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EXECUTIVE SUMMARY

In the UK industrial microwave ovens are allocated an ISM frequency that allows
them to transmit at high levels in the same band as GSM mobile phones.
Consequently, when mobile phone base stations are located in the vicinity of an
industrial microwave oven their coverage over the ISM band is severely
disrupted. No special ISM provision exists in the rest of Europe, therefore the
European emission limit is much below that in the UK.

For process purposes the ovens are normally conveyor fed. Consequently,
depending on the size of the product being treated, a large aperture exists at each
end of the oven. The levels of microwave energy escaping through the apertures
are attenuated by a structure known as a choke tunnel. It has been identified that
one of the primary sources of emission from an industrial microwave oven is the
choke tunnel. If choke tunnel design can be improved then the possibility of
reducing or removing altogether the UK ISM provision exists.

This project has used state of the art materials and computer modelling to
improve the design of input and output choke tunnels on an oven known to be
perturbing base stations. A practical implementation of the design has been
realised and fitted to the oven. The oven emissions were found to be significantly
reduced when measured, in line with predictions. This has proved the case that
the UK ISM limit could be greatly reduced. However, the choke tunnels remain
the primary source of emission from the oven and therefore further improvement
may reduce the emissions to a level where it could be argued that no special ISM
band is required, providing adequate choke tunnel provision is made. This would
be desirable as base stations would no longer be disturbed and UK oven
manufacturers would be able to sell their products in Europe without significant
modification.

Key Value Level in dBuV/m
measured at 30m from
building wall

UK only 886 to 906 MHz ISM limit 120
European limit for 886 to 906 MHz 40

Largest emission measured from Griffith Il oven 79

prior to fitting improved chokes

Largest emission after fitting of improved chokes 53.5
Prototype lid for improved choke has given 17.5dB 36

improvement in attenuation in the laboratory.

Predicted value with improved lid.

Table of key values from study
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1 INTRODUCTION

In the United Kingdom the frequency band 886 to 906MHz has been allocated as a
band suitable for the operation of Industrial Scientific and Medical (ISM)
equipment’. ISM machines are at present allowed to emit 120dBuV/m measured
at 30m from the wall of the building housing the equipment over this frequency
range. This presents a problem as it occupies part of the band allocated to mobile
phone operators.

The main users of the ISM band are organisations operating industrial microwave
ovens. The ovens are primarily used in food production although other uses such
as vulcanising rubber are also on record. High power magnetrons are used as the
source of microwave energy, the magnetrons are designed to operate at 896MHz.
The frequency stability of the magnetrons is dependent on load. Consequently a
typical oven can drift plus or minus several MHz from 896 during a normal days
operation.

GSM mobile phone channel 30 uses 896MHz as the base station to handset
frequency. BT Cellnet are allocated channel 30 as well as the other surrounding
channels. Any base station in the vicinity of an industrial microwave oven will
have the coverage of channel 30 impaired. Also, because of the frequency
instability of the magnetron, channels adjacent to channel 30 will also be impaired.

For process purposes the ovens are normally conveyor fed. Consequently
depending on the size of the product being treated a large aperture exists at each
end of the oven. The levels of microwave energy escaping through the apertures
are attenuated by a structure known as a choke tunnel. Previous work® has
identified the possibility of reducing the level of emissions by improving choke
tunnel design.

A particular problem site has been identified as Griffith Laboratories in
Derbyshire. The site has two microwave ovens used in a continuous flow bread
baking process. Both ovens are believed to disrupt base station operation in the
vicinity. The ovens are of different ages, the most modern oven has a higher
standard of shielding in the construction than the older one. On the modern oven
it was considered that a significant reduction in the amount of radiated emissions
could be achieved by improving the choke tunnel design.

There is no provision in the rest of Europe for an ISM band centred on 896MHz.
Consequently the ISM limit at 896MHz in Europe is 40dBuV/m not 120dBuV/m.
The belief in the industry is that 40dBuV/m is unlikely to be achievable even with
improved choke tunnels. Therefore, previous workers®** have proposed limits of
60dBuV/m and 63dBuVv/m.

York EMC Services Ltd. Page 7 of 43 Issue 1
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This report describes the design, development and test of an improved choke
tunnel. The primary objectives of the project were to:

1. Demonstrate that it is possible to improve on the existing choke tunnel
design by wusing numerical modelling techniques and recently
developed ferrite lining materials.

2. Demonstrate that the improved design is practical by developing a
production version and fitting it to the more modern oven at Griffith
Laboratories.

3. Measure the level of radiated emissions after the fitting of the improved
choke tunnels.

4. Determine if the choke tunnels are still the primary source of emissions.

5. Determine from the foregoing and comment on, the possibility of
replacing the 120dBuV/m limit with a 60dBuV/m or 40dBuV/m limit.

The project team consisted primarily of two companies. York EMC Services Ltd
undertook computer modelling, theoretical aspects of the design and reporting.
APV Baker Ltd dealt with construction, practical aspects of the design, liaison
with Griffith Laboratories and the final fitting of the tunnels. The design and test
of the improved tunnels was divided into four stages which were:

1. Initial theoretical design of the improved tunnel. The initial stage of the
project considered the attenuation required for an improved tunnel. It
considered the amount of attenuation that might be achieved with plain
metal tunnels, tunnels with pin choke structures and ferrite lined tunnels.
From these considerations a prototype design was suggested.

2. A prototype choke tunnel was constructed. Its attenuation was measured in
the laboratory and from this an idealised final design was proposed.

3. Construction and laboratory attenuation test of final choke tunnels.

4. Fitting of improved choke tunnels at Griffith Laboratory and radiated
emissions test at Griffith Laboratory.

The main body of this report divides itself into four sections (sections 2 to 5),
which describe the work done at each stage.

York EMC Services Ltd. Page 8 of 43 Issue 1
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2 INITIAL THEORETICAL DESIGN

The main tool used for analysis of the various proposed and existing choke tunnel
designs was the HAWK TLM modelling package developed at the University of
York. In the initial design stage the existing choke tunnel was modelled and from
this levels of attenuation were estimated. A further estimate was made based on
the measured field at 30m from the wall of the building housing the oven and the
known power in the oven. These estimates were used to give the levels of
attenuation that would need to be exceeded in any proposed new design.

For modelling to be carried out the electrical properties of the dough needed to be
known as these have a significant effect on the choke performance. Measurements
of the dough properties were provided by APV Baker and these have been used
throughout the modelling described in this report. For uncooked dough the
values used were €r’ = 34.61 and er’”’ = 27.39. For cooked dough the values used
were gr’ = 16.42 and er”’ = 8.73. Findings with respect to the dough modelling are
discussed in section 4. Appendix 1 describes the principles of the TLM method
and its implementation in the HAWK package.

Possible ferrite lined solutions and also choke pin solutions were modelled. The
results of the modelling are now described. From this modelling a prototype
design was proposed.

York EMC Services Ltd. Page 9 of 43 Issue 1
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2.1 Modelling of existing choke tunnel
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Figure 2.1: Existing choke tunnel at Griffith Laboratories

The existing choke tunnel arrangement is shown in Figure 2.1. The total length of
the tunnel is 1m. It consists of a plain tunnel and a choke pin structure. TLM
models of the plain tunnel and the choke pin structure have been devised and
from these the respective values of attenuation deduced. To arrive at an overall
attenuation for the whole combination the two sets of values have been added
together. Some inaccuracy has been introduced with this approach as the loading
of the tunnel onto the choke pin structure and vice versa have not been
investigated. Predicted attenuation of the plain tunnel, the choke pin structure
and the combination are given in Figures 2.2 to 2.4.
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2.2  Comparison of known levels of emission to ones expected from choke
tunnel modelling

Figure 2.4 of the previous section suggests that the existing choke tunnel
arrangement was giving ~80dB of attenuation at the frequency of interest. Power
levels entering the choke were estimated to be between 1 and 20kW. It is also
known that measurements at 30m from the building wall housing the oven yield
field values as high as 79dBuV/m. To test if the modelled value of choke tunnel
attenuation was correct the field at 30m from the building wall was predicted
using the estimated source power and predicted choke tunnel attenuation. This
calculation is shown in Table 2.1. Propagation was assumed to be isotropic and no
allowance was made for the attenuation of the building wall and additional
distance to the radiating source inside the building.

Source power | Source power | Tunnel mouth | Tunnel mouth | Power at 30m| Eat 30m | E at 30m
(kW) (dBW) (dBW) (W) (W/m2) (V/im) (dBuV/m)
1 30.00 -49.80 1.05E-05 9.26E-10 0.000590805| 55.43
2 33.01 -46.79 2.09E-05 1.85E-09 0.000835525| 58.44
3 34.77 -45.03 3.14E-05 2.78E-09 0.001023305| 60.20
4 36.02 -43.78 4.19E-05 3.70E-09 0.001181611] 61.45
5 36.99 -42.81 5.24E-05 4.63E-09 0.001321081| 62.42
6 37.78 -42.02 6.28E-05 5.56E-09 0.001447172] 63.21
7 38.45 -41.35 7.33E-05 6.48E-09 0.001563124| 63.88
8 39.03 -40.77 8.38E-05 7.41E-09 0.00167105 | 64.46
9 39.54 -40.26 9.42E-05 8.33E-09 0.001772416| 64.97
10 40.00 -39.80 1.05E-04 9.26E-09 0.001868291| 65.43
11 40.41 -39.39 1.15E-04 1.02E-08 0.00195948 | 65.84
12 40.79 -39.01 1.26E-04 1.11E-08 0.00204661 | 66.22
13 41.14 -38.66 1.36E-04 1.20E-08 0.002130179| 66.57
14 41.46 -38.34 1.47E-04 1.30E-08 0.002210592| 66.89
15 41.76 -38.04 1.57E-04 1.39E-08 0.00228818 | 67.19
16 42.04 -37.76 1.68E-04 1.48E-08 0.002363222| 67.47
17 42.30 -37.50 1.78E-04 1.57E-08 0.002435953| 67.73
18 42.55 -37.25 1.88E-04 1.67E-08 0.002506575| 67.98
19 42.79 -37.01 1.99E-04 1.76E-08 0.002575261| 68.22
20 43.01 -36.79 2.09E-04 1.85E-08 0.002642162| 68.44

Table 2.1: Field levels at 30m for various source powers for uncooked dough
attenuation modelled assuming isotropic propagation

From Table 2.1 it was apparent that the model was predicting attenuation of
approximately 10dB greater than expected. Alternatively if the above was correct
then the choke tunnels were not the dominant source of emissions at Griffith
Laboratories. A large portion of the modelled attenuation is provided by the plain
tunnel rather that the choke.

York EMC Services Ltd. Page 13 of 43 Issue 1
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2.3 Modelling of ferrite lined tunnels

Report R/00/038° has shown that lining a tunnel with ferrite is expected to give
high attenuation. For food hygiene reasons the ferrite must be separated from the
product by a layer of PTFE. Three ways of achieving this have been suggested.
These are:

1. Have a PTFE tube with ferrite surrounding the tube.

2. Spray the ferrite lining with PTFE leaving a deposit of PTFE less than 1mm
deep.

3. Place a sheet of PTFE between the ferrite and the food.

Ferrite tiles are normally 10cm x 10cm x 6mm deep. The tiles can either be plain or
with a centre hole to allow screw fixing. Cutting or drilling the tiles requires
specialist equipment so construction from whole tiles would be the preferred
method.

Bearing the foregoing in mind, two tunnels have been modelled. The first tunnel
uses whole tiles to make its lining and is therefore relatively large in cross section,
as would be required by a tunnel with a plastic tube running through it. The large
tunnel is referred to as ‘Try 1'. The second tunnel is referred to as ‘Try 2’ and has
as small a cross section as considered possible in a practical system. For a Try 2
tunnel the ferrite tiles would need to be cut and a PTFE spray or sheet lining used.
Cross sections of the two tunnels are shown in Figures 2.5 and 2.6. Figure 2.7
shows the predicted attenuation for the two configurations. It can be seen that the
reduced cross section of Try 2 yields a much higher attenuation. From this result it
was concluded that the effort of cutting the tiles to obtain the smallest possible
cross section was well worthwhile.

York EMC Services Ltd. Page 14 of 43 Issue 1
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Figure 2.7: Attenuation of large and small cross section (Try 1 and Try 2) ferrite
lined tunnels

24 Modelling of APV choke

APV suggested that the existing choke pin design at Griffith may not yield the
optimum performance and they suggested an alternative design based on
significantly larger pins and spacings. The existing design is shown in Figure 2.8.
The new design tested by APV was wider than required for the application at
Griffith. Consequently it has been reduced in width by one pin to a two pin wide
choke. The new choke is shown in Figure 2.9. The predicted attenuation for this
choke is shown in Figure 2.10. Although the overall attenuation of the choke is
more than the existing design it is nearly twice as long. In terms of dB/m the TLM
model suggests that the existing choke is more efficient than the alternative
design.
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2.5  Proposed designs for improved choke tunnel

The Curie temperature of ferrite is approximately 150°C. For this reason the
energy dissipated in the ferrite should be minimised. One way of achieving this
would be to have a choke pin structure as a first stage filter, this could then be
followed by a section of ferrite lined tunnel. The existing pin structure offers the
most promising design to implement this, unfortunately in the existing
installation there is not room for the lower set of pins. When a choke with one set
of pins only is modelled, (results shown in Figure 2.11) the attenuation is not
significantly better than an equivalent length of plain tunnel. Consequently the
best design is considered to be a length of plain tunnel followed by a length of
ferrite lined tunnel. Three possible designs are shown in Figures 2.12 to 2.14.
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Figure 2.11: Attenuation of Griffith choke with the lower pins removed
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All three designs are broken up into three sections, this is to aid construction and
also allow measurements that will be in the dynamic range of a network analyser.
The only difference between the designs is the amount of ferrite lining in the
middle section. The designs are classified as 5, 20 and 80Watt. The wattage refers
to the amount of power reaching the ferrite stage of the choke assuming a 20kwW
input. From the heat dissipation point of view the 5W design is preferred.
However, if only Tryl geometry is achieved in the ferrite section of the tunnel,
then the total choke attenuation would only be 7dB better than the present
installation. The best attenuation is achieved by the 80W design. The increase in
temperature due to the power dissipation is not prohibitive. Even with the 80W
design Tryl geometry would not provide sufficient attenuation so the final design
must have a ferrite section whose dimensions approach those of Try2 as far as
possible. The situation is shown in Table 2.2, the table also gives expected
temperature rises in the ferrite due to the power dissipation. The table assumes
that if no power were being dissipated in the ferrite then it would be at 95°C,
which is the temperature of the dough leaving the oven. Details of heat flow
calculations are given in Appendix 4.

Design | Increased attenuation | Increased attenuation Temperature
over existing design with | over existing design with | of ferrite (°C)
Tryl ferrite section (dB) | Try2 ferrite section (dB)

SW 7 67 97
20W 15 89 102
Y 21 111 122

Table 2.2: Predicted choke attenuations and ferrite temperatures for the three
designs

2.6  Tile expansion due to heat

The coefficient of linear expansion of ferrite is given as 10x10°/°C. Ferrite tiles are
normally 10cmx10cm at 20°C consequently at 120°C the tiles are expected to be
0.1mm larger in each dimension. An inter tile spacing of 0.1mm should therefore
be allowed. Gaps should not be made significantly greater than this however, as
gaps between the tiles will reduce attenuation performance. In terms of reflectivity
performance a gap of 0.25mm between tiles will reduce the loss by 5dB.
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3 CONSTRUCTION AND TEST OF PROTOTYPE CHOKE TUNNEL

Based on the design guidelines and recommendations provided in section 2 APV
Baker provided two half metre long prototype choke tunnel sections to York EMC
Services Ltd. Coaxial cable to waveguide transducers and adaptors from the
transducers to the tunnel sections were also provided. The unlined internal cross
section of the tunnels was 163mm wide by 93mm high. For the tests described in
this section one of the tunnels was fully lined with Philips 2510 ferrite tiles. The
tiles were 6mm deep and 0.5mm depth was required for the adhesive. This gave a
lined cross section of 150mm x 80mm.

3.1 Dough Loads

The results of the modelling phase of the project had found that the worst case
loading was for uncooked dough. The typical values of permittivity given by APV
and used in the modelling were er’ = 34.61 and er’ = 27.39. For representative
measurements it was therefore necessary to produce a dough mix that came as
close as possible to these values. The permittivity of the dough was measured
using a Hewlett Packard 85070B dielectric probe kit and 8753A network analyser
fitted with 85046A S-parameter test set. After some experimentation a mix was
found with er’ = 35 and er’’= 24. The recipe for a 1400g mix with these properties is
given in Table 3.1 and a plot of the measured permittivity given in Figure 3.1.
Once the mix was prepared it was loaded into polythene tubes to enable
straightforward handling. The tubes had a 50mm inside diameter and a 1mm wall
thickness. The tubes positioned in the choke tunnel are shown in the photographs
in Appendix 2.

Ingredient Weight (grams)
Baking Powder 8

Salt 12

Flour 780

Water 600

Table 3.1: Dough mix used for loading choke tunnels
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Figure 3.1: Measured Permittivity of dough mixture used for measurements

3.2 Insertion loss measurements

The prototype choke tunnel manufactured by APV Baker was in half metre
lengths and had internal cross section 163mm by 93mm without ferrite lining
applied. For some tests it was necessary to reduce this cross section, this was
achieved using 1mm mild steel plates and adhesive copper tape. Also
manufactured by APV were adaptors so that the choke tunnel sections could be
fitted onto the coaxial cable to waveguide mode transducers. Photographs of these
components are given in Appendix 2.

Ferrite lining of the choke tunnels was achieved using Philips 2S10 ferrite tiles.
The tiles are 6mm deep and 100mm x 100mm square. To achieve a full lining it
was necessary to cut the tiles, this was done by using the water jet cutting service
provided by Aquacut Ltd. The tiles were fixed to the choke tunnel wall using
Bond Flex silicone rubber sealant, RS stock no. 341-0961. This sealant is believed to
meet food hygiene requirements and provide the thermal performance that will
be necessary for the Griffith Il oven. Tests on the thermal performance of the
adhesive were performed by the Radiocommunications Agency5.

The insertion loss measurements were performed with a Hewlett Packard 8753A
network analyser fitted with 85046A S-parameter test set. Cable losses were
calibrated out prior to the measurements. Losses due to the coaxial cable to
waveguide mode transducers and the adaptors from these to the choke tunnel
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were not calibrated out. Photographs for some of the measurements are given in
Appendix 2. Measurement results are presented in Tables 3.2 and 3.3 for the
operational frequency of 896MHz. Graphs of attenuation for a 100 to 1200MHz
bandwidth are presented in Appendix 3.

Measure- | Dough | Description Attenuation at
ment Load 896MHZz (dB)
Number Measured | Adjusted
1 No Adaptors + coaxial cable to|1.8 Not
waveguide mode transducers. applicable
2 No Adaptors + coaxial cable to|20.3 18.5
waveguide mode transducers + 0.5m
length of plain tunnel 163x93mm
3 Yes Adaptors + coaxial cable to|22 20.2
waveguide mode transducers + 0.5m
length of plain tunnel 163x93mm
4 Yes Adaptors + coaxial cable to |70 68.2
waveguide mode transducers + 0.5m
length of tunnel fully ferrite lined
150x80mm
Bl Adaptors + coaxial cable to|2.6 Not
waveguide mode transducers. applicable
B2 No Adaptors + coaxial cable to|43.8 41.2

waveguide mode transducers + 0.5m
plain metal tunnel with cross section
reduced to 148mm by 78mm

Table 3.2: Insertion loss measurements involving 0.5m lengths of choke tunnel

Measure- | Dough | Description Attenuation at
ment load 896MHz (dB)
Number Measured | Adjusted
B3 No Adaptors + coaxial cable to| 106 103.4*
waveguide mode transducers + 0.5m
plain metal tunnel with cross section
reduced to 148mm by 78mm +0.5m
length of tunnel fully ferrite lined
B4 Yes Adaptors + coaxial cable to|110 107.4*

waveguide mode transducers + 0.5m
plain metal tunnel with cross section
reduced to 148mm by 78mm +0.5m
length of tunnel fully ferrite lined.
The full 1m length of tunnel was
loaded with uncooked dough.

* Measurement of attenuation limited by noise floor of instrument

Table 3.3: Insertion loss measurements involving 1m lengths of choke tunnel
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3.3  Proposed final design

Measurement B4 shows an attenuation of 107.4dB for a dough loaded choke with
a 0.5m ferrite section. Would this level of attenuation be sufficient to give
40dBuV/m at the 30m test point defined by EN 550117 The estimate of section 2.2
gives the existing choke an attenuation of 70dB. Measured field values at a 30m
test point at Griffith are 79dBuV/m. Fitting a choke with the characteristics of B4
would therefore give a 107.4-70=37.4dB improvement. A 37.4dB improvement
would give a field of 79-37.4=41.6dBuV/m at the 30m test point. However, if the
modelled value of choke attenuation given in section 2.1 of ~80dB is correct then
the field at the test point would be 51.6 dBuV/m. In this case some additional
choke attenuation would therefore be desirable. For the design of B4 the power
loss through the 148mm by 78mm plain tunnel section is ~40dB. Assuming a
20kW input power to the choke, less than 2W will be dissipated by the ferrite
section. An increase in the length of the ferrite section of the choke therefore seems
both desirable, to reduce the field level at 30m below 40dBuV/m and reasonable,
as the power dissipation in the ferrite is less than 2W.

©y
R fas
50 50
@; 3
& 84
50 50

Figure 3.2: Side and plan views of proposed design for production choke tunnel

Based on the preceding measurements and above discussion a proposed final
design is shown in Figure 3.2. The plain section of the choke was predicted to
provide ~33dB of attenuation and the ferrite section ~79dB. Total choke
attenuation would therefore be 112dB. Power dissipation in the ferrite should be
less than 20W. From the calculations presented in Appendix 4 this should lead to a
temperature rise in the ferrite of no more than 7°C above the expected operating
temperature of 95°C. The expected field at the 30m test point would now be either
37 or 47dBuV/m dependent on whether the estimated or modelled choke tunnel
performance for the current design is correct.
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4 LABORATORY TEST AND COMPUTER MODELLING OF FINAL TUNNEL

Due to food hygiene and process requirements the final choke tunnel design had
to depart from the idealised design proposed in section 3.3. The final choke
consisted of a 0.4m long plain metal section followed by a 0.6m ferrite section as
required by the idealised design. However, the ferrite section of the choke was
fitted with a hinged lid to allow operator access for cleaning. The layout of the
choke and the cross section of the ferrite section are shown in Figures 4.1 and 4.2.

Hinged lid
< >« >
0.4m long plain 0.6m long ferrite
metal choke internal section, only ~0.5m of
dimension 150mm thisis fully ferrite lined
wide by 80mm high

Figure 4.1: Layout of final choke design

Hnged lid Rubberised _ _
RF seal Ferrite  PTFELIner  Dough

\ /
\ \ /
v 7
= g 7
Q /
/
/
/
/
/

\_ _/

5

Figure 4.2: Cross section of ferrite lined part of final choke design
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The hinged lid caused a number of differences from the ideal design. The main
differences were as follows:

* only a~0.5m length of full ferrite lining existed in the 0.6m section

» the full ferrite lining had bare metal ribs in the region of the lid(see Figure
4.2)

» the ferrite section of the choke became 17mm greater in height and 4mm
greater in width

Measurements of attenuation on the choke tunnels showed that the final chokes
provided less attenuation than both the idealised chokes described in section 3.3
and the prototype of measurement B4. To determine the reason for this some
further modelling work was carried out. The modelling work showed that the
main cause of the reduced attenuation performance was the increase in height of
the choke. This was then proven by measurement. The results from the initial
measurements, the further modelling work and further measurements can be
found in sections 4.1, 4.2 and 4.3. A further section, section 4.4, compares the
accuracy of the predicted attenuation with the measured values.

4.1 Initial Measurements on final choke tunnels

York EMC Services performed attenuation measurements on a pair of chokes of
the final design as described in section 4. The results are given in Table 4.1.

5121CR

Measurement | Tunnel Dough load? | Attenuation @ 896MHz (dB)

Number Measured Corrected

F1 1 No 114 107.3*

F2 1 Yes 92 85.3

F3 2 No 110 103.7*

F4 2 Yes 93 86.3

F7 Transmission through | 6.7 N.A.
adaptors and cables only

* Measurement of attenuation limited by noise floor of instrument

Table 4.1: Measurements of attenuation of final choke tunnels with and without

dough load
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The idealised design of section 3.3 had suggested a final choke attenuation of
112dB with dough load. The measurements of Table 4.1 show that the chokes were
only giving ~86dB of attenuation. One reason for the reduced attenuation was that
a full ferrite lining was achieved for only a 0.5m length. However the prototype
measurement B4 still achieved 107.4dB with this configuration. To determine the
cause of the reduced attenuation further modelling was performed, this is
described in the following section.

4.2 Further modelling

The object of the modelling described here was to investigate why the final choke
tunnel design gave less attenuation than the prototype tunnel design. The
following differences in the two designs were investigated by the modelling:

» the final design had bare metal ribs running along its length (see Figure 4.2)
which the prototype did not

» the final design was 17mm greater in height and 4mm greater in width than
the prototype

» the final design had its floor lined with Philips 4S60 tiles rather than Philips
2510 (at 896MHz 2S10 tiles give 5dB greater absorption for a reflectivity
measurement with normal incidence)

In the HAWK modelling package ferrite can be modelled using a frequency
dependent boundary. Using this approach implies that for ferrite lined surfaces
the reflecting face should be the front face of the ferrite material. If the approach of
modelling the ferrite with its material parameters was used then the reflecting
surface would be the metal to which the tile is fixed. Using the frequency
dependent boundary has two advantages:

» the number of cells needed for the model is less as the depth of the ferrite is
not modelled

* manufacturers normally specify tile performance by a normal incidence
reflectivity measurement, the material parameters are therefore not easily
obtainable if the material approach is used

The frequency dependent boundary was used for the modelling described here.
All of the results given in Table 4.2 and 4.3 used a 4mm mesh. This was the
smallest mesh that it was practical to use.
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Description Internal | Internal | Sketch Attenuation at 899MHz
width height | (thickened wall | (dB)
(mm) (mm) sect_lon_ |_nd|cates 0.5m 0.5m length +
ferrite lining) length | 0.5m plain
section
Plain metal 150 80 34.77 Not
tunnel Applicable
Prototype fully | 150 80 69.38 104.15
ferrite lined
tunnel
Final version | 155 97 |j 6610 | 100.87
Final version, 155 97 63.85 98.62
metal ribs
removed
Final version 155 80 D 69.67 104.44

prototype
height, no metal
ribs

Table 4.2: Modelled attenuation of choke tunnel configurations without dough

loading
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Description Internal | Internal | Sketch Attenuation at 899MHz
width height | (thickened wall | (dB)
(mm) (mm) sect_lon_ |_nd|cates 0.5m 0.5m length +
ferrite lining) length 0.5m plain
section
Plain metal 150 80 63.67 Not
tunnel @ Applicable
Prototype fully | 150 80 128.71 192.38
ferrite lined
tunnel
Final version 155 97 - 112.08 175.75
Final version, 155 97 114.42 178.09
metal ribs
removed @
Final version 155 80 128.00 191.67
reduced to
prototype
height, no metal
ribs
Final version, 155 97 122.67 186.34
rectangular
dough
Final version, 155 97 122.29 185.96
rectangular
dough, 2510
floor tiles

Table 4.3: Modelled attenuation of choke tunnel configurations with dough

loading
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The following conclusions were drawn from the modelling:

1. The metal ribs only reduced the attenuation by ~2dB with or without
dough loading present.

2. Reducing the height of the tunnel back to that of the prototype made little
difference to the choke attenuation when no dough was present. However
when dough was present the modelling showed an increase in attenuation
of approximately 16dB.

3. The use of 2510 or 4S60 grade tiles made no difference to the choke tunnel
performance
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4.3 Further measurements of attenuation on final choke tunnels

From the modelling described in section 4.2 it was deduced that the final tunnel
was attenuating less than the prototype due to the increase in height. Reducing
the height of the tunnel by redesigning the lid was investigated and is discussed in
the following section. Prototype replacement lids were constructed as sketched in
Figure 4.3.

MId steel plate
Prototype lid)

81

Figure 4.3: Cross section of ferrite lined part of final choke design with prototype
lid in position

Two lids were made. One used the ferrite grade Philips 2510 the other used
Philips 4560. Many of the previous measurements described in this report were
made close to the noise floor of the network analyser. To overcome this problem
the set of measurements given in Table 4.4 was made with an amplifier in the
circuit. A calibration indicated that the amplifier was giving approximately 48.5dB
of gain.
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Measurement | Dough | Comment Attenuation @
Number load? 896MHz (dB)
(corrected)
F10 No Repeat of measurement F3 with amplifier | 113.4
in circuit
F11 Yes Repeat of measurement F4 with amplifier | 87.9
in circuit
F12 Yes Philips 2510 lid replacement panel in | 105.4
position
F13 Yes Philips 4S60 lid replacement panel in | 105.3
position
F14 No Philips 4S60 lid replacement panel in|111.3
position
F15 No Philips 2510 lid replacement panel in|112.6
position

Table 4.4: Further measurements of attenuation of final choke tunnels with
reduced height lids

The following conclusions were drawn from these measurements:

1. The replacement lids gave an improvement in attenuation of 17.5dB with
the dough load. No appreciable increase in attenuation was obtained
without dough present.

2. For this application the two grades of Philips ferrite (2510 and 4S60) gave
equivalent performance.

3. Measurement F10 is believed to be more accurate than measurement F3.
The indicated noise floor of the network analyser was ~110dB. However
cable and transducer losses accounted for 6.7dB leaving the true noise floor
to be ~103dB. The additional margin given by the use of the amplifier is
therefore necessary. For previous measurements without the use of
amplifier, attenuation greater than 100dB should be treated with some
caution.
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44  Comparison of modelled values with measured ones

Throughout the project extensive use was made of TLM modelling to predict the
levels of attenuation that might be expected for a particular design. Tables 4.5 and
4.6 have been compiled to access the accuracy of the method when compared to
network analyser measurements of attenuation. The tables have been compiled
with the assumption that 0.5m of the tunnel is plain unlined section and 0.5m of
the tunnel is ferrite lined. This is something of an approximation as the plain
section on the final tunnel is only 0.4m long but a full ferrite lining exists for only
0.5m. The remaining 0.1m is part ferrite lined but of larger cross section than the
plain section. Table 4.5 compares modelled and measured values for the tunnels
when there is no dough loading present. It can be seen from the table that given
the limitations described above, the modelling gives good correlation with
measured values.

Description Plain tunnel Ferrite lined Attenuation (dB)
section section Model Measured
Prototype 104.15 103.4*
tunnel
150x80mm 150x80mMm
Final version 100.87 113.4
150x80mm
155x97mm
Final  version 104.44 112.6
with prototype
lid fitted
150x80mm 155x80mm

Table 4.5: Comparison of modelled and measured values of attenuation for choke
tunnels with no dough load

Table 4.6 lists the modelled and measured values for the case where a dough load
is present. For these cases the correlation is poor with errors in level as large as
90dB. Although the absolute level is of poor accuracy the relative change in
attenuation due to a modification in design has been modelled accurately. The
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level of 15.9dB predicted by the modelling for the fitting of the prototype lid was
closely matched by the measured increase of 17.5dB.

Description Plain tunnel Ferrite lined Attenuation (dB)
section section Model | Measured
Prototype 192.38 107.4*
o | OO
150x80mm 150x80mMm
Final version 175.75 87.9
150x80mm
155x97mm
Final version 191.67 105.4
with prototype @
lid fitted

Table 4.6: Comparison of modelled and measured values of attenuation for choke
tunnels with dough load
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5 RADIATED EMISSIONS TEST AT GRIFFITH LABORATORIES

The final chokes produced by APV (04m long plain and 0.6m Ferrite lined) were
fitted to the oven at Griffith Laboratories and measurements made of the radiated
emissions from the oven. Two ovens are in operation at Griffith Laboratories and
the new choke tunnels were installed on the most modern one, which is of APV
manufacture. At least two radiated emissions tests have been performed
previously on the ovens, therefore only a post installation test was required for
this project. The pre-installation tests performed by other groups are described in
section 5.1. The post installation test is described in section 5.2. Comparison of the
two sets of results is performed in section 5.3. After the 30m compliance
measurements had been completed further measurements were conducted
approximately 1m from the oven. The purpose of these was to determine whether
the choke tunnels were still the dominant source of emission from the oven.
Details of these tests are given in section 5.4.

51 Pre-installation tests

The Kenington and Bennett report’ gives levels for each oven individually
whereas the Bull report6 of 1997 does not distinguish whether one or both ovens
are active. The Bull report does have the advantage that the measurement
positions are better defined. Table 5.1 gives values taken from the two reports in
approximately equivalent measurement positions. Also included in the table is the
measurement result at Bull position 5 where the highest level of field strength was
observed. The measurement positions are shown in the sketch of Figure 5.1.

Measurement Bull test Kenington test (dBuV/m)
position (dBuV/my) Magnetronics APV Oven
Oven (oldest) (newest)
Bull Kenington | Vert. Horz. Vert. Horz. Vert. Horz.
4 N:30m 77.0 84.0 84.2 84.1 65.1 72.2
5 na 89.0 86.0 na na na na
6 NW:30m 81.0 88.0 85.3 85.1 73.7 79.2

Table 5.1: Results from equivalent positions for the Bull and Kenington/Bennett

tests
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Car Park
N
10m 10m
L
6 5 4
30m
Magnetronics
| | oven Building
I | housing
'\ APV oven “ovens

Figure 5.1: Bull measurement positions

5.2 Post-installation tests

When the new choke tunnels were installed the measurements of radiated
emissions from the Bull measurement positions were repeated by the
Radiocommunications Agency7. As a control test, measurements of radiated
emissions from both ovens were performed. The results are given in Table 5.2.

Measurement | Magnetronics oven (oldest) | APV oven (newest with new

position dBpVv/m choke tunnels) dBpuV/m
Vertical Horizontal Vertical Horizontal

4 79.5 73.0 45.0 50.5

5 79.0 78.5 49.5 49.0

6 83.0 83.2 49.5 53.5

Table 5.2: Radiated emissions from the unmodified Magnetronics oven and the
APV oven fitted with the improved choke tunnels

5.3  Comparison of before and after tests

Examination of the results shows that fitting the new choke tunnels has
undoubtedly reduced the level of emissions from the oven. Comparison of the
before and after results is given in Table 5.3.
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Measurement | Before After Difference

position Vertical Horz. Vertical Horz. Vertical Horz.

4 65.1 72.2 45.0 50.5 20.1 21.7

6 73.7 79.2 495 53.5 24.2 25.7

Table 5.3: Comparison of radiated emissions before and after fitting improved
choke tunnels

Taking the mean of the difference values in Table 5.3 gives a 23dB improvement in
performance. However, the measurements of emission from the Magnetronics
oven were also less. No modification had been carried out on this oven so the
difference must be attributed to measurement technique or differences in the
dough load. Table 5.4 compares the before and after measurements for the
Magnetronics oven.

Measurement | Before After Difference
position Vertical Horz. Vertical | Horz. Vertical | Horz.
4 84.2 84.1 79.5 73.0 4.7 11.1
6 85.3 85.1 83.0 83.2 2.3 1.9

Table 5.4: Differences in radiated emissions from unmodified (control) oven

Taking the mean of the difference measurements for the control oven gave an
improvement of 5dB without modification. Taking the difference of the two mean
values gives an improvement of 18dB given by the new choke tunnels.

54 Measurements to determine primary source of emissions

The measurements described in this section of the report were conducted using a
spectrum analyser and log periodic antenna. The antenna was hand held at
approximately 1m distance from the oven and used to probe for regions of high
emission. The results can only be used for comparative purposes and therefore
only the maximum value obtained in dBuV is given for any test position. The
highest levels were obtained in the region of the choke tunnels. Recorded results
are given in Table 5.5.
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Test position Maximum level (dBuV)
Output choke tunnel 70.8
Input choke tunnel 78.2
Microwave generator used to feed input end of oven 68.5
Microwave generator used to feed output end of oven 64.5

Table 5.5: Comparative field strength measurements at various positions on oven

The levels recorded at the microwave generators are probably emissions from the
choke tunnels but attenuated by a greater test distance. In other words the true
leakage from the microwave generator is masked by leakage from the choke
tunnels.
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6 CONCLUSION
The primary objectives of the project listed in the introduction were to:

1. Demonstrate that it is possible to improve on the existing design by using
numerical modelling techniques and recently developed ferrite lining
materials.

2. Demonstrate that the improved design is practical by developing a
production version and fitting it to the oven at Griffith Laboratories.

3. Measure the level of radiated emissions after the fitting of the improved
choke tunnels.

4. Determine if the choke tunnels are still the primary source of emissions.

5. Determine from the foregoing and comment on the possibility of replacing
the 120dBpV/m limit with a 60dBuV/m or 40dBuV/m limit.

The project outcome with respect to these objectives is now dealt with point by
point:

1. An improved design of choke tunnel has been produced. The design used
ferrite tiles to give the choke a high value of attenuation when compared
with traditional methods. TLM modelling was successfully used to predict
levels of attenuation. The method used was found to be accurate for tunnels
with no dough loading but much less so when a dough loading was
present. This may be due to the uncertain nature of how the dough
properties vary with time. However, the code was still useful when a
dough load was present as relative changes in level of attenuation due to
modifications in tunnel design were accurately predicted.

2. A practical implementation of the choke, meeting food hygiene and process
requirements, was produced and fitted to an oven at Griffith Laboratories.

3. Measurements of radiated emissions made after the fitting of the new
chokes indicated that they had reduced the emissions from the oven by
18dB.

4. The choke tunnels were demonstrated to be the primary source of emission
on the oven.

5. After fitting of the improved choke tunnels to the APV oven, the highest
level of emission measured was 53.5dBuV/m at the 30m test point. This
result confirms the view that a 60dBuV/m limit is achievable and practical.
The choke tunnels were still the dominant source of emission on the oven
so a 40dBuV/m limit is considered to be feasible. A reduced height lid
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design for the chokes as shown in Figure 4.3 would reduce the emissions to
below 40dBuV/m providing no other source of emissions on the oven
became dominant.
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7 FURTHER WORK

1. It is recommended that the choke attenuation on the Griffith oven be
further increased so that choke sourced emissions are below the 40dBuV/m
limit. This further work would determine if a 40dBuV/m limit is practical
or whether emissions from other sources, such as waveguide joints, would
prevent 40dBuV/m being achieved. The least expensive way of testing the
lower practical limit of emission is to run the oven with the prototype lids
described in section 4.3 in place. The ferrite part of the lids would require
coating in silicone sealant for food hygiene purposes.

2. A permanent implementation of the improved lid design might imply a
reduction in working height due to PTFE liners and associated retaining
metalwork. This is undesirable for production purposes as blockages
would be more frequent. An alternative solution would be to increase the
length of the choke. Taking this approach would give the opportunity of
both increasing the attenuation and increasing the height of the choke.
Extra available length makes it relatively straightforward to increase
attenuation. Dependent on the outcome of point 1 above, a joint project
between Griffith Laboratories and the Radiocommunications Agency may
be desirable. Assuming 40dBuV/m is shown to be achievable, the object of
this project would be to demonstrate a working 40dBuV/m choke tunnel
with improved product clearance.

3. Absolute levels of predicted attenuation were found to be accurate
providing dough loading was not present. When a dough load was present
the predicted attenuation levels were always much greater than was
confirmed by measurement. It is suggested some work be done to
determine the cause of inaccuracy when dough loads are present. The
inaccuracy could be due to one of two causes:

a. The permittivity of the dough loads may not be stable, although
attenuation measurements were generally repeatable from one day
to the next suggesting reasonable stability

b. Inaccuracies within the HAWK TLM code, this could be investigated
by comparing predictions against other codes or performing further
work with dielectrics known to be stable

4. Itis important to establish whether Cellnet is disturbed by the operation of
the Griffith 11 oven. If Cellnet are unable to detect the emissions from
Griffith 11 then this would lend weight to the conclusions of previous
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workers™ who suggested that limits of 60dBuV/m and 63dBuVvV/m
respectively would be appropriate. It was proposed that these limits were
both attainable and would provide sufficient protection to mobile phone
base stations.

5. The oven industry is sceptical that 40dBuV/m is attainable. The purpose of
the work suggested in point 1 is to test this view. The shielding of the
Griffith 1l oven is of a high standard, seam joints are continuously welded
and intervals between bolts on bolted joints is approximately 5cm. If
40dBuV/m can be achieved then Griffith 1l is an ideal test case. The
shielding provision on Griffith | is of a lower standard with bolt spacings of
approximately 14cm. It is important to know what emission levels could be
achieved on an older design such as Griffith I. To give some indication it
proposed that the waveguide from the microwave generator be
disconnected at the applicator and terminated in a waterload. An emissions
test should then be carried out to determine the leakage from the poorer
quality waveguide joints and microwave generator shielding.

6. As well as the radiated emissions tests described in section 5 the
Radiocommunications Agency also performed long term monitoring of the
site both before and after fitting of the improved choke tunnels.
Comparison of this monitoring data with Griffith’s production records
would indicate if changes in the process have any significant effect on the
level of emissions.
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