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ABSTRACT Earth observation from space radar is based on the active electronically steerable
antenna (AESA) whose performances count on reliable and powerful transmit/receive modules (TRM).
To this aim, as a follow-up of the successful demonstration of a low-footprint transmit/receive hybrid
module concept based on 3-D packaging and interconnect technologies (3DTRM), the interest for carrying
out additional development work took a further step aiming at achieving a three-fold module performance
improvement as well as at consolidating the novel proposed 3-D technology for space applications. First,
the possibility of performing an AESA highly accurate calibration was implemented by embedding a wide
band, high directivity directional coupler in the module circuitry without any total module footprint increase.
Second, the heat extraction capability of the metal-ceramic hermetic package was enhanced through a
re-design of the monolithic microwave integrated circuit (MMIC)-to-sink interface. And finally, the gallium
arsenide (GaAs) MMIC high power amplifier (HPA) of the first 3DTRM version was replaced by a gallium
nitride (GaN) HPA MMIC, obtaining both a higher transmit output power at 5 dB of compressed gain and
an improved power added efficiency (PAE) at module level.

INDEX TERMS 3D multichip module (MCM) technology, 3D packaging, AESA, low temperature co-fired
ceramics (LTCC), transmit/receive (T/R) module, GaN, PAE, directional coupler.

I. INTRODUCTION
The recent progresses in the earth observation systems are
driven by the development of a variety of applications emerg-
ing in everyone daily life as well as involving many scientific
research fields [1], [2]. The huge amount of data collected
by instruments on board of orbiting satellites represents the
key requirement for developing accurate weather forecast, for
monitoring the earth surface (i.e. thickness of the polar ice,
the water and air pollution etc. . .), for agricultural purposes
among many other applications [3]–[6]. The ever-growing
requirements given in terms of image resolution, feature
discrimination, penetration depth beyond ground and water
surfaces calls for more powerful observation instruments.
These application constrains translate into Synthetic Aper-
ture Radar (SAR) systems and the related Active Electronic
Steerable Antennas (AESA) being characterized by larger

transmitting power, broader operational bandwidth, higher
sensitivity, wider steering capability etc. . . [7]–[9]. The key
element in this type of space antennas is the transmit/receive
module (TRM) [10]–[13].

To this aim, a preliminary novel 3D packaging technology
concept suitable for space applications, based on the assem-
bly of vertically stacked sub-modules made by hybrid circuit
metal-ceramic LTCC package technology, was already vali-
dated in [14]–[16]. The TRM demonstrator proposed in [15]
combines the well-established Low Temperature Cofired
Ceramics (LTCC) technology for space applications [17],
together to the assembly technique that is being developed
in the past decades at package and chip level for various
applications (i.e. avionic, commercial, etc. [18]–[22].

The main goal of the initial work presented in [15] was
the significant reduction of the TRM footprint to allow for
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the placement of a higher number of modules on a given
patch antenna array panel area (and so enabling both a higher
beam steering capability [23] and higher power density for
improved antenna performance). However, this first demon-
stration vehicle left out several aspects in order to save mod-
ule real-estate, to limit its design complexity, and to avoid that
too many development objectives might invalidate the overall
research project. As an example, the possibility to perform
calibrations both at module and at antenna instrument level,
which is a typical feature of T/R modules for space Synthetic
Aperture Radar (SAR) applications [23]–[26], was left as
a potential upgrade to be addressed in the frame of future
development. The work of this paper went in the direction
of filling such gap, as a first mandatory improvement for the
use of the 3D interconnect technology and dice placement
approach on real space products.

On the other hand, transfer of heat from the 3DTRM to the
equipment at antenna level is of primary concern, and the
means for conveying the heat from the external surface of
the module to the satellite sink have to be carefully devised.
To this aim, to allow the heat from the HPA MMIC reaching
the external module surface toward the thermal extraction
harness at equipment level with minimum impact on junction
temperature, all the materials used for the construction of
the 3DTRM that make up such thermal path have also to be
engineered and optimized. As a side constrain, the module
power added efficiency (PAE) comes also into play, and ways
of increasing such key feature need to be devised.

Heat extraction capability from the active power compo-
nents assembled in the 3DTRM imposes an upper boundary
on the maximum saturated RF power that the module can
deliver, given the constraint on the highest junction tempera-
ture (Tj) that the HPAMMIC can reach while still meeting the
derating requirements applicable to space applications [27].
Such constrain is also determined by the HPA MMIC bulk
semiconductor technology (GaAs or GaN).

The work presented in this paper gathers all the above
mentioned aspects and translates them into a consolidated
technology aiming at manufacturing and testing a set of sec-
ond generation 3DTRM design demonstrators able to address
the following main goals:
• Introduction of the module calibration feature,
• Extension of the GaNMMIC technology for to the HPA
MMIC, in order to increase themaximummodule output
power and to improve the module PAE,

• Optimization of the heat extraction capability;
• Operating bandwidth of at least 2 GHz (X band), needed
to increase the range resolution,

• Footprint reduction to allow a further increase of array
beam forming agility and power density.

Planar SAR antennas based on arrays of radiating elements
closely spaced to maximize beam forming agility [23] are
the type of antennas that mostly benefit from a packag-
ing approach aimed at minimizing module footprint, like
the one described in this work. The long term, tight her-
meticity requirement is mandatory for highly reliable space

FIGURE 1. (a) Module constructional schematics: the top semi-module is
the one that hosts the core-chip, while the lower semi-module contains
the HPA, LNA and SPDT MMIC’s. The interposer connector (board) is
placed between the two modules, and is enclosed in the hermetic cavity
following assembly and seam-sealing operation. (b) A picture of the fully
assembled module is shown.

applications, and for this reason our development is focused
on a packaging concept based on materials and processes that
guarantee such compliance [15]–[27].

II. MODULE DESCRIPTION
By following the same constructional approach of the orig-
inal development work [15] as shown in Fig. 1, the new
3DTRM package is made up of two semi-modules, each one
being a hermetic metal ceramic housing itself. The back-
end semi-module contains the metallic frame that makes up
the internal hermetic cavity, and two Subminiature Modular
Plugin Mini (SMPM) connectors (TX input and RX output)
non-hermetically soldered to the LTCC substrate. The other
semi-module (the front-end one) contains one Subminiature
Modular Plugin (SMP) antenna connector and the lid; the
latter being hermetically soldered to the ceramics. A copper-
tungsten (CuW) heat-sink is also soldered to the front-end
package hermetically closing the LTCC substrate, as can be
seen in Fig. 1a.
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A brief description of the multilayer LTCC substrate stack-
up follows:
• LTCC system: GreenTapeTM 951 (εr = 7.8, loss
tangent = 0.0140, both @ 10 GHz),

• number of layers: 10 for both the back-end and the front-
end LTCC substrates,

• green tape thickness: 165.1 µm and 254.0 µm.
As a baseline constructive approach, the HPA MMIC is sol-
deredwith eutectic gold-tin (AuSn) alloy to a CuW tab, which
in turn is attached to the package heat sink by means of a high
thermal conductivity epoxy resin.

The last step in the assembly of the 3DTRM hybrid circuit
consists in the seam welding of the front-end semi-module
sealing ring to the frame of the back-end semi-module, both
of which are made in Kovar R©. In this way, a hermetic, thus
suitable for space applications, ‘‘full’’ package is obtained.
The overall height of the module is ∼6.1 mm (∼13 mm if
connectors are included).

The above two semi-modules are electrically connected
to each other by means of a passive interposer board shown
in Fig. 1.

Two different versions of the 3DTRMwere designed based
on a different HPAGaNMMIC. The set of active components
that were common to both versions was the following:
• an X-band LNA MMIC in pHEMT 0.15 µm GaAs
technology: P/N TGA2512 from [29],

• a DC to 12 GHz High Power SPDT switch MMIC
in 0.25 µm GaN technology: P/N TGA2352 from [29],

• a 6-bit X-Band TASI custom design core-chip MMIC
in 0.18 µm Enhancement/Depletion (E/D) GaAs
technology.

Version 1 (V1) of the 3DTRM demonstrator was designed
using an X-Band HPA GaN MMIC P/N CHA8610-99F pro-
cured from [28], while version 2 (V2) was based on P/N
TGA2624 from [29]. The reason for engineering two versions
of the module was to demonstrate a wider bandwidth at a
‘‘baseline’’ transmission power capability with V1 parts, and
a high power demonstrator, even if with a narrower useful
bandwidth imposed by the MMIC itself, with V2 parts.

As a further improvement with respect to the initial concept
in [15], which resulted in a rectangular footprint of about
13.4mm× 16.4mm, the proposed design was able to achieve
a square 13.8 mm×13.8 mm footprint, fully complying with
the target set to be less than 14.0 mm× 14.0 mm.

III. ELECTRICAL DESIGN
In order to get closer to a demonstrator of a T/R mod-
ule design suitable for space SAR antenna applications,
the main needed circuitry implementation was the capabil-
ity to perform an accurate SAR antenna calibration without
any increase in module footprint. High calibration accu-
racy implies good isolation between the calibration paths,
to minimize disturbances and thus to optimize the accuracy
of amplitude and phase of the transmitting and receiving
signals [30], [31]. The sampling of the RF signal at the
antenna port for calibration is typically achieved with the

implementation of a planar coupled-line directional coupler.
A parallel coupled line microstrip based coupler can be
employed; however, this approach allows only limited val-
ues of isolation and directivity as long as no compensation
techniques for equalizing even and oddmode phase velocities
are used [32], [33]. This work targeted a challenging 40 dB
isolation for the coupling structure based on a coupling factor
of 27 dB with at least 2 GHz bandwidth. The block diagram
of the re-designed 3DTRM is shown in Fig. 2.

FIGURE 2. Re-designed 3DTRM block diagram.

Some real estate on the front-end module footprint needed
to be sacrificed for the purpose of integrating the direc-
tional coupler, which led to further push the technology
going beyond the current LTCC layout design rules, e.g.,
screen printed line width and gap, distance of track from
substrate edge, maximum number of stacked vias, among
others. In Fig. 3 the area devoted to the coupler integration
is shown.

The strict constrains in terms of isolation and direc-
tivity values, as well as on the limited layout area, sug-
gested to implement the directional coupler in a mixed 3D
stripline/coplanar configuration. Part of the layout of the
implemented coupler can be seen also in Fig. 3.

The module area available for the coupler was quite lim-
ited, and did not allow to follow the usual λ/4 coupler design.
So, the coupled portion in Fig. 3 was implemented as a curved
combined stripline-coplanar transmission line. Impedance
discontinuities occur at both ends of the stripline-coplanar
section; a stripline to microstrip transition exists toward the
SPDT and toward the resistive termination, and a stripline
to coaxial transmission line transition occurs at the antenna
SMP connector side.

Therefore, although the first draft design of the coupler was
initially carried out following the theory reported in [34] by
appropriately setting the even and odd impedances associated
to the coupled section, the final design was achieved through
a set of full-wave simulations. In particular, one of such
optimization steps allowed finding the appropriate values of
the distance between the two lines to achieve the desired
values of directivity and isolation.

All the EM simulation work was carried out using the CST
Microwave Studio 2016 environment [35].
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FIGURE 3. Front-end semi-module LTCC substrate showing (dark ellipsis)
the area devoted to the directional coupler integration inside the LTCC
multilayer: an enlarged detail of the stripline-coplanar structure inside
the circled area is also shown. The coupler area is 2.1 mm × 1.4 mm, the
coupled lines are 150 µm wide, the gap between coupled lines is 534 µm
and the line to ground spacing is 276 µm. The through cavity hosts the
mesa of the heatsink (see Fig. 6).

FIGURE 4. Simulated coupling factor and RX directivity (port isolation in
RX mode); design target values were 27 ± 1 dB and >25 dB in the full
Xband, respectively.

Fig. 4 shows the simulated performance of the cir-
cuit section that includes the directional coupler, and that
embraces the path from the calibration terminal on the front-
end semi-module to the antenna port (SMP connector). This
specific simulation task was carried out in a dedicated sim-
plified model, in order to fine tune the most critical sections
of the various involved transmission line paths, i.e. from
the coupler toward the core-chip pad on the back-end sub-
module. The coupling factor target specification was 27 dB,
whereas a value higher than 25 dB for the directivity in RX
calibration mode was required.

FIGURE 5. Simulated isolation between the antenna port and the
calibration input pad at the core-chip.

Fig. 5 shows the EM simulated plot of the isolation
between the antenna port and the calibration input pad at
the core-chip. This parameter is of very high concern when
calibrating the antenna instrument: the path from the core-
chip calibration port, through the coupler and then along
the RX path back to the core-chip (see Fig. 11-a), has to
be isolated as much as possible from the antenna port. This
avoids spurious coupling of the calibration signal to nearby
T/R modules, leading to a lower SAR antenna instrument
calibration effectiveness. This is one of the main reasons
why a high directivity value for the directional coupler is so
important.

The EM simulation does not take into account the electrical
parameters of the active components (the terminating ports at
the SPDT switch pad and at the core-chip calibration pad);
these two relevant ports are terminated by an ideal 50� load;
this simplification was expected to lead to worst measured
isolation values on the real T/R module prototypes.

IV. PACKAGE THERMAL DESIGN IMPROVEMENT
Package thermal design is of key importance for space appli-
cations in which high power signals are to be dealt with,
as in our case, since maximization of the output power and
the PAE in TX mode are a key system requirement [36].
In particular, a PAE of at least 30% for both module versions
was given as a target for the new demonstrator. In order to
improve the heat extraction capability of the package with
respect to the package-heatsink assembly in [15], the front-
end semi-module LTCC substrate has been redesigned with
a through-cavity, as shown in Fig. 3. This cavity now allows
for the placement of a hermetically soldered heatsink in direct
contact with the heat-spreading tab to which the HPA MMIC
is AuSn soldered. Basically, the heatsink is shaped to have a
smaller protrusion (the mesa) that reaches directly the HPA
tab, as shown in Fig. 6. The CuW tab is attached to the
heatsink bymeans of a high thermal conductivity epoxy resin,
as a baseline approach.

This innovative solution overcomes the ‘‘thermal barrier’’
present in [15] by having the ceramic material between the
HPA heat-spreading tab and the external heatsink completely
removed. The total thermal resistance seen by the backside of
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FIGURE 6. View of the hermetically soldered copper-tungsten
heatsink-mesa: a) cross-sectional view, b) external module view after
soldering the heatsink to the LTCC substrate, c) before soldering, and
d) the internal view of the module: the mesa inset can be seen within the
LTCC through-cavity shown in Fig. 2. The mesa dimensions are
2.94 mm × 5.26 mm × 0.43 mm.

the HPAMMIC toward the external surface of the sink (from
which the heat is extracted at system level) is so drastically
reduced.

As a consequence, the increase of the HPA junction tem-
perature with respect to the external satellite thermal radiator
temperature will be quite limited.

The above strategy constitutes a ‘‘first step’’ of improve-
ment. Another important contribution to the reduction of
the thermal resistance from the HPA MMIC junction to the
external thermal interface comes from the use of a higher
thermal conductivity material to be used for the HPA tab.
Although much more expensive, the copper-diamond (Cu-D)
composite has roughly twice the thermal conductivity of
CuW, which means a non-negligible increase in the heat
extraction capability of the package.

Finally, for a furtherly enhanced package configuration,
the last contribution to the heat drain capability improvement
consists in the use of AuSn alloy also for the attachment of
the tab, instead of using an epoxy resin. However, the suc-
cessful and reliable implementation of this additional thermal
improvement, thus without impacting the module’s capability
for long-term hermeticity, requires that the attachment of the
seal ring and the heatsink/mesa insert into the LTCC substrate
have to be carried out using a higher melting point alloy, like
gold-germanium (AuGe), to avoid reflowing the alloy in the
hermetic junctions during the AuSn soldering of the tab.

The validity of the above mentioned assembly strategies
is confirmed by thermal simulations run using MSC NAS-
TRAN [37]. The objective is to compare the improvement in

terms of heat draining capability that can be obtained with
the enhanced configuration (Cu-D tab attached with AuSn
alloy) with respect to the baseline one (CuW tab attached
with epoxy resin). Moreover, the obtained results are also
compared to those reported in [15] where the preliminary 3D
package demonstrator had a limited heat extraction capabil-
ity due to the LTCC barrier between the HPA tab and the
heatsink.

FIGURE 7. Thermal simulation showing the temperature distribution in
the enhanced configuration of the package: a Cu-D tab soldered with
AuSn to the CuW heat sink. (a) Cross-sectional view, (b) full 3D view.

Fig. 7 shows the temperature distribution in the enhanced
case. A similar pattern is obtained in the baseline case; how-
ever, the gain in terms of temperature reduction is in the order
of 33 % having 10.67 ◦C of temperature increase for the
enhanced configuration to be compared to the 15.37 ◦C of the
baseline one. The initial value achieved in [15] was 29.26 ◦C.
Thermal boundary conditions were set to adiabatic, and a
conduction heat transfer only towards the heat spreader in
contact with an infinite sink at 0 ◦Cwas assumed. In addition,
the heat at the backside of the HPA MMIC was assumed to
be evenly distributed, with thermal power set at 22.5 W.

V. ELECTRICAL CHARACTERIZATION OF
A PROTOTYPE RUN
A. TEST BENCH SET-UP AND GENERAL RF PERFORMANCE
Fig. 8 shows the measurement set-up. Commands to the core-
chip of the 3DTRM are sent using a custom-built text fixture
(‘‘black box’’ shown in the figure close to the holder inter-
face). A Rohde&Schwarz model ZVT 20 Vector Network
Analyzer (VNA) was used, together with a pulse generator,
3 power supplies, and an oscilloscope. Power supply pulse
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FIGURE 8. Measurement set-up: the holder interface in which the 3DTRM
is placed for testing has been red-circled and zoomed.

generation circuitry (not shown) was assembled on the back
side of the holder interface.

Due to the insufficient gain at core-chip level, it was
not possible to drive the version V1 of the 3DTRM in full
compression mode, making a measurement of the useful
bandwidth on those devices not of interest for the scope of
the present work. Apart from the useful bandwidth, all the
most important parameters characterizing T/R modules were
successfully measured on parts from both versions.

TABLE 1. Main measured electrical parameters.

Table I shows a summary of the main electrical parameter
measurements made on a prototype lot of 7 parts in total:
3 modules of version V1 and 4 modules of version V2. One
sample of the V2 group was built in the enhanced package
configuration described in Section IV, andwas identifiedwith
the serial number (S/N) q05-04.

Fig 9 shows the TX output power at 5 dB compression
point (CP) measured on the 4 prototypes of version V2.
This CP value was chosen to obtain the maximum PAE as
per relevant curves in the HPA V2 datasheet. As expected,
the enhanced version S/N q05-04 (purple curve) performed
better than the other (baseline) parts.

Obviously, the measurement made on a single prototype,
due to the limited availability and costs of the Cu-D tab,

FIGURE 9. Measured TX parameters at 5 dB compression point on 4
prototypes of V2 version.

cannot be fully significant, i.e. the specific HPA could be by
chance performing better than the others; thus, the limited
increase of the output power (≈0.4dB) may not be due to the
more effective heat extraction; nevertheless, the SN q05-04
results still demonstrate the reliable assembly and use of the
HPA mounted on the Cu-D tab.

FIGURE 10. TX Power Output for two different compression point
measurements on prototype q05-01 (V2 version). The black lines show
the bandwidth at 1 dB gain flatness.

Fig 10 shows the TX Power Output for two different CP
measurements on prototype q05-01 (V2 version). By increas-
ing the CP, a 10% bandwidth increase (from 2.1 GHz
to 2.3 GHz) was achieved; this obviously led to a worsening
of the PAE (from 31.2 % to 28.9 %).

Finally, the measured values of PAE at module level for
different settings of the Pulse Repetition Frequency (PRF),
duty cycle (DC) and pulse width were all higher than 30 %.
PAEmeasurements were performed at 5 dB CP in continuous
wave (CW) mode at 9.5 GHz, by taking into account both
control and RF circuitry power consumption values.

B. MODULE CALIBRATION FEATURE VALIDATION
Abrief description of the measurement procedure followed to
obtain the equivalent coupling and isolation values follows.
Please refer to Fig. 11.

First of all, the following measurement quantities are
defined:
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FIGURE 11. 3DTRM calibration modes: forward calibration signal path
shown in red, return path in blue. Green arrow represents signal coupling
across the embedded directional coupler.

FIGURE 12. Equivalent coupling factor measured on 6 prototypes.

• TX– gain in nominal TX mode,
• RX– gain in nominal RX mode,
• RXCAL – gain in RX calibration mode (Fig. 11-a),

FIGURE 13. Measured antenna port isolation in RX calibration mode
(6 prototype parts were measured).

• TXCAL – gain in TX calibration mode (Fig. 11-b),
• DNCAL– loss of the ‘‘short calibration’’ path between the
RXOUT port and the TXIN ports (Fig. 11-c).

For the evaluation of the ‘‘effective’’ coupling factor (ECF),
defined as the directional coupler coupling coefficient plus
losses in the calibration path, the simple calculation in (1) is
performed:

ECF = ((TXCAL − TX )+ (RXCAL − RX )− DNCAL)/2

(1)

All 3DTRMs were driven at 5 dB CP during both TX and
TXCAL measurements, whereas they were operated in their
linear region during RX and RXCAL measurements. In order
to ensure that the RX amplifier chain operated under the same
(linear) conditions during both RX and RXCAL measurements,
when measuring RXCAL a suitable input power level at the
TXIN port was applied to obtain roughly a−30 dBm coupled
signal level at the beginning of the return path. The same input
power level of−30 dBm was also applied at the antenna port
during the RX test.

As already explained in Section III, the isolation measure-
ments, plotted in Fig. 11, are carried out in RX calibration
mode in order to assess the leakage at the antenna port
that will affect the instrument calibration in real operational
conditions [31].

Fig. 12 shows the obtained ECF, as measured from
the antenna port to the calibration output port (which is the
RXOUT port connector in our case), on 6 parts built in the
standard package configuration. Very low dispersion around
the 28 dB average value can be seen.

Fig. 13 shows the measured isolation values between
the antenna port and TXIN port in RX calibration mode. The
measurement is taken on the antenna port in RX calibration
mode, so that it represents the leakage of the calibration signal
that is injected through the TXIN port into the calibration
path (see Fig. 11-a) and reaches the antenna port through
the directional coupler isolated port. It can be seen that the
lowest value is higher than 40 dB: the observed discrepancy
from simulation results (see Fig. 5) is mainly due to the
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TABLE 2. Comparison between the proposed high power 3D T/R module and other reported works.

mismatch of MMIC’s that is not taken into account in full
wave simulations.

In Table 2, the electrical performances and other key fea-
tures of the proposed module are compared with those of
other reported works. It seems quite clear that the proposed
module reaches very good overall performances by combin-
ing good RX characteristics in terms of gain and noise figure,
together with very large TX gain and output power.

VI. CONCLUSION
As a result of further R&D work on our original concept,
a high performance evolution of the advanced 3DTRM was
successfully demonstrated. In addition to implementing the
innovative stacking technology for space applications, and
thus using 3D interconnection techniques, such module was
upgraded by integrating the calibration feature, improving
the heat extraction capability and extending the use of GaN
MMIC technology to the power section of the module.

Two different versions of the 3DTRM were designed and
tested, each based on a different HPAMMIC (see Section II).

The version V1 allowed us to demonstrate a wider band-
width at a ‘‘baseline’’ transmission power capability, whereas
the version V2 was engineered as a high power demonstrator,
even if with a narrower useful bandwidth imposed by the
MMIC itself.

Successful demonstration of:

• calibration feature performance in terms of excellent
antenna port isolation in RX calibration mode (better
than 40 dB), and low variability of coupling factor
among different modules,

• high compressed TX power output,
• high efficient heat extraction
• wide useful bandwidth, and
• square footprint

confirms that the evolution of the original 3D hermetic pack-
aging and interconnect integration concept is directly applica-
ble to high performance SAR antennas for space applications.

On the basis of the work described in this paper, a patent
application was filled [16].
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