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(57) Abstract

An inductive transmission system for a probe for use on a coordinate positioning machine such as a machine tool. The probe (10) is
connected via a probe interface (14) to a single coil (16). This is inductively coupled across a small gap to a second coil (30), which is
connected via an interface circuit (12) to the machine control. Data signals pass from the probe (10) to the interface (12). Simultaneously,
a power carrier signal and a command signal pass from the interface (12) to the probe (10). In order that all these signals can pass without

mutual interference via the coils (16, 30), each signal has a carrier of a different

which do not overlap.

frequency, and the signals are carried in frequency bands
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8IGNAL TRANSMISSION SYSTEM FOR PROBES

This invention relates to a signal transmission system. It
is especially useful for probes as used for measurement in
coordinate positioning machines such as machine tools,
coordinate measuring machines, measuring robots and the
like.

An embodiment of the invention will be described by way of
example with reference to the accompanying drawings,
wherein:

Fig 1 is a block diagram of a signal transmission
systemn,

Figs 2A and 2B are block diagrams showing alternative
arrangements of the system of Fig 1,

Fig 3 is a more detailed block diagram of the systen,

Fig 4 is a graph showing the frequencies of signals in
the systen,

Figs 5A and 5B are waveforms of possible data signals
in the systen,

Figs 6A,6B,7A,7B and 8 are circuit diagrams of
components of the system,

Fig 9 is a table for explaining the circuit of Fig 8,

Figs 10,11 and 12 are circuit diagrams of further
components of the systenm,

Fig 13 is a graph corresponding to Fig 4, but showing
an alternative,

Fig 14 is a block diagram of part of another
alternative systenm,

Fig 15 is a circuit diagram of a component in Fig 14.

The transmission system which will be described is intended
for installation on a machine tool, such as a machining
centre or lathe. As is well known, such a machine tool may
have, in addition to the usual cutting tools, a measuring
probe which can be picked up in a spindle of the machine,
or mounted at a tool-holding position on a turret of a
lathe, so as to be movable with respect to a workpiece.
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Such a probe can then be used for measurements on the
workpiece.

Fig 1 is a block diagram giving a general overview of a
signal transmission system for such a probe 10. The probe
must be able to communicate with a transmission interface
12, which interfaces it to the CNC or other control of the
machine tool (not shown). However, in the majority of
machine tool installations, it is not possible simply to
hard wire the probe 10 to the interface 12, for example
because of the requirement to automatically exchange the
probe for cutting tools, or to move the probe between
operative and inoperative positions. Consequently, Fig 1
shows inductive coupling units, which enable the signals to
pass wirelessly across small gaps (e.g. up to about 2mm or
3mm) . Inside the probe 10, or mounted with it, is a probe
interface circuit 14, connected to an inductive module 16
by a twin wire 18. The module 16 comprises a single coil,
which is inductively coupled to another single coil in a
module 20, across a gap 22. The module 20 is linked by a
co-axial cable 24 to another inductive module 26. This in
turn is linked inductively across a gap 28 to yet another
inductive module 30. The modules 26,30 again each comprise
a single coil. Finally, a co-axial cable 32 links the
module 30 to the transmission interface 12 and thence to
the machine tool control.

In the following description, the module 16 will be
referenced by the abbreviation IMP (Inductive Module,
Probe). The module 30 will be termed IMM (Inductive
Module, Machine). The modules 20,26, which may be
identical for convenience, will be termed IMI (Inductive
Module, Intermediate).

The system shown in Fig 1 is intended for use in machine
tool installations requiring the two gaps 22,28. For
example, such a system might be used in a lathe, with one
gap between the probe and the tool-holding turret, and

»

-
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another gap between the turret and the carriage or slide
upon on which it is mounted. In many installations,
however, 6nly a single gap will be necessary. Fig 2A shows
such an arrangement, in which the IMI's 20,26 and the cable
24 are omitted. The IMP 16 and IMM 30 are simply mounted
so that they are brought into proximity when the probe is
in use, with a single gap of up to say 8mm between them.

As shown in Fig 2B, it is also possible to use the present
system in a purely hard wired installation. In this case,
the modules 16,30 are both omitted, and the co-axial cable
32 is connected to the twin wires 18 via a simple

terminator 34, which provides impedance matching.
The system will now be described in more detail.

It should be understood that the probe 10 may be any of a
number of widely different types. For example, it may be a
touch trigger probe which simply generates a trigger signal
when a deflectable stylus 11 contacts a workpiece surface.
At the opposite extreme, it may be a three axis measurement
or scanning probe, containing transducers for measuring the
amount of movemént of the stylus 11 relative to the probe
body in each of three axes x,y,z. Especially if used for
scanning purposes, such a probe may capture data at a high
rate, requiring a correspondingly high rate of data
transmission. Between these extremes, the signal
transmission system may also be used for other types of
probe, including non-contact probes such as optical
triangulation probes which generate measurement data only
for a single axis. In addition to the requirements of
signal transmission from the probe 10 to the transmission
interface 12, the various types of probe may have different
requirements for power supplies which must also be
transmitted through the cables and inductive couplings
described. Optionally, it may also be desired to transmit
control signals to the probe from the transmission
interface 12.
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These various requirements are met by transmitting the
various signals on carriers in different parts of the
frequency spectrum, as shown in Fig 4. Power is
transmitted from the interface 12 to the probe in the form
of a 60kHz carrier 36. Data from the probe back to the
interface 12 is transmitted in a data band 38 extending
from approximately 500kHz to 5MHz. Commands are
transmitted, if desired, in a command band 40 which is
narrower than the data band 38, and is centred around a
210kHz carrier.

Data is modulated on a 2MHz or 2.5MHz carrier in the data
band 38 using a modulation system with constant amplitude.
Where the probe requires a high speed of data transmission '
(a high data rate) it is transmitted in digital form by
differential phase shift reversal key modulation (DPRK).
This is illustrated in Figs 5A and 5B. The waveform in Fig
5A shows the digital modulating signal, and the waveform in
Fig 5B shows the modulated carrier signal, having phase
reversals corresponding to the modulating signal.
Alternatively, where a lower speed of digital data
transmission can be tolerated, frequency shift key (FSK)
modulation can be used, in which successive 0's and 1's of
the digital modulating signal are represented by shifting
the frequency of the carrier to a higher or lower value.
For example, the carrier frequency may shift between 1.5MHz
and 2.5MHz. As an alternative to such digital data
transmission, it is possible to modulate analogue
information onto the data carrier, e.g. by wideband
frequency modulation; the bandwidth of the data band 38 is
even wide enough to carry video information if the probe 10
is a video probe. Command signals in the command band 40
are preferably carried by narrow band FSK modulation.

Modulation systems with constant amplitude are chosen for
the command band 40 and data band 38 because they have high
noise immunity and the ability to accommodate wide
variations in signal amplitude. . This latter feature is
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important because of the possible presence of one or a
plurality of inductive gaps 22,28 in the transmission
system, or possibly no gap at all as shown in Fig 2B. The
presence or absence of one or more such gaps causes very
wide variations in the amplitudes of the transmitted
signals.

Of course, other frequencies may be chosen for the various
signals shown in Fig 4. For example, it would be possible
for power carrier 36 to have a higher frequency than the
command and data bands 40,38. The frequencies shown in Fig
4 are preferred for the following reasons. The 60kHz
frequency for the power carrier 36 is chosen on the grounds
of losses within the various connecting cables and on
considerations of the size of capacitive and inductive
components within the inductive coupling modules
16,20,26,30. If the power carrier frequency 36 is too low,
these components will need to be too large to fit into a
conveniently sized package. On the other hand, losses in
the cables, and the need for correct termination to prevent
transmission line effects, increase with the frequency of
the power carrier. This is a particular problem, since it
is desired to have the ability to use a long cable, e.g. up
to 100m for the co-axial cable 32. It is also necessary to
take account of the very significant power losses across
the inductive gaps 22,28, if present. Normally, the power
loss across one of these gaps would be the square of the
voltage loss, giving rise to a very great problem.

However, this problem is alleviated somewhat as discussed
below by tuning each of the coupling modules 16,20,26,30 to
the frequency of the power carrier, so that the power loss
has the same ratio as the voltage loss.

Another factor affecting the choice of the frequencies
shown in Fig 4 is that the bandwidths of the data band 38
and command band 40 must not overlap that of the power
carrier 36, as the various signals have to be separate for
signal generation and recovery in the probe interface 14
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and transmission interface 12. The transmission interface
12 has the more stringent requirement because the ratio of
the transmitted power voltage to the received signal
voltage (data band 38) may be of the order 10°. Careful
filtering is therefore needed to ensure that the power
carrier does not overload the data receiver in the
interface 12. To achieve this, the desirable minimum ratio
between the data carrier frequency and the power frequency
should be around 10. Furthermore, the carrier frequency
210kHz for the command band 40 is chosen so as to give
maximum separation from the harmonics of the 60kHz power
carrier which occur at 180kHz and 240kHz.

Of course, it should be appreciated that the above values
relate to the present preferred embodiment of the
invention, and may differ in other embodiments.

Co-axial cables are chosen for the cables 24,32 in the
preferred embodiment because they are fully screened,
easily available and have relatively low losses. It is
also important that they have well defined transmission
line characteristics since it is desired to be able to use
long lengths of up to 100m, and because they are
mechanically robust in bending and generally small in
diameter. This makes them easier to install on a machine
tool. 500 cable is preferred because it is cheap and has a
low resistance at low frequencies.

Referring now to Fig 3, various components of the system
will be described in more detail.

In the transmission interface 12, a 60kHz power carrier
generator 50 is powered by a DC power supply 52. It
supplies the necessary power to the IMM 30 via the cable 32
and a splitter/combiner circuit 54. Probe signals in the
data band 38 are routed by the splitter/combiner 54 to an
FSK or DPRK decoder 56. 1In turn, this passes the decoded
signals to outputs 58 leading to the control of the machine
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tool, via a machine interface logic circuit 60. If it is
required to send command signals to the probe, these are
received from the machine control on input 62, and the
logic circuit 60 passes them to an optional command driver
circuit 64 which modulates them onto the 210kHz carrier.
This then passes via the splitter/combiner 54 and cable 32
to the IMM 30.

The power generator 50 is configured to give a constant
power output to the IMM so that the dissipation in this
module is constant and the induced voltage in the coupled
coil within the IMI 26 or IMP 16 does not increase rapidly
as the gap between the modules decreases. This is
advantageous because at small gaps, the approach of the
coil in the IMI 26 or IMP 16 detunes the IMM 30 and reduces
the load impedance seen by the power generator 50. Without
the constant power output, this would have the effect of
increasing the power dissipated in the IMM whilst the
induced voltage in the other coil coupled to it would be
increased because of the smaller gap.

Entirely different data decoders 56 are used, depending
whether DPRK or FSK modulation is required. Block diagranms
of the two systems are shown in Figs 6A and 6B
respectively. Both have the same problem in that the
residual power carrier left over from the splitter 54 must
be suppressed below the data signal level, as must the
power carrier harmonics. A 100:1 variation in input signal
must also be accommodated before the actual detection is
carried out. In the DPRK system (Fig 6A) there is a signal
preamplifier 66 which is followed by a multi-pole linear
phase high pass filter 68 at 500kHz. This is used to
suppress most of the residual power carrier and its
harmonics to leave almost only the probe data signal; the
type of filter is specifically designed to minimise phase
distortion and hence signal corruption. The zero crossings
of the data signal are detected by a comparator 70 before a
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digital shift register chain 72 is used to recover the
original signal.

The FSK decoder (Fig 6B) comprises a narrow band amplifier
74 centred at 2MHz. This feeds a passive bandpass filter
76 also centred at 2MHz which is followed by a limiter
amplifier 78 to give a constant amplitude signal into two
phase locked loop detectors 80,82. In the preferred
embodiment, the 1's and 0's of the digital signal are
represented by frequencies of 2.5MHz and 1.5MHz, and the
phase locked loop detectors 80,82 detect these frequencies

‘respectively. Their outputs are then fed to decoding logic

circuits 84, which may comprise window comparators that
regenerate the original signal.

The splitter/combiner 54 comprises a set of two or three
passive filters, arranged to give a constant 500 impedance
throughout the spectrum of the data band 38 and command
band 40. This then gives good impedance matching and
transmission line characteristics for the 500 co-axial
cable 32. Fig 7A shows a two filter version. A first
filter 84 is bandpass tuned to the 60kHz power carrier,
whilst a second filter 86 is a high pass filter which
receives the data signals from the cable 32 and passes them
to the decoder 56. As shown in Fig 7A, the second filter
86 has a 150kHz cut off frequency.

The more complex version of the splitter/combiner 54 is
shown in Fig 7B, and allows for the optional command
signals received from the command driver 64. It comprises
the filters 84,86 as previously, except that the filter 86
now has a 500kHz cut off frequency so as to reject the
210kHz signals from the command driver 64. Optionally,
there may be a third filter (not shown) centred at 210KkHz
and used for injecting the command carrier signal. A
transformer based four port directional coupler 88 is also
fitted, to reduce the leakage of the command signal into
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the data decoder 56. The directional coupler 88 is
illustrated in more detail in Fig 8.

In Fig 8, the impedances of the various inputs/outputs
A,B,C,D are represented by Za,Zb,Zc,Zd. By ensuring that
Za/Zb = Zc/Zd, and by determining the transformer ratios in
accordance with these impedances, an input appearing at
given one of the ports A-D will appear as an output at two
other ports, with the fourth port giving a null output, in
accordance with the table shown in Fig 9.

The purpose of the filters in the splitter/combiner 54 is
to allow the power carrier to pass through to the cable 32
with little loss whilst the return probe data signal enters
the decoder 56 with only residual levels of power carrier
or command carrier present. This is important as the power
carrier amplitude is up to 30V and the probe data signal
can be as small as 500uV and some primary separation of the
probe data signal is necessary before the decoder to avoid
overload. In designing the inductors in the various
filters, care should be taken to avoid causing harmonic
distortion in the power carrier. Otherwise, the higher
power carrier harmonics will appear in the data band 38 or
command band 40 and can cause detection problems if they
are not small compared with the wanted signals.

Fig 10 shows the circuit of the IMM 30. A coupling coil 90
is wound on a ferrite core 92, which improves the coupling
to the corresponding coupling coil in the IMI 26 or IMP 16.
The IMM 30 is the most complex of the coupling modules as
it has three tasks to perform: the first is to allow the
power carrier to be coupled efficiently to the next module,
the second is to allow the probe data signal to be
transmitted with low levels of phase and frequency
distortion, the last is to present to the cable 32 an
impedance of 500 over the data band 38 and the command band
40 to terminate the co-axial cable correctly. For
efficient power transfer and minimum power drain on the
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power generator 50 the IMM must be tuned to the power
frequency and this needs a cgpacitor 94 in parallel with
the coupling coil to give a high impedance at the power
frequency. Two additional inductors, three other capacitors
and two resistors are needed to match to 500 in the data
band and give a flat frequency response. The IMM matches
to 500 over the range 150kHz to 6MHz and the signal channel
has -3 dB points at 170kHz and 5MHz.

The IMI's 20,26 are designed to be as simple as possible
with only three auxiliary resistors and capacitors in
addition to a coupling coil 96, ferrite core 98 and main
tuning capacitor 100 (Fig 11). The impedance matching is
imperfect which gives rise to a maximum length of 5m for
the cable 24 to limit data signal loss and distortion; most
double gap systems need less than 2m of cable between
units.

The IMP 16 is just a simple coil 102 (Fig 12) with a
ferrite core 104, and the two wires 18 from the coil are
connected to the probe interface 14. For long lengths and
for interference prevention these wires may need to be
screened.

As shown in Fig 2B, the system can be used without any
inductive couplers with a single co-axial cable link down
to the probe interface and with a cable termination network
34 replacing the IMP. This network comprises a resistor to
match to the cable impedance and a transformer to give
ground isolation; the two wire output of the network goes
direct to the probe interface.

Referring again to Fig 12, the probe interface 14 is tuned
to the power carrier by a capacitor 106 in parallel with

the IMP coil which feeds a rectifier 108 and power supply
circuit 110 to provide DC for the probe signal conditioner
and probe interface power supplies. The major limitation
on the design of the probe interface is the need to inject
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the probe data signal into the transmission link. This is
done by a small transformer 112 in series with the IMP coil
which is driven via a coupling capacitor 114 by a drive
amplifier 116, this arrangement forms a high pass filter
which cuts off at 500kHz. Because the transformer is in
series with the IMP coil a fraction of the power carrier
voltage appears across it and hence, even with the high
pass filter, at the output of the drive amplifier. The
amount of power carrier voltage at the output of the drive
amplifier must not be too large otherwise the probe data
signal will be distorted as the amplifier fails to absorb
the current. This is the point at which the system
overloads with high drive levels and small gaps. There is
a complex trade-off between the IMP coil inductance, the
transformer ratio, the transformer inductance, the coupling
capacitance value and the maximum and minimum gaps that can
be obtained. This trade-off also controls the amount of
power that can be transferred over small single gaps as a
significant portion of the available power is absorbed by
the drive amplifier 116. The drive amplifier is run from
+/-5V to permit the use of a suitable amplifier and produce
the output swing to drive the cable, the drive level is
around 6V pp. All of this appears across the IMP coil as
the tuning capacitor has a very small impedance at high

frequency and so the transformer winding is effectively
connected across the IMP coil.

In Fig 3, there are shown various alternative forms of
probe 10 and probe interface 14 which may be connected to
the IMP 16. In one simple variant, a touch trigger probe
10a comprises conventional mechanical components 120,
transducer 122 and signal conditioner 124. This is
connected to a probe interface circuit referenced 1l4a,
containing the power supply components 108,110 shown in Fig
12. The tuning and transformer components 106,112,114 are
indicated by a block 126 in the circuit 14a. Finally, the
signal output from the signal conditioner 124 is FSK
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modulated and fed to the drive amplifier 116, in a block
labelled 128.

Reference numerals 10b and 14b in Fig 3 indicate an
alternative probe using DPRK modulation. This may for
example be a three axis measurement or scanning probe.
Similar reference numerals have been used as in the probe
10a and interface 14a, where appropriate, though of course
different components will be used for the different type of
probe. Here, a DPRK logic circuit 130 is used to modulate
the output of the signal conditioner 124, before feeding it
to the drive amplifier 116 of Fig 12.

The FSK modulator 128 can be built directly round the drive
amplifier 116 making this very easy to implement, whilst
most of the DPRK modulator 130 is digital with the drive
amplifier 116 filtering the digital input into an
approximate sinusoidal waveform. The digital parts need a
basic clock frequency of 10MHz which is divided down and
combined with the data input to generate the necessary
waveform. This logic can be provided together with the
signal conditioner 124 in an application specific
integrated circuit (ASIC) or it could be in a gate array if
an independent modulator is required, but at greater
expense in cost and power.

A probe with an interface for the optional command signals

.in the command band 40 is shown at 10c,l4c in Fig 3. 1In

this case, the circuit shown in Fig 12 includes an
additional band pass filter 140, tuned to the 210KkHz
carrier frequency, and connected to the transformer 112.
This performs the primary separation for the command signal
against both the power carrier and the data signal. It is
a small signal at this point, just like the data signal on
arrival at the transmission interface 12. The power
carrier rectification in the probe interface generates
substantial harmonics of the 60kHz frequency, which would
interfere with the command signal if its bandwidth and
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centre frequency were not controlled. Command signal
detection is performed by a commercial FSK demodulator
integrated circuit 142 designed for radio use. This device
has full superheterodyne provision with a local oscillator,
mixer and intermediate frequency strip as well as an FSK
detector. A standard intermediate frequency of 455kHz may
be used as the filters for this are readily obtainable.
This entails a local oscillator frequency of 245kHz and an
additional image trap filter 144 at 700kHz to reject any
data signal content around this frequency.

As so far described, this system is intended for use with
only one probe at a time, and may be configured for any of
the different probe types shown in Fig 3. However, some
machine tool installations require two or more probes,
which may or may not be identical. This may be achieved as
follows. ‘

In one possible arrangement, the transmission interface 12
contains a switch 150, connected to the splitter/combiner
54 and controlled by the machine control via the machine
interface logic 60. This simply switches in a completely
separate probe with its own transmission system, whenever
required. The separate transmission system has its own
cables 32,24,18 and inductive couplings 30,26,20,16 as
required.

An alternative arrangement shown in Figs 13-15 allows the
use of two or more probes simultaneously. As seen in Fig
13, the data band 38 of Fig 4 is divided into two separate
bands 38a,38b, one for each probe. The data modulator in
each probe uses a carrier frequency centred in its
respective band, and the transmission interface 12 contains
the necessary filters and individual decoders 56 to
separate the signals from the two probes. Both probes are
powered from the 60KHz carrier, and each may optionally be
capable of receiving suitably coded control signals in the
command band 40. This can be done by allocating each probe
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an address which is sent at the start of any command
sequence.

Fig 14 shows how two such probes can be connected into the
signal transmission system. Here, they are shown connected
into the cable 32 at a convenient point between the
transmission interface 12 and the IMM 30, via a hybrid
junction 154 described below. Each probe has its own IMM
30, which may be coupled to an IMI 26 as shown in Fig 1, or
directly to an IMP 16 as shown in Fig 2A. Hard wired
connections as shown in Fig 2B are also possible. It is
also possible to place the junction 154 in the cable 24
between the IMI's 20,26 of Fig 1, if desired.

Hybrids, as used for the junction 154, are passive four
port circuits that can be used to split or combine two
signal sources onto a single transmission line while
maintaining the impedance match and avoiding mutual
interference. Fig 15 shows a transformer based circuit as
an example. A signal entering at port A will split equally
between adjacent ports B and C with no signal reaching port
D. The same is true of a signal entering at port B which
will split between ports A and D with none at C. Like all
transmission line circuits the ports must be correctly
terminated. The hybrid is used for combining two probes in
the following way: the interface feeds port A so that the
power at 60kHz splits equally between B and C. The two
probes are connected to B and C so that the data signals
split between A and D with no crosstalk between the probes.
The port D has a dummy load 156 with 250 impedance.

Of course, the signals could be split and combined by other
RF engineering techniques, if desired. Another '
possibility, rather than using separate data bands 38a,38b,
is for each probe to transmit data in the same band 38, but
only when commanded to do so by a command signal in the
command band 40.
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The system shown in Fig 1 has two gaps 22,28. Three or
more gaps may be provided if required, by duplicating the
IMI's 20,26 and cable 24. However, the size of the gaps
will then need to be quite small to reduce losses.
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CLAIMS

1. An inductive transmission system for a probe for use on
a coordinate positioning machine, comprising a first coil
associated with the probe, and a second coil associated
with the machine, said coils being separated by a gap and
being inductively coupled together for transmission of
signals across the gap, a plurality of signal generating
means, each signal generating means being connected to one
of said coils for transmission of a corresponding signal
across the gap to the other coil, each of said signal
generating means generating its signal on a carrier having
a frequency different from the other signal generating
means. :

2. A system according to claim 1, wherein one of the
signal generating means is located in the probe and is
connected to the first coil, for transmission of probe data
signals from the probe to the machine.

3. A system according to claim 1 or claim 2, wherein one
of the signal generating means generates a power carrier
and is located in association with the machine and is
connected to the second coil, for transmission of power to
the probe.

4. A system according to any one of the preceding claims,
wherein one of the signal generating means is located in
association with the machine and is connected to the second
coil, for transmission of command or control signals to the
probe.

5.’ A circuit for association with a probe in a system
according to claim 2, comprising said first coil and said
signal generating means for transmitting probe data signals
across the gap from the probe to the machine; and further
comprising means for receiving a signal transmitted across
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the gap from a further one of said signal generating means
located in association with the machine.

6. A circuit for association with a machine in a system

5 according to claim 2, comprising said second coil and means
for receiving probe data sighals transmitted across the gap
from the probe to the machine; and further comprising at
least one of said signal generating means for transmitting
signals across the gap from the machine to the probe.
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