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Experimental Analysis of Passive Intermodulation
at Waveguide Flange Bolted Connections

Carlos Vicente, Dieter Wolk, Hans L. Hartnagel, Life Fellow, IEEE, Benito Gimeno, Member, IEEE,
Vicente E. Boria, Senior Member, IEEE, and David Raboso

Abstract—TIn this paper, the generation of passive intermodula-
tion at rectangular waveguide flange bolted connections is investi-
gated. An exhaustive series of tests has been performed in order to
provide understanding on the physics lying behind such a phenom-
enon. In particular, the intermodulation response of the system has
been studied as a function of the applied torque to the flange screws.
It has been found that, in some situations, the intermodulation re-
sponse differs from its expected behavior. An interpretation of such
discrepancies is given, and practical guidelines for the design of
waveguide flanges free of passive intermodulation are provided as
well.

Index Terms—Intermodulation distortion, intermodulation

level, nonlinear systems, waveguide junctions.

1. INTRODUCTION

ASSIVE intermodulation [1]-[3] presents an increasing
Prisk for future satellite missions in which output power
level, bandwidth, number of channels, and component dimen-
sions are being driven to further limits. Despite being well-
known for years, it still represents a critical issue for designers
due to its erratic behavior and to the lack of confident theoret-
ical analysis. As a consequence, the design of the device fol-
lows some general rules (see, e.g., [1]), which do not gener-
ally ensure the best quality in the intermodulation response of a
particular system. This always makes it necessary to carry out
a huge amount of laboratory tests, which are extremely time
ffconsuming.
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Passive intermodulation originates due to the existence of a
nonlinear component in the system, which generates harmonics
of the input signal. If, additionally, more than one signal is
present, intermodulation products are also excited. These new
frequencies originated in the transmission band of the satellite
can fall in the reception band. Despite the fact that these ex-
cited signals have low power (since they have been originated
by passive components), the receive carriers are also low-power
signals and, therefore, interference can occur.

Many passive intermodulation sources have been identified
along the years [4], [5]. For instance, it has been found [6] that
waveguide flange connections can result in high intermodula-
tion levels due to the surface irregularities and to the native con-
taminant layer (mainly oxides) on the metallic surfaces [7]-[11].
Its mitigation, both in the test setup and flight hardware, com-
monly becomes hard to achieve because extremely low inter-
modulation levels (as low as —140 dBm) can be relevant.

In this study, an experimental investigation has been
performed to quantify intermodulation levels generated at
aluminum and silver-plated aluminum waveguide flange bolted
junctions in terms of the applied torque to the flange screws.
This paper extends the work presented in [12] to the case of
silver-plated aluminum waveguides and to the use of gaskets
for the reduction of intermodulation levels.

II. EXPERIMENTAL CONSIDERATIONS

The input signal frequencies used for the measurements pre-
sented below were

f1=1121GHz f, = 11.895 GHz

with the third-order intermodulation product falling in the upper
side of the spectrum being measured, i.e.,

fint =2+ fo — f1 = 12.580 GHz.

A. Samples

The waveguides employed to perform the tests were pure
aluminum (>99.9% purity) and silver-plated aluminum WR-90
waveguides (22.86 x 10.16 mm). The silver coating was around
10-pm thick. Aluminum as the base material and silver as the
coating were chosen because they are the most representative
waveguide materials for space applications.

As can be seen in Fig. 1, the waveguides had two different
flanges. One of them was the flange under test (six screw holes),
whereas the other one (eight screw holes) was the interface with
the test setup. The latter should not add more intermodulation



Fig. 1. Waveguides used. The flange under test (six holes) and the interface
flange (eight holes) with the test setup are shown.

level to the noise floor. This is the reason why an eight-hole
flange configuration was used and the waveguides were joined
to the test setup interface flanges with the maximum possible
torque (80 N/cm for M3 (3-mm diameter) screws). On the other
hand, the flange under test was a six-hole flange instead of the
standard one (four holes) to minimize mechanical instabilities.

Apart from the pure waveguide-to-waveguide junction, gas-
kets were inserted between them in order to investigate their
impact on the intermodulation response of the connection. The
gaskets employed were made of aluminum, 3-mm thick and
with two configurations: completely flat or bridged (with a
1-mm raised lip around the waveguide cavity, and on the outer
border, in order to improve the contact pressure in the RF path
region). The photographs and design of these gaskets are shown
in Figs. 2 and 3.

All surfaces presented a finishing of around 0.4 ym. No fur-
ther polishing was done in order to measure intermodulation
levels of typical engineering surfaces.

The torque applied to the bolts was measured by means of
calibrated screwdrivers, which provided a precision below 5%
for the range of the torque levels applied. The torque was always
applied to the screws following a zig—zag pattern.

B. Test Setup

The achievement of an excellent test setup in intermodulation
measurements is crucial due to the extremely high sensitivity
that must be reached. The setup used provided a noise floor level
of around —145 dBm for an input power of 170 W per carrier.
The schematic of the test setup, which is described in the fol-
lowing, is shown in Fig. 4.

The test power for both carriers was generated by synthe-
sizers (1, 2) and power amplifiers (3, 4). Low-pass filters (7, 8)
were installed in order to suppress the harmonics coming from
the amplifiers. Isolators (5, 6) were used to avoid any reflected
signal reaching the amplifiers. Filters (9, 10) were selected to
reduce the noise coming from the amplifiers at the frequency
of the intermodulation product to be measured (around —55-dB
rejection). The power of both carriers was measured by means
of power meters (15, 16). They were adjusted to display the
power at the output of the low-pass filter (18) after considering
losses and the coupling factor of the couplers. Both carriers were

Fig. 2. Gaskets employed. (left) Flat gasket. (right) High-pressure (“bridged”)
gasket.

= 28
20
| —

o9 85}

t— 0 - 0
<t A | a @ <r | @
) t I o [se! T al

) o o aJ

ks | | -

T Y o5
ﬂ‘ l N )
Y 10,16 & 10,16
26

(@) (b)

Fig. 3. Dimensions (in millimeters) of the gaskets used. The waveguide flanges
have the same dimensions. (a) Flat gasket. (b) Bridged gasket.

combined by means of the transmit diplexer (17). The rejec-
tion between channels of this diplexer at the input frequencies
was around —55 dB. A low-pass filter (18) was used to sup-
press potential intermodulation (rejection at the intermodula-
tion frequency around —70 dB) generated in front of the de-
vice-under-test (DUT). The intermodulation product was sep-
arated from the carriers with the receive diplexer (20). Addi-
tional suppression of the carriers was reached by means of a
low-pass filter (23). A low-pass filter (21) was used to suppress
the intermodulation (rejection around —70 dB) generated in the
high-power load (22).

To measure the exact intermodulation product level at the
output of the DUT, the detection unit was calibrated at the se-
lected intermodulation frequency. This involved the measure-
ment of the loss/amplification of the path from the output port
of the DUT up to the input port of the spectrum analyzer. Since
a low-noise amplifier (25) was inside this chain, an attenuator
(24) was installed in front of the input detection path to avoid the
overdrive of the amplifier or the input of the network analyzer.
The value of the attenuator was measured in advance and then
taken into account in the measurement result. The loss/amplifi-
cation measured this way was entered as a reference level offset
into the spectrum analyzer so that the display showed the inter-
modulation level at the output port of the DUT. This calibration
was performed for several values of the variable attenuator.



15

poo)
INPUT POWER CHANNEL 1 P
POWER|METER
13
—
P
Powsnlseuson
1, 3, 5 7 9 11 17
AR '
GENERATOR AMPLIFIER  ISOLATOR ~ LOWPASS  LOWPASS  COUPLER
2 a 6 8 1 12
G || D —» XX DIPLEXER
R e [T | TR
18
GENERATOR AMPLIFIER  ISOLATOR  LOWPASS  BANDPASS 1 4 C°”+LER X
—t ,\'II
P Lowpass
POWER|SENSOR
16
eoo) 19
INPUT POWER CHANNEL 2 P
POWER METER
Dyt
OUTPUT NETWORK
21 22
% || el
20 Y

Fig. 4. Passive intermodulation test setup.
E -100 o—o First Assembly  |---
° s—a Second Assembly
=~ &—a4 Third Assembly
Q MO f------AQNF-----"mmmmmmmmm oo
3
c
o
| 120 PN T
>
©
[e]
E -130
]
£
-140

Applied torque / Nem

Fig. 5. Passive intermodulation level versus the applied torque to the screws for
a combination of two Al waveguides. The measurements were repeated three
times. Input combined power of P = 60 W. Extracted from [12].

III. ALUMINUM WAVEGUIDES

The intermodulation response of several aluminum waveg-
uides was investigated in [12]. Fig. 5 shows one of the results
presented in that study.

The main conclusions of [12], as far as the intermodulation
level as a function of the applied torque is concerned, are as
follows.
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1) Repeatability in the intermodulation level among different
measurements was caused by the low average contact pres-
sure reached between the waveguide flanges.

2) The intermodulation level decreases very steeply in the
low torque range due to large-scale irregularities of the
surfaces.

3) The existence of an intermodulation valley indicates a
change of the physical sources responsible for intermod-
ulation generation. At low mechanical loads, intermod-
ulation sources are basically located at the void regions
between the metals, whereas at high pressures, the in-
termodulation sources are located in the metal-to-metal
contacts usually separated by a contaminant (dielectric)
layer.

A. Gaskets

Gaskets were inserted between the aluminum waveguides
whose intermodulation response is presented in Fig. 5. Both
pure and silver-plated Al gaskets were tested. Three type of
measurements were performed: inserting one flat gasket, using
one bridged gasket, and employing two flat gaskets together.
After this, measurements were carried out without any gasket
at all in order to check if the performance of the measurements
was affecting the intermodulation response of the connection.
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Fig. 6. Effect of inserting aluminum gaskets at the connection between two rectangular aluminum waveguides, P = 60 W. Gaskets numbered “1,” “2,” and
“3” are flat, whereas gaskets “4,” “5,” and “6” are “bridged.” (a) Passive intermodulation level versus applied torque when one flat gasket is inserted. (b) Passive
intermodulation level versus applied torque when one “bridged” gasket is inserted. (c) Passive intermodulation level versus applied torque when two flat gaskets
are inserted. (d) Passive intermodulation level versus applied torque without gaskets after the insertion of aluminum gaskets (four tests).

All the measurements were performed at a combined input
power of P = 60 W.

1) Aluminum Gaskets: For these gaskets, the results are
shown in Fig. 6. It is observed that the use of gaskets led to
an overall increase of the intermodulation level at low torques
[see Fig. 6(a)]. In fact, at this torque range, the intermodulation
response was quite unstable because two junctions (three in
the case of two gaskets) were present and, thus, the surfaces
barely deformed. However, at high torques, the intermodulation
level decreased when using flat gaskets [one or two, as shown
in Fig. 6(a) and (c)]. In principle, this behavior is unexpected
since each additional metallic junction should rise the inter-
modulation level (an increase of 3 dB per extra connection
should be observed, assuming that each connection has the
same contribution).

To understand this, there are three main mechanical effects
to be considered as follows, which occur when the gasket is
inserted between the flanges.

* Increase of the elasticity of the connection, which is related
to the ability of the gasket to be deformed in order to adapt
itself to the waveguide flange surface imperfections [13].
This improves the seal of the junction on the whole flange
surface resulting in a decrease of the intermodulation level
excited. However, due to the relatively large thickness of the

gasket (3 mm), it is not expected that this effect is playing
a leading role in the sealing of the junction.
Raise of the “effective thickness” of the flanges, which is
caused by an increase of the thickness of the region be-
tween the bolt head and nut. This results in a better trans-
mission of the load exerted by the bolts [14], which, in turn,
produces a better distribution of the contact pressure. In-
deed, Song and Moran [15] derived a simplified formula
based on finite-element (FE) computations, which relates
the radius of the nominal area of contact (r.) to the thick-
ness of the connecting plates (Lp) and the radius of the
bolt head or washer (Br) when one single bolt is used to
connect flat plates
’I”CZBT—I—LP/Q. (1)
Extrapolating this simple rule to the flange under test, in
order to have a good contact, the distance between screws
should be less than 2 - r.. For the flanges employed (5-mm
thick) and the washers used (2.85-mm radius), the distance
2 - r. is equal to 10.7 mm. In Fig. 3, it is seen that the dis-
tance between screws in the broad wall is 13 mm, whereas
the distance between bolts in the narrow wall is 20 mm.
Thus, the flange design is not optimized regarding the rule
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Fig. 7. (a) Seal for the case that no gasket is introduced. (b) Seal for the case
that two flat gaskets are inserted.

given in (1). This is more critical in the narrow wall, al-
though it is expected that, in this zone, a lower intermod-
ulation level is generated since there is no electrical cur-
rent flowing through the interface [16]. Of course, this is a
rather simplified approach since a bolted connection with
several screws requires a much more complex analysis (see
the Appendix). However, it can be used as a guideline for
a conservative flange design procedure.

Indeed, when two gaskets were added, 2 - r. was larger
than 13 mm (it is around 13.7 mm) and the intermodula-
tion response was significantly improved [see Fig. 6(c)] due
to the fact that the contact on the overall connection had
been notably enhanced. To visualize this effect, thin sheets
(which react under pressure by coloring themselves) were
inserted between the flanges to check the quality of the con-
tact at the junction. This is shown in Fig. 7 (the darker the
sheet becomes, the better is the contact). It is seen that in the
pure waveguide connection [see Fig. 7(a)], a very good con-
tact was achieved only around the bolts. However, when two
flat gaskets were inserted [see Fig. 7(b)], the contact was
more spread on the whole surface. Moreover, the pressure
at the narrow walls was clearly improved as well.

* Decrease of the surface deformation due to a lowering of
the available force per interface, which is caused by the ab-
sorption of elastic energy in several junctions instead of one
single connection. As a consequence, for the same applied
mechanical load, alower total pressure is available per inter-
face and, thus, the small-scale surface deflection decreases.
Hence, the intermodulation level must be increased due to
the lack of formation of metal-to-metal contacts by contam-
inant layer breaking. This effect is also responsible for ex-
citing high intermodulation levels at low torque ranges be-
fore the gasket(s) adapts(adapt) to the waveguide flanges.
Indeed, at low torques, high electromagnetic radiation was
detected flowing out of the flange when gaskets were used,
exciting large and unstable intermodulation levels. In this
situation, it was experimentally verified that the screws
were strongly contributing to the intermodulation level due
to the lack of seal of the junction.

To sum up, the addition of gaskets has the following two
main opposite effects on the intermodulation response of the
connection.

1) An increase of the intermodulation level due to the incre-

ment of the number of metallic connections and a decrease
of the total applied pressure per interface.

2) A decrease of the intermodulation level caused by the in-
crease of the area of contact due to the improvement of
the elastic response of the connection and of the “effective
flange thickness.”

Therefore, depending on each particular situation, the inser-
tion of gaskets can lead to an improvement of the intermodula-
tion response of the system or to a further degradation. In this
case, at nominal torque levels, the use of gaskets importantly
improves the intermodulation performance of the connection.
At low torque levels, however, the insertion of gaskets always
leads to an increase of intermodulation caused by the lack of de-
formation of the metallic surfaces in contact.

The intermodulation behavior when bridged gaskets were in-
serted [see Fig. 6(b)] was, in principle, rather surprising as well.
This combination presented the worst results (intermodulation
level higher than —110 dBm at the highest torque). However,
this configuration results in an important increase of the pres-
sure in the RF path zone and, thus, an improvement in the in-
termodulation level would be expected, at least at high torques.
Nevertheless, it was found by simple visual inspection that the
surface of these gaskets was quite irregular, presenting many
flaws and high-scale defects, which explains the high intermod-
ulation levels measured.

Finally, it is remarkable that a displacement in the location of
the intermodulation valley occurred after the use of the gaskets
(see Fig. 6(d) compared to Fig. 5). This was caused by the plastic
deformation of the waveguides close to the RF path region (by
using the bridged samples), a higher force being necessary in
order to join these flange regions when the contact was made
again between the waveguides.

2) Silver-Plated Gaskets: Silver-plated Al gaskets were
also inserted between the aluminum waveguides (see results
in Fig. 8). It is expected that silver-plated connections present
lower intermodulation levels than aluminum ones at metallic
connections, as shown by previous researchers [7], [9]. On the
other hand, it is important to notice that, since the base material
was the same (aluminum), the “elasticity” of the gasketed
junction remained basically unchanged. It was found that the
insertion of such gaskets followed a similar behavior to the
case of Al gaskets in the sense that very high intermodulation
levels were detected at low torque levels, but a reduction in the
high torque range was found. Nevertheless, no substantial im-
provement was observed with respect to the case of aluminum
gaskets, except for the case of silver-plated bridged gaskets,
which indicates that the mechanical effects were mainly dom-
inating the overall intermodulation response. For the bridged
gaskets case, the intermodulation level was driven around the
noise floor (— 145 dBm) at high torques. This improvement was
caused by the increase of contact around the waveguide cavity
(RF current path zone) and the good intermodulation response
of Ag.

The measurements performed after this set of measurements
for the bare connection [see Fig. 8(d)] showed a further mod-
ification of its intermodulation response [by comparison to
Fig. 6(d)], indicating a further surface flattening caused by the
use of high-pressure gaskets.
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after the insertion of silver-plated aluminum gaskets (three tests).

B. Summary of Aluminum Waveguide Connections

From the experimental results and analysis presented above,
several conclusions can be extracted as follows.

1) At low loads, the use of gaskets results in rather high and
unstable intermodulation levels. In fact, on many occa-
sions, electromagnetic radiation flows out of the flange. At
this point, the bolts themselves notably contribute to the
measured intermodulation level.

2) The use of high-pressure gaskets changes the surface pro-
file of the waveguide flanges in the RF path zone, as ob-
served by the change in the intermodulation response after
the series of tests.

3) The use of more than one gasket does not generally re-
sult in a worse intermodulation response at high torque
values. The increase in the ability of the screws to transmit
the applied torque positively compensates for the decrease
of the surfaces deformation and the intermodulation gen-
eration caused by the increase in the number of metallic
connections.

As a conservative baseline/guideline, flat flanges should be
designed in such a way that the distance between screws is
never larger than 2 - r., as defined in (1).

4)

IV. SILVER-PLATED ALUMINUM WAVEGUIDE CONNECTIONS

Here, passive intermodulation measurements on silver-plated
aluminum flange bolted junctions are presented.

The first important fact that appeared when the waveguides
were joined was that the full available input power (170 W per
carrier) was necessary in order to excite measurable intermodu-
lation levels even for the lowest torque (4 N/cm), demonstrating,
as expected, that Ag connections are much better than aluminum
junctions regarding their passive intermodulation performance.
In other words, whereas a combined power of 60 W was enough
in the case of aluminum to measure a significant intermodula-
tion level even at high torques, this did not happen for silver-
plated waveguides.

Fig. 9 shows the intermodulation level as a function of the ap-
plied torque to the screws for the connection of two particular
silver-plated waveguides. It is seen that the decrease of the inter-
modulation level with the applied torque was not as important
as in the case of aluminum waveguides. In fact, the intermod-
ulation level remained almost torque independent in the entire
range.

More connections were tested in order to verify if this be-
havior was repeatable from connection to connection. An ex-
ample is given in Fig. 10, which shows that, again, the inter-
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modulation level kept more or less constant independent of the
applied torque. This clear pattern can only be explained by the
following three possibilities.

1) The measured intermodulation was not generated at the
investigated interface, but in the flanges between the DUT
and test setup.

2) The distortion was produced by the waveguides themselves
and not by the junction.

3) The intermodulation level was originated at the expected
interface, but a kind of saturation mechanism with respect
to the applied torque was reached.

The first and second options are discarded because a gasket
was introduced between the flanges showing that the intermod-
ulation level could be driven below the noise floor (see below).
Furthermore, the second possibility is even more unlikely
since all the samples were manufactured by the same company
(Tesat-Spacecom GmbH & Co. KG, Backnang, Germany),
following the same process as the rest of the components in the
test setup. Hence, it is clear that the measured intermodulation
was not generated at any other part of the system, but at the
tested connection.

As a consequence, the only feasible explanation is related to
the third point. It is possible that the connection quickly reaches

a saturation level that cannot be improved by further tightening.
However, this is suspicious because the rest of connections in the
test setup were also silver-plated bolted junctions and a lower in-
termodulation level was achieved (noise floor). The difference
between the tested interface and the other waveguide junctions
that were forming the test setup in the critical zone (between the
input and output diplexers, see Fig. 4) was that the latter were
eight-hole flanges together with a high pressure (bridged) con-
figuration. Such a configuration provides a better seal, which re-
sults in a lower intermodulation level. Moreover, these flanges
have a distance between bolts always lower to 2 - .. As men-
tioned before, such a rule is not accomplished by the flanges
under test.

On the other hand, Song and Moran [15] have also shown that
the contact resistance (which is unequivocally related to the in-
termodulation response, see e.g., [16]) of bolted connections is
basically torque and material independent and is directly related
to (1) provided that the surfaces are clean enough (no contam-
inant layer or it can be disrupted easily). This is in complete
agreement with the measured intermodulation level for these
connections, which does not significantly vary with the applied
torque.

A. Gaskets

As in the case of Al waveguides, both pure aluminum and
silver-plated Al gaskets were inserted between the waveguide
flanges in order to assess its impact in the intermodulation
performance of the system. All the gaskets were inserted be-
tween the silver-plated Al waveguides whose intermodulation
response is presented in Fig. 10. All the measurements were
performed at a combined input power of P = 340 W.

1) Aluminum Gaskets: Fig. 11 shows the measured data for
these gaskets. Again, at the highest torque levels, the insertion of
the gaskets did not result in a higher intermodulation level, ex-
cept for the bridged gaskets (as in the case of aluminum waveg-
uides). In fact, for the flat gasket case (one or two), the intermod-
ulation level was lower than the pure waveguide connection.
Such a behavior is rather surprising since it means that the silver
waveguide connection could produce a higher intermodulation
level than two silver-aluminum contacts if a gasket was used.
Moreover, the results when two gaskets were employed were
quite good considering that an Al-Al connection was present.
This is understood, again, by the increase of the seal of the junc-
tion caused by the increment of the “effective flange thickness,”
and shows that, in general, this improvement affects the inter-
modulation level to a much larger extent than the presence of
additional metallic connections. After this set of measurements
[see Fig. 11(d)], the intermodulation response of the waveguides
was practically unaltered, indicating that, for Ag connections,
the surface topography seems to be of secondary importance.

2) Silver-Plated Gaskets: As shown in Fig. 12, the inser-
tion of silver-plated gaskets (flat or bridged) did not improve
the intermodulation response of the system. In fact, exactly the
same intermodulation level was measured (around —135 dBm)
at high torques. Even the use of bridged gaskets could not im-
prove the intermodulation level. However, the use of two gaskets
at once reduced the intermodulation level around the noise floor,
evidencing that, in this case, the improvement on the ability of
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after the insertion of aluminum gaskets (three tests).

the screws to transmit the mechanical load is especially relevant
for the reduction of the intermodulation level of bolted flange
connections. Indeed, for silver-plated Al connections, the im-
portance of reaching a contact pressure threshold on the whole
surface becomes evident, being that this threshold is relatively
low.

Finally, the intermodulation response of the silver-plated
waveguide connection was not significantly changed due to the
performance of these measurements [see Fig. 12(d)] suggesting,
once more, that the surface aspect plays a secondary role.

B. Summary of Silver-Plated Aluminum Waveguide
Connections

The following conclusions related to the intermodulation data

for silver-plated connections can be extracted.

1) Silver-plated waveguides show, as expected, lower inter-
modulation levels than aluminum contacts. In fact, the in-
termodulation level generated can be detected thanks to the
quality of the test setup employed.

2) The importance of reaching high pressures in such con-
tacts is secondary. From a particular torque value, the
intermodulation level becomes rather torque independent.
It is by far more important to have a relatively low pres-
sure—enough to form metal-to-metal contacts—but be
evenly distributed.

3) The application of gaskets can improve the intermodula-
tion performance of the connection, which confirms that
the intermodulation lowering due to a better pressure distri-
bution is more relevant than the intermodulation level rise
caused by the increase in the number of metallic contacts.
The performance of the tests does not affect the intermodu-
lation response of the waveguide connection significantly,
which indicates that small-scale surface irregularities
(roughness) are secondary for these connections.

As in the case of Al waveguides, the flanges should be
designed in such a way that the distance between screws
is never larger than 2 - r..

4)

5)

V. CONCLUSION

A systematic series of laboratory tests has been presented
for the evaluation of intermodulation levels in waveguide flange
bolted connections. Relevant results have been found for both
aluminum and silver-plated aluminum connections. In partic-
ular, the relevance of reaching a high, but homogeneous pres-
sure distribution at the flanges has been clearly addressed. The
importance of proper flange design for the reduction of inter-
modulation levels with clean surfaces similar to those formed
by silver connections has been noted as well. For this case,
the advantage of a clever flange geometric design over torque



-60

£
o o—o Gasket 1
E 80 &—a Gasket 2
< 2—4 Gasket 3
>
o
c
S -100
k]
=]
=]
)
g -120
2
£

-140 T T o

Applied torque / Ncm
(a)

-60
IS
3
)
)
>
)
< -100
Xe]
5]
=]
g -120 o—o Gasket 1 - Gasket 2
= o—a Gasket 1 - Gasket 3
5 a—4a Gasket 2 - Gasket 3
E 140

10 100
Applied torque / Ncm

(©)

-40
£
3 60
- o—o Gasket 4
T>> e—a Gasket 5

A—A

3 .8 Gasket 6
c
5]
5]
= -100
e}
g
g -120
£

140 10 - 100

Applied torque / Ncm
(b)
E -90
©
~
<
3 105
C
2
T -120
=)
°
g
o —— o

E’ -135
£

150 10 L

Applied torque / Ncm
(@

Fig. 12. Effect of inserting silver-plated aluminum gaskets at the connection between two rectangular silver-plated aluminum waveguides. P = 340 W. (a) Passive
intermodulation level versus applied torque when one flat gasket is inserted. (b) Passive intermodulation level versus applied torque when one “bridged” gasket is
inserted. (c) Passive intermodulation level versus applied torque when two flat gaskets are inserted. (d) Passive intermodulation level versus applied torque without
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levels applied and over small-scale surface irregularities has
been demonstrated.

Future research should be focused on the study of the inter-
modulation response in terms of flange, gasket, and bolt thick-
nesses for a wide range of dimensions, including different fre-
quency bands. Low-weight intermodulation-free flanges based
on the test data acquired should be designed for practical satel-
lite applications.

APPENDIX
CONTACT PRESSURE EVALUATION

An estimation of the contact pressure between the flanges can
be easily performed. The resulting force (F') is related to the
applied torque to the bolts (T5) by

Tp

F=——
K -Dpg

2)

where K is the “nut factor” (with a typical value of 0.2) and Dpg
is the diameter of the bolt or of the washer used (in this case, 2.85
mm). The pressure is simply obtained using P = (F)/(A,),
where A,, is determined from the dimensions given in Fig. 3. For
the flat case A,, ~ 677 mm? and for the bridged case, it is ap-
proximately A,, =~ 186 mm?, and, thus, for an applied torque of,

for instance, 95 N/cm and since there are six screws, the pressure
of contact is around 14.7 - 10° Pa (2130 1bf/in?) for the flat case,
and 53.7-10° Pa (7800 1bf/in?) for the bridged flange. The space
industry normally uses as a condition for intermodulation-free
flanges a contact pressure of 10000 Ibf/in? (69 - 10° Pa), which
indicates that even the high-pressure flange does not fulfill such
a requirement in average.

However, this pressure is determined assuming that the force
is uniformly applied on the whole surface. Obviously, this is far
from the truth, and it is expected to have larger contact pres-
sures close to the bolts and much lower far from them. In order
to estimate this pressure distribution with accuracy, numerical
methods for mechanical junctions have to be employed. An op-
tion is to use a commercial software in order to determine the
pressure profile on the surface. For example, ANSYS, which is
based on the FE method, is a very well-known software tool for
such a purpose. A simulation with ANSYS is shown in Fig. 13
for the case of a bridged flange. It is found, as expected, that the
pressure is extremely inhomogeneous. In fact, the requirement
regarding the 69-N/mm? contact pressure is only reached in very
few places for this bridged configuration. Moreover, close to the
inner hole of the waveguide, the contact pressure never exceeds
13 N/mm?2, whereas in the outer part of the inner bridge, the con-
tact pressure can reach values around 120 N/mm? in the nearest
points to the bolts. This indicates the difficulties to reach high
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pressures, even with a high-pressure flange configuration close
to the RF path zone.
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