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A SIGNAL SEPARATING SYSTEM

FIELD OF THE INVENTION

The present invention relates to a signal separating system and more
particularly, but not exclusively, concerns a signal separating method and
apparatus for separating known transmission interference from unknown radar
signal emissions.

BACKGROUND OF THE INVENTION

Monitoring unknown pulsed emissions or continuous wave (CW) emissions is
difficult in the presence of high level CW emissions in the monitored bandwidth.
Pulsed emission monitoring in the presence of pulsed interference can be
overcome using established pulse on pulse extraction techniques but CW high
level interference tends to mask unknown low level pulses within the monitored
bandwidth. In the past, static or adaptive filters have been used to remove CW
interference, creating blind spots in the monitored bandwidth. Further, adaptive
filters, for example adaptive YIG filters, have settling times which can be too
slow to remove fast agile signal emissions such as very fast frequency hopped
CW wideband communications emissions and are not readily adaptable to

remove multiple CW spread spectrum interfering emissions.

OBJECTS AND SUMMARY OF THE INVENTION

The present invention aims to overcome or at least substantially reduce some of
the above-mentioned drawbacks.

It is an object of the present invention to provide an improved signal separating
system which has a virtually zero settling time response, which is unaffected by
multipath effects/amplitude variations and which has the capability of instantly
separating known transmission interference from unknown signal emissions, for

example radar signal emissions, and of monitoring and optionally enhancing the
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unknown signal emission characteristics within the same bandwidth as the

known own emissions without interference.

It is another object of the present invention to provide a signal separating
system with novel real-time frequency agile filter means, enabling an
enhancement in the system's capability of measuring/sensing received signal
emissions.

In broad terms, the present invention resides in the concept of using
instantaneous frequency agile adaptive conversion as means to frequency
convert an incident mixed signal and controllably transmitting through a
predetermined filter region an incoherent signal componént of the frequency
converted signal representative of an unknown signal emission and
instantaneously reconverting the extracted unknown signal emission to its
original frequency, enabling the unknown signal emission characteristics to be
measured and monitored without the unwanted transmission interference

effects.

According to one aspect of the present invention, there is provided

a method of separating an unknown signal emission from a known interference
signal in a system incorporating frequency filter means with controllable

frequency converting means, the method comprising the steps of:

(@) receiving and frequency converting a mixed signal at the frequency
converting means, which mixed signal comprises a first signal
component representative of the unknown signal emission and a second
signal component representative of the known interference signal, the
first signal component having a single frequency or a plurality of
frequencies associated herewith;

(b)  stopping a coherent signal component representative of the second
signal component at a selected frequency stopband region associated

with the frequency filter means;
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(c) transmitting an incoherent signal component representative of the
received first signal component through a selected frequency-transparent
region associated with the frequency filter means; and

(d)  reconverting the transmitted incoherent signal component with reference
to a predetermined signal so as to restore the unknown signal emission
at its said single frequency/said plurality of frequencies.

According to another aspect of the present invention, there is provided a signal
separating system for separating an unknown signal emission from a known
interference signal, the system comprising:

means for receiving and frequency converting a mixed signal, which mixed
signal comprises a first signal component representative of the unknown signal
emission and a second signal component representative of the known
interference signal, the first signal component having a single frequency or a

plurality of frequencies associated herewith;

means for stopping a coherent signal component representative of the second
signal component at a selected frequency stopband region of the system;

means for transmitting an incoherent signal component representative of the
first signal component through a selected frequency-transparent region of the

system; and

means for reconverting the transmitted incoherent signal component with
reference to a predetermined signal so as to restore the unknown signal

emission at its said single frequency/said plurality of frequencies.

in accordance with several exemplary embodiments of the invention which will
be described hereinafter in detail, the signal separating system uses
instantaneous agile adaptive conversion to diffuse incoherent signal emissions
through transparent regions of a static filter and removes coherent emissions
directed into a static narrow stop slot, having virtually no settling time and
instantly separating known unwanted interference effects from unknown (for
example, radar) signal emissions. Further, by removing known coherent
emissions, diffused unknown emissions can be separated and instantaneously



10

15

20

25

30

WO 03/014762

PCT/GB02/03503
_4-

reconverted to their original frequency, allowing the unknown signal emissions
characteristics to be monitored effectively without interference and providing a
proper signal characterisation if desired, (a PW/PRF/ frequency characterisation
for example).

Advantageously, the provision of instantaneous agile frequency conversion
allows

(a) signal rejection to be performed at a particular frequency enabling narrow

coherent frequency slots to be deployed, and

(b) signal transmission to be effected at a particular frequency for signal to
noise enhancement, if required. This increases measurement sensitivity of
the signal separating system of the invention, typically by 30 dB for low level
pulse monitoring. |

Advantageously the incident mixed signal can be effectively separated at a
number of different frequencies using a number of agile frequency converters.
The mixed signal may comprise a continuous or pulsed wave signal, for

example a signal in the radio frequency range.

Conveniently, the signal to noise level of the transmitted incoherent signal
component can be enhanced. For example, the dynamic range of the
transmitted incoherent signal component can be enhanced by means of signal
compression or signal logarithmic amplification.  Further, the transmitted
incoherent signal component can be enhanced at a predetermined frequency by
use of a magnetostatic wave (MSW) enhancer, permitting the threshold
sensitivity of the system to be optimised/enhanced and permitting the

suppression of unwanted noise and spurii.
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To achieve signal enhancement using a magnetostatic wave enhancer (MSW),
it is envisaged that a Gadolinium Gallium Garnet substrate device is used in the
system of the invention. Alternatively, any device having similar characteristics
to that of Gadolinium Gallium Garnet substrate could be deployed for MSW
signal enhancement in the invention.

It is noted that the signal to noise enhancement can be advantageously carried
out at different frequencies using additional frequency converters, if desired.

Conveniently, the signal separating system of the invention can be used to
monitor both narrow puises (100ns pulsewidth typically) and broad pulses in the
presence of CW emissions typically greater that 40 dB above the pulse levels,
without creating blind spots for agile CW interference. Also, the components of
the signal separating system can be deployed in parallel or serial combinations
to remove multiple CW interference from known emitters, thus permitting signal

monitoring in conditions not readily achievable previously without blind spots.

It is appreciated that the signal separating system of the invention finds utility in
multiple, in frequency agile and in non-agile unknown signal applications. In
frequency agile applications, for example, the frequency stopband region can
be conveniently modified to permit stopping of the coherent signal component at
a particular (normally low) frequency. Preferably, the frequency filter
component is maintained stationary, enabling the frequency filtering of signais

to be instantaneous with virtually zero settling time.

Having regard to the foregoing, the signal separating system of the invention
has enhanced performance over known systems and it can provide interference

rejection typically greater than 70dB and signal enhancement typically up to a
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30dB level. Instantaneous reception of unknown pulses at levels typically down
to —90dBm with 100ns pulsewidths can be achieved in the presence of input
communication interference levels greater than 40dB, typically, above the puise
in the same band. Also, the system of the invention can (a) provide radiation
monitoring in the same bandwidth without frequency obstruction for FHSS
(agile) communications interference and (b) reduce or minimise the frequency

obstruction when deployed with non-agile communications.

Further the system of the invention can conveniently provide for unknown signal
monitoring without the use of special known signal waveforms which could

otherwise indicate the known signal emitter’s tactical role and identity.

Further, signal separation in the system of the invention can be effectively
carried out with pulse or CW unknown and known signal combinations using

modulated or unmodulated signals.

The above and further features of the invention are set forth with particularity in
the appended claims and will be described hereinafter with reference to the

accompanying drawings.

Brief Description of the Drawings

Figure 1 is a block schematic of a signal separating apparatus embodying the

present invention;

Figure 2 to 4 are schematics of a signal separation process embodying the
invention for fixed frequency unknown signals and for multiple or agile unknown

signals;

Figure 5 is a schematic of a cascaded filter arrangement in an embodiment of

the invention;

Figure 6 (a) shows an external view and an internal view of a magnetostatic
wave (MSW) substrate device enhancer for use in the invention;
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Figure 6(b) shows typical signal enhancement characteristics of the device
enhancer of figure 6(a);

Figure 7 shows typical signal reception characteristics of a signal separating

system embodying the invention;

Figures 8(a) and 8(b) show some further typical signal reception characteristics

of a signal separating system embodying the invention; and

Figure 9 shows typical spectra characteristics of a signal separating system

embodying the invention.

Detailed Description of Exemplary Embodiments

in this specification, the term “frequency agile” is taken to mean or cover any
form of signal which can move across the frequency band by changing its

frequency.

Referring first to Figure 1, there is schematically shown a preferred signal
separating apparatus 1 embodying the present invention. The signal separating
apparatus 1 comprises an agile frequency conversion element 3, a frequency
filter 4 with an associated coherent frequency stop slot 5 and non-coherent
frequency passband 5, a magnetostatic wave (MSW) enhancer 7 with bypass

and a frequency reconversion element 8.

As shown in Figure 1, the agile frequency conversion element 3 receives and
combines at is input side (i) an incident mixed signal 12 comprising known and
unknown signal components and (i) a known control reference signal 14. The
input signal is frequency converted by the conversion element 3 and the
resultant frequency converted signal 18 is output to the connecting frequency
filter 4. The frequency filter 4 has a high rejection narrowband coherent stop
slot (static) 5 and a non-coherent frequency passband 5, so that the known
coherent part of the frequency converted signal is blocked by the stop slot 5 at a
selected frequency, and the unknown incoherent part of the frequency
converted signal is transmitted and diffused through the selected frequency
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passband 5. The diffused incoherent (unknown) signal 19 is preferably
received by the connecting magnetostatic wave (MSW) enhancer 7, with
bypass, for providing signal to noise enhancement and the resultant enhanced
(unknown) signal 20, together with the known control reference signal 14, are
controllably fed into the input side of the connecting frequency reconversion
element 8 so that the unknown signal is frequency converted by the
reconversion element 8 back to its original incident frequency. The frequency
reconversion step is effected by perforrhing a comparison between the unknown
signal characteristic 20 and the known control reference signal 14.

Thereafter, as shown in the Figure, the restored unknown signal emission 21
can be effectively monitored in real time by an external monitor system 10 if
desired, permitting an in-depth characterisation of the unknown signal emission
21 if required.

In operation of the thus described signal separating apparatus, it will be
understood that the MSW enhancement stage is optional, this being optionally
deployed at a selected frequency using a Gadolinium Gallium Garnet substrate
device or like device having similar characteristics. Also, while the components
in the described embodiment are showing to be separate units, it is possible

that the components could be formed as an integral unit.

Referring now to Figure 2, this shows in schematic form the various stages of
the known/unknown signal separation process according to one embodiment of
the present invention as applied to incident mixed signals having a fixed

frequency unknown signal component.

In Figure 2, there is shown an incident mixed signal for use in the invention
which has a fixed frequency unknown signal component 22 and a spread
frequency known signal component 22’ (stage 1). The mixed signal is
frequency converted and the result is to (i) spread the unknown signal
component into a number of unknown signals 24 over a range of frequencies

and (ii) despread the known signal component so as to produce a known
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coherent signal 25 within a narrow frequency band (stage 2). As shown, the
resultant signai is subject to a dynamic frequency filter 26 (stage 3), the known
coherent signal being blocked by the selected stopband region 27 of the filter
and the unknown signals being allowed to pass/diffuse through the transparent
frequency bands 28 of the filter. The diffused incoherent unknown signals 30
can be (optionally) signal enhanced (stage 4) and thereafter, as shown, the
unknown signals are frequency reconverted back to their original incident
frequency 31 (stage 5). It is therefore an important feature of the present
invention that the frequency reconversion provides a way of reversing the
original frequency conversion by restoring unknown despread signals to their
original frequency. As shown, the resultant extracted unknown‘signal 31 can be

monitored in real time by a monitor system (stage 6).

Referring to Figure 3, this shows in schematic form the various stages of the
known/unknown signal separation process according to another embodiment of
the invention as applied to incident mixed signals having multiple or agile
frequency unknown signal components. In the following description, however,
only the differences between the process of Figure 3 and the previously

described process of Figure 2 are described.

In Figure 3, the incident mixed signal has multipie or agile frequency unknown
signal components 35 and a spread frequency known signal component 36
(stage 1). The mixed signal is frequency converted, filtered and enhanced
(stages 2 to 4) and the result is the same as described previously in the figure 2
embodiment. As shown, the resultant spread (enhanced) unknown signals 37
are frequency reconverted, enabling the multiple or agile frequency unknown
signals to be restored to their original frequency 38 (stage 5) and to be -

monitored if desired (stage 6).

Figure 4 shows how particular frequency spectra of an incident known/unknown
signal, which is to be separated, are formed during the above described
separation process and how there is a correspondence between the generated
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spectra and the various stages of the above described signal separation

process.

More particularly, as shown in frequency spectrum A of Figure 4, an incident
single carrier signal with a low rf frequency is received by an aerial and the
received signal is frequency converted by an adaptive converter to produce a
spread unknown signal over a range of frequencies and a despread known
coherent signal within a specifically narrow low frequency band. As shown, the
adaptive converter is controlled from a coherent sample which provides a
known reference signal, and, in turn, this mode of signal control is used to direct
the known coherent own transmissions into the fixed low frequéncy narrowband
stop region of the frequency filter and to diffuse the spread incoherent unknown
signals through the transparent frequency bands of the frequency filter. As
shown, the resultant signal is preferably frequency reconverted via a two-stage
reconversion process, there being incorporated an additional intermediate
wideband signal to noise enhancement stage to reduce the effects of unwanted
noise and spurii in the invention. The result is to provide an extracted unknown
signal only at its original frequency.

Further, as shown in frequency spectrum B of Figure 4, an incident single
carrier signal with high rf frequency is shown, the only difference between the
signal spectrum B and the signal spectrum A, as previously déscribed, being
that the location of the filter stop band is modified so as to be at a
predetermined high rf frequency rather than a low rf frequency, enabling the
known coherent signal component to be stopped at a predetermined high,

rather than low, frequency.

Figure 5 illustrates how a cascaded filter arrangement 50 of simple design is
preferably used in the signal separating system of the invention in order to
remove extraneous known signals 52, 52' multi-carrier known signals for

example, from the system.
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In Figure 5, there is shown an incident mixed signal 51,52,52' comprising a
spread unknown signal 51 and, by way of example, two extraneous despread
known signals 52 52’ having first and second frequencies. As shown, the
incident signal 51,52,52 is subject to a cascaded, serial-type filter arrangement
50 comprising a first frequency filter 55 with an associated selected narrowband
stop 56 at said first frequency and a second frequency filter 57 with an
associated selected narrowband stop 58 at said second frequency. As is also
shown, known control reference signals 59,60 are fed into the first and second
frequency filters. It is to be appreciated that the number of filters to be used in
the cascaded arrangement 50 could be easily varied in dependence upon the
variable number of identified extraneous known signals, and that a simple
cascaded parallel-type arrangement could be alternatively used instead of the
above described serial-type arrangement.

In operation of the cascaded serial-type arrangement, therefore, the incident
signal 51, 52, 52’ is frequency converted (not shown in figure 5) and thereafter,
the resultant converted signal is subject to the first frequency filter 55 so that the
known signal 52 having the first frequency is blocked by the first filter stop 56
and the remaining part of the signal is allowed to pass through the transparent
frequency bands 63 of the filter. As shown, the transmitted signal is then
subject to the second frequency filter 57 so that the remaining known signal 52/
having the second frequency is blocked by the second filter stop 58 and the
unknown signal 61 is allowed to pass through the filter’s transparent frequency
band 62 for subsequent signal enhancement, frequency reconversion and, if

desired, monitoring.

Figure 6(a) shows an external view and an internal view of a magnetostatic
wave (MSW) substrate device enhancer 70 for use in the system of the
invention. The device enhancer 70, which is well-suited to various signal to

noise enhancement applications, is designed to operate in a magnetic field.

As previously described, the signal separation process of the invention, as
applied to both frequency/agile and non-agile unknown signals, optionally
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entails the deployment of signal to noise enhancement at an optimum/selected
frequency using an MSW device enhancer of the kind shown in the Figure,
enabling the threshold sensitivity of the system of the invention to be enhanced
or optimised.

Preferably, the MSW device(s) to be used in the invention are formed of
Gadolinium Gallium Garnet substrate material, although any device material
with similar characteristics could be alternatively deployed. Also, it is to be
noted that wideband signal to noise enhancement (over 0.6 to 1 GHz frequency
range, typically) is made possible in the system of the invention by use of the
MSW device(s), enabling narrow signal pulses to be transmitted and reducing
adaptive converter spurii and noise such as to enhance signal sensitivity of the
system.

Conveniently, signal separation and signal enhancement in the invention can be
effected at a number of different selected frequencies using a combination of

frequency converters and MSW device enhancers.

Figure 6(b) shows some typical signal to noise enhancement characteristics of
the MSW device enhancer of Figure 6(a). As shown, the signal enhancement
level progressively increases, typically, as the input rf power to the MSW device
is allowed to increase over the range 0 to 25dBm and it is to be noted that the
signal to noise enhancement level typically reaches a saturation level at around
32dB corresponding to an input rf power of around 25dBm.

Figure 7 illustrates typical signal reception characteristics of a signal separating
system embodying the present invention. As shown, an unknown CW signal of
—70dBm with CW known interference of —45dBm in the same received
bandwidth is received by the system and thereafter, in accordance with the
above described separation process of the invention, the known own signal is

cancelled and the desired unknown signal component is extracted and signal
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enhanced. Note that both CW and pulsed unknown/known signal combinations,
using modulated or unmodulated signals, can be effectively separated using the
system of the invention.

Figures 8(a) and 8(b) illustrate some more typical signal reception
characteristics of a signal separating system embodying the present invention.
In the figures, there is shown a —=70dBm pulse radar signal with (a) 0.1 micro
seconds pulsewidth (no signal to noise enhancement) and (b) 0.5 microseconds
pulsewidth (no signal to noise enhancement), the signals being extracted from
incident known/unknown signals in accordance with the signal separating
process of the invention, after cancellation of a —45dBm known interference
signal (not shown) within the same receiver bandwidth.

Figure 9 illustrates some typical spectra characteristics of a signal separating
system embodying the present invention. In the Figure, there is shown a puise
spectrum 85 representative of an extracted —70dBm radar pulse signal (signal
enhanced) which has been separated from an incident known/unknown signal
in accordance with the signal separating process of the invention, after
cancellation of a —45dBm FHSS (Frequency hop spread spectrum) known
interference CW communication signal 80 occupying the same bandwidth as
the radar signal. The level of the noise/spurii background 86 is shown. As
shown, the known CW spectrum 80 (dashed line) representative of the
cancelled signal exceeds the pulse level by 25dB (Figure not to scale) and it is
to be noted that the known spectrum 80 is superimposed onto the extracted

radar pulse spectrum 85 for the sake of comparison.

Having thus described the present invention by reference to various
embodiments, it is to be well understood that the embodiments in question are
éxemplary only and that modifications and variations as will occur to those
possessed of the appropriate knowledge and skills may be made without
departure from the spirit and scope of the invention as set forth in the appended
claims and equivalents thereof. For example, different kinds of signal having
different shapes/waveforms, amplitudes and/or bandwidths can be received and
separated by the system of the invention. Note that pulse or CW unknown and

known signal combinations using modulated or unmodulated signals can be
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separated. In addition, the above described signal enhancement stage is
optional in so far as it is not an essential feature to the invention and it is to be
noted that the system of the invention does not exclude the use of signal
compression, signal logarithmic amplification and/or signal limiting to provide an
enhancement of the signal dynamic (power) range, if desired. Further, the
réspective various stages in the system of the invention, as described, can be
varied in their order and/or number to provide the same or similar technical
effect; for example, the extracted unknown signal could be frequency
reconverted via a multistage frequency reconversion process with or without
signal to noise enhancement, if desired. Also, additional frequency converters
could be deployed in the system to provide filtering and/or signal enhancement
at different frequencies. Further, whilst in one of the described embodiments, a
cascaded two filter serial arrangement is used for removing extraneous known
signals, it is to be noted that the number of filters could be easily varied and that
a cascaded parallel arrangement could equally be used in place of the

described serial arrangement, if desired.

It is to be appreciated that the system of the invention finds utility in various
frequency/agile or multiple unknown signal applications, as described, as well
as in non-agile unknown signal applications. The above described system
could be used in various radar communication systems. The system could be
used in naval radar communication systems for exampie, to provide an
interference free interface without radar signal masking. The system could also
be used in ECM (electronic counter measures) and/or ESM (electronic support
measures) applications.
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Abbreviations

Bandpass

Continuous Wave

Electronic Counter Measures
Electronic Support Measures
(Fast) Frequency Hopping Spread Spectrum
Low Pass

Magnetostatic Wave

Pulse Recurrent Frequency
Pulse Width

Radio Frequency

Receiver

Signal to Noise Ratio

Signal to Noise Enhancer
Transmitter

Yttrium Iron Garnet
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CLAIMS

A method of separating an unknown signal emission from a known

interference signal in a system incorporating frequency filter means with

controllable frequency converting means, the method comprising the

steps of:

(a)

(b)

()

receiving and frequency converting a mixed signal at the
frequency converting means, which mixed signal comprises a first
signal component representative of the unknown signal emission
and a second signal component representative of the known
interference signal, the first signal component having a single

frequency or a plurality of frequencies associated herewith;

stopping a coherent signal component representative of the
second signal component at a selected frequency stopband region

associated with the frequency filter means;

transmitting an incoherent signal component representative of the
received first signal component through a selected frequency-
transparent region associated with the frequency filter means; and

reconverting the transmitted incoherent signal component with
reference to a predetermined signal so as to restore the unknown
signal emission at its said single frequency/said plurality of

frequencies.

A method as claimed in claim 1, further comprising enhancing the

transmitted incoherent signal component to enhance the signal to noise

level of the first signal component.

A method as claimed in claim 2, wherein the dynamic range of the

transmitted incoherent signal component is enhanced by means of signal

compression,
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A method as claimed in claim 2 or 3, wherein the dynamic range of the
transmitted incoherent signal component is enhanced by means of

logarithmic amplification.

A method as claimed in claim 2 or 3 or 4, wherein the transmitted
incoherent signal component is enhanced at a predetermined frequency

by means of a magnetostatic wave enhancer.

A method as claimed in any preceding claim, wherein the selected
frequency stopband region is modified to permit the coherent signal
component to be stopped at a pre-determined frequency, enabling the
stopband width to be reduced.

A method as claimed in any preceding claim, wherein the mixed signal

comprises a radio-frequency continuous wave signal.

A method as claimed in any of claims 1 to 6, wherein the mixed signal

comprises a radio-frequency pulsed wave signal.

A method as claimed in any preceding claim, wherein the signal
separation and/or the signal enhancement are effected at a number of

different frequencies by means of frequency conversion.

A method as claimed in any preceding claim, wherein the restored
unknown signal emission is monitored in real time to permit a signal

characterisation in dependence thereon.
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_A signal separating system adapted and arranged to carry out a method

as claimed in any preceding claim.

A signal separating system for separating an unknown signal emission

from a known interference signal, the system comprising:

means for receiving and frequency converting a mixed signal, which
mixed signal comprises a first signal component representative of the
unknown signal emission and a second signal component representative
of the known interference signal, the first signal component having a
single frequency or a plurality of frequencies associated herewith;

means for stopping a coherent signal component representative of the
second signal component at a selected frequency stopband region of the

system;

means for transmitting an incoherent signal component representative of
the first signal component through a selected frequency-transparent

region of the system; and

means for reconverting the transmitted incoherent signal component with
reference to a predetermined signal so as to restore the unknown signal

emission at its said single frequency/said plurality of frequencies.

A signal separating system as claimed in claim 12 further comprising
signal enhancement means to enhance the transmitted incoherent signal

component.

A signal separating system as claimed in claim 13 wherein the signal

enhancement means comprises a magnetostatic wave enhancer.
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_A signal separating system as claimed in any of claims 12 to 14

incorporating a Gadolinium Gallium Garnet substrate device.

A signal separating system as claimed in any of claims 12 to 15 including
a number of components arranged in parallel or serial cascades so as to
remove extraneous known signals, multi-carrier known signals for

example, from the system.

A signal separating system as claimed in any of claims 12 to 16 adapted
and arranged for application to frequency-agile, multiple and/or non-agile
unknown signals.

A radar system incorporating a signal separating system as claimed in

any of claims 12 to 17.

A method and/or a system substantially as herein described with
reference to the accompanying Figures.
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Fig.5.
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Fig.6(a).
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Fig.8(a).

Interference -45 dBm. Pulse Radar -70 dBm.

Gain Attenuation 28 dB. PRF 500 Hz.
Pulsewidth 0.1 microsecs. No SNE

Fig.8(b).

Interference -45 dBm. Pulse Radar -70 dBm.

(Gain Attenuation 28 dB. PRF 500 Hz.
Pulsewidth 0.5 microsecs. No SNE
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Fig.9.
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