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Abstract

RF front-end modules (FEMs) are vital in wireless communication and radar systems. FEMs comprise three funda-

mental components: a power amplifier (PA), a low noise amplifier (LNA), and a T/R switch. PAs use the highest

power in wireless communication and radar systems and, jointly with the T/R switches, are responsible for most dis-

sipations and heat generation. So, developing higher efficiency architectures for the PAs and T/R switches is crucial

for reducing power consumption, extending the battery lifetime of the mobile systems, reducing the operating tem-

perature, and improving reliability. Besides, new wireless communication applications, like 5G NR, and spaceborne

synthetic aperture radars (SAR), demand FEMs with higher output power and operating frequency. Realizing these

new applications using mature semiconductor technologies like Si and GaAs technologies is becoming more and more

challenging while using GaN technology shows a prominent figure of merits.

This thesis proposes two novel high-power GaN-based T/R switch architectures for spaceborne synthetic aperture

radar applications. Then it describes the design process for three switches operating in C and X bands based on the

proposed architectures using United Monolithic Semiconductors (UMS) GH25-10 0.25 mm GaN HEMT process. The

designed switches’ simulation and measurement results are presented, showing a good agreement and verifying the

desired performance of the proposed architectures.

The second part of the thesis describes the development of a fully integrated C-band FEM using one of the designed

switches, a PA, and an LNA developed in iRadio Lab. Due to the contractual requirements, asking for on-wafer

testing of each FEM building block as a standalone component, these blocks were implemented with 50 W ports to

be interconnected later when evaluating the full FEM performance. The on-wafer experimental results of the FEM

individual building blocks show good agreement with the simulation results.

As the last part, a breadboard was designed to assess the performance of the FEM in realistic operating conditions,

and an on-wafer, low-loss, 50 W high-power interconnection method was developed to interconnect the T/R switch to

the HPA and LNA. The breadboard measurement results agree with the interconnected FEM simulation results and

show the outstanding performance of the FEM under large-signal conditions.
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Chapter 1

Introduction

1.1 Motivation

The National Aeronautics and Space Administration (NASA) launched its �rst spaceborne synthetic aperture radar

(SAR) on board the Seasat-1 satellite in June 1978 to detect ocean waves from an 800 km altitude orbit [1]. The

SAR system on Seasat-1 was exploiting a horizontal polarization passive patch array antenna with a 1 kW peak power

transmitter operating at 1.275 GHz (L-band) to generate continuous radar imagery with a 100 km swath at a resolution

of 25 m. Thirteen years later, in July 1991, the European Space Agency (ESA) launched its �rst SAR system, known

as AMI-SAR, into orbit on board the ERS1 satellite. AMI-SAR used a vertical polarization slotted waveguide antenna

with a 4.8 kW peak power transmitter operating at 5.30 GHz (C-band), covering a swath on the earth's surface, up

to 100 km wide. Soon after, the National Space Development Agency of Japan (NASDA), launched its �rst SAR

system on board the JERS-1 satellite in February 1992. The Japanese SAR was similar to the SAR on Seasat1 in many

aspects, including the antenna structure, polarization, operating frequency, and transmitter's peak power [2].

Although the results from these earlier spaceborne SAR systems were impressive, it quickly became apparent that

using passive antennas and lack of beam agility prohibited the instrument from the desired �exibility in the coverage

area and revisiting time. RADARSAT-1, developed by the Canadian Space Agency, (CSA), and launched in November

1995, was the �rst spaceborne SAR system exploited an active phased array to attain a steerable antenna beam in the

elevation direction. This introduced a great �exibility in controlling the imaging swath width from 35 to 500 km.

Figure 1.1 illustrartes the imaging modes of Seasat-1 and RADARSAT-1 SAR systems, and depicts the advantages

obtained by steering the beam.

RADARSAT-1 was operating at 5.3 GHz with a 5 kW peak power transmitter. Its antenna was a 32-row slotted

waveguide planar array with horizontal polarization, as shown in Figure 1.2. A 1:32 divider was used to distribute the
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(a) (b)

Figure 1.1: Imaging modes of (a) Seasat-1 SAR system with �xed beam launched in 1978 [3] (b) RADARSAT-1
SAR system with steerable beam launched in 1995. The beam modes are shown in the following order from left to

right: Standard; Wide; Fine; ScanSAR; Extended Low; Extended High [4].

signal between the rows, with 32 phase shifters controlling each row's phase [5], [6].

Although RADARSAT-1 achieved beam steering and obtained a high level of �exibility in coverage area compared

to the �rst generation of �xed beam spaceborne SAR systems, it still used one transmitter and one receiver in its

architecture. The �rst true active phased array spaceborne SAR systems, know as Advanced Synthetic Aperture Radar

(ASAR), was launch by ESA in March 2002, on board the Envisat satellite. As shown in Figure 1.3, the ASAR active

antenna was a 1.3 m by 10 m phased array consisting of �ve 1.3 m by 2 m foldable panels. Each panel was formed by

four 0.65 m by 1 m tiles mounted together. Each tile consisted of 16 linear subarrays of 24 dual-polarized radiating

elements, and each subarray was driven by a transceiver (T/R) module. Considering the number of panels, tiles, and

subarrays, there were totally 320 T/R modules in the ASAR active phased array antenna.

Figure 1.2: RADARSAT-1 antenna architecture [7].
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Figure 1.3: The ASAR active phased array antenna [8].

Figure 1.4 shows the ASAR T/R module [8] and its functional block diagram [9]. This module operated at 5.331

GHz, and its output power was 10 W. GaAs transistors were used to implement its power ampli�ers (PAs) and low

noise ampli�ers (LNAs). Also, four ferrite circulators performed as two T/R switches for the vertical and horizontal

polarization paths and PA protection circuits.

Comparing the important speci�cations of the ASAR and RADARSAT-1 systems, one can quickly realize that

the two systems were similar in the operating frequencies, and orbital altitudes. However, the total transmitter RF

power of the ASAR system was signi�cantly lower than that of RADARSAT-1 despite its lower antenna size and thus

lower antenna gain. It was because in the ASAR system, the large combing system inside the transmitter unit and

the large feeding divider network behind the antenna had been removed, and transceiver modules had been located

near the radiating element. This had removed the associated losses with the combining and feeding networks and

decreased the total required transmission power. This achievement further resulted in reduced power consumption,

less heat dissipation, and easier thermal management by ASAR. Ultimately, all these bene�ts emanating from the

distributed T/R module architecture boiled down to lower development and deployment costs on the one hand and

higher reliability and better graceful degradation on the other hand.

After successful deployment of ASAR system and its astonishing results, NASDA launched an upgraded version

of its previous �xed beam JERS-1 SAR into orbit known as Phased Array L-band Synthetic Aperture Radar (PALSAR)

on board the ALOS-1 satellite in January 2006. PALSAR operated at 1.27 GHz and had 80 T/R modules based on

Si-BJT power transistors behind its four-panel active phased array antenna.
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(a)

(b)

Figure 1.4: The ASAR T/R module (a) functional block diagram [9], (b) implemented module [8].

The next breakthrough in the spaceborne active phased array SAR systems came with the TerraSAR-X satellite

launch by German Aerospace Center (DLR) in June 2007. TerraSAR-X is an active phased array synthetic aperture

radar satellite operating at 9.65 GHz (X-band). It introduced Spotlight imaging mode by steering the beam in the

azimuth plane in addition to the elevation plane, as shown in Figure 1.5.

The TerraSAR-X antenna size is 4.8 m in �ight direction and 0.7 m across, comprised of 12 panels, each with 32

subarrays. Each subarray consists of two slotted waveguides, one for horizontal and one for vertical polarization, and

is connected to a T/R Module. Figure1.6 shows the TerraSAR-X T/R module and its functional block diagram. The

output peak power of each T/R module is 5.5 W, leading to an effective total radiated peak power of about 2 kW for

the whole system [10]. The core of the T/R module containing the PA, LNA, and T/R switch is SMTR®Module, a

standard part from AIRBUS Defence&Space. The SMTR®Module is built using LTCC technology for its substrate

and housing, GaAs technology for its active devices, and ferrite technology for the T/R switch [11].

Later, in December 2007, MacDonald, Dettwiler and Associates Ltd. (MDA), a Canadian space technology com-
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