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FUSE Demonstrator Document

Application Experiment No: 502

Magnetic Field Signal Conditioner and Processor

AE Abstract

Speake & Co. Limited, United Kingdom, developed a microcontroller for their range of magnetic
sensors, in 9 months with a budget of 40KECU.  The project began on 1st April 1996 and finished on
30 th December 1996.  The company had five employees, with one involved in electronics design.

This small company was traditionally involved in computer magnetic media services and support
equipment, from computer tape rehabilitation through to hard disk servo-writer design and
manufacture.  The existing product was a range of small, low cost magnetic field sensors, based on
analogue electronics.  These sensors required a significant amount of additional electronics to be
provided by the customer, in order to incorporate them into an end product, and it was perceived that
this was limiting their market acceptance.  The objective of the experiment was therefore to design an
intelligent sensor, based upon a PIC microcontroller, to provide a digital output of the magnetic field
strength.  A particular problem was how to implement the complex mathematical algorithms necessary
to provide zero offsetting and calibration of the sensor.

The project enabled Speake & Co. to offer an integrated solution, enabling their customers to easily
interface to the magnetic sensors.  As a result of the project the SCL004 was produced which
functions as a magnetic compass, and in addition have been able to produce the SCL001 , SCL002,
SCL006A and SCL007.

The project demonstrated to Speake that it is essential for a small company to use local resources
such as Universities in order to be able aware of what current technology can to do and to able to take
advantage of that technology.

The Return on Investment was estimated to be 500% over the life of the product and the Payback
Period was anticipated to be 24 months.

1. Company name and address

Speake & CO Limited
Elvicta Estate,
Crickhowell,
Powys NP8 1DF
United Kingdom

2. Company size

The number of employees is five, and has a turnover of 150k ECU.  One employee was involved
in research and development, and had some experience of analogue electronics and simple logic
devices.

3. Company business description

Speake & CO Limited (SCL) is a small company which has traditionally involved itself in computer
magnetic media services and support equipment for this industry.  The company's business
activities cover product design, manufacture, sales, marketing and support.  Electronics assembly
is subcontracted.

The following types of service and product illustrate the company's past and current areas of
business activity.

Reel-to-reel Magnetic Tape Rehabilitation and Certification
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This process involves the cleaning and restoration to near new quality of libraries of
operational and archival tapes, followed optionally by error certification for re-use.

Magnetic Tape Cartridge Media Rehabilitation
This is similar to the previous item but involves mostly cleaning, rewinding and re-
tensioning the product.  The company also engages in the supply of testing and cleaning
machines and consumables for this type of media.

Removable Disk Media Repair and Certification
This process involves the rebuilding and testing of 6-high and 11-high disk packs and the
periodic on site checking of libraries of these products.

OEM Production Line Equipment for Fixed Disk Drives
The company designed and built bespoke production servo-writers and disk testers for
the types of fixed hard disk drives currently used in PCs, laptop computers and
workstations.

High Sensitivity Magnetic Field Sensing Components
These devices represent an innovative, relatively new venture for the company in an
attempt to fill a perceived gap in the marketplace.  This was the lack of a low cost, robust
component to measure magnetic fields significantly below the lower limit of capability of
Hall effect devices.  No previous market existed but many potential applications did and it
was established that such a device would create its own market when sufficiently widely
disseminated.  Competition in this new marketplace has recently appeared in the form of
similar field measuring components exploiting the giant magneto-resistive effect.

All of the above market activities, with the exception of the last one have either already
disappeared or are in steady decline.

4. Company markets and competitive position at the start of the AE.

Some of the markets described in section 3 above are still active and are pursued by SCL,
although they have been in decline for a number of years.  They currently provide the bulk of the
company's turnover, as the new magnetic sensor products have not yet achieved any significant
market penetration.  It is a necessary strategy to reverse this situation and move to one in which
the new products constitute the major part of turnover.

Prior to the introduction of the magnetic field sensor range, no similar product existed, for
comparison purposes.  However, a range of much more costly and much larger conventional
fluxgate magnetometers did exist and served certain types of market, for example the
requirement for earth field magnetometers, surveying and prospecting field gradiometers, boat
and aircraft compasses, vehicle detectors and various types of metal detector.

The small size and low cost of the new sensors permits their use in the above applications, but
opens up the possibility of additional markets not previously available.

The compass market can be expanded into the portable or sighting compass area, and can
provide bearing readings built into binoculars and night sights.  The gradiometer configuration
can be used to make low cost metal and mine detector devices.  Many more sensors can be
incorporated into vehicle detection systems, permitting one sensor per bay configurations for use
in multi-storey car park occupancy measurements, etc.  The small size also allows effective field
nulling to be carried out in VDU systems in critical applications and subject to large external field
interference.

The current position with these markets is that the company has sold sensors in sampling and
evaluation quantities to many consultants, development laboratories, military bodies and
manufacturing companies and is discussing production applications with a number of them.

The situation at the start of the application experiment was that the company had no competitive
position in any of the markets already existing for the previously available fluxgate type
magnetometers.  Prior to and during the experiment it sold approximately 300 sensors, including
devices for sampling and evaluation purposes to some 120 customers, some of which were
obviously being examined as substitutes for existing devices in cost reduction exercises.  In most
cases, however, it appeared that the application was a new one made possible either by the
lower cost or the improved performance at lower cost, a typical example being the field nulling of
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VDU displays.  Three companies indicated they had wished to install this feature but had found
no economic way of doing it.  Several other companies wishing to make small hand-held
compasses indicated that the bulkier, more costly, fluxgates had inhibited their movement into the
market.  The new sensors improved the situation, but still left them with the not inconsiderable
problem of dealing with the output provided by them.

There is one competitor in the United States who produces a “compass” device similar to that
developed during the project.  However this company has little penetration into the European
market, although in volume applications the product is slightly cheaper.

5. Product to be improved and its industrial sectors.

Being basically a physical measurement sensor, the product will find uses in a very broad range
of industrial sectors, since very few do not involve measurement of some sort.  The following are
those in which uses have already been identified and discussed with potential customers -

Automobile
Electronic and Computer
Chemical and Food Processing
Transport and Traffic Control
Security
Medical
Geophysical
Scientific Measurement

Existing product - the basic product produced by the company is a linear magnetic field sensor,
type FGM-1 (see Figure 1 where the existing sensors may be seen) and is used in the ± 70µ tesla
range .  It operates from a single positive 5 volt supply, is sensitive only along its linear dimension
and produces a robust, 5 volt square-wave, whose period is proportional to the external magnetic
field it experiences.  A larger model, the FGM-3, has greater sensitivity and suits applications in
which size is not critical.  Because of it’s improved sensitivity it operates in the and is used in the ±
50µ tesla range.  A second version of the device, type FGM-2, incorporates two identical sensors
in a single moulding, arranged to lie at right angles to one another.  Such an arrangement is of
specific use in orientation applications.  All versions of the sensor include built-in analogue
electronics.

Having a pulsed output has many advantages but one inherent and unavoidable disadvantage.
A zero field must produce a finite period or frequency, sufficiently large to allow negative fields to
be included in the measurement range.  This implies a large zero offset, larger than the maximum
measurement span of the sensor.

Since it is difficult to manufacture two identical devices, all sensors will produce a different period
variation for a given field, giving rise to what will be interpreted as differing sensitivities.  These
differing sensitivities and zero offsets will also vary with such external influences as temperature
and power supply stability.

The existence of the output as a variable period pulse is beneficial to the interface efficiency and
accuracy, but is an inconvenience to the user.  What the user ideally requires is a digital output.

Two axis devices will also have errors in the degree to which they have been mounted at right
angles and in the accuracy with which they are fitted to their moulding.

The ideal improved device would be one with no zero offsets, absolute and invariant sensitivities,
precision mounting and orthogonality, coupled with a standardised digital output.  The
achievement of such devices was a key objective of the application experiment.

6. Description of the technical product improvements

The objective of the experiment was to design an intelligent sensor, based upon a
microcontroller, which would provide the performance and flexibility to suit a wide variety of
applications.  To minimise the sensor physical size and for maximum application flexibility, the
sensor and microcontroller would be offered as separate items, rather than incorporating the
microcontroller into the sensor housing.  The table below summarises the key differences
between the existing and the improved products, and highlights the improvements made.
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Characteristic Existing Product Improved Product

Output format Analogue; square wave. RS232 digital.

Data output Frequency proportional to field
strength; one output per axis.

Field strength and orientation in up to 3
axes, polar or Cartesian format.

Output sensitivity Varies between sensors. Standard sensitivity.

Output linearity Varies between sensors. Linear output.

Orthogonality
errors

Varies between sensors. Automatic correction.

Zero offset Varies between sensors. Automatic correction.

Calibration Require individual manual
calibration.

Self calibrating.

Signal
processing

Requires external processing. Digital signal processing, including input
filtering, domain changing, auto
calibration, equation solution, trignometric
function handling, 3-dimensional
transformation, data storage, formal
communications protocol support.

Table 1 – Improvements resulting from project

To maximise the technology transfer, the application experiment was planned to provide as a final
outcome, the most sophisticated signal processing unit which could be devised to exploit both the
sensor and microcontroller chip capability.  Because the range of possible applications for the
sensors is so wide, such an approach should provide solutions to very different problems and
even lower cost solutions, in cases where a subset of the total capability is adequate and can be
programmed into a smaller microcontroller.

The type of application needing the most complex processing is that associated with the
determination of orientation from measurements of the earth's magnetic field, in both three and
two dimensions, permitting the manufacture of accurate compasses.

With the assistance of a sub-contractor, SCL has devised mathematical algorithms which can
provide automatic calibration to remove the various types of inherent sensor error described
earlier.  Their use requires fairly complex mathematical procedures, such as floating point
calculation and simultaneous equation solving, more commonly features of high level languages
and not immediately available in microcontroller hardware.  An important part of the application
experiment was to devise low level software to achieve this capability in a microcontroller.

The following is a brief functional specification for the microcontroller -

Inputs
3 input pins, ground referenced, having logic thresholds compatible with TTL 
specifications.

These inputs accept the output signals of the magnetic sensors and interpret
them as the uncorrected direction cosines of a field vector.

The sensor signals are nominal 5 volt square waves whose period varies as the
local field strength.

Internal Operation

The incoming period variations are converted to internal digital representations at
a high sampling rate, for presentation as outputs.  From this input stream a series
of individual measurements are selected, using the criterion that they differ from
one another by more than a minimum threshold.

These measurements are processed by the correction-finding algorithms, the
results being used to correct the digital and analogue outputs.



Issue 2.3 5 13/1/99

The corrected data streams are also converted to spherical polar co-ordinate
representation in r, θ,φ form, as alternative outputs.

Smoothing or averaging algorithms are used, if selected, using parameters
chosen by the state of control pins.

Outputs

1 serial output pin through which the data outputs are multiplexed, using RS232
protocol, with RTS/CTS hardware control and at baud rates of 1200,2400,4800
and 9600 baud.

Control Inputs

2 digital input pins on which the smoothing time constants are programmed.
1 digital input pin to select Cartesian or polar output form.
1 digital input pin to select simple or complex operating mode.
2 digital inputs to select baud rate.

Figure 1 – System Block Diagram
The photograph below illustrates two of the company original products (FGM – 1 and FGM-2)
along with the style of the complementary support integrated circuits (SCL004) developed during
the project.  

PIC
microcontroller
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Figure 2 – Existing and Improved products

7. Choices and rationale for the selected technologies, tools and methodologies

The principal motivation for the choice of technology was flexibility and low volume capability,
coupled with low cost.  Because of the potentially wide range of applicability of the company's
products, many areas are unlikely ever to generate demand for large volumes.  Hence the need
to be able to deal efficiently with small volume markets, which are frequently sidelined by the
larger operators as unprofitable, but which can prove lucrative to small companies.  The required
responsiveness calls for a high degree of flexibility, and the final low cost can provide the
necessary competitiveness.

The criteria above clearly ruled out a Masked ASIC device.  While providing the ultimate low cost,
such an approach is unable to supply the desired flexibility without equally large capital
investment and is not able economically to handle the occasional very low volume applications.
Medium volume techniques may well fulfil the company's larger volume needs at a later stage of
development with established products.  However the programmed microcontroller approach was
capable of providing the flexibility and low volume needs while simultaneously yielding adequately
low costs for the perceived market.

Another important motivation for this microcontroller approach was that it would maximise the
transfer of in-house technology to the company for continued expansion, without the need for
large initial investment or continued further support.  Such capital investment and technological
support are not always readily available to small companies within the time frame of opportunity.
The maximum technology transfer and subsequent ability to self support is one of the
achievements of the FUSE initiative.

Examination of the specifications and costs of the various microcontroller devices available,
together with the costs and performance of the hardware and software investment required
resulted in the final selection of Microchip Technology's PIC series of devices for the
implementation of the FUSE experiment.  The extensive coverage, from tiny, modest capability
chips to large chips with many on-board hardware features, appeared ideally suited to the
company's desire for an equally broad coverage of potential applications.

The specific device finally selected for the application experiment was the PIC16C74, one of the
more advanced chips in the series, with all of the on board hardware to satisfy the sophisticated
specification, but still downward compatible with the simpler chips in the range.  This feature was
considered important in the subsequent exploitation of subsets of the application experiment's
capability.
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8. Expertise and experience of the company

The staff of SCL have over twenty-five years of experience in the design, manufacture, testing,
research and development of all forms of magnetic media in the consumer, computer and
instrumentation fields and as consultants and specialist service providers in these fields.

In the course of these activities it has been necessary for SCL to design and manufacture some
in-house equipment for the quality control, production and testing of media products, where
particular items were not readily available.  Such designs have used discrete components and
TTL integrated circuit logic, for example - to implement signal level and dropout detection channel
cards and other simple functions.

In-house research and development, in the area of magnetic physics, resulted in SCL's current
range of field sensors, which reliably extend the measurement capability downwards by some four
orders of magnitude.  These sensors also use simple discrete but miniaturised construction
techniques.

The company had no direct experience of microcontroller programming and use, but did have
some experience of simple programming and use of personal computer equipment.

Since some of the experience referred to earlier was gained in large international corporations,
the staff also have had training in project planning, including administrative, financial, production,
quality, technical and research areas.

9. Workplan and rationale

Because of the company's almost total inexperience in the field, the workplan was carried out
primarily by the full-time effort of one engineer coupled with a very modest management
contribution of approximately one day per month on administration.

♦ External Support
To provide the support required for this programme external assistance was sought from a
number of organisations.
Bournemouth University was selected as the appropriate Technology Transfer Node to
assist with and oversee the general and budgetary management of the experiment.
Staffordshire University was selected as a service provider and consultancy to deliver the
training courses needed in microcontroller use and EMC implications, followed by design
assistance and provision of test facilities during the course of the experiment.
Delta Services was selected to act as consultant in the mathematical and algorithmic
support needed during the programme design phase.

♦ Hardware Support
The hardware used to carry out the experiment consisted of a real time emulation system
for the PIC series of microcontrollers, a programming unit for the fabrication of the
prototype chips, both obtained from Microchip Technology Inc.  A small amount of
magnetic field testing and orientation measuring equipment was fabricated in house by
the company to verify the performance characteristics of the prototypes.

♦ Training Programme
Training in the PIC series programming methods and guided hands-on experience with
the emulation and programming hardware was undertaken at the Microelectronics in
Business facility within Staffordshire University.  This was followed by a period of self
training on the tools and techniques, during which various simple sub-routines required for
the final product were written.
A course on Designing for EMC was also taken during this initial period to acquire a
proper understanding of the implications of design decisions during the subsequent
phases of the experiment.
The total effort spent during training was approximately 42 person days.

♦ Functional Specification
Under the guidance of the TTN and the selected consultants a functional specification
was drawn up designed to satisfy the list of detailed goals listed previously.  This
specification then permitted the assessment of the chip internal hardware needed to fulfil
the performance goals and the selection of the chip itself for prototype use.
The total effort spent on specification work was approximately 12 person days.
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♦ Software Modules
Exploiting the selected chip's features, a series of linkable small independent modules
was outlined to carry out each of the internal functions needed to provide the
performance characteristics.  Each module was coded and separately tested for correct
internal functioning using the real time emulation hardware.  During the course of this, a
number of modifications were carried out to correct errors and as a result of growing
experience.

♦ System Integration
Starting with this complete set of functioning modules, a step by step integration was
carried out using the emulation hardware at each stage to test the interfaces between the
modules.  This activity highlighted some problems, but because of the simplicity of the
basic approach, these proved to be relatively minor, thought it did prove necessary to
upgrade the selected chip to one with more memory registers.  This itself involved no
software changes and introduced no more difficulties.

♦ Prototype Manufacture
The emulation tested system was, at this point, programmed into real chips and tested for
the first time with genuine sensor inputs on an orientation table in the earth's field.  The
prototypes performed substantially correctly, though it did prove possible to introduce
improvements in the sensor input interface module, which could not be fully tested earlier
by emulation.  These improvements resulted in the successful outcome of prototype chips
which matched the desired specification.

♦ EMC Testing
To complete the final phase of the programme, the prototype was incorporated into a
printed circuit board layout, designed to be representative of a typical customer usage
incorporating good design practices.  A complete working system, including sensors, was
then submitted to EMC testing at the facility provided by Staffordshire University where it
met the requirements with large margins of safety.  The information gained from this is
intended for use in the company's customer support programme, to enhance the
marketability of the products.

As the software design and coding were closely linked to test and debugging, it is not realistic to
provide a breakdown of the labour involved.  However, the total effort required during these
activities was approximately 128 person days.

Although the project generally ran according to schedule, SCL initially were not specifically
following the workplan.  However, in the course of the first few monitoring meetings with the TTN,
it became clear that attention to the workplan would greatly assist the monitoring and reporting
process, by identifying the due tasks and associated deliverables each month.  The workplan was
thereafter followed as closely as practicable, and this had the added benefit of helping bring the
project to a timely and successful conclusion.

The following chart shows the project plan, both as originally determined and as subsequently
modified.
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Table 2 Ð Proposed and Actual Workplan

Apr-96 May-96 Jun-96 Jul-96 Aug-96 Sep-96 Oct-96 Nov-96 Dec-96
Management

Project Management gggg gggg gggg gggg gggg gggg gggg gggg gggg
Dissemination g
Reporting g g g g g g g g g

Specification

Functional Specification g
System Specification of 
Component g g g
Technical Specification 
of Component g

Training
Management Training g r
Specification Training g g r
CAD Training g g g
Design Training g g g
Evaluation Training g g g

Design

System Level Design g
Subsystem Level Design g ga ga ga g g

Evaluation
Prototype Production g g g g g
Test Set Up g
Functional Testing g ga g ga g
Protoype Testing g
Field Testing g
Actual = Planned g
Actual not Planned a
Planned not Actual r


