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A silicon-based integrated communications and thermal management microsystem qualifying for use on
Nanospace-1, a modularized microsystem-based advanced integrated nanospacecraft, is presented. The transmitter
and receiver share the same module framework with essential differences only in the electronics implementation. A
data rate of 1 Mbps for the transmitter and 114 kbps for the receiver is accomplished with a transmitter power for the
spacecraft and ground station of 2 and 10 W, respectively. Concurrent triple usage of paraffin as low loss antenna
substrate, actuator material, and heat sink is designed and analyzed for the first time. On low-power or short-time
high-power dissipation of heat from the electronics, energy is stored as latent heat in this phase-change material
acting as a heat sink. Thermal transport through the module is initiated by actuation of thermal switches when 75 %
of the paraffin’s latent heat is consumed. A static thermal analysis reveals a thermal modulation factor of 5.6 between
the on and off states of the thermal switches. The size of the module is 6.6 x 68 x 68 mm, and its weight is 43 g.

1. Introduction

ICROSYSTEMS for nanospacecraft are under development,

and are rapidly gaining in performance and integration level.
Microsystems technology (MST) is the enabling platform for
miniaturized space systems. In these versatile complex systems, a
design approach based on modularization of groups of diverse
system functions naturally leads to the building practice of
multifunctional microsystems. These are highly self-contained, and
include actuators, electronics, and sensors with a low operational
load on the system as a whole. A multifunctional approach involves
the optimization of a multidimensional parameter space consisting of
a diversity of system characteristics, e.g., power, size, weight, and
complexity constraints with respect to a cost function that is openly
propagated or implicitly stated in the requirements.

MST-based systems are maturing fast with respect to integration
level, performance, and application spectrum. However, space
systems based on micromachined silicon have mostly been for
attitude control, e.g., cold/hot gas thrusters [1-3] despite the early
visions of Janson et al. [4] on a miniaturized all-silicon spacecraft.
Research in the field of silicon microsystems for space is vivid [5-7],
and applications for miniaturized spacecraft are currently being
explored [8—11].

In this paper a detailed system design and analysis of a proposed
communications and thermal management module is presented. This
module, probably the first of its kind, is designed for operation on
Nanospace-1, the first nanospacecraft based entirely on micro-

Received 21 October 2005; revision received 2 February 2006; accepted
for publication 25 April 2006. Copyright © 2006 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay the
$10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood
Drive, Danvers, MA 01923; include the code $10.00 in correspondence with
the CCC.

*Ph.D., The Angstr()m Laboratory, Angstr(‘)m Space Technology Centre;
henrik kratz@
angstrom.uu.se (corresponding author).

"Research Engineer, The Angstrom Laboratory, Angstrom Space
Technology Centre.

#Senior Scientist, The Angstrém Laboratory, Angstrom Space Technology
Centre.

$Director, Senior Scientist, The Angstrém Laboratory, Angstrom Space
Technology Centre.

IChief Technical Officer, Senior Scientist, The Angstrﬁm Laboratory,
Angstrém Space Technology Centre.

Project Manager, The Angstrom Laboratory, Angstrom Space
Technology Centre.

1377

systems, where it also acts as a chassis structural element and a
radiation mitigation device. A design based on multiwafer silicon
stack technology incorporating an antenna, electronics, a thermal
radiator, a heat sink, and thermal switches enables a highly
miniaturized module for advanced integrated nanospacecraft (AIN)
[12]. Here, AIN implies a high performance monolithic or
modularized spacecraft where some or all functions are based on
MST.

The module is henceforth referred to as an “integrated
communications and thermal management system for advanced
integrated spacecraft,” or ICTM. This paper provides a detailed
design and modeling of the ICTM together with an operational
description and a justification. This system is believed to fulfill the
communications demand of any spacecraft with a downlink
requirement in the Mbps region and also provides a generic thermal
management building block for nanospacecraft. The work should be
considered both an important stepping stone in the realization of a
mission-specific module, and a proposal of an elaboration on a more
general thermal management concept.

II. Design Concept
A. Nanospace-1 Implementation

The ICTM is designed to comply with the Nanospace-1 satellite
platform [13], Fig. 1, or a similar, modularly built spacecraft. It will
have true three-axis stabilization, a sun-sensor, solar cells, GPS
navigation, and a monopropellant rocket engine. All modules are
multifunctional, silicon-based, and manufactured using micro-
machining to minimize mass and increase performance.

In total there are three S-band transmitters and three S-band
receivers distributed over the spacecraft to provide full antenna
coverage. These are located in different modules to prevent
microwave interference.

The generic orbit for Nanospace-1 is a circular low earth orbit
(LEO) at 400 km altitude, although other orbits could be served after
minor adjustments. A store and forward communication architecture
is used where command and telemetry can be sent and gathered every
time the spacecraft passes over a ground station. The command data
amount is very limited (in the order of kilobytes) but the telemetry
data can be quite extensive (in the order of megabytes). The latter
originates from the onboard electric field vector sensor for plasma
measurements.

B. Module Boundary Parameters

The miniaturized communications module operates in the
complex environment of, e.g., changing information channel path
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Fig. 1 A full-scale model of Nanospace-1 with panel-like microsystem
modules of dimensions 68 x 68 mm.

characteristics, varying incoming solar flux, and shifting between on
and off states of the heat generating electronics. The assumptions:

1) Uplink (Earth-space) frequency of 2025-2120 MHz [14]

2) Downlink (space-Earth) frequency of 2200-2300 MHz [14]

3) Maximum dc power consumption of 10 W

4) Maximum module on-time of 6 minutes

5) Minimum uplink data speed of 100 kbps

6) Minimum downlink data speed of 1 Mbps

7) Lateral dimensions of 68 x 68 mm

8) Operating temperature of —25 to 120°C

9) Chassis temperature of 15 to 37°C

10) Total mass (including casing) less than 100 g

Filtered OQPSK or GMSK is used for the S-band telemetry data,
as the symbol rate exceeds 2 Msymbols/s [14]. The maximum
bandwidth is 5 MHz.

C. System Functional Overview

On low-power or short-time radio transmissions, heat generated
from the RF electronics will be stored not by increasing the
temperature of a large thermal mass, but by supporting the latent heat
of phase-change material (PCM), here being paraffin. Further
heating will eventually cause melting of the paraffin to an extent
where its phase-change imposed volume expansion will make its
container deflect locally and trigger thermal switches. These, in turn,
enable heat conduction to IR emissive surfaces (one of which is the
outer side of the module itself, and a majority of which could be
neighboring modules linked to the hull of the spacecraft).

The schematic cross section in Fig. 2 shows the module’s two
main functions, i.e., RF communications and thermal management.
Thermally, three layers are distinguished: the inner part (facing the
interior of the spacecraft) at a floating thermal potential, the middle
part being a thermal spacer, and the top part (facing space) in thermal
contact with the spacecraft shell. The heat generating electronics is
embedded in the bottom part together with the thermal switches. The
middle part provides the thermal insulation between the spacecraft
shell and the satellite interior, and contains microwave vias, sensor
vias, and thermal heat guides. Attached to the spacecraft shell is the
top part where the heat guides end, and where the patch antenna and
the combined thermal radiator and solar reflector are both located.

The heat guide is a high-throughput thermal conductor connected
to a thermal switch. The switch modulates the heat flow through the
stack and will allow for excessive heat in the integrated electronics to
dissipate to the skin of the spacecraft, but also prevents sudden
thermal overloading of the exterior to reach the backside of the
module and the interior of the satellite. As the switches are driven by
poorly conducting paraffin and based on thin, pliable members, each
of them has been furnished with a special heat transfer structure
consisting of a low temperature melting alloy (LMA). This structure
is able to comply with the expansion of the system and yet conduct
heat efficiently.

At this point it is important to realize that the top surface (to the
right in Fig. 2) is in thermal equilibrium with the chassis of the

RF Electronics Microwave Via—p——< = %
Patch OS]
Antenna § g
&= L <
S = 2%
c .8 g o 0
g s e ’ -3
g E 3 g
& = Al . o8
g | Heat Guide 52
— L 3,
a oD
> ’ ]

Floating Thermal Thermal Thermal

Potential Spacer Equilibrium with
Spacecraft

Fig. 2 RF communications and thermal management distribution
through the module.

Interaction
with
Interaction Space
with |
Spacecraft Silicon Rubber Top Wafer
Shell [ (Thermal Conductor) (Thermal Radiator)
| 1
hcll:giur: ; Filler Material Thermal Spacer | | Heat Sink | | Heat Guide
(Aluminum) (Thermal Insulator) (Glass) (Paraffin) (Cu Rod)
| : I
Filler Materi B("é:g;r:‘r’:cf:)’s Thermal Switch
(Thermal Insulator) (Power Generating) (Paraffin Actuator)

Bottom Wafers
(Thermal Radiation)

Interaction
(=| With Interior of
Spacecraft

Fig. 3 A schematic overview of the thermal interactions of the ICTM
module.

spacecraft, and so in thermal radiation equilibrium with space,
whereas the bottom part (to the left in Fig. 2), where the heat
generating RF electronics is located, will either be thermally
insulated from the chassis through the thermal spacer, or in good
thermal connection with the emitting surface of the module itself, as
well as the chassis of the spacecraft. Any transition from the isolated
to the nonisolated state, as governed by the thermal switches, will be
preceded by a period of thermal storage in the bottom part of the
module (to the left in Fig. 2). During this period, paraffin housed by
the module’s bottom part will increase its temperature until it reaches
melting, where it will absorb heat to facilitate the phase transition. It
is during melting that most heat is stored by the module. (The
material’s overall temperature will not increase much during heat
storage.) Figure 3 shows the relationship between all components
involved in the thermal management.

Associated with the melting of the paraffin is a large volume
expansion, here employed to locally deflect the reservoir of the
paraffin until it makes mechanical, and thus thermal, contact with the
top part of the module. The paraffin reservoir is confined by
membranes of different resilience tailored to allow a major uptake of
the expansion connected with the phase transition, before bridging
the thermal spacer. Most of the mechanical design issues are focused
on this balancing of the membranes.

The large and distributed reservoir filled with paraffin also serves
as the module’s radiation shielding function.

III. Detailed Design

A. Microwave Subsystem
1. Link Design

The link budget for the downlink frequency band 2200-—
2300 MHz is based on a center frequency of 2250 MHz. A link
budget can be established with the conclusion that 1 Mbps can be
acheived at a bit error rate (BER) of 10~ for a worst case length
between the spacecraft and ground, good weather conditions, and
reasonable ground station pointing accuracy. A power of 2 W is
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Fig. 5 The S-band receiver electronics design.

needed from the RF output to fulfill the budget, and hence roughly a
maximum dc power of approximately 10 W is required assuming an
average component power efficiency of 20%.

The uplink is in the band 2025-2120 MHz with a nominal design
frequency of 2072.5 MHz. A link budget can be established with the
conclusion that a telecommand data transfer of 114 kbps with a BER
of 1077 using a ground station with an RF transmitter power of 10 W
is feasible.

2. Antenna Design

The antenna is a low-profile circularly polarized probe-fed
modified disc patch with a thickness of 9 um. To meet the
requirement of circular polarization, a slot is introduced in the patch
to split the current distribution into two orthogonal modes.

The multilayered substrate experienced by the antenna is 1) patch
antenna: 9 um Cu; 2) silicon: 525 um, > 8 kQcm, bulk
conductivity 0.0067 S/m, €, = 11.9, tané = 0.005; 3) paraffin:
4 mm, €, = 2.3, tan § = 0.0003 [15]; and 4) ground layer: 9 pm Cu.

3. Electronics

The RF electronics of the transmitter and receiver module is to be
mounted as naked chips using the thin film interconnect method of
Carrillo-Ramirez and Jackson [16]. This gives a high integration
level, requires no soldering steps, and provides a good thermal
contact. The module electronics will interface with the spacecraft
command and data handling unit (C&DH) through two coaxial
MMCX (microminiature connectors) and several point contact
interfaces. Functions such as data compression, encryption, and
redundancy codes are implemented in the C&DH module.

The transmitter module RF electronics interfaces with the C&DH
core module placed central within the spacecraft, Fig. 4. A digitalized
signal enters the dual channel D/A converter that creates the analog
baseband signals, the I and Q channels, that together represent the
complex valued signal with amplitude and phase. The I and Q
channels enter a direct quadrature modulator that has a quadrature
and RF signal mixing function. A local oscillator (LO) signal is used

to mix the RF signal. An integrated synthesizer, voltage controlled
oscillator (VCO), and a band pass filter comprise the LO. The output
of the direct quadrature modulator is fed through a bandpass filter to
remove spurious frequencies generated by the nonlinear trans-
formation in the mixer. A parallel mounted power amplifier block
with both driver amplifier and power amplifier is used to amplify the
RF signal. The amplified signal goes through a bandpass filter and is
sent to the antenna.

The receiver electronics is shown in Fig. 5, and is similar to the
transmitter design. An RF signal enters the module through the
antenna and is filtered through a band pass filter before it enters a
mixer that downconverts it to an intermediate frequency (IF). The
mixer is fed by an LO similar to the one described in the preceding
paragraph. After downconversation the signal goes through a
bandpass filter and into an quadrature demodulator that takes an IF
signal and mixes it down and splits the I and Q channel to two
separate baseband channels. These I and Q signals enter a dual
channel A/D converter and a digitized form enters the C&DH core
module. The receiver structure is quite general as the decryption and
error compensation algorithms reside in the C&DH.

The I and Q channels will be connected to the module by two
MMCX contacts soldered to the back of the module. All other
contacts will be realized by soldering patterned flexible circuit board
to the back side of the module. There is a total of eight (2 x 4)
contacts for interconnecting the temperature sensors, and 36 (9 x 4)
contacts for interfacing the trace layer of the electronics wafer.

B. Anatomical Description

In the following, the wafers are denoted 1-5. The top wafer, no. 1,
faces space and contains the patch antenna under a coating of high IR
emissivity. The adjacent wafer, no. 2, is the glass wafer working as a
thermal spacer and an electric insulator between the antenna and
ground plane. The glass structure also contains the main paraffin
cavity acting as heat storage and a low loss microwave substrate. (To
the right in Fig. 6, most of the module’s paraffin is shown as a disc
with four handles below the glass piece.) The next two silicon wafers
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Fig. 6 Exploded front and back view of the module including mounting frame and silicone rubber gaskets.

(nos. 3 and 4) stores and dissipates heat in 12 connected circular
paraffin cavities, four of which in addition are thermal switches.
Wafer no. 3 also constitutes the antenna ground plane. Finally, wafer
no. 5 houses RF and interface electronics.

Anodic bonding and soldering are proposed for low temperature
joining of the wafers. The silicon will be structured by means of deep
reactive ion etch (DRIE) [17], whereas the glass will be machined by
an abrasive process, e.g., powder blasting [18].

To monitor the temperature gradient across and through the stack,
four temperature sensors are located at the top of the module, one
temperature sensor is located at the bottom, i.e., the electronics-
containing wafer, and one at the membrane of the largest PCM
cavity. All in all there are six temperature sensors, whereof three
positioned at the top surface could be obsolete depending on the
neighborhood symmetry. At the main membrane there is also a strain
gauge to monitor the deflection. To check the status of the thermal
switches, each of them has been equipped with an on/off gauge.
Running through the entire wafer stack are a greater RF via
connecting the antenna and the electronics, and eight lesser vias for
sensor connections. On passing through the main PCM cavity, the
RF via consists of a glass tube connected with four orthogonal beams
to the rest of the glass wafer.

Also presented in Fig. 6 are the two silicone rubber gaskets used in
clamping the module to its frame and protecting it from stress
concentrations. The upper gasket will be thermally conductive in
contrast to the lower one. Finally, four massive copper rods
constituting the heat guides are shown at the corners of the module.

C. Implementation Particulars

Starting on the outside (facing space) and going inwards
(spacecraft interior), the top wafer contains 13 holes of three different
diameters. Eight are electrical vias for thermocouple elements
deposited on the same side as the antenna patch, but by means of
physical vapor deposition (PVD). Four flanged holes contain the
copper heat guides (diameter 9 mm, length 4.8 mm) soldered to this
wafer. An almost centered via is for the electrical connection of the
antenna.

The thermal spacer wafer (no. 2) is of 4 mm thick glass and
contains (besides the continuing vias from wafer no. 1) 13 circular
cavities whereof the middle one houses paraffin, and the rest are
empty to accommodate deflections of underlying membranes. Four
handlelike tubes at the edge of the paraffin cavity connect this cavity
with those of the underlying wafer.

The heat guides extend through the glass wafer and normally (i.e.,
in open mode) define a gap to the next wafer. This third wafer (no. 3)
forms a perforated bottom of the main paraffin cavity where it is
thinned from its backside into a membrane fixed by the RF via close

Heat
Guide

Double Bulging
Cavity

Binary
Switch

Fig. 7 A corner of the module with wafer no. 1 removed, showing two
double-bulging paraffin cavities and a smaller switch cavity with sensor
elements at its bottom and a heat guide above (retracted), and a small
part of the main paraffin cavity (filled at the upper left).

to its center. The 45 perforations of 200 um’s width and 6 mm’s
pitch allow for distribution of paraffin to lower level cavities.

This wafer also constitutes the top membranes (defined from both
sides of the wafer) of eight double-bulging paraffin cavities, as well
as the four switch cavities containing paraffin in rings around the heat
transfer structures. The switch membranes have rigid centers to
accomplish good contact with the flat ends of the heat guides when
the switches close. Deposited on the rigid centers are two contacts
with a gap bridged by the heat guide on closing of the switch, Fig. 7.
The short circuiting of this contact provides the binary output of the
switch sensor.

The fourth wafer (no. 4) is thicker than the other silicon wafers,
and forms the bottom of all paraffin cavities. For the eight double-
bulging cavities the wafer is thinned from both sides to act as
membranes. To accommodate the large deflection of the main
paraffin compartment within the thickness of this wafer, the center
section is thinned from the bottom side only.
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At the backside, and halfway at the longest distance between the
RF via and the cavity’s rim, i.e., where the deflection is most
pronounced, a three-axial strain gauge and a thermocouple element
are located; see Fig. 8.

Wafer nos. 3 and 4 both continue the electrical vias. The RF one,
reaching out from the main membrane, is supported by a rim against
wafer no. 4, and so prevents deflection at this point (see Fig. 8).

Water no. 5, finally, is also of silicon and contains eight recesses to
accommodate the deflection of the bottom membranes of the double-
bulging cavities on its top side, and interconnections and recesses for
mounting of chips at the bottom side.

D. Thermal Switches

Because of the good thermal conductivity of silicon, heat
generated in the electronics will spread through wafer no. 5 and into
the adjacent paraffin cavities. The temperature of the paraffin will rise
until melting is initiated, and the device enters its heat storage phase
where power is consumed for latent heat. During a period of rather
constant temperature, the paraffin melts and expands. The expansion
is accommodated by the deflecting silicon membranes. Although the
paraffin of the corner cavities melts before the material in the main
compartment, their membrane deflection will not be sufficient for
closure of the switches. Instead, the membrane of the main cavity will
accommodate typically up to about 75% of the overall expansion,
gradually become stiffer and start passing liquid paraffin to the corner
cavities, finally making the four thermal switches beneath the heat

Fig. 10 A Smith diagram representation of the simulated antenna
scattering parameters.

guides close, as confirmed by the switch sensors. Complying with the
deflection of the switches’s membranes, the already melted LMA of
the heat transfer structure embedded in the paraffin of these cavities,
Fig. 9, continues to thermally bridge the top and bottom of the switch
cavities. On closing of the switches, heat will transfer directly to the
top wafer, where a small part is emitted and a larger part dissipated
through the top gasket and the frame to the chassis (for storing) and
neighboring modules (for assisted emission). The distribution is
monitored by the front side sensors.

E. Paraffin Filling

Filling with paraffin will be performed from the backside of wafer
no. 4 via one of eight optional inlets/outlets. With a preevacuated
cavity system, paraffin will flow through this wafer to fill first the
nearby switch cavity, and then the two double-bulging cavities on its
way to the transit through wafer no. 3, where a via brings the paraffin
up to the glass wafer (no. 2) through a corresponding via. The
connecting hole of the glass wafer has a slit facilitating direct filling
of the (approximate) quadrant of the main cavity. Because the bottom
of the main cavity is perforated, the other quadrants could be filled in
a single step. However, to ensure a complete filling of the switch and
double-bulging cavities in the other corners of the module, this
procedure will be repeated for each inlet/outlet pair at wafer no. 4.

IV. Design Justification
A. Antenna Design

The patch antenna structure is simulated using IE3D, Zeland
Software, Inc., with a trace layer consisting of a disk with a radius of
20.4 mm, a slot length of 16 mm, a slot width of 1 mm, a distance to
via of 7.5 mm, and a via diameter of 1.5 mm. Scattering parameter
results are presented in a Smith diagram, normalized to 50 €2,
Fig. 10. A prong can be seen where the magnitude of the orthogonal
current modes are the same and good circular polarization is
achieved. The expected antenna gain is shown in Fig. 11 with a
maximum of 6.3 dBi at 2.25 GHz.

B. Thermomechanical Function

Fundamental to the thermomechanical design are the assumptions
that the pressure is communicated through all paraffin cavities, that
the heat storage function, as mainly provided by the main cavity,



1382 KRATZ ET AL.

Gain (dBi)

1 1 1 1 1
2.15 2.20 2.25 2.30 2.35
Frequency (GHz)

Fig. 11 Simulated antenna gain as a function of frequency.

shall execute before thermal switching, that the geometrical design
shall not depend on the phase transition temperature of the paraffin,
and that the exact expansion magnitude of the paraffin (typically 10—
15%) shall not affect the design other than by adjustments of the
membrane thicknesses: a relatively straightforward procedure in
MEMS processing. Constraints other than these, stem either from
what is practically attainable with respect to materials and MEMS
technology, or from what is implied by the immediate demonstrator
Nanospace-1, for instance the lateral size (68 x 68 mm) of the
module, or the system requirements with, e.g., communication
demands implying both the antenna size (which affects the diameter
of the underlying cavity) and the transmission power governing the
heat storage capacity.

Based on this, three types of cavities, heat sink or main cavity with
one downward-deflecting membrane fixed by the RF via close to its
center, thermal switch cavities with one upward-deflecting
membrane with a rigid center (Fig. 9), and double-bulging cavities
with membranes on both sides, were proposed. The total unexpanded
volume of one main cavity, four switch cavities and eight double-
bulging cavities is 5714 mm?®. Assuming first an effective expansion
of 10%, a 75% and 100% melting of this volume implies a volume
increase of 420 and 571 mm?, respectively. Accordingly, an
effective expansion of 15% gives expansions of 643 and 857 mm?,
respectively.

To set the execution order of the membranes without adding extra
intelligence, it was decided to connect all cavities hydraulically. As a
consequence a common pressure could be anticipated at all times.

With the only critical membrane deflection being that of the
thermal switches, and given fixed diameters and a fixed activation
(melting) sequence of the cavities (including an estimated threshold
between the heat storage phase and the heat dissipation phase), the
problem was reduced to 1) tailoring the stiffness of the three
membranes separately so that the expansion of the paraffin before
switching could be accommodated by the system without deflecting
the switch membranes much, and 2) minimizing the corresponding
strain and tailoring the structural yield strength to ensure absolutely
elastic operation of the structures.

10

-20

01,

Fig. 12 Deflection of the main membrane subjected to 200 kPa.

The relatively simple membranes of the thermal switch and
the double-bulging cavities were treated analytically [19]. For the
large center membrane, the situation was complicated by the RF via
close to its center, and finite elements analysis (FEA) had to be
employed.

Under the condition that the thermal switches shall activate at a
melting fraction of 75%, and with the assumptions that paraffin is
negligibly compressible at the pressures needed to deflect the
membranes to accommodate the expansion, and that the silicon used
for the housing could be treated as isotropic and assigned a yield
strength (0,), a Young’s modulus (E), and a Poisson’s ratio (v) of
7 GPa, 169 GPa, and 0.26 [20-23], respectively, the dimensioning in
Table 1 was arrived at. Table 1 also contains the expansion
accommodation and the corresponding maximum deflection of each
cavity type at a melting fraction of 100%, and an expansion
efficiency close to 10%.

At the maximum expansion of the paraffin, corresponding to a
(over-) pressure of 200 kPa, the main cavity membrane was found to
deflect according to Fig. 12 with a maximum of 830 um occurring
halfway at the longest distance between the rim and the RF via.

The double-bulging cavities are to assist the main cavity
membrane to accommodate paraffin during operation. However,
there is an uncertainty involved in the paraffin filling efficiency and in
etch depth during fabrication. To account for this, a sensitivity
analysis was performed. As the main cavity is responsible for the
major uptake of the expansion it was investigated with respect to
membrane thickness variation, Fig. 13. Furthermore, in a more
generic module the via of the main cavity membrane may be
relocated along its radius, and the membrane diameter altered as well,
as studied in Fig. 14.

Regarding the thickness of the membranes, one could fail to etch to
the specified depth, or one could obtain a thickness variation. To
investigate the first case, a £15% individual thickness variation was
assumed for each type of membrane whereas Figs. 15 and 16 present
the deflection versus pressure, and displaced volume versus pressure,

Table 1 Diameters, thicknesses, and design of the three types of membranes employed in the ICTM, their
deflections, and the accommodated volumes (per membrane), when all paraffin is melted and expanded by 10%

Cavity Main (heat sink) Thermal switch Double-bulging
Diameter, mm 44.0 9.00 14.5
Thickness, um 280 50 130
Accommodated expansion, mm? 373 9.5 222
Maximum membrane deflection, ym 820 65 250
Design Flat, clamped, Rigid center, clamped Flat, clamped

fixed close to center
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e), and f) are projections of a), b), and c), respectively.
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Fig. 15 Deflection vs pressure for the ICTM’s three membrane types
with nominal thicknesses (Table 1), and assuming a manufacturing error
of +15% and —15% in membrane thickness. Above and below each
nominal thickness as represented with a dashed line without markers,
are the 15% thinner and thicker cases represented with dotted lines with
markers (squares for the main membrane, pluses for the double-bulge
ones, and circles for the switch ones).

respectively, in general for these cases, Table 2 shows a number of
relevant combinations. The first cases (1-3) assume all thicknesses to
be equally well or badly met. Although minor altering of the choice
of paraffin could come in question to compensate for insufficient
manufacturing control, none of these cases will result in failure. The
two mixed cases (4—5) both fail on the other hand. Here, the thickness
variations cause either a premature switch activation (4), or a lack of
switch activation accompanied by a deflection override of the main
membrane (5). Case 6 combines a weak switch membrane with
nominally thick main and double-bulging membranes, and results in
a correctly working module if a low expansion paraffin (10%) is
employed. Finally, case 7 assumes nominal thickness of the main and
the double-bulging membranes but a stiffer (+15%) switch
membrane, and causes a deflection override of the double-bulging
membranes.

C. Static Thermal Analysis

A static thermal modeling of the ICTM gives a first order of
magnitude thermal performance estimate. Assessing lumped
elements, based on the network shown in Fig. 3, results in a simple
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Fig. 16 Displaced volume vs pressure for the ICTM’s three membrane
types. In addition, a sensitivity analysis for a manufacturing error of
+15% and —15% in membrane thickness has been included. (The
uppermost curve represents the total volume displacement of all
membranes.) Above and below the line representing the total volume,
main membrane, double-bulge membrane, and switch membrane as
represented with a dashed line without markers, are the 15% thinner and
thicker cases represented with dotted lines with markers (small dots for
the total volume, squares for the main membrane, pluses for the double-
bulge ones, and circles for the switch ones).

network of two parallel-coupled thermal conductances, 1/R; and
1/R,, consisting of several individual elements, Table 3. The 1/R,;
branch changes state depending on whether the switch is closed or
not. The conductance 1/R{" describes the heat leakage through the
glass spacer in parallel with the heat flow through the heat guide in
series with the heat transfer structure, whereas the conductance
1/RS" only represents the leakage through the glass spacer. The 1/R,
branch simply describes the heat flow through the main paraffin
cavity. From this, and with values from Table 3, RS", RS, and R,
become 0.40, 2.26, and 13.2 K/W, respectively. These, with the

difference in temperature between the top wafer, T\, and the melting
point of the paraffin, T,,, described by
2 + 5gn(Gva) U ey
Ttop -T,= _%Qbm(Rl L+ R; 1) :

where sgn is the signum function, and ¢y, is the power dissipated
from the electronics, residing in the bottom wafer, give the graph in

Table 2 Sensitivity analysis of thickness variations of the ICTM’s module membranes

Thickness variation

Switch membrane Main membrane

Bulge membrane

Case —15% 0% +15% —15% 0% +15% —15% 0% +15% Outcome
1. All nominal v v v Working
2. All thin v v v Working
3. All thick v v v Working
4. Mixed v v Malfunction (premature switch activation)
5. Mixed v v v Malfunction (no switch activation, deflection override)
6. Mixed v v v Working
7. Mixed v v Malfunction (deflection override)
Table 3 Values for the lumped thermal elements and their origin
Component Material ~ Thermal conductivity, J- m~! -s™! . K~!  Thickness, mm  Area, mm?>  Resistance, K/W  Conductance, W/K
Heat guide Copper 384 (at 300 K) [24] 4.1 19.6 0.544 1.84
Glass spacer Borofloat 1.12 (at 90°C) [25] 4.0 1580 2.26 0.44
Heat sink Paraffin 0.21 (in solid phase) [26] 4.0 1450 13.2 7.59 x 1072
Heat transfer structure LMA 14.5 [27] 0.4 19.6 1.40 0.71




KRATZ ET AL. 1385

0 T T T T
always on
_5 o 4
o
G
iy
Q.
8
}_
-10f always off 1
-15 ! y ! !
0 2 4 6 8 10
Aot (W)

Fig. 17 Static thermal behavior with the difference in temperature of
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Fig. 18 Front side of the framed 68 x 68 mm module with its centered
patch antenna and four corner-positioned heat guides.

Fig. 17. This indicates two stable regions where the switches are
either always on or always off, whereas transient simulations are
needed to characterize the intermediate region.

For a power generation of 10 W in the electronics wafer, the static
model hence predicts a difference between the top wafer temperature
and the melting temperature of the paraffin of 2.9 and 14.5°C for the
limiting cases of thermal switch always on and off, respectively,
Fig. 17. In addition, the thermal modulation of the module, here
defined as the ratio of the thermal conductances in the on and off
states, as represented by R$" and R™, amounts to 5.6.

V. Discussion and Conclusions

Basically, the ICTM module, Fig. 18, is a system with a total
weight of 43 gand asize of 6.6 x 68 x 68§ mm comprising an RF part
with a patch antenna, electronics and interconnections, and a two-
step thermal management function increasing the performance of the
module with respect to weight and envelope compared to solutions
based on separation of the two; see, for example, [28-31]. The
paraffin makes a threefold contribution to the multifunctionality of

the system. First, it acts as a low loss and low dielectric constant
substrate for the patch antenna [32]. Second, thermal storage is
provided by the large latent heat of the material. Finally, its
expansion during melting is used to mechanically alter the thermal
conductance of the middle layer of the module by a factor of 5.6
according to static thermal modeling. For a 10 W heat dissipation in
the electronics layer the temperature of the top wafer will be 2.9°C
and 14.5°C above the PCM’s melting point with the thermal switch
on and off, respectively.

Figures 13 and 14 broaden the concept by showing the effect of
changing the via position, the main membrane diameter and/or
thickness, and the pressure. This indicates a possible implementation
with other types of functions, e.g., solar sensors, solar cells, and GPS.
Ultimately, a spacecraft with a thermal shell with controlled heat flow
and heat storage needless of other thermal control, e.g., heat pipes or
MEMS louvres is anticipated.

Electronics schematics for both the transmitter and the receiver is
outlined. A signal chain ranging from the C&DH, analog/digital
converters, to the module is described including the digital and
analog interfaces.

The IR radiative and solar reflective properties of the top wafer
could be increased with a dedicated surface coating or structuring.

The ICTM module, placed on several parts of a spacecraft hull, is
expected to fulfill the communications demand of any spacecraft
with a downlink requirement in the Mbps region. The link budget
allows for an uplink at 114 kbps with a BER of 10~ using an Earth
transmitter with 10 W RF output power. As for the downlink, a high
data rate of 1 Mbps with a BER 1073 is achieved with a RF output of
2 W from the ICTM transmitter. With 4 mm paraffin as an antenna
substrate, the antenna gain is 6.3 dBi. Earth observations, space
research, and spacecraft cluster experiments are some of the missions
available for the ICTM.

A thorough description of the ICTM design and its justification
have been provided here. Future work includes further modeling of
this system, and, more important, its realization.
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