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SUMMARY

The results of investigations carried out by the
author, into the feasibility of producing a multichannel
radio-telemetry system compatible with chronic implant-
ation in small animals, and the relevant GPO telemetry
regulations, are reported.

Some aspects of RF propagation from small implanted
antennae are considered in Chapter I, and the design of a
practical RF transmitter is presented. The results of
investigations into biological signal and telemetry
channel bandwidths are reported in Chapter II and reasons
are given for the choice of an FM/FM multiplex system.
Various miniaturisation techniques are assessed in
Chapter iII and the arguments in favour of the use of a
thin film hybrid technélogy are presented. Aspects of the
technology which lead to constraints in circuit design are
also considered.

The design of a number of component modules of a
potential multichannel system is described in Chapter IV,
and thin film layouts for some of these are presented,

together with some performance data.



INTRODUCTTION

The application of radio-telemetry to the field of
physiological parameter measurement is rapidly becoming more
widespread. (Kimmich and Vos, 1972). The availability of
‘semiconductor active devices and micro-miniature discrete
components has enabled the construction of high-performance
télemetry transmitters, within limits of size and weight,
acceptable for use with the larger animals.

Radio-telemetry can permit biological variables, such
as temperatures, pressures and bio-potentials, to be meas-
ured under realistic experimental conditions, with a minimum
of interference to normal behaviour patterns. The elimina-
tion of trailing wires from transducers to monitoring
equipment reduces stress to the subject, and can permit
complete freedom of movement during exercise. Problems due
to lead induced transients and mains-hum pick up are
reduced, and potential danger to the subject from failure
of mains-powered monitoring equipment is eliminated. 1In
many cases, particularly in the study of animals in their
natural habitat, radio-telemetry may prove to be the only
satisfactory method of measurement.

If the entire telemetry transmitter and power supply
can be implanted within the body of the subject, the level
of stress to the subject may be reduced still further.
Long-term bio-potential data retrieval is made possible
without the need for maintenance of the skin/electrode
interface, and the possibility bf infection is eliminated,

where leads from internal electrodes would otherwise have



to pass through the skin.

Many implantable radio-telemetry devices have been
described since the earliest 'Eﬂdoradiosondes'. (Mackay,
1957Yﬁ The majority of such implantable devices have been
based on either a 'squegging' oscillator, whose performance
has been analysed by Lin and Ko (1968), or on a single
transistor Colpitts or Hartley oscillator, with provision
for frequency modulation, as described by Green and Shore
(1969), Marshal and Celebi (1970) and Brown (1971). Such
devices have only very few components to keep them small
and light, nevertheless reliability can be a problem. (Barr,
1972) .

More complex circuits, of improved performance, using
sub-carrier oscillators, have been described by Michael and
Weller (1968) for use with Rhesus Monkeys, and by Riley
(1970) in sheep and cows. These circuits also use a single
transistor RF oscillator, where a single tuned circuit is
used for both carrier generation and radiation. These two
functions, however, are mutually antagonistic, since for
efficient radiation the antenna must match well into the
sufiounding‘medium; and for good carrier frequency
stability, the frequency determining elements must be in-
sensitive to changes in that medium. Recent deve10pments-
in microelectronics have made possible the construction of
more complex and reliable circuitry, within dimensions
which have previously been considered acceptable for
implantatidﬁ in small animals.

Such devices were required by scientists of the

* p.12.



Agricultural Research Council's Poultry Research Centre'
(PRC) in Edinburgh to facilitate work on avian physiology,
and a liaison between the PRC and the University of
Edinburgh, Department of Electrical Engineeringf evolved.
Sinée 1967, the author has been employed by the PRC and
has been working in the Department of Electrical Engineer-
ing on the development of implantable telemetry
transmitters. It was considered that a Thin Film Hybrid
Technology would best satisfy the requirements of this
project. Initial work on the electron-beam evaporation of
metals and the influence of deposition parameters on film
properties was therefore carried out concurrently with work
on subtractive photo-lithography and component attachment.
This led, in 1970, to the establishment of a standard pro-
cess based on a Ni-Cr/Au/Si-O film system. (Filshie and
McGee, May 1974). This process has been used for the
fabrication of two single channel telemetry transmitters
to handle the avian ECG/EEG signals, and deep-body temp-
erature. (Filshie and McGee, June 1974).

Considerable experience has now been gained in the
use of these devices 'in vivo', for the continuous
monitoring of single biological variables. It is now
apparent that simultaneous monitoring of more than one such
parameter will greatly facilitate the physiological work by
eliminating the need for multiple experiments. The
succeeding chapters present the results of investigations.
carried out by the author, into the feasibility of pro-
ducing a micro-miniature multi-channel telemetry
transmitter, compatible with chronic implantation in

'Gallus Domesticus' and existing GPO telemetry standards.
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CHAPTER 1

RADIO TELEMETRY

1.1 GPO Telemetry Regulations

The use of radio-telemetry devices for medical and
biological applications in the UK is restricted by the HO¥
to licenced users. Mandatory minimum standards of
performaﬁée have been specified for three permitted classes
of devices and are published by HMSO (1968) in Performance
Specifications Numbers: -

W6802 for Class I devices

w6803 fér Class II devices

W6804 for Class III devices
A brief summary of the most important requirements for
telemetry transmitters follows.

Class I devices must normally be wholly contained
within the body of an animal or man, and must have useful
range, when used in conjunction with appropriate receiving
equipment, not appreciably in excess of 1.5m. Operation
is permitted on any frequency within the band 300kHz to
30MHz, provided that the mean DC power input to the
transmitter does not exceed 5mW if operating continuously,
or 1lmW if pulsed. The RF bandwidth is undefined, but
emissions at anyifrequency other than that of the carrier
and sidebands comprising the modulation envelope are
considered spurious, and their»field strength, when
measured at 10m distance from the transmitter in any plane,

’

must not exceed 50uV/m.

* Fome Ofl'ice.3 b



Class II devices must operate in the frequency band
102.2 to 102.4 MHz. Specification no. W6803 states that
'"Amplitude or angle modulation up to a maximum of #S50kHz
is permitted'. The maximum un-modulated carrier power
must not produce a field strength greater than 1lOpV/m at
a distance of 15m in the same horizontal plane as the
transmitter. Spurious signal power, ie lying outwith the
band 102.2 to 102.4 MHz, is measured in the absence of
modulation and no iﬁdividual spurious component may exceed
a field strength of 1l0uV/m at a distance of 3m in the same
horizontal plane as the transmitter. The carrier frequency
must be such that ‘'significant emissions' shall be con-
tained within the band 102.2 to 102.35 MHz. This condition
must be satisfied over a temperature range of 0°C to 4OOC,
and throughout the full range of battery voltage.

The maximum range of operation of Class II devices is
not explicitly stated in the GPO specifications. The max-
imum permitted field strength of 1lOpV/m at 15m distance
allows the range-to be calculated if the gain of the
receiving antenna and the receiver sensitivity is known.
The free-space wavelength ( N ) at 10OMHz is = 3m.
Consequently, at a distance of 15m the induction field is
insignificant and the radiation'field strength falls off
linearly with distance. An example of this range
calculation for a Class II device is shown below. The
standard expressions used in the evaluation are taken from

Connor (1972).



A field strength of 10pV/m is equivalent to a Power Flux
Density (Py) of

E2

Pq = E.H = 120w

= 2.65 x 107'3® w/m? (1.1.1)

where E = 10puV/m

_E
120rn

The effective aperture (Ar) of a half-wave dipole (whose
gain (Gr) is x 1.62 or 2.17 dB) operating at A = 3m is

given by

2
A= G %R = 1.16m? (1.1.2)

The power received (Pr) by the half-wave dipole at 15m

distance is therefore

- - =13 .
P_=Py.A = 3.05 x 10 watts (1.1.3)
V.2
But P = IR where V. is the voltage developed across
r

the receiver aerial terminals and Rr is the antenna
radiation resistance = 73%.

1/ .
M — 2
SV = (4P_R) 7% = 9.4pv (1.1.4)

The sensitivity of the Leak3Delta FM Receiver, whose per-
formance is investigated further in Chapter II, is quoted
by the manufacturers to be 2.5uV aerial input for a 30dB
output s/n ratio. The effective maximum range for a

30dB s/n ratio is therefore

9.4 _
15 x > 5 = 56 metres

Class III devices also operate within the band 102.2
to 102.4 MHz, and are permitted a maximum unmodulated

carrier power output such that the field strength shall



not exceed 1lOpV/m when measured at a distance of 200m in
the same horizontal plane as the transmitter. Specifica-
tion no. W6804 states that 'Amplitude or angle modulation
up to +5kHz is pérmitted', but operation is restricted to
two spot frequencies within the band, viz CHANNEL A - 102.36
MHz and CHANNEL B - 102.39MHz. Carrier frequency drift
must not exceed +3kHz over a 0°C to 40°C temperature

range, and over the full working life of the battery.
Spurious signal power is again measured in the absence of
modulation. The power of any individual spurious signal,
at a frequency removed from the carrier by more than 20kHz,
shall not cause a field strength of greater than 1l0uV/m at
a distance of 3m in the same horizontal plane as the
transmitter, under all conditions of use. An additional
point in the Class III specifications is that the spot
frequency of 102.375MHz may be used for control of
transmitters working on either CHANNEL A or CHANNEL B.

The GPO specifications also cover associated receiv-
ing equipment and lay down performance requirements which
are much tighter for 1OOMHz equipment than for the band
below 30MHz. Class I device users are merely required to
optimise receiver performance, and to limit spurious
radiations from the receiving aerial to a field strength
of 50pV/m at 10m distance. The specifications relating
to receivers for use with Class II and III devices, include
quite stringent requirements relating to rejection of
unwanted signals, spurious responses and spurious emissions
from the receiving aerial. One consequence of these

requirements for Class II and III device users is that



most commercial FM broadcast receivers covering the band
88 to 108 MHz, would not comply with the requirements
without modification. (Weller and Manson, 1972). Comm-
ercial broadcast receivers covering the Class I frequency
range are ﬁsually designed for A.M. reception.
Unfortunately, there are considerable advantages in the use
of FM for impiantable Class I devices.

The legal user is thus constrained either to purchase
a relatively expensive receiver designed specifically for
telemetry applications, or to involve himself in consider-
able modification of relatively cheap receivers. This

applies to all three classes of operation.

1.2 RF Propagation

The equations which describe the alternating electric
and magnetic fields produced by a small electric or
magnetic dipole source, consist of two terms which are
added. (Kraus, 1950)% These can be considered to rep-
resent two superimposed, but not independant, electro-
magnetic fields. The first term represents the near or
induction field which consisfs of electric and magnetic
field éompoﬁents wﬁich are 90° out of phase. In free
space, this field returns its energy to the dipole source.
Its field strength varies as the inverse square of the
distance from the source has a maximum value along the
dipole axis and a minimum, of half that value, in the
perpendicular plane. The second term represents the far
or radiation field which consists of electric and magnetic
field components which are in phase. The energy of this

* p8



field is effectively detached from the source, and prop-
agates through space. Its field strength varies inversely
as the distance from the source has a maximum value in the
perpendicular plane and is equal to zero along the dipole
axis. At distances from the source, in the perpendicular
plane, of less than >‘/2r\ (where X = the wavelength in
the medium concerned), the near field predominates, and at
distances greater than this the far field becomes increas-
ingly dominant.

The radiation resistance (Rr) of an elementary
electric dipole, of length dl, operating in free space,

can be derived from Maxwell's field equations as:-

R_ = 80n 2 (%%)2 ohms : Kraus (1950)* (1.2.1)
where A is the operating wavelehgth in free space.

This expression is derived on the assumption of a
uniform current distribution along. the length dl, and can
be justified for dl1 < M/10. For dipole lengths of A/10
to 'N/4 a linear current distribution may be assumed, if
one end is grounded. For dl1 > )/4 a sinusoidal current
distribution may be assumed.

If the above expreésion for R_ is evaluated for dl
= XN\/3, the error involved in the use of the uniform
current approximation is in the region of 5%. The radia-
tion resistance of a A/2 folded dipole, similarly
evaluated, appears as 1978, as against 1732 if a sinusoidal
current distribution is used,_giving an error of about 8%.
The great majority of practical antennae for use with
small animals will be much smallexr than )\/2, even at
102MHz (where MX/2 X 1.5m). The above expression for

RI may therefore be used as a good approximation.

¥ p 137



The radiation resistance (Rr) of a small magnetic

2

loop antenna of area (A)m° operating in free space may be

similarly derived as:-

R_ = 320 '(—}\‘3})2 ohms (1.2.2)
on the assﬁmption that the loop dimensions are such that
negligible phase change occurs around the loop circumfer-
ence. This is generally true for loops whose radii are
< A\/10. (kraus, 1950).%

If these expressions are evaluated for antennae whose
dimensions are compatible with implantation in small
animals, values of Rr are obtained which are very much
smaller than the intrinsic impedance of free space (ZO) of
37752.~ Such small antennae are therefore inefficient
radiators, and in general steps must be taken to improve
their radiating performance.

The effective length, and hence the radiation resist-
ance of a small electric dipole, operating below its self
resonant frequency, may be increased by 'base-loading' the
dipole elements with a lumped impedance at the driving
points. (Mackay, 1970)t This technique may be used to
bring a small dipole into resonance at the transmitter
frequency, and can result in a high-Q system. The
structure is, however, Vulnerable to changes in' antenna
geometry, and to the presence of nearby dielectric
materials. Both of these factors can cause de-tuning,
resulting in a reduction in transmitted power if the
antenna 1is driven at a constant frequency.

The effective currentand radiation efficiency of a

small loop antenna may be readily increased by incorporat-

¥ Plb?
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ing more than one turn, thus increasing the effective
current. This structure can be tuned to resonance with a
capacitor, to produce a high Q resonant antenna. The
structure may be de-tuned by the proximity of ferro-
magnetic ﬁaterials, and to a lesser extent by the

effects of dielectric materials contributing to the self-
capacitance of the coil. In work with small animals, this
is less of a practical problem than that of maintaining a
base-loaded electric dipole, in resonance. Increased mag-
netic flux densities may be readily obtained from a small
loop antenna by inserting small pieces of high permeability,
eg ferrite, material into the loop. Such materials can
have extremely small losses, even in the region of 100MHz.
Materials capable of concentrating electric flux to any
appreciable extent are invariably lossy at these
frequencies. One furthe: practical point regarding tuned
magnetic loop antennae is that their impedance may be
readily made significant compared with typical circuit
impedance levels. This allows more convenient matching

of the antenna to the transmitter than is possible with

short dipolé antennae.

1.3 Implantation of Antennae

The majority of standard texts on antennae theory are
concerned mainly with the far field radiation of relative-
ly efficient antennae systems operating in free space.
(Kraus, 1950), (King, 1956). In most biological radio-
telemetry work, the transmitting antenna is either

implanted within, or operates in close proximity to,
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living tissues. The mathematics involved in the descrip-
tion of the near and transition fields of small inefficient
radiating elements is complex, especially if their inter-
action with a finite volume of body tissue is taken into
account. 'Living tissue has a high water and ionic content
and, consequently, both its permittivity (£ ) and conduct-
ivity (ov) are quite high. Its magnetic permeability ()
is, however, close to that of free space. (& = 80,~ = 0.4
mho/m, p = 1). (Schwan, 1960). The field strength of a
transverse electromagnetic wave passing through an isotropic
medium is attenuated exponentially with distance () by

an attenuation facfor (o()'which increases as the square
roots of both the conducfivity (o~ ) and the permeability
() of the medium, and as the square root of the frequency
(w) of the wave. The peﬁetration depth (d) in this
situation is defined as the propagation distance at which
the E-vector has fallen to 3é (=0.37) of its original

value (EO), ie

~X W

1
(o) © where s = ((ﬁ)—%‘z)/2 nepers/m (1.3.1)

E () = E

« is therefore equal to V and can also be shown to be

‘a
equal to Zﬂ/A where A is the wavelength in the medium:
Mackay (1970)7%

Most experimental work on penetration depths in bio-
logical tissue has been carried out in the frequency range
used for microwave dia-thermy (2450MHz), with particular
attention being paid to the heating effects of the

absorption process. Such work is well reviewed by Schwan

and Piersol (1955). Typical values of penetration depths

¥ p43s



at 100MHz, however, are quoted by Schwan (1960) as 2.5cm
for muscle, 4.0cm for skin, 12cm for fat and 30cm for bone
and yellow marrow.

Radiation equations describing the fields produced by
small loop antennae immersed in a medium of defined perm-
itivity and conductivity have been developed by Bolie (1962)*
to aid the choice of optimum carrier frequencies for
implanted devices. He has predicted, by a numerical
evaluation based on his analysis, that no serious'loss due
to tissue absorption should occur to the field at 1Ocm
from a O.5cm radius loop, excited at 1OOMHz, and immersed
in body tissue. This analysis is, however, based on a
constant energising current in the loop. If, as is
frequently the case, the radiating loop forms part of a
series or parallel tuned circuit, the effect of the con-
ductivity of the surrounding medium is to reduce the Q-
factor of the resonant circuit, and thus to reduce the
circulating current. As pointed out by Bolie, any
boundary across which p, £ or o suffers a discontinuity,
will require an appropriate auxiliary treatment. Since
this is the case where the transmitting antenna is
implanted and the receiving antenna is not, the problem
of estimating the power loss due to reflection at the
body surface remains. This is ébviously a situation
where reliance must be placed on experimental data, where
this 1is available.

Buchanan et al (1968) have investigated the signal
strength polar diagrams obtained from small transmitters

operating in the 84 to 108 MHz region, before and after
% p 9u-105



implantation in Rhesus Monkeys. They have observed 'no
change of consequence' in the polarization and directivity
of the radiation field patterns so obtained. Their field
strength measurements show a considerable variation in
attenuation on implantation, from device to device, but a
figure of -3dB is typical. They attribute these results
to loading of the oscillator's tuned antenna circuit,
rather than to signal absorption by body tissues. Four
of the sixteen implants studied produced an 'anomalous'
increase in signal strength, typically about +3dB, but up
to +6dB in oné case.

This anomalous increase in signal strength on implan-
tation in a lossy mediuﬁ has also been reported by Ko and
Neuman (1967) and Mackay (1970)f A theoretical
explanation has, however, recently been produced by Ko et
al (1972). They have shown that if a radiating loop is
implanted within a conductive sphere, 'resonance' effects
occur whenever the loss-tangent of the conductive medium
is close to one and the diameter of the sphere approaches
the effective wavelength in the medium. For loss tangents
greater than one, resonance occurs where the sphere
diameter is‘less'than the effective wavelength.

In particular, in a muscle-like medium where the loss
tangent at 100MHz is 1.975 and the effective wavelength is
0.282m, an increase in the radiation field strength by a
factor of up to 1.75 can be obtained. This effect occurs
at a sphere diameter of 0.2m where the loop is unencapsul-
ated, and at O0.4m where the loop is encapsulated in a 3cm

diameter sphere of £ = 3.5, = 0 and p = 1. (Ko et al, 1972).

% p.385



The work of Schwan (1960), Bolie (1962), Buchanan
(1968) and Ko et al (1972), thus supports the author's
experience that implantation of small transmitters at
BOMH; and at 102MHz, in chickens, results in a small
change in signal strength, which has not proved trouble-

some in practical experimental situations.

1.4 Effect of GPO requirements on Antennae Design

The design of antennae systems for use in biomedical
radio-telemetry must be based on the considerations dis-
cussed in the previous sections, in conjunction with the
GPO.requirementSQ

For Class I devices, the highest permitted carrier
frequency is 30MHz, corresponding to a free-space wave-
length ( X\ ) of 10m. Since the maximum range of operation
is 1.5m which is less than A/2 , the induction field
predominates at the receiving antenna, and omnidirectional
reception'is, in principle, feasible. Optimum antennae
designs are achieved by maximising the capacitative or
magnetic coupling between the transmitting and receiving
antennae. Operation towards the high frequency end of the
permitted bénd is desirable from this point of view. If a
small electric dipole antenna is used, its Q-factor is
reduced, on implantation, by the conductivity of the body'
tissue and its effective length is increased because of
the reduced wavelength inside the body. The net effect is
that charges appear on the surface of the body, causing if
to behave asAa lossy dipole of variable geometry. The
electric induction field so produced will induce charges

on any nearby surfaces, and the carrier signal may be



received by appropriately placed electrodes. Such a
dipole will be de-tuned by body movements and the prox-
imity of nearby dielectric materials. It must therefore
be driven by a relatively stable carrier frequency
oscillator of such power that the resulting carrier
amplitude fluctuations can be tolerated.

If a magnetic loop antenna is used, smaller dimen-
sions are in general possible if high permeability ferrite
cores are used. As mentioned in the previous section, the
major effect of implantation is to reduce the Q-factor of
the antenna coil, thus reducing the circulating current.
This effect can be minimised by encapsulating the coil in
a conveniently large volume of low-loss dielectric
material. The high permittivity of the biological medium
can cause an increase in the inter-turn capacitance of
the coil. This effect is also minimised by encapsulation,
and may be further reduced by placing a suitable metallic
shield external to the encapsulation and so constructed as
to avoid producing a 'shorted' turn around the coil. If
the coil is dfiven from a fixed frequency source, the
effect of the residual de—tuning on implantation is to
reduce the circulating current still further. If,
however, the coil is part of the frequency determining
element of the oscillator, the effect is to reduce the
frequency of operation. For Class I devices, this can
usually be tolerated because of the wide range of permitted
operating frequencies.

The optimum receiving antenna for such a coil takes

the form of a loop of wire in the plane of the transmitting



loop. If this cannot be arranged, the two planes should
be parallel. The optimum loop diameter is then equal to
the separation beween the planes: Mackay (1970)T A
circular loop of'about 1.5m radius (ie circumference=x X\ )
would be self resonant at 30MHz. Loops of smaller
diameter than this will appear inductive and may be series
resonated with a capacitor to improve their matching to
the low-impedance aerial terminals of conventional
receivers. Reception close to a long wire, or a matrix

of long wires or loops, is also possible.

Class II devices do not have to be implanted but are
intended to be usea with an integral antenna. This is
interpreted by the GPO*Radio Regulatory Divisiondto mean
that the antenna must be contained within the body of
the transmitter, and the use of a whip antenna is pre-
cluded. Considerations of space available within any
practical device once again favour the use of a small loop
antenna.. The toroidal radiation field pattern of a small
loop is such that, if the plane of the loop can be main-
tained approximately horizontal, uniform radiation in a
horizontal plane can be achieved. A suitable receiving
antenna could then be a horizontal electric dipole, as
the radiation field E-vector is horizontal in this
situation.

The transmitting antenna considerations for Class III
devices are essentially the same as for Class II devices,
viz. an integral antenna must be used. The permitted
range of operation is, however, about thirteen times

agreater than that of a Class II device.

* now HO**
tp. 231,



On the basis of preéeding sections, a small loop
antenna, probably incorporating ferrite materials, best
fulfils the requirements of Class I, Class II and Class
III operation, where work with small animals is involved.
Such a loop will operate, for Claés I devicés, as the
primary winding of a loosely coupled transformer, and omni-
directional reception is in principle possible.
Omnidirectional reception of a Class II or III device can
be achieved if a 'spinning field' can be generated. This
can be accomplished if a second resonant loop is mounted
perpendiculér to the first, and driven 90° out of phase.
This can be achieved by 'critical' coupling of the two

coils: Mackay (1970)F

1.5 An RF Oscillator

In éll physiological and behavioural experiments, it
is important that the use of radio-telemetry does not
adversely affect the environmental conditions of the sub-
ject. For instance, in the Study-of battery hens, the
birds 'natural environment' is a cage of small dimensions
(usually less than 0.75m). The limited range of a Class I
transmitter is thérefore no problem, as the receiving
antenna may consist of a loop of wire around the cage.
Birds housed in déep—litter or free-range conditions are
freé to roam over wider areas, and the increased range
permitted under Class II or III conditions would be highly
advantageous.

As mentioned in the previous section on Implantation
of Antennae, a small shift of carrier freduency can

usually be tolerated of a Class I device, because of the

¥ p233



wide range of permitted operating frequencies. The antenna
coil may therefore form part of the frequency determining
network of the carrier oscillator. For Class II devices,
the relatively narrow bandwidth available (150kHz), means
that careful consideration must be given to the frequency
deviation (Af) and message bandwidth (fm) used, to ensure
that any carrier frequency drift will not cause significant
emissions outwith the permitted band. It is therefore nec-
essary to minimise or characterise any frequency shift after
implantation.

Class iII devices are permitted the greatest range,
but the required carrier frequency stability is such that
crystal control of the RF oscillator is virtually éssential.
The maximum frequency deviation which can be produced in a
crystal controlled oscillator is a function of the mode of
oscillation of the crystal. In general, the higher the
overtone of oscillation of the crystal the less is the per-
centage deviation that can be produced. (H.M. Brash,
Personal. Communication).

10OMHz crystals using bulk piezo-electric effects
typically operate in the-third or fifth overtone mode and
insufficient deviation is available for wideband FM. Class
III transmitfers, therefore, generally use a low-frequency,
fundamental-mode crystal oscillator, followed by a number
of frequency multiplier stages, to produce the required
carrier frequency. Typical examples of this design approach
are described by Castelfiori and Dubini (1972) and by

Stalberg and Kaiser (1972).
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Figure 1.5.2 Colpitt's Oscillator: Thin Film Layout
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Such transmitters are invariably too large and consume
too much power to be considered for implantation in small
animals. This situation may, however, change as oscillators
based on Surface Acoustic Wave (SAW) devices become avail-
able. Such oscillators can have frequency stabilities
approaching that obtainable from conventional bulk crystal
oscillators and are capable of direct wideband FM genera-
tion (Lewis, 1973). An SAW device suitable for Class II
operation is currently under development at the Royal Radar
Establishmept5, Malvern, but samples will not be available
for evaluation until 1975.

An RF oscillator capable of driving small loop antennae
in accordance with Class‘I and II conditions was therefore
developed and laid out in thin-film form by the author, in
cooperation with Dr. J.H. Filshie of the Poultry Research
Centre. A schematic diagram of the oscillator is shown in
Figure 1.5.1. The Thin Film layout, on a substrate size
of 0.5 inches x 0.25 inches, is illustrated in Figure 1.5.2.
Frequency modulatién of this oscillator is achieved by the
application of a message waveform to a varicap diode (D1)
in the frequency determining network. C; serves as a DC
blocking capacitor for the varicap bias voltage and, in
conjunction with the diode capacitance of around llpF,
provides a feedback factor of about one-third, while
reducing the RF voltage swing across D1 by the same factor.
This results in a reduction of the carrier distortion that
is otherwise intxoduced where the RF voltage swing across
D1 is significant compafed with the reverse DC bias volt-

age. The author has relied heavily on the results of



investigations (presently unpublished) by Dr. Filshie into
the linearity of this modulation technique and the carrier
distortion introduced. Typically, second and third harmo-
nic levels are measured on an Airmec® Wave Analyser Type -
853, as more than 25dB down on that of the unmodulated
carrier. Typical modulation sensitivity is 13kHz/mV at
102MHz .

The power output of the oscillator can be altered by
means of the ultrasonic wire-bonding options provided on
Rs.

Practical experience of implanted use of this oscill-
ator has been gained at 27 to 30MHz and at 102.36MHz. In
both cases the antennae used consisted of a few turns of
36 SWG copper wire wrapped around a 4mm diameter Aladdin’
former Type 8A-4387 (fitted with a 6mm Aladdin 'R7' grade
ferrite slug). Resonance in the 27 to 30MHz region was ob-
tained with 11.5 turns, and resonance at 102.36MHz was
obtained with 3.5 turns. Typical Q-factors obtained were
138 at 30MHz and 25 at 102.36MHz. These values fell to 124
and 20 respectively when the coils were embedded in the
paraffin wax mixture described in section 3.8. The R7 grade
material is not intended for operation above about 50MHz,
and lower high-frequency losses should be possible using R9
grade cores. It has not proved possible to obtain these as
yet but data published by Aladdin indicates that Q-factors
of 50 to 60 should be possible using R9 cores at 100MHz.

Antennae coils such as thése have a positive temper-

ature coefficient of inductance leading to a decrease in



centre-frequency on implantation. This effect is mini-
mised by deriving the varicap bias voltage from a potential
divider which includes a thermistor (R,) with a negative
temperature coefficient of resistance. Provision of ultra-
sonic wire-bonding options on R; enables a wide range of
positive antennae temperature coefficients to be equalised.

The Class I devices gave satisfactory reception when
implanted sub-dermally in chickens and run on a supply
vvoltage of 4.35 volts at currents of about 120pA in the RF
transistor. The chickens were kept in experimental cages
measuring 4O0cm x 45cm x 55cm high and the receiving aerial
was a loop of wire around the cage, series tuned with a
3-30pF beehive trimmer. A Dynatel® DRT3 receiver was used.
The required transmitter power for an acceptable signal-to-
noise ratio at the receiver output is a function of the
level of electrical interference present. In one particu-
larly noiéy environment currents of about 400pA were
required for satisfactory reception.

The Class II devices operate in a frequency band which
is much quieter, and is moreover restricted for use in bio-
medical teleﬁetry. .This, together with the increased
efficiency of the small antennae coils at this higher
frequency, gives a greatly increased range for a given
power consumption. Typical devices operating on a 4.35v
supply, and drawing about 820pA, give a range cf about 25m
when used at 50kHz deviation, in conjunction with a Leak |
Delta FM receiver fitted with a half-wave dipole antenna.

In many applications, the size of the transmitting antenna



may be increased considerably, resulting in much reduced
power consumption for a given range. The above figures on
power consumption are therefore almost 'worst case' con-
ditions, and a considerable improvement is anticipated when
R9 grade ferrite cores become available.

When implanted, these devices have been powered by
battery packs consisting of three mercury cells (Mallory9
type RM 675H). The cells are each 11.56mm diameter by
5.4mm high and have a capacity of 170mAh. These particular
cells were chosen as they have the highest capacity per
unit volume of the manufactured range. The battery packs
weigh about 1Ogm when fully encapsulated for implantation.
The actual life of a 200pA transmitter powered by such a
battery pack is usually observed to be about 75 to 80% of
that calculated from the published capacities of the
batteries. This reduction is associated with the unknown
and variable time elapsing between the manufacture and use
of the cells, rather than with 1eékage effects on implant-
ation.

The encapsulation appears quite satisfactory in use,

and will be described in section 3.8.



CHAPTER 2

MULTICHANNEL TELEMETRY

2.1 Biological Variables

Considerable insight into animal physiology can be
gained from the continuous monitoring of a single physio-
logical parameter. This can allow normal levels to be
established, together with typical deviations from these
levels. Considerably more information can be gained if
these variations can be correlated with observed behaviour
patterns, or changes in the environment of the subject.
Typical experiments therefore involve establishing the
'transfer function' of the subject by changing the system
inputs, eg environmental conditions and diet, while ob-
serving the resulting system outputs, eg body and skin
temperature, respiration and heart rate. The complexity

- of the biological system is such that a change in a single
input parameter will typically cause changes in a number
of physiological parameteré. The requirement for a multi-
channel telemetry link arises whenever two or more para-
meters of interest cannot be readily assessed by the
observer without disturbing the experimental conditions.
In this case, a multi-channel telemetry system can enable
correlations between the physiological parameters to be
confidently assessed without the need for complex and
repetitive experimental procedures, which themselves may

“invalidate the results obtained.



For example, studies of the !'fight/flight' syndrome in
Gallus Domesticus as described by Duncan et al (1974)
would be facilitated if skin temperature and heart rate
variations were simultaneously available from unrestrained
birds. Another subject currently of interest to poultry
researchers is the level of stress experienced by birds
housed in battery cages., compared with that experienced by
free range birds and those housed in deep litter pens.
'One approach here is to monitor parameters known to be
correlated with stress in other less inscrutable animals.
No single parameter, however, provides a reliable index
and again an implantable mulfi—channel system would be
helpful.

Consideration will now be given to the frequency and
amplitude range of some typical biological parameters,
with a view to establishing the feasibility of multi-
channel telemetry, within Class II constraints.

The great majority of biological events occur fairly
slowly. The lowest frequency events are associated with
deep-body temperature variations, the action of the
respiratory system, chemical activity and internal pressure
variations. ., For these, a frequency response extending to
DC is required of the data link. Low frequency events
are also encountered in electrical bio-potential measure-
ments associated with the action of the heart, brain and
smooth muscle. These bio-potential measurements, however,
are complicated by the low ampiitudes of the signals

observed, where remote electrodes are used, and by the



relatively high and variable bias potentials associated
with the tissue/electrode interface. These factors
generally place impractically high requirements on the
dynamic range of the meésuring equipment. Bio—poteﬁtial
preamps are therefore generally AC coupled, with input
time constants of from 1 to 5 seconds.

The highest frequency events are encountered in myo-
electric activity, particularly if sub-cutaneous elec-
trodes are used. For this application responses extending
to 500Hz or very occasionally 2kHz may be required.
Transient components as high as 200Hz are observed in the
EEG signal recorded from scalp electrodes, although the
bandwidth of clinical significance extends at present from
about 1Hz fo.about 30Hz. Fourier analysis of the fairly
rapid avian ECG (typically about 330 beats/minute) has
recently revealed 85% of the signal power to lie below
100Hz. (J.H. Filshie: Personal Communication). Data
bandwidths of iess than a few hundred Hertz are therefore
required for the great majority of biological parameters
presently of interest.

The lowest values of Clinically significantvbio-
potentials are generally agreed to be present in the EEG
waveforms recorded from scalp electrodes. (Dummermuth,
1970). Components of about 1OuV amplitude may be of
interest, although the signal is typically of around 50pV
peak to peak. Larger signal amplitudes up to about 200uV
may be obtained from cortical electrodes.

The peak to peak amplitude of the QRS complex of the

avian ECG signal is typically in the region of 180V, as
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PARAMETER

FREQUENCY

SIGNAL LEVEL

HUMAN
Body Temperature
ECG

EEG

EMG

Pulse Rate

Blood Pressure
Respiratory Flow
Respiratory Rate

Stomach pH

AVIAN
ECG
EEG
Deep Body Temp.

Skin Temperature

DC to O.1 Hz
0.1 to 100Hz
0.5 to 100Hz

10 to 200Hz

0.5 to 4Hz

0.5 to 100Hz
DC to 10Hz
0.1 to 4H=z

DC to O.1lHz

0.6 to 200Hz
0.6 to 100Hz
DC to O.1Hz

DC to O.1Hz

35 to 40°C

0.75 to 4mV
10 to 100pV
0.1 to 4mV
40 to 210/min.
O to 250 mm Hg.
O to 250 1/min.

8 to 150/min.

+50 to 200uV
100V
38 to 43°C

30 to 40°C

Figure 2.1.2

Physiological Variables




detected by sub-cutaneous silver wire electrodes spaced a
few cm apart, close toc the heart. Figure 2.1.1 shows a
typical time averaged avian ECG signal obtained from an
implanted single channel transmitter.

Potentials in excess of a millivolt may be induced
in surface electrodes from the contraction of large muscle
masses and by the action of the human heart.

Typical values for a range of physiological variables
have been collated from a large number of sources and are
presented in Figure 2.1.2. A final point relevant to the
~ design of biological telemetry systems is that in many
cases a high precision of measurement is not required and
data with even 1l0% error may still be highly significant.
Absolute accuracies of better than 1% (equivalent to a
signal-to-noise voltage ratio of 40dB in an analogue

channel) are rarely required.

2.2 Receiver Performance

The information content of typical biological signals
will now be compared with the capacity of a Class IT
telemetry channel. - The base-bandwidth (£f,) and signal-to-
noise ratio available at the receiver output are a function
of the RF modulation parameters used and the performance of
the receiver.

A peak frequency deviation (Afc) of 50kHz, and a
limit on 'significant emissions' of 150kHz, define the
available RF channel. Some receiver performance speci-
fications are listed in the GPO regulations, but as yet

(December 1973) no commercially manufactured radio



receivers have received GPO type approval for Class II
applications, and the majority of telemetry users operat-
ing at 102MHz in the UK do in fact use standard broadcast
receivers, which cover the range 88-108 MHz.

The IF bandwidth and discriminator characteristics
of such receivers are tailored to suit the reception of
standard VHF broadcast transmissions where a peak
frequency deviation (Afc) of 75kHz is used. A substan-
tially flat baseband response extending to 15kHz for mono-
phonic broadcasts, is available from these transmissiéns,
ie a Modulation index (D) of 5 is used. Since the
frequency spectrum of such a transmission is infinite in
extent, any practical definition of bandwidth occupancy
must be fairly arbitrary. A general approximate rule of
thumb attributed by Rowe (1965)*to J.R. Carson (1937)
states that satisfactory reception may be achieved over a
transmiséion bandwidth equal to twice the peak carrier
deviation (2Afc) plus twice the frequency of the highest
frequency component of the modulating signal (2fm). This
rule is widely used in IF filter design, and apparently
gives satisfactory‘results for systems with a Modulation
Index (D) = 5, when combined with the additional moderate
bandwidth allowances made for local oscillator drift.
(Sunde, 1969). If this criterion is applied to a standard
broadcast transmission, the predicted 'bandwidth

occupancy' is
2 (AfC + fm) = 2 (75 + 15) = 180kHz

¥ plo3
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Alternatively, if the transmission bandwidth is such as to
pass unattenuated all sideband components of amplitude
greater than 1% of that of the unmodulated carrier, then
for D = 5 there are eight 'significant' sideband components
dispersed symetrically on either side of the carrier, and
the bandwidth is given by 2 x 8 x £, = 240kHz. (Schwartz,
1959).*

Investigation of some commercially available VHF
broadcast receivers has shown a considerable variation in
the IF bandwidth used. The narrowest was found to be that
of the now discontinued Leak 'Troughline' receiver, where
the linear portion of the discriminator characteristics
extends over only about 150kHz.

The majority of cheaper mono-receivers (eg Sinclair'©
Henry's Radio'') and the Mullard'? Modules LP1186 and
LP1185, are designed for 250 to 300kHz, while the Leak
'Delta FM', designed for stereo-reception, uses a 600kHz
IF bandwidth.

The signal-to-noiseé ratio at the output of an FM
receiver is a function of the signal strength available
at the aerial input, and the modulation parameters of the
transmission. The curves of Figure 2.2.1, based on results
obtained by Crosby (1937) and Downing(l964)1revea1 the
general form of the relationship and show the threshold
effect typical of wideband FM systems. The region of
these curves between the noise threshold and the
threshold of maximum FM improvement is known as the
capture-transition region, andioccurs where the carrier

and the noise are of comparable power. For band-limited
X P3OS
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Gaussian noise, the amplitude probability curve 1is a
Rayleigh Distribution, and the range of input signal amp-
litude required to move from the noise threshold to the
maximum-improvement threshold has been shown by Panter
(1967)*to be about 4dB.

At input signal levels above the threshold of maximum
F M improvement, the use of an IF bandwidth much wider
than thét of the transmission causes a wider noise band-
width at the discriminator output. Since this noise
spectrum is restricted by the post-detection baseband
filter, only those noise components within the band
fIF + fm contribute to the output, and no severe reduction
in output signal-to-noise ratio is caused by the wider IF
bandwidth.

If the input noise spectrum to the IF strip is
assumed to be flat, then tbe noise power applied to the
discriminator is proportional to the IF bandwidth.
Consequently, the use of an IF bandwidth much wider than
that of the message spectrum might bé expected to result
in an increase in the input signal level necessary to
reach the impiovemeﬁt threshold.

The threshold performance of the 'wideband' Leak Delta
FM tuner was therefore investigated using the experimental
set-up illustrated in Figure 2.2.2. For large IF input
signal amplitudes the entire discriminator response is
displayed on the oscilliscope. As the input signal
amplitude is reduced, the characteristic breaks into

noise at the extremes of the response curve. The

¥ P L32
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range of A f over which satisfactory capture perfofmance
is achievéd, is therefore reduced. Figure 2.2.3 shows the
results obtained. This performance is obtained because

of the use of a linear-phase characteristic in the IF
bandpass filter. This is usually justified by the need to
minimise phase distortion in the IF strip, which would
result in distortion of the demodulated output. A con-
sequence of this is that the resulting amplitude/frequency
response of the IF strip deviates considerably from the
rectangular 'zonal filter' response so frequently used in
theoretical analyses of FM receiver performance. 'The
broad 'low Q' frequency response obtained from the linear-
phase filter ensures that large deviation signals are
attenuated by the skirts of the IF response, and require

a large émplitude input signal for satisfactory capture
performance in the discriminator. Conversely, narrow-
band signals are passed with virtually no attentuation
through the centre of the IF filtér response and much
lower input signal amplitudes are required for satisfac-
tory capture performance. Figure 2.2.3 represents the
situation occurring at tﬁe discriminator output, ie before
the noise spectrum is modified by the subsequent base-band
filter and de-emphasis network.

The curves of Figure 2.2.4 redrawn from Downing (1964)*
show that the discriminator noise output power spectrum is
parabolic above the maximum improvement threshold and the
resulting dominant high frequency noise components are

attenuated by the base-band filter. In the capture

Ypios
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transition region, however, the impulsive nature of the
discriminator output noise causes a flattening of the
parabolic power spectrum and results in significant noise
components within.the pass-band of the base-band filter.

The resulting overall performance of the Leak Delta
FM tuner was investigated using a Marconi'?® VHF-FM signal
generator type TF995A/2M connected to the aerial input,
and a Hewlett Packard'? HP180 oscilliscope fitted with a
type 1801lA plug-in connected to the demodulated output.
The aerial input required for threshold operation (ie a
30dB output signal-to-noise ratio), was determined as a
function ofAfc. |

These results, plotted in Figure 2.2.5, show that
because of the threshold reduction to be obtained with
narrxow band trgnsmissions, no severe reduction in overall
system performance is anticipated due to tﬁe use of a
'broad-band' entertainment receiver for reception of the
Class II transmission.

It is now necessary to considexr what choice of
modulation parameters available within the Class II con-

straints, will make best usé of the available RF bandwidth.

2.3 Class II Modulation Parameters

Because of the non-linear (exponential) modulation
process involved in the generation of an FM wave, the
resulting RF spectrum consists of an infinite number of
upper and lower sideband components, separated in the
frequency domain by all integral multiples of all the

modulating frequencies, and all orders of intermodulation
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products of these frequencies. In the case of modulation
by a single sine wave, the amplitudes of the resulting
sideband components are described by the set of Bessel
Functions ( Jp(D) ) of the first kind, of order (p) and
argument (D), the modulation index. (Schwartz, 1959) .*
Any band-limiting operation performed on this spectrum
must result in distortion of the original message wave-
form, except that 'n'th harmonic distortion caused by the
elimination of sideband components due to modulating
frgquencies greater than fm/n, will be attenuated by the
post-detection base and filter.

Reference to a plot of the relevant Bessel Functions

=
2

the only functions of significant amplitude are JO(D) and

Jp(D), reproduced in Figure 2.3.1, shows that for D<<

J (D) repiesenting the amplitudes of the carrier and the
two first-order sidebands respectively. Carson's Rule
obviously applies in this situation.

With increasing Modulation Index (D), the magnitudes
of the higher order Bessel Functions become significant
and the number of significant sideband components begins
to increase. The higher 6rder Bessel Functions (p> 20)
are essentially zero for D<p, and the nﬁmber of signifi-
cant side-band components becomes approximately equal to
D. -The 'significant' bandwidth for large D then becomes
approximately equal to 2ZSfC, and Carson's Rule again pro-
vides a reliable estimate of bandwidth occupancy.

For more practical values of D the bandwidth required

can be obtained by counting the number of sideband

¥ pp 120-129
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components of amplitude greater than some chosen fraction
(§), of that of the unmodulated carrier, since these com-
ponents are dispersed symmetrically about fC at intervals
of fm. The resulting estimate of bandwidth occupancy is
consequently a function of the definition of significance
used.

The computations involved in the estimation of signal
bandwidth (Bm), from tables of Bessel Functions have been
performed by Downing (1964) who defines the term Relative

Bandwidth (B) as:
B

_ _m _ 2p
B = 2p Af = D

.. 2.3.1
where p is the order (not necessarily integer) of the
highest order Bessel Function exceeding the criterion of
significance used ({). |

Downing (1964)*has presented this data graphically,
as a plot-of]g as a function of the Modulation Index D
for various values of ) . Superimposition of the Band-
width occupancy curve obtained from Carson's Rule shows
that, over a fairly wide range of Modulation Index D,
Carson's Rule approximates closely to the criterion
§=0.1. Thesedata, redrawn from Downing, are presented
in %igure 2.3.2.

Since the GPO specifications do not state the
definition of significance to be used in interpreting
their regulations, the data of Figure 2.3.2. has been
used to estimate the baseibandwidth (fm) available, with-
in the Class II constraints of Af < 50kHz and B_ < 150kHz,

for various values of X . These data are presented
* p 9



graphically in Figure 2.3.3. Thus use of the maximum

permitted Af of 50kHz, will allow transmission of a base-

bandwidth of 25kHz, if Carson's Rule is applied.

Application of more strihgent definitions of 'significance'
- will reduce this to 6.25kHz for the 1% criterion.

Reduction of A f is seen to increase the available base-

bandwidth, but this will cause a reduction in the output

signal-to-noise ratio, as indicated in Figure 2.2.1.

2.4 Modulation and Multiplexing Techniques

The factors influencing the base-bandwidth and
signal-to-noise ratio available from a Class II radio-
telemetry iink have been examined in the preceding section
(2.3). The conclusions indicate than an importaﬁt factor
is the definition of 'significant emissions' used in
interpreting the GPO regulations. Since the regulations
are in many ways restrictive, it seems reasonable to take
advantage of their ambiguity on this poinf, and to adopt
Carson's Rule as the least restrictive definition of
significance, especially since it is'widely accepted for
other applications. (Downing, 1964)?

If this is done, section 2.3 indicates that the Class
II channel capaéity should be adequate for simultaneous
transmission of a small number of biological sighals.

This may be achieved by one of a large number of possible
frequency and time division multiplexing techniques. The
actual number of signals that can be handled will depend
on the bandwidth and signal-to-noise ratio required of
each,'and on the efficiency of the multiplexing technique

employed.
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Frequency Division Multiplexing (FDM) techniques
involve modulation of some property of a sub-carrier
signal, eg. frequency, amplitude, phase, and the combina-
tion in the frequéncy démain of a number of such signals,
prior to transmission.

Time Division Multiplexing (TDM) techniques involve
modulation of some property of a pulse train, eg.
amplitude, duration, position and the combination in the
time domain of a number of such pulse trains, prior to
transmission.

It is therefore necessary to consider the performance
of the many available modulation techniques. This
assessment must cover both their communication efficiency,
and the practicability of providing the necessary
circuitry to permit multi-channel operation within the
constraints of size, power-consumption etc., dictated by
the ﬁeed for chronic implantation of the transmitter
assembly within a relatively small animal.

The performance of practical information transmission
systems is limited by two basic constraints. These are
the inability of any restricted bandwidth system to
respond instantaneously to a step-function input, and
the inability of any real system to distinguish .small
level changes due to inherent noise generating mechanisms.
These imply an'upper limit on channel capacity (C), given
by Shannon (1948) as:

C :;% logs; n whereT = system response time

n= number of equally probable

distinguishable signal levels



The response time (7)) is proportional to the reciprocal

of the system bandwidth (B) and:

S
n=14+ N: where S+ = signal voltage
'
N, = noise voltage
hence:
C = Blog, ( 1 + h) where h = signal-to-noise

voltage ratio
If this expression is applied to the input and output of
an ideal demodulator (ie, one which does not restrict
the channel capacity) then:
Bl
5 where the subscripts 'i' and 'o!
"h_ = h. denote the input and output

parameters respectively and

hi and hO are > 1.
This exponential relationship between hO and Bi represents
the ultimate exchange law between signal-to-noise wvoltage
ratio and channel bandwidth.

The communication efficiency of any practical
modulation technique may be similarly expressed by the
law which relates its output signal-to-noise ratio to its
relafive bandwidth occupancy.

For AM, PAM, PM and narrow-band FM (D<<§ ) the RF
bandwidth is equal to 2fm, and all noise componénts within
the band contribute equally to the demodulated output
voltage. No noise improvement with increased RF bandwidth
occupancy is therefore possible. (Schwartz, 1959)%

FM systems with D» 3, PPM and PDM systems use wide-
bandAanalog modulation techniques and their output signal-
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to-noise voltage ratio can be shown to increase linearly
with the ratio of transmission bandwidth to signal band-
width, provided that the signal-to-noise ratio in the
channel exceeds the maximum improvement threshold of the
demodulator. (Panter, 1965).*

In order to achieve a high communication efficiency
in a noisy (Gaussian) channel, it is in general necessary
to modify the statistics of the data signal, to conform
more closely to fhe statistics of the channel noise.
(Sunde, 1969). Signal pre-conditioning techniques like
frequency—pre—emphasis/de-emphasis and volume-compression/
expansion may therefore be applied to the analog systems
described above, to improve bandwidth utilisation and
hence system performance.

In sampled data systems, the signal samples may be
quantized not just in time, but in amplitude as well.

The quantized amplitudes may then be digitally coded,
prior to transmission, to produce a statistically Gaussian
signal source. (Sunde, 1969). Coding the input data in
this way maximises the significance of the transmitted
data and yieids an éxponential relationship between the
output signal-to-noise ratio and the transmission band-
width. Binary Pulse Code Modulation (PCM) is an example
of such a digital technique and is claimed to have the
highest communication efficiency of the systems at present
in use, requiring 8dB more signal power than the theoreti;
cal optimum system to achieve a specified channel capacity

#X
within a given bandwidth. (Schw&rtzﬂsﬂ
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These modulation techniques (AM, FM, PM, PAM, PPM,
PDM, PCM) may be combined to form many different types of
single and double multiplexed systems. According to
Stiltz (1961), those most commonly used in telemetry
épplications are: FM/FM, FM/PM, PDM/FM, PCM/FM, PAM/FM/FM
and PDM/FM/FM. Other techniques used less frequently
include FM/AM, PAM/FM, PDM/AM, PPM/AM and PCM/AM.

A comparative analysis of the performance of these
systems is tedious but has been attempted in part by
Nichols and‘Rauch (1956) , Schwartz (1959) and Sanders
(1960). The performance achieved by some of the systems
currently in use has been well summarised by Stiltz (1961).

The results of section 2.3 indicate that the ultimate
in communication efficiency is probably not required where
a small (ie< 6) number of biological data channels is
required in a Class II link. The choice of modulation/
multiplexing technique may therefore be based largely on
considerations of the simplicity,'reliability and power
consumption of the transmitter hardware, and of the ease
with which that hardware might be4adaptéd to suit differ-
ent combinations of data-signals.

FDM techniques usﬁally require provision at the
transmitter of a separéte sub-carrier oscillator for each
chahnel with provision for amplitude or angle modulation.
Amplitude and phase modulation techniques ére not
generally employed at sub-carrier level in telemetry
systems, but wideband FM is cohmon. (Stiltz, 1961). A

typical multi-channel FM/FM system for bio-telemetry has
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been described by Fishler et al (1967). Occasionally a
single sub-carrier oscillator may be frequency and
amplitude modulated by different data signals, as
described by Weller and Manson (1972) but this technique
is not widely used. |

The sub-carrier oscillators used in FDM mﬁst be of
adequate spectral purity to maintain cross-talk between
channels at acceptably low levels. Cross-talk may also
be caused by harmonic distortion of the RF baseband
spectrum, resulting from n6n~1inearity of the phase
characterisfic of the transmission channel. (Sunde, 1969)?

The use of TDM techniques eliminates these problems
since the various data channels are combined serially in
the time domain and then transmitted 'in parallel! in the
frequency domain. The problems of sub-carrier separation
and demodulation, however; are merely transferred from
the frequency domain into the time domain, ie in FDM
adequate guard-bands in the frequency-domain must be pro-
vided between each channel to permit channel separation by
physically realisable linear-phase filters. Similarly, in
TDM consideration must be given to the effects of noise on
timing accuracy, and to the provision of synchronisation
pulses, to permit sequential de-commutation of the
individual channels. A typical TDM system for bio-
telemetry is described by Skutt et al (1972).

In terms of hardware at the transmitter, the FDM £e~
quirement of a separate sub-carrier oscillator for each

channel is replaced in TDM by the need to .provide clock
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generation, commutation, synchronisation and pulse
generation circuitry common to all channels. This results
in a comparative decrease in TDM transmitter complexity
relative to FDM, where a large number of data channels is
involved. This situatién is, however, reversed for small
numbers of channels.

The use of digitally coded TDM techniques will
realise the ultimate in channel capacity, but at ‘the
expense of considerably increased transmitter complexity.
A typical PCM transmitter will require an analogue-to-
digital converter, buffer store, word and frame
synchronisation circuitry, in addition to the commutating
circuitry necessary for énalogue TDM. Such a system has
been developed and described by Rhind (1973) and could be
realised in monolithic or multi-chip hybrid form, in a
size compatible with impléntation in small animals.

Considerations of transmitter complexity, therefore,
make FDM attractive wheré a small number of data channels
are required. The total bandwidth of six typical bio-
logical signals would be most unlikely to exceed, say,
5kHz, and fai;ly high modulation-index FM sub-carriers
could therefore be used. A number of further points
favour this approach. Thé use of FM sub-carriers enables
signals of widely differing bandwidths to be readily
accommodated, since the sub-carrier modulation indices may
be individualiy adjusted to achieve the desired noise
performance in each channel. In many cases a sub-carrier
oscillator may be interfaced directly with a transducer.

For example, a thermistor or variable resistance pressure
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transducer may be used as the timing resistor of an RC
oscillator, to produce a frequency response extending to
DC.

If TDM techniques were used, the signal from such a
transducer might well require DC amplification to produce
a level adequate for reliable commutation and/or pulse
modulation.

Another advantage of the FM/FM approach is that the
multi-channel signal appearing at the Radio Receiver out-
put may be readily recorded on simple analogue tape recorders,
and the individual data signals retrieved at a later date.

The use of sub—carrier frequencies within the audio
frequency range could enable some data chénnels to be
monitored by ear. This could, for example, be a convenient
form of output for an ECG channel.

On the bésis of thesé considerations, the author has
concluded that simultaneous transmission from an implanted
transmitter of a small number (probably less than about 6)
of biological signals could probably be best achieved by

use of an FM/FM multiplex system.

2.5 FM/FM Telemetry

In an FM/FM telemetry system, each data signal is
used to frequency modulate a separate sinusoidal sub-
carrier oscillator. The sub-carrier frequencies are then
linearly combined to form a single composite wave-form
which is used to frequency modulate the RF carrier
oscillator. The composite signal appears at the receiver

output, the individual sub-carrier frequencies are



Transducer Subcarrier . Transmitter o
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Figure 2.5.1 FM/FM Block Diagram




separated by appropriate filters, and the data outputs
obtained from a number of-sub—carrier frequency
discriminators. Figure 2.5.1 illustrates the functional
block diagram of a typical system. This technique’has
been used as standard practice for many years in the field
of Airborne and Missile Telemetry. Recommended performance
criteria forVSuch systems were defined in 1948 by the
Inter=Range Instrumentation Group (IRIG). These criteria
have been recorded in detail by Stiltz (1961), who also
reports on the design of the various sytems presently in
use.

The signal-to-noise ratio at the output of a data-
¢hannel in an FM/FM telemetry system has been shown by
Downing (1964)*to be a functionh of the product of the
sub;cairier and the RF Carfier modulation indices. In
conventional practice, thé modulation parameters at sub-
carrier level are usually chosen on some éommon basis,
and the RF modulation parameters manipulated individually
to optimise the performance of each data channel, and to
satisfy the bandwidth constraints of the RF channel.

Two sysStems of sub-carrier frequency allocation are in
¢ommon use. The choice of modulation parameters to
équalise the noise performance of individual data
channels in each of the two systems has been analysed
in detail by Downing (1964).

Briefly then, the 'constant bandwidth' system uses
a fixed modulation index and a fixed frequency deviation
(in kHz) for all sub-carrier oscillators. The individual

data-channels are therefore of constant bandwidth. The
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signal-to-noise ratios are equalised by use of a 6dB/
octave pre-emphasis for the higher frequency sub-carriers.

The ‘'proportional bandwidth' system uses a fixed
modulation index and a fixed percentage frequency devia-
tion for all sub-carrier oscillators. The bandwidths of
the individual data channels are therefore proportional
to their centre-frequencies and noise equalisation is ob-
tained by use of a 9dB/octave pre-emphasis for the higher
frequeﬁcy sub-carriers.

These pre-emphasis figures are obtained on ‘the
assumption of a parabolic noise power spectrum at the
receiver discriminator output, due to a flat noise spec-
trum in the RF channel. In practice, however, internal
receiver noise and short-term transmitter frequency
instabilities dictate the use of a constant RF modulation
index for all sub—carrieré lying below a certain frequency.
According-to Stiltz (1961), the frequency above which
pre-emphasis should be applied is not agreed upon by all
FM/FM system users, but is generally taken to lie between
5.4 and 14.5 kHz. This contrasts with the pre-emphasis
characterisfic usea in standard broadcast transmissions,
where a 6dB/octave pre-emphasis of frequencies greater
than 2.1kHz is used to flatten the frequéncy spectrum of
spe-ech and music signals, where most of the signal power
is concentrated at low frequencies.

It is,.however, a simple matter to obtain the
desired de-emphasis characteristic from a broadcast

receiver since this is determined by a simple RC filter.
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CHANNEL CENTRE LOWER UPPER MAXIMUM FREQUENCY | GUARD
NUMBER' | FREQUENCY|{ LIMIT LIMIT DEVIATION | RESPONSE BAND
-1 400 Hz 370 Hz 430Hz 60 Hz 6 Hz 88 Lz
2 560 518 602 84 8
3 730 675 785 110 11 73
4 960 888 1,032 144 14 103
5 1,300 1,202 1,399 195 20 170
6 1,700 1,572 1,828 255 25 174
7 2,300 2,127 2,473 346 35 01
8 3,000 2,775 3,225 450 45 302
9 3,900 3,607 4,193 585 59 382
10 5,400 4,995 5,805 810 81 802
11 7,350 6,799 7,901 1,100 110 995
12 10, 500 9,712 11,288 1,575 160 1,812
13 14,500 13,412 15,588 2,180 220 2,122
14 22,000 20,350 23,650 3,300 330 4,760
15 30,000 27,750 32,250 4,500 450 3. 10KkHz
16 40,000 37,000 43,000 6,000 600 4.75
17 52,500 48,562 56,438 7,875 7990 256
18 70,000 64,750 75,250 10,500 1,050 8.31
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The IRIG specifications for a proportional bandwidth
system are published in 'IRIG Recommendations no. 161-59
(revised)', entit;ed 'Telemetry Frequency Utilisation
Parameters and Criteria'. The system is based on the use
of a peak frequency deviation of + 7.5% on all sub-
carriers. When éllowances are made for ‘guard-bands' 18
channels are accommodated within an RF baseband of 70kHz .
The peak RF frequency deviation is 125kHz, ie an RF mod-
ulation index of 125/70 = 1.78 is used. The recommended
sub-carrier frequency bands are listed in Figure 2.5.2,
together with the individual data-channel bandwidths,
calculated on the use of the recommended sub-carrier mod-
ulation index of 5. It is apparent, from this, that the
IRIG éhannels are not well suited to the particular bio-
telemetry applications under consideration. A much
smaller number of channelé with wiaer data bandwidths
would be preferable. Inspection of the frequency response
column of Figure 2.5.2 shows that transmission of é
relatively 'hi-fi' Avian ECG signal (fm = 200Hz) could
only be achieved on chénnels 13 to 18. The use of these
relatively high sﬁb*carrier frequencies is undesirable
for fwo reasons. Firstly, the restricted RF bandwidth
available under Class II conditions (150kHz) would dictate
the use of a lower RF modulation index than might other-
wise be possible. Secondly, standard broadcast receivers
would require slight modification, since their base-band
filter responses usually extend to only about 15kHz.

Wider data bandwidths could be accommodated on the

lower frequency channels by reducing the sub-carrier



modulation indices, but this is also undesirable for a
number of reasons; quite apart from the reduction in the
output signal-to-noise ratio which would result.

Figure 2.3.2'shows the increase in sub-carrier
bandwidth occupancy that would occur and indicates the
consequent danger of adjacent channel interference, unless
wider guard-bands were used. As pointed out by Stiltz
(1961) if the IRIG recommended sub-carrier filter band-
widths were retained, and the sub-carrier modulation
index reduced to unity, the total harmonic distortion
due to band-limiting would be greater than 20%. One
further point is thét the use of relatively high sub-
carrier modulation indices will minimise the cross-talk
between channels due to intermodulation distortion caused
by non-linearities in the RF liﬁk. This subject is
discussed in detail by Sunde (1969)1and is not considered
further here, since a sub-carrier modulation index of 5
is sufficiently high to reduce to acceptable proportions
the cross-talk caused by the relatively high levels of
phase-distortion occurring in the RF links from missiles
and satelites.

The requirements of the bio-telemetry link under
consideration would therefore best be met by the’pro—
vision of a small number of wide deviation sub—qarrier

oscillators lying below 15kHz.
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CHAPTER 3

THIN FILM HYBRID TECHNOLOGY

3.1 Introduction

Arnumber of currently available microelectronic tech-
niques can provide the degree of miniaturisation required
to fabricate an FM/FM telemetry transmitter of a size
compatible with implantation in chickens. Monolithic
Silicon integrated circuit technology will yield the small-
est size for the active circuitry of the transmitter. The
process is, however, unable to provide all of the circuit
eléements required. The high values of capacitor required
in typical bio-potential amplifier design wéuld certainly
necessitate the use of additional discrete components.
5ilicon diffused resistors have limited use due to their
poor tolerance,and temperature coefficients,* and Silicon
junction capacitors have non-linear properties.** These
deficiencies may be eliminated by the use of thin-film
Yesistive layers on top of the Silicon passivation, and to
a limited extent by the use of Metal/Oxide/Silicon capaci-
tors, but both of these solutions decrease the yield by
inereasing the chip size and the number of process steps
involved. Mésk—making and diffusion costs are high, and
usually justifiable only where large quantities of
identical devices are required.

*¥ Sjlicon Integrated Circuit Resistors, Technical
Communication no 26. The PlesseJSCompany Ltd

*¥*¥Capacitors for Monolithic Integrated Circuits,
Technical Communication no 25. The Plessey Company Ltd



Thick or thin-film hybrid circuit technologies both
permit the convenient integration of commercially available
Silicon integrated circuit chips from various ménufacturers,
with ceramic and tantalum dielectric chip capacitors, on
substrates bearing high quality resistor and conductor
patterns. These hybrid processes are more suited to the
small-volume production requirements of this project, and
will result in a transmitter of a size compatible with
implantation. Both thick and thin-film production processes
are currently available within the University of Edinburgh,
Department of Electrical Engineering. Some of the reasons
why the thin-film process was considered to be more suited
to this particular application will now be considered.

The currently available thin-film process is capable
of the production of resistor tracks 50umwide, to a
tolerance of + 5%. This ig sufficiently tight to satisfy
the great majority of circuit requirements. Tighterxr
tolerances may be readily achieved by providing conductor
pads along part of the length of the resistor track. This
enables the resistor to be trimmed to the desired value by
shorting the'pads together with ultrasonic wire-bonds. The
thick~-film process currently available in the Department of
Electrical Engineering, produces resistors, printed and
fired, to atolerance of 12%. (J. Robertson, Personal
Communication). Many circuit designs therefore involve
individual trimming of resistor tracks. This is tedious
if performed manually, and the high cost of automated
trimming equipment can only usually be justified where a

relatively high volume production is required.



Conventional thick-film layout constraints, dictated
by printing and trimming tolerances, permit a range of
resistor values of about 25:1,* to be obtained from a single
print of a resistor paste. The production of a wider range
of resistor values therefore necessitateé the use of either
inconvenient resistor geometries, or of a second printing
operation using a paste of different resistivity. Optimum
firing schedules for each individual resistor paste have
been developed, and thesecan produce resistors with a low
Temperature Coefficient of Resistance (TCR), usually less
than +200ppm/OC.' Unfortunately, each paste requires a
different furnace profile or ultimate firing temperature
for optimum results. If a single resistor paste is printed
and optimally fired to produce a low TCR, and the substrate
is printed with a second paste and re-fired, fhen the values
of the original resistors may change by about 20% and their
TCR increase drastically. It is therefore usual to print
and dry each layer individually, and then te fire them all
simultaneously. The firing schedule used may then be
chosen either to produce the lowest mean TCR of all layers,
or to Optimise the properties of one particular paste. In
contrast, the fine-line definition obtainable from the
subtractive thin-film process permits a far wider range of
resistor values to be obtained from a single resistive
layer. For example, the present process, using a 50umline
width on a 200%/square metallised substrate can permit a
100,000:1 (namely 42 to 400kf) range of resistor values to

* The Thin Film Microcircuitry Handbook Vol 1, Du Pont'S$
Electronic Products.



be produced without the uée of low—yield geometries. All
resistors on a given substrate will therefore have the same
low value of TCR, typically less than +100ppm/°C.

Typical multi-chip hybrid circuit layouts involve a
high density of conductor tracks in the immediate vicinity
of the integrated circuit chips. The substrate area
occupied by such interconnections varies as the square of
the line definition. At the présent time, the typical
minimum line width of 250pumused in the thick-film process,
could be fairly contrasted with the 50pumline width of the
thin-film process. Both of these figures are conservative
and could probably be reduced by a factor of two or three
times in critical layout situations. The thin-film process
is therefore seen to reduce the substrate area devoted to
such dense interconnection patterns, by a factor of 25 times.

A further requirement is that the manufacturing process
should be economically justifiable for the production of
small batches, say 50 off, of different circuits, and that
new designs or design modifications should be readily
implemented with the minimum time delay and cost.

The high cost of thick-film inks, together with the
large amount of ink wasted on the printing screens compared
to that actually deposited on the substrates, favour the
printing of large numbers of substrates at a time. Where
small quantities only are required the costs involved can
become prohibitive. Strict quality control of the thick-
film process'is also difficult to achieve where small

batches are produced over long periods of time. The



électrical properties of the printed films are, for instance,
a function of the ink viscosity, and this is a function of
the 'pot-life' of the inks. The potential low-cost advantage
of thick-film hybfids is'thus only fully realised where a
continuous production process is used.

A further advantage of the subtractive thin-film pro-
cess is that stocks of 'uncommitted' metallised substrates
of defined film parameters may be held, ready for etching
as and when required, to any required geometries.

The thin-film process used is described in éome detaii
in appendix I. Some aspects of the process are discussed
further in this chapter, in order to demonstrate the extent
to which device and circuit design is influenced by the con-
straints involved in the process itself.

The notation Ni-Cr is used throughout the text to
indicate an alloy of NickélznuiChromium of undefined
composition. (See appendix I). The form Si-O is similarly
used to indicate a mixture of Silicon and Silicon-Dioxide

of undefined composition. (See section 3.5).

3.2 Substrate Considerations

Since the electrical properties of thin metallic films
are to be used to fabricate resistor and conductor networks,
and since such films are not self-supporting, thé metals
involved are condensed from the vapour phase on to the sur-
face of a 'substrate' whose physical and chemical p£0perties
will therefore influence the characteristics of the
deposited films. The need to provide a suitable range of

resistor values for convenient circuit design dictates the



use of a relatively high sheet resistance, if convenient,
or low yield resistor geometries are to be avoided. Where
metallic resistive elements are used this means that the
resistive layer must be thin, typically less than lOOX._
The surface roughness of the substrate material is con-
sequently of prime importance. According to Berry (1968)
an ideal substrate material for thin-film work should have:

1. A high volume resistivity.

2. A planar and atomically smooth surface.

3. Chemical inertness.

4. A high dielectric strength.

5.' A high thermal cpnductivity.

6. Compatibility with deposition and all subsequent

processing.

7. Ready availability at a low price.
Where work with radio frequencies is involved, a further re-
quirement is obviously a low loss-tangent. The requirement of
a high-thermal conductivity is not particularly important in
the fabrication of low power devices, and the requirement
of an atomically smooth surface can be advantageously re-
placed in many applicatiohs by the requirement of a uniform
roughness over the entire substrate area. Where a high
mechanical strength is available, expensive encapsulation
may be avoided in some applications and low-cost conformal
encapsulants may be used. Where substrates of small area
are to be produced it is economically desirable toAprocess
larger substrates, bearing a nuﬁber of. identical patterns,
and then to separate the individual circuits. While this

can be done with a diamond saw, the ability to scribe and



crack a substrate is a distinct advantage. Any real
substrate material is obviously a compromise between these
ideal requirements, and at present a choice must be made
between glass, sapphire, silicon, alumina and beryllia.
Sapphire is almost ideal But very expensive. Silicon
is also expensive and not widely used except where its
semi-conducting properties are exploited. Beryllia is
similar to alumina in many respects, but is highly toxic,
exPenéive, and used only where its high thermal
conductivity is essential. This leaves a choice, for
this application, between the two lowest cost materials
mentioned aboVe, ie glass and alumina. At the present
time this implies a choice between two specific products,
namely 'Corning 7059 Microsheet' and 'MRC Superstrates'.
'Corning 7059 Microsheet' is a Barium Aluminium
Borosilicate glass, préduced by the Corning Glass Works'7,
New York. It is manufactured by a sheet-drawing process,
the final surface being fusion-formed from the melt, and
having a typical small-scale surface smoothness of 602
and a typical surface flatness of 0.004 inch/inch. It has
a very low alkali conten{, essential for good resistor
stability, of 0.2%. Its Volume Resistivity is high,
being 10%°%%cm at 250°C. (Berry, 1968). This glass
composition was developed specifically for thin-film
applications, and has been widely used for many years. It
is the substrate material used in the 'standard process'

described in appendix I.



'MRC Superstrates' are manufactured by Materials
Research Company Limited'® of London, and have only recent-
ly (1973) become ayailable. They are made of 99.6%
alumina, and have a grain-size much smaller than that.pre~
viously available in alumina substrates. .This results in
an 'as-fired' small-scale surface smoothness of lOOOX and
a typical surfacevflatness of 0.002 inch/inch. Their
physical properties are excellent, tﬁeir mechanical strength,
thermal conductivity and scribability, being much better
than 7059 glass.

The cost of the two materials appears closely com-
parable, except whefe small sized substrates (less than
about 2cm x 2cm) are being purchased. This is due to the
relatively higher scribing and packing costs charged by
MRC, London. At this substrate size, costs of both mater-

ials are about 12p per cm?.

The use of 'Superstrate' alumina substrates offers a
number of potential advantages over 7059 glass substrates.

These are:

1. The increased mechanical strength should enable
a cheap epoxy conformal encapsulation toibe used
with increased confidence.

2. The significant and uniform roughness of the
surface has been found to double the Ni-Cr film
thickness required to achieve a sheet resistance
of 200%/square. This should improve resistor

stability by reducing surface aging effects.



3. Significantly lower Temperature Coefficients of
Resistance are oBserved in 200R/square films, ie
x 60ppm/°C for Superstrates as against = 100ppm/°C’
for 7059. |

4. The higher thermal conductiyity of the substrates
should reduce the rate of temperature rise of the
front surface of the substrate during the goid-
film deposition, by improving the heat transfer
to the substrate holder. This should minimise
the Au/Ni-Cr diffusion which takes place during
the Au deposition, which, as mentioned in appendix
I, is a source of variation of the final Ni-Cr
sheet resistance obtained.

5. The increased surface area under bonding pads
should improve the adhesion of appliqued comp-
onents, (x10 according to MRC).

6. The improved flatness of the substrate should
improve fine line definition, by minimising the
gap between the substrate and mask during the
contact printing operation.

These factors have not yet been fully evaluated and it
is therefore intended to fabricate the first transmitters
on 7059 glass substrates, to prove their electrical perform-
ance. Future devices will probably be made on 'Superstrates'
where use will be made of their high mechanical strength,
to fabricate an epoxy encapsulated device with an integral

battery pack. This is discussed in section 3.8.
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3.3 Resistor Considerations

The sheet resistance (Rs) of a thin conducting film is
proportional to the resistivity (g) of the material and in-
versely proportional to the film thickness (d), provided
that the film is thicker than a certain small value. For
Ni-Cr films this value is typically SOX (Holland, 1961).
The sheet resistance is therefore defined as:

RS = g f/square
The expression 'f/square' is commonly used to avoid con-
fusion with absolute ohmic values.

A rectangular resistor of length (1) and width (w)

etched in such a film, therefore has a resistance (R) of

s 1 _ ., 1
R = d w Rs w

The minimum width (w) of resistor track that can be used is

a function of the definition of the photo-lithography process

used, and resistor toleranées widen as the track width is

reduced. A track width of 50 has been previously used on

the single channel devices mentioned in the introduction,

and tolerances of better than 4#5% are being readily achieved.
The minimum film thickness (d) than can be used is

determined by a number of factors, principally associated

with the reproducibility and stability of the film.

. Very thin metallic films have a discontinuous 'island!
structure and the conduction mechanism involved in chaxge
transfer between these islands can give rise to a negative
component in the observed temperature coefficient of

resistance, (Swanson, 1967/68). This effect becomes



increasingly dominant in Ni-Cr films thinner than about
50 to 608, and effectively precludes the use of Ni-Cr sheet
resistances higher than about 300 to 400 f/square.

Oxidation of fhe surface of thin Ni-Cr films during
their working life can lead to an increase in resistor
values. This longterm drift can, however, be minimised by
accelerated post-deposition ageing usually involving baking
in air at a temperature greater than the working temperature
of the final device. The use of a hermetic dielectric
protective layer, eg. Si-O, deposited over the etched
resistor tracks improves stability further (Keenan, 1973)
and inhibits electroiytic corrosion of the tracks which can
occur where humidity and a direct potential gradient are
present.

The dominant factor determining the minimum film thick-
ness usable in the present Ni-Cr/Au/Si-O film process is the
diffusion process at the Ni-Cr/Au film interface (see
appendix I). This effect leads to unpredictable Ni-Cr
sheet resistances where high values of $£/square are attemp-
ted. The value of 200 f/square corresponding to a film
thickness of about 808, represents a fairly conservative
upper limit, and yields adequate reproducibility (+5%)
and long term stability for present purposes.

Accurate measurements of the long term stability of the
. Ni-Cr tracks when protected with Si-O, have not yet been
performed. Early data on epoxy encapsulated resistors,
however, indicated less than -2% change in resistance after
storage for one year at réom temperature. Subsequent

accelerated ageing tests indicate that this poor stability



is probably associated with the porosity of the epoxy rather
than to changes within the film itself.

Minimum line width and maximum sheet resistance can be
used to define the maximum value of resistor that can be
produced in -a given area. This value of 'Q/mm?' is an im-
portant parameter in circuit design and layout. The 50um
line width and 200f/square in previous devices yields a
figure of 40kf/mm?, where resistors are fabricated in a
zig-zag pattern with lines and spaces of equal widths. When
this value was used in estimating the substrate size nec-
essary for realisation of the circuits described in chapter
4, it became apparent that the bulk of the substrate area
would have to be devoted to resistor tracks, and that the
final substrate area Would be inconveniently, large. A
reduction of the minimum line and spacing to 25umyields a
value of 160k /mm? and the resistor tracks no longer
dictate the substrate size, which is now primarily

influenced by the size of the appliquéd components.

3.4 Conductor Considerations

The bulk resistivity of pure gold is 2.04pufcm at o°c.
(Gerritsen, 1956). The anticipated sheet resistance of the
O.5umthick gold film used in this standard process is
therefore 0.0408%/square. As pointed out in appendix I,
the sheet resistance of thé gold film is expected to be
higher than that predicted from the bulk resistivity of
pure gold, due to the incorporation of Nickel and Chromium
in the gold film. Typical O.5umgqld films produced by the

'standard process', have values of sheet resistance ranging



from 0.06 to 0.09 £/square. A value of 0.1 £/square is
therefore taken as a conservative estimate of the gold film
sheet resistance, and this value is used in layout calcu-
lations.

Apart from providing the interconnections between
resistor tracks on the substrate, the gold layer is used to
provide bonding pads for the appliquéd components. These
are currently being attached using hot-gas reflow soldering
and/or conductive silver loaded epoxy resins. A film thick-
ness of greater than about O.3umhas been found necessary
for reliable component attachment using hot-gas reflow
soldering. The high purity, density and adhesion of the
gold film also facilitates reliable wire bonding using
cold-work ultrasonic bonding of aluminium wires or pulsed-
thermocompression bonding of gold wires.

The line definition of the conductor tracks is a func-
tion of the definition of the photo—resist image and the
undercut caused by the gold etchant. This undercut has
not proved troublesome in practice, and rarely extends
more than O.5y from the edge of the photo-resist image.

Line widths of 25u may therefore be confidently used.

3.5 Si-O Film Considerations

The S$i-O overcoat which is deposited over the etched
Ni-Cr/Au patterns serves a number of purposes. The most
important of fhese is to provide a hermetic seal for the
thin Ni-Cr tracks. This improves their long term stability
and protects against tﬁe possibility of electrolytic corro-

sion (Keenan, 1973). The film also provides a high degree



of mechanical protection to the tracks during subsequent
component attachment and testing operations. Contacts to
bonding pads are made through windows etched in the film.
These windows also aid the assembly of appliquéd components
by controlling the spread of molten solder during hot-gas
reflow soldering and eliminating the possibility of short
circuits to neighbouring conducts where epoxy—bonding.is
used.

The Si-0O films are prepared by electron-beam evaporation
of quartz. Considerable quantities of oxygen are liberated
and pumped out during the deposition process, and the
final film consists of a mikture of Silicon and Oxygen in
non-stochiometric proportions. The resistivity of the
deposited films has been found to be at least as high as
that of the original evaporant. !'Vitreosil', a 99.9% pure
silica supplied by Thermal Syndicate Limitedlg of Wallsend,
has been used in this application, and the published
resistivity of 2 x 10'4 Qcm has been achieved in films
prepared from it.

The adhesion of the film to both glass and Ni-Cr tracks
is excellent, probably due to oxygen bpnding mechanisms at
the intexface. Film adhesion to gold is adequate when
deposited at substrate temperatures of 300°C, but the
deposition conditions described in appendix I yield a film
which is under .compressive stress. This can give rise to a
characteristic fracture pattern, where the Si-O film crosses
the O.5umhigh step from the subsfrate to the gold film.

This occurs if the Si-O film is less than about O.7umthick.



Si-0 films of 1.0umthick have all survived subsequent aging
and high temperature bonding operations, without apparent

degradation.

3.6 Appliguéd Component Considerations

‘At the present time, it is possible to purchase, in
the form of unencapsulated chips, virtually any transistor
or integrated circuit in current production. Frequently,
however, this is not possible in quantities of less than
100 off, due to high handling costs at the distributors.
Chip performance specifications are, in general, much looser
than those of encapsulated devices, since frequently the
chips are subjected to only visual and DC tests before
enéapsulation. This factor must be taken into account when
breadboarding circuits for subsequent hybrid'production.
Occasionally; tolerances on chip parameters may be so wide
as to preclude a 100% yield on the finished hybrid assembly.

Ceramib chip capacitors are presently available from
a number of suppliers in this country. These are produced
in a range of standard sizes. One of the most common
(Vitramon 2© Vjosos, Bowmar?' R15) measures 2.03 mm x 1.27 mm
x 1.27 mm higﬁ. Thege dimensions include the metallised
end-terminations for bonding to the substrate. These
capacitors are available with a high precision, low temper-
ature coefficient, ceramic dielectric (NPO) in capacities
of up to 680pF¥ Capacit{;; of up to about 15,000pF are
available in the same cage size with a 'general purpose!
'hi-K ceramic dielectric (K1200) suitable for low frequency

use, where a high precision and a low temperature-coefficient

*¥See addendum page 156.



are not required. A detailed analysis of the effects of
high—témperature bonding operations on the K1200 material
has been performed by Tindall (1970). This work indicates
the need for caution in the use of these capacitors for
timing and filtering appiications.‘

Unencapsulated tantalum dielectric chip capacitors

22 and Bowmar?'. These

are available from Union Carbide
allow capacitances of up to about 1OOpF to be incorporated

in hybrid circuit designs.

3.7 Layout Considerations

A full description of the procedures involved in hybrid
circuit layout is beyond the scope of this section because
of the multiplicity of possible appioaches, and the many
different constraints which may be involved in particular
cases. This séction, therefore, describes briefly the con-
straints involved and the methods used in the layout of the
circuits described in chapter 4.

As stated in section 2.4, an advantage of the FM/FM
approach to multichannel telemetry is the ability to multi-
piex a range of different parameters in a relatively simple
and flexible fadﬁon. These parameters will, in general,
require specialised circuitry to interface the particular
transducer involved to the relevant sub-carrier oscillator.
In order to facilitate the production of a range of
devices, designed for specific combinations of input para-
meters, a 'modular' approach to the layout of front-end and
" sub-carrier oscillator circuitry is appropriate. This

therefore involves consideration of the interconnection
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requirements of possible combinations of differént input
circuits, before embarking on the 1ayoui of the individual
channels. This is discussed further in chapter 4, where
the layout of the individual channels is described.

The first step in the layout of a thin-film hybrid is
t he production, from the circuit diagram, of an inter-
connection pattern or 'graph' of the circuit. This should
incorporate all connections between coﬁponents and resistor
tracks, and should include all bonding pads for external
lead wires in the correct orientation. This graph may then
be modified to optimise component placement and conductor
routing. The 1engtﬁ of any critical signal paths may be
minimised at this stage, and the number of crossovers may
perhaps be reduced by routing conductors between the bonding
pads of appliqued components.

Critical components in symmetrical circuits may be
placed in close proximity to one another, or symmetrically
with respect to any anticipated thermal gradients, to
improve circuit performance.

The tight tracking tolerances obtainable from thin-film
resistors, simultaneously deposited on the same substrate,
may be maximised by laying them out in close proximity. This
may be exploited in the design of the load resistors for a
long-tailed pair, or the feedback resistors of an amplifier.

An attempt should be made at this stage to foresee
any possible future applications of the device which could
involve modifications to the basic circuit. Provision for
such modifications can ﬁsually be simply incorporated at this

early design stage, and could well save considerable expense



at a later date.

Once a satisfactory interconnection graph has been developed
an estimate must be made of the total substrate area requiréd.
The total area occupied by resistor tracks must be calculated.
~ Sufficient area must be provided for bonding pads for
appliquéd components and éxternal connections. Allowances
must be made at this sfage for adequate clearance between
appliquéd components and an estimate must be made of the
area to be occupied by conductor tracks. The choice of sub-.
strate dimensions on which to attempt the final layout must
be based on both the.area estimated for the circuit itself,
and on the availability of suitable packages with the de-
sired number of leads in the desired orientation.

A layout based on the interconnection graph and the
physical dimensions of all component parts,may now be
attempted. This layout is drawn out at a scale of twenty
times its final size on graph paper. The initial stages of
this work can be facilitated by the use of cardboard cut-
outs to rebresent appliquéd components, and by representing
all resistor tracks as fixed areas of variable dimensions.
When a promisihg tOpogfaphy has been arrived at, the detailed
layout can commence; bearing in mind the following constraints.

The substrate metallisation does not extend 5ver the
entire area of the substrate, due to the clamping arrange-
ments used during the vacuum depésition stage. An allowance
of a 1.0mm wide strip along two opposite edges (usually the
shorter pair) must therefore be made for this. The photo-

lithography process used, produces‘a significant photoresist



'build-up' around the outer edges of the substrate. This
thick‘peripheral layer remains on the substrate after ex-
posure and development of the photoresist pattern, and
results in a narrow conducting strip of gold along the
perimeter of the etched substrate. An allowance of O.5mnm
must therefore be provided around the 'active area' of the
substrate, if peripheral short-circuits are to be avoided.
Alternatively, the two gold strips so produced can be used
as part of the final conductor network, as in the circuits
described in chapter 4.

The areas aliocated for appliquéd components must re-
flect the substantial dimensional tolerances of the parts as
supplied, and must include an additional area related to the
accuracy with which the component may be positioned for
bonding. Typically, a distance of 250pm around the maximum
dimensions of rectangular ceramic chip capacitors, integrated
éiféuit and transistor chips, is sufficient to allow for
reliable positioning, and the spread of any epoxy resin or
solder used in the bonding operation. Larger componenés,
such as tantalum chip capacitors or glass encapsulated
accurately, should be allowed a clearance of around 500pm.

Bonding pads for ultrasonic wire-bonding may be as
small as about three times the wire diameter, but care must
be taken in the layout of these pads, that adequate clearance
is available for the heel of the bonding tool during the
~ bonding Operafion.

The design of any hybrid circuit is, of necessity, an



iterative procedure, and repeated attempts at a satisfactory
layout are inevitable, especially where, as is the case in
this instance, the smallest practical package is fequired.
The application of the general guidelines outlined above,

to the layout of the FM/FM felemetry system, resulted in

the layout of each data channel within a 'modular' substrate
size of 1.0cm x 1.9cm. Each module includes provision for
up to eight external leads. These are spaced on 0.100 inch
centres, four along each of fhe shorter edges of the module.
This lead spacing is a standard dimension used by a number
of micro-electronic package manufacturers, and a suitable
range of packages is available'from 'Tekform'?3®. These are

presently distributed in this country by Dage.?*

3.8 Encapsulation Considerations

Any encapsulation ﬁsed for a biologically implanted
hybrid microcircuit must perform a dual function. Firstly,
sensitive resistor fracks and semiconductor active devices
must be protected from the ingress of corrosive body fluids.
Secondly, tissue reaction associated with biological rejec-
tion of the implant must be minimised by the use of a bio-
logically inert encapsulént. No single material avaiiable
at the present time satisfies all of these requirements,
and a multilayer encapsulation is necessary.

Hybrid circuits intended for applications where the
highest standards of reliability are required, e.g. in
military and aerospace applications, use hermetic packages
- of metal with glass-to-metal seals for external connections.

Conformal coating or transfer-moulding with epoxy or silicon



resins, is used for less demanding applications. All such
resins do, however, have a small but finite water perme-
ability, and cannot therefore be used along with confidence
where long term implantation is desired (Mackay, 1970).

Epéxy Qoating may, however, be used as an initial low-
cost encapsulant, and products are currently available whose
physical and electrical properties have been optimised for
this application. (Eccocoat FT2833f{ The devices may then
be protected from the ingress of water vapour by dip-coating
the epoxy package in molten wax. Paraffin wax is highly
impermeable to body fluids but is brittle and does not
adhere very well to most surfaces. The addition of up to
50% beeswax improves both of these deficiencies, and pro-
duces a tenacious and slightly flexible coating.

An Aitefnafive approach,used previously with success
(Filshie and McGee, 1974), is to place the substrate in an
encapsulation shell of glass loaded diallylpthallate. (Milton
Ross Company?%), and to pour in the molten paraffin wax/
beeswax mixture.

Either a hermetic glass/metal package or an epoxy/wax
encapsulation will adequately protect the circuitry from
the bibiogical environment, but in both cases a final coat-
ing of silicon rubber (Hopkins and Williams,?%, 9161),
which is biolodically quite inert, is necessary to eliminate
biological rejection.

This material is, however, quite permeable to water
vapour;, and all external connections from the device to

its battery pack and input leads must therefore be protected



by paraffin wax before the final silicon dip-coating is
applied. This minimises the possibility of leakage paths
between such connections. Where a metal package is used,
the radiating antenna must be external to the package, and
must be similarly protected.

As mentioned in section 3.2, 7059 glass substrates
were used for the initial devices in order to check the
circuit performance obtained from the standard thin-film
process. Each sub-carrier oscillator/front-end module was
fabricated initially on an individual 1 cm x 1.9 cm sub-
strate. A suitable hermetic package for encapsulation of
such a single-channel deVice is the 'Butterfly Case number
50195' manufactured by Tekform. This package is larger
than is necessary, being designed to take.a l.3cm x 2.4cm
substrate, and having 5 leads per side. It is, however, a
stock item available on a short delivery and was used for the
single channel devices. A suitable hermetic package for a
two channel device is Tekform's 'Dihedral Case number 70188'.
This is designed to take a 2.54cm x 1.9cm (1.0inch x 0.75
inch) substrate, and has ten leads per side. This package
therefore is larger in one dimension than required, but
should provide enough space to incorporate remote switching
circuitry as described in section 4.5.

"Devices consisting of more than two channels could be
encapsulated in the 'Modulaxr Butterfly' range of packages
manufactured by Tekform. These are available to individual
order with any number of leads ﬁp to fifteen per side at

0.100 inch spacing, or up to thirty per side at a 0.050 inch



lead spacing (part numbei 50157). The packages mentioned
above are illustrated full-size in Figure 3.8.1.
A possible configuration for future devices produced

on 'Superstrates' is illustrated in Figure 3.8.2. An epoxy
encapsulation could be used to protect the active.circuitry
and the antenna coil. The Mallory cells used as the power
supply could then be mounted on extensions of the ceramic
substrate, and be retained by spring clips as illustrated.
The package could then be dip-coated, first in wax and then .
in silicon rubber, to provide a conveniently flat assembly

suitable for sub-dermal implantation.
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CHAPTER 4

"HYBRID TELEMETRY DEVICES

4.1 Sub-Carrier Oscillator Design

The fundamental performance requirements of an FM sub-
carrier oscillator are a low harmonic content, to minimise
interference with other data-channels, and a high modula-
tion linearity, to minimise distortion‘of the demodulated
output waveform. Where such an oscillator is required to
form part of a datafchannel with a frequency response ex-
tending to DC, a high centre-frequency stability is required.
Two further requirements related to implanted operation are
small size and low power consumption.

The majority of existing subcarrier oscillator designs
for FM systems are based on sinusoidal RC oscillators, of
either the Wien-bridge or Phase-shifting ladder-network
variety. Frequency modulation is frequently achieved by
inéorporating a variable resistance, or a variable capaci-
tance transducer in the frequency determining nétwork.
(Mackay, 1970). Voltage control of the subcarrier frequency
may be achieved by replacing the frequency determing re-
sistor with a bi-polar or field-effect transistor. A
linear modulation characteristic is, however, difficult to
achieve by these methods, especially where-wide frequency
deviations are required. Alternatively, the frequency
determining resistors of a Wien Bridge oscillator may be

replaced by a pair of forward-biased Silicon diodes. Such



a system is described by Fishler (1967) who demonstrates
how the exponential portion of the forward éharacteristic
of the diodes may be exploited, to yield a linear'modula—
tion characteristic from the oscillator. Frequency-
modulation is achieved by modulating the diode bias
currents. “' |

In general, the current consumption of the RC
oscillatérs described above, is too high for implanted
" devices, since their low harmonic content is échieved by
biasing.the transistors in Class A, and operating under
small-signal conditions. Wien-bridge oscillators also re-
quire AGC circuitry to eliminate clipping of the output
waveform, which may otherwise occur, and Fishler's design
involves an additional current drain through the diodes
themselves.

A novel system based on tunnel-diode sub-carrier
oscillators has been described by Robrock II (1967).
Frequency modulation is achieved by supplying the tunnel
diodes from a variable current-source, but relatively high
currents, approx. 1 mA per channel, are dictated by the
diode charactéristicé themselves.

The recent availability of complementary MOS integrated
circuits, e.g. the RCA?7 'COSMOS'* range of devices, has
made the use of multi-vibrator circuits attractive for this
sub-carrier oscillatof application. The fact that the
devices consumenegligible power from the supply line excepf

 *See RCA Solid State '74 Databook SSD-203B  'COS/MOS

Digital Integrated Circuits'



when actually driving a load, minimises their power consum-
ption. Their high value of input impedance (10'Z2R), means
that a wide range of resistor and capacitor timing compo-
nents may be used.‘ Where low frequencies are required,
virtually all of the power drawn from the supply is |
dissipated in the load, and by the R/C timing chain itself.
The power consumption of the timing chain may be low,

since low-leakage capacitors may be used, and the high
value of the device input impedance permits the use of
high value timing resistors. The rectangular output wave-
form does, however, necessitate low-pass filtering to re-
duce its harmonic céntent to acceptable levels.

The lafge voltage swing (virtually equal to the supply-
line voltage) avéilable at the output of a 'COSMO§' inverter
stage, together with the relatively low signal amplitudes
required to modulate the RF carrier oscillator ( 4.0mV for
50kHz deviation) allow this to be achieved by passive
filtering. A simple two-stage R/C filter, the time constants
of which were chosen to be equal to the fundamental period,
was found to produce second and third harmonic voltage
levels of better than -20dB at the filter output. This is
a mﬁch higher distortion level than that available from a
simple Wien bridge oscillator, where levels of lé&ss than
0.1% total harmonic distortion may be readily achieved.
These- harmonic components may well appear within the pass-
band of other highgr frequency data-channels. These inter-
fering signals will, however, be largely un-correlated in

phase with the 'wanted' sub-carrier signals. Interfering
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signals of this nature suffer considerable attentuation in
vconventional frequency discriminators, provided.that their
amplitudes are sufficiently small to begin with. This
'capture effect', ( Rawning 196k )*occurs because the
resultant average phase of the combined signal is largely
determined by that of the 'wanted!' signal, prbvided that
ifs amplitude exceeds that of other signals, by about 4 or
5 dB. The performance of phase-locked discriminators may
"well be superior in this respect, to that of other types,
especially where signals With a high modulation index are
involved.(Gardner,‘1966).

A number of different 'COSMOS' multivibrator circuits
were built and tested, using both the CD 4007 Triple
Inverter stage package, and the CD 4047 Astable Multi-
vibrator package.' Various frequency modulation techniques
were also evaluated using bipolar and field-effect
transistors'to modulate the charging current of the timing
capacitor. The best performance, as regards simplicity,
power -consumption, linearity and self-starting ability, was
obtained from the voltage controlled oscillator section of
the CD 4046 Pﬁase—loéked Loop. The phase comparator
sections of this integrated circuit are not used in this
application and do not consume significant power. The high
modulation linearity of this particular multivibrator is
achieved by the use of a current-mirror (see RCA '74
Databook SSD-ZOBB),.tQ control the charging current of the
‘timing capacitor. The typical linearity quoted by the

manufacturer for operation from a 5.0v supply, is better

* 106-109



than 1% for a +6% frequency deviation. This figure is
measured with a 10k timing resistor, but data is not avail-
‘able from RCA to indicate how this may vary for higher
values of timing resistor. Published data at line voltages
of 10v and 1l5v, however, indicate that linearity improves
linearly with increasing values of timing resistor. Measure-
ments at 5.0v line voltage were therefore carried out using
a 390kf timing resistor, and a typical linearity of better
than 1% over a +50% frequency deviation was found. Since
higﬁ values of timing resistor will be used in all implanted
applications, and since deviations as great as +50% will be
seldom regquired, thé linearity of this VCO section should

be more than adequate for the majority of biological
telemetry applications.

The frequency of these multivibrators varies from OHz
+to twice the centre frequency, in response to a voltage
inputrto the current-modulating transistor, moving from the
negative to the positive supply rail. This wide deviation.
capability could be an embarrassment where sub-carrier
channels are closely spéced in the frequency domain, and it
may be desirable to limit the maximum frequency deviation,
to eliminate adjacent channel interference. The integrated
circuit chip includes a 'frequency-offset!' facility, whereby
an external resistor is used to supply an additional steady
current to the current-mirrow. If, for example, this
resistor is made equal to one tenth the ohmic value of the
source resistor of the FET current modulator, then the

maximum frequency deviation may be restricted. to 10% of



the centre frequency. This method of limiting the
frequency deviation is not well suited to this particular
application. The power consumption of the VCO is largely
determined by the ohmic value of the timing resistor, which
should therefore be as large as is practicable. In thin-
film terms, it should occupy as much area as can be made
available. 1In order to limit the frequency deviation to,
for example, 10% as described above, means incorporating a
second resistor occupying ten times the area of the domi-
nant timing resistor. This results in impractical

. geometries if a low power consumption and a narrow channel
bandwidth are simultaneously required.

An alternative method, more suited to this application,
is to restrict the VCO input voltage to a relatively small
range of values. This may be achieved, where necessary,
if the VCO input is tied to the mid-point of the supply
lines by a pair of opposed'diodes in parallel. This
'diode-clamp' arrangement permits a voltage swing of about
4+ 0.5v at the VCO input, which results in a +30% frequency
deviation if a 5.4v supply voltage is used. Lower maximum
deviations may be achieved if the VCO input is tied to a
potential divider across the diodes.

The interconnections used are illustrated in figure
4.1.1. Typical measured current consumption, from a 5.4v
supply with a timing resistor of 680kR, was about 60OuA.
This figure increased to about 80pA when the device was
loaded by the harmonic filter illustrated. These figures

apply to a device operating at22kHz (timing capacitor = 39pF)
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i.e. on IRIG channel number 14. Lower frequency devices
will consumeslightly less current than this.

Measurements carried out on a dozen CD 4046AE plastié
dual-in-line packaged devices showed that the typical
specifications published by RCA were quite conservative.
For example, the device-to-device centre-frequency vari-
ation under given circuit conditions is quoted by RCA as
being #60% for the plastic-packaged devices, operated on a
5.0v supply. All devices tested lay within a *+10% spread.
The percentage variation of centre-frequency with supply
voltage for all devices tested, was found to be 15% +1.5%
per volt, when tested at around 5.4v supply voltage.

5.4v is a convenient line-voltage for this application,
éince it may be obtained from a battery pack consisting of
four mercury cells (1.35§ each). The use of four cells
permits the use of a +2.7v supply with a zero volt refer-
ence. This is convenient since it allows the VCO input
voltage to be clamped, where necessary, to a low
impedance zero-volt reference point, and eliminates the
heed for an additional potential divider which would other -
wisé be required.

The relatively flat discharge characteristic obtained
from me¥cury-cells leads to a voltage drop of about 100mV
per cell o§er their useful life. The voltage variation of
the'four cell pack (400mV) should therefore result in a
total frequency shift of 6% +0.6% for most devices. A
typical frequency drift of O.Oé%/OC is quoted by RCA,

but this low figure means that temperature drift should be



negligible for implanted applications, in comparisén with
the line voltage variation effect.

The CD 4046 device is available in unencapsulated chip
form under the type number CD 4046AH. The chips measure
about 0.075 inches square and are 0.005 inch to 0.009 inch
thick. They are 'non-gold-backed' and are attached to the
substrate using 'Eiecolit"28 325 conductive epoxy.

Chip interconnection metallisation and bonding pads
(0.004" square) are of aluminium and connections to the
substrate are made with 0.0007" diameter ultrasonic bonded
aluminium wire.

The basic oscillator. configuration cf figure 4.1.1 is
used for all channels. Centre frequency selection is
achie&ed by thé use of a variety of values of NPO capaci-
toxrs in the 0805 case size. Fine tuning is achieved by
the use of a tapped timing resistor, provided with bonding
pads to permit sections to be shorted out by ultrésonic
wire bonds. Harmonic filtering fér different frequencies
is achieved by the use of fixed resistor values and differ-
ent values of appliqued chip capacitors. These may be of

a hi-K dielectric, and are again'of the 0805 size.

4.2 Temperature Channel Design

As mentioned in Section 2.1, studies of the fight/
flight syndrome in Gallus Domesticus would be facilitated
by telemetry of the avian shank skin temperature. This
area, which is not covered by feathers, shows considerable
variation in surface termperature in response to vaso—motdr

changes associated with the fight/flight response. Avian



skin temperature responses have been previously téle—
metered (Duncan et al 1975) using earlier single channel
devices (Filshie and McGee, June 1974). This has been
done using externally mounted bead themistors to sense skin
temperature, and similar responses have been obtained using
a similar themistor just underneath the skin. In this
case, the thermistor.leads were run sub-dermaly up the
shank to a transmitter implanted under the abdominal skin.
Experience gained with these devices indicates that a
temperature measurement range of 30 to 40°C is suitable
for this application, and that'typical skin temperature
responses can be variations of the order of 1°c occurring
within a period'of about 30 seconds.

An exceilent transducer for this application is
manuf actured by Yellow Springs Instruments?®?, who produce
a range of high—precision-semiconductor thermistors with an
epoxy encapsulation. These devices are about 2mm diameter,
have a high sensitivity and are ihterchangeable with a
maximum temperature érror of 0.2°C over a range of 0°C to
go°c. A relatively high value of resistance is required
for this application, to-minimise current consumption and
self—heating-effecfs. A suitable thermistor is part
number 44015, having a resistance of 1MR at 25°C and
603.6k9 at 35°C, the mid-point of the required temperature
range.

The time-constant of the deviée is defined as the
time required to indicate 63% of a new impressed temper-

ature and has a value of 10 seconds maximum in free air,
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with the thermistor suspended by its leads, and 1.0 second
maximum in a ‘'well-stirred' oil-bath. These values are,
of course, increased where the device is further encapsu-
lated for implanted applications. A typical value of 5
seconds is obtained when the device is wax-dipped and coated
in about O.5mm silicon rubber.

Thermistors of this typé have an exponential resistance/
temperature characteristic, which may be described by the
relationship:

b/
R = ae t L de e 4.2.1
(t)

where R(t) = resistance at temperature (t).
a = a constant
b = the 'b-value' of the thermistor
The b-value of the thermistor is effectively a measure of

its sensitivity, and has been defined by Becker (1946)

as:
oo tn (Reey) [Rey) 4.2.2
y _ y
where R

(t1) and R(tg) are the thermistor resistance
values at temperatures t; and t, respectively.
The b-value is thus a function of both the device charac-
teristics and the temperature range involved. The b-value
of the type 44015 device operating over the 30 to 40°c
raﬁge ﬁay be evaluated from the manufacturers' published
data as being equal to 4673°K.
Although thermistors of this type have an exponential
resistance/temperature characteristic, they may be used

in conjunction with a series resistor in a half-bridge
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circuit, to produce an output voltage which is a relatively
linear function of temperature. The half-bridge output

voltage (eo) is then given by:

R
T .
eO = R+ R E, il 4.2.3
T r
where RT = thermistor resistanée
Rr = series resistor

E, = bridge supply voltage
Beakley (1951) has shown how the half-bridge output voltage
may be optimally linearised over any defined temperature

range by setting:

b - 2T0 :
R £  i.i.. 4.2.4

Rr = b + 2T o
; o _

where RO is the resistance of the thermistor at the
midpoint temperature (To) of the range, and b\ is the
b-value in °K, evaluated over the appropriate range
according to equation 4.2.2.

Beakley has also derived the following expressions for the

maximum output temperature error (e ) and the half-

max
bridge current/temperature.sensitivity g% foptL of the
optimised half-bridge:
e = 0.03h_3b2%/T _* °K ce...4.2.5
max o o ) -
where ho is the temperature increment (i.e. Range = Toihd)
, E.(b+2T )? h ?b?
dl v O o} o
ﬁ(opt) = T T bR 1 - 1T pA/"C ... 4.2.6
o o} o

When the foregoing expressions are evaluated for the 44015
thermistor over the temperature range from 30 to 40°C the

following results are obtained:



b-value 4673°K (from 4.2.2)

R

. 463 kf (from 4.2.4)

138.3 pA/°C (from 4.2.6)

sensitivity

max. error 0.07°C (from 4.2.5)
If the half-bridge is energised from a 5.4 volt supply,
then the mid—point (TO) output voltage is 3.05 volts, and
the voltage output over '‘a 30 to 40°c range is 650mV. Since
the total resistance of the half—bridée is in the region
of 1MQ, the-bridge currént will be about 5pA, and the power
dissipated in the thermistor will be about 0.015mW. The
dissipation constant of the thermistor is quoted as 1mw/°C
in still air, and 8mW/OC'when immersed in oil. Even in
still air, therefore, the temperature due to self-heating
will be of the order of 15 x 10 3°C.

The 650mV range of voltages appearing at the output of
the half-bridge, over a thermistor temperature range of
30 to 40°C, lies well within the linear portion of the
voltage/frequency characteristic of the VCO section of the
. CD 4046. Where a 5.4 volt supply voltage is used, this
will result in a sub-carrier frequency deviation of +16.2%
i.e. a modulation Sensitivity of 3.24% perx OC is obtained.

As mentioned in section 4.1, the maximum frequency
drift over the working life of the battery, is anticipated
to be in the region of 6%, which is equivalent to a possi-
ble temperature error of 1.85°C. This could be expressed
as an error of 18.5% of FSD, which is an unacceptably
high figure. If, however, a second sub-carrier oscillator

is used to monitor the line-voltage variations, then their



two centre-frequencies will track closely together

(+0.6%) over the working life of the battery. If, at the
receiver, the output of the sub-carrier discriminator of
the temperature channel is referred to the output of the
discriminator monitoring the supply—yoltage channel, rather
than to ground; then the resulting error in the estimate

of temperature should be reduced to around 0.26°C. This

is equivalent to an error of 2.6% FSD, which is quite an
acceptable level for this application.

Obviously, an alternative approach would be to zener
stabilise the transmitter power supply, and thus minimise
the frequency drift. This would, however, involve running
a'sufficiently high zener current, to ekploit the low
dynamic—impedanée portion of the reverse characteristic.

The use of a 'reference channel' sub-carrier oscill-
ator, as outlined above, can result in an additional current
drain of less than 80pA, and can provide a contjinuous
external indication of the state of charge of the battery
pack. This is a particularly useful feature for implanted
-devices, since the anticipated implanted iife of the
device could be severely reduced, by failure of the
encapsulation. In many multi-channel applications, there
will be no need to provide an additional reference
oscillator for the- temperature channels, since the mean
centre-frequency of an AC coupled data-channel could well
be used as a referencé.

The temperature channel outputs at the receiver could

then be referred to a voltage level derived from the output
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of the AC coupled channel, by the addition of a bﬁffer
stage and an integrating network with a long time constant.

In line witﬁ the modular layout approach outlined in
Section 3.7, a reference oscillator was included within the
2cm x lcm area of the temperature telemetry module. This
permits the modulé to be used independently as a single
channel telemetry transmitter, since the module also in-
qludes an RF carrier oscillator stage. Adequate area for
the‘reference oscillator is available within the module
dimensions since, for this application, the thermistor half-
bridge may interface directly with the data sub-carrier
oscillator. The reference oscillator therefore occupies
.~ an area equivalent to that which would be allocated to the
pre-amplifier of a bio-potential module.

It Was felt desirable in the first instance to fab-
ricate each module of the multi-channel system on a separate
2cm x lcm substrate. This improves the production yield
of the multi-channel devices, by hinimisiﬁg substrate com-
plexity. .The circuit diagram of the temperature telemetry
module is illustrated in Figure 4.2.1, and the thin-film
layout is shown in Figure 4.2.2.

The time constant of the encapsulated thermistor (5
seconds) implies a maximum data bandwidth of 0.032 Hz. 1If
a ﬁinimum sub-carrier modulation index of 5 were required.
(as in the IRIG proportional bandwidth specifications),
then the sub-carrier centre frequency could be as low as
0.16Hz. The use of such low frequencies is, however,

impractical because of the large areas which would be
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Figure 4.2.2 Temperature Module:
Thin Film Layout
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occupied by the frequency determining components. In order
to minimise power consumption it is desirable to use a
high value of timing resistor.

The provisioﬁ‘of éold bonding-pads at the end of each
zig-zag track pe?ﬁits.the centre-frequency of the indi-
vidual sub-carrier oscillators to be adjusted, by the use
of ultrasonic-bonded shorting links. These pads can also
improve the yield on the préduction of etched substrates,
since any open circuit track may be shorted out and the
odd short-circuit between tracks may be tolerated. The
maximum value of the timing resistors R;, Ry as laid out
in Figure 4.2.2 is.l.12 MR where 2008f/square substrates
are used. This results in a total current consumption for
the module of less than 1OOpA, depending on what timing
resistor taps are used. For good frequency stability, it
is desirable that high-stability NPO dielectric timing
capacitors should be used (CTl’ CT2)’ Although these are
availablé in values of up to 180,000 pF, the largest value
obtainable in the most commonly stocked size (0805) is
680 pF:* Provision has theréforé been made for use of up
:to four of these in parallel (2720 pF) for the reference
oscillator, and up to three in parallel (2040 pF) for the
data oscillator. The nominal minimum centre'frequencies of
the reference and data oscillatoré are therefore 164Hz and
218Hz respectively. Since the half-bridge output over the
30 to 40°C range deviates the sub-carrier by 32.4%
(equivalent to a 70Hz deviation) the minimum sub-carrier
modulation index is 2,200, and an excellent signal-to-noise
ratio may therefore bg“apticipated éf.the channel-output.

T

*See addendum page 1567
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The harmonic'filter capacitors may be of the general
purpose high-capacitance dielectric type, and values of up
to 39,000 pF are available in the 0805 case size. The
filter resistors, R,, Rs, R¢, R;, need not therefore be
very large at these frequencies, except to minimise the
power dissipated in them. Values of 40k and 68k{ were
used, since these fit neatly between the capacitor bonding
pads. Where relatively wide centre-frequency deviations
are used, the capacitor values must be chosen to give
adequate harmonic suppression at the lower frequency limit.
The amplitude of the fundamental component appearing at
the filter output will therefore vary with the centre
frequency. This is not expected to be troublesome because
of thé wide range of input signal amplitudes accepted by
the phasé-locked sub-carrier discriminators (see Section
4.6). The resistors R; and Rg across the outputs of the
harmonic filters, are provided with taps in the same way
as the fiming resistors. This permits adjustment of the
relative amplitudes of the individual components of the
multiplexed sub-carrier signal appearing at the inﬁut of
the RF carrier oscillator. Signal-to-noise ratio performance
may thus be 'traded' between the individual channels of a
‘multi-channel system since different RF modulation indices
may‘be provided for each channel, if desired. One major
constraint is that the peak-to-peak amplitudé of the
multiplexed signal must not be such as to cause significant
over-modulation of £he RF carrier §ignal. For the Class

II oscillator described in Section 1.5, a maximum value of



about 4mVp-p may be used. The criteria used in defining
'significant' over~-modulation are fairly arbitrary, since
the problem is statistical in nature. The subject is,
however, well documented by Downing (1964)? who investi-
gates the amplitude probability distributions of ensembles
" of sine waves, whose phases are uncorrelated. A commonly
used criterion is that the peak deviation is not exceeded
for more than 1% of the time.
The thin film layout includes an integral resistor,

R forming part of the thermistor half-bridge. This

10’
resistor is also provided with taps to permit optimal
thermistor linearisation over other defined temperature
ranges, in response to possible future applications.

No provision has been made in this circuit for
limitation of the data sub-carrier frequency deviation,

by the diode clamping method referred to in Section 4.1.
This was felt to be hardly worthwhile for the following
reasons. The assymetrical voltage-swing at the half-bridge
output would necessitate the provision of a reference
potential for the diode-clamp. The low sub-carrier
frequencies of the temperature channels means that a band-
width of twice their centre frequencies could well be
allocated and would still leave adequate base—baﬁdwidth

for the small number of other data-channels liable to be

required in the near future.

4.3 ECG Channel Design

Avian ECG signals detected by sub-cutaneous electrodes

<

"are of too low an amplitude (180uV peak-to-peak) to modulate
* 127-13)
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the sub-carrier oscillato; described in section 4.1, without
preamplification. When the performance of a data-channel
based on the use of CD 4046 devices as both the sub-carrier
oscillator and the sub-carrier discriminator was investigated
using a discrete component breadboard, satisfactory perform-
ance was achieved using the IRIG recommended sub-carrier
frequency deviation of +7.5%, at centre frequencies of
greater than about 14.5kHz (i.e. on channels above number
13). Use of lower frequency channels than this would
therefore require the use of greater percentage deviations.
Where a 5.4 volt supply is used, deviations of +7.5% are

* achieved with a voltage input to the sub-carrier oscillator
of +150mV. A suitable 'window' for the avian ECG signal

has been found previously to be a range of about +150yV at
the preamplifier input terminal. A preamplifier gain of
about x1000 (60dB) is therefore suitable for this applica-
tion. Higher gains will be required where lower frequency,
higher deviation sub-carrier channels are used.

With some ECG electrode placements, signal interference
due to 'muscle noise' can occur. This interfering signal
can be of greater amplitude than that of the wanted ECG
signal and also contains harmonic components at frequencies
above 200Hz. Both of these factors will cause a broadening
of the.Sub—carrier frequency spectrum, and the possibil;ty
‘bf adjacent channel interference, where these are closely
spaced in the frequency domain. It is, therefore, desirable
to constrain both the amplitude-and frequency range of the
voltage input to the sub-carrier oscillator. This may be

"achieved by diode clamping and low-pass filtering.
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AC coupling of ECG preamplifier input leads is desir-
able to minimise electrolytic effects, isolate the amplifier
from the high and variable offset potentials associated
with the electrode/tissue interface, and to simplify circuit
design. High quality tantalum capacitors have adequately
low leakage currents for this application, and these are
available in chip form in capacities of 1lOpF in a conven-
iently small size. Extremeiy long input time-constants are
not required for the relatively fast avian ECG signal, and
amplifier input resistances of 100k, giving an input time-
constant of 1 second, have previously given excellent
results when used with implanted silver wire loop electrodes.

Differential-input preamplifiers are not essential for
this application since the use of an isolated implanted
telemeter provides adequate rejection of common-mode
signals. At present, interest in the avian ECG signal is
centered principally on its fundamental rate variation, and
the truly bi-polar recording techniques used, for example
in vectorcardiography, are not required. Simultaneous
multichannel ECG recording could, however, be helpful, inso-
far as the use of a number of dispersed electrode sites
could help to avoid loss of rate information where the ECG
signal from an individual electrode is swamped by 'muscle
noise'. This could be achieved by use of a number of single-
ended-input preamplifiers used in conjunction with a
common, implanted, remote-reference electrode, of sufficien-
tly large area to present a low common-circuit impedance.

A" single-ended preamplifier was therefore designed
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around a triple operational amplifier integrated circuit

chip manufactured by Siliconix3©

under type number 4144.
This particular device has a number of features commending
its use for bioloéical applications.

The current consumption of all three operational
amplifiers is set by the value of a single external resis-
tor which controls a triple cufrent—mirror. The frequency
response of the amplifiers is a function of their current
consumption.l Where a narrow bandwidth is required, ex-
tremely low gonsumptions may be achieved. Typically a —3dB.
bandwidth of 4kHz is achieved for a total current consump-
tion of 70pA per chip (3 amplifiers). A 1.7kHz bandwidth
requires only 30pA. Although lower bandwidths may be re-
quired forvsome.applications, the use of currents of less
than about 30pA require the use of inconveniently large
values of external resistors. The ECG preamplifier/sub-
carrier oscillator circuit therefore consumes about 110pA.
Each individual amplifier has a differentiél input, permit-
'ting use of a variety of feed-back configurations, and a
single-ended oﬁtput._ Low-frequency open-loop gains of up to
80dB are available from each amplifier and direct coupling
is used throughout. The amplifiers do not, however,
incorporate an offset-nulling adjustment. For this parti-
cular ECG preamplifier application, offset considerations
necessitate the use of two AC coupled gain stages. Although
the third amplifier is not therefore strictly necessary in
this application, it is used to considerable advantage in

the design of the EEG channel described in section 4.4, and
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for the present small volume production requirements there
are advantages in minimising the number of different ICs to
be stocked. The circuit diagram of the ECG preamplifier
module is illustrated in figure 4.3.1., and the actual lay-
out of the resistor and conductor mask is shown in figure
4.3.2. The resistor Values indicated on the diagram
represent the maximum values of the resistor tracks on the
mask. Since adequate space was available within the module
size, many tracks were made longer than necessary for the
avian ECG application, and these were provided with gold
bonding-pads to permit adjustment to the desired values.
The etched substrates may therefore be used for a range of
other applications, withéut modification.

The diodes included in the feedback network of the
final amplifier produce a 'soft-limiting' of the output
signal amﬁlitude at a level of around #500mV. This re-
sults in an effective peak frequency deviation of the sub-
carrier oscillator of around +25%. The potential divider
resistor R4 is provided with optional bonding taps permit-
ting the deviation to be limited to +25%, +15%, +10% or
+5%, as desired. The'Soft—limiting action of the diédes
results in an effective 'volume compression', of signals
approaching the 500mV level at the output. Where necessary
an equivalent 'volume expansion' function may be performed

at the data-channel output by the use of a similar diode/
resistor combination, with the appropriate siénai amplitude.
It is desirable to limit the pfeamplifier pass-band by use
of a capacitor across the feed-back resistor, rather than

.by limitation of the amplifier current consumption. This
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minimises distortion of signal waveforms approaching the
cut-off frequency, since limitation of the supply current
produces an apparently slew-rate-limited triangular wave-
form at high-frequencies. One further point in this

design is that the resistor R5 which determines the current
consumption, 1is returned to the zero volt line rather than
to the positive supply line, as described in the manufac-
turers' literature. While this will increase the variation
of current consumption with temperature, much lower values

of resistor may be used.

4.4 EEG Channel Design

Avian EEG signals from implanted needle electrodes
were investigated using a single channel device mounted on
the skull of a birxrd. A high input-impedance was required
because of the extremely small active area of the needle
electrodes used. These are made of silver and have a tip
radius of 100u. A 1OMR input impedance was therefore
required in order to expand the low-frequency response to
about 1Hz. This was achieved by the addition of an n-
channel junction FET to the front end of the biopotential
telemetry device described by Filshie & McGee (June 1974).
Experience gained with this device indicated that a suitable
'window!' for the avian EEG was a voltage range of +75uV at
the preamplifier input terminals.

The significant bandwidth of the avian EEG extends
from about 1lHz to about 60Hz. Occasionally spikes of about
1 millisecond dﬁration may be observed in EEG traces, and

where these are of interest a frequency response extending



to about 2kHz would be usefui. Particular interest exists
at present in components of the avian EEG signal lying
around 3 to 4Hz, since these appear to be related to the
state of alertness of the bird (Personal Communication -
Dr M. Gentle). The traces received from the single channel
devices, however, showed small base-line shifts correlated
with rapid head movements. It proved difficult to dis-
tinguish these from the signals of interest and it could
not be readily established whether these shifts were due
to movement artefact potentials appearing at the input
terminals, or to RF cérrier frequency shifts.

Accordingly, the EEG preamplifier whose circuit dia-
gram is shown in figure 4.4.1 was developed. Apart from
providing fhe possibility of multichannel operation, the
use of a sub-carrier data-channel will avoia artefacts due
to RF carrier shifts and movement artefact potentials shoﬁld
bé attenuated further by the high common-mode rejéction,
of the differential input preamplifier used.

The final two stages of the preamplifier are identical
in design and function, to those used in the ECG design of
section 4.3, and are connected to give a voltage gain of
ten times.

An additional L1144 device is, however, used for the
EEG channel, and when this is used in the configuration
shown in figure 4.4.1, realises a number of significant.
performance improvements over more conventional design.

The common-mode rejection ratio of conventional diff-

erential input operational amplifier designs is a function
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of the matching of the two pairs of gain-determining resis-
tors. Where 0.1% tolerance components are used, a common-
mode rejection ratio as low as 54dB could result from the
resistor mismatch alone. (Electronic Engineering, December
1973, pl2).

The.commonfmode rejection ratio of the 'triple-op-amp!
configuration used is much less dependent on resistor match-
ing since the common-mode rejection ratio of the output
stage, which is determined by the matching of the two
5.6k and the two 27kf resistors, is improved by the gain
of the preceding amplifier stages. The gain of these stages
may now be adjusted by variation of the 3.9kf resistor alone.
The input impedance of this configuration is high, being
equal to the common-mode input impedance of the operational
amplifiers themselves, which is typically in excess of
10°%. Significant bias currents (typically 200nA) must
however be sunk from the bipolar input devices and this
precludes direct coupling to the electrodes themselves.

- If ac coupling to this stage were used, resistors would
have to be provided to sink the bias currents. Input im-
pedances of greater'than 1OM&{ are, however, required to
avoid loading the small diameter needle electrodes (60u) to
be used in future investigations, and so allow the desired
low-frequency response to be obtained.

The use of such high values of input resistor would
produce unacceptably high input offset voltages, where a
high stage gain and operation from a low supply-line vol-

" tage (5.4v) are required.
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The performance of an n-channel junction fieid—effect
.transisfor input stage was therefore investigated, since
their low leakage currents (typically less than 0.1nA)
would permit direct coupling to the electrodes. The con-
figuration illustrated in figure 4.4.1 was found.to give. a
performance adequate for this application. The device type
2N5517 has an excellent low-frequency noise performance
(less than 40uV/sz%) and matched pairs are available in
un-encapsulated form from Siliconix3© under the chip type
number CDNSOl. The performance of a number of pairs of
2N5517 discrete devices was investigated using the long-
tailed pair differential amplifier configuration illustrated.
The use of the CA3045 monolithic transistor array as a
current-mirror supplying the 'tail"improves the common-
mode rejéction ratio of the stage. Small variations in
the forward characteristics of individual devices give
rise to an offset voltage across the matched drain-load
resistors.' The inclusion of a sméll 'degeneration! resistor
~.in the source circuit as shown, permits this voltage to be
'backed off' by an appropriate choice of tapping point along
the resistor. For all pairs of devices tested, it was est-
ablished that the maximum common-mode rejection ratio (i.e.
optimum ac matching) was achieved when the output offset
volfage was adjusted to zero. The current consumption of
the input stage may be readily adjusted by altering the value
~of the 100k& resistor supplying the CA3045 device.

The voltage-gain, common-mode rejection and noise

performance of the FET input stage may all be improved by
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increasing its current consumption. With the component
values shown, a voltage gain of ten with a common-mode
rejection ratio of 69dB was achieved for a current of about
25pA per transistor. The total consumption of the input
stage, including the current-mirror, is therefore around
100pA.

. As mentioned in section 4.3, the current consumption
and frequency response of thé L144 devices is set by the
value of an external resistor. In this EEG preamp design,
this resistor supplies current to both chips and is returned
to the zero volt line. The value of 330k& as shown, pro-
duced a current;consumption of about 42pA per chip, and a
slew—ra&e limited frequency respénsé extending to about
2.3kHz. Wheﬁ this was limited to 1lkHz by the feedback
capacitor across the diodes, a total input referred noise
level of 2uV peak-to-peak was measured. Bandwidth limit-
ation to lOOHz, reduced this figure to 1.5pV. The current
consumption of the entire preamplifiex ﬁs therefore around
185pA. The performance obtained is seen to be limited by
the need to minimise power consumption and where an improved
performance is required this may be readily obtained by the
provision of tapping points on the current determining
resistors.

The gain of the DC coupled input stages as shown is
about 6600 times. Input offset potentials (due to electro-
cﬁemical effects at the electrodes) of up to about 2mV can
therefore be éccommodated, at the expense of a reduced

common-mode rejection. This EEG preamplifier is more
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complex than either the Temperature or the ECG module
described previously. Attempts to achieve a satisfactory
thin-film layout within £he 2cm by lcm 'module size' have
indicated that the components will fit in, but time has not

permitted a satisfactory layout to be achieved as yet.

4.5 Remote Switch Design

The preamplifier/sub-carrier modules described in the
previous sections of this chapter were designed.to realise
the desired performance with the lowest power consumption
possible within the constraints imposed by the performance
of the available active devices and the hybrid production
process itself. Nevertheless, the working life of multi-
channel devices constructed with these modules is limited
by the relatively small capacity of suitable'battery packs.
A capacity of 167mA hours is about as much as can be ob-
tained without the use of a package, inconveniently large
for implantation in chickens.

The current consumption of a three channel device
consisting of two ECG channels and one temperature channel,
used in conjunction with a 500pA Colpitts oscillatoxr, would
be in the region of about 810OpA. This would give a useful
range of about 15m and a working life of around 200 hours.
Since this is inconveniently short for many studies, and
since 24 hours of data per day is seldom requirea, a device
capable of switching an implanted transmitter on and off
would be useful.

A magnetically actuated bi-stable reed switch marketed

S31

under the name 'Logcell', by FR Electronic appeared to
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be aﬁ attractive solution to the problem, and the perform-
ance of these was investigéted. The devices were, howéver,
expensive, fragile and actuating them from distances greatér
than about 1lcm required the use of inconveniently large
permanent magnets.

The extremely low leakage currents of 'COSHMOS' devices
combined with their low output resistance made the use of a
D-type flip-flop (CD 4013), as a solid-state switch, seem
attractive. The possibility of triggering these by means of
a burst of RF energy, was- therefore investigated, and the
circuit illustfated_in Figure 4.5.1 was eventually found to
give a performance adequate for this application. Since the
CD 4013 device is in fact a Dual D-type flip—fiop, it was
connected to provide a 'divide-by-four' function. This
permits independent control of two trahsmitters, Oor preamp-
lifiers 1if desired. The controlled device is connected
from the positive line to the CD 4013 outputs, to take
advantage of the fact that the 'on' resistance of the n;
channel output transistor (2008) is less than that of the
p-channel output transistor (4008).

The bur;t of RF is generatéd by a hand-held actuator
which consists of a resonant circuit, a micro—switch and a
60v battery. A 20,000pF capacitor chargéd to 60V is
discharged by the microswitch through a rectangular loop
antenna. The antenna consists of a single turn of heavy
gauge copper wire, whose dimensions are 8cm by 4cm. The
resulting RF pulse consists of a damped oscillation at about

2.5MHz. It was found possible to switch the D-type flip-
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Figure 4.5.2 Remote Switch_: Thin Film Layout
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flop by meaﬁs of the pulse appearing at the cutput of a
'crystal set!'. The receiving antenna cbnsists of 30 turns
of 36 swg enamel covered wire pile-wound on an Aladdin
former type 8A-4387 fitted with an R7 grade 6mm ferrite
core. A parallel capacitor of 680pF permits the antenna to
be tuned to resonance at 2.5MHz using the ferrite core. The
half-wave rectified pulses charge the input capacitance of
the flip~flop (5pF) and reliable switching from a distance
of around 1lOcm has been observed to occur. The devices
were fabricated inlthin—film hybrid form, using unencapsu-
lated flip-flop and diode chips. The substrate size is

6mm by 6mm. The thin-film layout is illustrated in Figure
4.5.2 from which it can be seen that the bulk of the area
is occﬁpied by the bonding pads for external lead wires.

A considerable area reduction could therefore be achieved
where the device can be integrated with the controlled
‘transmitter on the same substrate. When the receiving
antenna is implanted sub-dermally, the range of the actu-
ator is reduced to around SCﬁ. The leakage current of the
CD4013 device is around 5 nano-amps at 5v, and a drive

current of around 1lmA is available from the device.

4.6 Sub-Carrier Discriminator Design

The signal appearing at the output terminals of the
radio receiver consists of an ensemble of sinewaves of
different frequencies, each frequency modulated by the
appropriate message waveform.  The function of the sub-
carrier discriminators is to retrieve the desired message

waveforms with the minimum of distortion, noise, and
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crosstalk bétween channels. A design, typical of the
approach used by most workers in the past, is described in
séme detail by Fishler (1967). He uses an emitter-follower
input stage to avéid loaaing the IF frequency discriminator.
This is used to drive a bank of series resonant circuits,
each tuned to the appropriate sub-carrier frequency channel.
These filters are connected in parallel to the output of the
emitter-follower limiter stage. Sub-carrier frequency
discrimination is then performed by two parallel driven
amplifier stages driving resonant circuits, each slightly
de-tuned in opposite directions.‘ The two outputs are then
amplitude-detected,.added differentially and filtered by a
low-pass pi-network filter, to retrieve the desired message
waveforms. |

"An alternative method of recovering the desired message
waveforms involves the use of 'phasé—locked loops' as sub-
carrier frequency discriminators. The subject of phase-
locked FM demodulation has been treated in detail by
Gardner (1966). Since then, a number of manufacturers have
produced monolithic silicon integrated circuit phase-locked
loops.. The use of a single IC for this application results
in a considerable reduction in receiver complexity, and 1is
attractive because of the relative simplicity with which
they may be set up for different sub-carrier centre-
frequencies, and deviations.

The performance of the RCA COSMOS CD 4046 phase-locked
loop was investigated and.found to be well suited to this

application. -
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Full design data for FM discriminators using the CD
4046 deviceare published by the manufacturers in Data-Filc
number 637 and Application Note number ICAN-6101. ' These data
were used to design a bank of six sub-carrier discriminators,
and these were bread-boarded using discrete plastic DIL
packaged devices. The centre-frequency and lock-range of
each device was made adjustable by the use of two trimming
resistors, and NPO timing capacitors were used. Single-pole
loop filters were used and satisfactory performance over
the initial design lock-ranges (+10%) was achieved with
input signal amplitudes down to about 30mV peak—to—peak.
Operation from low—ievel input signals such as these is
achieved by biasing the phase comparator II input to the
mid-point of the supply lines, and AC coupling the input
signal. Higher level input signals are required whefe
wider sub-carrier deviations are used. Typically, a 300mV
input signal level is required for +90% deviation.
Relatively high signal amplitudes are available from the
demodulated signal output éf the Leak Delta FM tuner
(about 3.0v for 50kHz deviation). For the majority of
multichannel applications, therefore, the peak-to-peak
amplitude for satisfactory capture performance of the CD
4046 sub-carrier discriminators. These devices, however,
are capable of locking on to signals outwith their design
lock-ranges. This is a function of the type of phase
comparator used. A '‘phase locked' condition can arise where
the VCO capture frequency range covers an harmonic of a

low-frequency input signal. The VCO may then run at an
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integer multiple of the.low‘frequency input signal.

This is a situation which could well cause trouble in
multichannel FM sub-carrier discriminators,'where the
frequency-multiplexed sigpal is applied to a bank of para-
llel driven discriminators. Where relatively wide sub-
carrier deviations are used, as is desirable in this bio-
telemetry application, it may prove impossible to ensure
that the bandwidth of a high—ffequency channel does not
cover a harmonic of a low frequéncy channel. Crosstalk or
interchannel interference may therefore occur even although
the harmonic content of the low frequency sub-carrier is
negligible. In order to eliminate this effect, it is nec-
essary to attentuate the amplitude of any such low-frequency
sub-carrier signals to a level where the 'capture-effect!'
will permit satisfactory demodulation of the intended sub-
carrier signal. This may be achieved by including a band-
pass filter in front of the phase-locked loop discriminator.
A high level of signal-suppression is not required, and it
was found that an active filter configuration with a Q of
10 eliminated crosstalk to imperceptible proportions. The
CD 4046 is provided with a low-impedance buffered output,
and data bandwidth limitation may be provided By a suitable
time constant applied to this terminal.

Time has not permitted a fuller investigation to be
carried out-into the optimisation of the discriminator and
filter designs, and this will require further attention,
particularly where wide deviation sub-carrier channels with

narrow guard-bands are required. For present applications,
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where only a few data-channels are réquired, these may be
widely spaced within the base-bandwidth available, and
relatively simple filter designs should ensure adequate

performance.
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CONCLUSION

The preceding chapters summarise investigations
carried out by the author into the feasibility of producing
a multichannel radio telemetry system compatible with
chronic implantation in small animals, and the GPO Class
II telemetry regulations. Some aspects of RF propagation
from implanted devices are considered in Chapter I, and
the design of a practiéal thin film hybrid RF oscillator
is presented. The results of investigations into message
"and channel bandwidths are reported in Chapter II, and
reasons are given fbr.the choice of an FM/FM multiplex
system.

Various miniéturisation techniques are assessed in
Chapter III and the argument in favour of the subtractive
thin film hybrid approach is presented. Some aspects of
the hybrid technology which lead to constraints in circuit
design are also considered. On the basis of the preceding
work, a number of component modules of a multichannel
~ system were designed, and some features of these are des-
cribed in Chapter IV. It is intended to use these modules
to construct multichannel telemeters for specific applica-
tions. The performance of the whole telemetry system
using these transmitters 'in vivo' will then be assessed,
and the results obtained will be used to optimise sub- |
carrier ana RF modulation parameters, to suit particular
applications.

At the present time, these modules are at different
stages of development. A large number of Colpitt's carrier

oscillators have been built, and many of these were used,



at 102.36MHz, to replace the 30MHz carrier oscillator used
on the devices described by Filshie and McGee (June, 1974).
Considerable experience has now been gained in the implanted
use of these siﬁgle channel Class II transmitters and many
thousands of working hours have been logged by these
Colpitt's oscillators. The earliest of these were fitted
with Ferranti3? pE transistors type BFS46, and later
oscillators were built usiﬁg an equivalent unencaﬁsulated
chip transistor, in order to gain experience in chip
mounting and wire-bonding techniques. These devices have
also performed weil in use.

The remote switch described in section 4.5 was chosen
as the first device to be produced using unencapsulated
*COSMOS! integfated circuit chips. The production yield’
on these devices was initially low, and many working
devices subsequently failed. The principal production
difficulty.was associated with the very poor quality of
the aluminium metallisation of the chip bonding pads. The
spongy nature and poor~adhesion of the aluminium film made
the ultrasonic wire.bonding parameters difficult to
optimise. Tﬁe use éf puised thermocompression gold wire
bonding improved the yield on these early devices. A
second batch of 'COSMOS' CD4013 devices purchased more
receﬁtly showed a much higher adhesion of the chip metall-
isation and ultrasonic wire bonding is now being used,
with a high yield on the finished devices. A few of these
switches have.been implanted with single channel telemetry

devices, and reliable external triggering has been achieved.
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When it was felt that sufficient experience had been
gained in the h;ndling of unencapsulated COSMOS integrated
circuit chips, a start was made to the production of the
ECG and Temperature telemetry modules, described in
sections 4.3 and 4.2 respectively. At present, about a
dozen substrates have been etched to each of the two
patterns.. These were the‘firsf substrates to use the
foduced resistor track line width of 254 and, from the
fesults obtained, a yield of better than 75% is anticipated
on the evaporation/photo=-lithography process, when the
devices are in small batch productioﬁl. So far, two sub-
&trates of each type have been fuliy bonded up, and all
four produced a satisfactory performance.

Both of these modules incorporate a Colpitt's
oscillator, which is functionally idenfical to that
‘aéscribed in section 1.5, although the thin film layout is
élightiy different. The layout change has not significantly
affected the performance of the oscillator. Detailed
functional tests are at present being performed on these
devices, and the ihitiai indications are that all the
%hb;éaffiei-OSCiliétors'produce the anticipated centre-
%%équénciés and deviations. The frequency tracking, with
respect to supply line voltage variations of the data and
¥eference channels of the temperature devices, was found
to be in the region of 14% #2% per volt, and the frequency
deviationfor the designed 10°C range (30°C to 40°C) was
measured as *25%-.

The preamplifier sections of the ECG devices were



found to produce the anticipated voltage gains, and
frequency responses. The next stage of this work will
therefore be to complete the functional tegts after the
devices have been encapsulated and to gain some expérience
of the performance of the devices 'in vivo'.

A final layout for the EEG telemetry module has not
yet been arrived at, since it was decided to proceed
initially with the construction of tﬁe two less complic-
ated modules, in order to gain experience of any problems
associated with the applique techniques used. Initial
layout attempts on the EEG circuit indicate that all
components will fif within the 2cm by lcm module size,
but that this represents about the ultimate in packing
density that can be convenienfly achieved with presently

available components.
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FUTURE DEVELOPMENTS

The devices described in section 4.2 and 4.3 are
.considerably more complex than any produced before in this
department. Experience gained in etching and bonding of
the prototype devices produced to date indicates that they
can be produced in quantity with an acceptably high yield.
Once data on the overall telemetry system performance has
been obtained, then individual data-channel modulation
parameters may be modified to optimise the utilisation of
the available RF bandwidth. Multichannel devices could
thén be produced on single substrates, if»neceésary,Ain
respénse to reﬁuirements_for specific combinations of
input parameters. |

One refinement which would be much appreciated by
users of the devices, and which could be fairly readily
incorporated into a multichannel system, would be to
includé an internal calibration function within the
telemetry transmitter itself. The IRIG proportional band-
width telemetry specifications include details of how such
a system might operate. (Stiltz 1961). A similar system
¢could be readily impleﬁeﬁted in an implanted transmitter,
gince the use of the remote switch and actuator described
in section 4.5 will enable four different modes of
bpéiaiion to be controlled externally. These modes could
be:

1. OFF

2. TUNE

3. CALIBRATE

4. DATA
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In the 'TUNE' mode, all sub-carrier oscillatdr input
terminals could be shorted to the zero-volt line by, for
example, field-effect transistors. In this condition all
sub-carrier data channels will produce their centre
frequenciesL This will permif accurate alignment of the
individual sub-carrier discriminators at the receiver
output.

In the 'CALIBRATE' mode, an internally generated
§tandardising signal could be applied to all channel
inputs. Such a signal could be a low-frequency square-
wave of convenient amplitude, generated by a 'COSMOS!
multivibrator. This test signal would permit amplitude
calibration of the sub-carrier discriminator outputs, and
would also allow the frequency responses of the individual
data=channels to be readily checked. |

In the 'DATA' mode, the actual data signals appearing
at the channel inputs would be telemetered. Implementation
of this type of system would 1ead-to a slight increase in
transmitter complexity, which could well be acceptable
because of its utility. An alternative approach, which
has much to commend it iﬂ some applications, 1s to dispense
with manual remote actuation and to include an internal
low-frequency multivibrator to perform the switching
function. This could be used with or without the TUNE/.
CALIBRATE function, to produce a sampled data system, and
to prolong the life of the battery pack.

Although the investigations of previous chapters have

been concerned with multichannel operation within GPO Class



- 133 -

ITI regulations, the work rélating to bandwidth occupancy
of FM signals could be used to interface the FM sub-
carrier modules to a number of alternative RF transmitters.
Multichannel operation under Class I conditions is ob-
viously quite straightforward as a very wide RF bandwidth
is available.

In Class III operation a peak RF frequency deviation
of +5kHz is permitted, and if a wide base-bandwidth were
required a poor signal-to—noise ratio at the receiver
output could be anticipated. Estimates of the usable
base-bandwidth must therefore be based on a thorough
examination of the threshold performance of the sub-carrier
discriminators used. |

Operéting licences have :ecently been granted to users
of equipment at 173MHz and at 458.6MHz. Higher RF power
levels, viz 10OmW and up to 500mW respectively, can be
permitted at these frequencies, and the greatly increased
range permits the devices to be used for animal tracking
 experiments in open country.v Once again, the FM sub-
carrier modules could be interfaced with these devices to
permit simultaneous tracking and monitoring of physio-
logical parameters.

Transmitters operating under Class III conditions or
at 173MHz or 458.6MH2; currently employ bulk crystal
oscillators with multipliers and drive stages, and may
therefore only be used with lArger animals because of
their size and power consumptién.

Investigations into the design of RF .-oscillators,
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stabilised by Surface'Acoustic Wave devices, are currently
being made, and initial results indicate that-no funda-
mental difficulties are involved. The development of such
oscillators at 102, 173 and 458.6MHz will open new fields
of application for biological telemetry .devices, 5oth in
intensive care units and with small animals in their
natural environments. |

A further useful feature of SAW devices is that they
may be designed with two output transducers. If these
Structures are laid out with their finger spacings one
quarter of a wavelength apart, then two output signals
with a 90° phase—shift may be directly generated. These
could be used to drive mutually perpendicular antennae and
the resulting.circularly polarised radiation field should
virtually eliminate signal drop-out, for all transmitter

orientations.



APPENDIX I

Extracts from

Filshie and McGee (April/May, June 1974)

VACUUM DEPOSITION
A.Equipment
Vacuum deposition of resistive, conductive
and insulating films is carried outina CVC
20E vacuum system. The chamber furniture
consists of a heated substrate holderand a
Bir-Vac RG I ring-gun witha
source-changing mechanism and a shutter.
A glowdischarge cleaning ring is fitted, and
quartzcrystal and sheet resistance
monitoring facilities are provided. This
equipment was constructed largely in the
. workshops of the Poultry Research Centre

and has proved highly reliable in service.

" B. Electron-beam gun operation
Two modes of operation of the electron-
beam gun are possible, and these may
produce films with different properties.
THE DE-FOCUSSED MODE
The crucible may be raised out of the focus
of theelectron stream, into a position where
its side walls are bombarded. Evaporation of
material takes place from the evaporant
surface, with an energy distribution similar
to thatin thermal evaporation, i.e. peaking
atenergies of around 0- 2 eV forsource -
temperatures of 2,250°K.(*) The gun may be

__rununder either space-charge-limited
conditions, e.g. 250 mA and 1-0kV, or
emission-limited conditions, e.g. 55 mA and
4-5kV.Theevaporationrate and energy
distribution is a function of the electron-
beam power and is the same for either
power-supply condition.

THE FOCUSSED MODE

- The crucible may belowered to a position
where the electron stream is concentrated
onasmall area of the evaporant surface.
The thermal resistance of the evaporant and
the small spot-size attainable allow much
higher effective source temperatures, for the .
same beam power, than in the de-focussed
mod e. Unstable, rate-runaway conditions
can occur at high evaporationrates with
high electron acceleration voltages. This is
due toionising collisions caused by the
focussed electron beam passing through the
evaporant vapour. This is to be expected
because at practical evaporation rates
vapour pressure of the evaporant
immediately above the crucible is high (1 - 3
N/m?®)and themean free path is about
5mm.(')

For most metals it is necessary to operate
this region, to obtain practical
evaporationrates. They can be achieved if
the beam current is emission-limited and the
evaporationrate is controlled via the
filament supply current.

C. Ni-Cr deposition

80:20 Nichrome wire is melted in a shallow
amorphous carbon crucible, using an
electron-beam spot size of about 10 mm.
When the crucibleis full the Ni-Cr hasa
convex upper surface. During deposition,
however, the spot is focussed to about 1 mm
diameter. This results in the erosion of only
asmall area of the Ni-Cr surface, the bulk
of the evaporant remaining in the solid
phase. In view of the similarity of this
process to alloy sublimation, film
compositions similar to that of the bulk
material might beexpected.(') However,
films of 200 Q/square prepared in this way
on 7059 glass substrates at 300°C have been
shown by X-ray fluoroscopic analysisto

‘a The defocussed mode \

[—- Filarnent

Focus
chamber

Crucible
N

" Electron stream Eg

- Evaporant flux _

1b The focused mode

. J

1 Electron beam gun operating modes
1a De-focused mode
1b focused mode

have a mean composition of 63:37. This
view of the evaporation process is therefore
clearly an over-simplification, and
significant atomic mobilities must exist
within the evaporant, permitting preferen-
tial evaporation of the Cr.



- "This mode of deposition yields film
Temperature Coefficients of Resistance
_(TCR) which are positive and usually <
+ 100 ppm/°C. If the crucible is topped up
with more 80:20 wire, and the contents are
melted uniformly as before, the evaporant
will become progressively Ni-rich from
evaporation to evaporation. This has been
observed to result in a mean film
composition of 74 :26 after about 10
evaporations, with a consequent increase
in the positive TCR to around
170 ppm/°C. Both of these TCRs are higher
than one would expect from the measured
percentage compositions. This indicates
significant oxidation of the Crin the
deposited film.(** This interpretation is
supported by the fact that post-deposition
ageingat 300°C in air for 12 h causes sheet
resistance changes of only around 5 %.

The temperature of the front surface of
substrates increases during film deposition,
duetoradiation from the source and the
kinetic and condensation energies of the
evaporant atoms. Since all of these factors
arerelated to the electron-beam-gun
operating conditions, which are manually
controlled, the substrate temperature
towards the end of a deposition is both
unknown and subject to variation from run
torun. The source is therefore shuttered
shortly before the monitored sheet resistance
reaches its intended value. This allows
the substrates to cool to 300°C. A
drop of up to 1-5 9% in the monitored sheet
resistance, over a period of about 1 min, is

_usually observed at this stage. If this change
isdueentirely to a reduction in substrate
temperature, an assumed film TCR of
4100 ppm/°C implies that substrate
temperatures of up to450°C can bereached.
Breitweisser et al. report similar temperature
rises.(13)

When the monitored sheet resistance
stabilises at its 300°C value, a series of brief
exposures to the source is made until the
desired sheet resistance is attained.

Both evaporationrate and accelerating
voltageare observed to affect the

‘monitored conductivity. This effect is
significant only during exposure to the
source and with sheet resistances greater

.than 10k Q/square. There is some evidence
that thisis due to ion-induced conductivity
in the glass substrate. However, since the
effect is insignificant at sheet resistances of
200Q)/square, it has not been investigated
further.

D. Ni-Cr substrate interface

Ni-Cr film adhesion to 7059 glass substrates
is excellent provided that the substrate
temperature is sufficiently high to provide
theactivation energy required for the
oxidation of the initial Cr-rich deposit at
the oxygen-rich substrate surface (2
Electron-beam-evaporated Ni-Cr films
have been found to pass the ‘Scotchtape
Peel Test’(19 when deposited on substrates
atabove about 150°C. At asubstrate
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temperature of 300°C the film cannot be
physically separated from the glass. This
may indicate that the energy of formation of
Cr, O, is greater than the binding energies

of the materials themselves.

These high adhesions are obtainable only on
clean substrates and it has been found

. essential to eliminate the contamination
- which can occur during source degassing,

even with the source shuttered. The
evaporants are therefore degassed before
loading the substrates into the chamber.
Since cross-contamination of the sources
can occur, it is essential that the Ni-Cr
crucible be degassed after the Au crucible,
as Au contamination of the substrate
adversely affects the Ni-Cr film adhesion.
E. Audeposition
Gold wire is melted in a molybdenum
crucible and thoroughly degassed. The
degassing routine includes the evaporation

+ of gold at twige the desired film deposition

rate. This refluces the incidence of
particulate ejection of material from the
evaporant, which can be troublesome,

i particularly in the focused mode of
‘ operation.

Gold has a vapour pressure of 13 N/mt?at
the fairly low evaporation temperature of
1,397°C. It can therefore be readily
evaporated in either the focussed or the
de-focussed mode. With the focussed beam
accelerating voltages above 3kV can cause
runaway conditions if deposition rates
greater than about 3- 5 nm/s are attempted.
Although use of the de-focussed mode
largely eliminates this, film adhesions are
lower.

F. Au/Ni-Cr interface

This interface is of the diffusion or
pseudo-diffusion type.(!19 Gold film
adhesion is consequently a function of the
diffusion or penetration of gold into the
Ni-Cr layer. Etching of the gold film using an
iodine/potassiumiodide etchant also removes
the Ni-Cr which was in solid solution in the -
gold at the interface. The difference between
the sheet resistance of the Ni-Cras
deposited and after gold etching is an
indication of the interface depth. This has
been found to be a function of :-
1. Substrate temperature during gold

" deposition.

2. Time spent by the substrate at elevated
temperatures.

3. Gold deposition rate.”

4. Gold film thickness.

5.Gold arrival energies. .

The effects of these variables have not been
studied in detail, but it has been observed
that films of down to 200 )/square can be
entirely dissolved during over-energetic
deposition of gold on substrates at 300°C.
Gold film adhesion will in general improve
withincreasing interface depth. If, however,
theinterface extends to the substrate surface,
filmadhesiondrops to alow level. The
achievement of high and predictable Ni-Cr
sheet resistances, together with high levels of



gold adhesion, is therefore critically

dependent on the control of all the variables

listed above. One may expect the

resistivity of the gold film to be increased by

the incorporation of either Ni or Cr, by

0-8u Q/atomic percent in the case of Ni, and

by 4-65u £2/atomic per cent in the case of

Cr.(14

G. SiO, evaporation

After etching, the Ni-Cr resistor tracks are

protected by the evaporation of SiO, from

an amorphous carbon crucible. This
produces a protective glass layer about 1 pm
thick over the entire substrate. This film is
tenacious, transparent and easily etched in
buffered hydrofluoricacid, to produce
windows for access to bonding areas. It acts
as a hermeticseal for the Ni-Cr tracks,
improves their long-term stability(!> and
inhibits the electrolytic corrosion which can
occur to Ni-Cr when subjected to adc
voltage gradient in the presence of moisture.

. Its deposition causes less than 1 % changein
the Ni-Cr sheet resistance and no
measurable change in the Ni-Cr TCR. This
may indicate that no further significant
exidation or re-structuring of the Ni-Cr
is caused by its deposition.

. Theuse of this protective layer has
enabled a cheap epoxy package to be used
for implantation applications with increased
confidence.

H. Standard 200 )/square process
The evaporation parameters described in
this section are those used for the ’
metallisation of substrates for use in the
implantable telemetry devices to be
described in part 2. A high Ni-Cr sheet
resistance is required to simplify circuit
design atlow supply currents, and high film
adhesion is required for reliable
component attachment.
Thirty 7059 glass substrates 25 X 13mm
(1-0 X 0:5in)arecleaned by ultrasonic
agitation for 20minina 5%, Decon90
solution. This is followed by a de-ionised-
waterrinse. The substrates are blown dry
with filtered N,, loaded into the vacuum
chamber and given a final dusting with
filtered N,. These operations are carried out
under Class 100 laminar-flow conditions.
The vacuum system is then evacuated to 6- 6
X 10—5N/m?and thesubstrates heated to
300°C. A glow-discharge is then struck in a
,6-6 N/m? argon atmosphere and run at 200
W for 15 min. The chamber is again pumped
outto6-6 X 10—5N/m? before film
deposition is commenced.
Ni-Cris deposited at 0- 05 nm/s to a sheet-
resistance of 168 {2/square at 300°C. This is
doneinthe focused mode at 40 mA and 4+ 5
kV (180 W).
Goldisthendepositedat1-5nm/stoa
thickness of 0- 5um ; this is done in the
focused mode with a 50 mA beam current at
4-5kV(225W).

If SiO, evaporation is being performed,
the cleaning procedure described above is
carried out on substrates bearing the etched
conductor and resistor patterns. The film is
grownat 1-3nm/s toathicknessof 1 -0 pm.
This is done with a focused beam of 7S mA
at4-0kVv (300W).
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PROCESS CONTROL

Theyield from the evaporation and
photolithographic processes is a function of
the surface quality of the incoming
substrates. A surface scratch as smallas 50
pum long and 10 nm deep can completely
sever a resistor track. Since such defects are
only visible under a microscope, it is
considered uneconomic to scan all
substrates in this manner. Only a visual
inspection for gross defects is therefore
performed before film deposition. Great
reliance must therefore be placed on the
supplier’s cutting and packing methods.
Thus inexpensive substrates, if of poor
quality, can prove to be a false economy.
The metallised substrates are microscopic-
ally inspected, with back illumination for
pinholes which could cause open circuits,
and with oblique illumination for
particulate contamination which could
damage the emulsion mask.

The sheet resistance of the Ni-Cr layer is
checked at this stage by etching a gap in the
Au layer of the central metallised substrate

" of the array, and measuring the resistance

and dimensions of the exposed Ni-Cr area.
The Au fiim thickness of the same
metallised substrate is also measured on a
Talysurf.

Film adhesion is tested ona second

. metallised substrate by scratching with 2

sca]pel blade, while viewing _
microscopically, and by pull-testing a 14
SWG copper wire, butt soldered to the film.
Acceptabie adhesion results in a conchoidal
fracture in the glass.

PHOTOLITHOGRAPHY

Theinitial circuit-layout artwork is cut in
Rubylith*, ona coordinatograph, at 20 X
finalsize. A normalintegrated circuit
first-reduction process is used to produce an
emulsion mask on a 50- 8 mm square plate.
The following procedure effectively uses an
etched gold pattern as a high adhesion,
in-contact mask for the Ni-Cr etchant and
minimizes undercut in the Ni-Cr pattern.
Variability of undercut of the gold layer
affects the Ni-Cr track widths so produced.
Since the gold layeris 0- 5 um and the Ni-Cr
tracks at present in use are 50 um wide, this
presents no problem. The tendency of the
Ni-Cretchant to penetrate pinholes is also
minimized by the two Jayer mask (Au +
photoresist).

The following photolithographic processes
arecarried out in a humidity- and
temperature-controlled environment.
Shipley** AZ1350H photoresist is used for
the metal etching. Because of its positive
working nature, only a single coating is
required for exposure to the two masks
involved. Resist is spun on at 3,000 rpm for
30s, air dried and given a low temperature
bake. Optimum photoresist exposure and
development times are established before
processing each batch of metallized
substrates. This minimizes line width
variation due to variation in the viscosity of
the photoresist, the intensity of the ultra-
violetsourceand the activityof the developer.
Theresist film is then exposed through the

* Uleno Graphic Art Supplies Inc, New York
** Shipley Chermicals Ltd, Coventry



first mask, which consists of the resistor and
conductor patterns. The developed
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- Ferranti micro-E package, toroidal
inductors and ceramic trimming capacitors

photoresist patternis thenrinsed, dried and  @realso atpresentinuse.

examined under a microscope beforethe first
etchis performed. This is done under filtered
illumination, to avoid exposure of the
photoresist. Any faulty patterns are stripped
and reprocessed.

Theunprotected goldis removed inan -
iodine/potassium iodide etchant and the
Ni-Crisetched with a cericsulphate/
sulphuric acid etchant. The metallization
patterns are examined after this first etch,
Opencircuit patterns are rejected and short
circuit patterns may be stripped and
reprocessed.
The substrate is then exposed through the
second mask, which contains the conductor
patternonly. After development the geld is
removed fromthe top of the
previously-etched resistor tracks, which are
then examined under a microscope for
pinholes, etc, and for any deviation from
designline widths. Any significant Ni-Cr
undercut after the standard Ni-Cretch
process indicates a reduced film adhesion at
either the Ni-Cr substrate interface or the
Au/Ni-Crinterface.

Allcircuits passing this final inspection are
probed manually and the resistance of all
Ni-Crtracksare tabulated. Shipley AZ
resist stripper is used after etching and the
substrates arerinsed in de-ionized water and
blown dry before being returned to the
vacuum chamber for deposition of the
protective glass layer.

Contact windows are subsequently
produced in this layer by a similar
photolithographic technique, using Kodak
Thin Film Resist, and a buffered
hydrofluoricacid etchant. The

change to a negative working resist at this ;
stage avoids the use of a darkfield mask,
withits inherent alignment difficulties.
Ni-Cr track resistance values are again
tabulated and compared with their previous
values. Substrates showing deviations of
morethan & 59 are rejected as potential
failures. Open circuit Ni-Crtracks
occasionally occur at this stage. The
mechanism involved is not understood at
present, but may be due to Ni-Cr mobility
or oxidation during the SiO, deposition at
points where damage to the substrate
surface had caused a localized weak spot in
the Ni-Cr film,

Theline widths of 50um at present in use are
fairly easily achieved with this process, and
overallyields greater than 75% can be
obtained on the film deposition and
pRotolithography processes.

DEVICE ATTACHMENT

Miniature chip capacitors with ceramic and
tantalum dielectrics are available froma
number of manufacturers. This makesit
possible to produce circuits using capacitors i
from = 3 pFto 100uF. Active devicesin the

JoR——

All these components and the connecting
wires to the substrates are reflow

soldered to the substrate bonding pads using
ahot nitrogen jet. The circuits are then
probed and dc levels are tabulated. Anac
functiontestis also carried out before and
after encapsulation.

- The principal cause of failure of devices after

encapsulation appears to be solution of the
gold metallization in the solder joints. This is
notassociated with the initial bonding
operation whichiseasily controllable within
fairly wide limits. If, however, a solder joint
istemelted during the attachment of an
adjacent component, de-wetting will
eventually occur associated with oxidation
of the Ni-Crsurface. This produces a joint
which may be visually and electrically
satisfactory but prone to subsequent failure.
A hot-work ultrasonic chip bonder has been

. designed and constructed by the Poultry

Research Centre workshops. This together
witha K & S Model 484 ultrasonic wire
bonder, enables current design work to be
based on the use of face up bonded
integrated circuit chips.
ENCAPSULATION

Theearliest transimitters to be implanted
wereencapsulated in a rectangular-section
glassenvelope with crimped glass/metal
seals for battery and transducer leads. The

. encapsulated device was similarin

appearance to an EASQ valve but somewhat
larger. The antenna cotl was a circular loop
of 30 mm diameter, mounted externally to
the hermeticencapsulation.

Current devices,on25 X 12:5mm(1-0 X
0-5in) substrates, are potted in glass-filled
diallylpthalate boxes which are 8 mm deep,

" and canincorporate flush-mounted sockets

forexternal leads. These boxes also contain
a 12mm square antenna. The box is then

half filled with silicone rubber and the device
s set to the desired carrier frequency by use
of the trimming capacitors. The box is then
filled up flush with a two-partepoxy potting
resin.,

Forimplantationthe box and its external
battery pack are djp-coated insilicone
rubber to eliminate biological rejection of

. thedevice(Fig 1). This encapsulation has

proved satisfactory in use, although it is of
finite aqueous permeability. Devices have
beenimplanted for up to two months
without deleterious effects.

Some devices potted in paraffin wax, instead
of thesilicone/epoxy package, have recently
beenimplanted and appearsatisfactory in
use. Itis hoped that the lower
water-permeability of the wax will prove

. beneficialinthisapplication and its low

melting point allows the carrier frequencies
1o beset conveniently, by use of a hot

i screwdriver.
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3 ‘Tempsen&'a_gd:'l.ECG’photo-masi_(s_. s



TELEMETRY TRANSMITTERS
Two types of implantable radiotelemetry
devices are at present being produced, using
the process described in this paper. These
we havereferred to as the ‘ECG device’ and
the ‘Tempsens device’. Both operate under
"Class I conditions as defined by the GPO
andare tunable over the range 26to 30 MHz.
Thecircuit diagrams of these devices are
shownin Fig 2 and their thin filmlayouts
in Fig 3. Both devices use the same
two-transistor oscillator stage, in which
frequency modulation is achieved by the
application of asignal voltage to a varicap
diode in'the tuned collector circuit of one
transistor. The antenna coil is part of the
tuned collected circuit of the second
transistor. Because of their close proximity,
thereis a stray coupling capacitance between
the two resonant circuits, This capacitance
must therefore be isolated from its
surroundings, and this is achieved by
wrapping metallized self-adhesive tape
around the rf end of the package.
The ‘EEG device’ combines this carrier
oscillatorsection with a two-stage voltage
pre-amplifier, on thesame 25 X 13 mm
substrate. This device was originally
intended for telemetry of the avian ECG
signal, of about 180V peak-to-peak
obtained from implanted leads. The
preamplifier specifications are, however,
suitable for telemetry of many sorts of
bio-potentials and the avian EEG has been
successfully monitored from cortical
electrodes.
The ‘Tempsens device’ used the carrier
oscillator in conjunction witha
four-transistor multivibrator whose
mark/space ratio is controlled by the
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resistance of a thermistor. Other
variable-resistance transducers could be
used to monitor parameters other than
temperature.

‘A brieflist of the main performance

specifications of these devices is givenin
Fig4. ‘

Both of these devices were designed for
implanted operation and this has
necessitated their low current consumption
of about 200 A, to maximize battery life.

‘With a4 Vsupply line they typically operate

atabout one-twentieth of the GPO
maximum permitted power and give a useful
range of about 2 m if operated in a low noise
environment. The power output of the rf
stage is governed by the value of the emitter
resistor. Thisresistoris arranged in sections
which can be sorted out, allowing the

power output to be increased, if necessary,
toyield anacceptable signal-to-noise ratio
atthe receiver output,

The devices are typically powered by a
battery of three mercury cells of 160 mAH
capacity, connected in series. This pack
weighs about 5-6 gand gives about 28d
continuous operation. The application of
these devices is limited by the compromise
which must be made between battery weight,-
useful range and life.
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Carrier frequency
Carrier deviation
Deviation sensitivity

Voltage gain
Frequency response

Input impedance
Current consumption

(near field conditions)
Input voltage range

Centre frequency
Duty cycle
Current consumption

Package dimensions
\_ Package weight

fn.F. OSCILLATOR SECTION (Tempsens & E.C.G. devices)

Current consumption (Vee = 4 00 V)
VOLTAGE PREAMPLIFIER SECTION (E.C.G. device) -

Total input referred noise voltage

SUBCARRIER OSCILLATOR (Tempsens dewce)

Temperature sensitivity (with Y.S.l. thermistors)
Linearity (10°C span) {with Y.S.l. thermistors)

\

. 26-0 to 30 MHz
- 100 KHz
~1 KHz/mV
120>225 pA

X200

—3dB at 1:4 Hz
6 KHz

100 KQ

22 A

3 uVv
3500 pV

- (without
attenuators)

2 KHz .
10% to 90%
60 A
%/°C

" <0-1°C
28 X 13 Xx 8 mm

56 gm J

4 Tempsens’ and ‘ECG’ device performance specifications )
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"ADDENDUM

NPO capacitors with a larger capacitance per unit
volume have recently been made available by Bowmar. The
maximum value now available in the 0805 case size is now

1500 pF.



