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(57) ABSTRACT

A method for generating a transmit signal for transmission
including the steps of a) generating at least two selected
rectangular wave signals, each having a different fundamen-
tal frequency; b) mixing the selected rectangular wave signals
to produce a driving signal; and ¢) driving a switching circuit
using the driving signal for generating a transmit signal for
transmission, wherein the Fourier transform of the transmit
signal contains frequency components of relatively high mag-
nitude, at frequencies corresponding to the convolution of the
fundamental frequencies of the said at least two selected
rectangular wave signals, as compared to other frequency
components across the frequency spectrum of the Fourier
transform, and wherein the rectangular wave signals are
selected such that the frequency components of relatively
high magnitude are substantially the same in magnitude, and
spaced from each other in the frequency spectrum in a pre-
determined manner.
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MULTI-FREQUENCY TRANSMITTER FOR A
METAL DETECTOR

TECHNICAL FIELD

The current invention relates to multi-frequency switching
transmitters for metal detectors using half-bridge or full-
bridge topologies.

BACKGROUND ART

Continuous wave multiple frequency metal detectors have
significant advantages over their single frequency counter-
parts in terms of ground rejection and target discrimination.
They also have significant advantages over the pulse induc-
tion detectors in terms of target sensitivity and target discrimi-
nation. However, for these advantages to be realised, it is
essential that the simultaneous transmission at several fre-
quencies is done accurately and efficiently.

Some preferred requirements of a good multi-frequency
transmitter are to have high efficiency, to be constructively
simple and of low cost, to maximise the power transmitted at
the required frequencies and to minimise the power transmit-
ted at any other frequencies. In addition, the ability to inde-
pendently change any of the transmitted frequencies, to keep
the transmitted signals at comparable amplitudes, and to
employ simple means to generate the signals to be transmitted
is also desirable.

For optimum operation of the metal detector, a good selec-
tion of the nominal values of the transmitted frequencies is
required. Itis known that a linear progression on a logarithmic
frequency scale (or a geometric progression on a linear fre-
quency scale) is a good choice because for both targets and
grounds, relevant features can be best observed on a logarith-
mic frequency scale. For good target discrimination and good
rejection of ground signals it is desirable to have as many
frequencies as possible. However, for a given amount of
transmitted power, the more frequencies are used, the less
power is transmitted on each frequency. At the same time, the
amount of noise received is proportional with the number of
frequencies used; therefore the signal-to-noise ratio
decreases with increasing the number of frequencies. It was
found that using four to eight frequencies gives a good com-
promise between detection depth (sensitivity) and target dis-
crimination while being able to reject soils that are both
magnetic and conductive.

If the detector uses digitally intensive techniques, as
described for example in W0O2006/021045, then there are a
number of alternatives that can be used to achieve efficient
multi-frequency transmission, including for example, a class
B (or AB) amplifier in conjunction with tuned circuits, a class
D (switching) amplifier driving the transmit winding directly,
a switching (square or rectangular) wave transmitter driving
the transmit winding directly, etc. Each alternative has advan-
tages and disadvantages.

For example, the class B (or AB) amplifier in conjunction
with tuned circuits compensates the lack of efficiency of the
linear amplifier with the recirculation of the current offered
by the tuned circuit. While constructively simple, this
approach has the drawback that the operating frequencies
must be matched to the resonant frequencies of the tuned
circuit, which are determined by the circuit elements (induc-
tors and capacitors) and therefore susceptible to accuracy and
drift issues. This also limits the ability to vary the operating
frequencies around their nominal values, which is at times
necessary for avoiding external interference. Additionally,
changes in the inductance of the transmit winding due to
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ground mineralisation produce significant phase shifts
between the excitation and the resultant current, requiring
greater accuracy for amplitude and phase corrections. If the
driving frequencies are generated digitally, the cost of this
solution is increased by the need to provide one or more
digital-to-analogue converters (DAC). An advantage of this
solution is that, if the amplifier and the DAC (if required) have
reasonably low distortion, the transmitted signals are spec-
trally clean, owing to the filtering effect of the tuned circuit.

The solution based on the class D (switching) amplifier
theoretically comes close to the ideal: high efficiency, flex-
ibility in the choice of the operating frequencies (no restric-
tions due to tuned circuits), and low distortion. A class D
amplifier can have either analogue or digital input. In the
analogue input case it might require a DAC (if the transmitted
signals are generated digitally) and its construction is more
complicated, but can achieve relatively low distortion. In the
digital input case, the construction is simpler, but the ampli-
tude resolution is limited, causing distortion and in-band
spurious signals. In both cases the output low pass filter
(reconstruction filter) is a critical circuit element, as it can
introduce frequency dependent amplitude and phase varia-
tions. The filter also controls the amount of switching fre-
quency, its harmonics and spurious signals leaking into the
transmit winding and further on into the receive winding and
receive circuit. The compromise between desirable amplitude
and phase versus frequency characteristics and switching fre-
quency suppression depends on the damping of the low pass
filter, which introduces losses. These losses are in addition to
those inherent to the switching action of the power stage.
When these variables are taken into account, the class D
amplifier is not as attractive as it initially appears.

On the other hand, switching transmitters for metal detec-
tors are known to have many desirable characteristics, like
simple construction, low power dissipation and relatively low
electromagnetic compatibility issues. Most of them transmit
a repetitive multi-period waveform which has the property
that its fundamental and/or some of its harmonics have higher
magnitude. However, with such waveforms, it is relatively
difficult to insure that strong Fourier transform components
of comparable magnitude only occur at a few selected fre-
quencies and that all other harmonics have low magnitude.
Also, the frequencies used in operation must be integer mul-
tiples of the fundamental, which can be limiting at times.

There are examples in the prior art, like UK patent appli-
cation GB 2 423 366 A and many others where two signals
with the same frequency but different phases and/or duty
cycle are applied to the inputs of two half-bridge amplifiers,
whose outputs are in turn connected the load. This arrange-
ment generates a 3 level waveform with reduced amount of
energy at higher frequency harmonics. Obviously, this is an
improvement, but single frequency operation is inadequate
for high performance metal detection. In the U.S. Pat. No.
4,311,929, the two independent half-bridge switching ampli-
fiers are driven with two signals with different frequencies,
effectively summing the two signals across the load. This also
generates a three level waveform, but the patent does not
extend the method to more than two frequencies.

The current invention provides a switching transmitter of a
new and novel configuration that overcomes or at least sub-
stantially ameliorates the problems associated with existing
transmitters for metal detectors.

SUMMARY OF INVENTION

In a first broad aspect of the invention there is provided a
method for generating a transmit signal for transmission
including the steps of:
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a) generating at least two selected rectangular wave sig-
nals, each having a different fundamental frequency;

b) mixing the selected rectangular wave signals to produce
a driving signal; and

¢) driving a switching circuit using the driving signal for
generating a transmit signal for transmission, wherein the
Fourier transform of the transmit signal contains frequency
components of relatively high magnitude, at frequencies cor-
responding to the convolution of the fundamental frequencies
of the said at least two selected rectangular wave signals, as
compared to other frequency components across the fre-
quency spectrum of the Fourier transform, and wherein the
rectangular wave signals are selected such that the frequency
components of relatively high magnitude are substantially the
same in magnitude, and spaced from each other in the fre-
quency spectrum in a predetermined manner.

In one form, the switching circuit is a half-bridge or a
full-bridge, the full-bridge including two inputs, a first input
for receiving the driving signal, and a second input for receiv-
ing the inverted said driving signal; and wherein the selected
rectangular wave signals include:

a first signal having a first fundamental frequency £ ;

a second signal having a second fundamental frequency fy;
and

a third signal having a third fundamental frequency f;
wherein the convolution of the fundamental frequencies gen-
erates four frequency components of relatively high magni-
tude at frequencies f,, f,, f; and £,, and the four frequency
components are substantially linearly-spaced in a logarithmic
scaled frequency spectrum.

In one form, the fundamental frequencies are substantially
determined through the relationship of

_k+1
fA—Tfla

K+l
fz = 5 h
and

ktk+1)
c= ) 1

where k is the tribonacci constant, and f, is the lowest
frequency among f,, f,, f; and £,,.

In a second broad aspect of the invention there is provided
a method for generating transmit signals for transmission
including the steps of:

a) generating a first group of at least two selected rectan-
gular wave signals, and a second group of at least two selected
rectangular wave signals, each rectangular wave signal hav-
ing a different fundamental frequency;

b) mixing the first group to produce a first driving signal,
and the second group to produce a second driving signal; and

¢) driving a first half-bridge using the first driving signal for
generating a first transmit signal, wherein the Fourier trans-
form of the first transmit signal contains frequency compo-
nents of relatively high magnitude, at frequencies corre-
sponding to the convolution of the fundamental frequencies
of'the first group, as compared to other frequency components
across the frequency spectrum of the Fourier transform, and
driving a second half bridge using the second driving signal
for generating a second transmit signal, wherein the Fourier
transform of the second transmit signal contains frequency
components of relatively high magnitude, at frequencies cor-
responding to the convolution of the fundamental frequencies
of'the second group, as compared to other frequency compo-
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nents across the frequency spectrum of the Fourier transform,
and wherein the rectangular wave signals are selected such
that the frequency components of relatively high magnitude
are substantially the same in magnitude, and spaced from
each other in the frequency spectrum in a predetermined
manner.

In a form of the second broad aspect of the invention,

the first group includes:

a first signal having a first fundamental frequency f,; and

a second signal having a second fundamental frequency f5;

the second group includes:

a third signal having a third fundamental frequency f; and

a fourth signal having a fourth fundamental frequency f,;

and wherein the convolution of the first and second funda-
mental frequencies generates two frequency components of
relatively high magnitude at frequencies f; and f,; and the
convolution of the third and fourth fundamental frequencies
generates two frequency components of relatively high mag-
nitude at frequencies f; and f,, and all four frequency com-
ponents are substantially linearly-spaced in a logarithmic
scaled frequency spectrum;

and wherein the fundamental frequencies are substantially
determined through the relationship of

k-1
fA:Tfla
k+1
fB:Tfla
K2k =1)
c = 5 1,
and
2
- k (k2+ 1)f1,

where k is any numerical value, and f| is the lowest fre-
quency among £, f,, f; and £,,.

In a form of the second broad aspect of the invention,

the first group includes:

a first signal having a first fundamental frequency f,; and

a second signal having a second fundamental frequency f5;

the second group includes:

a third signal having a third fundamental frequency f; and

a fourth signal having a fourth fundamental frequency f,;

and wherein the convolution of the first and second funda-
mental frequencies generates two frequency components of
relatively high magnitude at frequencies f, and f;; and the
convolution of the third and fourth fundamental frequencies
generates two frequency components of relatively high mag-
nitude at frequencies f; and f,, and all four frequency com-
ponents are substantially linearly-spaced in a logarithmic
scaled frequency spectrum;

and wherein the fundamental frequencies are substantially
determined through the relationship of

_kk-1D)

fa 2 fis
kik+1

fB=—(2+ )fla
B-1

Je=——1,

and

K+l

o= 3 fis

where k is any numerical value, and f| is the lowest fre-
quency among fi, f,, f; and {,.
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In a form of the second broad aspect of the invention,

the first group includes:

a first signal having a first fundamental frequency f,; and

a second signal having a second fundamental frequency fz;

the second group includes:

athird signal having a third fundamental frequency f; and

a fourth signal having a fourth fundamental frequency f,;

and wherein the convolution of the first and second funda-
mental frequencies generates two frequency components of
relatively high magnitude at frequencies f; and f5; and the
convolution of the third and fourth fundamental frequencies
generates two frequency components of relatively high mag-
nitude at frequencies f, and f,, and all four frequency com-
ponents are substantially linearly-spaced in a logarithmic
scaled frequency spectrum;

and wherein the fundamental frequencies are substantially
determined through the relationship of

k-1
fa= 2 fis
_k2+1
fs= 3 fi.
k(2 =1)
fC—Tla

and
k(2 +1)
fD—Tla

where k is any numerical value, and f is the lowest fre-
quency among fi, f,, f; and {,,.
In a form of the second broad aspect of the invention,
the first group includes:
a first signal having a first fundamental frequency £ ;
a second signal having a second fundamental frequency fy;
and
a third signal having a third fundamental frequency f;
the second group includes:
a fourth signal having a fourth fundamental frequency f,;
a fifth signal having a fifth fundamental frequency f;; and
a sixth signal having a sixth fundamental frequency fy;
and wherein the convolution of the first, second and third
fundamental frequencies generates four frequency compo-
nents of relatively high magnitude at four different frequen-
cies; and the convolution of the fourth, fifth and sixth funda-
mental frequencies generates four frequency components of
relatively high magnitude at four other frequencies, and all
eight frequency components are substantially linearly-spaced
in a logarithmic scaled frequency spectrum.
In a form of the second broad aspect of the invention,
the first group includes:
a first signal having a first fundamental frequency £;
a second signal having a second fundamental frequency fz;
and
a third signal having a third fundamental frequency f;
the second group includes:
a fourth signal having a fourth fundamental frequency f,;
and
a fifth signal having a fifth fundamental frequency fy;
and wherein the convolution of the first, second and third
fundamental frequencies generates four frequency compo-
nents of relatively high magnitude at four different frequen-
cies; and the convolution of the fourth and fifth fundamental
frequencies generates two frequency components of rela-
tively high magnitude at two other frequencies, and all six
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frequency components are substantially linearly-spaced in a
logarithmic scaled frequency spectrum.

In a third broad aspect of the invention there is provided an
apparatus for generating a transmit signal for transmission
including

at least one generator to generate at least two selected
rectangular wave signals, each rectangular wave signal hav-
ing a different fundamental frequency;

at least one mixer to mix the selected rectangular wave
signals to produce a driving signal; and

at least one switching circuit for receiving the driving sig-
nal to generate a transmit signal for transmission, wherein the
Fourier transform of the transmit signal contains frequency
components of relatively high magnitude at frequencies cor-
responding to the convolution of the fundamental frequencies
of the at least two selected rectangular wave signals as com-
pared to other frequency components across the frequency
spectrum of the Fourier transform, and wherein the rectangu-
lar wave signals are selected such that the frequency compo-
nents of relatively high magnitude are substantially the same
in magnitude, and spaced from each other in the frequency
spectrum in a predetermined manner.

In a fourth broad aspect of the invention there is provided a
metal detector used for detecting metallic targets including:

a) transmit electronics having a plurality of switches for
generating a transmit signal;

b) a transmit coil connected to the transmit electronics for
receiving the transmit signal and generating a transmitted
magnetic field for transmission;

c) atleast one receive coil for receiving a received magnetic
field and providing a received signal induced by the received
magnetic field; and

d) receive electronics connected to the at least one receive
coil for processing the received signal to produce an indicator
output signal, the indicator output signal including a signal
indicative of the presence of a metallic target in the soil;
wherein the transmit electronics generates at least two
selected rectangular wave signals, each having a different
fundamental frequency; the transmit electronics further
mixes the selected rectangular wave signals to produce a
driving signal for driving a switching circuit to generate trans-
mit signal for transmission, the Fourier transform of the trans-
mit signal contains frequency components of relatively high
magnitude, at frequencies corresponding to the convolution
of the fundamental frequencies of the at least two selected
rectangular wave signals, as compared to other frequency
components across the frequency spectrum of the Fourier
transform, and wherein the rectangular wave signals are
selected such that the frequency components of relatively
high magnitude are substantially the same in magnitude, and
spaced from each other in the frequency spectrum in a pre-
determined manner.

In a form of the fourth broad aspect of the invention the
transmit electronics further having a module including a
look-up table and a timer, wherein the module selects data
points in the look-up table to generate at least one driving
signal by setting the timer to appropriate frequencies.

In a form of the fourth broad aspect of the invention the
receive electronics further includes band pass filters, wherein
the frequency resolution of the rectangular wave generators is
selected such that any spurious components present in the
driving signal do not fall in either the pass band or the tran-
sition band of the receiver filters.

A detailed description of one or more preferred embodi-
ments of the invention is provided below along with accom-
panying figures that illustrate by way of example the prin-
ciples of the invention. While the invention is described in
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connection with such embodiments, it should be understood
that the invention is not limited to any embodiment. On the
contrary, the scope of the invention is limited only by the
appended claims and the invention encompasses numerous
alternatives, modifications, and equivalents. For the purpose
of example, numerous specific details are set forth in the
description below in order to provide a thorough understand-
ing of the present invention. The present invention may be
practiced according to the claims without some or all of these
specific details. For the purpose of clarity, technical material
that is known in the technical fields related to the invention
has not been described in detail so that the present invention
is not unnecessarily obscured.

Throughout this specification and the claims that follow
unless the context requires otherwise, the words “comprise”
and “include” and variations such as “comprising” and
“including” will be understood to imply the inclusion of a
stated integer or group of integers but not the exclusion of any
other integer or group of integers.

The reference to any prior art in this specification is not,
and should not be taken as, an acknowledgment or any form
of suggestion that such prior art forms part of the common
general knowledge of the technical field.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed aspects and exemplification of the invention is
made by FIG. 1, FIG. 2 and FIG. 3, where

FIG. 1 provides a circuit for a transmitter for a metal
detector using the half-bridge configuration of the invention,

FIG. 2 uses a combination of two half-bridges and

FIG. 3 uses a full-bridge configuration.

FIG. 4 is a graphical representation of the calculated fre-
quency spectrum of a 4-frequency transmitter implemented
according to the present invention.

FIG. 5 illustrates the measured frequency spectrum pro-
duced by an actual implementation of the invention.

FIG. 6 is a detailed view of the measured frequency spec-
trum showing the separation of the spurious frequencies due
to the phase truncation in the phase accumulator.

FIG. 7 demonstrates the measured time waveform pro-
duced by an actual implementation of the invention.

DETAILED DESCRIPTION OF THE INVENTION

In a first embodiment of the invention and its simplest
form, the multi-frequency transmitter consists of a half-
bridge switching power stage driven with a digital input sig-
nal containing several strong Fourier transform components
obtained by mixing two or three generating rectangular
waves. The amplified output of the half-bridge switching
power stage is then applied to a transmit winding. One
example is given as FIG. 1 which will be discussed in detail
later.

In a second embodiment of the invention, the multi-fre-
quency transmitter consists of two independent half-bridge
switching power stages, each driven with a separate digital
input signal containing several strong Fourier transform com-
ponents obtained by mixing two or three generating rectan-
gular waves, respectively. One example is given as FIG. 2
which will be discussed in detail later.

In a third embodiment of the invention, the digital input
signal described in the first embodiment above is applied to a
full-bridge switching power stage. In this context the full-
bridge consists of two half-bridges, one driven with the digital
input signal and the other driven with the inverted digital
input signal. Compared to the first embodiment, the third
embodiment has the advantage that, for a given total power
supply voltage, the output signal applied to the transmit wind-
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ing is twice as large. The disadvantage of the third embodi-
ment is that the circuit is more complex, requiring twice as
many switches and driving circuits. One example is given as
FIG. 3 which will be discussed in detail later.

For any of the three embodiments, by appropriately choos-
ing the frequencies of the generating rectangular waves, the
strong Fourier transform components of the digital input sig-
nal (or signals), and therefore of the amplified output signal
applied to the transmit winding, can be approximately located
in a linear progression on a logarithmic frequency scale (or in
a geometric progression on a linear frequency scale).

In the following, the methods to create the digital input
signals driving the half-bridge or full-bridge or independent
half-bridges of the above embodiments are separately
described for the cases of mixing two and respectively three
generating rectangular waves. In both cases it is assumed that
the frequencies of the strong Fourier transform components
in the mixed signals ideally have the following relationship:

£,,5,=kf, £=Kf, etc (Eq. 1)

and that their magnitudes are comparable.

In general, mixing (through multiplication) two rectangu-
lar wave signals of frequencies f, and fz will result in a signal
with Fourier transform components at frequencies given by
f=abs(+if ,+jf;), where abs( ) is the absolute value function
and 1, j are positive integers. If the duty cycle of the rectan-
gular waves is close or equal to 50%, then the strong Fourier
transform components of the signal will fall onto the follow-
ing two frequencies: f; ,=abs(xf +{;;), which is the convolu-
tion of the fundamental frequencies of the rectangular wave
signals of frequencies f, and fz. Similarly, mixing three rect-
angular wave signals of frequencies f,, {5, and f- will resultin
an output signal with Fourier transform components at fre-
quencies given by f=abs(+if ,+jf +kf,.); however, the strong
Fourier transform components of the signal will fall onto four
frequencies following the relationship: f, ., ,=abs
(2f,2fz+f), which is the convolution of the fundamental
frequencies of the rectangular wave signals of frequencies f,
fz and f.. The multitude of additional spurious signals result-
ing from the mixing of the harmonics in the generating rect-
angular waves have significantly lower magnitudes and can
be ignored.

For creating a digital signal with strong Fourier transform
components at two frequencies, f; and f,=kf|, the two gener-
ating rectangular waves to be mixed must have the frequen-
cies

k-1 k+1
Ja=——fiand fg = ——fi.

The multiplicative factor k can have any numerical value
(integer, rational or irrational).

For creating a digital signal with strong Fourier transform
components at four frequencies, f,, f,=kf,, f,=k*f, and
f,=k>f,, the three generating rectangular waves to be mixed
must have the frequencies

k+1 +1 kik+ 1)
fA:Tfls fs= 5 fi and f /i

c= ) 1-

However, in this case the multiplicative factor k cannot have
any value but it must be equal to the tribonacci constant
(1.8392867552 . . . ). This is a significant restriction, as it
limits the ratio between the highest frequency (f,) and the
lowest frequency (f)) to k>=6.22226252312 .. . .

In some cases it might be desirable to drive the transmit
winding with a digital signal with strong Fourier transform
components at four frequencies but without the above men-
tioned restriction on k. This can be achieved by using the
second embodiment, where each half-bridge is driven with a
digital signal with strong Fourier transform components at
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two frequencies. This gives an output signal with strong Fou-
rier transform components at four frequencies, f;, f,=kf|,
f,=k*f, and f,=k>f,. If the generating rectangular waves
which are mixed to drive one half-bridge are f, and f5, and
those which are mixed to drive the other half-bridge are fand
f,,, then there are three options to obtain the frequencies f; to

"
Inthe first option f, and f; generate f; and f, while f and f,,
generated f; and f,,. This requires

k-1 _k+1
Ja=——fs fo=— N

Bk-1) Plke+1)
c= 2 fiand fp = 2 1-

In the second option f, and f; generate f, and f; while f
and f,, generate f; and f,. This requires

_ktk=1) _kk+1)
fA— B 1s B = B 1s
k-1 q KK+ 1)
Jo=——fiad fp = —5—"fi.

In the third option f, and f; generate f; and f; while f. and
f, generate f, and f,. This requires

K2-1 K241
fa= 3 fi. fs= 3 fis

k(2 =1) k(2 +1)
fc= P fiand fp = ) fi-

As an example, if we use the third option, choose each
frequency to be k=3 times the previous one, f,, | =31,,i=1,2, 3,
and if the lowest frequency is 1.216 kHz, then the transmitted
frequencies are: f;=1.216 kHz, f,=3.647 kHz, {,=10.943
kHz, £,=32.830 kHz. In this case, the generating frequencies
must be: f,=4.864 kHz, {;=6.080 kHz, f.=14.591 kHz,
f,=18.239 kHz. FIGS. 5 and 6 show the spectra of the simu-
lated and generated transmit signal using this example.

In some cases it might be desirable to drive the transmit
winding with a digital signal with strong Fourier transform
components at eight frequencies. This can be achieved by
using the second embodiment, where each half-bridge is
driven with a digital signal with strong Fourier transform
components at four frequencies. This gives an output signal
with strong Fourier transform components at eight frequen-
cies, ), T,=kf, £,=k*f, £,=I>1,, £,.=k*, {,=k>1}, £,=k°f, and
f,=k’f,. The generating rectangular waves which are mixed to
drive one half-bridge are

k+1 +1
Tfl, = 5

k(k+1
( )f

fa= fiand fc= >N

and those which are mixed to drive the other half-bridge are

K+ 1 Kk +1
PR PP A G

B+ 1)
D ) 1s E 7 f

2

fi and fp =

As mentioned above, mixing three frequencies requires a
particular value of k, but for eight frequencies the span is
almost three orders of magnitude: fo/f;=~71.21084.
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Using the second embodiment it is also possible to com-
bine the two methods, i.e. one half-bridge is driven with a
digital signal obtained by mixing two generating rectangular
waves, while the other half-bridge is driven with a digital
signal obtained by mixing three generating rectangular
waves. This would give an output signal with strong Fourier
transform components at six frequencies. However, unless
the half-bridge driven with a digital signal obtained by mixing
two generating rectangular waves is supplied with half the
voltage of the half-bridge driven with a digital signal obtained
by mixing three generating rectangular waves, the amplitudes
of the strong Fourier transform components in the output
signal will not have comparable amplitudes.

It was previously mentioned that it is desirable to drive the
transmit winding with signals whose frequencies are in a
linear progression on a logarithmic frequency scale (or a
geometric progression on a linear frequency scale), as illus-
trated by Eq. 1. This, in turn, requires that the generating
frequencies f, f5, - etc are calculated by the formulae given
above. However, small deviations from the requirement typi-
fied by Eq. 1 are acceptable and will not hamper the operation
of the metal detector. Therefore, the values for the generating
frequencies f, {5, f etc as calculated with the above formu-
lae should be seen as ideal and small deviations from these
values are acceptable.

Referring to FIG. 1, an arrangement is proposed for a metal
detector using two or four transmitted frequencies and a half-
bridge arrangement, as described in the first embodiment. In
this figure, (1), (2) and (3) each represent a rectangular wave
source with a fundamental frequency f,, f;, and f respec-
tively, as described above. The internal generation of the
signals can be done in a variety of ways and will be discussed
further in the document. The rectangular wave signals are
mixed, typically by employing the XOR function (10) and
used to drive the switches (20), (21) of the half-bridge
arrangement to control the voltage across a transmit winding
(60). Two voltage sources (40), (41) of equal voltage and
opposite polarity are provided to avoid a DC component
across the winding (60). An optional capacitor (30) to block a
DC component in the transmit signal is provided, but can be
omitted if no such DC component is present. Alternatively, if
the capacitor (30) is provided, the voltage source (41) can be
omitted and the lower end of the switch (21) connected
directly to ground.

Referring to FIG. 2, a similar arrangement is proposed for
a metal detector using four, six or eight transmitted frequen-
cies and an arrangement of two independent half-bridges, as
described in the second embodiment. Both ends of the trans-
mit winding are controlled by independent switching signals
and this will result in a three level signal across the transmit
winding (as shown in FIG. 7) and the superposition of four,
six or eight frequencies. The sources (1), (2) and (3) are
similar to those in FIG. 1 and the sources (4), (5) and (6) each
represent a rectangular wave source with a fundamental fre-
quency f,,, f, and f. respectively, as described above. For this
configuration the negative voltage source (41) can be omitted
if desired and the common terminal of switches (21) and (23)
connected directly to ground. As above, the optional capacitor
(30) to block a DC component in the transmit signal is pro-
vided, but can be omitted if no such DC component is present.

The full-bridge illustrated in FIG. 3 is an arrangement
implementing the third embodiment. The input driving signal
of the half-bridge switches (20), (21) is inverted by (52) and
applied to the other half-bridge switches (22), (23). Thus, the
two half-bridges are not switching independently, but always
in complementary states.



US 8,159,225 B2

11

In all arrangements proposed in FIGS. 1 to 3, if the rect-
angular wave source (3) of fundamental frequency f and/or
the rectangular wave source (6) of fundamental frequency f
are set to 0 frequency (fixed output signal, e.g. 1 or high), then
those sources have essentially no effect on the operation of the
circuit and the mixing of two frequencies applies (f, and f;
and/or f,and f;;). Thus, the circuits of FIGS. 1 to 3 are suitable
for two or three rectangular wave mixing or any combination
thereof.

Generating the rectangular wave signals and/or the mixed
driving signals can be done in a variety of ways with certain
advantages and disadvantages.

A first approach would be to generate a transmit signal
look-up table (LUT) that contains an integer number of peri-
ods of the mixed waveform. This arrangement would in
essence combine (1), (2), (3), (10) in FIG. 1 into one block, or
1), (2),(3),(10),and (4), (5),(6), (11) in FIG. 2 into one block
each. Different sets of frequencies can be generated by chang-
ing the clock frequency of the LUT, e.g. by using a program-
mable timer as the clock source. Limitations for this approach
are: the available timer output frequency range, the length of
the LUT, less flexibility in the choice of frequencies that can
be generated and the difficulty of synchronising the transmit-
ter and the digital receiver, based on a fixed ADC clock.
However, this approach has the advantage that no spurious
components will be generated in addition to those from the
mixing process.

A second approach would be to use direct digital synthesis
(DDS) with a phase accumulator to generate the individual
rectangular wave signals before mixing them. This approach
offers much more flexibility in the selection of frequencies
and synchronisation between the transmitter and the digital
receiver is easily accomplished. However, using the DDS
approach will result in spurious signals due to phase trunca-
tions in the phase accumulators.

The spacing of the spurious components Af due to the
phase truncations in the phase accumulator of a DDS can be
described as

ged(M, 2V) (Eq. 2)

Af = fou * N

where f,, stands for the clock frequency of the DDS, ged
stands for the greatest common divisor function, N is the
bit-length of the phase accumulator and M is the chosen
divisor in the range of 1 to 2!, For M=2%, where L is in the
range of' 0 to N-1, no spurious components will be generated;
however, the choice of frequencies is limited to N and in
general not sufficient.

When designing the DDS, the given design parameters,
clock frequency and N are chosen, such that the receiver
operation is not affected by the spurious signals generated due
to the phase truncations. In order to achieve this goal, the
spurious components need to be either

placed to fall outside of the receiver filter pass band and

transition band, or

be of sufficiently low amplitude so that they do not interfere

with the signal of interest, if they fall inside the receiver
filter pass band.

Typically, in a metal detection device, the required spuri-
ous free frequency range is relatively small due to the very
narrow receiver filter pass band, which rejects out-of-band
signals. Furthermore, receiver and transmitter frequencies are
typically generated from the same clock source and are there-
fore locked tightly in phase and frequency.
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For example, choosing a clock frequency of 100 kHz and a
phase accumulator of length N=12, the worst-case spurious
signal would be separated from the fundamental frequency by
more than 24 Hz. If the receiver filter is narrower than 24 Hz,
the spurious components can be sufficiently rejected and are
of'no concern for the detector’s operation. Note that choosing
a smaller N would increase the spurious-free range; however,
it would also reduce the granularity for the frequency genera-
tion and a trade-off has to be found between the needed
granularity, the band width of the receiver filter and the
required spurious-free dynamic range.

Signal energy in spurious components, which fall outside
the receiver filter pass band, does not contribute to the detec-
tion of targets. However, it would be possible to utilize this
energy by adding additional receiver channels that would
detect on the spurious signal frequencies. Typically, the
power in these spurious components is much lower, and the
signal-to-noise ratio therefore much smaller; nevertheless
those additional receive signals can provide further informa-
tion on the target to detect.

For example, a typical frequency spectrum of the transmit-
ted signal is shown in FIG. 4, where (101), (102), (103) and
(104) are the desired transmit frequencies. Additional receive
channels could be used to detect target responses on the
stronger spurious frequencies.

Amplitude control for the individual transmit signals with
the proposed algorithm is not directly attainable. In certain
cases, depending on the selected frequencies, limited control
over the amplitudes of the transmitted signal and the harmon-
ics can be obtained by phase shifting the individual rectan-
gular waveforms or altering their duty cycle before mixing.

The implementation of the newly proposed transmitter can
for example be done on an off-the shelf digital signal proces-
sor or a programmable logic device and requires little pro-
cessing overhead and a 1-bit LUT (comparator function).

A metal detector with a four-frequency switching transmit-
ter has been designed, constructed and tested. The transmitter
consists of two independently driven half-bridges differen-
tially connected to the transmit winding. An example of a
transmitted waveform, as measured with an oscilloscope
across the transmit winding, is shown in FIG. 7. The fre-
quency spectrum of this waveform is shown in FIG. 5 as it was
measured with an FFT dynamic spectrum analyser. It can be
seen that it is very similar to the calculated spectrum, shown
in FIG. 4. An expanded view of the frequency range close to
one of the transmitted frequencies (f4) is presented in FIG. 6
and it shows that the spurious components are equally spaced
by 23.8 Hz. As the receiver of the metal detector implements
the methods disclosed in the patent W02006/021045 and the
low pass filters following demodulation have a stop band of
23.8 Hz with 120 dB attenuation, there is no possibility of
false signals due to any of the spurious signals. This is con-
sistent with the method selected for generating the transmit
signals, with spurious components falling outside the receiver
pass band.

The invention claimed is:

1. A method for generating a transmit signal for transmis-
sion including the steps of:

generating a first group of at least two selected rectangular

wave signals, each having a different fundamental fre-
quency;

mixing the first group of at least two selected rectangular

wave signals to produce a first driving signal; and
driving a first switching circuit using the first driving signal
for generating a first transmit signal for transmission,
wherein a Fourier transform of the first transmit signal
contains frequency components of relatively high mag-
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nitude, at frequencies corresponding to a convolution of
the different fundamental frequency of each of the first
group of at least two selected rectangular wave signals,
as compared to other frequency components across a
frequency spectrum of the Fourier transform of the first
transmit signal, and wherein the first group of at least
two rectangular wave signals are selected such that the
frequency components of relatively high magnitude are
substantially the same in magnitude, and spaced from
each other in a predetermined manner
2. A method according to claim 1, wherein the first switch-
ing circuit is a half-bridge and wherein the first group of at
least two selected rectangular wave signals includes:
a first signal having a first fundamental frequency £;
a second signal having a second fundamental frequency fz;
and
a third signal having a third fundamental frequency f,;
wherein the Fourier transform of the first transmit signal
includes four frequency components of relatively high mag-
nitude at frequencies f|, f,, f;and £,, and the four frequency
components are substantially linearly-spaced in a logarithmic
scaled frequency spectrum.
3. A method according to claim 2, wherein f . fzand f_are
substantially determined through the relationship of

_k+1
fA—Tfla
K+l
= 2 fi,and
bk + 1)
c=—3 1

where k is the tribonacci constant, and f|, is the lowest
frequency among f;, f,, fyand f,,.

4. A method according to claim 1, further including the

steps of:

generating a second group of at least two selected rectan-
gular wave signals, each having a different fundamental
frequency;

mixing the second group of at least two selected rectangu-
lar wave signals to produce a second driving signal; and

driving a second switching circuit using the second driving
signal for generating a second transmit signal for trans-
mission, wherein a Fourier transform of the second
transmit signal contains frequency components of rela-
tively high magnitude, at frequencies corresponding to a
convolution of the different fundamental frequency of
each of the second group of at least two selected rectan-
gular wave signals, as compared to other frequency com-
ponents across a frequency spectrum of the Fourier
transform of the second transmit signal, and wherein the
second group of at least two rectangular wave signals are
selected such that the frequency components of rela-
tively high magnitude of the first and second transmit
signals are substantially the same in magnitude, and
spaced from each other in a predetermined manner.

5. A method according to claim 4, wherein

the first group of at least two selected rectangular wave
signals includes:
afirst signal having a first fundamental frequency f,; and
a second signal having a second fundamental frequency

t5;

the second group of at least two selected rectangular wave

signals includes:
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a third signal having a third fundamental frequency f.;
and
a fourth signal having a fourth fundamental frequency
13
and wherein the Fourier transform of the first transmit
signal includes two frequency components of relatively
high magnitude at frequencies f,and f,; and the Fourier
transform of the second transmit signal includes two
frequency components of relatively high magnitude at
frequencies fyand f,, and all four frequency components
are substantially linearly-spaced in a logarithmic scaled
frequency spectrum; and
f,ts.frand foare substantially determined through the
relationship of

_k—l _k+1
fA—Tfl, fB—Tfl,

K-1 Kk + 1
c= (2 )fla and fp = (2+ )fl,

where k is any numerical value, and f;is the lowest fre-
quency among f}, f,, fand £,,.
6. A method according to claim 4, wherein
the first group of at least two selected rectangular wave
signals includes:
afirst signal having a first fundamental frequency £ ,; and
a second signal having a second fundamental frequency
15
the second group of at least two triangular wave signals
includes:
a third signal having a third fundamental frequency f;
and
a fourth signal having a fourth fundamental frequency
13
and wherein the Fourier transform of the first transmit
signal includes two frequency components of relatively
high magnitude at frequencies f,and {5; and the Fourier
transform of the second transmit signal includes two
frequency components of relatively high magnitude at
frequencies f;and f,, and all four frequency components
are substantially linearly-spaced in a logarithmic scaled
frequency spectrum; and
f,f5.fand f are substantially determined through the
relationship of

kik -1 kik+1
4= (2 )fla = (2 )fla

f_k3—1f df_k3+1
c=—5 Ji, ad jp=—5

S

where k is any numerical value, and f}is the lowest fre-
quency among f;, f,, fyand £,,.
7. A method according to claim 4, wherein
the first group of at least two selected rectangular wave
signals includes:
afirst signal having a first fundamental frequency £ ,; and
a second signal having a second fundamental frequency
fz
the second group of at least two selected rectangular wave
signals includes:
a third signal having a third fundamental frequency f.;
and
a fourth signal having a fourth fundamental frequency
13
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and wherein the Fourier transform of the first transmit
signal includes two frequency components of relatively
high magnitude at frequencies f,and {; and the Fourier
transform of the second transmit signal includes two
frequency components of relatively high magnitude at
frequencies f,and f,, and all four frequency components
are substantially linearly-spaced in a logarithmic scaled
frequency spectrum; and

f,f5.f-and foare substantially determined through the
relationship of

k-1 K+l
fa= 3 fi» fs= 3 f»
k(2 =1) k(2 +1)
fe= 2 fi, and fp = 5 1»

where k is any numerical value, and f|is the lowest fre-
quency among f}, f,, f;and £,,.
8. A method according to claim 4, wherein
the first group of at least two selected rectangular wave
signals includes:
a first signal having a first fundamental frequency £;
a second signal having a second fundamental frequency
fz; and
a third signal having a third fundamental frequency f;
the second group of at least two selected rectangular wave
signals includes:
a fourth signal having a fourth fundamental frequency
fr
a fifth signal having a fifth fundamental frequency fy;
and
a sixth signal having a sixth fundamental frequency f;
and wherein the Fourier transform of the first transmit
signal includes four frequency components of relatively
high magnitude at four different frequencies; and the
Fourier transform of the second transmit signal includes
four frequency components of relatively high magnitude
at four other frequencies, and all eight frequency com-
ponents are substantially linearly-spaced in a logarith-
mic scaled frequency spectrum.
9. A method according to claim 4 wherein
the first group of at least two selected rectangular wave
signals includes:
a first signal having a first fundamental frequency {;
a second signal having a second fundamental frequency
fz; and
a third signal having a third fundamental frequency f;
the second group of at least two selected rectangular wave
signals includes:
a fourth signal having a fourth fundamental frequency
frand
a fifth signal having a fifth fundamental frequency f;
and wherein the Fourier transform of the first transmit
signal includes four frequency components of relatively
high magnitude at four different frequencies; and the
Fourier transform of the first transmit signal includes
two frequency components of relatively high magnitude
at two other frequencies, and all six frequency compo-
nents are substantially linearly-spaced in a logarithmic
scaled frequency spectrum.
10. An apparatus for generating a transmit signal for trans-
mission including
at least one generator to generate at least two selected
rectangular wave signals, each of the at least two
selected rectangular wave signals having a different fun-
damental frequency;
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at least one mixer to mix the at least two selected rectan-
gular wave signals to produce a driving signal; and

at least one switching circuit for receiving the driving sig-
nal to generate a transmit signal for transmission, a
Fourier transform of the transmit signal contains fre-
quency components of relatively high magnitude at fre-
quencies corresponding to a convolution of the different
fundamental frequency of each of the at least two
selected rectangular wave signals as compared to other
frequency components across a frequency spectrum of
the Fourier transform, and wherein the at least two
selected rectangular wave signals are selected such that
the frequency components of relatively high magnitude
are substantially the same in magnitude, and spaced
from each other in a predetermined manner.

11. A metal detector used for detecting metallic targets

including:

rectangular wave generators for generating at least two
rectangular wave signals, each having a different funda-
mental frequency;

transmit electronics for mixing the at least two rectangular
wave signals to produce at least one driving signal for
driving a plurality of switches to generate a transmit
signal;

a transmit coil connected to the transmit electronics for
receiving the transmit signal and generating a transmit-
ted magnetic field for transmission;

at least one receive coil for receiving a received magnetic
field and providing a received signal induced by the
received magnetic field; and

receive electronics connected to the at least one receive coil
for processing the received signal to produce an indica-
tor output signal, the indicator output signal including a
signal indicative of the presence of a metallic target in
the soil;

wherein a Fourier transform of the transmit signal contains
frequency components of relatively high magnitude, at
frequencies corresponding to a convolution of the dif-
ferent fundamental frequency of each of'the at least two
rectangular wave signals, as compared to other fre-
quency components across a frequency spectrum of the
Fourier transform, and wherein the at least two rectan-
gular wave signals are selected such that the frequency
components of relatively high magnitude are substan-
tially the same in magnitude, and spaced from each other
in a predetermined manner.

12. A metal detector according to claim 11, wherein the
transmit electronics further includes a module having a look-
up table and a timer, wherein the module selects data points in
the look-up table to generate the at least one driving signal by
setting the timer to appropriate frequencies.

13. A metal detector according to claim 11, wherein the
receive electronics further includes band pass filters, wherein
a frequency resolution of the rectangular wave generators is
selected such that any spurious components present in the at
least one driving signal does not fall in a pass band or a
transition band of the receive electronics.

14. A method according to claim 1, wherein the first
switching circuit is a full-bridge with two inputs, a first input
for receiving the first driving signal, and a second input for
receiving an inverted first driving signal.

15. A method according to claim 4, wherein the first
switching circuit is a half-bridge connected to one side of a
transmitter, and the second switching circuit is another half-
bridge connected to another side the transmitter.

#* #* #* #* #*



