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Abstract 

This master thesis was part of a project at the Acreo Swedish ICT AB to investigate the 28 nm FDSOI 
CMOS process technology for the LTE front-end application. The project has resulted in a chip that 
contains different test circuits such as power amplifier (PA), mixer, low noise amplifier (LNA), RF power 
switch, and a receiver front-end. This thesis presents the evaluation of the RF power switch. At first, a 
stand-alone six-stacked single pole single throw (SPST) RF power switch was designed according to 
Rascher, and then it was modified to single pole double throw (SPDT) RF power switch according to the 
requirements of the project. This report presents an overview of the FDSOI CMOS process, basic theory 
of the RF switch, and the evaluation techniques. The post-simulation results showed that with the proper 
substrate biasing and matching (50 Ω), the RF switch will provide 2.5 dB insertion loss (IL) up to 27 dBm 
input power and over 30 dB isolation with 30 dBm input power at 2 GHz. 

 
 

Sammanfattning 

 

Detta examensarbete har varit en del av ett projekt på Acreo Swedish ICT AB för att undersöka 28 nm 
FDSOI CMOS teknik för LTE front-end tillämpningar. Projektet har resulterat i ett chip som innehåller 
olika testkretsar: effektförstärkare, mixer, RF-effektomkoppare, LNA, och en mottagarfront-end. Denna 
avhandling presenterar en utvärdering av RF-omkopplaren. En SPST RF-omkopplare med sex staplade 
transistor konstruerades enligt Rascher. Sedan modifierades konstruktionen till en SPDT-omkoppare i 
enlighet med kraven för projektet. Denna rapport presenterar en översikt över FDSOI CMOS-tekniken, 
grundläggande teori för en RF switch samt utvärderingsmetoder. Simuleringsresultaten visade att med rätt 
substratbiasering och matchning (50 Ω), så ger RF-omkopplaren 2,5 dB förlust (IL) på upp till 27 dBm 
ineffekt och över 30 dB isolering med 30 dBm ineffekt vid 2 GHz. 
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1 Introduction 

This chapter is intended to give an overall idea of the master thesis work. The report starts with describing 
the motivation and continues by explaining the purpose, problems, and limitations. 

1.1 Motivation of the Thesis  

The complementary metal-oxide semiconductor (CMOS) field effect transistor (FET) is one of the most 
successful inventions in the human history which changed the entirely silicon industries and billions of 
chips are manufacturing every year [1]. There has been tremendous amount of research and development 
going on and continuing down-scaling the size of the gate of the transistor to sub-nm length. The fully-
depleted silicon-on-insulator (FDSOI) is a promising approach to continue down-scaling of CMOS 
transistor [2]. 

The ultra-thin body and buried-oxide (UTTB) FDSOI CMOS transistor technology is of considerable 
interest as it offers a planar solution. This is attractive as the device structure will be simpler to 
manufacture compared to 3-D Fin-FET transistor alternatives, will provide better yield and lower costs 
[3]. The FDSOI transistor consists of an ultra-thin body above a thin buried-oxide insulation layer. The 
thin transistor channel is fully depleted so there is no floating body effect. Furthermore, the channel is 
undoped which leads potentially to less process variation, thus allowing for tighter simulation corners. 
There is also a better immunity to short-channel effects compared to equivalent bulk transistor technology 
[3]. 

The FDSOI technology can provide significant improvements to transistor speed performance and/or 
power-efficiency, compared to the equivalent bulk CMOS technology node. This is possible by 
employing flip well and triple well topologies that allow for localized body-bias control that in turn 
regulates the transistor threshold voltage [4]. This can be used dynamically to adjust circuit performance 
for high speed, low power or low leakage performance. The FDSOI CMOS technology also is very 
promising to transistor stacking that provides many advantages for the design of RF power amplifiers and 
RF power switches. It is necessary to handle the complex RF T/R switch (antenna switch module) with 
the high data rate standard of LTE/3G/4G mobile communication systems [5]. 

1.2 Purpose  

Acreo Swedish ICT AB has been involved in two EU projects to investigate the 28 nm FDSOI CMOS 
process technology developed and manufactured by STMicroelectronics and other project partners. This 
is the most advanced planar CMOS process technology that is commercially available. The projects have 
resulted in a test chip that has been fabricated and it contains different circuit blocks such as LNA, mixer, 
PA, receiver, RF power switch and a complete receiver front-end which were designed using the 28 nm 
FDSOI CMOS technology from STMicroelectronics for the LTE wireless transceiver front-end 
application. 

The purposes of this thesis are given below: 

 Become familiar with the 28 nm FDSOI CMOS technology. 
 Analyse the designed circuits, make test benches in Cadence, and perform simulations. 
 Wafer measurements using a RF probe station. 
 Design PCB to assemble the chip for RF measurements. 
 Characterize the selected circuit block, which will require post-design simulation. 
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1.3 Problem Statements  

 Does the implemented circuit work at 2 GHz with the selected 28 nm FDSOI CMOS technology? 
 How to design the test methodology for the circuit measurement? 
 Is it possible to improve or simplify the circuits? 

1.4 Limitations  

 The chip is already manufactured and it is not possible to do any change in the chip. 
 The 28 nm CMOS technology is selected from STMicroelectronics although 14 nm Fin-FET is 

available. 
 Wideband RF design with the rapidly changing mobile communication standards. 
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2 Background 

2.1  RF Design Challenges  

The RF design is more challenging than ever before and figure 2-1 shows the challenges of RF circuit 
design. It can be seen from this figure that, how the present days RF circuit design is linked to the 
multiple disciplines. 

 

Figure 2-1 RF design challenges [6] 

Together with the understanding of the different disciplines, there must be design trade-offs which is 
called the design hexagon and it is shown in figure 2-2. For example, if we want to design a front-end 
amplifier with low noise then we have to consume more power or sacrifice linearity. At the same way, we 
cannot have the highest gain with the lowest noise simultaneously.  

 

Figure 2-2 RF Design hexagon [6] 

In the early 1990s, the RFIC design was less complicated compared to today’s trend where multiple 
transceivers are integrated in order to meet the different wireless communication standards such as GSM, 
LTE, WiMAX, and Bluetooth. In order to reduce cost and increase performance, the RFICs are getting 
more complex in a single chip. 

Since the development of the integrated circuits and especially for the digital circuits, the number of 
transistors in each chip is increasing exponentially but with the same ratio (slope) from 1992 to 2016 and 
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this can be seen in figure 2-3. Intel’s Xeon 22 nm tri-gate high-k metal gate (HKMG) CMOS processor 
has 5.6 billion transistors. 

 

Figure 2-3 Integration of transistors in a single chip over the years [7] 

2.2 Evolution of Wireless Standard 

There has been tremendous amount of research on the mobile telecommunication systems and so far 
many standards have been developed and figure 2-4 shows the evolution of wireless standards. The 
Global System for Mobile (GSM) communications is the first digital (packet data) network which was 
developed in 1991, and became default global standard in 2014. There has been focus on the 4th 
generation LTE-Advanced because this is the enhancement of the Long Term Evolution (LTE) that has 
already been established [9] but the 5th generation network is under research and development (R&D) and 
is developing by Next Generation Mobile Networks (NGMN). According to NGMN Board, the 5G will 
be commercially available by 2020[10]. 
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Figure 2-4 Evolution of wireless standards [8] 

The data rate for the LTE system is higher compared to any other previous mobile communication 
standards. Every day, thousands of electronic devices such as smart phones, tablets, and smart home 
appliances are connecting to the existing communication and data networks. At the same time, different 
areas of mobile communication are increasing. In order to support the increasing demands of data flow, it 
is required to design the receiver with higher bandwidth and reasonable power consumption.  According 
to Shannon’s formula, the channel capacity is proportional to the channel bandwidth [11]. 











N

S
BC 1log  

 
(2.1) 

where, C = Channel capacity, bps 
B = Bandwidth, Hz, and  
S/N = Ratio of the signal to noise power, dB. 

The radio transceiver is the first building block which makes a bridge to the networks. Different countries 
use different bands for the mobile communication but a single mobile must cover a reasonable amount of 
bands depending on the countries regulations. 

2.3 Radio Transceiver Architecture 

There has been a tremendous growth of wireless communication due to the huge success of mobile phone 
especially with the public users. In the early stage of mobile products, especially the PAs were 
implemented using the gallium arsenide (GaAs) process but due to the lower cost and integration of the 
digital circuitry, complimentary-metal-oxide-semiconductor (CMOS) technology is taking the place of 
GaAs technology [13].  
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But still GaAs process is used for the commercial RF switch because of the physical limitation of the 
characteristics of CMOS to high power applications. So design of new circuitry and advanced CMOS 
process are required to overcome the problem.  

The demand for the antenna switch module (ASM) is increasing due to the increasing demands of smart 
phone, tablet, general handsets and other cellular devices. There are different communication standards 
developed such as GSM, UMTS, LTE, and Bluetooth. In order to reduce the cost, eliminating the 
requirements of matching network and for better reliability, single chip solution, i.e. a SoC architecture is 
better option for integrating different standards into one application. As a result, the sub blocks of the 
front-end module such as low noise amplifier (LNA), power amplifier (PA), mixer, and voltage controlled 
oscillator (VCO) need to be redesigned to cover the entire frequency bands unless different antennas are 
used and the antenna switch must meet all the requirements of the different standards [14]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the present radio transceiver design, a single antenna together with the multiple front-end channels and 
band selective filters are used to meet the different standards. So a single to multi-through antenna switch 
is necessary. 

Figure 2-5 shows a dual-band TRX of an RF system containing analog and mixed signal RF circuits. The 
analog part consists of antenna, switch, filter, LNA, PA, oscillator, and mixer, which is also called the 
transceiver front-end module (FEM). The mixed signal part, i.e. DAC and ADC together with the DSP 
circuitry is called the base-band. The standard CMOS technique is used for designing of low noise 
amplifiers (LNAs), oscillators and mixers. On the other hand, the high power handling blocks such as the 
RF power switch or transmit/receive (T/R) antenna switch and power amplifiers (PAs) are still 
manufactured by the GaAs-based high-power process [16]. 

BPF2 

LPF 
 
ADC 

PA2 

 

DAC HPF 

LO 

 
 
 
 
 
 
 
 
 
 
DSP 

Antenna 

Mixer 

Mixer 

BPF2 LNA2 

BPF1 LNA1 

BPF1 PA1 

÷ 

LO Antenna 
Switch 

Figure 2-5 Functional block diagram of a radio transceiver [15] 
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2.4 Overview of the Chip  

Acreo has been involved in the dynamic ultra low power project (DULP) to investigate the potential 
advantage of the 28 nm FDSOI CMOS technology and developed innovative wireless transceiver front-
end circuits for next generation innovative mobile LTE applications. The first test chips of this project 
was fabricated and figure 2-6 shows the layout of that chip. There were different circuit blocks including 
a complete receiver in the test chip. The different circuit blocks are: 

 Low noise amplifier 
 Mixer 
 PA transistor core (2 versions, one with lvtnfet_b and one with eglvtnfet_b) 
 RF Power switch 
 DULP Receiver 
 Passive calibration circuits: 50 ohm , short, and open structure 

 

 

Figure 2-6 Final layout of the test chip 

The receiver section consisted of a capacitive feedback LNA, a direct down-converting in-phase, a 
quadrature-phase bootstrap mixer and a local distribution network which is used for LO signal. There will 
be disturbances on the receiver section by PA and adjacent LO network and this could be studied in this 
test chip architecture. Some of the circuit blocks are described briefly in the following sections. 

2.4.1  LNA 

The noise figure is one of the important issues for a receiver design and the LNA is the first building 
block of a receiver. The performance of a receiver depends on the LNA which can be seen from the 
Friis’s formula for a cascaded system. The effects of the subsequent stages are diminishing in terms of 
signal-to-noise ratio [17].  
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where, Ftotal = Total noise factor,  
F1 = Noise factor of the first stage, 

  Fi = Noise factor of the ith stage, and  
 Gi = Available power gain of ith stage. 

There are two types of LNAs in the test circuits, a broadband LNA and a capacitive feedback LNA. The 
broadband single stage LNA covers 2-40 GHz frequency with 5-7 dB gain while maintain the maximum 
power consumption of 4 mW. The LNA is designed using STMicroelectronics’s 28 nm FDSOI CMOS 
technology design kit with the UTBB transistors. The FDSOI CMOS process allows for extended body 
biasing which means that the transistor threshold voltage can be reduced to achieve high performance at 
low power consumption. There will be higher power consumption and cost if the area of the chip is 
increased for the integrated circuits (ICs). This is even truer for nano-scale IC design with bulk CMOS or 
FDSOI CMOS technology. For the broadband LNA, if the body bias is used to control the bias conditions 
instead of the gate voltage the gate voltage can be tied to Vdd. This eliminates the need for an inductor, a 
resistor and a capacitor and eventually saves chip area and a little thermal noise with the same 
performance. 

For the LTE functionality there is a high demand of single stage tuneable LNA in the receiver chain for 
band selectivity, low noise, and high gain with reasonable power consumption. LTE covers different 
frequency bands and in order to use the different bands with single LNA, it is necessary to tune the LNA 
depending on the country’s regulations. This second feedback LNA was also designed with the same 
process technology as the broadband LNA. 

2.4.2 Mixer 

Frequency translation is the important task in the heterodyne receiver architecture. At very high 
frequency, channel selection filtering requires very high Q filters, which are difficult to implement. The 
frequency translation is performed by a mixer where the incoming signal is multiplied by the local 
oscillator for the down converting the frequency. The output of the mixer consists of multiple images of 
the mixers input signal where each image is shifted up or down by multiples of the local oscillator (LO) 
frequency. In an ideal situation, the mixer’s output would be an exact replica of the input signal but in 
reality, the mixer is more complicated. Even an ideal mixer generates different IF frequencies (images), 
because of the mathematics. Noise performance and rejection of out-of-band interferers are both critical 
to the receiver system because they both limit the receiver system’s sensitivity. Linearity is important to 
transmitter performance, where we want an error-free output signal. 

The important parameters for the mixer design are linearity, noise figure, and conversion loss. There are 
two double-balanced passive mixer circuits in the test chip and in order to reduce the power consumption 
together with higher isolation. This kind of mixer architecture reduces the power consumption together 
with high isolation and suppresses unwanted spurious emissions effectively. The conversion gain for 
these two mixers with different transistor size, 35 µm, 200 µm (at RF =1.9 GHz, LO=1.8 GHz) is about -
7 dB while maintaining the good linearities (IIP2 ≥ +60 dBm and IIP3 ≥ +6 dBm ) at the same time 
maintaining isolation between RF and LO >320 dB. 
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2.4.3 Power Amplifier 

A single-ended PA was designed using 1.8 V input/output transistors (egnfettw) with 28 Å gate oxide. 
The input and output matching is external. The PA is aimed for class-AB operation, offering a reasonably 
balance between efficiency and linearity. The design goal was to achieve >25 dBm, up to 28 dBm, of 
output power at 1.9 GHz. The PA would be a used as a building block for a transformer-combined LTE 
PA (Pout, peak >30 dBm). 

2.4.4 DULP Receiver 

The dynamic ultra low power (DULP) receiver is intended for covering different LTE bands and it 
consists of a tuneable LNA, mixer and LO distribution line. Instead of using a local oscillator inside the 
chip, the LO signal is provided from outside through LO distribution line and a frequency divider. With 
the help of tuneable LNA and divider, different bands could be tuned depending on the specifications. 
Primarily, the RF frequency is 1.9 GHz. Sensitivity, gain and noise figures are the main parameters for 
the design of the receiver.  

2.4.5 RF Power Switch 

Today’s radio communication systems contain different bands and it is very difficult to make fine 
tuneable band pass filter (BPF). The possible solution for a single antenna approach is to use an RF 
switch together with different BPFs. So, an RF switch is common for an RF system and normally it is 
matched with the 50 Ω antenna. There are RF switches before each BPF for the desired frequency bands. 
For this reasons, there is a huge demand for RF switches especially for the present mobile phone receiver 
applications. 

 

 

 

 

 

 

 

 

Figure 2-7 is a single pole double throw (SPDT) RF switch in this test chip which is intended for antenna 
application in order to switch different frequency bands. FDSOI technology provides low insertion loss 
(<3 dB) when the switch is ON and high isolation (>30 dB) when the switch is OFF. The substrate 
isolation is an advantage for transistor stacking and also helps reducing IL. 

 

  

50 Ω 

RF Power 
Switch 

1 

2 

Figure 2-7 SPDT RF power switch 
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Table 2-1 Comparison with state of the art 

 
f 

[GHz] 
IIM3 
[dBc] 

IL/Transistor 
[dB] 

Power 
Handling 

[dBm] 

Isolation in 
OFF-state 

[dB] 
Expected in this 

work 
2 75 0.13 27 38 

[18] 1.8 N/A 0.2 30 - 
[16] 1.9 N/A 0.5 33.5 20 

Table 2-2 shows a comparison of this design to those designs described in reference [18] and [16]. The 28 
nm FDSOI has better IL compared to bulk CMOS but the power handling per transistor is not good and 
this is due to the lower breakdown voltage of the SOI. 

2.5 FDSOI CMOS Overview 

2.6 Limitation and Future of CMOS Technology 

In the last five decades, there has been a tremendous amount of research and development on the CMOS 
technology and as a result there is a huge success for the integrated circuits industry. Still CMOS is 
scaling down to tens of nm but the device cannot be fabricated on the atomic level and as a result new 
concepts are proposed as a counterpart of the present CMOS technology. New technologies are coming 
such as carbon nanotube transistor. The semiconductor giant, IBM is aiming to have their transistors with 
carbon nanotube soon after year 2020 and this might replace the present CMOS transistor [19]. 

2.7 CMOS Trends 

The present trend for the CMOS is to make the channel fully depleted, which improves random dopant 
fluctuations in the channel. Intel and STMicroelectronics are two of the major developers for the next 
generation CMOS. Both of them are making SOI CMOS where the channel is fully depleted. Intel’s 
approach is 90 degree rotated transistors which are called Fin-FET, but it is more difficult to produce in 
good control with high volume. Intel’s latest transistors at the 14 nm technology are in the production line 
and  are used for a wide range of high-performance to low-power products including servers, personal 
computing devices, and products for the Internet of Things (IoT) [20]. 

 

Figure 2-8 3-D Tri-Gate Fin-FET from Intel[21] 

STMicroelectronics remains at the planar transistor which is using the original 2-D dimensional 
architecture of the CMOS transistor with added extra process steps. 
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Battery life and off-state power consumption are the largest challenges for the mobile handset and 
multimedia. Moreover, complexity is growing for the devices and it is therefore necessary for the chip 
makers to manufacture such a chip that will operate with low power and with good performance. Planar 
bulk CMOS is still dominating the chip industry. 

The FDSOI CMOS transistor is simpler to manufacture compared to 3D transistor alternative, Fin-FET, 
and provides better yield with lower costs. This SOI device consists of an ultra-thin body above a thin 
buried-oxide insulation layer and the channel is fully-depleted. As a result, there is no floating body effect 
and the channel is undoped which leads potentially less process variation. 

The power consumption and lower cost together with high speed performance are increasingly important 
requirements for RF circuits design especially for the LTE transceiver front-end application but the 
present planar CMOS technology is falling behind to meet these criteria. There are different passive and 
active components in the RF circuits and switches are the most common among them. The switches can 
be used for various applications such as T/R switch, antenna switch, and simple on-off switch or for 
power combining. Due to low insertion loss and high isolation, FDSOI CMOS technology is a good 
candidate for the high power RF design. 

2.8 28 nm FDSOI CMOS Process 

Unlike the bulk CMOS process, the FDSOI is very promising for high speed with the very low voltage 
operation [22]. The 28 nm FDSOI CMOS is the most advanced technology which is available from 
STMicroelectronics and this technology is fully compliant with the bulk CMOS. Initially, this technology 
was developed for low-power and high-speed digital application and could provide significant 
improvements to transistor speed performance and/or power-efficiency, compared to bulk CMOS 
technology. This has been possible by employing flip well and triple well topologies that allow for 
localized body-bias to regulate the transistor’s threshold voltage. 

There are different types of transistor available in the 28 nm FDSOI PDK and it can be divided into 
different categories depending on performances and applications. The supply voltage varies from 1 V 
(LVT) to 1.8 V (RVT). Available transistor types are [23]: 

∙ Regular threshold voltage transistor (RVT) 

∙ Low threshold transistor (L VT)  

∙ 1.5 V input output transistor (EGV1V5) 

∙ 1.8 V input output transistor (EG1V8) 

∙ LVT Power switch PFET 

∙ One-time programmable NMOS (OTP). 

2.9 28 nm FDSOI Process Features 

The 28 nm FDSOI is designed originally for digital circuits. It has 10 metal layers and double threshold 
voltages together with triple well. 
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Figure 2-9Architectural difference between bulk and FDSOI transistor [24] 

Figure 2-9 shows the main architectural difference between bulk CMOS and FDSOI CMOS. The FDSOI 
is a planar technology with two innovations – ultra thin layer of insulator which is called buried-oxide and 
an extremely thin layer of silicon for the channel. There is no need for doping the channel hence the 
channel is fully depleted. With these two innovations this is called ultra-thin body buried-oxide FDSOI 
(UTBB FDSOI) transistor. This buried-oxide lowers the parasitic capacitance between source and drain 
and confines the electrons flow between source and drain by reducing leakage current to the substrate. As 
a result, FDSOI shows better electrostatic characteristics and performances compared to bulk transistors 
[24]. 

 

Figure 2-10 FD-SOI transistor control [24] 

Figure 2-10 shows the FDSOI transistor with biasing. Body biasing is one of the major technological 
advancement which is available for the FDSOI to facilitate the performance of transistor. Body bias is 
applied below the channel and buried oxide in the substrate and act as a vertical double gates transistor. 
Different voltage levels can be applied independently at the top and the buried gate. So, by choosing the 
optimal gate voltage on the double gates, the transistors could be tuned from a very high-performance to 
very low-power transistors. 

2.10 Threshold Voltage Modulation in FDSOI 

There are four ways of modulating the threshold voltage for the FDSOI CMOS transistor – gate oxide, 
well type, poly biasing, and body biasing.  
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Figure 2-11 shows the architecture of the FDSOI CMOS transistor. The thickness of the silicon film is 7 
nm and the buried-oxide is 25 nm. In this transistor drain and source are isolated from bulk by buried-
oxide and the body could be used as a second gate to control the threshold voltage. There are two types of 
transistor, low threshold voltage (LVT) and regular threshold voltage (RVT) transistor. The LVT NMOS 
and PMOS are fabricated as flip-well where NMOS is placed in the N-well and PMOS is placed in the P-
well respectively. The forward body bias (FBB) is used for the LVT and which is -0.3 V to +3 V and -3 V 
to +0.3 V for the NMOS and PMOS, whereas the reverse body bias (RBB) is supported for the RVT -3 V 
to +0.3 V and -0.3 V to +3 V for the NMOS and PMOS respectively. This kind of feature allows the 
design trade-off between performance and power consumption using the body bias (BB).  

 
(a) RVT-standard well and GP (b) LVT flipped well and GP 

Figure 2-12 RVT and LVT standard cell for the 28 nm FDSOI CMOS transistor cell [26] 

Figure 2-12 shows the regular and flipped well cell for the RVT and LVT transistor where for the nLVT 
ground plane is N-type and for the pRVT ground plane is P-type. These ground planes are implanted 
under the buried-oxide. 

2.11 FDSOI Transistor Performance 

Figure 2-13 shows the transistor performance for the digital circuits over the body bias in terms of 
leakage and frequency. At the FBB of +3V, the performance of the transistor can be improved by 5.5 
times, +60% and +34% with respect to reference value with the control voltage 0.5 V, 1 V and 1.3 V 
respectively whereas the leakage can be reduced to 1/50th of the reference value at the RBB of -3V. 

Gate oxide 

Metal gate 

Silicon film Drain Source 

Buried oxide 

 
Silicon substrate (body) 

7 nm 

 
25 nm 

Figure 2-11 FDSOI CMOS transistor structure [25] 



 

26 
 

 

Figure 2-13 RBB/FBB Efficiency [26] 

Leakage is always a major issue for the down-scaled nm process. From figure 2-13 it is clear that leakage 
can be reduced significantly by applying the reverse body bias and as a result this will reduce power 
consumption which is more important for digital circuits and as well as analog/RF circuits when they are 
in idle-state. 

 

Figure 2-14 Leakage vs. frequency [STmicroelectronics] 

Figure 2-14 shows the leakage vs. frequency characteristics with different poly biasing (PB). PB helps for 
the trade-off between speed and frequency where PB2, 4, 6, 8 increases by 2 (1 nm each edge) and PB10, 
12, 14, 14, 16 increases by 10 (5 nm each edge). The poly biasing length vary from 24 nm (nominal) to 40 
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nm but active area remains same but there will be small impact on the  gate-source capacitance, Cgs and 
gate-drain capacitance, Cgd. 
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3 RF Power Switch: Theory and Design 

3.1 RF Power Switch  

Figure 3-1 shows the basic CMOS switch, where a transistor connects the drain and source together with 
the “high” gate voltage and isolates with the “low” gate voltage. In the deep triode region (drain to source 
voltage << 2(overdrive voltage)), the drain current is a linear function of drain to source voltage ( VDS). 
So, source to drain path can be presented as a linear resistor (Ron), which is controlled by the overdrive 
voltage (VGS - VTH). 

��� =
1

�����
�
�
(��� − ���)

 
 
(3.1) 

where, Ron = On-state channel resistance, 
Cox = Oxide capacitance 

 µn = Mobility of electrons, 
 W = Width of the channel, 
 L = Length of the channel. 
 VGS = Gate to source voltage, and  
 VTH = Threshold voltage. 

During the off state of the device, the value of Ron must be infinite but in the real life situation is different. 
When the device is used as an RF power switch, the on-state resistance must be small enough to reduce 
the insertion loss and the gate must block the RF signal but low value of Ron will decrease the isolation 
during off-state. As a result, it is necessary to optimize the device parameters for the RF power switch.  

 
 

The existence of the junction diodes in the substrate body of the CMOS limits the power handling 
capacity. As seen in figure 3-2, the voltage swing with the small and large input signal is not a problem 
until negative voltage swing reaches the threshold voltage of the diodes. Once the negative voltage 
reaches the threshold, the substrate junction diodes turn ON and distortion occurs. Besides this 
phenomenon, low breakdown voltage between source and drain as well as low gate-oxide breakdown 
voltage, also limits the power-handling capability of the CMOS switch [26]. 

Vin Vload 

VG 

Source Drain 

Gate 

Figure 3-1 Simple CMOS switch 
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3.1.1 RF Power Switch Design Considerations  

The antenna switch and PA are the main building blocks of any mobile transceiver front-end that uses 
high RF power for multiple frequency bands and the switch must handle high power with reasonable 
isolation during off-state. At the same time it should maintain low insertion loss and high linearity. The 
critical parameters for the RF power switch design are: 

 Insertion loss: the loss (S21) through the switch when the path is ON (in dB). 
 Isolation: The loss (S21) through the switch when the path is OFF (in dB). 
 P1dB: Maximum power that can be handled by the switch without compression. 
 Linearity: The immunity from distortion (cross modulation, harmonics, IM3, etc.) 
 Voltage control: Voltage control parameters (single control/dual control of dependences of P1dB 

versus Vcontrol). 
 Switching speed. 

Insertion loss is one of the very important design constrains while designing for high RF power. There are 
different techniques for lowering the insertion loss. 

3.1.2 Different Architectures of the Switch 

Designing an RF CMOS switch for high power is challenging due to the device characteristics such as 
low electron mobility, low break-down voltage, and the substrate junction diodes. So far, various types of 
architectures for the RF switch have been proposed to handle high power. The power handling capacity of 
a switch depends on how much voltage swing can be applied during off-state while limiting the maximum 
current on the on-state [18]. Maximum current handling can be solved by increasing the size of the 
transistor but it will decrease the isolation. The voltage swing is more important while designing a switch 
and different methods are proposed for solving the voltage swing such as impedance transformation [26], 
LC resonance [27], and stacking FETs [16]. 

(a) (b) 

Vth Vth 

Vload Vload 

Junction diode turning ON 

Figure 3-2 Voltage swing in CMOS switch - (a) Small signal input and (b) Large signal input 
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For the off-state, the gate terminal is RF open due to high resistance at the gate. When the impedance of 
the drain-gate and source-drain are equal, half of the voltage swing is observed at the drain-gate terminal. 
For the positive half cycle, the gate voltage should not fall below the pinch off voltage, Vp. If Vc is the dc 
control voltage, 

−�� +
����
2

= −�� 
 
(3.2) 

���� + �� −
����
2

= �� 
(3.3) 

where, VB = Gate-drain breakdown voltage, and  
Vmax = Maximum peak voltage. 
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Figure 3-3 Series shunt switch 

Figure 3-4 Voltage swing at the drain and gate of the off-sate switch 
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Maximum allowable drain voltage and gate bias can be expressed as 

���� = �� − �� (3.4) and  

�� =
�� + ��

2
 

(3.5). 

The maximum power for the off-state switch is  
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(3.6). 

When the switch is ON, there is no gate-drain voltage difference and the maximum power deliverable 
through the on-state switch is 

���� =
1

2
���
� �� 

(3.7) 

where, Z0 = Characteristic impedance, and 
Ids = Drain current  

The drain-source current, Ids depends on the size of the FET device and it is given by considering the 
breakdown voltage and maximum power delivery of the device. 

3.1.2.1 Impedance Transformation Method 

There is always mismatch and power is always reflected back due to the finite impedance of the off-state 
and as a result the full power from the transmitter (Tx) cannot be transmitted to the antenna. Moreover, 
larger FET will produce more leakage current than small size FET. Figure 3-5 and 3-6 shows a simplified 
SPDT switch and the impedance diagram of Tx mode and how the power is dividing among the antenna 
and off-state switch.  
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There are two sources of power loss, transmit loss at the on-state switch and leakage loss in the receive 
path at the off-state switch. One possible design target could be by reducing the Ron and increasing the Zoff 
values but these two values are associated with the isolation and insertion loss. 
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(3.9) 

������ = ���� + ����� (3.10) 

where, Pdel = Power deliver 
Ptotal = Total power 
Ploss = Power loss 

Ron 

  

Antenna 

Ioff Iant 

Z0+Zoff  

Va 

Zant 

Z0 

 
Z0 

 
Z0 

Antenna 

On-state Off-state 

Figure 3-5 Simple SPDT switch 

Figure 3-6 Impedance diagram of Tx mode SPDT switch 
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From ( 3.9), it is seen that power delivered to the antenna is related to Iant and Zant and the power-delivery 
capacity can also be improved by controlling the impedance at the antenna port and this could be done by 
an impedance matching network between antenna and switch.  

3.1.2.2 LC Resonator Switch 

Different configurations are proposed for the LC resonant circuit [4] and with the appropriate 
combination of switches and on-chip inductor and capacitor, different LC resonant circuits can be made. 
Figure 3-7 shows an LC resonator that can operate in two modes, LC parallel at the Tx mode and LC low-
pass at the Rx mode. In the Tx mode, the combination of L, C and switches create an LC parallel 
resonator on the Rx path to block high voltage swing at the antenna port whereas in the Rx mode, the 
combination of inductor, capacitor, and switches create an LC low-pass resonator to generate signals from 
antenna to the receiver. 

  

 

 

It is very important to select a precise value of the inductor with high quality factor (Q) depending on the 
modes of operation. For the Tx mode, the inductor acts as an RF choke and blocks the signal from the 
antenna. However, for the Rx mode, the inductor acts as a signal path from antenna to the receiver and 
this value must be small with high Q. An on-chip inductor has limited Q values less than 20 for GaAs 
technology and 6-7 for 0.18 um CMOS technology. Fortunately, the new UTBB 28 nm FDSOI CMOS 
technology gives a promising Q value and for example a 1.5nH chip inductor offers a Q of 25(at 2.6 
GHz). Chip inductors occupy large die area in the chip which makes them unsuitable for compact design.  

The most critical problem for this design is narrow-band operation. An RF signal can only be blocked at 
the resonance frequency and this limits the bandwidth. As a result this kind of configuration could not be 
used in multi-band operation.  

 

Figure 3-7 LC resonator 
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3.1.2.3 Multi-Stacked FETs 

The power handling capacity of a switch is improved by stacking FETs which increases the periphery of 
the gate and the capacity increases approximately by the square of the number of FETs stacked in series. 
However, stacked transistors increases the insertion loss compare to a single FET. So, the size must be 
optimized of the FET for minimum Ron with low insertion loss. 
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(3.11) 

where, N = Number of stacked transistor. 
 

 

Because of the smaller size, wide bandwidth, high power handling capability and low insertion loss, this 
kind of configuration is used in commercial applications. 

3.2 Design of the RF Power Switch 

LTE contains different frequency bands of operation and the RF power switch is coupled to the power 
amplifier so that it can switch different bands and as a result the switch must handle the highest power 
levels together with the high linearity, low IL in the on-state and high isolation in the off-state. The design 
requirements are listed below: 

 Power handling: 30 dBm 
 Insertion loss (IL): <1 dB 
 Linearity : < -50 dBc IM3 (no other tones higher) 
 Isolation: > 30 dB 

The main advantage of using FDSOI for this design is the substrate isolation, which gives advantages for 
stacking transistor and also lowers the IL compared to bulk CMOS when the switch is on and higher 
isolation when the switch is off. So, multi-stacked FETs together with resistive body floating technique is 
used for the design of RF switches [16][18]. In the off-state, the whole power must be handled by the 
switch and six FETs are used together with the additional matching capacitance to optimize the power 
handling for this design. Figure 3-9 shows the simple schematic of the switch. 

Antenna 

Figure 3-8 Stacking FETs 
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In order to reduce insertion loss, the triple well (TW) transistors together with large value (~10 K Ω) gate 
and body resistors are used in the design. The RG will also block the RF signal towards the gate path. 
Figure 3-10 shows the TW Bulk-CMOS model.  

 

Figure 3-10 Model of the triple well (TW) transistor [16] 

This model is applicable for the bulk CMOS [16] and but for the FDSOI CMOS process there is an 
insulator layer between the body and the transistor channel layer, which means that the equivalent diodes 
(JSB and JDB) become capacitors (CSB and CDB). For the on-state, the value of Ron (~2.5 Ω) must be as low 
as possible. This kind of architecture will decreases the value of Ron and the IL will be smaller. 

3.3 Scattering Parameters 

It is difficult to realize a good open and short condition for the RF and MW measurement. RF circuits are 
designed with close attention to maximum power transfer conditions and resistive load (i.e. 50 Ω), as 
these are close to the actual operating conditions and so the effect of measurement errors will have less 
compared to imperfect opens and shorts [28]. So in the RF and MW frequency domain, scattering 
parameters (S-parameters) are used to characterize a two-port network [15]. The S-parameters are related 
to power flow and permit to define the input-output relations of a network in terms of incident and 
reflected power waves. With reference to figure 3-11, a generic two-port network is driven from a source 

with impedance usually equal to 500 Z  Ω and driving a load of impedance ZL [29]. 

RG 
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Figure 3-9 RF power switch: six-stacked FETs 
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Figure 3-11Two port scattering network with source and load[29] 

As seen in above figure 3-11 the incident normalized power wave an, and reflected normalized power 
wave bn are defined as follows: 

 nnn IZV
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a 0
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(3.12)  
and 

 nnn IZV
Z

b 0

02

1
  

(3.13) 

where n refers either to port 1or 2 and Z0 is the characteristic impedance of the connecting lines on the 
input and output side of the network. The four waves (a1, a2, b1 and b2) are related by the following 
equations where S11, S12, S21 and S22 are the S-parameters: 

2121111 aSaSb   (3.14) 
and 

2221212 aSaSb   (3.15) 

Equations (3.14) and (3.15) can be written in matrix form as: 
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(3.16) 

 Where, S11 = Input reflection coefficient (input matching), 
S22 = Output reflection coefficient (output matching),  
S21 = Forward voltage gain, and 
S12 = Backward voltage gain. 
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4 RF Power Switch: Simulation Results 

Simulation is performed in Cadence Virtuoso design flow. ADS-Cadence co-simulation design 
environment is used to design a PCB and simulate the chip on PCB level. 

4.1 Simulation Results in Cadence 

At first, one switch was designed by stacking six FETs which is called single pole single throw (SPST) 
and after that two switches are placed together which is called single pole double throw (SPDT). For each 
type of switch, the following critical parameters were simulated in order to fully understand the behaviour 
of the RF switch. Two types of simulation environment were used, Cadence IC design simulation 
environment for the RF switch design and ADS-Cadence simulation environment for the PCB design. 
The Cadence Design Systems is used for custom IC design. The ADS supports circuit simulation and 
electromagnetic field simulation to fully characterize and optimize an RF design. 

4.1.1 Six-stage Rascher RF Switch 

At first the SPST was designed according to Rascher [23] where six transistors were stacked together to 
handle the required power (30dBm) and Figure 4-1 shows the test-bench of the six-stage Rascher RF 
Switch. The simulation parameters were: input power, prf = 30 dBm; input frequency, frf = 2 GHz; body 
bias, VBB = 0 V; Triple-well, TW = 3+VBB V; gate (control) voltage, VC = -1 V (Switch is OFF) and +1 
V (Switch on ON); and Rbsub = Rnw = Rg = 10k Ω. 

 

Figure 4-1 Six-stage Rascher switch 

Table 4-1 shows the s-parameters simulation results with different bias condition. The isolation is 29 dB 
and insertion loss is 1 dB which closed to the design requirements. The input and output matches to 50 Ω. 
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Table 4-1 Isolation and insertion loss with different biases for the Rascher switch 
Sl. Vc, 

V 
fin , 

GHz 
Vbb, 
V 

TW, 
V 

Insertion loss (S21), 
(on-state) dB 

Isolation (S21), 
(off-state) dB 

S11, dB S22, dB 

1 1.0 2 0 3 -1.00 -29 -43 -42 
2 1.5 2 0 3 -0.86 -29 -34 -35 
3 1.0 2 -2 -2+3 -1.70 -29 -24 -23 
4 1.0 2 2 +2+3 -0.78 -29 -31 -31. 

 

Figure 4-2 S-parameters simulation 

In the figure 4-2, dot-line represents input matching (-42 dB), dash line represents output matching (-41 
dB), straight line represents IL (-1 dB), and dot-dash line represents isolation (-29 dB). 

4.1.2 Six-stacked SPST Switch 

Table 4-2 shows the simulation parameters for the SPST switch with the bond-wire model. 

Table 4-2 Simulation parameters for SPST RF switch 
Sl Simulation Parameters Name Value Unit 
1 Input power Pin 30 dBm 
2 Input frequency RFin 2 GHz 
3 Control voltage (gate voltage) Vc +1 (ON), -1 (OFF) V 
4 Body bias Vbb 0 V 
5 Triple well Vtw 3+Vbb V 
6 Substrate voltage Vsub -5 V 
7 Inductor bond-wire ind_bond_wire 2 nH 
8 Resistor bond-wire ind_bond_wire 2 Ohm 
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Figure 4-3 Testbench for the simulation of the SPST RF switch 

In order to understand the isolation and insertion loss of the switch, S-parameters simulation were 
performed in cadence (spectre) with 30 dBm input power at the frequency of 2 GHz. Table 4-3 shows the 
simulation results and it is clear that there is better isolation but IL is high although it could be lowered 
3.3 dB by substrate biasing and increasing the control voltage to ±1.5 V. 

Table 4-3 S-parameters simulation for the SPST RF switch 
Sl Vc, V Vbb, V Vtw, V Vsub, V Insertion Loss(S21), 

(ON-state) dB 
Isolation(S21), 
(OFF-state) dB 

1 1.0 0 3 0 3.6 57 
2 1.5 0 3 0 3.4 57 
3 1.0 0 3 -5 3.5 62 
4 1.5 0 3 -5 3.3 62 
5 1.5 0 0 -5 3.5 55 
6 1.0 0 0 0 4.3 48 

The periodic steady state (PSS) simulation has been performed with similar simulation parameters and the 
results are shown in Table 4-4. From this simulation data, it is clear that the isolation is good but IL is 
around 3 dB which is higher than the required value although there is a strong relationship between 
substrate biasing and control voltage. 
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Table 4-4 Simulation result with large signal analysis (PSS) for the SPST RF switch 
S
l 

Vc, V Vbb, V Vtw, V Vsub, V Output 
power, 
dBm 

Insertion Loss, 
(ON-state) dB 

Isolation,(OFF-state) 
dB 

1 1.0 0 3 0 26.1 3.9 12.6 
2 1.5 0 3 0 26.5 3.5 9.1 
3 1.5 0 3 -5 26.7 3.3 5.7 
4 1.0 0 3 -5 26.3 3.7 10.1 
5 1.5 0 0 -5 26.5 3.5 9.1 
6 1.0 0 0 0 26.0 4.0 13.1 

 
Linearity analysis using IP3 simulation 
 
With two tones: frf2 = 2.04 GHz and frf = 2.0 GHz 
1st order harmonic = 2 GHz 
3rd order Harmonic= 2.08 GHz 
Extrapolation point = 5 dBm 

 

 

Figure 4-4 IIP3 curve for the switch (ON) 
 

4.1.3 Six-stacked SPDT Switch 

Figure 4-5 and 4-6 show the schematic and layout of the six-stacked RF switch.  



 

41 
 

 
Figure 4-5 Schematic of the six-stacked SPDT RF power switch 

 

Figure 4-6 Complete layout of the six-stacked RF power switch 
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Figure 4-7 shows the test bench of the six-stacked RF switch for the simulation in Cadence environment. 

 

 
Figure 4-7 Testbench of the six-stacked SPDT RF power switch 

It is clear from both of the switches that we can improve the power handling capacity by lowering the 
substrate voltage and increasing the control voltage. Since it was a test circuit, so it was necessary to have 
tie-down diodes close to pads but these diodes were causing a major power handling problem of the 
SPDT switch. One of the possible ways to solve this problem would be lowering the substrate voltage 
which will allow measuring the switch without major changes in the chip. For this reason, it was 
necessary to design such a PCB which will allow measuring the switch with high RF input power (30 
dBm) and Table 4-5 shows the PSS simulations. Although the IL is improved with lowering the substrate 
bias to -5 V and increasing the control voltage to ±1.5 V, the isolation will go down. 

Table 4-5 PSS simulation (Cadence) of the SPDT RF switch with 30 dBm input power at 2 GHz 
Sl Vc1, 

V 
Vc2, 

V 
Vb, 
V 

Vtw, 
V 

Vsub, 
V 

Pin, 
dBm 

Pout, dBm Insertion 
Loss, dB 

Comments 

1 1.5 -1.5 0 3 0 28.88 10 (ON) 
-23 (OFF) 

18.89 Tie-down diode is causing 
problem 

2 1.5 -1.5 0 3 -5 28.9 26 (ON) 
-20 (OFF) 

2.5 IL is improved by lowering 
the substrate bias 

3 1 -1 0 3 -5 29.7 22 (ON) 
-19(OFF) 

7.6 IL is degraded again by gate 
bias 

4 1.5 -1.5 3 3 -5 28.39 27(ON) 
-20(OFF) 

0.9 IL is further improved by 
body bias 
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4.2 ADS-Cadence Co-simulation 

The ADS-Cadence co-simulation is important when it comes to evaluate an RF chip on the PCB level, 
because every single component including the transmission line is important for the RF measurement. So, 
ADS-Cadence co-simulation was performed for the design of PCB and Table 4-6 shows the simulation 
parameters for the SPDT switch. 

Table 4-6 Simulation parameters of SPDT RF switch 
Simulation Parameters Name Value Unit 

Input power Pin 30 dBm 
Input frequency RFin 2 GHz 

Input matching inductor Lin 3.8 nH 
Control voltage_1(gate voltage) Vc1 1.5(ON) V 
Control voltage_1(gate voltage) Vc2 -1.5(OFF) V 

Body bias_1 Vbb1 0 V 
Body bias_2 Vbb2 0 V 
Triple well_1 Vtw1 3 V 
Triple well_2 Vtw2 3 V 

Substrate voltage Vsub -5 V 
Inductor bond-wire ind_bond_wire 3 nH 
Resistor bond-wire ind_bond_wire 3 Ohm 

 

 
Figure 4-8 ADS testbench for the SPDT RF switch (sample 1) 

Figure 4-8 shows the testbench for the ADS-Cadence co-simulation, whereas the simulations results are 
presented in figure 4-9 and 4-10. After the harmonic balance simulation (large signal analysis), IL and 
isolation is calculated that are presented in figure 4-19. The SPDT switch shows good IL up to 22 dBm 
input power and the isolation is closed to the specifications.  
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Figure 4-9 IL and isolation using harmonic balance (HB) simulation in ADS 

Figure 4-10 shows the small signal analysis result (s-parameters) and it gives different results from the 
large signal analysis. It shows reasonable IL (1.9 dB) dB) and isolation (27 dB) at 2 GHz. 

 

Figure 4-10 IL and isolation using s-parameters simulation (SPDT switch) 
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Figure 4-11 Test PCB for the RF power switch 

 

 

Figure 4-11 shows the first test PCB for the measurement of the RF switch whereas Figure 4-12 shows 
the bond-wire diagram of the switch. 

 

  

RF_IN 

RF_SW2 

RF_SW1 

VSUB 

VC2 

VB2 TW2 

VC1 

VB1 TW1 

Figure 4-12 Bond-wire diagram of RF power switch in a test PCB (sample 1) 
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5 RF Power Switch: Measurement and Results  

The test chip contains several circuit blocks and a complete LTE receiver front-end but due to time 
limitation and content of the project, only the RF power switch is going to present in this chapter. There 
are two types of measurements: wafer level measurement with the RF probe station and PCB level 
measurement with the test PCB are described in this chapter. The switch is matched to 50 Ω and intended 
to be measured with an RF probe station. The RF probe measurement will give better result compared to 
PCB-level because of the absence of matching problem on the PCB. For the PCB-level measurement, it is 
necessary to assemble the chip on a PCB. There are two types of chip bonding available: flipped chip and 
bond wire. The bond wire method is used in this project but this bond wire will add extra parasitic 
inductance and resistance together with the transmission line on the PCB. 

5.1  PCB for the Wire-bonded Chip 

The wire bonding is always difficult when it comes to assemble the chip on the PCB. Moreover, it was 
even more challenging to wire-bond the chip on the PCB due to an unwanted passivation layer on the 
surface of the chip and we tried to clean the chip with isopropanol and together with ultrasonic bath but 
failed. We also sent back the chip to STMicroelectronics/CMP to clean the chip but still there was 
passivation layer on the chip. This kind of layer formed during the last stage of the process and it is 
removed and left is aluminium which is soft and easy to bond. Even after cleaning the chip by CMP, it 
was difficult to get good contact on the pads and we saw the passivation layer too.  

There is always an uncertainty that the chip would be in a good condition after wire-bonding on the PCB. 
Three chips were mounted on the PCB and figure 5-1 shows a wire-bonded PCB for the measurement of 
RF switch. 

 

Figure 5-1 Wire-bonded chip on the PCB for the RF power switch (sample 1) 
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Figure 5-2 Test PCB with mounted chip and other components (sample 1) 

All the components were mounted on the PCB and figure 5-2 shows the first sample PCB for the 
measurement and characterization of the RF switch. 

5.2 Characterization of a Driver PA 

There was no 30 dBm RF power source in the lab but it was necessary to measure the switch with 30 
dBm input power and an additional PA (gain 10 dB) was used to deliver the 30 dBm power into the 
switch. A HMC414MS8G power amplifier 2.2 - 2.8 GHz was used. Figure 5-3 shows the characterization 
of the PA with 19 dBm maximum input power. According to the data sheet and the lab measurements, it 
is clear that this PA can deliver maximum power at the frequency between 2.4 and 2.5 GHz. 

 

Figure 5-3 Characterization of the driver PA 
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5.3 Measurement of the RF Switch (sample 1) 

Figure 5-4 shows the output power vs. frequency during ON and OFF state of the switch with 19 dBm 
input power. Originally, the switch was designed for 2 GHz but due to the input large capacitance and 
other parasitic components such as the bond wire, the frequency was shifted. From the measurement 
result (ON-state) it is clear that the switch has a good match at 1.2 GHz with 3 dBm insertion loss. The 
output power from the switch during OFF-sate is around -14 dBm at 1.5 GHz with the help of proper 
input matching network and bond-wire model. The switch may perform according to the design 
specification. 

Table 5-1Different test cases with the 19 dBm input power 

Test cases 
Vc1 (gate control 

voltage) 
Vc2 (gate control 

voltage) 
Vtw (triple well 

voltage) 
Vbb (body 

bias) 
Vsub (substrate 

biasing) 

1 +1 -1 3 0 0 

2 +1 -1 3 1 0 

3 -1 +1 3 0 0 

4 -1 +1 3 -1 0 

 

Figure 5-4 Characterization of the switch (sample 1) 

5.3.1 Measurement of RF Switch with a Driver PA  

Figure 5-5 shows the measurement setup for the switch with PA where the first switch is connected to the 
power meter with a power sensor and the second switch is terminated with 50 Ω.  
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Figure 5-5 Measurement setup for the RF Switch 

Table 5-2 and 5-3 shows the biasing parameters for PA and RF switch. 

Table 5-2 Biasing of the switch 
No Parameters Value 

1 Vc1 (gate control voltage) +1.0 Volt 

2 Vc2 (gate control voltage) -1.0 Volt 

3 Vtw (triple well) +3.5 Volt 

4 Vbb (body bias) 0 Volt 
5 Vsub (substrate biasing) 0 Volt 

 

Table 5-3 Biasing for the PA 
No Parameters Value 

1 Vd (supply) +13.5Volt 

2 Vpd1=Vpd2 +3.5 Volt 

3 Is(supply current) 0.5 mA 
 

The switch was designed for 2 GHz but the driver PA works at the higher frequency. In order to get the 
optimum operation point, the measurement was performed with different frequencies. Figure 5-6 shows 
the input-output characteristic with the frequency 2 GHz to 2.7 GHz. The power handling capacity 
increases with frequency but the output power becomes saturated with an input of 8 dBm. 

 

Figure 5-6 Characterization of the RF switch with driver PA 
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5.3.2 Wafer Level Measurement of the RF Switch 

 

Figure 5-7 Wafer level measurement of the RF switch (sample 1) 
 

Figure 5-8 shows S11 measurement for the RF switch which was designed for 50 Ω match but due to 
unexpected sticky material on the pads, we could not say whether this measurement was reasonable. 

 

Figure 5-8 S11 measurement 

Figure 5-9 shows the s-parameters result of wafer level measurement of the switch where the green line 
represents the isolation and the brown line represents the IL. Two RF arms were needed for biasing the 
two switches and at least two RF arms for the RF input and switch out-1 or 2. We could not place all the 
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RF arms due to space problem between the arms. As a result, for the entire time one switch was unbiased 
while measuring the other. Form the below measurement results, it is clear that the isolation is about 25 
dB which is lower than the simulation result. On the other hand insertion loss is about 10 dB which is 
quite higher compared to the simulation result. 

Two measurements are presented in figure 5-9. For the green line, biasing parameter are Vc = 1.5 V and 
Vb = 1.5 V; for the brown line, biasing parameters are Vc =1 V and Vb = 0 V. 

 

 

 

 

 

 

 

 

 

 

5.4 PCB level Measurement of the RF Switch (sample 2) 

5.4.1 PCB Level Measurement of the RF Switch (Power Measurement) 

The measurement parameters for the frequency response were, Prf = 19 dBm, frf = 1.3 GHz, VC1 = +1.5 
V, VC2 = -1.5V, Vbb = 0 V, Vtw = +3 V, Vsub = 0 V. Figure 5-10 shows the wire-bonded test PCB of the 
RF switch (sample 2). Figure 5-11 shows the output response of the switch with respect to frequency and 
it gives maximum output power at 1.3 GHz but the switch was designed for 2 GHz with 50 ohm input 
matching. The frequency is shifted due to the input matching problem from the bond wire and test PCB 
itself.  

Figure 5-9 Measurement of the RF Switch on the wafer level with 
different bias. 
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Figure 5-10 Wire-bonded test PCB for the RF switch (sample 2) 

 

Figure 5-11 Frequency response of the RF switch 

The measurement parameters for the input-output (on-state) characteristics are, Prf = 19 dBm, frf = 1.3 
GHz, VC1 = +1.5 V, VC2 = -1.5V, Vtw = +3 V, Vsub = 0 V. Figure 5-12 shows the on-state input-output 
characteristics of the switch with three different body bias. The output changes linearly with the input. 

0

5

10

15

20

0 1 2 3 4

O
u

tp
u

t 
p

o
w

er
, d

B
m

Input frequency, GHz

Output (ON),
dBm



 

53 
 

There were no significant changes with respect to different body bias (blue line VB = 1 V, red line VB = 
2 V, and green line VB = 3 V) and as a result only one line is visible in the graph (Figure 5.12). 

 

Figure 5-12 Input-output characteristics (on-state) of the switch with different body bias 

Figure 5-13 shows the off- state input –output characteristics and the measurement parameters are Prf = 
19 dBm, frf = 1.3 GHz, VC1 = +1 V, VC2 = -1 V, Vtw = +3 V, Vsub = 0 V. The measurement was 
performed with different body bias and there was a significant difference between off-states behaviour 
depending on the body bias. The isolation was increased with the body bias during off-state of the switch. 

 

Figure 5-13 Input-output characteristics (off-state) of the switch with different body bias 

Figure 5-14 shows the ON and OFF characteristics of the switch with respect to input power. The 
measurement parameters for the ON and OFF characteristics are Prf = 19 dBm, frf = 1.3 GHz, VC1 = +1.5 
V (ON), VC2 = -1.5 V (OFF), VB = 0 V, Vtw = +3 V and Vsub = 0 V.  
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Figure 5-14 ON and OFF state characteristics 

From this measurement, insertion loss and isolation is calculated which is shown in figure 5-15. The IL is 
about 2.5 dB with the input power of 19 dBm and isolation is about 13 dB which is lower than the 
expected value. 

 

Figure 5-15 Insertion loss and isolation of the switch 

5.4.2 PCB level Measurement of the RF Switch (S-parameters) 

Figure 5-16 shows the input matching from the S-parameters measurement where the input reflection is -

45 dB at the frequency of 1.124 GHz. From this figure it is clear that the switch shows good match at the 

lower frequency instead of 2 GHz. This could be due to the bond-wire and microstrip transmission line on 

the PCB. This can be solved by a proper matching network on the PCB.  
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Figure 5-16 Input matching of the RF switch, S11 

Figure 5-17 shows the insertion loss of the switch from the S-parameters measurement and the IL is 1.8 
dB at the frequency of 1.24 GHz. Due to the matching problem, the IL is higher at 2 GHz.  

 

Figure 5-17 Insertion loss (on-state) S21 

Figure 5-18 shows the isolation of the switch from the S-parameters measurement and the isolation is 29 
dB at the frequency of 1.4 GHz. Since the switch was not matched at 2 GHz, so the isolation changes with 
frequency. The isolation is 12 dB at the frequency of 2 GHz, which was lower than the required value. 
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Figure 5-18 Isolation (off-state) 

There is a 10 dB fluctuation (standing wave is passing from the input to the output of the measurement 
ports) for the S21 measurement (figure 5-17 and 18). The measurement equipment was calibrated up to the 
SMA contact of the test PCB but still there was microstrip transmission line and bond wire. As a result, it 
was not properly calibrated up to the chip’s pad.  

5.5 Post-simulation and Matching Network 

5.5.1 RF Switch Simulation without Matching Network 

Table 5-4 shows the simulation parameters for the post-simulation. 

 
Table 5-4 Post-simulation parameters for RF switch 

No Simulation Parameters Name Value Unit 

1 Input power PIN 30 dBm 
2 Input frequency RFin 2 GHz 
3 Input matching inductor Lin 3.8 nH 
4 Control voltage_1(gate voltage) VC1 1(ON) V 
5 Control voltage_1(gate voltage) VC2 -1(OFF) V 
6 Body bias_1 VB1 0 V 
7 Body bias_2 VB2 VB1 V 
8 Triple well_1 TW1 3+VB1 V 
9 Triple well_2 TW2 3+VB1 V 
10 Substrate voltage Vsub -5 V 
11 Inductor bond-wire ind_bond_wire 2 nH 
12 Resistor bond-wire ind_bond_wire 2 Ω 



 

57 
 

How the bond wire can affect the performance of the switch is shown in Figure 5-19 and 5-20. Without 
wire-bond there is a good input and output matching (-23 dB) with less than 1 dB IL in the ON-state and 
high isolation in the OFF-state (-53 dB). With the bond wire, the input and output matching go down to -
9.5 dB and at the same time increases the insertion loss to -1.9 dB but isolation is improved. 

 
(a) Input and output matching (b) Insertion loss and isolation 

Figure 5-19 Matching, IL and isolation without bond wire 

 

 
(a) Input and output matching (b) Insertion loss and isolation 

Figure 5-20 Matching, IL and isolation with bond wire (R = 3 Ω and L = 3 nH) 

5.5.2 Optimizing Bond Wire 

The measured switch (sample 2) showed good match at 1.3 GHz with the 19 dBm input signal. In order to 
compare with the measurement result, the post-simulation frequency was changed to 1.3 GHz. From 
Table 5-5, it is clear that bond wire is affecting the performance of the switch a lot and with the value of 
R = 3 Ω and L= 3 nH, the simulated result is closed to the measurement result (Chapter 5.5). 
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Table 5-5 Optimizing bond wire at 1.3 Ghz 
Sl. Bond wire Matching (S11), dB IL (S21), dB 

1 R = 0 Ω, Lin = 0 nH -23.63 -0.96 

2 R = 2 Ω, L = 2 nH -12.9 -1.47 

3 Rin = 3 Ω, Lin = 3 nH Rout = 2 Ω, Lout = 2 nH -10.8 -1.69 

4 R = 3 Ω, L = 3 nH -9.48 -1.92 

5 R = 4 Ω, L = 4 nH -7.39 -2.43 

 

Figure 5-21 IL and isolation with 19 dBm input power at 1.3 GHz (Vsub= 0 V) 
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Figure 5-22 IL and isolation with 30 dBm input power at 1.3 GHz (Vsub= -5 V) 

Figure 5-21 and 5-22 shows the IL and isolation of the RF switch using harmonic balance (HB) 
simulation with the bond wire, R = 3 Ω, L = 3 nH. The IL is 3.7 dB which is higher than the required 
value (1 dB) but the isolation is 44.9 dB which is better than the specification (30 dB). 

5.5.3 Optimizing Substrate Bias 

Substrate biasing is one of the important parameters to change the performance of the RF switch. Table 5-
6 shows the IL and isolation of the switch with different substrate bias for the test PCB (sample 1) 
without matching network. 

Table 5-6 Optimizing substrate bias at 2 GHz with the input 30 dBm 
Sl. Substrate bias, V Insertion loss, dB Isolation, dB 
1 0 20 45.62 
2 -1 17.40 37.35 
3 -2 7.90 36.15 
4 -3 6.62 35.92 
5 -4 5.90 35.39 
6 -5 5.43 34.98 
7 -6 5.01 35.28 

Figure 5-23 and 5-24 shows the IL and isolation of the switch after HB simulation in ADS-Cadence co-
simulation with Vsub  =  -5 V. There is an inverse relationship between IL and isolation with respect to 
substrate bias and frequency. The IL is improved with the expense of isolation but still isolation is within 
the specifications.  
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Figure 5-23 HB simulation with 30 dBm input power at 2 GHz input frequency (Vsub =  -5 V) 

 

Figure 5-24 Frequency dependence of IL and isolation (PCB without matching ) 

From figure 6-5, it is clear that the IL could be improved with proper matching network. 

5.6 Comparison of IL, Isolation and Matching of the RF Switch 

Table 5-7 shows how the performance of the switch changes with respect to pads and PCB. The switch 
meets the design requirements in terms of IL, isolation and matching but it becomes worse when pads and 
PCB are added. 
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Table 5-7 Comparison of IL, isolation and input matching at 2 GHz with 30 dbm input 
Parameters Chip without pads 

(system) 
Chip with pads (wafer 

level) 
Chip with PCB 

(test PCB) 
IL, dB 0.99 19.7 (Vsub = 0 V) 

3.1 (Vsub = -5 V) 
5.43 

Isolation, dB 31.00 53 (Vsub = 0 V) 
51 (Vsub = -5) 

35.0 

Input matching(S11), dB -16.65 -16.6 (Vsub = -0 V) 
-18 (Vsub = -5 V) 

-7.0 

Biasing parameters for figure 5-26 are Vsub = 0 V, VC=±1.5 V, TW=3 V, VB =0 V, R=0 Ω, L=0 nH. 

 

Figure 5-25 Chip (SPDT switch) without pads 

Biasing parameters for figure 5-27 are Vsub = 0 V, VC = ±1.5 V, TW = 3 V, VB = 0 V, R = 0 Ω, L = 0 
nH. 

 

Figure 5-26 Chip (SPDT switch) with pads 

Biasing parameters for figure 5-28 are Vsub = -5 V, VC = ±1.5 V, TW = 3 V, VB = 0 V, R = 0 Ω, L = 0 
nH 
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Figure 5-27 Chip (SPDT switch) with pads 

Biasing parameter for figure 5-29 are Vsub = -5 V, VC = ±1 V, TW = 3 V, VB = 0 V, R = 0 Ω, L = 0 nH. 

 

Figure 5-28 Chip (SPDT switch) with pads 

Biasing parameters for figure 5-30 are Vsub = -5 V, VC = ±1 V, TW = 3 V, VB = 0 V, R = 3 Ω, L = 3 nH 

 

Figure 5-29 Chip (SPDT switch) with PCB 
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Biasing parameters for figure 5-31 are Vsub = -5 V, VC = ±1 V, TW = 3 V, VB = 0 V, R = 3 Ω, L = 3 nH 

 

Figure 5-30 S-parameter simulation: Chip (SPDT switch) with PCB 

Figures 5-25 to 5-30 show the IL and isolation of the SPDT switch for different design scenarios together 
with the matching (s-parameters simulation). 

5.7 ADS-Cadence Co-simulation of RF Switch with Matching Network 

5.7.1 Optimizing Matching Network 

In order to transfer the maximum power into the switch from the antenna/ signal source, it is necessary to 
match it to 50 Ω, which was missing in the first test PCB. An LC matching network was designed and the 
first test PCB was updated. Figure 5-31 shows an input LC matching network whereas Table 5-8 shows 
the optimized values of the LC components. 

 

Figure 5-31 Input matching network 
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Table 5-8 Input matching network 
Sl Frequency, GHz Cin, pF Lin, nH S11(dB) 
1 1.7 2.5 7.7 -47.1 
2 1.8 2.4 7 -51.77 
3 1.9 2.3 6.4 -55.84 
4 2.0 2.3 6.0 -45.75 
5 2.1 2.3 5.8 -46.24 
6 2.2 2.5 6.5 -56.50 
7 2.3 2.4 8 -44.13 
8 2.4 2 8 -23.41 
9 2.5 2 8 -13.8 

It is important to match the switch with the antenna which is typically 50 Ω. Input matching network is a 
simple LC network. The following Figure 5-32 shows the input reflection with different combination of L 
and C values. From this figure, it is clear that switch can provide reasonable matching from 1.7 GHz to 
2.3 GHz with the values of the capacitor = 2.7 pF and inductor = 6.4 to 7.8 nH. 

 

Figure 5-32 Input matching network 

5.7.2 Simulation of the RF Switch with Matching Network 

The PCB design for the RF applications is always challenging. After designing the first prototype, I 
designed a new PCB with matching network which will improve the PCB level measurement. Table 5-9 
shows the simulation parameters of the RF switch. 
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Table 5-9 ADS-Cadence co-simulation parameters for the switch 
No Simulation Parameters Name Value Unit 

1 Input power PIN 30 dBm 
2 Input frequency RFin 2 GHz 
3 Input matching inductor Lin 3.8 nH 
4 Control voltage_1(gate voltage) VC1 1.5(ON) V 
5 Control voltage_1(gate voltage) VC2 -1.5(OFF) V 
6 Body bias_1 Vbb1 0 V 
7 Body bias_2 Vbb2 Vbb1 V 
8 Triple well_1 TW1 2+Vbb1 V 
9 Triple well_2 TW2 2+Vbb1 V 
10 Substrate voltage Vsub -5 V 
11 Inductor bond-wire ind_bond_wire 2 nH 
12 Resistor bond-wire ind_bond_wire 2 Ohm 

Here is the testbench for the RF switch (including tie-down diode, bond-wire model and pad) with the 
new PCB. 

 

Figure 5-33 Testbench for the ADS- Cadence co-simulation of the switch (new PCB) 

 

Figure 5-34 Insertion loss and isolation with sweeping input power (new PCB) 
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Figure 5-35 Matching, IL and isolation using S-parameters simulation 

 

5.8 RF Switch Simulation for Linearity Analysis 

 

5.8.1 1 dB Compression point and 3rd Order Interpolation Point 

Figure 5-36 shows the 1 dB compression point of the six-stacked SPST switch. All the simulations for the 
linearity analysis are performed using spectre RF (Cadence). 

 

Figure 5-36 1 dB compression point is 54.44 

Figure 5-37 shows the IIP3 of the six-stacked SPST switch. 
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Figure 5-37 IIP3 curve for the six-stacked SPST switch 

Since the RF power switch works in the high power region so 1 dB compression point simulation is less 
important compared to IL and isolation. SPST switch shows better compression point simulation 
compared to SPDT switch.   

Table 5-10 Comparison of properties of RF swithch at different design phases 
No Properties Six-stacked SPST 

(without pads) 
Six-stacked SPDT 

(with pads) 
1 1 dB compression point 54.44 18.31 
2 IIP3 22.87 - 

 

Figure 5-38 1 dB compression point is 18.31 dBm for the SPDT switch with pads 
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6 Discussion  

6.1 Results 

The RF power switch was simulated with the control voltage of ±1.5 V and substrate voltage of -5 V 
together with the input power of 30 dBm at the frequency of 2 GHz. Table 6-1 shows the simulation 
results of the RF switch at the various steps of the evaluation process. 

Table 6-1Simulation results of RF power switch 
SL Parameters Chip without 

pads (system) 
Chip with pads 

(wafer) 
ADS-cadence 
co-simulation 

(without 
matching 
network) 

ADS-cadence 
co-simulation 

(with 
matching 
network) 

1 Insertion loss, dB +1 +3 +5.4 +1 
2 Isolation, dB -31 -51 -35.0 -44 
3 Input matching 

(S11), dB 
-16 -18 -7.0 -43 

It was clear from the simulation results that the RF power switch meets the design requirements. For the 
PCB level measurement, there must be matching network. 

Table 6-2 shows the PCB level measurement of the RF Switch (sample 2). It shows relatively good result 
at the lower frequency (1.2 GHz) compared to the designed frequency (2 GHz) but this could be 
explained by the matching network which was seen at the post-simulation. 

Table 6-2 Measurement results (sample 2) 
SL Frequency, GHz Insertion loss, dB Isolation, dB Input matching (S11), dB 
1 1.2 1.9 -20 -45 
2 1.4 2 -25 -15 
3 2 4 -15 -15 

There was an unwanted sticky material on the chip and it was not possible to get the proper contact on the 
chip with RF probe. So, it cannot be told that there were good measurement data from PCB level and 
wafer measurement.  

6.2 Method 

The method used in this thesis is hands-on. Normally, a test chip contains the sub-block of a whole 
system and needs iteration before it is placed on the system. It requires lot of pads for measurement and 
testing which degrades the performance of the chip. There were two types of evaluation techniques; wafer 
measurement and PCB level measurement together with the simulation (ADS and Cadence) used in this 
thesis. The wafer level measurement is efficient and accurate compared to PCB level measurement. 

During the pre-study, most of the materials related to the complete chip and equipment setup guide were 
provided by supervisors but not the whole theory about RF switch, LNA, mixer, receiver, and 28 nm 
FDSOI CMOS technology which eliminated the one step finding complete references. Rest of the 
materials found from book, international journals (mostly from IEEE) and different internet sites. 
Information about Cadence and ADS simulation were found from support forum and tutorials. Are these 
information enough or trustworthy? Most of the reference materials were taken from well-known writer’s 
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books and IEEE publications. The test chip is already manufactured and it is not possible to do any 
change into the chip. The 28 nm CMOS technology is selected from STMicroelectronics although 14 nm 
Fin-FET is available. 

Primarily, the wafer measurement was targeted to evaluate the chip and for the PCB level evaluation, it 
was necessary to perform the co-simulation and unfortunately, it was missing at the beginning of the 
thesis work. 

6.3 The Work in a Wider Perspective  

The work done in this thesis was the part of the on-going research project to investigate the new 28 nm 
FDSOI CMOS technology and can contribute to design circuits for the LTE front-end application. The 
present planar bulk CMOS technology is widely used for commercial RF design and this new CMOS 
technology could be used for the next generation LTE applications where off-state power consumption 
and battery life are significant challenges. 
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7 Conclusion and Future Work 

7.1 Conclusion 

Normally, a test chip contains a small part of a system rather than the complete system together with lot 
of pads for measurement which affect the input-output matching to 50 Ω. Tie-down diodes are also 
needed near pads for ESD protection but these are not needed for a complete system. These diodes cause 
problem of power handling, especially for the RF power switch which operates at 30 dBm input power. 
This power handling problem could temporarily be solved by the lowering the substrate voltage or 
increasing the DC level of RF input signal. 

The designed RF power switch showed a constant 1dB insertion loss up to 23 dBm input power. After 
that IL gradually increased to 2.5 dB with the input power of 27 dBm and finally reached to 4.2 dB when 
the maximum power 30 dBm was applied, whereas the isolation was more than 30 dB. It had been seen 
from the simulation that the isolation and IL were depended on the frequency. The IL increases from 1 dB 
to 6 dB over the frequency of 1 GHz to 2.2 GHz whereas the isolation decreases from 50 dB to 29 dB 
with 30 dBm input power. The switch showed low IL and high isolation in the lower band compared to 
higher band. This frequency dependence could be explained by bond wire and input-output matching of 
the switch.  

Stand-alone six-stacked SPST and SPDT switches without pads showed good matching to 50 Ω and had 1 
dB IL and more than 30 dB isolation with 30 dBm input power. But the SPDT switch was designed by 
placing two SPSTs in parallel and probably without considering the matching. As a result the input and 
output were not properly matched at 50 Ω. The bond-wire also played an important role for the matching.  

The PCB level measurements allowed delivering high RF power (30 dBm) into the switch but it was not 
possible to deliver high power into the switch with the wafer measurement using RF probe station. Due to 
the limitation of the lab’s signal source, it was not possible to deliver the maximum power (30 dBm) to 
the switch (sample 2). So, 19 dBm signal source was used during the PCB-level measurement (sample 2). 
The sample 2 showed a good match at 1.3 GHz instead of 2 GHz. The switch gave 2.5 dB IL and 13 dB 
isolation with the 19 dBm input power at 1.3 GHz. 

The test chip needs pads and bond wire together with transmission line for the PCB-level measurement 
but in a real integrated design these are not problems because the switch would be the part of the whole 
system.  For the second iteration of the chip, it is important to consider the 50 Ω matching together with 
the proper bond wire and transmission line for the PCB-level evaluation. 

7.2 Future Work 

There were different circuit blocks in the test chip and only the RF power switch was evaluated due to the 
limitation of the time and budget. For the PCB level measurement, the test PCB for the RF power switch 
had been updated. In order to complete the PCB level evaluation of the other blocks, the PCB for LNA, 
mixer and receiver should be designed which could be the future work of this master thesis project. 

7.2.1 Updated PCB for RF Power Switch 

After designing the first prototype, a new PCB with matching network was designed, this will improve 
the PCB level measurement. Figure 7-1 and 7-2 show the updated PCB for the RF switch. 
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Figure 7-1New test PCB for RF switch measurement 

 

Figure 7-2 Wire bond diagram for RF power switch. 

 

7.2.2 PCB for Receiver 

Figure 7-3 shows a complete PCB for dynamic ultra low power (DULP) receiver for LTE wireless 
receiver front-end. 
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Figure 7-3 Test PCB for DULP receiver measurement 

7.2.3 PCB for LNA and Mixer 

Figure 7-4 and 7-5 show the test PCB for LNA and mixer respectively. 
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Figure 7-4 Test PCB for LNA measurement 

 

 

Figure 7-5 Test PCB for mixer measurement 
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9 Appendix 

Figure 9-1 shows the transient response of the DULP receiver with bond wire. 

 

Figure 9-1Transient response of the receiver 

 

Table 9-1 Transient signal of the receiver 
SL Signal (colour) Response type 

1 Yellow line VRF input to the reciver 

2 Red line VLNA output from LNA 

3 Green and blue line VIFI and VIFQ are IFs output from mixer 

4 Orange RxOUT input to the mixer 
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Figure 9-2 and 9-3 shows the on-state and off-state voltage swing of the six-stacked SPST RF switch 
which was simulated according to Rascher model [18]. 

 

Figure 9-2 OFF-state voltage swing at the output of individual transistor Rascher model[18] 

 

 

Figure 9-3 ON-state voltage swing at the output of individual transistor Rascher model[18] 


