4.2, and 4.23, assuming constant permeability. k 

is the propagation coefficient and Js  is the exciting current 

density. 
V2A 	= k2A 	Is 	4.24. 

4.23 	 where 

- 	 k2  = 
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Fig. 4.2 	Decite contours of magnetic vector potential 

and induced zero-order toss per cross-

sectional area near a 16 turn double-layer 

self- induc.tion 	colt 
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In cylindrical coordinates, separation of variables proceeds 

as before, leading to simple extensions of the 'static' Bessel 

integral of equn. 4.9; 	equn. 4.25a or 4.25b may be derived 

= f 00 

(L)J1(Lr) e 	kZ  Z dL 	 4.25 a 
10 

= f 	Fb(L).Jl( L2,k2  - r) edL 	 4.25b 

dependent on the manner of separation. These are suitable for 

treating wave problems in which there is either radial or altitude 

stratification, but not both simultaneously as exemplified by the 

cylindrical box in figure 4.2. However, a radially stratified 

approximation may be justified when losses over the poles are 

small, and Stubbe's treatment (27) is then applicable. Wait (166) 

uses integral transforms to treat wave propagation in layered 

media, but the approach is again only one-dimensional. 

Solution of 4.24 in spherical coordinates results in useful 

Th wave forms (equn. 4.26) which match readily to a spherical 

Aç (r,o) 	C [ j(kr) + bn (kr) ]Ph  (cos 9) 	4.26 

E= —A ;B 	
r sin 9 a  
- 	[ASin 

01 

1 	5 B0=— r 	I 
rAg] 

current sheet approximation of a short solenoid. Wheeler (167) 

compares the properties of short solenoids and their spherical 

equivalents. The spherical wave formulation is especially useful 

for assessing the effects of finite containers, insulating layers, 

lossy cores, and simple electrostatic screens. 

The polar functions are again of associated Legendre type, 

but the radial variations are now described by spherical Bessel 
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functions. Fortunately, as the arguments are complex, these 

functions are easily expressed in terms of circular functions 

(equn. 4.27), and only the first order eigenf unction is invoked 

j1  sin x 	 ______ 

	

__ 	 cosx 	 4.27 (x) = 	x 	; n(x) 	- 	x 

sin 	cosx 

	

j2(x) = 
	x2 	- 	x 

cOsx 	sin  
X2 -  

when the current sheet is approximated by a sinusoidal polar angle 

modulated current sphere. 

The wave admittance at the surface of the current sphere is 

everywhere constant and the admittance at the device terminals is 

therefore proportional to this quantity, which is readily derived 

from the ratio 'b' of the Neuman and Bessel solutions in the shell 

abutting the sheet (equn. 4.28).  In a multi-layer medium 

1 - kjrjr u1 1n1) 
+ b1  n1(k1r1) 

1  
Yw1 	 + bn(kr) ] 

	 4.28 

-jwflL r 

(fig. 4 • 4), the outermost region must support only an outgoing 

Hankel wave of second type in which b = -j. The ratio in the next 

inner shell is obtained from an equation (equn. 4.29) reflecting 

b1+1  
j ft r.) -[c. .j (k. 	 4.29 i 1 	+1 I 	 i+1 2. i+1 I 

1n 2(k j +1  r )•C 	n1( k11  n) 

	

I 	+1] 

r r1 	I 
+ 	

j+1 k j 	j1(k1) + bfl1(kr)1 
1+1 	 I 

L k1+1r 	j 	[fi1ki+i.j  L j2(k9) + bn2(kr1 )J 

1fl4_jfl.L 



.78 

the continuity relations satisfied by the TE waves at each 

interface. This is applied repeatedly to successive concentric 

shells until the ratio b in the region adjacent to the current 

sheet is found. An analogous procedure may be followed to obtain 

the wave admittance looking inwards, the initial ratio 	being 

then zero as Neuman eigenfunctions are of course not permitted at 

the origin. 

A computer program was written to evaluate the outward 

looking . wave admittance from the thicknesses of the external 

layers and their material properties. Figure 4.4 shows the real 

part of the wave admittance at the surface of a current sphere as 

a function of the conductivity of the second layer, which 

represents salt water in a beaker. The first region represents 

the plastic compound around the coil and the cuter region is air. 

A very small loss due to radiation is predicted, and becomes 

visible when the conductivity of all regions is set to zero. 
The retarded potential extension (equn. 4.30) of the 

integral 4.19 cannot be applied here because it is only valid in 

au 	( 	-kLC1  -r2 
A = r 	______ dl 	4.30 
- 	47r J Lc1—r21 - 

homogeneous media. However, the retarded potential formulation is 

valuable in illustrating the intensity variation which must exist 

around a current loop of radius approaching a fraction of a 

wavelength. It is very difficult to arrange a uniform distributed 

excitation of a current ring and simple nodal excitation destroys 

radial symmetry. It is assumed here that azimuthal variation of 

current can be neglected because the loops are electrically small 

within their plastic jacket and are relatively decoupled by this 

layer from the electrolyte, in which they may be electrically 

large. 
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4.2.3 Numerical analysis 

When suitable analytical methods cannot be developed, 

numerical methods are often invoked, and Laplace or Helmholtz 

(wave) equations are readily solved by crude but effective five-

point relaxation schemes. Stall (168) derives a relaxation 

algorithm for the analysis of eddy-currents in rectangular 

coordinates and we adapt his treatment to cylindrical geometry. 

As permeability is constant throughout the solution zone, a 

relaxation algorithm could be derived by direct substitution of 

differences for the derivatives in equn. 4.24, but the radial 

second derivative is rather cumbersome and we use instead Stoll's 

construction (fig. 4.5). 

By inspection of 4.31, which is 4.24 rewritten, rA replaces A 

as the natural relaxation variable. To derive an algorithm, 

(4.31) 

r - la{rAp} 	 1 	{rAp}l 	fllJs—kA2 curt a 	 r or 
] 

equn. 4.31 is first integrated over the region within abcd and 

then Stokes' theorem is applied to the LHS to yield a line 

integral which is readily converted using first differences 

(equn. 4.32). The RHS is easily converted because the exciting 

(K=rA) 	 (4.32) 

far 	
dz 

--' 

r~E KE;KO(N +S) 	= aE (KE — KO) 

f 

C1 	
a 	dr '-'-• 	 __ KN— Ko(E+w) 	= 'IN (KN — Ko) 

b r az 	 r 	2N 

f

d1
aK 

dz -'- 	
1 	K —K (N +S) 	= aw (Kw _Ko) 

T 	 r+W 2W 
c 

fd a 

—
1 aK 	 1 	Ks - KO  

(E +W) = as (Ks - K0 ) dr 
r 	

'-'-' 	

2S 



Fig. 4.5 	Finite element construction for derivation of 

five-point wave equation relaxation formula. 

(after Stott (168) ) 
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current and propagation constant are assumed constant in each 

finite element, and the algorithm of equn. 4.33 is obtained by 

rearrangement. 

4 4 
cK1  + 	Js RjZ1 	

4.33 K0 = 	 4 
a. 

+r 	k R 1Z 1  

R 1  and Z1  are the appropriate mesh lengths 

High resolution conflicts with storage and computation time 

constraints. A further difficulty is the provision of boundary 

conditions when there are no natural limits. rA was simply set to 

zero on the boundary in this analysis, which represents enclosure 

within a conducting cylinder. The currents induced on the walls 

of this imaginary surface demagnetise the interior, so the 

boundaries must be sufficiently extensive to prevent gross field 

distortion. 

The dA/dz=O condition on z=O is easily satisfied by including 

an extra line of points below the axis to which are assigned 

before each scan the values at the corresponding nodes above the 

axis. 

An acceleration factor of 1.2 was chosen to speed the 

iteration process without undue danger of instability, and the 

number of iterations performed for each value of conductivity in 

the exterior was set to a value sufficient to allow manual 

extrapolation of the established trend from the integrated loss 

values printed after each tenth step. Iterations were performed 

for conductivities of 0,1,2 04... S/rn and the node values were left 

unaltered between iteration sequences because the fields are not 

V  dissimilar when the conductivities are binarily related. 

The nodes were initially set to values computed from the 

elliptic expansions discussed in section 4.2.1. The rA2  integral 

increased during the first iteration sequence (for zero 

conductivity), but a decrease was expected due to boundary 

demagnetisation, which suggests insufficient resolution in 
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locating the exciting currents in the finite element model of 

figure 4.6. 

The results of the relaxation process are in agreement with 

the spherical approximation and show that the initially linear 

response beccines concave when the pre size approaches the skin-

depth in the exterior medium. 

4.3 capacitive screening 

Capacitive screening is required around inductive immersed 

transducers because the axial electric field associated with 

accumulated charge on the windings is often more intense than the 

magnetically induced electric field, which has no sources 

(solenoidal field). Fortunately, this axial field is easily 

terminated on an earthed conducting screen and there is a wide 

range of screen conductances within which the electric field may 

be enclosed without incurring undue demagnetisation due to eddy-

currents induced in the screen. Two simple design rules govern the 

electric and magnetic screening performance. 

Firstly, the excitation cycle time should greatly exceed the 

time constant of the screen-to-solenoid capacity and screen 

resistance to minimise capacitive coupling to the exterior. 

Secondly, the skin-depth in the screen material should exceed the 

screen thickness to avoid unwanted magnetic shielding, which may 

also be reduced by cutting meridional slits to intercept the 

equatorial eddy-currents which would otherwise flow. Even in 

feebly conducting screens, a single slit is recommended to prevent 

a short-circuited turn. 

In addition to the well-understood dipolar self-capacitance 

of a device, there will always be some earth capacity, and this is 

well illustrated by even/odd node impedance diagrams (fig. 4.7) in 

which the mutual impedance between each node and earth is 

indicated. As an example, coaxial cable is unbalanced with 

respect to earth, but a twin line is balanced (if oriented 

symmetrically), and when excited by a balanced source it gives 

rise to only a local self-contained electric field. This is 
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Fig. 4.7 Balanced and unbalanced cable circuits. 
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easily seen if the P1 network is converted to its star (Y) 

equivalent. When a transducer is remote from earth it is found 

that the earth capacitances at each terminal are very similar even 

when the device is not xinpletely symmetrical, and when driven by 

a balanced source very little flux flows to earth, reducing 

sensitivity to objects in the intervening space. It was found to 

be quite impossible to obtain repeatable conductance values for 

large unscreened devices without a balanced test circuit. Earth 

capacitance is classically circumvented by enclosure of the test 

beaker (98) or the entire instrument within a large metal cabinet. 

This obviates earth capacitance but not dipolar capacitive 

coupling. Lopatin (20) describes electrolyte test circuits which 

appear to be balanced, but neither Lopatin nor Pungor (21) discuss 

the full significance of balanced and unbalanced drive. 

Gross (136), however, makes plain the benefit of inserting a balun 

transformer to ensure good balance (at the expense of insertion 

loss) in electrolytic analysis. 

There is a greater awareness of capacitive coupling in the 

published work on plasma physics. A centre-tapped pick-up coil 

eliminates common-mode capacitive coupling (24), and the 'Stix' 

plasma ignition coil (169), with its central excitation and 

earthed ends, acts as a linear electric quadrupole with rapidly 

diminishing electric fields. 

A single coaxial cable was initially used in these studies to 

connect the transducer to an unbalanced oscillator because the 

outer conductor could be earthed and connected to the device 

screen, but when balanced drive was adopted another cable was 

added to match the earth capacitances. 

A small unscreened 16-turn double-layer 4 iH transducer was 

immersed 	in some very weak salt solutions to investigate 

capacitive effects. Figure 4.8 shows the characteristic peak in 

conductance due to capacitive coupling at low salinities. The 

salinity resolution is poor but there appear to be peaks 

below 0.2 ppt where conduction and displacement current are equal. 

The increase in peak height with frequency is perhaps greater than 

expected from simple theory.  (see fig. 3.21, page 57), but the 
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plastic and water comprise a distributed network which cannot be 

completely described by a lumped model of the type shown in 

figure 4.9. 

Immersion in water, which has a large permittivity, alters 

the electric field pattern in the device, selectively increasing 

the intensity and dielectric loss. This is evident as a frequency 

dependent offset at zero salinity in figure 4.8. The plastic 

epoxy surrounding the coil is a poor RF dielectric, with a loss 

factor of 0.04 at 10 kHz. Figures 4.8 and 4.9 suggest a loss 

factor of about 0.08 at 5 MHz. The capacitances in the simple 

model of figure 4.9  were estimated from the increase in device 

capacitance attending immersion in fresh water and the further 

small rise apparent when the water capacitance is bypassed by its 

own conductance. The maximum capacitively coupled loss predicted 

from this model is in reasonable agreement with the observed loss. 

A capacitive screen greatly reduces both of the above effects 

and uncovers the inherently linear magnetically induced loss. 

Device self-capacitance is increased by a screen because the 

electric flux path is shortened. This is evident in figure 4.10, 

which shows the effect of a silver paint screen on the parallel 

equivalent inductance of a small 16-turn double layer transducer 

and 6 an of cable. The reduction in self-resonant frequency 

suggests a screen-to-solenoid capacitance of 0.9 pF. 

The 10 % inductance reduction due to a slitted copper foil 

screen is also shown in figure 4.10, and table 4.1 gives the 

series equivalent impedance of the screen reflected at the device 

terminals. 	The screen inductance is in parallel with the 

'magnetising inductance and represents a reduction of the magnetic 

field. However, it should be noted that the magnetic field does 

not correspond with vector potential and the reduction in device 

sensitivity exceeds the reduction in the magnetic field. 

The quantities in table 4.1 were computed from the inductance 

of the device as measured by an HP 4191A RF impedance analyser 

and the conductance as measured by the '1495 circuit described 

in section 4.4.3. It is possible to measure the balanced 

impedance of the transducer and connecting cable with an 
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frequency 

(MHz) 

series 
inductance 
(pH) 

series 
resistance 
(c fl 

4 31.75 71.9 

5 31.25 70.5 

6 30.86 69.2 

7 30.30 71.3 

Table 4.1 

Impedance of slitted copper-foil screen 
reflected in primary of small 16-f transducer. 
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unbalanced instrument such as the HP 4191A if the assembly is 

remote from earth, so the screening network was floated and the 

test piece positioned vertically above the test port. 

In addition to reactive effects, screens increase device 

loss. The loss due to a slitt&1 copper screen and a silver paint 

screen are shown in figure 4.11. The copper foil screen loss is 

much greater than the silver paint shield loss and its frequency 

dependence reflects the simple series LR model suggested by 

table 4.1. 

4.4  Evaluation of single-winding transducers 

4.4.1 Introduction 

Two types of test circuit are described in the following 

sections. One is similar to figure 3.13 (page 46), in which the 

load admittance is exactly equal to the amplifier transadmittance 

(equn. 4.34). The amplifier response must be inferred indirectly 

in this type of circuit. 

YMe 0 	G =McosO 	B= — MSinO 	4.34 

If instead a voltage output amplifier excites the parallel 

resonant circuit, the low impedance output must be converted to a 

high impedance by a large series resistor, and the voltage level 

at the amplifier output provides a direct indication of the 

conductance if the oscillation level is stabilised (equn. 4.35). 

G 	cosO —1) 	4.35 

B 	-I—] 
(- A sino) 

In 4.35, A is the magnitude of the voltage gain, Ois the amplifier 

delay angle and R is the feed resistor. A short amplifier delay 

is desirable because the cosine in equations 4.34 and 4.35 can 

then be neglected. 
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4.4.2 L4733 test circuit 

We describe first an unbalanced test circuit of the 

resistor-fed type using the well-known LM733 video amplifier IC 

(fig. 4.12), which, although symmetrical,, was driven single-ended 

to simplify earthing and screening. Gain control was provided by 

a JFE'I' circuit in place of the normal gain set resistor between 

the two input transistors. This acts as a voltage variable 

resistor when the drain-source voltage is 1CM, and its linear 

resistance range was extended by applying half of the drain signal 

to the gate. The input admittance of the $733  alters slightly 

with gain setting, so was isolated by a catuon-collector.  

amplifier. 

Unwanted feedback rrnist be prevented because the '733 is an 

uncompensated open-loop amplifier, and to this end a copper-plate 

earth plane was applied to reduce stray coupling and minimise 

supply impedance. The power supplies were connected in a star 

configuration and 0.01 uF ceramic disc decoupling capacitors 

placed near the device terminals. 

The amplitude demodulators are biased junction detectors 

which can detect 100 mV peak-to-peak signals and so facilitate 

low-level (and hence low distortion) oscillation. The amplitude 

is stabilised by an integral error servo-loop controlling the JFE'T 

gate voltage. The loop is onpensated by the integrator dominant 

pole, but a lead capacitor was added to improve stability at low 

levels. Detector bias is obtained from another transistor in the 

LM3046 array, and a spare transistor forms an input amplifier. 

The five NPN transistors in the array can be configured into many 

useful circuits by adding a few external ocinponents, and the 

transistor matching is useful in differential circuits, in 

temperature compensated circuits, and in auto-bias schemes. 

The frequency variability afforded by the tuning diodes 

within the resonant circuit was invaluable in distinguishing 

various frequency dependent mechanisms in the transducers under 

test. 

A digital phase/frequency detector was used to control the 
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oscillator frequency. The signal was first amplified by a '3046 

cascade and a metal-gate CXE gate operating in its linear region. 

The signal was then squared by another OIJS gate and prescalsi by 

a ripple counter to a frequency suitable for the C)4046 s 

phase/frequency detector. 

When the prescaled input has been brought to the  same 

frequency as the '4046s internal relaxation oscillator, the 

detector reverts to a simple phase ocinparison mode and produces a 

£M signal with an average level equal to the  required tuning 

voltage. Unfortunately, recovery of the dc omiponent demands a 

very long filter time constant to prevent feedthrough and 

consequent oscillator instability. Rapid frequency adjustment was 

therefore impossible. 

The MVAM1 15 tuning diodes have a very large capacitance swing 

and provided a valuable octave tuning range, but they  are  intended 

for AM radios and beccine quite lossy at the higher end of  the 
frequency range.  Diode losses are discussed in the next section. 

The principal loss mechanism in silver mica capacitors is 

dissipation in the leads, which were therefore made as short as 

possible. The Q-factor of silvered mica capacitors falls as the 

three-halves power of frequency (128), in agreement with a series 

skin-depth-limited lead resistance model. The inductor and 

capacitor current are equal at resonance and their series 

conduction losses are indistinguishable. This leaves only the 

very small mica dielectric loss, but this simple model is 

complicated by the partition of current between the fixed 

capacitors and the tuning diodes. 

4.4.3 MCi 495 balanced test circuit 

The MCi 495 wideband-multiplier-based test circuit (fig. 4.13) 

is more elegant than the '733 circuit. It is symmetrical, the 

gain control is by the classic 'current-robbing' mechanism, and 

the second-order phase-locked-loop provides rapid smooth frequency 

variability. 

In addition to diminishing the effect of earth capacitance, 
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balanced operation reduces current injection into the supplies. 

The '1495 X-channel is used as an amplifier and the slower 

Y-channel as the transadmittanoe control • Matched bootstrapped 

common-co1lector amplifiers isolate the resonant circuit from the 

amplifier and detector input impedances. 

The output capacitance of integrated current sources can 

significantly alter the transadmittance of emitter-coupled 

amplifiers (fig. 4.14). The lead response tends to cancel the 

base transit time constant at the expense of reduced input 

impedance, which can in fact have a negative real part at very 

high frequencies because the base charging and emitter 

capacitances combine to form an FWR-like (Frequency Dependent 

Negative Resistance) element. It is wise to insert a parasitic 

oscillation suppression resistor in the base lead. 

Amplifier delay becomes a function of the gain setting under 

single-ended drive because only one of the currents fed to the 

switching stage has a capacitive component. The currents flowing 

in the substrate capacitance are not important in the balanced or 

unbalanced '1495 circuit (chapter 6) because they do not 

contribute to the real part of transadmittance • However, it is 

recommended that the amplitude of this quadrature current be 

minimised because delays in subsequent amplifier stages convert 

part of it to a current in phase with the input voltage. 

Assuming the amplifier itself to be symmetrical, the common-

mode and differential-node components of the oscillation waveform 

may be derived from the differential and common-mode load 

impedances (equn. 4.36) plus the odd and even transadmittances. 

Solving 4.36 yields an expression (equn. 4.37) for the 

V0 	ZoIo + ZCDIC  	Z00Y00V0 + ZCDYCCVC 	4.36 

V = ZCC 	Z 0 J 0  = ZYV + ZCDYOOVD 

r1 
OD 	

IsLi 	

ZcoYccYool 	1 	4.37 
-I 

L '00 	- 1 - ZCCYCC 	 DO 
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differential load impedance in terms of the differential 

trarisadmittance, with a small correcting factor for load 

imbalance. Another factor may similarly be derived to account for 

amplifier asymmetry. 

The differential oscillator voltage is detected by a '3046 

double-to-single-ended converter feeding a '3046 biased detector. 

The level servo-circuit is similar to that in the '733 circuit, 

but the daninant pole frequency is reduced to improve stability. 

The PLL comprises an LM1 496 mixer terminated by an LM1 3700 

progranmable operational transconductance amplifier operating as a 

current-fed balanced-to-unbalanced converter. The loop filter is 
built around the CIDS output C31 30 op-amp which can drive the 

tuning diodes to within my of the supply rails. The conventional 

second-order filter provides good tracking due to the large dc 

loop gain. The op-amp is protected against HF large-signal beat 

notes by the shunt capacitor at the '13700 output. Amplifier 

saturation due to offset integration is normally remedied by a dc 

feedback or auto-zeroing circuit, but was here overcome by a 

simple sweep-aided acquisition circuit which injects current into 

the feedback network to force the amplifier out of saturation and 

across the tuning range. 

Demodulator linearity is unimportant because the amplifier 

gain required to sustain oscillation is level invariant. The 

linearity of the gain indication is improved by sensing the 

voltage across the Y-channel gain set resistor, thus eliminating 

the non-linearity of the input transistors at large current 

swings. The agc linearity was checked by opening the oscillator 

loop and applying a balanced signal through a centre-tapped 

transformer • The output current was sensed by low value 

resistors that did not react with the amplifier and 'scope 

capacitance. 

The amplifier output capacitance is mainly composed of two 

collector-to-substrate capacitances per side. These are absorbed 

within the resonant circuit and the losses associated with 

charging them through the lightly doped substrate must be 

considered. The capacitance of the tuning diodes was measured by 



an HP 4280A 1 MHz C-V analyser, and their conductance was inferred 

from the loss reduction attending their substitution by 

(comparatively lossless) silvered mica capacitors. The series 

diode resistance, which dominates diode dissipation, was estimated 

from the loss at low reverse bias, where Q  is least. 

The effect of a short cable on a terminating load depends on 

their relative impedances. A high impedance load is most 

influenced by the parallel capacitance, and a low impedance is 

most influenced by the series inductance. In the present case, 

cable capacitance is most important. The small frequency 

dependent cable loss is included in the program written to 

deconvolve the effect of the cable and subtract the losses in the 

tuning diodes, the amplifier output conductance, and the buffer 

input impedance. The program yields inductor conductance and 

reactance from the '1495 Y-channel voltage, the tuning diode 

voltage, and the cable length. Equn. 4.38 expresses the cable 

= 	0 rYoTanhvt YIN1 	4 38 
LYINTanhrE -Y0] 

terminating admittance Y in terms of the cable input admittance 

Yin and the cable parameters. 

The amplifier loss and diode bias signals are amplified to 

provide auxiliary high-resolution outputs for the investigation of 

small effects, thus obviating expensive DVM's. 

4.4 • 4 The HP 4191A RF impedance analyser 

The HP 4191A RF impedance analyser, though useful for 

measuring inductance, was found unsuitable for measuring Q  because 

the normalised reflection from the VSWR bridge (fig. 4.15) 

approaches unity when the impedance under test is dominantly 

reactive (Q is a sensitive function of amplitude near the 

2x 	4.39 
(1 

 
+ X2 ) 

0 Large 	; X 	is normalised reactance 
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Smith chart periphery (equn. 4.39)). The VSWR bridge is driven 

from what is normally the output, so the balun transformer which 

is normally used to extract an earth-referred output instead 

provides matched excitation of the two bridge halves. 

The conductance of a reference inductor was measured on the 

HP 4191A and by the two circuits described above. The oscillator 

circuits show the expected rapid decrease in conductance with 

frequency, but the HP 4191A gives a much higher and flatter 

response. Although the HP 4191A specification suggests high-Q 

measurement ability, the designers admit elsewhere (170) that 

accuracy is poor when the reflection coefficient is large. 

The measured reflection coefficient may be expressed in terms 

of the actual reflection coefficient and three complex constants 

initially attributable to the normalised impedances of the 50 ohm 

standard bridge resistors (equn. 4.40). The nomenclature belies 
e01  F 

= e00 + 
1-e111 	 4.40 

e00  is directivity error 

e01  is tracking error 

e11  is mismatch error 

the form of classical reflection test sets and their directional 

couplers. Equation 4.40 is simply a bi-linear transform in which 

other system imperfections, such as amplifier mismatch and cross-

talk, may be absorbed. The error constants are found from 

short, open, and matched load tests. 

Three constants suffice while the effects remain linear, but 

the bi-linear transform becomes inadequate when imperfections 

become non-linear, as they appear to here when the 'reflected' 

signal becomes large. 

4.4.5 Experimental results 

Various transducers were immersed in salt solutions and their 

admittances monitored by the balanced 	1495 circuit of 
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section 4.4.3, which can resolve 0.4  uS and 1 fF. 

The devices were protected against water ingress by a varnish 

coat and were left to stand in fresh water before experiments to 

allow temperature equalisation. The transducers tend to retain a 

surface film which contaminates subsequent samples and it was 

considered prudent to investigate very weak electrolytes 

separately. 

To reduce cable length, the circuit was placed on a stand and 

samples offered up to the suspended transducer fran below. 

The transducer was dried thoroughly between samples during 

the investigation of capacitive coupling because even a thin water 

layer greatly affects the capacitive circuit. 

The experimentally derived conductance spectra of two 4 flLH 

transducers are shown in figure 4.17, and the linear slope of the 

logarithmic plot (fig. 4.18) suggests a conductance varying as 

frequency' 9 in good agreement with a skin-depth-limited model 

for the winding resistance, in which the exponent would ideally 

be -1.5. The series resistance of the smaller induction coil 

increases from 120 nohm at dc to 1 ohm at 4 MHz, indicating 

strong eddy-current circulation within the windings. As 

figure 4.17 shows, the self-loss exceeds the induced loss. 

The concave z\conductarice against salinity curve (fig. 4.19) 

exhibited by the small transducer agrees well with the 

conductivity/salinity curve of figure 2.1 	(page 9), 	and, 

referring to figures 4.4 and 4.6  (pages 79,83), this linear 

response is to be expected when the transducer size (about 1.2 an) 

is 	much less than the skin-depth (11 an at 40 ppt, 4 MHz). The 

absence of skin-effect indicates applicability of zero-order 

analysis, and the integrated loss computed from the elliptic 

expansions discussed in section 4.2.1 is in very good agreement 

with the loss reflected by the increase in the small transducer's 

conductance. 

Figures 4.19  and 4.20  show the absence of demagnetisation 

caused by an enclosing silver paint screen in comparison with a 

slitted copper foil screen. 	The copper skin-depth at 
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5 MHz (30 urn) is less than the foil thickness (7O m), and the 

strong field/screen interaction predicted by the design rule 

discussed in section 4.3 is observed in increased self-

resistance (fig. 4.17) and decreased sensitivity (figs. 4.17,4.19, 

4.20).  The transducer only continues to operate by virtue of the 

meridional slits. 

The screening ability of the two shield types is summarised 

in figure 4.21, which confirms a general correlation between the 

increased device loss and the enhanced capacity attending fresh-

water immersion. The screens on the intermediate transducer are 

effective in minimising capacitance increases, but do not appear 

to be as effective in reducing capacitively coupled loss as on the 

smaller device. 

The silver paint screen is superior to the copper foil screen 

on the small transducer, but is inferior on the intermediate 

transducer. This variation cannot be explained, but it is thought 

that coupling to the solution at the immersed cable joint may 

corrupt the readings. It is possible also that the charge which 

accumulates at the slits due to interruption of induced equatorial 

currents itself gives rise to fringing electric fields in the 

exterior. This postulate is reinforced by the fact that the 

copper screen on the intermediate device was covered by 2 Mn of 

hardened glue, which would reduce fringing coupling considerably. 

By contrast, the small transducer was covered only in a thin 

varnish coat. The silver paint was also liable to attack by 

solvents in the varnish and it is difficult to prepare a 

consistent painted film. 

In the light of the drift suffered by the in-situ salincziter 

discussed in chapter 6, it was considered important to examine 

transducers exhibiting a greater sensitivity relative to the 

residual self-resistance, and so the transducer in figure 4.22 was 

constructed to examine behaviour when a skin-depth-limited regime 

is approached. The frequency was increased to 12.6 MHz and 

stabilised by MV1 202 diodes, which are less lossy than ?1M tuning 

diodes at this frequency. 
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As expected, the response is much greater then the smaller 

transducers' and is monotonic because the magnetically induced 

loss greatly exceeds the barely discernible capacitive coupling 

peak. The eddy-current loss becomes equal to the unscreened 

residual loss at only 10 ppt, and the response was such that the 

test circuit could not sustain oscillation in solutions stronger 

than this. 

The aspect ratio of this large transducer is somewhat 

different from that of the small transducer, but it is likely that 

the treatment of that device will remain substantially applicable 

apart perhaps from a small correction factor. Hence, referring to 

figure 4.6 (page 83), a dimunition of some 30 % is expected at 

40 ppt but only a 2 % reduction at 10 ppt, and the concave skin-

depth limited response of figures 4.4 and 4.6 was not observed. 

The capacitive nature of the shallow peak at low salinities 

is confirmed by its location near 0.35 pot, where conduction and 

displacement current are equal. The slitted copper foil screen 

does not appear to reduce sensitivity, nor does it reduce the 

magnitude of the capacitive peak. However, the screen is not 

completely ineffective because the loss due to immersion in fresh 

water is halved, demagnetisation becomes evident at higher 

salinities, and the self-loss is doubled. The ineffectiveness of 

the slitted shield is tentatively attributed to the slit fringing 

field phenomenon discussed above because the screen was protected 

only by a thin paint layer. 



5.1 Drift 

The long-term stability of the transducer and driving circuit 

is the principal performance limitation in an in-situ saliriaiter, 

and as recalibration of an unattended device is impractical, 

alternative methods must be sought. The single-winding transducer 

is especially liable to drift because the output is superimposed 

on a baseline determined by the unloaded Q-factor of the 

transducer. The nature of the drift suffered by the single-

winding transducer and the elements of a switched transducer drift 

reduction scheme are described in this chapter. 

Drift may be manifested as a repeatable excursion, perhaps 

with hysteresis, or as an ultra-low-frequency random baseline 

jitter. Temperature-induced drift, for example, is generally 

repeatable and can be compensated readily, but the insidious 

change in zero salinity output due to transducer ageing cannot be 

predicted. In addition, pressurisation often induces hysteresis 

due to slow absorption of mechanical stress. 

During the experiments described in chapter 4, many results 

were obtained by noting readings before and then after immersion. 

This simple expedient is impractical in an in-situ instrument, but 

subtractive analysis may be conducted in an alternative manner 

with switched transducers. 

Stabilisation of frequency and oscillation level does not in 

itself eliminate drift, but it does prevent indirect effects. For 

example, uncorrected frequency drift would induce second-order 

conductance drift because the amplifier admittances are strong 

functions of frequency. 

Bridges are well suited to differential measurement because 

the active and reference devices can be placed in opposed 

arms (11,26, fig. 3.15, page 48). 

Although it is possible to split resonant circuit inductance, 

recovery of the differential conductance is very difficult and it 

is simpler to switch components into circuit sequentially. This 
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of course requires stable low resistance switches with adequate 

off-isolation, and the properties of some switches are discussed 

in the next section. 

One of the differential assemblies used in the in-situ 

salinaneter of chapter 6 is shown in figure 5.1 • The reference 

transducer is placed in a fresh water bath and the matched sensors 

are switched into circuit by mercury-wetted relays. 

Although the differential scheme can compensate baseline 

drift, it is ineffective against scale-factor drift induced, for 

example, by contamination. 

5.2 RF switches 

In a switched transducer circuit, small changes common to 

both channels may be cancelled, but drift in components beyond and 

including the switches cannot be discriminated from changes in 

salinity. The transducers must therefore be matched very closely, 

and the switches should exhibit good long-term stability if they 

are not to induce the drift they are intended to prevent. In the 

salincineter which is the subject of chapter 6, the series 

resistance of the transducers increases by only 10 % when they are 

immersed in 40 ppt salt water. This illustrates the importance of 

switch stability. 

RF switch performance is best described by a figure of merit 

equal to the inverse of the product of on-resistance and off-

capacitance,, because either parameter may be improved at the 

expense of the other in parallel or series networks. 

The excellent long-term stability of conventional mercury-

wetted relays is well-known, but prior to the recent introduction 

of all-position versions they were restricted to static vertical 

applications. Wetted contacts are much more stable than dry 

contacts because the latter are eroded during current 

interruption. Little dc current (1 mA) is switched in the present 

case during disconnection and a snubber would eliminate arcing, 

but even protected dry contacts are inferior to wetted contacts. 



111 



112 

The MSS-2 all-position mercury-wetted reed relay was tested 

(fig. 5.2) to establish its suitability as an RF switch. (-

resistance is low but skin-effect is evident. Off-capacitance is 

also very 1CM and coupling fran the contacts to the magnetising 

bobbin can be neglected. No bias-T network is needed but the 

30 mA contact closing current is quite large. 

Mercury-wetted relays are reliable, but a suitable solid-

state switch would be preferable. Unfortunately, low on-

resistance and low off-capacitance are invariably mutually 

exclusive because low on-resistance devices of a given form tend 

to be simply thinner or wider. The saturated bipolar transistor 

is a well-known switch of this class in which the base is flooded 

with charge to turn on both junctions. 

The PIN, or charge storage diode, is unique in offering both 

good off-isolation and low insertion loss. It is normally used at 

high frequencies but will operate at lower frequencies If the 

stored charge in the intrinsic region is sufficient to supply the 

reverse RF current half-cycle. PIN diodes can pass RF currents 

which exceed the dc bias by an order of magnitude and can block RF 

voltages which exceed the reverse bias by a similar amount. The 

RF signal is small in the present case and there is no question of 

reverse current flow, but as most low frequency PIN diodes have 

long intrinsic regions to satisfy large signal charge demand, RF 

resistance is higher than it would be if the device were 

constructed for small-signal switching. The small-signal PIN 

figure of merit is proportional to the carrier lifetime divided by 

the intrinsic layer width, so a thin intrinsic region and long 

carrier lifetime are preferred. 

Diode RF resistance is the sum of junction resistance and the 

series resistance of the neutral remainder of the crystal. The 

latter term becomes dominant when the junction is bypassed, at a 

frequency determined principally by the carrier lifetime. 

Junction impedance falls when the cycle time approaches the 

carrier lifetime because the diffusion capacitance then shunts the 

diffusion conductance. In addition, the ac diffusion profile 

contracts towards the junction, again increasing diffusion 
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admittance, but the RC junction model remains invariant beyond a 

frequency corresponding to the reciprocal of carrier lifetime if 

diffusion length exceeds the width of the recombination zone. 

Capacitive susceptance thus exceeds junction conductance in a 

narrow PIN diode above cutoff and the large diffusion capacitance 

representing stored charge rapidly shunts the junction. 

The RF resistance of a VHF type PIN diode (HP 5082-3168) was 

compared with that of a 1N4001 50 volt 1 amp single-diffused 

standard recovery silicon rectifier and a 1 N41 48 fast recovery 

silicon diode (fig. 5.3). As discussed in section 4.4.4, the 

HP 4191A impedance analyser does not perform well under conditions 

approaching short-circuit, but the PIN diode is apparently in a 

region of junction relaxation with the cutoff frequency in accord 

with the stated 40 nS carrier lifetime. 

The I-layer width of the 15082-3168 diode was estimated to be 

6 1um from the specified resistance at a given bias current. This 

indicates a normalised intrinsic layer width of about 0 • 7, 

intermediate between that of a wide and narrow diode. This width 

was inserted in the PIN junction impedance equation due to 

Varshney et al (171) and the computed resistance in figure 5.4 

agrees well with the experimentally derived resistance in 

figure 5.3. In a wide diode, junction resistance decreases with 

the root of frequency (19) above the reciprocal carrier lifetime, 

but in a narrow diode the resistance decreases with the square of 

frequency until the ac diffusion length contracts below the 

intrinsic layer width. Impedance then falls as the root of 

frequency. The resistance of the '5082-3168 diode diminishes 

approximately as the first power of frequency, in accord with its 

intermediate width. 

The 	1 N41 48 diode resistance is flat with frequency 

because the small diffusion capacitance shunts the junction only 

beyond 50 MHz. In addition to junction resistance, there is a 

Significant bulk resistance due to the small diode area. 

The 1N4001 rectifier has an interesting RF impedance 

characteristic with PIN-like features. The slow recovery is 

reflected in a presumed junction cutoff below 100 kHz, and the 
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Fig. 5.4 	Junction resistance relaxation in PIN 

diode with width of 0.7 diffusion lengths. 

Values computed from equation due to 

Varshney et at (171). 

R is dynamic resistance of the diode depletion 

regions ( contad and I-region resistance 

must be added to this to obtain the 

device terminal resistance). 

T is carrier lifetime in I-region 

is angular excitation frequency 
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series resistance is conductivity modulated by carrier injection 

into the high-resistivity 'base' material. This inexpensive 

rectifier is a reasonably good RF switch because the series 

resistance is low and the 20 pF reverse capacitance (10 volt bias) 

may not be unacceptable. However, its figure of merit is not much 

better than the small signal diode's and a PIN diode is superior 

even at low frequencies. The Unitrode UM7200 low frequency PIN 

diode, for example, with 0.5 ohm (20 mA) and 2 pF (10 volts) 

parameters, has ten times the merit factor of the two ordinary 

diodes. 

In active terminations, exemplified by the White emitter 

follower, gain is applied to reduce output impedance. Synthesised 

impedances are often impure due to amplifier delay, but the 

impedance angle is not critical here. However, low on-resistance 

is only gained at the expense of circuit complexity and the PIN 

diode is again preferable because it requires only bias-T 

networks. 
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6 AN IN-SITU SALThETER 

6.1 Introduction 

The in-situ salinaneter was constructed as an exercise in low 

power high-reliability design and as a vehicle for testing a 

single-winding eddy-current transducer with the drift reduction 

scheme illustrated in chapter 5. The instrument comprised a 4 MHz 

switched transducer circuit and data recorder, with resonant power 

and data links for caTIminicating through the thick plastic walls 

of the B-supplied tubular pressure vessel. 

The elements of the three 10 by 15 cm printed circuit boards 

are illustrated in figure 6.1 • The single-sided boards were 

connected by two 10-wire flexible insulation displacement cables 

attached directly to solder terminations and not therefore 

demountable, which was inconvenient but reliable (connectors are a 

major source of failures in electronic equipment). Metal-can or 

ceramic packaged devices were used when available, and capacitors 

were voltage over-rated. The boards were stacked vertically in a 

7 by 13 by 17 an metal box, which was fitted with a plastic lid 

when the original metal cover was found to interfere with the 

magnetic field of the power transfer transformer. The box was 

attached to the casing lid and cables fed through the cover, up 

the short transducer support rod, to the relay box. The lid 

assembly was then lowered into the casing and o-ring sealed. 

The substantial battery was glued firmly to the base of the 

casing and an in-line fuse added for short-circuit protection. 

The data transceiver and power pick-up coils were also glued to 

the inside of the casing and their positions marked externally. 

The salinoneter is described in the following sections and 

its performance is then discussed. 

6.2 Stabilised oscillator 

The oscillator (fig. 6.2) is very similar to the balanced 

'1495 circuit described in section 4.4.3, but it is single-ended 
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and the frequency is fixed. It is also designed for lower power 

consumption and has fewer canponents. The popular bipolar linear 

integrated circuits are programmable and permit very low power 

consumption if desired, but this was not pursued because the 

instrument's power budget is largely daninated by the data 

recorder's standby requirements. 

A cam=-collector stage is omitted because only the  

Darlington input of the '1495 and its large bias resistor appear 

as a load on the resonant circuit. Oscillation level is nitored 

at the Darlington emitter, and the relatively low impedance '1496 

carrier input is fed from the multiplier's complementary output. 

The biased transistor level detector is similar to those in 

the '733 and balanced '1495 circuits, but the active emitter load 

saves a resistor. The '13700 input linearising diodes compare the 

currents in Ri and R2, while R3 and Cl convert the output current 

to a lead response voltage signal. The low impedance output 

buffer reduces pick-up on the lead to the '1495 gain control pin. 

Ri and R2 set the oscillation level at 600 my peak-to-peak. 

The frequency control circuit comprises a reference crystal 

oscillator, a mixer, and a first-order loop 'filter' which simply 

passes the scaled mixer output to the single tuning diode. The 

sum frequency component is filtered by the finite bandwidth of the 

'13700, which acts as an 'active-R' filter (76). In the absence 

of an integrator, the loop filter does not saturate due to offset 

integration and lock-up is very quick and reliable. Though 

degenerated by C2, the tuning diode provides a 10 % capacitance 

swing in the resonant circuit, while the 5 volt nominal bias 

ensures linearity and low loss. The oscillator signal is applied 

to the carrier port of the '1496 because its limiting action 

renders it insensitive to signal strength variations. 

The voltage-limited 4 MHz crystal reference oscillator is 

rather crude, but it starts reliably because the low-level loop 

gain is large. The 1 .2 volt trapezoidal output switches the '1496 

signal port. Series mode operation normally ensures excellent 

frequency stability, but the crystal series resistance is 

degenerated by R4 and so Q is diminished. Overtones are prevented 
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by amplifier roll-off and the increased crystal resistance at 

these frequencies, while the firm limiting prevents crystal 

overdrive. 

6.3 Power supply and data acquisition circuits 

The instrument is powered by a 12 volt 1.2 amp-hour sealed 

lead-acid battery which can be recharged through the resonant 

link. Lead-acid batteries are inexpensive, and although their 

capacity falls with temperature, the open-circuit voltage remains 

relatively constant. In addition to the 10 and 5 volt supply 

rails, a non-volatile 5 volt supply is maintained to the data 

recorder for retention of . RAM data and real-time clock operation. 

Total standby instrument current is about 120 uA. 

The 10 volt rail is regulated by half of an 114358 dual op-amp 

driving a PNP transistor (fig. 6.3). This circuit requires very 

little input-output differential, unlike the '7805 and other NPN-

based regulators. The voltage reference is derived from an LP2950 

low power regulator which supplies the 5 volt non-volatile rail. 

The high impedance and low open-circuit voltage presented by the 

voltage divider network prevents leakage into the '358 when it is 

unpowered. The '2950 was preferred to low power op-amp circuits 

because it is designed specifically as a regulator and reduces the 

number of components. Low power consumption is of course gained 

at the expense of bandwidth, but transient load regulation can be 

performed passively by a capacitor. The low voltage drop of a 

saturated PNP switch is utilised in the power disconnect circuit 

which switches off the volatile supplies during inactive periods. 

The second amplifier in the '358 sources about 3 mA to regulate a 

useful reference 'earth' rail. 

In the single-slope data converter, the inputs are compared 

against an exponential ramp by an 114339 quad canparator and the 

instants of switching noted by the data recorder. The time 

elapsed since the inception of the ramp is stored as a 13-bit 

number and the non-linearity is corrected later, which permits 

substitution of a resistor for a current source. 
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The single-slope technique is inherently monotonic and the 

absence of differential non-linearity makes it ideal for the  
conversion of quantities subject to subtraction. Resolution is 

limited only by the available conversion time. 

The 1 mV capacitor-reset-transistor offset is obtained with 

only 1 mA base drive. A bipolar switch typically has a lower 

saturation voltage in inverse node, with the reduction in offset 

Proportional to the logarithm of the ratio of forward and reverse 

ccznon-base current ct t ft- '\factors (172). 

It is preferable to replicate comparator circuits rather than 

use notoriously unreliable analogue switches, and digital 

multiplexing is very simple. 

A simple voltage divider provides a naninal 1 volt reference 

signal for elimination of data converter drift. An accurate 

absolute reference is not required because the principal 

(conductance) output is subjected to subsequent subtraction. The 

conductance input is offset and multiplied before conversion to 

provide 0.1 ppt salinity resolution. 

The AD590 IC current output temperature sensors are selected 

by floating switches, which are invariably more ccnlex than 

earthed equivalents and were used here only to permit retention of 

the existing earthed termination network following addition of the 
second sensor. 

The relay drivers sink 30 mA from the 10 volt supply through 

voltage dropping Zener diodes. The canton-collector EP drivers 

reduce the load presented to the metal-gate CM)S control gates. 

6.4 Data recorder 

The data recorder comprises an HD6303 microcomputer IC and 

associated IC' s with a real-time clock and datacanm. circuits 

(fig. 6.4). The low standby current, plus serial and parallel 

input/output, make the '6303 well-suited for low power data 
recording. 

The most notable feature of the recorder is the absence of 

the conventional, crude, germanium-diode-based volatile memory 
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back-up circuit. These circuits are unreliable because supply 

voltages vary between IC's and transients occur during power-up 

and power-down episodes, at which time the processor is also 

liable to generate spurious corrupting memory accesses. Further, 

noise margins are eroded and currents can leak into unpowered IC's 

with the attendant latch-up hazard. For these reasons a regulated 

5 volt supply was maintained to the digital IC's at all times, 

improving data integrity and recorder reliability at the expense 

of increased power consumption, notably in the 122950 regulator 

itself which consumes some 75 PA. Inputs are pilled to firm logic 

levels to minimise consumption, a standard CX)S practice. 

The absence of an earth plane for low impedance return paths 

caused impulsive transients to appear in all the supply rails, and 

no amount .of decoupling can prevent this because signal current 

flowing between devices must return through the inductive printed 

circuit track network, with the capacitors simply passing the 

resultant noise from rail to rail. Conducted interference from 

the processor board was reduced by series chokes in the power 

leads. 

The MM581 67 real time clock IC enables a predetermined 

programme of measurement to be followed over a period of months. 

Unlike many timer IC's, the '58167 can generate a wake-up alarm 

even when in standby mode, and although more expensive than some 

alternatives it is easier to interface and program. The 1 ms 

timer resolution is inadequate for the single-slope conversion 

routine and the least significant timing bits are obtained from a 

processor counter loop. The timer standby current is 20 PA. 

The system is activated by a master bistable, which is reset 

by the processor upon completion of measurements, and set by the 

timer alarm or power application detector circuit. 

6.5 Resonant power and datacamn. circuits 

The resonant power link allows energy to be transferred 

magnetically across moderate distances and has attracted recent 

interest for powering medical implants (173,174,175). Resonant 
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power transfer circuits are often characterised by very low 

coupling factors, k, which prohibit conventional dc converter 

topologies. 

In resonant converters, the low coupling coefficient is 

compensated by the magnification factor of the receiver circuit, 

and self-excited circuits have recently been discussed in which 

there is complete insensitivity to the coupling factor while it 

exceeds 1/Q, where Q  is the secondary quality factor (173,174). 

This behaviour is most easily analysed in a series excited circuit 

as exemplified by figure 6.5a, but the results are applicable also 

to shunt circuits. A T-model for the transformer is adopted (176) 

and a cubic equation in the reactance X is derived from the 

resonance phase condition. This is solved by standard formulae 

and X is found to have the following values: 

X = -wkL k<1IQ 6.1 

X = -kL 	±kL)2-R2  k>1/Q 6.2 

0. = 1ICR 

The corresponding impedances looking in at aa in figure 6.5a 

are as follows: 

RIN  = k20.2R 	 k <i/O. 6.3 

IN 	P 	 k >110. 6.4 

0. = 1IwCR 

We will now extend these results to a shunt excited circuit 

by removing the leading capacitor to reveal an inductive residue 

which has the same constant resistive component as before if 

excited at the same frequency as before for all values of k. This 

condition is satisfied by transferring the capacitor to a shunt 

position and adding a series resistor there to match the Q-factors 

of the capacitive and inductive arms (fig. 6.5b). The series RC 

arm may finally be converted to a parallel equivalent. Shunt 

excitation is considerably simpler than series excitation and 

power absorption is also much easier in a large shunt load than in 
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Fig. 6. 5 c 24 kHz power transfer circuit. 
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a low impedance series load. For these reasons, shunt circuits 

are to be preferred despite the requirement to match not only the 

resonant frequencies, but also the Q-factors of the two reactive 

arms appearing at the input port. 

The low efficiency is tolerable, but circuit matching over 

extended periods could be a problem. Frequency is not important, 

although higher frequencies permit valuable size reductions in 

implanted receivers. The simple shunt-excited power transfer 

circuit in figure 6.5c oscillates at 24 kHz, permitting use of 

inexpensive slow switching transistors and rectifiers. This 

circuit departs from the ideal of figure 6.5b, and the resonant 

frequencies differ by some 3 %, but the open-circuit voltage 

remains relatively constant as axial separation 

increases (table 6.1). 

The datacanm. circuit functions similarly to the power 

circuit and it is possible to multiplex energy and data using one 

pair of windings (175). 

The principal elements of the resonant data transfer circuit 

are two 100 kHz carrier generators and associated receivers. The 

current-limited bias-modulated LM3080 oscillators consume no power 

when idling. 

It is possible to analyse the signal envelope approximately 

by considering the net power balance in the resonant circuit 

(equn. 6.5). There is a single frequency component in the 

2 	d 	2 IV - V/R = --CV 	 6.5 

I 	- V/R =2C*V 

V 	= JR [1 - exp( -t/T)] , T = 2Q /a) 	6.6 
transients because the coupling factor is lower than 1/Q, and the 

hard-limiting amplifier does not in any case permit simultaneous 

oscillation at two frequencies. The frequency during the start-up 

and power-down transients is slightly different from that in the 

steady-state, but this is of little consequence. 



Z1 0 k F (kHz) VOUT/VIN 

o 0.34 21 1.5 

0.16 0.19 22.4 1.4 

0.33 0.11 23 1.25 

0.5 0.09 23.4 1.06 

0.67 0.06 23.7 0.89 

0.83 0.0451 24 1 	0.66 

Table 6.1 

Open-circuit output voltage and operating 
frequency of shunt-excited resonant 

oower converter of fioure 6.5 c 
U 	-- 

ZID is axial coil separation normalised 

to coil diameter. k is coupling coefficient. 
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We treat here only the start-up envelope because the 

complementary transient is very similar. Given that current-

limiting occurs at even the lest amplitudes, the power input is 

IV, where V is the voltage envelope level and I is the amplifier 

output current. R is the parallel equivalent resistance. The 

solution of 6.5 is an exponential asymptote with time constant 

proportional to Q  (equn. 6.6), which should therefore be low to 

facilitate rapid modulation. 

The data circuit is half-duplex, with the instrument 

transmitting only when prompted. A continuous 'space' symbol 

detector resets the processor when the external oscillator is 
forced on. 

6.6 Instrument program 

The 2 kbyte data recorder program controls the instrument and 

communicates with an external portable Epson HX-20 computer. The 

program was written in assembly language and the machine code 

generated by a 'C' program converted from an MC6809 assembler. 

Unfortunately, 'C' is an unusual language and conversion was 

time-consuming despite the similarity of the '6303 and '6809. 

The program flowchart of figure 6.6 shows how the '6303 

accepts single-character commands and produces appropriate prompts 

for subsequent instrument progranining. When requested, the 

accumulated data is output with a checksum in a continuous stream. 

The HX-20 recognises the upload command and passes the data into 

its own memory for subsequent analysis, which entails normalising 

the data with respect to the data converter reference channel and 

then deconvolving the exponential distortion. The small tuning 

diode loss is computed and subtracted from the conductance 

readings, before the two device conductances are subtracted. 

There are some useful commands to assist circuit development, 

including continual oscillator enable and data converter display 

requests. 

No interrupts were used because they are unpredictable and 

disrupt program flow. However, use was made of the two 'system 
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Fig. 6.6 Data recorder program flowchart. 
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burst' traps which detect invalid op-codes or writes into read-

only memory space, the type of activity which can occur when the 

processor is disturbed from its intended sequence. There is, of 

course, no certainty that the processor will activate a trap 

before damage is done, but extensive data corruption Is minimised. 

Upon triggering a trap, the processor vectors to a designated 

address in the manner of a conventional interrupt. 

6.7  Performance of in-situ salinaneter 

The in-situ salinater was subjected to a series of extended 

trials to establish the efficacy of the differential drift 

reduction scheme. The instrument recorded conductance at 

intervals during periods exceeding two days while exposed to an 

environment of fresh water or air. 

A transducer head incorporating a potted reference sensor was 

initially constructed, but thermal inertia of the reference's 

plastic jacket resulted in 'spiking'. This is evident in 

figure 6 • 7, which shows two diurnal temperature cycles and the 

characteristic bipolar pulses induced in differential conductance 

by daytime insolation. The bipolar pulse form is due to the 

exposed transducer first becoming hotter than the reference, then 

cooler due to heat retention in the reference's jacket. 

Apart from spiking, the differential conductance is 

remarkably flat and remains within a range of 1 ppt equivalent 

during a period of two days. Gradual temperature changes such as 

overnight cooling are readily absorbed, but rapid daytime 

excursions cannot be accommodated. In figure 6.7, drift is 

reduced from 40 ppt equivalent to less than 1 ppt equivalent by 

subtraction, but it is doubtful if this performance could be 

maintained in-situ because although the thermal mass of the water 

would prevent impulsive temperature changes, the underlying 

baseline drift might well deteriorate in a less benign 

environment. 

The reference transducer has a remanent sensitivity equal to 

one-fifth of the active sensor's. The plastic jacket has 
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negligible effect on the magnetic field surrounding the reference 

and merely provides an inactive filling. The inert nature of the 

plastic jacket was confirmed by use of the spherical wave 

impedance formulation discussed in section 4.2.2. It was found 

that even lossy plastic has little effect on sensitivity. 

A second transducer head, with improved matching, was 

constructed (fig. 5.1, page 111). The reference in this head is 

intended to stand in a fresh water bath, but both sensors were 

first exposed on the bench to test their thermal matching. The 

thermal insolation peak in figure 6.8 is more pronounced than in 

figure 6.7, and while this is again reflected in both conductance 

channels, the differential now exhibits only a small unipolar 

'spike', indicating good thermal time constant matching. 

The salinaneter was placed in the Ekiinburgh wave-tank for a 

week at a depth of two metres. Unfortunately, water appears to 

have penetrated the exposed sensor head and altered both 

temperature channels. The temperature gradient before this 

failure was small, as expected, but the differential conductance 

changed by some 10 ppt equivalent during the first four days 

before stabilising, with a drift of only 1 ppt in the remaining 

three days. 

During trials, an occasional conductance anomaly would 

appear, remote from the established trend. The mercury-wetted 

relays were suspected and tests were conducted to assess their 

long-term stability. In these tests, a single transducer was 

connected into circuit by two relays in sequence and one channel 

was observed to jump between two conductance trends (fig. 6.9) 

separated by the equivalent of 10 mohm reed on-resistance on a 

base of 500 mohm. 

Finally, the warm-up behaviour of the oscillator was 

investigated. In the normal sequence of measurement, the circuit 

is powered for about five seconds before readings are taken, and a 

similar interval elapses before the second data set is recorded. 

The programme of measurement is identical in each measurement 

episode and any warm-up time induced discrepancy between the first 

and second data sets should remain constant. This invariance is 
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observed in figure 6.10, which shows the first and second 

conductance readings with the same transducer and switch in both 
channels. Oscillator warm-up does not appear to be a problem. 

In conclusion, temperature-induced drift can be very largely 

eliminated by matched transducers, but the underlying baseline 

drift is masked by the temperature excursions. All-position 

mercury-wetted reed relays appear to exhibit sate instability. 
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7 NON-ctTACT AND TRAVELLING-WAVE TRANSDUCERS 

7.1 Field displacement transducer 

The immersed transducers described in the preceding chapters 

are inevitably susceptible to contamination-induced degradation, 

and this encourages investigation of non-immersion alternatives 

such as the field displacement transducer described below. 

Unlike conduction cells or transformer cells, eddy-current 

transducers do not require direct contact and can be located clear 

of the fluid, but the frequency or device dimensions must be 

increased to compensate for the reduced coupling 

factors (fig. 7.1). Very large transducers are inconvenient and 

so high frequencies must be used, which prohibits phase-

sensitive-detector circuits. Single-winding transducers could be 

used again, but it has been seen that the self-impedance results 

in drift problems and we will investigate instead a two-winding 

system in which a PSD is obviated by monitoring only the magnitude 

of the voltage induced in the receiver. This type of two-winding 

transducer is analogous to a simple inductance transducer because 

it depends on field distortion to change the induced signal. 

Rajotte (122) describes an apparatus similar to that in 

figure 7.1, with a spiral disc exciting winding in place of the 

layer coil. Analysis is somewhat simpler in the case of 

figure 7.1 because the layer coil may be treated similarly to a 

single loop by adding an extra sinh factor. The exciting field is 

given by equn. 7.1, the field in the half-space by equn. 7.2, and 

the field above the half-space due to currents therein by 

equn. 7.3. 

f" O Linh(Lc). ula 	
(La).J1(Lr).e1 2 	Lc 	1 	 dL 	7.1 

0 

c < z < h 
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ula L2 2 

2 ffo 
(L).J1(Lr).e4'A 2.(z4h)dL  , z>h 7.2 

= jL)fl1U - WYE 

00  

.e 	 z<h 	73 A(POr 	
' 	

J 
g(L).J1(Lr) -L.(12) 

= 
0 

The unknown function g(L) is readily found from the 

tangential field conditions (equn. 7.4) at the boundary z=h, and 

the resultant has been written to emphasise the transmission-line-

like behaviour of the fields in a one-dimensionally stratified 

space. 
A(pO+pOr = A 2  , z = h 	 7.4 

A 	+ A 	( A 	) , z = h 

7.5 
,00 

A,_ ala I sinh 
- 2 j 	

(Lc) Lc •J1(La).J1(Lr).et {1+R.e_2Lth)}dL 
0 

2 c < z < h 	
L_ 	+k2  

= jww -(o2fl2E 	 R 
	VL2 

L + YL2 

Equn. 7.5 may be evaluated numerically because the 

integrand' s exponential term becomes daninant when z is 

sufficiently large. Evaluation near the plane z=O is very 

difficult, but the fields elsewhere may be computed readily, 

albeit slowly, using polynomial approximations for the Bessel 

function of first order and first kind (165 ,Appendix 4), 

The sensitivity of the field-displacement transducer is 

disappointingly law, although it improves as the receiver 

approaches the water surface. The dimensions of the device in 
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figure 7.1 are such that it operates on the second half of the 

inductance 's-curve' (fig. 3.12, page 44) at normal salinities. 

Sensitivity could be increased by rotating the receiver to 

intercept no flux at zero salinity, but analysis is then 

very difficult as the induced emf is no longer uniform around the 

loop. 

The practicability of the field displacement transducer is 

dependent on the stability of its attitude and altitude above the 

water surface, which has further been assumed flat. 

TO recapitulate, contamination-free eddy-current transducers 

are possible but are of uncertain practicability. 

7.2 Travelling-wave salinanetry 

Reduced sensitivity non-contact transmission-line transducers 

may also be developed. King and Smith (177), for example, achieve 

adequate sensitivity with a twin line over water only when it is 

very close to the surface. 

King and Smith  make much use of a powerful analytic 

approximation, in which materials with large propagation constants 

(wave number) can be treated as 'earth' conductors because the 

electric fields tend to enter almost normally from less dense 

media, with the field pattern approaching that of a TEM line (the 

wave number in water is much greater than in air even at zero 

salinity, due to its large permittivity). This approximation 

predicts that the current within an insulated loop will be almost 

uniform while the loop circumference is much less than a 

wavelength in the insulation, and the coaxial analogy becomes 

marked when the external medium is highly conducting because the 

narrow skin layer is easily identified as an 'outer' conductor, 

carrying an equal but opposite current to the central wire. 

We now investigate radio wave propagation over the sea 

because this could conceivably permit rapid non-contact surveys, 

although application to in-situ salinanetry is limited. 

The Bessel integral treatment discussed in chapter 4 and in 

the previous section may be extended to the case of a loop antenna 
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Fig. 7.2 Modulation of antenna far- field by 
seawater conductivi'ty.Normalisation is with 

respect to field with no half-space. 
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radiating over a half-space representing the sea (fig. 7.2). The 

finite propagation constant in air must now be considered and this 

is absorbed within the eigenfunctions by modifying the exponential 

argument. Applying the Hankel transform in an analogous manner to 

the sequence of equations 4.10-4.14  (page 70), the function which 

governs the relative eigenfunction intensities is found to have a 

singularity where the integration variable L' equals the 

propagation coefficient in air (equn. 7.6).  The integral is 

(7.6) 
00 21 	2 

A 	fi1a 1 ( L 
J() J( ) .e 	o • dL , z>O 

2
(; L ~+4 

1 

	

k2 	CO2 

	

0 	P0110 a 

improper because the integrand becanes infinite at this point, but 

the integral itself remains finite and no residue accrues because 

the singularity is a branch point and is quite benign if not 

encircled. Integration is along the real axis only and the branch 

point is not encircled, although a large fraction of the integral 

accumulates in its vicinity. 

This problem may be obviated elegantly by a change of 

variable once the first term in equn. 7.6 is identified as the 

derivative of the exponential argument. The neighbourhood of the 

singularity • is expanded on each side by this expedient and 

adaptive integration is no longer required. Two zones of 

integration are obtained, one infinite but with a dominant 

exponential, and the other finite (equn. 7.7). 

(7.7) 
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where v = 	+ 	 ,L > - 

L2 < -k • 
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Finally, the 'reflection coefficients' may be found as before 

and the magnetic vector potential expressed as a sum of two 

integrals, each with a primary and 'reflected' part. The field at 

some distant point may be evaluated numerically (equn. 7 • 8), but 

(7.8) 

fliD 
A(P iIa  

= 	2 	
f
oil Ma).j 1  Mr).e'. f  1 +R.e'}th 

Ic0  

[_j. JJ1(La).J1(tz).eifl2. { 1 + R.eU}dn 

0 < z < h 

v1/L2 4 
where 	R 	

= v +c + 

and 	

inJ/L2+ 
R 	

= F 2 

the integrand at large r and low z is highly oscillatory due to 

the Bessel functions, and so accurate evaluation requires fine 

integration variable division. 

The received signal is only weakly dependent on the seawater 

conductivity, and the response is non-monotonic. A similar curve, 

also normalised against the expected field strength in the absence 

of a half-space, may be obtained from a geometrical optics (GO) 

construction in which the radiator is treated as a point source 

and the direct and reflected waves added. Agreement between the 

Bessel integral and GO analyses is good, but not perfect, perhaps 

due to the inapplicability of CX) techniques when the wavelength 

approaches the scale of the physical model. Further, the Bessel 

integrals were subdivided into a relatively small number of 
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elements, bisection of which elicited alterations of some 1 % in 

the evaluated sums. 

Lytle (178) has evaluated far-field patterns over seawater 

using () methods and finds vertical antennae more susceptible to 

conductivity-induced far-field variations. 

Greater sensitivity may be obtained by direct normal sea 

surface illumination, but diffraction prohibits use of 

conveniently small antennae. 

We conclude our description of travelling-wave salinanetry by 

returning to waveguide-based instruments, which are very sensitive 

but unfortunately not non-contact. Water-filled guides are 

superior to water-filled TE2'4 lines because the fields are less 

intense near the conductors, with more energy flowing through the 

centre of the guide. For example, very little energy flows near 

the walls in the well-known circular TE()  mode far above cutoff 

and contamination there should have little effect. Unfortunately, 

many other modes can propagate in the oversized guide, and both 

launching and receiving probes remain vulnerable to attack. 

However, sensitivity is good and water's large permittivity 

reduces guide dimensions. 

To investigate the properties of an electrolytically loaded 

waveguide, a 60 cm section of 7.6 an rectangular guide was blanked 

off with metal plates and electric probes inserted on the axis to 

excite the dominant TE10  mode. The interior was painted for 

protection and an HP 8410 network analyser was connected to permit 

investigation of the S21  forward transmission scattering 

parameter (fig. 7.3). 

The calculated effect of a lossy water filling on TE10  propa- 

gation is also shown in figure 7.3. The water permittivity reduces 

the cutoff from 2000 MHz to 220 MHz, while ionic conduction causes 

great attenuation above the now indistinct transition frequency. 

Figure 7.4 shows the propagation behaviour expected at a frequency 

somewhat above cutoff. 

Very great sensitivity was observed (fig. 7.5), and the 

difference in forward transmission scattering parameter between 

the two weak solutions agrees with the expected attenuation in the 
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9 cm waveguide path. Cutoff is evident but rapidly becomes 

rounded, and attenuation is so great that the output is 

unobservable when the salinity exceeds 10 ppt. 

The electric probes are inefficient launchers (and by 

reciprocity also poor receivers) and so a 50 db test channel gain 

is required. It is a disadvantage of the test bench in figure 7.3 

that differences in transmission due to altered launcher 

efficiencies must be discriminated from path attenuation 

modulation by simultaneous consideration of the S11 parameter. 

Haever, the sensitivity of S11 to the guide filling did not 

appear great and no account was taken of this factor. Reflections 

from the shorted guide ends are rapidly attenuated and can also be 

neglected. 

The waveguide salinctneter is a good example of the 

sensitivity attainable in a direct contact transducer, but the 

immediacy of the electrolyte which lends so great a response 

invariably results also in an equally severe sensitivity to 

contamination. The problem remains of obtaining both good 

sensitivity and resistance to fouling. 
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In chapter 3, the electrochemical difficulties associated 

with the passage of current at the electrodes in conduction cells 

were discussed. Also in that chapter, a technique was described 

in which modulation was applied to remove the effect of self-

impedance from a two-winding eddy-current device (tlley et al, 

page 49). In this chapter, an analogous modulation technique is 

applied to a conduction cell. 

The principle of the modulated cell is very simple, and is 

based on the fact that the ionic conduction within the bilk of the 

cell rte from the electrodes is unaffected by electrode 

processes. By modulating the cell between the electrodes and 

regulating the current to prevent any change at the electrodes, it 

is possible to eliminate electrode effects because the change in 

cell impedance will then be due entirely to the modulated 

resistance. 	Unfortunately, this technique cannot eliminate 

contamination-induced drift because the cell geometry remains 

susceptible to fouling. 

The cell and the driving circuit are shown in figures 8.1  and 

8.2. The cell is based on a commercial two-electrode cell which 

was divided to permit insertion of the modulating chambers and 

also to increase the resistance to a. more convenient level. 

Modulation is effected by forcing the water from the secondary 

chamber, thereby reducing the cell conductance, and an air xnip is 

preferred to a water pump for this purpose because the latter 

would be exposed to fouling. 

The depth of modulation in the cell is low (about 6 %), but 

variation of the cell impedance is observable and the plot of 

resistance modulation versus reciprocal salinity is 

linear (fig. 8.3). 

To summarise, a novel modulation technique has been applied 

to a conduction cell, whereby electrode impedance can be 

completely eliminated. However, contamination problems remain. 

The cell built here permits only 6 % modulation but there is no 

limit to the modulation attainable with appropriate cell design. 
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9 CONCLUSIONS 

Electrical conductivity is a uniquely sensitive property for 

investigating salinity, and despite its nonlinearity and 

temperature sensitivity there are few practical alternatives. 

Various electrolytic density measuring methods have been 

discussed, but none has been identified to provide inexpensive 

long-term stable in-situ salinity determination. 

Electrochemical effects prohibit electrode cells, while 

capacitive cells suffer from earth capacitance and fouling 

problems. Inductive eddy-current transducers are preferable, but 

remain susceptible to fouling and drift • Transformer transducers 

are the dominant induction salinaneter form, but they are complex 

and development is exhausted. 'I-winding eddy-current 

transducers are unsuitable because adjustment of the phase-

sensitive circuitry becomes critical at the frequencies required 

to elicit appreciable response from a conveniently-sized device. 

A single-winding uncored transducer was investigated as an 

alternative to the toroidal cored single-winding device due to 

Skinner (11). Magnetic cores were rejected because they are 

drift-susceptible. To provide the drift rejection that opposition 

within a bridge engendered in Skinner's circuit, matched 

transducers were switched sequentially into circuit by mercury-

wetted relays. This greatly reduced thermally induced drift, but 

assessment of the underlying baseline drift was largely obscured 

by the strong temperature effects. During a week's trial, drift 

of 11 ppt was apparent, which is unacceptable. This could be 

improved by increasing the transducer size to raise the ratio of 

induced losses to the conduction losses within its an windings. 

This would also reduce contamination sensitivity. 

The all-position mercury-wetted relays appeared to be 

unstable and PIN diodes are recommended as replacements, although 

most low frequency PIN's are intended for high power switching and 

exhibit greater insertion loss than those designed for small-

signal applications. 

11 
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Earth capacitance and the action of balanced drive in 

eliminating stray coupling have been discussed. A copper foil 

screen of thickness greater than the skin-depth in copper was 

slitted meridionally to permit magnetic field penetration while 

containing electric fields. However, induced circulating currents 

within the highly-conducting screen caused considerable loss and 

partially demagnetised the exterior. In addition, there is 

evidence of coupling from accumulated charge at the slits. 

Confirmation of this effect requires further work, but it is not 

of immediate relevance because less conducting screens achieve 

good electric screening yet permit almost complete magnetic 

penetration. 	Silver paint screens with a single slit are 

recommended. 

Elliptic integral expansions are the most useful for plotting 

zero-order magnetic fields around solenoids, and Bessel integrals 

are most suitable for analysing one-dimensionally stratified media 

with cylindrical symmetry, although the integrals must be 

evaluated numerically, which can be time-consuming. This problem 

is especially severe when the Bessel function produces a highly 

oscillatory integrand. 

Analytic solution of a cylindrical box transducer within an 

infinite external medium is intractable and so the short solenoid 

was approximated by a spherical equivalent and also subjected to 

finite element analysis. As expected, these two approaches 

predict an initially linear response which reduces when the skin-

depth in the medium approaches the probe size. The transducers 

used in the salinaneter were much smaller than the skin-depth and 

could be enlargened considerably. However, it is not proven that 

drift could. be  reduced below 0.1 ppt per week, an acceptable drift 

in estuarine work. 

Unbalanced and balanced test circuits with amplitude and 

frequency stabilisation were built and compared to a catinercial 

VSWR bridge. The latter instrument gave markedly different 

results when testing high-Q components due to the amplitude of the 

'reflected' wave approaching unity. A balanced circuit with 
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'current-robbing' agc is preferred, but the problem remains of 

distinguishing capacitor losses from inductor losses in the 

resonant circuit. This limits the accuracy of the conductance 

measurement to about 10 %, as the capacitor Q exceeds even the 

inductor Q and cannot be evaluated accurately. 

Doubly-resonant separation-insensitive power and data 

cciriruinication links allowed permanent sealing of the watertight 

casing, as the battery need never be brought out for recharging. 

The separation-insensitive property has been proved simply and a 

shunt-excited scheme advanced as an alternative to the 

inconvenient series-excited schemes currently promulgated. 

Some non-contact techniques have been discussed, and although 

they permit contamination immunity, sensitivity is invariably 

lower. A very sensitive waveguide salincitter was built, for 

example, but the computed response of a field displacement 

transducer was very low despite its large size and high operating 
frequency. 

A modulated conduction cell method for eliminating electrode 

effects has been demonstrated, but the cell needs re-design to 

improve sensitivity, it requires a pump, and it is not ininune to 
contamination. 

Despite the pursuit of numerous alternative salinity 

measuring methods, the principal problems remain, notably the 

simultaneous attainment of sensitivity, contamination resistance, 
and immunity to drift. 



Appendix 1 : Derivation of the integral relations between the 

real and imaginary parts of impedance functions. 

Consider the voltage response of a linear one-port to a 
current impulse at time t=O. 

Let voltage response be v(t).Frcin causality, v(t)=v(t).h(t) 
where h(t)=1,t>0 and h(t)=O,t<O. 

The Fourier transform of h(t) is H( w) = 

Using the convolution theorem, 

00  V(w) 
= 2 

00  fv() H(w - üí)  

	

1
00 v(w) da) 	 (2) 

27r J 	(O - W 
-00 

Impedance Z( w) = V( (D )/I( w) = V( (o) as current is impulsive. 

/ Hence from (2) 	 00 
 

Z(w) = -J 
I 	

dw 

	

27r i o-w 	 (3) 
00 

Now Z ( - o) = Z*( w) because all transfer functions must produce 
a real output from a real input.Splitting the integration into 
zones between (-o) , 0) and (0, cx)  yields (4). 

	

-j 	

(00 
 z*() 	Z() 	(4) 

Z(w) = 	j 	- 	 dw 

	

27r 	W#W 	w - w 

Finally,splitting the impedances into real and imaginary parts 
leads to the desired result after a little algebra. 
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Appendix 2: Switched capacitor equivalent circuit of demodu-
lator in figure 3.2. 

The current source I' and Ri are converted to their 
voltage source equivalent and the driving amplifier is con-
sidered to have very low output impedance. Series resistors 
in simple switched capacitor networks do not in any case in-
fluence the nodal voltages,only the rate at which they are 
attained after switcthing.Ri can thus be ignored and the vol-
tage source in the output circuit merely alters the offset. 
Break-before-make switching enables the earths on each side 
of the switches to be assigned arbitrarily to simplify 
analysis. 
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I. R1 

The switched capacitor charge transfer networks in the 
second diagram are obtained by reference to standard 
tables. The input series capacitor is a 'floating 
capacitor' ,the upper switched capacitor is a 'toggle 
switched inverter' ,the lower switched capacitor is a 'toggle 
switched capacitor' ,and the output capacitor is also a 'tog-
gle switched capacitor s . 

The zig-zag markings on some charge-transfer admit-
tances is a reflection of their equivalence to dissipative 
components in conventional networks. 

c=C1 

C 	 , 	I 	_ 
even input 	 I 	odd otpt 

QT/UI_ 	U 1 __ 	H 0  odd input 	 even output 
C = Ca 	 C = (2 	 C = Co  



Appendix 3: Polynomial-logarithmic expressions for complete 
elliptic integrals of first and second kind. 

Canpiete elliptic integral of first kind 
7r12 

dt' 
K(m) 

= )0y 	m2sin2tIJ 

K(m) = (a0+a1 m+a2m ) + (b0+birna +b2rn ).Ln(1/m) + E(m) 

rn = 1-rn ; 0rn1 	; E(rn) < 3.10 

a0,= 1.3862944 	b0 = 0.5 

a1 = 0.1119723 	b1 = 0.1213478 

a2 = 0.0725296 	b2 = 0.0288729 

Complete elliptic integral of second kind 

7t/2___________ 

E(m) = 
f 

ill -m2sin2P dtI' 

) + (b1 m~brn2 ).Ln(1/rn) + c(m) E(m) = (1+aima +a2m  
-5 

ma = 1-rn ; 0(m1 ; E(m) < 4.10 

a1 = 0.4630151 	b, = 0.2452727 

a 2 = 0.1077812 	b2 = 0.0412496 
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(fran (165)) 
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Açerxlix 4: Polynanial approximations for the Bessel function 
of first kind and first order. 

J1(x) = x.C.(x/3) 	+ E(x) , x < 3 

I E(x) 1<1.3 x 10_8  

J1(x) =x 1/2F(T) 	, x ;3 

where F =F.(3/x)'' 	+ E(x) , IE(x)I<Z4x1o8 

and 	T = x+ ET n  .(3/x)" + E(x) , IE(x)k9xlo8 

CO  = 0.5 	, F = 0.79788 456 ,T0' = -2.35619 449 
C1  = -0.56249 985 , F1  = 0.00000 156 iT1  = 0.12499 612 

= 0.21093 573 , F = 0.01659 667 iT2  = 0.00005 650 
C3  = -.0.03954 289 , F3  = 0.00017 105 PT.4  = -0.00637 879 
C4  = 0.00443 319 , F =-0.00249 511 iT4  = 0.00074 348 
C5  = -0.00031 761 , F5  = 0.00113 653 PT  = 0.00079 824 
C6  = 0.00001 109 , F6  =-0.00020 033 PT  = -0.00029 166 

(from (165)) 
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