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Abstract: The roadmaps of satellite-based synthetic aperture radar (SAR) systems show a trend that
requires a continuous improvement of the active antenna in terms of operating bandwidth, scanning
angle capability, and swath width, thus leading to the demand for increased RF power and better
power efficiency of the RF transmitter. Moreover, compact size and light weight are relevant objectives
for making the overall SAR instrument appealing for future applications. The transmit/receive
module (TRM) shown in this paper was developed while combining all these requirements in a
cost-effective approach. A careful design of all relevant RF interconnects and passive devices was
performed to ensure the largest output power from the last high-power amplifier of the transmitting
chain, the lowest noise figure at the input of the receiving chain, and the calibration capability
for appropriately tuning the TX and RX signal. The TRM was manufactured and experimentally
tested to verify its performances. The measurement results show the superior performances of the
proposed compact high-power large-bandwidth TRM. The achieved target objectives make the design
of the proposed TRM readily applicable for the development of a compact, high-power, and highly
integrated AESAs to be used for next-generation satellite constellations for Earth observation.

Keywords: satellites; earth observation; active electronic steerable antennas (AESAs); synthetic
aperture radar (SAR); transmit/receive modules (TRM); wideband

1. Introduction

The current trends in the development of Earth observation systems are driven by a
variety of applications involving many scientific research fields [1,2] such as weather fore-
cast, monitoring of the Earth’s surface (i.e., water and air pollution, thickness of the polar
ice, etc.), agricultural purposes, geology, urban mapping, defense, and cartography;, just
to mention a few of them [3-10]. This trend leads to extremely challenging requirements
for achieving better image resolution, finer feature discrimination, and higher penetration
depth beyond ground and water surfaces; thus, more powerful instruments are required
for appropriately equipping the constellation satellites [11]. This, in turn, translates into
larger transmitting power, wider bandwidth, higher sensitivity, and wider steering capa-
bility of active electronic steerable antennas (AESAs) in synthetic aperture radar (SAR)
systems [12-15].

A key element of this type of antenna system is the transmit/receive module (TRM) [16-19]
that provides the appropriate amplitude and phase to the specific radiating element of the
antenna array while it is transmitting and detects and amplifies the received signal while
working in receiving mode [20,21]. The TRM developed and proposed in this paper has the
capability to cover the whole X-band (8-12 GHz) associated with a very high transmitted
power (>20 W): this enables very-high-resolution SAR. Its quad multilayer integration
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and very compact design enables high steering angles, whereas the inclusion of delay
lines allows for the avoidance of squinting when scanning the whole bandwidth. Several
technological challenges are embedded into the design of the proposed TRM in terms
of electrical performance, due to the very wide operational bandwidth radiated power,
reduced size, and thermal requirements, in order to ensure proper module functionalities
while working in different thermal (high temperature variability while the satellite is facing
the sun) conditions and while being affected by harsh environments characterized by
mechanical stress (vibrations) [22,23]. Although the promising compact solution proposed
in [24-27] based on a challenging 3D packaging technology is able to successfully fulfill
the electrical requirements, the thermal handing capabilities requires a more advanced and
effective design in order to extract and dissipate the thermal energy from the large TRM
array when they are actively driving the entire AESA.

The requirements for space technologies are very strict compared to commercial
products in terms of mechanical stress, drift in the long-term performances of active devices
due to the harsh environment, and lack of possibility for maintenance and electrical tuning
of the module; thus, eventually, effective electrical and mechanical reliability are needed.
Some of such space-compliant requirements are usually based on the European Space
Agency (ESA) and military standard (MIL-STD) guidelines. Therefore, the materials and
the manufacturing technologies used for building up the mechanical parts and electrical
circuits can be selected on a quite limited set and they should be space-qualified in order
to be able to deal with wide temperature variations, vibrations and mechanical shocks, to
ensure immunity to space radiation and hermeticity in order to avoid any multipactor and
corona effects. To meet these requirements, and to overcome the bandwidth and steering
capabilities of the currently flying SAR solutions [28-30], a complete rework is proposed
for the TRM.

The TRM design is based on a custom integrated core-chip based on SiGe technology
and a custom integrated single-chip front-end (SCFE) in GaN technology [31] that were
developed in the framework of the project ATOS [32]. Additionally, a new packaging
approach based on a multi-module (quad-pack assembly) employing a new multilayer
substrate [33], as well as an integral substrate package (ISP) approach, is proposed; more-
over, the quad-pack layout makes the TRM package design suitable for integration on
both direct reflect array (DRA) and reflector-type SAR antennas, thus achieving a higher
antenna product design flexibility. The proposed innovative solution offers superior RF
performances, with the output RF power increased by a factor of two and the bandwidth
increased by a factor of three compared to the instrument on board the current flying satel-
lite constellation [28,29]. Moreover, a reduced footprint, reduced part counts and electrical
interfaces allow a more compact solution, helping the heat handling capabilities and a
providing a reduced weight system, also enabling a denser packing of radiating elements
for improved beam scanning performance, especially in the DRA antenna configuration.
The overall performances of the proposed TRM were obtained by following a careful design
of the package layout by adopting new solutions and their subsequent optimization for all
microwave transitions within the full band of interest.

2. TRM Architecture

The block diagram in Figure 1 illustrates the architecture of each transmit/receive
chain of the single TRM within the combined quad-module assembly.
The following main functional blocks may be distinguished:

- Control;

- Receiver;

- Transmit;

- Calibration.

The control block is composed of an integrated core-chip. Its main functions are to
compensate the module-to-module amplitude and delay dispersion, to compensate the
module amplitude and delay variation over temperature, to allow antenna beam shaping
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by selecting the appropriate insertion amplitude and delay, and to route the RF signal
through the appropriate path depending on the selected operative mode.

Single Chip Front-End Core-chip
LLA ) . Txin Port
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Figure 1. Identification of the paths of the electrical signals for the (a) TX mode of operation and
(b) RX mode of operation. The corresponding calibration modes of operation involve also the
directional coupler and the calibration port (Cal Port).

The receiver block is composed of the receive section of an integrated single-chip
front-end (SCFE) and a low-level amplifier (LLA). This block has the function to amplify
the signal received from the radiating element, while adding a low noise to it and keeping
its linearity.

The transmitter block is composed of the transmit section of an integrated SCFE and a
driver amplifier. This block has the function to amplify the signal to be delivered to the
radiating element and be transmitted by it.

The calibration block is composed of a directional coupler.

The core-chip includes the phase shifting capability implemented using a true delay
line (TDL) that is able to add the required time delay or phase shift, with minimum values
of 1.56 ps corresponding to 5.625° at the center frequency (10 GHz). The delay (phase shift)
can range from 0 to 100 ps, thus from 0 to 360° based on a 6-bit command for switching on
and off the appropriate amplifier stages placed on each TDL section.

The two main modes of operation are the transmit and receives modes highlighted in
Figure la,b, respectively, by the solid red lines. However, for the purpose of module cali-
bration, both paths need to be evaluated and appropriately adjusted by varying the signal
amplitude and phase; therefore, the corresponding calibration modes should be applied.
This is done by defining the transmit calibration mode by measuring the transmitted signal
once it is partially (of —30 dB) diverted toward the calibration port (Cal Port) through the
directional coupler, as identified by the dashed green line. The receive calibration mode
instead is highlighted in Figure 1b by the green dashed line, since a known reference signal
is injected into the receive path by the Cal Port through the directional coupler.

The T/R module housing was manufactured using ISP (integral substrate package)
technology. This means that the substrate hosting the T/R module circuits acts as part of
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the housing as well. Each housing hosts four T/R modules, this allows for the shrinking of
the overall dimensions and thus compliance with the radiating elements pitch required
by operations up to 12 GHz. Indeed, grouping the T/R modules allows for the avoidance
of double walls and gaps between them. The selected disposition with the connectors
toward the radiating element at the module periphery allows for TRM fixation points at
the corners (thus assuring a good thermal and mechanical contact of the whole module)
and ensures the proper fixation point to the radiating board. In addition, this leads to the
simplification of the product structure (allowing for a single cover/frame) and enables
future development with multichannel core-chips.
The housing is illustrated in Figure 2.

Frame

Ceramic

Carrier Sl

(a) (b)

Figure 2. Compact packaging solution for hosting the 4 TRMs. (a) Top view. (b) Bottom view.

The complete packaging solution is composed of:

- Amolybdenum carrier, which acts as a heat spreader due to its high thermal conductivity;

- ALTCC (low-temperature co-fired ceramics) multilayer substrate [33], which hosts
the T/R module circuits;

- A Kovar ring and a Kovar cover, which enclose the top of the substrate.

The LTCC substrate is AuSn soldered on the molybdenum carrier, and the Kovar®

ring is also AuSn soldered on the top of the substrate. The Kovar® cover is laser-welded
on the Kovar® ring. RF blindmate connectors are directly soldered on the substrate,
while DC interconnections are gold pads placed on the bottom of the substrate, which
may be accessed through two windows on the molybdenum carrier and contacted using
solderless interposers.

The LTCC multilayer substrate, based on a high-frequency, low-dielectric loss tape
system manufactured by FERRO (A6M-E), features embedded RF structures inside its inner
layers, such as RF transitions, RF couplers, and RF combiners. The design of the RF passive
devices and interconnects will be analyzed in detail in Section 3.

3. Radio Frequency Design

This section reviews the design of those interconnects and devices of major importance,
since they are laid out between the SCFE and the antenna connector. Thus, they should
ensure low loss for a minimal degradation of the noise figure (NF) when the TRM works in
receiving mode, and to avoid power loss in transmit mode, there should be good impedance
matching for avoiding the high power of the transmitted signal bouncing between the
SCFE and the antenna, thus degrading the antenna gain.

The TRM portion of interest between the SCFE and the antenna connector is shown in
Figure 3. Each single RF line to be accurately designed is enclosed in a yellow rectangle
and identified by a specific number from one to four:

(1) Directional coupler for reaching the calibration port,

(2) Microstrip (red)-stripline (purple)-microstrip (red) transition from the SCFE output
to the coaxial connector toward the antenna,

(3) Wilkinson power divider in order to have only one Cal Connector for two TRMs,
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(4) Stripline (purple) to coaxial connector transition toward the Cal Port. This transition is
similar to the one designed for the TXin and RXout ports at the TRM input, as defined
in Figure 1, although the latter involve the transition between the microstrip and the
connector on the opposite side of the stack-up.

Figure 3. Overview of the RF transitions of interest that have been accurately designed.

Since the two TRMs are placed next to each other, the same transitions 1 and 2
belong to both adjacent modules. Such transitions for the TRM2 are enclosed by yellow
dashed rectangles.

The design of the RF transition was carried out by combining the advantages of a
circuit simulator (Keysight Advanced Circuit Simulator ADS [34]), such as simulation
speed and possibility of optimization process based on the simultaneous tuning of multiple
geometrical variables, and the accuracy of a full-wave simulation using CST Microwave
Studio [35].

3.1. Directional Coupler Design

The directional coupler is necessary to couple the SCFE output signal from/to the
calibration port. It was designed to have a coupling factor of about —30 dB and a directivity
better than 15 dB. The design principle was quite simple, involving a trace close by the SCFE
output microstrip, although a fine optimization was necessary to reach the desired values.
The initial structure and the port numbering for evaluating the coupler performances are
shown in Figure 4. The coupled line is buried in the second stack-up layer to minimize the
risk of corona discharge, since the latter is attenuated by the dielectric interposed between
the SCFE output microstrip (on the top layer) and the coupled line on the second layer
(embedded microstrip type of interconnect). The unneeded port of the directional coupler
is loaded by a 50 () termination connected to the ground layer. The 50 () resistor is directly
printed on top of the substrate, and on the top layer, there are conductive pads using a
conductive material with 100 (/0 resistance. The final design parameters are shown in
Figure 5.

3.2. RF Transition between the SCFE to the Antenna

The coupler design described in Section 3.1 ends on a microstrip that needs to be
connected to the coaxial connector (TXout/RXin in Figure 3) for reaching the antenna.
However, the signal cannot be laid out on a microstrip since it needs to go beyond the
Kovar rectangular frame, thus being outside the encapsulated TRM. This objective is
accomplished by moving the trace toward an inner layer, thus becoming a stripline to
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bypass the TRM perimeter, for reaching the top layer again close to the antenna connector.
The designed transition is shown in the exploded 3D view in Figure 6. A careful design
was carried out by appropriately placing ground vias around the signal vias to ensure a
microstrip to stripline transition with a characteristic impedance as close as possible to 50 ).
The resulting insertion loss (Sp1) and return loss (S11) are shown in Figure 7a,b, respectively.

Figure 4. Overview of the directional coupler.

$1,3(dB)

4 6 8 10 12 14 16 4 6 8 10 12 14 16
Frequency (GHz) Frequency (GHz)

(a) - (b)

Directivity (dB)

4 6 8 10 12 14 16
Frequency (GHz)

(0

Figure 5. Optimized design of the coupler (final optimized responses highlighted in purple).
(a) Coupling factor (S13). (b) Isolation (Sy3). (c) Directivity computed as D(dB) = S13(dB) — Sp3(dB).

Figure 6. Exploded view of the 3D model used for the transition design.
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Figure 7. Return loss (a) and insertion loss (b) of the optimized microstrip—stripline-microstrip
transition.

3.3. Power Divider

A power divider/combine was designed with the objective of reducing the part count,
in particular to halve the number of coaxial connectors necessary for TRM calibration.
Basically, the proposed solution employs only one calibration connector for two TRMs.
The calibration signal during the receive calibration mode is sent to two TRMs; thus, it
should be split equally between the TRMs. Additionally, when performing the calibration
of the transmitting path of each TRM, the high-power signal at the output of the SCFE is
coupled toward the calibration port through the coupler and the Wilkinson divider, with
the side TRM being turned off. The power divider was first designed based on well-known
theory [36] by selecting the number of stages as two to achieve the required bandwidth.
Then, it was implemented into the circuit simulator [35] for refinement and geometry
tuning /optimization. Then, the optimized circuit was implemented into the full-wave
simulation environment to verify its performances. The equivalent circuit and the full-wave
models are reported in Figure 8, whereas the final results in Figure 9 show the comparison
of the relevant S-parameters between the circuit and full-wave responses. Specifically, the
return loss at Port 1 and at Port 2 (and 3) are shown in Figure 9a,b, whereas the insertion
loss and coupling factor are given in Figure 9¢c,d, respectively. Good agreement was
found, although the insertion loss from the full-wave model was affected by the metal and
dielectric losses initially neglected in the circuit simulator. Moreover, the slight differences
that can be seen in the frequency range 12-14 GHz in Figure 9a,b are mainly due to the
coupling between the microstrips, since the circuit model does not take it into account.

3.4. RF Transition between Stripline/Microstrip and Coaxial Connector

The design of the RF transitions from the stripline (calibration line) and the microstrip
(input TX and out RX) toward the coaxial connectors will be described in this section. The
stripline to coaxial transition is shown in Figure 10a, whereas the microstrip to coaxial
transition is shown in Figure 10b.

As performed in Section 3.2 for the microstrip—stripline-microstrip transition, the
vertical transition was designed to have a characteristic impedance as close as possible to
50 (); additionally, the diameter of the pads at the signal vias was optimized to avoid an
abrupt impedance mismatch at the external layer where a large pad is required for brazing
the pin of the coaxial connector.

The optimization of the transition was performed in two steps. The first one involves
the vertical transition and a small piece of stripline up to the point where a TEM mode is
propagating. A waveguide port [35] was set at the stripline, whereas the output port was de-
fined at the coaxial interface on the substrate external layer; the two-port S-parameter of the
transition was obtained through a full-wave simulation. The S-parameter dataset was used
within the circuit simulation environment [34], where three transmission line sections were
added. Such three sections were optimized for length and width (characteristic impedance)
to achieve optimized performances of the S;; and Sp;. Once the optimized results were
satisfactory, the obtained geometrical parameters (length and width) of the three lines were
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translated into actual stripline sections added to the original full-wave model to verify
the optimized performances. The final results are reported in Figure 11 for the stripline
to coaxial transition, with a comparison between the circuit and full-wave simulation.
Good agreement was obtained, thus demonstrating the feasibility of the quick circuit-based
optimization compared to the much more time-consuming full-wave optimization.
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772 771
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o FoTH
E=90 '
F=10GHz R R o
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R2=92.7 Ofm 7=72 Z=Z1 Num=3
E=50 E=50 7=50 Ohm
F=10 @Hz F=10[GHz
56 Ohm — W=180um L=3.1mi
& Ohm, W=120um, L=3.1mm P
— L "
L H ‘ \
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\ 7 1 L

Figure 8. Overview of the equivalent circuit model and the corresponding layout within
the full-wave simulator.
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Figure 9. S-parameters results and comparison between the circuit and the full-wave model. Specifi-
cally, the return loss at Port 1 and at Port 2 (and 3) are shown in (a,b), whereas the insertion loss and
coupling factor are given in (c,d), respectively.
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Figure 10. Three-dimensional overview of the transitions: (a) stripline to coaxial connector,
(b) microstrip to coaxial connector.
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Figure 11. Stripline to coaxial connector transition: (a) S1; and Sy, (b) Sy;.
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4. Experimental Tests

The design of the RF transitions discussed in Section 3 and the complete assembly of
the TRM with the SCFE, the core-chip, and the auxiliary amplifiers (LLA and driver) in
Figure 1 led to the manufactured TRM shown in the experimental setup in Figure 12 for
testing the fully assembled TRM B, whose output (antenna) power was detected by Port 2
of the VNA through the semirigid coaxial cable connected at the TRM antenna connector.
The input power was provided to the TRM B by VNA Port 1 through the input coaxial
connector placed under the TRM. The output power is a derived value from the input
power set at the Port 1 and the gain (S1) measured by the VNA. Due to the expensive SCFE
and core-chip devices, only two TRMs were fully assembled, whereas the other two were
equipped with coaxial connectors for the verification of the passive interconnects.

2ZNA Vector Network Analyzer

Attenuator

< Rl TX Out/RX In
TIR Module

(b)

Figure 12. (a) Experimental setup of the quad-TRM. (b) Schematic overview of the complete setup.

A PCB card was developed in order to correctly route all the DC and digital control
signals to the TRM and generate the pulsed voltage to switch the gates of the power
amplifiers of the SCFE. The quad-module TRM was mounted on an aluminum carrier for
thermal and mechanical requirements and was screwed to the large PCB. All DC signals,
properly RF filtered, were routed on the PCB from the TRM DC pads at the bottom of the
module to a multipin connector and, from this, with an appropriate wiring, to the power
supply. As for DC signals, all digital signals (i.e., clock, data) were routed, through the
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PCB and a dedicated connector, from the digital pads of the TRM to the parallel port of the
controller PC.

The relevant experimental data that characterize the TRM in transmit mode are the
gain and the transmitted power. They are reported in Figure 13 as the function of the input
power for the three frequency values toward the limits and in the middle of the band of
interest at 8 GHz and 12 GHz and then 10 GHz, respectively. The gain in Figure 13a is quite
constant for input power level below —25 dBm, as expected; then, it decreases while getting
close to the maximum power that can be provided by the final HPA stage of the SCFE. In
fact, the output power Pyt reaches its maximum of 41.5 dBm when the input power Pj,
exceeds —10 dBm. The transmitting amplification chain is not expected to work in the
linear region, but instead in the compressed region to ensure a more constant gain over
frequency. Figure 13c shows the gain as the function of frequency evaluated at the 12 dB
compression point (c.p.) after setting the input power Pj, = —3 dBm. The gain variability is
within 0.5 dB, thus ensuring the required in-band variation.
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Figure 13. (a) TX gain and (b) output power Py as function of the input power Py,. (¢) TX gain at
12 dB compression point (Pj, = —3 dBm) at three temperatures.
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The receive mode is also experimentally characterized by measuring the input and
output return loss and the RX gain. The RX chain works in the linear region due to the very
low power expected from the antenna. The Sy1 (from the antenna port) and Sy, (from the
RXout Port) are shown in Figure 14a, whereas the S;; (RX gain) is reported in Figure 14b.
The noise figure (NF) is the last parameter that requires a careful evaluation, since it greatly
impacts the sensitivity of the overall RX chain and thus the level of the minimum detectable
signal received by the antenna. The procedure for measuring the NF is described by the
following steps:

e The Spectrum Analyzer Rohde&Schwarz FSW—Signal and Spectrum Analyzer
2 Hz —50 GHz was set in noise figure mode;

The noise source HP 346C was connected to the SA to perform the calibration;

The TRM was placed in the thermal chamber to perform the measurement at a specific
temperature;

The noise source was connected to the antenna connector through a cable with known
loss (the loss value was used to de-embed the noise contribution of the cable loss),
whereas the RX output connector from the TRM was connected to the SA;

The NF was measured using the SA.
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Figure 14. Cont.
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Figure 14. (a) Return loss at both ends of the RX chain. (b) Linear RX gain (Sy;) over temperature.
(c) Noise figure over temperature.

The NF is within the required limits within the band of interest.

5. Conclusions

The design of a complete TRM is discussed in this paper, having extreme performances
in terms of transmitted power (41.5 dBm), receiving amplification (up to 46 dB, with the
lowest gain of 43 dB at 12 GHz), and a low noise figure (a minimum of 3.4 at low frequency
and the highest of 3.9 dB at 12 GHz). The great electrical performances based on a compact
and thermally efficient mechanical design demonstrated in this paper will allow for very
high-resolution SAR images and large electronically steerable angles. Such performances
are ensured in a wide band, thus making this TRM designed and manufactured within a
European-funded program a reliable candidate to be included in the development of inno-
vative SAR instruments for the next-generation satellite constellation for Earth observation.
One of the main improvements that can be considered for future research is in terms of
compactness for even better antenna steering performance, although this poses additional
challenges in terms of denser package layout and heat extraction.
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