CEKN ¥>-13

CERN 85-13
LEP Main Ring Division
13 September 1985

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

A DIGITAL MICRO-TESLAMETER

K.R. Dickson and P. Galbraith

GENEVA
1985



© Copyright CERN, Genéve, 1985

Propriété littéraire et scientifique réservée pour
tous les pays du monde. Ce document ne peut
étre reproduit ou traduit en tout ou en partie sans
Pautorisation écrite du Directeur général du
CERN, titulaire du droit d’auteur. Dans les cas
appropriés, et §’il s’agit d’utiliser le document a
des fins non commerciales, cette autorisation
sera volontiers accordée.

Le CERN ne revendique pas la propriété des
inventions brevetables et dessins ou modéles
susceptibles de dépot qui pourraient étre décrits
dans le présent document; ceux-ci peuvent étre
librement utilisés par les instituts de recherche,
les industriels et autres intéressés. Cependant, le
CERN se réserve le droit de s’opposer a toute
revendication qu’un usager pourrait faire de la
propriété scientifique ou industrielle de toute
invention et tout dessin ou modéle décrits dans le
présent document.

Literary and scientific copyrights reserved in all
countries of the world. This report, or any part of
it, may not be reprinted or translated without
written permission of the copyright holder, the
Director-General of CERN. However, permission
will be freely granted for appropriate non-
commercial use.

If any patentable invention or registrable design
is described in the report, CERN makes no claim
to property rights in it but offers it for the free use
of research institutions, manufacturers and
others. CERN, however, may oppose any attempt
by a user to claim any proprietary or patent rights
in such inventions or designs as may be des-
cribed in the present document.

CERN — Service d’Information scientifique — RD/679-2600-septembre 1985



- iii -

ABSTRACT

The instrument described is designed to measure homogeneous magnetic
fields in the range -0.5 T to +0,5 T with a precision of 10”* and a reso-
lution of 5 uT. This is accomplished, on a single range, by the use of
solid~state components and a.c. techniques to excite the transducer (a
Hall-effect probe) and recover the resulting signal. The excitation and
detection modules are described in detail; the remaining modules (micro-
processor controller, interface circuitry) are based on existing hardware.

A calibration procedure using a high-stability electromagnet, a spe-
cial-purpose program and a zero-field chamber allows the Hall voltage to
be converted directly to units of magnetic-flux density, using a stored
calibration curve. Drift of d.c. offsets in the detector analog and
analog-to-digital conversion stages may be corrected for by an internal
calibration routine.

The instrument may be controlled locally by means of front panel
switches or remotely by a general-purpose interface bus controller.
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INTRODUCTION

The micro-teslameter has been developed principally for use in the LEP field-display
system. In many respects, it is a development of the earlier d.c. system designed by
Brand and Brun [1], but an a.c. excitation and detection system has been adopted to allow a
measurement precision of 10~"% of full scale (0.5 T) or 5 uT (whichever is larger) to be ob-
tained. Laboratory measurements of magnetic fields have been made with alternating current
techniques for some time [2,3]; modern semiconductor technology allows the technique to be

used as the basic operating principle of a field-measuring instrument.

The increased sensitivity of the system has meant that the component temperature drift
and the device noise have had to be maintained within strict 1limits. An automatic calibra-

tion system has been included to allow for the long-term variation of hybrid components.

The instrument may be controlled locally or remotely by a minicomputer and digital bus
and, after a warm-up period for the probe and electronics, can perform one measurement per
second, or five per second on a less sensitive range. '

PRINCIPLE OF OPERATION

A Hall plate is used as the sensitive element and is mounted on a temperature-con-
trolled copper block similar to that described in Ref. 1. The block is maintained at a
constant temperature within a few hundredths of a degree centigrade for an ambient varia-
tion from 15 °C to 30 °C.

The measuring head with Hall plate is connected by a dual cable of 10 m length to the
instrumentation crate containing the electronic circuitry. This consists of a temperature-
control unit, an a.c. constant-current source, a synchronous detector, a voltage-to-
frequency converter with counter circuitry, and of a microprocessor, a memory, and inter-

face boards (Fig. 1).
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Fig. 1 Block diagram of the digital micro-teslameter
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The digitized Hall voltage is converted to a field value using a set of calibration
coefficients which are stored in a read-only memory (EPROM). The measurement may thus be
displayed directly in physical units, e.g. in gauss or tesla.

The instrument is equipped with the IEEE-488 general purpose interface bus (GPIB) and
may, therefore, be controlled along with a group of instruments by a bus controller.

A1l operations, e.g. triggering of a measurement and read-out of the result, may be per-
formed remotely.

PRINCIPLES OF DESIGN OF THE HALL-VOLTAGE DETECTOR

3.1 Overview

The measurement of magnetic fields below 100 uT with a Hall-effect transducer involves
the accurate measurement of signals of less than 1 uV (Section 3.3.1). This is at the
lower 1imit of detection for d.c. systems and, therefore, a.c. systems must be considered.

When measuring a 5 uT field in a bandwidth of 700 Hz, the signal-to-noise ratio on the
transducer output is of the order of 36 dB (Sections 3.3.1 and 3.3.2). The transducer
source impedance (20 Q) poses matching problems, and the customary solution of transformer
matching was rejected on account of the linearity sought. Direct connection to a low-noise
operational amplifier will cause a reduction in the signal-to-noise ratio of typically
30 dB to give a signal 6 dB above noise on the filter output.

A filter system comprising a band-pass input and a narrow-band output filter was con-
sidered. An input stage with resistor/capacitor coupling to the Hall plate will exhibit a
signal-to-noise ratio on the first stage output of typically -33 dB (Section 3.4.) due to
the noise mismatch between amplifier and source. A narrow-band second stage permits
recovery of the signal; a signal-to-noise improvement factor of 41 dB will give a signal
8 dB above noise on the detector output. This system depends, though, on the stability of
the filter bandwidth. The criteria for the output filter (6 Hz passband about a signal
frequency of 400 Hz) led to this scheme being rejected in favour of a system based on
synchronous detection.

Demodulation to d.c. with a synchronous demodulator, which has an effective output-
stage bandwidth of 1 Hz, and an integrator, is considered to be a superior method. The
improvement factor of such a system {53 dB) is enough to provide a signal-to-noise ratio on
the detector output of 20 dB for a minimum field of 5 uT.

Measurements have shown that a resolution of 1 uT is possible; component drift 1imits
this to a working specification of between 5 and 10 uT.

3.2 Hall-effect transducer

The Siemens SBY 585-S1 Hall plate is used. By comparison with the plate (SBV 579)
used in the teslameter of Brand and Brun it has a lower temperature coefficient of Hall
voltage, thus permitting an increase in measurement resolution. The active area is smaller
and the sensitivity is approximately half that of the SBV 579. The principal specifica-
tions are shown in Table 1.
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TABLE 1
Principal specifications of Hall plate SBV 585-S1

Material Indium arsenide (InAs)
Maximum driving current 100 mA

Sensitivity ' >05V .A1 .71
Temperature coefficient of Hall tension 0.7 « 107% per °C

3.3 Design of detector input stage

Using the specified driving current and detector input stage, the signal corresponding
to a field of 5 uT is buried in noise to -33 dB.

The Hall plate generates a potential Vp in the presence of a magnetic field B, accord-
ing to
Vh = Kgg ¢ I, -B.

For the Siemens Hall plate SBV 585-S1, Kgg = 0.5 V » A1 . T-1_ For a minimum field
of B =5 uT, and with an excitation current of I, = 50 mA r.m.s., the minimum Hall signal
is 125 nV r.m.s.

- - " s e o e e ot e

Burkhardt and Strutt [4] measured the equivalent noise resistance of a sample of
InAs, using a d.c. excitation current of 100 mA, in the presence of a magnetic field. With
fields of 0.6 T and 100 uT, they measured, at a frequency of 500 Hz, noise equivalent
resistances of 30 Q@ and 10 Q, respectively. The noise is due to

- thermal noise, which has a constant spectral density,
- 1/f noise, which has a noise-power spectrum inversely proportional to frequency f and
originates from charge carriers whose average lifetime is not constant, and

- a noise component defined as Hall noise, which originates from the altered spatial

distribution of fluctuations of charge-carrier density in the presence of a magnetic
field.

For the purpose of signal-to-noise ratio calculations, an equivalent noise resistance of
REQ = 20Q
will be used later for the plate SBV 585-S1.

3.3.3 The detector input

Details of the detector input are shown in Fig. 2. A signal fregquency of 393 Hz was
adopted. This frequency is high enough for the signal to be out of the range of 1/f noise,
the upper 1imit being set by the rate at which the digital synthesizer may be driven
(Section 4.2).



C2 10nF

Fig. 2 Input stage of the detector

The two input stages of the detector give a band-pass characteristic with upper and
lower 3 dB points at frequencies fi = 200 Hz and f, = 800 Hz, thereby forming a passband
around the signal frequency. The gains of the first and second stages are 30 and 7,
respectively.

For optimum noise matching, and thus minimal loss of signal-to-noise ratio, a low-
impedance input network (~ 1.5 k) is required. The input stage resistance and capacitance
product is determined by the time constant of the high-pass response. A capacitor with a
temperature coefficient of the order of 10~%/°C or better was required. A metallized poly-
sulphone device was selected; space restraints set an upper 1limit to the physical size of
the device, thus determining its capacitance and hence the value of the resistor.

o B e et e e o o e o e

For an applied field of 5 uT, the Hall signal has been shown to be 125 nV r.m.s. To
calculate the signal-to-noise ratio, the mean square values of signal and noise are taken;
thus

2 = A2,

where the peak-to-peak signal is 2A, (note that s, . = Ay/v2).

The mean square signal is

§2 = (125 nv)2 = 1.6 - 10-1%y2 |

The noise signal is taken to be the noise in a 700 Hz bandwidth {the noise bandwidth of the
input filter, Section 3.4.1) due to a source resistance corresponding to the impedance of
the input capacitor at the signal frequency, Rcj, the resistor, R}, and the equivalent
noise resistance of the Hall plate, ReqQ (see Fig. 3). Assuming no correlation of the
noise sources,”a total mean square noise of

n2

4 . kT-Af(REQ + Rep + Rp),
4 + (1.4 - 10-23)(315)(700)(18 - 103) v2,
2.2 - 10"13 y2

is predicted. This gives a signal-to-noise ratio at the amplifier of -23 dB.



There will be a further degradation in signal-to-noise ratio through the first ampli-
fier stage due to the amplification of the amplifier's intrinsic voltage and current
noise. The noise figure of the amplifier (F1) quantifies this by expressing

F o= (best possible signal-to-noise ratio)

(actual output signal-to-noise ratio)

The noise figure is, therefore, a measure of the difference between the signal-to-noise
ratio attainable with a noiseless amplifier and that actually attainable when the amplifier
noise is taken into account. Similarly, the second stage, with noise figure Fp, will
degrade the signal-to-noise ratio further. The noise figure of a two-stage system is sub-
stantially equal to that of the first stage provided that Aj, the amplification of the
first stage, and the ratio of the source impedances of the first and second stages, are
both large [51.

Using the series noise resistance, Ryy = 500 Q/Hz, and parallel noise resistance,
Ryi = 4.14 kQ/Hz, calculated from the data sheets [5], the noise figure from transducer-
to-amplifier output, in a 700 Hz bandwidth with an 18 kQ source impedance, was calculated
to be 69 dB. The signal-to-noise ratio of 36 dB at source will, therefore, be reduced to
-33 dB on the output of the first amplifier.

R Vin R Vet R1 Vr1
Vi
o
Vh = Hall-signal voltage generator, Vp = Kgg - I; - B,
Rh = ohmic resistance of the Hall plate,
VNp = Hall-noise voltage generator, Vﬁh =4 . kT - Af « Rgq,

with Rgq being the equivalent resistance of the Hall plate
(note that Req # Rp),
Rgr = real part of the capacitor impedance at the signal
frequency, fg: Rey = 1/(2m « fg-C),
VNRcl = noise voltage generator due to Rpyp: VﬁRCl = 4 +KT « &f *R(1,
R1 = resistance of resistor Ry,
VNR1 noise voltage generator due to Rp: VﬁRl =4 ~ kT - Af - Ry,

Fig. 3 Thevenin equivalent circuit of source consisting of
a Hall plate, a series capacitor, and a resistor

Assuming no correlation between the noise sources, the mean square total system noise
is
2 2 2
n2 = Unp + Tnrel * Rl
4 « kT « Af - (REQ + Rep + Rl) .
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3.3.5 Input common-mode rejection_ratio

The operational amplifier used on the input stage has a common-mode rejection ratio
{CMRR) of 125 dB, but the overall common-mode rejection of the system (i.e. amplifier and
resistor network) is lower than this. Owing to the use of resistors of a maximum tolerance
of 0.02 % and a closed 1oop gain of 30, the CMRR due to resistor mismatch is 90 dB.

The signal from the Hall probe has a common-mode amplitude of 100 mV r.m.s., and if
this were to be input to a differential amplifier working with respect to a fixed ground,
the system would require a common-mode rejection of 120 dB to detect a differential Hall
signal of 100 nV r.m.s. This problem was overcome by powering the detector from a separate
supply with a floating ground.

3.4 Signal-to-noise ratio improvement using filter techniques

Alternating-current filter techniques could, in theory, permit recovery of the
signal. These are considered impractical on the grounds of stability requirements.

A detector consisting of a pre-filter of bandwidth 600 Hz and a post-filter of band-
width 25 Hz, both centred on the signal frequency, is considered.

A measure of the effectiveness of the detector in retrieving a signal buried in noise
is the improvement in signal-to-noise ratio between the input and the output of the detec-
tor. This ratio [6] is approximately equal to the reciprocal ratio of input filter noise
bandwidth (By) to output filter noise bandwidth (By), i.e.

SNR, _ Bp

I =

SNR;  Bg

where the noise bandwidth of a filter, being greater than its 3 dB bandwidth, is that of a
rectangular filter which would transmit the same amount of noise power as the original

one with its particular, non-rectangular transfer function. The square-wave reference
waveform generates a series of harmonic transmission windows centred on odd harmonics of
the reference frequency, but it is assumed that these do not contribute to the output noise
since the input noise is band-limited.

The noise bandwidth may be written as

f = _A;-f[A%(f)] df ,
vo ¢

where Ay(f) is the network voltage gain as a function of frequency and A, 1is the peak net-

work voltage gain [71.

The noise bandwidth of the input stage of the detector was estimated graphically, from
a plot of voltage gain squared against frequency, to be 700 Hz.

An output band-pass filter of bandwidth 25 Hz, centred on a signal frequency of
400 Hz, has a noise bandwidth [8] of
2nf

Bo = —
4Q



giving, for Q = 100,
Bo = 6 Hz .

These figures may be used to calculate the estimated improvement factor of the detector:

700 Hz
6 Hz

1 117 = 41 dB .

This detection system would thus be capable of recovering the Hall signal corresponding to
a field of 5 uT buried in noise to -33 dB (Section 3.3.4) to give a signal-to-noise ratio
of approximately 8 dB at the detector output.

In practice, a higher signal-to-noise ratio on the output is required. In addition,
the stability requirements of a high-Q filter at this frequency are difficult to meet. For
these reasons, the possibility of using a more refined system, based on synchronous detec-
tion, was explored.

3.5 System based on synchronous detection

After band-pass/amplification, the signal is demodulated to d.c. with a phase-
sensitive rectifier. A low-pass filter and a digital integration stage allow the output of
a count proportional to the peak a.c. signal level. This system makes it possible to
obtain a resolution of 1 uT.

The basis of the amplitude-measuring system is a synchronous reversing switch which
operates on the principle utilized in phase detectors based on a ring demodulator or syn-
chronous detector. The switch is a two-state system and is controlled by a pulse train
derived from the reference signal, but the phase is shifted slightly to allow for any phase
shift of the sine-wave signal through the cable network.

The amplitude-measuring function of the detector and the demodulation methods used in
double side-band (DSB) detection of amplitude-modulation communication systems are similar
in function. In our case, the problem of synchronizing the pilot carrier, i.e. the signal
to the synchronous switch, does not arise. The basic theory of DSB detection is neverthe-
less applicable and it is useful to note that the process of synchronous detection yields a
3 dB gain from pre- to post-detector due to the fact that a proportion of noise signal is
in phase quadrature with the desired signal and is thus removed during the process of
synchronous detection [91].

The Hall signal is applied to a follower and an inverting amplifier. Low-noise, low-
drift devices were chosen for this purpose. At this stage, the field signal ranges from
55 W to 5.5 V r.m.s. corresponding to a field range of 5 uT to 0.5 T. A solid-state
switch selects an output from these amplifiers alternately to provide a full-wave rectifi-
cation of the signal output. The analog switch is a complementary metal-oxide (CMOS)
device and exhibits characteristics, such as low 'ON' resistance, low leakage, and fast
switching times, which approach those of the ideal switch. The device is fabricated using
a combination of bipolar and CMOS technology, allowing the utilization of a transistor-
transistor logic (TTL) compatible drive stage.
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This system allows a high dynamic range of signal amplitudes to be handled, the range
of Hall voltage which corresponds to fields from 5 uT to 0.5 T being equivalent to a range
of 100 dB.

The magnitude of the full-wave rectified signal on the switch output was estimated by
representing the reference waveform by the Fourier series

= (n+3)/2
_ o4 z : -1
r(t) ) _1; n=1,3 5( n) rees h (th * ¢R> ’

and the input signal by
s(t) = /2 Vg cos (wgt + ¢g)
where Vg is the r.m.s. value of s(t) and /2 Vg the peak amplitude.
The switch operation is to multiply effectively s(t) by r(t) to give the product
Vp(t) = r(t) - s(t) .

The output of a low-pass filter on the switch output may be estimated by multiplying term
by term, setting wg = wp for synchronous operation, assuming that the two signals have
zero phase difference and that the filter cuts off at well below the reference frequency.
The filter output will be of the order of:

v = _g%? [Vs . AL(O)] s

where Vg is the r.m.s. signal amplitude and A (0) the magnitude of the filter response at
zero frequency.

The a.c. signal on the detector input has thus been converted into a d.c. voltage
which is proportional to the amplitude of the signal.

It should be noted that the detector is harmonically responding, i.e. the detector
will give a d.c. output in response to signals at frequencies 3uwp, 5ug, etc., but the
relative sensitivity of detection at these frequencies corresponds to the relative magni-
tudes of the reference Fourier components (1/3, 1/5, etc.). Filtering of the constant-
current signal and on the input stages of the detector may alleviate this problem. The
adoption of a sine-wave signal reference is the only possible method of avoiding it.

An integration period of 1 s was used. The noise bandwidth of a lTow-pass filter with

a 1 Hz cut-off fregquency is 1.6 Hz. The improvement factor for the synchronous detector is
thereby estimated to be

[ = 700 Hz

1.6 Hz

= 438 = 53db.

It was estimated that the detector would be capable of recovering the signal buried in
33 dB of noise to give a signal-to-noise ratio of 20 dB on the output. In practice, a
resolution of 1 uT was observed.
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3.5.2 Detector full-scale sensitivity

The detector is designed to give a d.c. output Vg in response to an in-phase sine wave
with an r.m.s. value of V5. The general relationship between V4 and Vg is

v
Vo =V (.é) cos ¢ ,
F SF
where Vg is the full-scale output voltage, Sg is the full-scale signal channel sensi-
tivity, and ¢ is the phase difference between the Hall signal and the reference signal.

The full-scale sensitivity Sp measured from the signal channel input is the r.m.s.
value of an in-phase synchronous sine wave which gives a full-scale d.c. output. The
design value of Sp corresponds to the maximum field measurable, 0.5 T, and is, from
Section 3.2:

SF = Vh,max = (0.5)(0.05)(0.5) = 12.5 mV r.m.s.

The detector full-scale sensitivity Sp is defined from
SO = SF - Gp,

where S is defined above and Gp, the signal channel gain, is set to approximately

210. The detector sensitivity Sp is thus 8 V r.m.s.; VF, set by the maximum input to
the voltage-to-frequency converter (VFC), is 5 V, and ¢, the phase difference between
signal and reference, is set to zero using dual-in-line switches on the reference elec-
tronics.

The equation for the output voltage V, of the detector is, therefore, with no phase
difference:

Vs
Vo = 5 - = 400 Vg ,
0.0125

where Vo is in volts d.c. and Vg is in volts r.m.s.

The output of the low-pass filter ranges from -5 V d.c. to +5 V d.c., corresponding to
fields from -0.5 T to +0.5 T. A two-stage conversion process is used to allow the digital
display of the magnitude of the field. A VFC converter is used to convert the voltage into
a train of constant width and constant amplitude pulses, the pulse rate of which is propor-
tional to the amplitude of the analog signal. The pulses are counted and stored in a
register which is read by the control logic.

The use of a VFC and counter to provide analog-to-digital conversion enables the inte-
gration period to be set to an integral number of signal excitation cycles, thus rejecting
the noise at the signal frequency and, in theory, enabling indefinitely long integration
times to be obtained. Assuming the noise on the filter output to be Gaussian, there is an
inverse relationship between the averaging time and the resolution of the measurement 10 .

The VFC employed is a 1 MHz unit with the input offset to mid-scale. Integration
times of 0.2 s and 1 s are used, the former providing a less accurate measurement. On the
1 s range, one million counts correspond to a measured field of +0.5 T; one count, there-
fore, corresponds to 1 uT. The VFC gain and offset drift with temperature and with time.
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A thermostatically controlled enclosure was used to limit the drift with temperature to
within an indicated * 2 uT over short time periods. A calibration system corrects for the
drift of the VFC gain with time (equivalent to 5 uT per day).

Since the objective of the detector is to produce an output d.c. voltage proportional
to the applied magnetic field, the d.c. performance of the system was considered. Ampli-
fier input offset voltage, input bias currents, input offset currents, and their respective
thermal drifts are the main sources of d.c. errors. Alternating current coupling is used
between the Hall signal and the detector and between the input amplifier and the amplitude
detector; thus only the output stages need to be considered.

The output low-pass filter has a unity gain at d.c. The 1imits on the stability of
the filter output provide an estimate of the 1imits of measurement of the system.

Using figures of 0.3 uV/°C for the temperature coefficient of the offset voltage and
8 pA/°C for the offset current through a source resistance of 24 k2, it was estimated that
the drift of the filter output voltage would be 0.5 pv/°C. Over an operating temperature
range from 15 °C to 35 °C, this corresponds to a drift of 10 u¥, or an indicated 1 pT.
Worst case data of 1.3 uV/°C and 35 pA/°C give an output voltage drift of 2 uV/°C, or 4 uT
over the operating range.

In practice, although a resolution of 1 uT is possible, the long-term drift 1imits the
resolution of the instrument to between 5 uT and 10 uT.

CONSTANT-CURRENT SOURCE

An a.c. constant-current source is used to provide a sine-wave current drive to the
Hall probe. The basic requirements for this stage are that the current has a stable
r.m.s. amplitude and frequency. A counter produces a sawtooth digital ramp which addresses
a sine-wave encoded EPROM. The digital sine-wave ramp is used to drive a digital-to-analog
converter (DAC) producing a pure voltage reference signal which is used as input to a
current-drive circuit.

4.1 Digital counter

A quartz oscillator, tuned to a frequency of 1.6097 MHz, provides the input to a
12-bit binary counter. The eight most significant bits are used to address the EPROM with
a cycle frequency of 393 Hz. The counter also provides the reference waveform to the am-
plitude detector. Provision is made, using a comparator network, for phase shifting the
reference signal with respect to the constant-current waveform. This allows any phase dif-
ference between the two {created, for example, by differing lag times through the cable
networks) to be tuned to within 0.09° (1.6 mrad). Since the amplitude detector responds to
the cosine of the phase difference between signal and reference, this stage introduces a
negligible error to the system, the amplitude error which corresponds to 1.6 mrad being
less than 2 - 1076,
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4.2 Sine-wave algorithm

Sine-wave data in an EPROM memory is used to drive a 16-bit bipolar DAC which gener-
ates a stable voltage signal. The data is stored as hexadecimal numbers with the mid-range
of the DAC at 7F(Hex), corresponding to 0°, a maximum at 00(Hex), corresponding to 90°, and
a minimum at FF(Hex) or 270°., The data is the hexadecimal equivalent of the integral part
of
data = {INT 127 - [127 - sin (N - 1.40625'_)]} .

a complete sine-wave cycle being made in 256 steps of 1.40625° with N ranging from 1 to
256.

The resulting sine-wave has a peak-to-peak level of approximately 2.5 V with a voltage
step defined to one least significant bit or 153 uv. The 16-bit DAC was chosen primarily
for its low drift and low linearity error.

4.3 Qutput stage

. The signal is passed through a buffer/filter with a low-pass frequency of 5 kHz to
remove high-frequency switching transients, and drives a ground referenced constant-current
source. The circuit is based on a design by B. Howland [12] and is shown in schematic form
in Fig. 4.

With the reference signal set to zero (Vpef = 0) and all of the resistors set to the
same value R (i.e. Rl = R2 = R3 = R4 = R), the current Ijgad, flowing into the load Rigad,
is proportional to the signal level Vsig (Appendix 1):

Noad = Usig

Tests were made on a current-source prototype using the relationship expounded in
Eq. (Al.7). Using high-stability resistors with a value of 2 Q and 4 Q to simulate the
Hall plate, the linearity of the relationship, temperature stability, and power supply sen-
sitivity were tested. Using seven discrete levels of Vsig, it was found that the relation-
ship between Vgjg and Vpad held to 10-*. Vjgad was found to be stable to 10-* for ambient
temperatures of 25 °C * 3 °C, and the sensitivity to power-supply variation was less than
10~% for a variation of the power-supply voltage of 7 % about its operating point.

TP R1
Vigg 00— <

R load

Fig. 4 Constant alternating-current source
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Since the output circuit uses both positive and negative feedback, there exists the
possibility that there may be some situations under which the circuit could become un-
stable. Some analysis was made (Appendix 2) of the circuit stability when driving a capa-
citive load. It was found that the system would, theoretically, be unconditionally
stable. In practice, no problems with instability have been observed.

5. DIGITAL CIRCUITRY

The digital output from the VFC (Section 3.5.3) is used as input to a 24-bit counter.
The counter board is interfaced to an 8-bit microprocessor bus (G-64 bus), which provides a
common interface to a microprocessor card, a 24 Kbyte memory card, a display interface card
and a card, which provides the interface between the G-64 bus and the GPIB. These are
shown schematically, with their CERN reference numbers, in Fig. 5.

The digital circuitry is controlled by a program stored in EPROM. Also stored in
memory is a set of calibration coefficients that allow the Hall voltage to be related to
the magnetic induction which, for convenience, is displayed in gauss.

TO GPIB BUS

« G- 64 BUS

. P - - -
- [ - - [ [
g(
|~ &
g o |-~ —_ - Wi~ -
W (= o o
“le 218 218 Blg |8 o =1
wl|lw V|- ZI8 gl |- B m
-3 - o vl Wi < w wi!
Ol =zZ|w o al|le Zjeoe V¥ = ul|we
.:t S wlo Vlo < | o “leo |~ al~ «|o wi—
o @xlo 9le =|lo 2] 8lo - wlo ol IS
E o~ x|~ ~ el K -8 218 S il b2
al 21 § 1 =1 ol nilwvm x w o, w | un
- < a w e~ < |~ Ll | e~
TF|lo T | e o e ele ol ~ Zlg w],
Ww | e = |® o | x| © © o N «© [
—]lw =]v g 0 ol|% x| % |l s | 1% zlx
1 < | f=ll I [= Wiy al|lw x|lv x| =f{w
w — = 1o — ol < = < pdd
Sl 2|z 2|z 2|y 3|y €lL gl 3|y 2|
= ] g 2 BM o 5lY 3818 Ylu Sla vls alu
a | — O | - (=1 al— | - Z{v |~ D - 9| -
]L 4 1 1 1 J d 1 1
DISPLAY AND
PROBE HEAD FRONT PANEL
SWITCHES

Fig. 5 Micro-teslameter in printed circuit component form

6. THE CONTROL PROGRAM

The program consists of three parts: a main program which controls the instrument,
whether under local or remote control (Fig. 6), an initialization routine which sets the
instrument to a preset state (Fig. 7a), and a status routine which allows the indication
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MAIN PROGRAM

INITIALIZATION

POWER - ON
RESET

DEVICE CLEAR {(GPIB)
RETURN £ L
“LOCAL" BUTTON
SET "GO TO LOCAL"
COMMAND
D) G —
L
LOCAL IS THE INSTRUMENT [N REMOTE A
LOCAL OR REMOTE ?
1
RUN THE STATUS HAS A BUS COMMAND
SUBROUTINE BEEN RECEIVED ?
1
IS THE CALIBRATE NO IS IT THE YES
BUTTON PRESSED ? AVERAGE COMMAND ?
YES
UPDATE THE NUMBER
CALIBRATE THE METER: Y

MEASURE ANALOG OFFSET

MEASURE

VFC GAIN

i

TRIGGER MEASUREMENT

RUN STATUS SUBROUTINE
A
IS MEASUREMENT NO
COMPLETE ?
YES
RUN STATUS SUBROUTINE
REQUIRE DISPLAY
VFC OF VFC DATA OR FIELD?, FIELD
DISPLAY INTERPGLATE FROM
THE CALIBRATION CURVE
VFC DATA AND

DISPLAY RESULT

OF MEASUREMENTS
TO BE AVERAGED

{T THE DISPLAY |
DE COMMAND (DNODE)?,

———

UPDATE THE DISPLAY
MODE, i.e. GAUSS OR VFC

IS 1T THE
SPEED COMMAND ?

——

UPDATE THE MEASURE-
MENT SPEED, 0.2s OR 1.0s

THE
COMMAND ?

IS IT

< CALIBRATE

|

)—‘“’“’

o

PERFORM CALIBRATION

—

ROUTINE

IS IT THE TRIGGER NO
COMMAND (GET) ?

YES‘

MAKE A MEASUREMENT USING THE
PARAMETERS AVERAGE, DMODE AND SPEED
DISPLAY AND OUTPUT RESULT TO GPIB

-

— ¢

@

Fig. 6 Main program flow

——
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STATUS

SET TEMPERATURE STATUS FLAGS IF TEMPERATURE
IS OUT OF RANGE:
S, : CURRENT SOURCE
S, : PREAMPLIFIER
Sy : VOLTAGE TO FREQUENCY CONVERTER
INITIALIZATION Seq: PROBE HEAD TEMPERATURE

K
CLEAR THE DISPLAY BUFFER STORE

SET MEASUREMENT STATUS FLAG, Sy. IF A
MEASUREMENT S IN PROGRESS

|

SET OVER-RANGE FLAG IF READING GREATER THAN 500000
OUTPUT THE TESLAMETER NUMBER SET UNDER- RANGE FLAG IF READING EQUALS -500000

TO THE DISPLAY

} IF IN REMOTE SET REMOTE/LOCAL FLAG, Sy

RUN THE STATUS SUBROUTINE 1
IF CALIBRATION IN PROGRESS SET BUSY STATUS, Sg

i

|

OUTPUT THE PROGRAM [SSUE SET ELECTRONICS TEMP. STATUS, Sg = S;+Sp+Sy
DATE TO THE DISPLAY :

OUTPUT STATUS BYTE TO LEDS: Sg,Syw. Sov. St . Ser.Sk

READ THE TESLAMETER CALIBRATION ]
CURVE FROM ROM TO RAM OUTPUT STATUS BYTE TO GPIB SERIAL POLL REGISTER
SB 'SUN'SUV'SE ISPR' SH

|
END

END

Fig. 7a Initialization routine Fig. 7b Status routine

of the instrument status on the front panel light-emitting diodes (LEDS) or in a status
byte over the GPIB (Fig. 7b).

The main program is built as a loop which is continuously executed, a check being made
at each pass to interrogate any change of the mode of operation. In local mode, a front-
panel switch allows the selection of the display of VFC reading or field value (in gauss),
and push buttons enable instrument calibration or return from the remote state to be
selected. In remote mode, a command buffer is interrogated for the arrival of a new com-
mand (Appendix 3). Since the instrument is designed to be controlled over the GPIB, it has
a preset address assigned to it, permitting it to be used in common with other instruments
by a bus controller.
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The phase difference between the constant-current signal and the reference waveform,
generated due to the presence of a lTow-pass filter on the synthesizer output, cable lags,

etc., may be corrected by adding or removing jumpers on the current source board. The

output of the switching rectifier is observed for a clean signal.
The gain of the preamplifier is set with an applied field of 0.5 T to give a
full-scale indication on the display.

typical.

points for positive fields from 0.13 T to 0.5 T.
the probe into a zero field chamber (Appendix 4).
calibration coefficients from a third-order spline-fitting routine.

A phase shift of 3° is

Ten calibration points are taken for negative fields from -0.5 T to -0.13 T and ten

A zero reference is obtained by inserting
A microcomputer calculates a series of
These coefficients are

loaded into an EPROM memory, which is later inserted into the micro-tes]ameter.

During use, when the option to display the field value is selected, the field induc-
tion is derived from the Hall voltage by determining the nearest two calibration points and

fitting a third-order polynomial through these points using the calibration coefficients
stored in memory.

SPECIFICATIONS

Hall probe current
Range of Hall voltage

Temperature of Hall plate

Range of ambient temperature :

Full-scale reading
Precision of measurement
Resolution of measurement
Conversion time

Front-panel display

Front-panel switches

Instrument interface
Mass

Power requirements

50 mA r.m.s.

gain set by resistors, ~ 30 nV to 15 mV r.m.s.

35 °C

15 °C to 30 °C

0.5 T

10~% of full scale or 5 uT

5 uT

1s, or 0.2 s giving a reading of lower precision

digital display of the result;

status indication: remote, over/under range, elec-
tronics temperature out of range, probe temper-
ature out of range, measurement in progress

select display of VFC reading or gauss; calibrate;
return to local

IEEE-488 (GPIB)
8 kg
220 V a.c., 40 W
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CONCLUSIONS

A digital teslameter has been designed and constructed. Results have shown that an
error of less than 10-% of full scale (0.5 T) or 5 uT, whichever is the larger, has been
obtained. The instrument can measure bipolar fields with a dynamic range of 100 dB on a
single scale.
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APPENDIX 1

ANALYSIS OF CONSTANT-~CURRENT SOURCE

The circuit schematic for the Howland constant-current source is shown in Fig. Al.l.
Using a sinusoidal test signal, the signal on the inverting terminal of amplifier (Amp. 1)
will be

: _ Jut
Viny QJut (Vo - Vpef) Rl e ) (AL.1)

R1 + R2

R load

Fig. Al.1 Howland constant-current source

The general expression for a signal on the non-inverting terminal may be found from
the analysis of the network in Fig. Al.2,

Since the current flowing into the amplifier input is assumed to be zero, from
Kirchoff's current law:

(ik + 1519) e‘.ju‘\‘t = i]oad ejwt N (Al.Z)
whence
Vo - Vnon-inv + Ysig - Vnon-inv = Ynon-inv . (A1.3)
R4 R3 Ri0ad
Vb ejuf
it | ||R&
isig —
Vsig o- e —0 Vyon-inv

R3
houd ‘ Rloud

Fig. Al.2 Network on input to terminal Vpon_iny



- 18 -

From Eq. (Al.1) it is found that
R1

By rationalization of Eq. (Al.3), substituting in the expression obtained above for
Vo> Eq. (Al.4), setting Vipy = Vnon-inv = Vioad and Rl = R2 = R3 = R4 = R, it is found that

Vipad = ~sia *Rload 'RR‘“d- (AL.5)

Since Vigad = I1pad ° Rigad» it is found that
Noad = Ysig . (A1.6)
R

A more general solution is obtained with

Vpef # 0 and MR
R3 R1
whence Egs. (Al.3) and (Al.4) may be solved to give
Vioad = ‘load ° Vsig + Ricad * Vref (AL.7)
R3 R4
or
Ioad = Ysig + Vref A(1.8)
R3 R4

With a constant reference voltage (Vpef), Eqs. (Al.6) and (Al.8) show the linear relation-
ship between the signal Vsig and load current, Ijgaq.
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APPENDIX 2

STABILITY OF CONSTANT-CURRENT SOURCE

A circuit schematic for the constant-current source, with zero input and driving a
Toad R with parallel capacitance C;, is shown in Fig. A2.1. The characteristic equa-
tion (in the s-domain) may be found by breaking the feedback loop at point X (Fig. A2.1)
and applying the signal eSt to the input illustrated in Fig. A2.2. The amplifier is repre-
sented by A(s), the negative feedback system by G(s), and the positive feedback system by
H(s).

The amplifier response may be written as:

-A(s) [6(s) - H(s)] est = est (A2.1)
giving
-A(s) [6(s) - H(s)] = oOL&(s) = 1. (A2.2)
The amplifier response may also be written as:
A(s) = (Aoa) (A2.3)
(s +a)

and, by substituting j2nf for s, assuming an open loop gain of 105 and a unity gain at
50 MHz, the constant 'a' may be calculated to be 500 Hz.

The network on the inverting input of the amplifier may be analysed (Fig. A2.3) to
give

6(s) = —RL | (A2.4)
R1 + R2
V. R2
¢ X
R1 v
Viet d  —
R&
R3|| R, C,
Vsm
Fig. A2.1 Circuit schematic of constant-current source
G(s)
X
Input =0 . Als) o O-t——#——HOU'rpuf
1-e°
+
H(s)

Fig. A2.2 Test for the stability of the current source
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V,=1¢e"
Vo=1-e*
R&
R2 oV,
V.
R1
Fig. A2.3a Network on amplifier Fig. A2.3b Netwwork on amplifier
inverting input non-inverting input

Similarly, H(s) may be found by analysing the network on the non-inverting input:

R3 - R

H(s) = .
(R3 "R *+ R3-R4 + R -R4 + sR3 -R4- RL-CL)

(A2.5)

L

For the case where Rl = R2 = R3 = R4 = Rx, the expression for the open loop gain (OLG)
reduces to

(Ag - a)[Rx(L + sk -C)] =-1. (A2.6)
a)[2(2R_ + Rx + sRx « R -CL)]

+

(s

Substituting the values Ap = 103, a = 500 Hz, Rx = 23 Q and RL = 4 Q reduces the expres-
sion for the open loop gain to

-(5 - 107) (23+92s5-:C) .

OLG(s) = (A2.7)
(s +500) (62 + 184 s *C)
The system is deemed unstable if any value of s satisfying
OLG(s) = 1 (A2.8)

has a positive or zero real part. The expression is mapped in the s-plane (Fig. A2.4) and
it is found to be non-analytic only in the left half-plane. It is, therefore, possible to
use the Nyquist graphical test for stability.

Im(s)
62Q+5-1847Q-C,

23Q+5-92%Q-C,
s+500 -

Lal La -
-500 -034 -025 Re (s)
. C

Fig. A2.4 Mapping of Eq. (A2.7) in the s-plane
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Assuming that the current source has to drive a load with large capacitance
(CL = 100 uF), the modulii and arguments of the one expression in the numerator and of
the two expressions in the denominator were calculated to give the modulus and arguments of
the resulting expression for OLG(s), using a range of frequencies from 0 to 1 MHz. It was
found that arg[OLG(s)] falls from 180° and tends to a limit at 90°. The locus of OLG(s)
thus does not enter the positive portion of the Nyquist diagram. The circuit is, there-

fore, always stable. . .
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APPENDIX 3

REMOTE CONTROL

GPIB commands

Command Meaning
AVERAGE :N! Average the reading over a number of cycles N
DMODE :GAUSS! Set the displayed mode to gauss
DMODE : VFC! Set the displayed mode to the VFC reading
SPEED:FAST! Set the measurement period to 0.2 s
SPEED: SLOW! Set the measurement period to 1.0 s
CAL IBRATE! Perform calibration
GET! Trigger a measurement and return the result

The exclamation marks are command delimiters; carriage return and blanks are ignored
by the interface.

GPIB serial poll status

S8 SRQ S6 S5 sS4 S3 S2 s1

S1 Measurement in progress
S2 Calibration in progress
S3 Probe temperature fault
S4 Electronics temperature fault

S5 Out of range
S6 Busy

S8 and SRQ (Service Request) are not used.
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APPENDIX 4

ZERO FIELD CHAMBER

The zero field chamber consists of two concentric tubes of mu-metal held in a perspex
support. A plastic guide channel allows the micro-teslameter probe head to be placed half-
way down the tube on its central axis.

The effectiveness of the tube in shielding against transverse magnetic fields was
estimated from a formula due to Mager [11], who defined a shielding factor S:

S=_H.Q=ur.d,
Hy D
where

He = magnetic field strength external to the tube,
Hi = field strength inside the tube,

= thickness,

= diameter of the tube,
ue = relative permeability of the tube material.

The outer tube, of diameter 90 mm, was constructed from Permalloy B, which has a maxi-
mum relative permeability, after heat treatment, of between 1.5 . 10% and 4 - 10" at a
field strength close to that of the earth's field (40 A -m~1). The inner tube was con-
structed from mu-metal and has a diameter of 60 mm; this material has a maximum permea-
bility, after heat treatment, of between 7 - 10" and 1.3 - 105,

It was observed that the remanent field inside the chamber was lower than the 1imit of
resolution of the instrument.
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