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ABSTRACT Substrate Integrated (SI) technologies, either completely or partially filled with dielectric,
as well as completely empty (i.e. without any dielectric material), have been object of intense research in the
last years. Their performance in terms of losses, cost and size are mid-way between those of classical planar
lines and rectangular waveguides. Many communication devices have already been successfully designed,
manufactured and measured in all these SI technologies. But these measurements are mostly done at room
temperature under atmospheric pressure conditions. However, the good results (in terms of low loss, profile
and cost) of these novel technologies, especially the completely empty versions, close to the performance
of the rectangular waveguide, make them a very good alternative for being used in small satellite payloads.
Up to now, few attention has been given to the thermal analysis of these SI technologies, still missing a
complete comparative study of these effects under both, atmospheric pressure and vacuum conditions. In this
work the same filter is implemented on four different SI technologies (including completely and partially
filled with dielectric, as well as empty -no dielectric- versions). The four filters are designed, manufactured,
and measured at different temperatures according to the thermal testing standards for space applications.
The thermal study is performed under atmospheric pressure conditions and, for the first time, under high
vacuum conditions. Finally, a comparison with all previous available thermal studies (all of them performed
at atmospheric pressure levels) is included.

INDEX TERMS Cavities, empty substrate-integrated coaxial line (ESICL), empty substrate-integrated
waveguide (ESIW), filters, microwave integrated circuits, payloads, rectangular waveguide, satellites,
substrate integrated waveguide (SIW), space communications, substrate integrated circuits (SIC), thermal
stability coefficient of thermal expansion (CTE).

I. INTRODUCTION
A rectangular waveguide integrated in a planar substrate,
called Substrate Integrated Waveguide (SIW), was proposed
in [1] as a compromise between classical planar transmission
lines (such as microstrip) and other technologies with better
performance, such as waveguides and coaxial lines. The main

The associate editor coordinating the review of this manuscript and
approving it for publication was Qiong Wu.

aim was to obtain high frequency circuits with higher perfor-
mance than classical planar lines, but with similar features in
terms of low cost, low weight and small volume. The SIW
consists of a Printed Circuit Board (PCB) with two rows
of metallized vias (see Fig. 1a). Thus, the field is confined
by the top and bottom metal layers of the PCB and by the
lateral walls formed by the rows of vias. This reduces the
radiation loss compared to a microstrip line, thus increasing
the quality factor of resonant cavities implemented in this
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FIGURE 1. Cross-section of SI technologies considered in this work:
(a) SIW, (b) ESIW, (c) AFSIW, and (d) ESICL. Light gray is the dielectric
substrate, white is the empty gap, dark gray is copper, and patterns of
lines are metallized vias.

SIW technology. However, the field propagates through the
lossy dielectric body of the PCB, and thus, the performance
in terms of losses and quality factor, even being better than in
classical planar lines, is still far from the performance of high
quality transmission lines such as the classical rectangular
waveguide.

Much research has been devoted to design and implemen-
tation of SIW devices. In [2], a thorough review of the state
of the art of SIW circuits such as filters, couplers, transitions,
oscillators, mixers, amplifiers and antennas is performed.
A more specific review of SIW filters can be found in [3].
Thus, SIW is a mature technology that has been successfully
used for implementing a wide variety of communication
devices.

In order to take a step further, some proposals of new
SI transmission lines, where the dielectric body is either
totally or partially removed, have recently appeared. The
first of these empty SI lines, called Empty Substrate Inte-
grated Waveguide (ESIW), was presented in [4]. The ESIW
is manufactured by emptying the PCB, metallizing the walls
with electrodeposition, and finally pasting a top and a bot-
tom metallic cover (see Fig. 1b). Since the fields propagate
through air, the total insertion loss is reduced, and therefore
the quality factor of ESIW resonators is increased. How-
ever, the size is larger when compared to SIW, since the
wavelength in air is greater than inside the dielectric of the
PCB. The performance of ESIW devices in terms of losses
and quality factor, is much better than those implemented in
SIW technology, approaching the performance of rectangu-
lar waveguide devices, while the low cost and low profile
of ESIW is similar to that of SIW. Many communication
devices have also been successfully implemented in ESIW,
such as transitions [5]–[8], filters of different order and fre-
quency bands [4], [9], filters with increased height and quality
factor [10], compact filters [11], [12], 90◦ hybrid directional
couplers [13], Moreno cross-guide directional couplers [14],
and antennas [15], [16].

Other similar solutions to ESIW technology have also
been proposed. In [17], [18] the so-called Air-Filled Sub-
strate Integrated Waveguide (AFSIW) was presented. As in
the ESIW, the AFSIW is manufactured by emptying the
PCB substrate. But in the AFSIW the lateral walls are not
solid, they are built by placing rows of metallized vias in
the same way as it is done for the SIW. So, the AFSIW
is partially filled with dielectric, as shown in Fig. 1c. The
presence of some dielectric slightly increases the losses, and
the rows of vias are more complex to analyze than the solid
walls, although equivalent rectangular waveguides can be
used for modelling purposes. Many communication devices
have also been successfully implemented with AFSIW
technology [9].

Mid-way between the SIW and the empty solutions (ESIW
or AFSIW) are the partially filled ESIW [19], the slab
AFSIW [20], or the alternating SIW with alternating air and
dielectric line sections (ADLS) [21]. These are ESIW or
AFSIW versions where the waveguide is partially filled with
dielectric, thus achieving performances mid-way between
SIW and ESIW/AFSIW, worsening the losses and quality
factor when compared to ESIW/AFSIW, but reducing the
physical size.

Finally, a collection of empty SI transmission lines with
two conductors has also been object of intense research. The
advantage of using two conductors, instead of one as
in SIW/ESIW/AFSIW, is that the fundamental mode is
a TEM mode, which has wider mono-mode bandwidth
and lower dispersion than the TE10 fundamental mode of
SIW/ESIW/AFSIW. The most simple geometry of an empty
substrate integrated transmission line with two conductors
is that of the so-called Empty Substrate Integrated Coaxial
Line (ESICL) [22]–[24], whose cross section is depicted
in Fig. 1d. An ESICL version partially filled with dielectric
has also been proposed [25], as well as ESICL manufactured
with 3D printing [26]. Several communication devices have
been also successfully implemented with ESICL, such as
filters [23], [27], compact filters [28], [29], power dividers,
or 90◦ hybrid directional couplers [30].

These technologies, especially the empty ones such as
ESIW or ESICL, have performances close to those of the high
quality rectangular waveguides, and they are low cost and low
profile. Therefore, they are perfect candidates for being used
in the payload of low-orbit small-satellite constellations that
are required for the Internet the Things (IoT) [31], [32]. How-
ever, although many communication devices have already
been successfully implemented with SI technologies (either
filled, empty, or partially filled with dielectric), few tests
have been made in order to validate these technologies for
space applications, where the devices have to stand extreme
temperature variations and high-vacuum conditions.

In [33], the thermal behaviour of a SIW filter with 6 reso-
nators within the temperature range from −30◦C to +65◦C,
under atmospheric pressure, is presented. It concludes that
the thermal stability is similar to that of the same filter
implemented with the classical planar microstrip technology.
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The thermal stability of SIW filters is also discussed in [34],
and the behaviour of a SIW filter and the equivalent filter
in microstrip are analyzed from −40◦C to +85◦C, under
atmospheric pressure. The insertion loss of the SIW filter is
more stable than for the microstrip one, due to the greater
isolation of the SIW structure, which makes this technology
less sensitive to moisture.

As temperature changes, the permittivity of the PCB sub-
strate changes, but there is also an expansion or contraction of
the substrate that changes the size of the resonators in a filter.
A proper selection of the substrate is done in [35], so that the
thermal expansion and the thermal drift of the permittivity
are compensated, thus producing SIW filters with very stable
thermal behaviour. The same procedure is done in [36] for
AFSIW filters. This is possible because AFSIW is partially
filled with dielectric, and, in order to obtain a thermally
stable filter, a significant portion of the filter has to be filled
with dielectric, thus increasing the loss compared with the
same filter in the alternative ESIW technology. In both [35]
and [36], the measurements are made from−40◦C to+80◦C,
under atmospheric pressure conditions.

However, for space applications, the thermal behaviour
of communication devices has to be tested not only under
atmospheric pressure, but also in vacuum, as specified in the
standards of the European Cooperation for Space Standard-
ization (ECSS) space tests sheets [37].

In this work, we analyze the thermal behaviour of the same
directly coupled cavities filter implemented in several filled,
partially filled, and completely empty substrate integrated
technologies (i.e. SIW, ADLS, ESIW and ESICL) under
atmospheric pressure and high-vacuum conditions. For this
purpose, we have considered temperature profiles for real
satellite payloads.

II. SUBSTRATE INTEGRATED FILTERS
IN SIW, ADLS, ESIW AND ESICL
Four different filters, all of them with the same specifica-
tions (five poles, Chebyshev response with 0.1 dB of ripple
and return loss level of 25 dB in the pass-band, centered at
13 GHz with 400 MHz of bandwidth), have been designed
and manufactured in four different SI technologies: SIW,
ESIW, ADLS, and ESICL. Fig. 2 shows the layout of the
central layer of these filters. In order to be integrated with
planar circuits, transitions from microstrip to each one of
these SI transmission lines have also been designed, as shown
in Fig. 2.

All filters have been manufactured with RO4003C sub-
strate, with a relative permittivity of 3.38 and a loss tangent
of 0.0027, both at 10 GHz. Thus, the same thermal expansion
coefficient of the substrate can be applied to all of them.
Nevertheless, since they have different topologies, it would
be interesting to investigate the thermal behavior of each one.
In the case of ESIW and ESICL filters, the permittivity of the
substrate is only relevant for the design of transitions since
they are empty structures. The dimensions of the filters are
displayed in Tables 1 to 5.

FIGURE 2. Layout of the central layer of the four filters: (a) SIW, (b) ESIW,
(c) ADLS, and (d) ESICL. Light gray is the dielectric substrate, white is the
empty gap, dark gray is copper, black circles are metallized vias, and
black lines are metallized walls.

TABLE 1. Overall size of the filters.

III. MEASUREMENTS SET UP
Temperature tests are required to validate the good perfor-
mance of microwave devices for space applications. These
tests evaluate the variation of the frequency response of space
payload devices within a wide temperature range. In this case,
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TABLE 2. Dimensions (in mm) of the SIW filter.

TABLE 3. Dimensions (in mm) of the ESIW filter.

TABLE 4. Dimensions (in mm) of the ADLS filter.

TABLE 5. Dimensions (in mm) of the ESICL filter.

the four manufactured filters were subject to two tests: under
atmospheric pressure and high vacuum conditions. In each
test different measurement setups, and therefore, different
temperature profiles were applied.

A. SET-UP FOR TESTS UNDER ATMOSPHERIC PRESSURE
CONDITIONS
These tests have been performed following the technical
specifications for testing the different systems and devices
used for space engineering [37]. In particular, those required
for the standardization of payload equipment, generally
including waveguides and waveguide based devices, as it is
the case of the considered filters.

The range of temperatures is from −40 to +70◦C,
including measurements at −35, −25, +60◦C and room
temperature (+25◦C), see Fig. 3. This temperature profile is
compliant with the requirements of ECSS for thermal tests
under atmospheric pressure conditions.

The measurement set up consists of a temperature chamber
(Vötsch VT70010) and a vector network analyzer (VNA).
Inside the thermal chamber there are two temperature sensors,
one on a chamber wall and the other on the device under
test (DUT).

The measurement consisted on introducing the devices,
one by one, inside the thermal chamber while they are con-
nected to the VNA (this set-up is similar to the one of the
vacuum tests, see Fig. 4). The thermal chamber adapted the

FIGURE 3. Temperature profile for tests under atmospheric pressure
conditions.

FIGURE 4. Measurement set-up diagram for vacuum temperature tests.

temperature of the device to the target temperature of the
profile. Every time the temperature has reached one of the
the targets in the profile, the electric response of the device is
stored after a dwell time.

A TRL calibration kit was developed, but the VNA was
not calibrated before measuring the filters, since that would
assume that the responses of the TRL calkit standards (Thru,
Reflect and Line) do not change with temperature. In fact,
the electric responses of these three calkit elements were
measured at each one of the target temperatures. Thereafter,
these measurements are used to calibrate the responses of
the four different filters by using a Matlab program, that
allows to obtain the corrected measurement at each one of
the temperatures following the procedure described in [38].

In a first attempt, screwed end-launch connectors were
used, nevertheless, the connectors did not work near −40◦C.
The different expansion coefficients of the connectors and
the substrate causes movements between its different parts
and, as a consequence, the active conductor of the connec-
tor no longer touched the input microstrip line. Therefore,
welded SMA connectors with a working temperatur range
from −65◦C to +165◦C were finally used.

B. SET-UP FOR VACUUM TESTS
Thermal vacuum testing shall be performed for space devices
whose normal operation occurs in space vacuum environment
at any time of their lifetime [37]. The pressure of this test shall
be maintained under 10−5 hPa. For this reason, an ad-hoc
vacuum system consisting of a turbomolecular pump and a
primary vacuum pump was used. The measurement system
can be seen in Fig. 4, the lower limit of this setup was−80◦C
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FIGURE 5. Measured temperature profiles used in all the vacuum
measurements for DUTs and TRL standards.

and the upper temperature was limited to +100◦C, since the
soldering of the connectors can cause outgassing at higher
temperature and the vacuum chamber can be contaminated.

Measurements at the same intermediate temperatures used
for the atmosphere tests were set up in the profile, but in
this case more target temperatures are considered. The final
set of temperatures was −80, −40, −35, −25, +25, +60,
+70 and +100◦C, see Fig. 5. The greatest temperature slope
in the profile is 5◦C/min, so the compliance with the ECSS
normative [37] is achieved by far.

It is important to notice that, under high-vacuum con-
ditions, the heat transmission only occurs via conduction
and radiation. Thus, measuring a temperature in the thermal
vacuum chamber (TVAC) does not ensure the same temper-
ature in the devices. For this reason, three thermal sensors
have been attached in different parts of the DUT. One sensor
is placed on the TVAC base plate, the other one on the
body of the DUT and a third one close to the input DUT
connector. Moreover, in the case of measurements in absence
of atmosphere, the transmission of heat from the thermal base
of the TVAC to the device must be guaranteed by means of a
heat transmission material. In this case, two types of test jigs
have been used in order to promote the heat transmission:

• Test jig. Aluminium jigs were used to fix the devices to
the base of the thermal chamber. These bases have slots
for fixing them to the thermal chamber and holes that
allow to fix the DUTs to the base itself using plates, see
Figs. 6a and 6b. This kind of supports can be used for
large devices, as filters, but not for the small standards
of the TRL calibration kit.

• Copper thermal ’’bridge’’. This type of support is
formed by a copper sheet to which the elements of the
TRL calibration kit are welded. This support can be
screwed to the TVAC base allowing heat to flow to the
device, see Fig. 6c.

A test was performed with a ‘‘dummy’’ device to check if
the heat propagates correctly. As shown in Fig. 5, although
the programmed temperature profile ranged from −80 to
+100◦C, the sensor placed on the DUT with the integration
jig measured a minimum temperature of−75◦C, and a maxi-
mum of +95◦C. The sensors on the DUT and the connectors

FIGURE 6. Test jigs: (a) ADLS and SIW filters on aluminium jigs, (b) ESIW
and ESICL filters on aluminium jigs, and (c) TRL CalKit elements on
copper thermal bridge.

proved that the thermal ’’bridges’’ work well for large size
devices such as the TRL line standard or the dummy DUT,
but they do not work very well with smaller devices such as
the TRL open or thru standards for very low temperatures.
The open standard only reached−65◦C. Therefore, the range
of temperatures in which it is possible to make a correctly
calibrated measurement is limited to a range from −65 to
+95◦C. Nevertheless, this range is compliant with the ECSS
vacuum tests requirements.

IV. RESULTS
A. SIMULATION
An estimation of the frequency drift in the scattering param-
eters of the filters, as a consequence of the temperature
variations, was performed prior to measurements. In this
project, RO4003C material from the Rogers corporation
was employed, εr = 3.38, and lost tangent of 0.0027 at
10 GHz, with copper cladding of 35 µm whose conduc-
tivitty is 5.8×107 S/m. Concerning the behaviour with
the temperature, the material has a thermal coefficient
of εr = +40 ppm/◦C, measured in a range from −50 to
+150◦C, and coefficients of thermal expansion (CTE) of 11,
14 and 46 ppm/◦C for the X , Y and Z dimensions, respec-
tively, in the range from −55 to +288◦C. The manufacturer
does not provide thermal coefficient for the loss tangent.
However, as it can be seen in themeasured results, the temper-
ature also impacts on the loss related to the dielectric material.

In order to estimate the frequency response variation with
the temperature, each filter was simulated using the com-
mercial software CST Studio Suite (v. 2019, from Dassault
Systèmes) at five different temperatures (−60, −40, +25,
+70, and +95 ◦C) which correspond to room temperature
and to the extreme values of both, the atmospheric and the
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FIGURE 7. Simulated result for temperature variation in SIW filter.

FIGURE 8. Simulated result for temperature variation in ESIW filter.

FIGURE 9. Simulated result for temperature variation in ADLS filter.

vacuum tests. For each temperature value, the effects of
both, the thermal coefficient of εr and the thermal expansion
coefficients in X , Y and Z , were taken into account in the
simulations of the filters. It is important to notice that in the
case of the ESIW and ESICLfilters, since they are completely
empty of dielectric, the thermal coefficient of εr only affects
to the microstrip transitions. The results of such simulations
are displayed in Figs. 7, 8, 9 and 10.

As it can be observed in Fig. 7, the simulation for the SIW
filter estimates a frequency drift of +27 MHz at −40 ◦C and
of −19 MHz at +70 ◦C, the extreme temperatures of the
atmosphere test. Moreover, a frequency drift of +39 MHz is
expected at−60 ◦C and of−30 MHz at+95 ◦C, the extreme
temperatures of the vacuum test.

Regarding the ESIW filter, see Fig. 8, the estimation is
a frequency drift of +11 MHz at −40 ◦C and −8 MHz at
+70 ◦C, and +15 MHz at −60 ◦C and −12 MHz at +95 ◦C.

FIGURE 10. Simulated result for temperature variation in ESICL filter.

Although all filters were designed to have the same fre-
quency response, the manufactured ADLS filter presented a
frequency shift (as can be seen in measurements of Fig. 12).
This shift (from 13GHz to 13.2 GHz) is due to the assembling
process, particularly to a reduction of 20 µm in the expected
thickness of the welding layer that can not be manually
controlled. Accordingly, the simulated response of the ADLS
topology takes into account this reduction of the welding
layer, and the simulated central frequency at room temper-
ature is 13.2 GHz (Fig. 9). The simulation with temperature
variation gives a frequency drift of +25 MHz at −40 ◦C and
−17 MHz at +70 ◦C, and a frequency drift of +34 MHz and
−12 MHz at −26 ◦C and +95 ◦C, respectively.

Finally, the simulated frequency drift of the ESICL filter
is +8 MHz at −40 ◦C, −6 MHz at +70 ◦C, +11 MHz
at −60 ◦C, and −9 MHz at +95 ◦C, see Fig. 10.

B. MEASUREMENTS IN ATMOSPHERIC PRESSURE
CONDITIONS
Figures 11, 12, 13 and 14 depict the transmission and reflec-
tion coefficients of the four filters after applying the external
TRL temperature calibration procedure at each temperature,
under atmospheric pressure.

As expected, lowering the temperature increases the cen-
tral frequency of the filter, whilst increasing the tempera-
ture lowers it. This effect is appreciated in all the filters,
since it responds mainly to the size variation that the filters
experiment with the temperature gradient. SIW filter presents
a drift of +23 MHz at −40◦C and −14 MHz at +70◦C.
ADLS filter presents a drift of +19 MHz at −40◦C and
−12 MHz at +70◦C. ESIW filter, a drift of +11 MHz at
−40◦C and −8 MHz at +70◦C, and ESICL filter, a drift
of +13 MHz at −40◦C and −7 MHz at +70◦C, the ones
with less variation, since these two filters are empty and a
temperature deviation only affects the dimensions of the filter.
Moreover, there is an interesting effect that is observed only
in ADLS and SIW filters, which is the increment of the losses
when the temperature increases. This effect is mainly due
to the presence of a loss thermal coefficient in the dielectric
material. As it can be observed, in the measurements of the
filters on empty transmission lines (ESIW and ESICL), this
effect is negligible.
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FIGURE 11. SIW filter temperature results under atmospheric pressure.

FIGURE 12. ADLS filter temperature results under atmospheric pressure.

FIGURE 13. ESIW filter temperature results under atmospheric pressure.

C. MEASUREMENTS IN VACUUM
Figures 15, 16, 17 and 18 depict the shift of the transmission
and reflection coefficients of the filters with the tempera-
ture in vacuum. SIW filter presents a drift of 22 MHz at
−60◦C and−24 MHz at+95◦C. ADLS filter presents a drift
of 20 MHz at −60◦C and −23 MHz at +95◦C. ESIW filter,
a drift of 15 MHz at −60◦C and −21 MHz at +95◦C, and
ESICL filter, a drift of −1 MHz at −60◦C and −15 MHz
at +95◦C. The results are very similar to those of the tests
under atmospheric pressure conditions, as well as to the corre-
sponding simulations. As expected, lowering the temperature

FIGURE 14. ESICL filter temperature results under atmospheric pressure.

FIGURE 15. SIW filter temperature results under vacuum conditions.

FIGURE 16. ADLS filter temperature results under vacuum conditions.

increases the central frequency of the filter, whilst increasing
the temperature lowers it.

V. INSERTION LOSS ANALYSIS
Previous sections have examined the frequency and band-
width temperature drift of the filters under high vacuum and
atmospheric pressure. However, as can be seen in previous
measurements, heating also has a strong impact on the inser-
tion loss (IL) of non-empty filters: SIW and ADLS.

On the one hand, the IL of these non-empty filters in
the vacuum test is slightly higher than in the atmospheric
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FIGURE 17. ESIW filter temperature results under vacuum conditions.

FIGURE 18. ESICL filter temperature results under vacuum conditions.

one, see Fig. 19. Moreover, measured losses in these two
tests are also higher than the simulated ones. However, this
effect is not observed in empty filters (ESIW and ESICL),
where measured losses in both tests are in good agreement
with the simulations. Thus, the change in the IL must be
related to a change in dielectric properties. Since filters were
heated to temperatures up to 230 ◦C during themanufacturing
process before being tested (firstly under atmospheric presure
and afterward in vacuum condition), these high temperature
gradients should have permanently increased the loss tangent
of RO4003C. Thereby, a new loss tangent value of RO4003C
substrate was extracted from measurements, by fitting mea-
sured and simulated IL at 25 ◦C, obtaining a final value of
approximately 0.0045.

On the other hand, as can be seen in Fig. 19, there is an IL
drift with temperature variation. In the case of filled filters,
the maximum IL drift are: 0.0125 dB/◦C, and 0.0108 dB/◦C
for SIW andADLSfilter, respectively.Whereas, in the case of
ESIW and ESICL they are 0.0023 dB/◦C and 0.0034 dB/◦C,
respectively. As can be expected, empty filters topology has
lower variation in IL, since it is only due to a variation of the
copper conductivity, whereas filled filters also have a drift in
dielectric loss term.

In order to extract an approximation of the thermal coef-
ficient of RO4003C loss tangent, an iterative optimiza-
tion process was used. In this optimization process, a 3D

FIGURE 19. Average insertion loss of SIW and ADLS filters at different
temperatures under vacuum and atmospheric conditions.

electromagnetic model was simulated in CST in order to fit
the simulated and measured loss variation between −40 ◦C
and +95 ◦C. The electromagnetic simulation includes
the following parameters: the previous considered thermal
expansion and permittivity variation coefficients of RO4003C
substrate, the previously extracted loss tangent value for the
heated substrate (tan(δ) = 0.0045), and the thermal resistivity
coefficient of standard copper (3930 ppm/◦C). The optimiza-
tion process startedwith the average thermal coefficient of the
measured IL. The value of the thermal coefficient for the loss
tangent was optimized using the Trust Region Framework,
obtaining a final value of 2200 ppm/◦C.

VI. COMPARISON AND DISCUSSION
Table 6 provides a comparative study of the results for the
SIW, ADLS, ESIW and ESICL filter prototypes presented in
this work, together with the results of a similar filter manu-
factured inWR42 rectangular waveguide [38], an ESIWfilter
presented in [36], and self-compensated SIW and AFSIW
filters presented, respectively, in [35] and [36].

Results presented in Table 6 show that, as expected,
the empty substrate integrated structures (ESIW, AFSIW and
ESICL) have less frequency and bandwidth deviation with
temperature than the ones totally or partially filled with
substrate (SIW and ADLS), affected by the thermal coeffi-
cient of the dielectric permittivity. This effect is taken into
account in the SIW and AFSIW compensated filters with the
proper selection of the dielectric, with a thermal coefficient
that compensates the thermal expansion of the substrate.
The price to pay for this compensation is an increase in the
insertion losses. The rectangular waveguide (WR42) filter,
although it is completely empty of dielectric, presents similar
deviation with the temperature to ESIW and ESICL because
the rectangular waveguide is manufactured by milling an
aluminium block, while ESIW and ESICL are manufac-
tured emptying a PCB substrate and metallizing the walls.
It must be taken into account that the expansion coefficient
of aluminium is 24 ppm/◦C, much more than that of the
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TABLE 6. Comparison of results.

RO4003 substrate. However, it should be also noticed that
in the case of the WR42, the compensated AFSIW, and the
ESIW filter of [36], there is no integration with planar tech-
nologies, since a waveguide is used as feeding line, instead
of a planar microstrip or coplanar line, as in the case of the
other filters. It should also be noted that only in the four
filters presented in this work, tests have been made in vacuum
conditions, not only in atmosphere pressure.

The table also shows that the relative insertion loss devia-
tion (1IL %) is higher for ESIW and ESICL. Nevertheless
it has to be taken into account that these values are com-
puted comparing to the IL values at 25 ◦C, which are lower
for ESIW and ESICL filters, as displayed in Figures 11-14
and 15-18.
After analysing the results presented in Table 6, it can be

concluded that there is a full suite of possible SI technologies,
some of them with very similar performances to those of the
classical high quality rectangular waveguide, but with lower
manufacturing cost and profile. The selection of a specific
SI technology depends on the application, since there is a
compromise between thermal stability, insertion loss and size.
With more dielectric inside the propagation channel, physical
size can be reduced and thermal stability increased (with the
proper selection of the dielectric material), but at the cost of
increasing the insertion loss and reducing the quality factor
of the resonators.

Finally, the deviation with temperature is not too large in
any of the SI technologies under study in this work.Moreover,
the frequency and bandwith deviation can be compensated,
as stated in [36], by using a substrate with a negative permit-
tivity thermal coefficient. This enables the use of all these

technologies in a huge number of applications, operating
under atmospheric pressure and high-vacuum environments,
including space communications.

VII. CONCLUSIONS
In this work, a complete thermal analysis (under atmospheric
pressure and high-vacuum conditions) has been performed
for the same 5-pole band-pass filter in four different SI tech-
nologies (SIW, ADLS, ESIW and ESICL). The filters have
been designed, manufactured and measured at different tem-
peratures according with the ECSS data sheet specifications
for thermal testing of devices to be used in real space appli-
cations. The measurements and the simulations are in good
agreement. The measured results have been compared with
those of a rectangular waveguide and compensated versions
of SI technologies (SIW and AFSIW). Moreover, a loss drift
analysis has been done, extracting a first approximation of the
thermal coefficient of RO4003C loss tangent. Even though
this was not the aim of this work, this first approximation can
be useful to perform a further study. With the use of a dielec-
tric material in a substrate integrated structure, the whole
size is reduced (when compared to an empty -no dielectric-
implementation), at the cost of increasing losses. It has been
demonstrated that ESIW and ESICL have similar thermal
stability than a rectangular waveguide, due to the lower ther-
mal expansion of the substrate compared with aluminium.
The four tested SI technologies are proved to have accept-
able levels of thermal stability, and they are therefore good
candidates for space applications, specially in the payload of
small satellites where size, cost, and weight specifications are
so critical.
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