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SUMMARY

RF switches are one of the key building blocks used in modern communication
systems. The ability of RF switches to enable wideband or multi-band systems-on-chip and
fully integrate with other circuits in the communication system is becoming increasingly
important. On the other hand, the required performances of RF switches have become more
stringent as frequency increases. Specifically, it is challenging to have good tradeoffs among
insertion loss, isolation, power handling capability and size.

Diverging from the historical mainstream usage of I11-V semiconductor-based
material or silicon-on-sapphire (SOS) for RF application, high-resistivity trap-rich silicon-on-
insulator (HR TR SOI) has emerged as today’s substrate of choice, thanks to SOI reduced
parasitic capacitance and substrate loss.

This research work focuses on ultra wideband RF switch design based on high-
resistivity trap-rich SOl (HR TR SOI). Stress memorization technique (SMT) effects on ultra-
wideband RF switch performance are investigated for the first time. Low insertion loss, high
isolation, ultra-wideband (dc to 50 GHz) single-pole double-throw (SPDT) switch, single-
pole four-throw (SP4T) switch and 2 x 2 double-pole double-throw (DPDT) switch matrix
are designed with commercial 0.13-um high-resistivity trap-rich SOI technology.

Based on the investigation, ultra-wideband SPDT and SP4T switches are designed on
0.13-um HR TR SOI process, with thorough investigation on the channel mobility, channel
length and gate bias effects on switch performance. It is found that SMT helps improve
switch insertion loss from dc to 20 GHz for the proposed SPDT switches and from dc to 35

GHz for the proposed SP4T switch by improving the channel mobility and hence reducing

Xii



the on resistance. Moreover, the different channel length on the same process has prominent
effects on the performance of the RF switches. When compared with the state of the arts, the
designed SPDT switch, which is done based on excellent tradeoff among SMT, channel
length and design optimization achieves the lowest insertion loss (< 1 dB at 30 GHz, < 2.1 dB
at 50 GHz) over dc to 50 GHz, while the designed SP4T switch achieves the lowest insertion
loss (<1 dB at 10 GHz, < 1.4 dB at 20 GHz and < 2.6 dB at 35 GHz) over dc to 35 GHz. The
active chip areas of the proposed SPDT and SP4T switches are compact with size of only
0.214 x 0.19 mm? and 0.36 x 0.19 mm?, respectively.

In addition, two types of 2 x 2 double-pole double-throw (DPDT) switch matrixes are
designed with the same technology. The legacy generationl switch matrix (Genl) in this
technology is fabricated using the same SOI top silicon thickness as the proposed SPDT and
SPAT switches. It achieves less than 2.5 dB insertion loss and higher than 32 dB isolation up
to 30 GHz. Also, a novel generation2 switch matrix (Gen2) fabricated on recessed SOI top
silicon is presented. The Gen2 switch exhibits less than 2 dB insertion loss and higher than 34

dB isolation from dc to 35 GHz.
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Chapter 1

Introduction

1.1 Motivation

RF switches are widely used in these modern communication systems. From antenna
switching, transmit-receive (T/R) switching, test & measurement, phase array, to signal
conditioning. As the need of number of radio standards increases, need of the number and
complexity of switches also increased. As shown in Figure 1-1 (courtesy of SOITEC), in a
modern LTE smartphone front end block, to achieve multiple band application, a lot of
switches are used, including antenna swap switch, PA mode switches, RX diversity switches,

etc.

Power PA Mode Fiter Antenna
Amplifier  switch Bank Swich Module

'\ Coupler

- Diplexer

— Antenna Antenna
* Swap switch Tuner
H
. ﬁ:_
.__ — -
T

Tx
Band

[ [TT TTT
[]

HEEEEN
»

HEl- 3

Rx diversity
S

f
1

Figure 1-1 Front-end module (FEM) diagram of LTE

Rx
diversity
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The ability of RF switches to fully integrate with other circuits in the communication
system and operate over very wide bandwidth is becoming increasingly important to enable
wideband or multi-band systems on chip. On the other hand, the required performances for
RF switches including lower insertion loss, higher isolation and higher power handling
capability and smaller size, which usually have to be tradeoffs among, have become more
stringent. It becomes a big challenge to do good tradeoffs among these stringent required
performances.

Historically, high performance RF switch design mostly uses GaAs pseudomorphic
high electron-mobility transistors (pHEMT) I11-V semiconductor-based processes, or silicon-
on —sapphire (SOS) technologies. In recent years, by using high resistivity (HR) substrate,
silicon-on-insulator (SOI) technology, has started to penetrate in the switch market, thanks to
its reduced parasitic capacitance, reduced substrate loss and comparable isolation with GaAs
pHEMT. The HR-SOI is now recognized to be one of the mainstream technology options for
the RF system on chips, and HR-SOI switch is estimated to be more popular than other

switch technologies in near future, as shown in Figure 1-2.

A "
100% Market penetration

‘—_——--~

 d ~
t HR-SOI Switch
\‘h

~

-~y ___f

50%

SOS Switch

i ! i i i i i il
2009 2010 2011 2012 2013 2014 2015 2016

Figure 1-2 Market penetrations of different RF switch technologies



1.2 Thesis organization

In Chapter 1, the background of importance and the motivation of RF switch design
are presented.

In Chapter 2, RF switch key parameters are introduced. RF switch type and common
switch design techniques, including both low frequency (dc to 10 GHz) and high frequency
switch (> 10 GHz) are reviewed.

In Chapter 3, SOI concept and its advantages over bulk substrate are introduced. SOI
MOSFET type including partially depleted SOI and fully depleted SOI are presented, SOI
substrate techniques including high resistivity and high resistivity trap rich SOI are also
presented.

In Chapter 4, ultra wideband single-pole double-throw (SPST) design considerations
including switch topology, switch transistor size and matching inductor effect on switch
performance are studied. S-parameters of different SPST switches configurations, including
series only, series-shunt and series-shunt with input output matching network, are simulated
and analyzed. Based on simulation result, to achieve ultra wideband (dc to 70 GHz)
application, series-shunt with input output matching network should be adopted, and switch
transistor size and matching inductors should be optimized.

In Chapter 5, ultra wideband SPDT switch design are presented. The designed SPDT
switches are based on series-shunt configuration with input and output matching network.
Stress memorization technique (SMT) implementation on SPDT switch design is reported for
the first time. With thorough investigation on the channel mobility, channel length and gate
bias effects on switch performance. It is found that SMT helps improve switch insertion loss
from dc to 20 GHz for the proposed SPDT switches by improving the channel mobility and

hence reducing the on resistance. Moreover, the different channel length on the same process
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has prominent effects on the performance of the RF switches. When compared with the state
of the arts, the designed SPDT switch, which is based on excellent tradeoff among SMT,
channel length and design optimization achieves the lowest insertion loss (< 1 dB at 30 GHz,
< 2.1 dB at 50 GHz) over dc to 50 GHz.

In Chapter 6, ultra wideband SP4T switch design based on series-shunt with input and
output matching network are presented. Thorough investigations are done on the channel
mobility (by implementation of SMT), channel length and gate bias effects on SP4T switch
performance. Similar to SPDT switch, it is also found that SMT helps improve switch
insertion loss from dc to 35 GHz for the proposed SPAT switch. Compared with the state of
the arts, the designed SP4T switch achieves the lowest insertion loss (< 1 dB at 10 GHz, < 1.4
dB at 20 GHz and < 2.6 dB at 35 GHz) over dc to 35 GHz. The active chip areas of the
proposed SPAT switches are compact with size of only 0.36 x 0.19 mm?.

In Chapter 7, ultra wideband double-pole double-throw (DPDT) switch matrix
designs are presented. The switches are designed using series-shunt-series configuration in a
ring-type structure with input and output matching networks. Two types of DPDT switch
matrixes are designed with the same technology. The legacy generationl switch matrix
(Genl) in this technology is fabricated using the same SOI top silicon thickness as the
proposed SPDT and SPAT switches. It achieves the widest bandwidth from dc to 30 GHz with
a low insertion loss of 2.5 dB and a high isolation of 32 dB up to 30 GHz, the measured input
P1dB of designed switches is higher than 18 dBm, measured input third order
intermodulation point (11P3) is higher than 32 dBm. Also, a novel generation2 switch matrix
(Gen2) fabricated on recessed SOI top silicon is presented. It provides about 0.5 to 3 dB
lower insertion loss and better isolation from dc to 50 GHz frequency range as compared to

Genl switch matrix.
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In Chapter 8, the conclusion for this research work is drawn and possible future works

are proposed.
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Chapter 2

Review of RF switch design

2.1 RF switching block

In today’s wireless communication system, an RF front-end module (FEM) acts as an
interface between the antenna and digital baseband system. An RF front-end module typically
consists of power amplifiers (PA), switches, low-noise amplifiers (LNA), control circuitry,
and some other passive elements. Transmit/receive (T/R) switch is one of the most important
building blocks in RF frond-end. The main function of RF switches is to switch one RF port
(usually the antenna port) between the transmitter (TX) and the receiver (RX). As shown in
Figure 2-1, the simplified T/R switch block, a SPDT (Single Pole Double Throw) switch is
being used to route a RF signal from either a TX path or a RX path to the system antenna. In
the TX branch, the switch routes the transmitted RF signals which is amplified by the PA to
the antenna port, in the RX branch, the switch routes the received RF signals from the ANT

to a LNA.

Baseband

Figure 2-1 Simplified T/R switching block diagram
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2.2 Characteristics and properties of RF switches

There are several important parameters the designer should look at when selecting an

RF switch, including:

- Insertion loss (IL)

- Isolation (ISO)

- Return loss (RL)

- Power handling

- Linearity

- Switching speed
2.2.1  Insertion loss

The insertion loss of a switch module, which expressed in decibels (dB, as expressed
in below formula, either in power loss or voltage loss), is a measure of the power difference
between the available power at the input and the power delivered to the output when switch is

in the “ON” state.

P 1
IL = 10log,, (P"—’“) = 20logy, ( ;’“), (2-1)

in in

Insertion loss in RF switches is generally attributed to the following factors:

1) Resistance, parasitic capacitance or inductance losses in the switch branch;

2) Signal leakage through “OFF” path device capacitance;

20



3) Impedance mismatch at the terminals of the switch, or within the switch. The
mismatch loss can be reduced by implementing proper matching techniques,
especially at high frequencies.

4) Number of throws, insertion loss increases as the number of throws of the switch
increases.

5) Input signal frequency, usually the higher signal frequency is, the higher switch
insertion loss is. At low frequencies, insertion loss mainly determines by on state
resistance R,,, at higher frequencies, off state capacitance C,j starts to contribute

to the insertion loss.

It is critical to ensure that the switch insertion loss be acceptable at the whole

bandwidth requirement of the application for wideband switch.

2.2.2 Isolation

Isolation is a measure of the power difference between the available power at the
input and the power at the output when switch is in the “OFF” state. Calculation formula for

isolation (in dB) is as shown below

P
ISO = 1010910( "’I‘j"’f ! ) (2-2)
in

Good isolation prevents signals from leaking into the undesired signal path, which is
crucial in most applications. Isolation in RF switches is mainly affected by the following two

factors:
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1) “OFF” state device capacitance, including intrinsic capacitance and extrinsic
wiring capacitance of the switch;
2) Also varies with frequency of the input signal, usually the higher signal frequency,

and the worse switch isolation.
2.2.3 Return loss

Return loss is a measure of signal power loss caused by impedance mismatch between
circuits. The return loss of a switch refers to the signal reflected back or returns back from the
impedance mismatching point in the switch circuit, can be measured by S;; at the input of the

switch when switch is in the “ON”’ state.

P
RL = 10logy, (%) (2-3)
i

2.2.4  Power handling, 1 dB compression point (P1dB)

1 dB compression point (Pigg) is another important parameter of RF switches, in
addition to insertion loss, isolation and return loss, which is a measure of the RF power-
handling capability of a switch when the switch is in “ON” state. P45 is defined as the input
power at which the insertion loss has increased by 1dB from its low power value (linear

region).

When an RF switch is driven into compression it will generate harmonics and

msertion loss will increase.

Two major mechanisms of RF switch power compression including:
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1) Turning on of the switch transistors in the off state (shunt) branch. A MOSFET
will turn on when the gate to source bias exceeds its threshold voltage V;, switch
compression occurs when a transient voltage on the shunt transistor is higher than
its ¥, during part of the cycle, input power will be routed to the ground instead of

output. P1dB for this case is:

2(Ve = Vorr)?

PldB = 10[0910( 7
0

> + 30 (in dBm), (2-4)

Where V,; is the control voltage used to switch off the transistors, Zj is the system

impedance.

2) Junction breakdown of the switch transistors in the off state branch. Compression
will also occur when the RF voltage swing causes the source drain breakdown

voltage (V»q) to be exceeded on part of the cycle, P1dB for this case is:

2
Vb d

P1dB = 10log,, <ZZ
0

> + 30 (in dBm), (2-5)

2.2.5  Linearity

Linearity indicates the ability of the RF switch to faithfully transfer a signal without
distortion. Parameters such as 2™ and 3™ harmonic distortion, input third order

intermodulation point (11P3) are commonly used to indicate the RF switch linearity.

Harmonic distortion is a single-tone (single-frequency) distortion caused by device
nonlinearity. When a non-linear device is stimulated by a signal at a single frequency fj,

spurious output signals are generated at the harmonic frequencies of 21}, 31}, and 4f; ...nf}.
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Intermodulation distortion appears when the nonlinearity of a device with multi-tone
(multiple input frequencies), causing the signals in one channel to interfere with adjacent

channels. Increasing the switch transistor gate width can improve switch linearity.
2.2.6  Switching speed

Switching speed is defined as the time needed to change the state of a switch arm

from “ON” to “OFF” or from “OFF” to “ON”.

Generally, RF switch should be designed to have low insertion loss, high isolation,
low return loss (good impedance matching), large P1dB, good linearity and short switching

time.
2.3 RF switches

There are basically two types of switches used today:
1) Electromechanical switches

2) Solid-state switches.
2.3.1 RF MEMS switch

Electromechanical switches operation is based on the electromagnetic induction
theory. In electromechanical switches, the control signal causes the contact to physically
change positions during the switching process. Usually these types of switches are used in
industrial, and test and measurement applications.

Electromechanical switches have a number of advantages over solid-state switches.
An electromechanical switch can operate over a wide bandwidth with excellent signal
linearity, very low insertion loss and the high isolation. Furthermore, an electromechanical
system can handle up to a few hundred watts CW (continuous wave) power. However, they

are bulky, heavy and slow.
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Micro-electro-mechanical systems (MEMS) switch is a new electromechanical
technology provided by micromachining. RF MEMS switches use a mechanical movement to
achieve a short circuit or an open circuit in the RF transmission-line.

There are basically two types, the capacitive contact and the ohmic contact. In
capacitive switches, a metal membrane is pulled down onto a dielectric layer to form a
capacitive contact. While in ohmic switches, two metal electrodes are brought together to

create a low resistance contact, as shown in Figure 2-2

RF Out

Switch Off

= =

L| L | | |

C lj] L,I'S
Switch On Switch On
[ | P
T T

(a) (b)
Figure 2-2 RF MEM switches, (a) Capacitive contact, (b) Ohmic contact
In comparison with other types of switches (e.g. PIN-diode switches or FETS
switches, which will be touched later), MEMS switches offer the benefits of very high
isolation, very low insertion loss, high linearity, potential for low cost. However, MEMS
switches also have their disadvantages, including relatively low speed, need high voltage or

high current drive, relatively poor reliability and poor integration capability.

2.3.2  Solid state switches
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A solid-state switch is an electronic switching device based on semiconductor
technology. This makes them faster, smaller, and lighter. Switching times for these parts can
be in the nanosecond range.

There are two existing technologies suitable for making practical RF switches:

1) P-i-ndiode (PIN)

2) Field-effect-transistor (FET), including pHEMT, bulk CMQOS, SOS and SOlI, etc.

2.3.2.1. PIN diode switches

A PIN diode is a device that operates as a variable resistor at RF frequencies. Its
resistance varies from less than 1 Q in its “ON” state to more than 10 kQ in its “OFF” state.

A PIN diode in constructed by a high resistivity intrinsic | region, and a p-type and an

€
3&

(a) Forward bias equivalent circuits; (b) Reverse bias equivalent circuits

n-type region as shown in Figure 2-3.

;

Figure 2-3 Simplified PIN diode structure and the equivalent circuits

PIN diode switches are usually used for high power applications, but they need large

biasing current and switch speed is relatively slow, and also has poor integration capability.

2.3.2.2. FETs switches

Traditionally, the mainstream technology choices for RF switches have historically

been I11-V Compound based GaAs pHEMT, owing largely to its high RF performance
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including higher mobility, higher cut-off frequency, higher breakdown fields than silicon and
low insertion loss, high isolation for most high frequency and broadband applications.

The HEMT is a heterostructure field-effect transistor (FET). Its principle is based on a
heterojunction which consists of at least two different semiconducting materials brought into
intimate contact, acting as a donor and an acceptor, respectively. Because of the different
band gaps and their relative alignment to each other, band discontinuities occur at the
interface between the two semiconducting materials.

A typical AlGaAs/GaAs HEMT structure and the role of each layer in the structure

are as shown in Figure 2-4.

Role of each layer

n+ GaAs nt+ GaAs¢——  Low resistance ohmic contacts
n AlGaAs <4— Thin Schottky layer
nt+ AlGaAs Doner <+——  Source of electrons

«— To separate the 2DEG from ionized
Undoped AlGaAs Spacer doners of the n+ active layer

................'..'.‘_\
Undoped GaAs Channel v\ 2DEG
P GaAs Buffer Layer '\ High mobility layer

Isolates defects from substrate and
Sl ST creates a smooth surface

Figure 2-4 AlGaAs/GaAs HEMT structure

The major disadvantages for I11-V compound based pHEMT technology are higher
wafer cost, and most important, less integration capability when compared to mature silicon

technologies.

Thanks to the continuous downscaling of CMOS, making the use of bulk CMOS for

RF application is very attractive. The key benefits of using bulk CMOS are standard CMOS
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process, high manufacturing yields and high levels of integration. So CMOS appears to be the

best solution for the integration of RF, IF, and baseband blocks on the same die.

However, the major issues with bulk silicon substrates for RF applications are poor
linearity and high insertion loss. Using triple wells and high-resistivity substrate are options
to improve these parameters, but it’s still quite challenging to make RF switch with bulk

CMOS.

Silicon-on-sapphire (SOS) is formed by depositing a thin silicon layer onto a sapphire
substrate. Its main advantage comes from the high insulating sapphire substrate, which
virtually eliminates the parasitic drain capacitance that is present in bulk silicon (similar to
SOI technology which will be explained later), thus provide outstanding RF performance,
including low insertion loss high isolation and high linearity, while still benefits from its
similarity to bulk silicon by using same basic CMOS technology, this allows SOS CMOS for
high frequency applications, and can provide similar performance to I11-V GaAs pHEMT.

However, when compared to bulk silicon, SOS wafers are much more expensive.

The key feature of the SOI structure is the buried oxide (BOX) layer between the top
Si layer and the underneath silicon substrate. SOI technology detail will be presented in

Chapter 3.

2.4 Common switch design techniques

There are varies techniques that have been reported to achieve required switch
performance for different end applications, most common techniques used for relatively low

frequency application (<10 GHz) include gate biasing, transistor stacking, body floating, etc.

2.4.1  Gate biasing

28



In order to increase the linearity of a MOSFET switch, the gate is often biased using a

large resistor.

ANT “OFP”T
Y +J—‘. #

| M1 [~ 7 Mn | RX
RDS

Rps
(2)

%T —HHHH —HHHH
WA WA
RDS RDS
(b)

Figure 2-5 Capacitive coupling model of the OFF state FET, (a) Without gate
resistors, (b) With gate resistors [1].

The gate resistors are implemented using poly resistors. A typical value for the gate
bias resistance is about tens of k. The purpose of the gate bias resistances is to improve dc
bias isolation. If the gate bias resistors are not present, the fluctuations of the transistors due
to the voltage swing at drain and source of the transistors will be higher and may result in

excessive voltage across the gate dielectric and cause breakdown [1].

2.4.2  Transistor stack
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Rgi Rgi Rgi

.—|—*W—|—|—‘M2 '—l— - Mn -
Port1 AN AN |—'\/\/\—I Port2
RDS RDS RDS

(a)

Figure 2-6 Transistors stacking in order to handle high power RF signal. [1]

Maximum RF power handling of stacked transistors is expressed as:

_ 2
n(V; Voff) >, (2-6)

P, =2
MAX < Z

The number n is fixed depending on the maximum RF power requirement and
reliability transistor constraints, where 7 is the threshold voltage of MOSFETS, V,; is the

control voltage used to switch OFF the transistors, Z,, is the system impedance. [2]

2.4.3  Body floating

The body-floating technique is used in order to improve the power performance of the
CMOS switch. For a conventional switch, the body of the transistor is connected to the
source, when the input power increases, the drain-to-source voltage is so negative as to turn
on the diode between drain and body, and the input impedance of the transistor is lower.

Taking advantage of the modern triple-well CMOS process, Yeh et al. [3] realized the
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resistive body floating simply by using a large resistor to bias the body as shown in Figure 2-
7, which can provide the high impedance to decrease the leakage current and obtain a better
insertion loss performance. As resistors are intrinsically wideband, the P1dB improvement is

also wideband.

Body floating

1

Drain Gate Source :

1

1

1

1

1

G
n+ n+

P-type body
Deep-Nwell

P-type substrate

Figure 2-7 CMOS with body floating [3]
Table 2-1 summarizes T/R switches with varies technologies and techniques for
application below the millimeter wave region, as can be found from this table, SOI switch

basically have lower insertion loss, higher isolation and higher harmonic distortion.

Table 2-1 Switch Performance Comparison

chip
Refe Technol Freq. IL I1SO P1dB | H2 H3 Size
renc | Type (@B) Topology
e | GHz dB dBm |dBc | dBc | mm2
TX/RX
0.18 pm 0.9 0.65 37-41 -79 -75 series-
1 SP10T NA 1.52
M| soi 1.9 0.81 31-33 77 | -76 shunt(HR)
0.9 0.7/0.8 40 -73 -76
] | 013 mm | opgy 36 123 | Symmetric
SOl 1.9 0.7/0.8 | 30 74|71
Symmetric
0.18 um 2.4 0.7 35 21.3 series-shunt,
[3] SPDT NA | NA 0.19 o
CMOS resistive body-
5.8 1.1 27 20 floating
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GaAs

0.9

0.21/0.33

37.2

37

4 SP6T 2.25 S tri
41| pHEMT 19 | 054065 | 3L7 3% | 71 | 72 ymmetric
0.18 um 2.4 1.5/1.6 32 Asymmetric,
[5] éMSS SPDT >28 NA NA 0.56 LC-Tuned
5.2 1.5/1.4 30 body floating
90 nm Asymmetric,
[6] CMOS SPDT 24 3.4/35 22/16 28.7 NA NA 0.018 LC-tuned Rx
2.20/ 31.05/ | 29.6/ Asymmetric,
0.18 um 1.56 17.15 11.2 stepped
[7] ’ SPDT 5.2 NA NA 0.585 impedance
CMOs 37.5/18 -
1.62/1.45 0 30/ using LC
24 Resonator
0.18 um Symmetric,
[8] éM 88 SPDT 1.8 0.75/1.1 20/35 33 NA NA 0.4 feed-forward
capacitor
0.9 0.5 29 31.3 Symmetric
o] | %A3um | opryy NA | NA | 0114 | Series-shunt,
CMOS 24 0.8 24 28 transistor
' ' stacking
Symmetric
series-shunt,
[10] gfﬂ'gg SPDT 0.9 0.7 42 17 NA NA 0.31 Minimizing
RB(substrate
resistance)
Symmetric
0.13 um series-shunt,
[11] CMOS SPDT 2.4-20 0.9-2 43-21 30 NA NA 0.17 double-well
body-floating
Differential
[12] Oéﬁgrsn SPDT | 0.9-6 <2 >15 15 NA | NA NA %%Q:ﬁf;f;g
dimensions
90 nm Asymmetric,
[13] CMOS SPDT 2.4 0.40 30 30 NA NA 0.02 stepped
impedance
Asymmetric,
65 nm
14 SPDT 2.4 0.80 28 29 NA NA 0.2 stepped
CMOS pp
impedance
[15] Oéﬁgrsn SPDT 2.4 1.50 >24 11 NA | NA | 045 S‘Z’E’Irgsms‘;tg'n‘i
Series
16.6 0.8 20 26.5 -
e | OL3m | gppr NA | NA | 0015 | 2symmetric
CMOS S/D, switched
28 1.3 23 25.5 body floating
0.18um series-shunt,
[17] éMOS SPDT 5 1.44 >22 21.5 NA NA <0.1 transistor
stacking
series-shunt,
[18] Ocﬁgsn SPDT 1.9 1.6 20 33.5 NA NA 0.4 transistor
stacking
0.13 um series-shunt,
[19] éM SS SPST 35 2.2 32 23 NA NA 0.016 transistor
stacking
series-shunt,
0.18 um artificial
[20] CMOS SPST dc-20 0.7-2.5 25-60 26.2 NA NA 0.06 transmission

line
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0.13 series-shunt,
[21] (':Mggl SPDT 15 1.8 17.8 215 NA NA 0.2 impedance
matching
0.18 um 0.9 0.97 >39 24.3 series-shunt,
[22] i SPDT NA NA 0.28 impedance
CMOS 2.4 1.1 >24 20.6 matching
0.5 um 0.9 0.45/0.7 55 91 -85 _
23 SP6T 43 NA S t
(231 | “sos 1.9 0.5/0.9 40 NA | NA ymmetric
0.25 um 2.4 0.7 >46 NA NA _
[24] S0l SPDT 5 1 25 12 NA NA NA Symmetric
0.9 0.55/1 37 -85 -85
[25] 018 um | gpygr 28 2.7 Symmetric
sol 1.9 0.65/1 31 -80 -75
0.18 um 0.9 0.42/0.9 40 -82 -79 _
26 SPAT NA 1.7 S t
261 | "ol 1.9 0.6/0.7 35 86 | -84 ymmetric
0.9 0.48/0.71 | 43.1 -84 -88
[27] 018 um | gpygr >34.2 1.23 Symmetric
SOl 1.9 0.81/1.03 40 -86 -79
0.18 um 0.9 0.47/0.56 49 -78 -87 _
28 SP6T NA 0.76 -shunt
281 | “sol 19 | 058078 | 38 76 | -80 series-shun
0.9 0.53/0.74 | >43 76 | <74
[29] 0.18um | gpyy NA 0.53 series-shunt
sol 1.9 0.65/0.86 | >34 -83 -90
0.18 um 0.9 0.42/0.49 | >37 -90 -90 _
[30] S0l SPOT 19 0.55/0.69 31 NA 83 80 1.52 series-shunt
0.18 pum 0.9 0.45/0.55 | 41-58 95 -84 series-
31 SP9T NA NA
311 SOl 1.9 0.2/0.25 | 36-45 -85 -82 shunt(HR)
0.9 0.43/0.82 | 45/32 37.2 -86 -82 .
[32] 0.18 um | gppr 0.85 Asymmetric
SOl 1.9 0.75/0.88 | 37/28 35.6 -85 -80

The system requirement for the above relatively low frequency antenna switch are

given in table 2-2.

Table 2-2 RF antenna switch key requirements

eS| Freq.(GHz) I'_r(‘f:sr(t(;%’; Isolation (dB) | P1dB (dBm)
GSM 0.9/1.9 <1 35 33
WCDMA | 0.85/1.9/2.1 <1 35 25
WLAN 24158 <1 25 18

At higher frequency (>10 GHz) or mm-wave frequencies, the impedance of the switch
in the off state could be comparable to when it is on, as shown in Figure 2-8. [33] As can be
seen in this figure, Sy; for on and off states at 60 GHz are comparable. So the design of high

frequency or wideband switches becomes much more challenging due to the increased
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coupling of the RF signals to the silicon substrate. Insertion loss is increased and isolation is

decreased with the increasing frequency.

Switch OM

-20 T T III|III III|IIIIII
10 20 30 40 30 60 70

Frequency (GHz)

Figure 2-8 Measured S;; of an NMOS transistor acting as a series switch [33]

Some wideband or mm-wave switches have been demonstrated using different
technologies, including bulk CMQOS, SiGe BIiCMOS, pHEMT, MEMS, and SOI as well, the
major design topologies used include series-shunt plus matching network, traveling wave
concept, transmission line based, transformer based, etc. Also some novel structures like

standing-wave filtering switch as well.

2.4.4  Series-shunt with input/output matching networks
At higher frequencies, the switch shunt branch will severely degrade the insertion

loss, while the lack of a shunt arm results in a low isolation.

Berke et al. [34] presented a dc-70 GHz wideband SPAT switch with performance
compared to GaAs or InP technology, and with high isolation between the channels. The

configuration of this wideband switch is series-shunt with matching network, as shown in
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Figure 2-9. A dc to 60 GHz wideband SPDT switch, with similar series-shunt with matching

network configuration was demonstrated based on 45nm SOI technology [35].

Vel
Rgl Port2
L2 0
M1: 1Sum Ml v
M2: 21 [ ©
:21gm —
M2 M- oo
Rg2
Ve2
Mi Rgl L2 Port3
Portl ; FTII—0
(Input) 3 M2 Ve
fo g oy i Rg2
J_ r Ve3 &
c1 cp = v 3 Rel L2 Ports
I | Y TTH—O0
—_—r —
= = M2 - o
L1=175pH Ved Rg2
C1=341F
é Rgl L2  Ports
L2 =100 pH Ml r Ao
M2 =
Rg2

Figure 2-9 Schematic of series-shunt SP4T switch with matching network [34]

2.4.5 Matching network (MN), /4 transmission lines

Another widely adopted topology to realize mm-Wave SPDT switches is to use
impedance-inverting A/4 transmission line (T-line) and shunt SPST cells as shown in Figure
2-10, where A is the guided wavelength [36]. The SPDT schematic is based on a tuned A/4
transmission-line with a single shunt transistor. In the off-state, the transistor gate and
junction capacitances together with the substrate resistance transform into an equivalent
resistance and capacitance network. The output matching network consists of a shorted stub
that acts as an inductor and cancels the equivalent capacitance of the transistor in the off-
state. The major issue of this topology is the bulky size of the Ag T-line that makes this SPDT

switch not a cost saving solution.
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Figure 2-10 Schematic of A/4-based SPDT switch [36]

2.4.6  Traveling-wave concept

A traveling-wave concept switch has also been reported [37]. As shown in Figure 2-
11, the inductive line is periodically loaded by shunt transistors. In the ON state, the inductive
line with loaded off-state capacitances functions as a transmission line to pass the millimeter-
wave signals, while in the OFF state, the on-resistance shunt transistors short the signal to
ground. The traveling-wave concept switches normally have high isolation at the cost of an

insertion loss higher than that of the matching-network switch.

Port2
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EIEEL

Lo Port3
Matching T-junction

Portl
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Figure 2-11 Schematic of traveling-wave SPDT switch [37]
Quarter-wave transformer based wideband switches [33] and standing-wave filtering
switch were also reported [38]. Table 2-3 summaries various state-of-the-art wideband and
millimeter-wave switch performance.

Table 2-3 Wideband Switch Performance Comparison

Frequenc Input s
Refer | Technolog y I IS0 pigg | CMP Size
ence y Type Topology
(GHz) (dB) (dB) (dBm) (mm2)
90 nm 0.0036(cor transformer
[33] CMOS SPDT 50 3.4 19 14 6) based
series-shunt
4] | SO0 Ispat | de70 | <35 | >25 | 910 |024x0.23 dre:;?:h‘l’xgh
networks
Series-shunt,
45 nm low-resistivity
[35] SOl SPDT | dc-60 2.5 >25 7.1 0.18x0.22
CMOS (13.5Q —cm)
substrate.
Matching
90 nm network, A/4
[36] CMOS SPDT 50-70 15 >25 135 0.55x0.5 transmission
lines
90 nm traveling-wave
[37] CMOS SPDT 50-94 3.3 >27 15 0.57x0.42 concept
0.18 um res:rqgfcl)(;l-%lased
[38] SiGe SPDT 45-64 3.2 >20 >21 0.0675 di
BiCMOS fs:tan 1INg-wave
iltering switch
90 nm Transm_ission
[39] CMOS SPDT 60-110 <4 >25 10.5 0.45x0.75 line integrated
DS
[0] | ooon |sPDT | 5766 <2 | >211 | 13(sim) | 0.09%0.22 mﬁxg;E?M "
Unbalanced
90 nm Double shunt
[41] CMOS SPDT 50-67 1.9 >38 10 0.55x0.55 with  matching
network
A4 transmission
130nm | SPDT/ lines, C-L-C
[42] CMOS | SpaT 45-70 2 >30 13 0.39x0.32 matching
network
series  inductor
3] | MM lspst | de-oa | <16 | >30 >9 | 052x0.29 | Placed between
CMOS ' ' ' the shunt
transistors
series-shunt
130 nm design with
[44] CMOS SPDT 57-66 45-5.8 >24 4.1 0.68X0.325 input/output
impedance
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matching
networks
[45] O'S?G%m SPDT | 42-70 | <125 | >18 1 |085%092 | differential
RF- distributed
[46] MEMS SP4T dc-70 <1 >15 NA NA transmission line
180 nm transformer
[47] SiGe SPDT 60 2.7 14 13.8 0.19x0.225 based
BiCMOS
90 nm series-shunt+ 90
[48] CMOS SPDT 57-64 <35 34 6.5-6.9 | 0.57x0.57 phase shifter
0.1 um ) traveling-wave
[49] HEMT SPDT 15-80 <3.6 >25 NA 15x15 concept
0.18 um series-shunt,
[50 SiGe SPDT dc-30 15-33|80-20 23 0.025 with  matching
BiCMOS network
0.18 um series-shunt,
[51] ' SOT SPDT dc-40 <5 >17 15 0.28 X 0.09 | with  matching
network
90 nm traveling-wave
[52] CMOS SPDT dc-60 <3 >48 17 0.68X0.87 concept
130 nm series-shunt,
[53] SPAT dc-30 <2.7 >26 9 0.25x0.18 | with  matching
CMOS
network
65 nm traveling-wave
[54] CMOS SPDT | 42-134 4 >25 N/A N/A concept
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Chapter 3

Introduction to SOI

3.1 SOl Benefits

The key difference between bulk Si and SOI transistors are as shown in Figure 3-1.
Bulk Si transistors are built on top of the surface of a silicon substrate, in SOI, the top active
silicon region is separated from the handle silicon substrate by the buried Oxide (BOX) layer,

and the transistors are encapsulated in SiO; on all sides,

NMOS PMOS
. - L
N-well
P-Sub
(@

NMOS PMOS
. -!.-
BOX
Handle Si

(b)

Figure 3-1 Cross section of (a) bulk CMOS, and (b) SOl CMOS
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This difference provides a number of advantageous device and circuit performances

when compared to bulk Si.

3.1.1 Reduction of substrate parasitic capacitances

Capacitances are a key factor for RF device (including RF switch) performances. Any
reduction of the total capacitance of a MOSFET will increase the cut-off frequency of the
transistor, allowing using the device at higher frequency. In bulk transistor, the parasitic
source/drain to substrate junction capacitance is high because of the high doping level. In
SOI, the maximum capacitance between junctions and the substrate is the capacitance of the

BOX layer.

NMDS Depletion NMDS

| A |
. A

P-Sub Handle Si

I J— BOX
T

(a) Bulk CMOS (b) SOl CMOS

Figure 3-2 Capacitances of (a) bulk CMOS, and (b) SOl MOSFET

Figure 3-2 shows a schematic diagram of the capacitances in a bulk CMOS and a SOI
MOSFET. In SOI devices, the junction capacitance is much smaller when compared to bulk
CMOS, because of the lower dielectric constant of the BOX layer when compared to the Si
depletion layer in bulk CMOS (3.9 vs. 11), and the thick BOX layer (>1kA) when compared
to the thin depletion layer. This helps improve the switching speed of CMOS devices and

more important, decrease the off-state capacitance (C,p), and improves switch isolation.
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3.1.2 Ideal device isolation and smaller layout area

Because SOI devices are laterally isolated from each other by shallow trench isolation
(STI), and vertically isolated from the silicon substrate by the BOX layer, so isolation for SOI

devices is ideal. And because of this, devices can be layout more closely than bulk ones.

3.1.3  Latch up elimination

Vs

:h
gf

P-sub

NMOS

o
ouT ] l Vg
N+ N+ STI ;

BOX

Handle Si

(b)
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Figure 3-3 Inverter of (a) Bulk CMQOS, (b) SOI CMOS

Parasitic npn and pnp transistors can cause “latch up” conditions in bulk CMOS. But
latch up does not exist in SOI. Since SOI NMOS and PMOS transistors are separated by the
BOX layer, as presented in Figure 3-3, with no access to the substrate, hence there is no path

for any current flow between devices, thus latch up will not happen.

3.2 FD SOl and PD SOI

SOI devices can be divided into two types, depending on the operating mode: fully-
depleted (FD) and partially-depleted (PD). The difference mainly derives from the thickness
of the top silicon, the top silicon thickness in FD SOI is generally much thinner than that in

PD SOLI.

Take SOI NMOS transistor for example, by applying a large enough positive voltage
to the gate, the p-type carriers will be depleted and will induce an n-type inversion layer on
the surface of the body. If the top silicon layer is made very thin, the inversion layer fills the
full depth of the body. This is called a “fully depleted” SOI (FD SOI). On the other hand, if
the top silicon layer is made thicker, the inversion region will not extend the full depth of the
body, and leave some of the body un-depleted. Such SOI is called a “partially depleted” SOI

(PD SOI).

A simplified schematic comparison between FD SOI and PD SOI is shown in Figure

3-4.
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Partially Depleted

Handle Si

()

Fully Depleted

Handle Si

(b)
Figure 3-4 Cross sections of (a) PD SOl, (b) FD SOI

3.3 Floating body versus body tied SOI

In PD SOI, the un-depleted portion of the body is not connected to anything, in other
words, it is floating. The floating body can get freely charged/discharged and hence will

affect transistor threshold voltage (7;) and some other device characteristics.

Partially Depleted Floating-Body

n-channel Handle Si
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Figure 3-5 Schematic of the floating body SOI

The major of floating body effect is so called “kink” effect or the increase in the
output conductance of the device near drain-to-source bias, Vg, as shown in Figure 3-6.
When V,, becomes large enough, the impact ionization current (holes) flows to the un-

depleted body, which increase Vg, resulting in a decrease of V.

x 103

Drain current (A)

Drain voltage (V)

Figure 3-6 The kink effect

The solutions to minimize the kink effect can be either to provide a body contact for
the device or to use FD SOI devices. In FD devices, the top active silicon thickness is much
thinner than the channel depletion depth, any impact ionization charges flowing into the

depleted body will be swept to the source because of the much lower potential barrier.

3.4 HR SOI and HR trap-rich SOI
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Figure 3-7 Substrate resistivity versus loss

Traditionally, SOI wafers use low-resistivity bulk silicon as handle wafers for logical
application. However, for RF applications, the BOX layer is not thick enough to prevent the
electrical field from diffusing into the substrate, inducing high-frequency signal losses, non-

linearity and crosstalk.

To improve the insertion loss, isolation and linearity performance required for RF
switches, bulk silicon is replaced by a high-resistivity silicon substrate, which is higher above
1 KQ-cm [24]. This high resistivity SOI (HR SOI) substrate is critical to high performance
RF integrated circuits, can lead to substantially reduced substrate RF losses and crosstalk, as

shown in Figure 3-7.

However, HR SOI wafers still suffer from parasitic surface conduction due to fixed
charges (Qox) within the oxide, which attract free carriers near the Si/SiO, interface, this will

reduce the substrate effective resistivity and increase substrate losses.
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Figure 3-8 Cross-sections of SOl MOSFET on (a) HR SOI, and (b) HR TR SOI

The introduction of a trap-rich layer, as shown in Figure 3-8 (b) has been proved as
the most effective technique. The traps created by silicon dangling bonds in the trap-rich
layer can capture the free carriers at the Si/Si0, interface, thereby enabling the substrate to
recover its high resistivity, linearity, eliminating the dc dependency, and leading to a

substantial reduction of RF losses and crosstalk [55]—[58].

-40

O 2" Harm.
60 | 0 39Harm.

trap-rich

-20 -10 0 10
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Figure 3-9 Measured H, and H; of a CPW line on HR Si without and with a trap-rich layer

[57]

Figure 3-9 shows the measured harmonic distortion of CPW line on high resistivity
silicon substrates, with and without a trap-rich layer. The introduction of a trap-rich layer

significantly reduces the CPW line harmonics.

In recent years, thanks to it’s excellent performance, SOI technology has rapidly
evolved as a mainstream technology for switches used in wireless applications and other RF

applications [59]-[66].
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Chapter 4
Ultra wideband SPST switch

design considerations

4.1 SPST switch topology

4.1.1  Series only configuration

A single-pole single-throw (SPST) switch can be implemented by simply using a
series only NMOS transistor. Schematic of the series transistor only SPST switch is as shown
in Figure 4-1 (a). The RF signal presented at Port 1 can be either blocked from or passed
through to Port 2, depending on the bias control of V.. For this 2.5 V switch NMOS M1,
when V. = 2.5 V, this switch is “on”, when V. = 0 V or negative, the switch is “off”.
Equivalent small signal model of the on and off state are shown in Figure 4-1 (b) and (c).
External poly resistor Ry is required in order to prevent signal leaking and gate oxide

breakdown.

M,
S 1K S
Port 1 Pl Port 2
T
V.
(a)
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Port 1 R, M, Port 2
(b)

T | TS

Port 1 C.p M, Port 2
(©)

Figure 4-1 (a) Series only SPST switch, (b) Equivalent model of “on” state and (c) Equivalent

model of “off” state
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Simulated insertion loss - 40 o
_3 ]
—— Simulated return loss
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Frequency (GHz)

Figure 4-2 Simulated S-parameters of series only wideband switch
Simulated dc-70 GHz S-parameters, including insertion loss (IL), return loss (RL) and
solation (ISO) of a series only switch are shown in Figure 4-2. The simulations were done
with GLOBALFOUNDRIES’s 0.13-um RFSOI PDK. Simulated IL is quite low in the whole

frequency range, less than 0.7 dB at 30 GHz and less than 1.3 dB at 60 GHz, respectively.

49



However, this series only switch shows poor isolation, simulated isolation is lower than 10

dB at 30 GHz.

Insertion loss and isolation of this series SPST switch can be derived as following.
ABCD matrix can be used to analysis the circuit. When switch is on, the network between

Port 1 and Port 2 in Figure 4-1 with ABCD matrix is
A Bl _ [1 Ron (4-1)

c pl lo 1

The insertion loss between Port 1 and Port 2 can be deduced as:

2
IL,, = —20log|S,,| = —20lo (4-2)
“ Iz gA+B/ZO+CZO+D

Where, S, is converted from ABCD. Substituting (4-2) into (4-1),

2
IL,, = —20log|S,,| = —20log = —20log |—5——
A+Bf,; +CZo+D 2+Ron/ZO

ROTL
27,

(4-3)

=20l0g|1+

So the actual insertion loss in dB can be calculated by:
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Ron 101 1+R""
220)_ 08( 27,

IL = 20log(1 + )? (4-4)

Where:

Ron = the resistance of M; when the switch is on,

Z, = the impedance of the source and load ports (50Q2)

In off state, equivalent model is as shown in Figure 4-1 (c), similarly, the isolation of
the series SPST switch can be derived as shown below:

ABCD matrix for the off state is

A Bl_[1 —
c D = JwCorf (4'5)
0 1

The isolation between Port 1 and Port 2 can be deduced as:

2 2
1S0,, = —20log|S,,| = —20lo = —20lo
21 91921 gA+B/Z+CZO+D 92+' 1
° JwCoffZy
201 1+ 1
= 0 _—
J JwCorrZy
(4-6)
The actual isolation in dB can be calculated by
1SO = 101 [1 + ( Ron )2]
= og _—
47TfCOffZO
(4-7)

Where:
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Cort =the capacitance of M1 when the switch is off,
Z, = the impedance of the source and load ports (50Q2),
@ = radian frequency of the RF input, and is given by 2xf, where f is the frequency of

the RF input.
4.1.2  Series-shunt configuration

To improve the isolation of the switch with transistor in series only in the off-state, a
shunt NMOS transistor M, need to be added. Schematic and equivalent model of “on” and
“off” states of the series-shunt type SPST are illustrated in Figure 4-3. In the normal off-state,
M is turned off and M is turned on, so that blocking the input signal from the output node.
In the normal on-state, M; is turned on and M, turned off, thus the input signal can be

delivered to output node.

M;
O 1 £ L C)
Port 1 Py Port 2
:
V. 0—’\/\/\—”: M,
v, R
A4
(@)
 R,M,
OO——\\N r— >
Port 1 | Port 2
or ' On-state CoM; —— ! or
! \val
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Port 1 |
' Off-state R,, M,

Figure 4-3 (a) Schematic of series-shunt SPST switch, (b) Equivalent model of “on” state and

(c) Equivalent model of “off” state

As can be seen from Figure 4-4, by implementing the series-shunt topology, the
simulated isolation is much higher than series only topology. Simulated isolation at 30 GHz

is higher than 30 dB, which is 20 dB higher than series only SPST switch.

-10 -

-20

-30

40 -

-50 -

Isolation (dB)

-60 A = ===Series only

20 | Series-shunt without matching

_80 L L L L L L L L L L L
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Frequency (GHz)

(a)
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Frequency (GHz)
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Figure 4-4 Simulated S-parameters of series-shunt wideband switch
Insertion loss and isolation of the series-shunt SPST switch can be derived using
similar method as series only SPST switch.
In the on state, based on the equivalent model shown in Figure 4-3 (b), the ABCD

matrix between Port 1 and Port 2 is

A B 1 Ron] 1-I'Ronj(‘)coff Ron (4-8)

C D JwCoss 1

Insertion loss for this series-shunt SPST switch can be deduced as
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2

IL,; = —20log|S,,| = —20log

2
= —20log

. R .
1+ Ron]wCOff + On/ZO +]wC0ffZ0 +1

= 20log

(1 + Ron) +ijoff(Ron + ZO)
27, 2

So the actual insertion loss in dB can be calculated by

Ron 2
IL = 10log{ (1 + ﬁ) + [1fCopr(R_+ Zp) 14
0

Where:
on = the on resistance of M; when the switch is on, and

Cort = the capacitance of off state M, when the switch is on.

A+B/; +CZo+D

(4-9)

(4-10)

In the off state, based on the equivalent model shown in Figure 4-3 (c), the ABCD

matrix between Port 1 and Port 2 is

[ - L]
1 1 0 |1+R oC |
A B]_ 1 - C 11 _ onJWhorr  JWlofsr| (4-11)
¢ pl— JWlogys 17| 1 |
0 1 Ron l 1 J
ROTl
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So isolation between Port 1 and Port 2 is

2

ISO = —20log|Sy,| = —20lo
Iou gA+B/ZO+CZO+D

2

= —20lo
gz+1/ , +1/. + 20/
Ron]wcoff ]wCoffZO Ron

= 201 1 1+Z° +(1+ Zo
- 2vog ijcoffzo( Ron) ( 2Ron)

(4-12)

So the isolation in dB can be calculated by

Ron 2 ZO 2 ZO 2
ISO = 10log || —2— (1 + —) + (1 + ) (4-13)
47TfCOffZO Ron ZRon

Where:

Ron = the on resistance of the shunt transistor M, when the switch is off, and

Cort = the capacitance of off state M; when the switch is off.

When compared with series only switch isolation, which is shown in Equation 4-7,

since Ry Of the shunt transistor M» is much lower than Z,, isolation for series-shunt SPST
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will be much improved. Based on calculation, with same series transistor size, isolation of the
series-shunt SPST will be more than 20 dB higher than series only SPST switch, which is
consistent with the simulated isolation result, as shown in Figure 4-4 (a). However, the
insertion loss for series-shunt SPST will be degraded because of the off state capacitance of
the shunt transistor, as can be seen from Equation (4-10), and this trend is also shown in the
simulated insertion loss curves as shown in Figure 4-4 (b).

At the same time, for both series only and series-shunt topologies, the simulated
return losses are bad, especially for the series-shunt configuration. This will significantly
limit the switch’s bandwidth, to achieve wideband application, input and output matching

network need to be implemented.
4.1.3  Series-Shunt with matching network Configuration

For this design, two on-chip series inductors, L; and L, are added to the series-shunt
SPST switch, placed at the source and drain node of the switch NMOS and act as a L-C-L T-
matching circuit together with the off-state capacitance of the shunt NMOS M2. Schematic
for this switch and equivalent matching network are shown in Figure 4-5. IL, RL and ISO of
this switch are simulated. Figure 4-6 shows the performance comparison of the three different
SPST topologies, including series only, series-shunt and series-shunt with input/output
matching network. As can be seen from Figure 4-6 (b), the return loss is much improved
from dc to 30GHz frequency region by implementing the T-matching network. By
optimizing the switch NMOS size and the matching inductor value, the return loss can be
further improved. And as shown in Figure 4-6 (c), the isolation performance is comparable
to the series-shunt topology, while the insertion loss is reduced at dc to 40GHz frequency

region as shown in Figure 4-6 (a).
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Figure 4-5 (a) Schematic of series-shunt with matching network SPST switch, (b) Equivalent

L-C-L T-matching network model
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Figure 4-6 Simulated IL, RL and 1SO for different SPST topologies, (a) IL, (b) RL and (c)
ISO
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4.2 SPST switch device size selection

4.2.1  Simulation on varying matching inductor value

Impact of the matching inductor on series-shunt SPST switch (# =100 um for series
NMOS and W =150 um for the shunt NMOS) switch is simulated as shown in Figure 4-7, the
isolation performance are comparable for different inductor values (L=130 pH, 150 pH, 170
pH and 190 pH for this comparison). Insertion loss is comparable for all the different inductor
values from dc to 35 GHz, but in the higher frequency region, the higher inductor value, the
higher insertion loss. For return loss, from dc to 35 GHz, the higher inductor value, the better
return loss, while when frequency is higher than 35 GHz, the higher inductor value, the worse

return loss. So the inductor value needs to be optimized to maximize the matching bandwidth.

130pH
—— 150pH
—170pH
——190pH

Insertion Loss (dB)
&
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Frequency (GH2z)
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Figure 4-7 Simulated (a) IL, (b) RL and (c) ISO as a function of matching inductor value
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4.2.2  Simulation on varying series transistor width

Impact of the series transistor width is simulated as shown in Figure 4-8. The
simulation was done with a fixed shunt transistor width # =100 um and fixed matching
inductors L,=L,=140 pH. As can be seen in Figure 4-8 (a), in a relatively low frequency
range, the wider transistor width, the lower switch insertion loss is because of lower transistor
R,,. While in high frequency range, insertion loss of wider transistor drops faster than that of
narrow width switch, because of higher self-capacitance. At the same time, as transistor width
increases, the switch isolation becomes worse which is resulted from higher off state parasitic
capacitance as shown in Figure 4-8 (c¢). The matching network introduces a notch in the
return loss response, as highlighted by the arrow in Figure 4-8 (b). The location of notch
depends on the size of the series transistor, when design the circuit, the notch location need to

be considered in order to maximize the application bandwidth.
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Figure 4-8 Simulated (a) IL, (b) RL and (c) ISO as a function of series transistor width

4.2.3  Simulation on varying shunt transistor width
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Figure 4-9 shows the simulated S-parameters of different shunt transistor width with
same series transistor size (W =75 um). As predicted by Equation (4-10), when frequency is
related low, dc to 30 GHz as shown in Figure 4-9 (a), since insertion loss is dominated by the
series transistor, so the insertion loss of switches with different shunt transistor are
comparable. When frequency is high enough, C,;of the shunt transistor induces more and
more insertion loss, as C,y of the shunt transistor increases with the transistor width, so the
insert loss of switch with wider shunt transistor drops faster.

As predicted by Equation (4-13), if the series transistor size is the same, then switch
isolation is dominated by R,, of the shunt transistor. So switch isolation becomes higher when

the transistor width increases from 50 to 150 pm, as shown in Figure 4-9 (c¢).
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Figure 4-9 Simulated (a) IL, (b) RL and (c) I1SO as a function of shunt transistor width
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4.3 Summary

In this chapter, S-parameters of different SPST switches configurations, including
series only, series-shunt and series-shunt with input output matching network, are simulated
and analyzed. To achieve ultra wideband (dc to 70 GHz) application, series-shunt with input
output matching network should be adopted. Based on the series-shunt with matching
network configuration, impact of series transistor size, shunt transistor size, as well as
matching inductor value, on the SPST performance are simulated and analyzed. Simulated
SPST switch performances under different series and shunt transistor size and matching
inductor value are summarized in Table 4-1. The simulation result show SPST switch
designed with this SOI technology can achieve very low insertion loss (<1 dB up to 40 GHz),
excellent isolation (>30 dB update to 40 GHz) in ultra-wide range of frequency from dc to
across millimeter wave by optimizing the size of both series and shunt transistor and
matching inductor value.

Table 4-1 Simulated SPST Performance

Series | Shunt L1 L2 [ Frequency IL Isolation RL Inr()ggr;l)dB
Type
@) | um) | GH) | GH) | ©H) | @®) | @) | @’ |, 2 |2,
50 100 140 140 dc-40 <1.2 >34 >17 12.6 12.33
75 100 140 140 dc-40 <0.92 >30 >20 13.29 12.65
100 100 140 140 dc-40 <0.85 >28 >20 13.54 12.76
SPST 150 100 140 140 dc-40 <0.97 >25 >13 13.69 12.89
75 50 140 140 dc-40 <0.92 >27.5 >17.8 | 13.56 13.1
75 75 140 140 dc-40 <0.9 >30.5 >19 13.42 12.85
75 150 140 140 dc-40 <1.15 >33.5 >17.9 | 13.06 12.36
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Chapter 5

Ultra wideband SPDT switch design

5.1 SOI NMOS schematic and substrate

GLOBALFOUNDRIES’s 0.13-um RFSOI process offers 2.5 V body-tied thick gate
oxide NMOS switch transistor (nominal gate length, Ly = 0.2 um), with a low Ron*Cog
product, the oxide thickness is about 6.5 nm [67]. The schematic of high resistivity trap-rich
SOl substrate and simplified model of the SOl NMOS are shown in Figure .The thickness of
the top silicon and BOX are around 1600 A and 4000 A, respectively, the handle Si substrate
has a resistivity of higher than 3000 ohm-cm, the trap rich layer is in between the BOX and
handle Si.

Figure 5-2 shows the measured harmonic distortion (HD) outputs at 900 MHz with
input power (Pin) from -25 dBm to +25 dBm from CPW lines on high resistivity (HR) bulk
silicon wafer and the HR TR SOI wafer, respectively. The CPW metal is a 3um thick Cu
layer on 60 nm of oxide with length of 2.1 mm. The second order harmonics (H,) of the HR
TR SOI substrate is about 10 dB lower than that of the HR bulk silicon substrate over the
power range from 0 to 25 dBm, this can enable the device and circuit to meet high linearity

requirements.
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Figure 5-2 Measured H; and Hs for HR bulk and HR SOI substrate with trap-rich layer

5.2 Stress memorization technique (SMT) and device

characterization

It is well known, Ron *Cois a critical figure of merit for switch, both Ry, and Coxare
as low as possible to ensure switches with low insertion loss and high isolation. The on-state

channel resistance Ry, of a transistor can be expressed as:

1
W
HCy | Vs V1)

Ron = (5-1)

Where W is the transistor channel mobility, W and L are channel width and length respectively,
and Vgsand Vr are gate source bias and threshold voltage respectively. So ways to improve
Ron include channel mobility increase, gate oxide thickness decrease, channel length
reduction and using higher gate bias.

Stress memorization technique (SMT) has been used to improve channel mobility for
advanced technology nodes [68]-[70]. However, to the best of the author’s knowledge, SMT
implementations on switch design, especially for ultra wideband switch design is not reported.

For SMT NMOS, typically a tensile capping layer is deposited on the wafer prior to a
high temperature anneal, tensile stress is then induced during anneal process, resulting

electron mobility improvement in the NMOS channel.

69



STI .\IMOS- STI Spacer formation and

BOX source/ drain implantation

!

SMT Nitride Layer

SMT Nitride Deposition

STI '
and source / drain anneal

BOX

!

STI
L amos ST s nitride Strip

BOX

Figure 5-3 Process sequence of SMT integration

The process sequence of SMT integration in this 0.13-um SOI process is illustrated in
Figure 5-3, it involves the deposition of a 900 A sacrificial tensile nitride film prior to switch
NMOS source/ drain anneal, to induce the SMT effect to improve channel mobility during
source drain spike anneal, this layer was then stripped after source drain anneal. Normal
process (non-SMT) does not have the film deposition and strip steps. The remaining process

steps are equivalent to the baseline process.
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Figure 5-4 SOI Switch NMOS I4-Vq characteristics, (a) Ly = 0.2 pm, (b) Ly =0.13 pm

Figure 5-4 shows the measured l4- Vq4 curves for switch NMOS transistors fabricated

with SMT and non-SMT process for channel length Ly = 0.13 um and Ly = 0.2 pm. More than

10% improvement in Id are observed from SMT NMOS compared to non-SMT NMOQOS for

both Ly = 0.13 um and Lg = 0.2 um NMOS transistor.

5.3 SOl NMOS Cy+ model
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Cort model of the used SOI switch NMOS is shown in Figure 5-5. Both intrinsic
capacitances and extrinsic wiring capacitances contribute to total C., including gate (G) to
source (S) overlap capacitance Cgso, gate to drain (D) overlap capacitance Cgpo, source to
body (B) junction capacitance Csg, drain to body junction capacitance Cpg, source drain to
substrate capacitance Csp.sup, contact (C) to gate capacitance Cc.g, 1% metal layer (M1) to
gate capacitance Cwi.g, and M1 to M1 capacitance Cyi-m1. The total Cos is as expressed in
Equation (5-2)

CMl M1

M1 II M1

G Cwmic
\/Ml Ml\/

c CCG C G c
—| G —
CGSO >\ K Cevop = o7y
—\=
J_ BOX

CDB
—l_CSD-Sub

STI S
J_ CSB
CSD-Sub—l_

Trap Rich Layer

HR Si Substrate

Figure 5-5 Co model of the SOI switch NMOS

Cvi-¢  Ce—¢
Cyvq—
+ Cp1-m1 + > + 5

_ Csp.Cpp Ceso-Cepo  Csp—sup
Cops = + +
Csg + Cpg Cgso + Cepo 2

(5-2)

Table 5-1 Performance Summary and R, and Co Comparison (SMT vs. Non-SMT)

Ly=0.13 um Ly =0.20 um
Process Ron Cort Ron™ Cott Ron Cort Ron™ Cot
(ohm-mm) (fF/mm) (fs) (ohm-mm) (fF/mm) (fs)
Non-SMT 0.49 180 88.2 0.67 148 99.2
SMT 0.43 186 80.0 0.59 154 90.8
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Table 5-1 summarizes the measured Ron and Cox for both SMT and non-SMT from
foundry monitoring structures. Ry, were from single SOI NMOS, and Cof for Ly = 0.13 pm
were measured from Imm/FET 1 stack of switch FETSs, Co 0f Ly = 0.2 um were measured
from 4 mm/FET 12 stacks of switch FETSs, respectively, both without external poly resistor
connected. The poly shortening from 0.2 um to 0.13 pm follows the conventional rule, which
keeps the source/ drain contact to gate space unchanged. R, of SMT NMOS is about 12%
lower than non-SMT NMOS for the same gate length. So in the presence of stressors, NMOS
channel mobility is much improved. At the same time, measured Cy for SMT NMOS is
about 3% higher than non-SMT NMOS. As reported in [70], SMT induces some Boron (B)
dose loss during the anneal process, causing overlap capacitance shift. In this work, the
slightly higher Cq for SMT NMOS should also due to Boron (B) dose reduction in the SOI
switch NMOS extension junction, which slightly widens the overlap area, and increases the
Csso and Cgpo. As a result, the product of Ron *Cof 0f SMT NMOS is about 9% lower than

non-SMT NMOS.

5.4 SPDT topology

Based on study on SPST switch in Chapter 4, the ultra-wideband SPDT switches are
designed based on series-shunt topology with input and output matching networks, as shown
in Figure 5-6. The SPDT switch is constructed by two symmetric SPST switch branches, one
SPST branch, with series transistor Mz and shunt transistor My, forms the path between Port 1
and Port 2, and the other SPST branch, combined by series transistor M; and shunt device My,
forms another path between Port 1 and Port 3. The L; is used as the matching inductor for the

Port 1, and two L, inductors are used for Port 2 and Port 3, respectively. The equivalent L-C-
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L T-matching network model is same as that of SPST switch, which is shown in Figure 4-10
(b). When V¢ is high (= 2.5 V), Mz and M3 are turned on, M; and My are turned off, so RF
signal can flow between Port 1 and Port 2. When V¢ is low (0 V for this design), M1 and M,
are turned on, M and M3 are turned off, so signal can be transferred between Port 1 and Port
3. A gate resistor Ry, is required for each transistor for AC floating to minimize the signal

leakage and prevent gate oxide breakdown.

OPortl

Ll
oM LM e
Port2 R, %R Port3

g
S
\4 ’ \70 V. ’

v

Figure 5-6 Schematic of the designed SPDT switch

Simulation on SPDT switch with different configurations is carried out as shown in
Figure 5-7. Similar to SPST switch, the series only SPDT switch shows much lower isolation
compared to series-shunt topology. Isolation can be improved by adding shunt transistor,
while the return loss and the insertion loss will increase, which will degrade the switch’s
bandwidth. The series-shunt with matching network switch shows comparable isolation while
much improved insertion loss and return loss when compared to series-shunt without

matching networks.
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Figure 5-7 Simulated: (a) isolation and (b) insertion loss and return loss of different SPDT
switch configurations.

For a given transistor channel length Lg, the wider transistor is used, the lower Ron is

achieved. But at the same time the parasitic capacitance will be also increased, thus the

75



isolation is degraded and signal loss is increased, so transistor width needs to be optimized
during circuit design. The matching inductors are also critical for switch performance to
maximize the bandwidth. The impacts of series and shunt transistor width and matching
inductor on SPDT switch performance are simulated and shown in Figure 5-8, Figure 5-9 and

Figure 5-10, respectively.
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Figure 5-10 Simulated SPDT S-parameters as a function of matching inductor, (a) IL, (b) RL
and (c) 1ISO

In this design, series transistors M; and M3, with total transistor width of 75 um (W =
5 um, 15 fingers), shunt transistor M, and My, with total transistor width 100 um (W = 5 um,
20 fingers), series inductors L; = L, = 130 pH are designed based on simulation for the final
layout of the SPDT switch to achieve low insertion loss while wide bandwidth. The inductors
are simulated and optimized using commercial electromagnetic (EM) software HFSS,
inductor with quality factor Q = 20 at 40 GHz is chosen to achieve the ultra wideband, while
occupies small die area. The matching inductors are designed using 3 um ultra thick metal
(UTM), which is also the last Cu layer in the backend of line (BEOL). Ry = 50 kQ poly

resistors are used for this design.

80



40 T \\
~~ 35 7
Z \
—
5 3.0
—— Lg = 0.2 um body-contact
2.5 -
—=— Lg = 0.2 um floating body
20 1 1 1 1 1
0 5 10 15 20 25 30

Finger width (um)

Figure 5-11 Switch NMOS finger width versus breakdown voltage

In this work, floating body NMOS is not adopted for switch design as its transistor
breakdown voltage (BV) is about 0.7 V lower than that of body-tied NMOS for the same gate
length, as shown in Figure 5-11. The measured data in Figure 5-11 also show when the
transistor finger width is wider, transistor BV becomes lower, so a 5 um finger width is
finally selected for the used body-tied switch NMOS as a trade-off between transistor BV and
total switch size. This final designed SPDT switch occupies a small chip area of only 0.214 x
0.19 mm*.

Except for the evaluation of SMT impact on switch performance, switches designed
with the same technology node, but with shorter transistor channel length (Lg) than nominal
length (Lg = 0.2 um), while keep same metal 1 to metal 1 (M1 to M1) space and source
contact to drain contact space are also designed for comparison and investigation. What’s
more, a higher gate control bias, Vg = 3.3 V will be applied to designed switches to compare

performance with switch under normal gate bias, which is V4 = 2.5 V.

5.5 Simulated and measured results of SPDT switch
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The fabricated SPDT switch is shown in Figure 5-12. (take Ly = 0.2 um non-SMT
SPDT for example), GSG pads are connected to RF input port RF IN and two RF output ports
RF OUT1 and RF OUT2 in the SPDT switch for RF testing, pad V¢ and V., are used for dc

biasing of the series and shunt transistors.

RF OUT1

K2

L2

RF OUT2

Figure 5-12 Photography of the designed SPDT switch

5.5.1 S-parameters

S-parameter measurements were done using the Agilent E8364C (10MHz-50GHz) PNA
network analyzer and de-embedded using Short-Open-Load-Reciprocal (SOLR) calibration.
Simulated and measured S-parameters of the SPDT switches designed with nominal NMOS
(Lg = 0.2 pm) are shown in Figure 5-13. The non-SMT switch shows excellent wideband
performance under 2.5 V biasing voltage, with low insertion of 1.1, 1.16 and 2.1 dB from dc
to 10, 10 to 20 and 20 to 50 GHz, respectively. And measured isolations are better than 38, 33

and 25 dB from dc to 10 GHz, 10 to 20 and 20 to 50 GHz, respectively.
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Figure 5-13 Simulated and measured results of SPDT: (a) IL, (b) ISO and (c) RL of both
SMT and non-SMT SPDT switches

Benefited from improved R,, induced by the SMT effect, the SMT SPDT switch
results an even lower insertion loss when compared to non-SMT switch in the relatively
lower frequency range from dc to around 20 GHz. As also shown in Figure 5-13, measured
insertion losses of the SMT SPDT switch under 2.5 V gate bias are less than 1, 1.15 and 2.3
dB from dc to 10, 10 to 20 and 20 to 50 GHz, respectively. SMT switch shows 0.15 dB lower
insertion loss at 1 GHz and 0.1 dB lower at 10 GHz when compared to non-SMT switch.
When frequency is higher than 20 GHz, insertion loss of SMT switches become slightly
higher than non-SMT switch, show around 0.2 dB higher insertion loss at 50 GHz. The
slightly higher insertion loss of SMT switches in high frequency range could be resulted from
the slightly higher Co¢ of SMT switch. As expressed in equitation (4-10), insertion loss for

SMT and non-SMT switch can be expressed as below:
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non_SMT gl 27,

When input signal frequency (f in Equation (5-3) and (5-4)) is very low, the insertion
loss is dominated by R, of the series branch (first part in Equation (5-3) and (5-4)), and the
contribution from the shunt branch (Corelated) can be ignored, as summarized in Table 5-1,

since

Ron_SMT < Ron_non—SMT (5'5)

So in low frequency range,
ILsyr < ILpon-smr (5-6)

As frequency of the input signal increases, the insertion loss from the Co is also
increasing, when f is high enough, the total insertion loss from SMT series-shunt branch is
comparable to that of non-SMT series-shunt branch (for this SPDT switch, f is around 20
GHz as illustrated in Figure 5-13(a)). When f is further increased to beyond 20 GHz, the total
insertion loss of SMT switch will be higher than non-SMT switch.

Measured isolation of SMT switch is around 0.5 to 1 dB higher than non-SMT switch
in the whole measured frequency range. Based on Equation (4-13), the isolation is

determined by product of Ron*Cog, as summarized in Table 5-1, Ro,*Cog product of SMT
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transistor is lower than non-SMT transistor, although C,; of SMT transistor is slightly higher
than that of non-SMT transistor, the isolation of SMT switch is still slighter better than non-
SMT switch.

Measured return loss of both SMT and non-SMT switch are less than 15 dB and 10
dB from DC to 30 GHz and 30 to 50 GHz, respectively.

The S-parameters measured at a higher gate bias voltage (V4 = 3.3 V) are also
presented in Figure 5-13 (a) to (c). Compared to the nominal bias voltage (V4= 2.5V), 3.3V
bias results about 0.1 dB lower insertion loss, 1 dB higher isolation and slightly better return
loss. Improvement of the switch performance at 3.3 V bias is resulted from increased Vgs in
Equation (5-1), hence decreased R,n. Measured insertion losses of the SMT SPDT switch
under 3.3 V biasing are 0.9, 1.04 and 2.2 dB from DC to 10, 10 to 20 and 20 to 50 GHz,
respectively.

SPDT switches with shorter channel length (Ly = 0.11, 0.13 and 0.15 pm) are also
designed to study the channel length impact on switch performance in the same technology
node. Measured insertion loss and isolation (with Vg = 3.3 V) of SMT SPDT switches with
variable gate lengths are illustrated in Figure 5-14. Switch with shorter Ly shows lower
insertion loss, measured insertion loss of Ly = 0.11 um SMT switch are less than 0.65, 0.8 and
2.15 dB from DC to 10, 10 to 20, and 20 to 50 GHz, respectively. This is expectable, as

transistor Ron decreases with decreasing channel length.
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Figure 5-14 Measured insertion loss and isolation of SMT SPDT switches versus channel

length.

Usually as transistor gate length is scaling down, Ro, will be lower, but Cux will be
increased, so isolation will be getting worse. What interesting for this design is switch with
shorter Ly shows higher isolation, measured isolation of the shortest channel length Ly = 0.11
um switch are higher than 44, 38 and 28 dB from dc to 10, 10 to 20 and 20 to 50 GHz,
respectively, which is about 1.5 to 3 dB higher than Ly = 0.20 pm switch. This can be

explained based on the Co model in Figure 5-5 and Co« physical dimension model shown in

Figure 5-15.

87



M1 M1
Smi-c L, Smi-c

Se. S
C C-G G C-G
STI S B D STI
BOX

Trap Rich Layer

HR Si Substrate

Figure 5-15 Cy physical dimension model of the SOI switch NMOS

Cy-C Ceso - C C C C
C, =SB ~DB , ~GSO'TGDO | DS 4 4 “MIG | CG

\CSB +Cps  Caso +Copo 2 | 2 2
| \—Y—) \—Y—)
55% 22% 23%

Figure 5-16 Simulated co components comparison

Simulation result from a 0.2 pm structure shows about 55% of the total Cy is from
device capacitance, and the other 45% is from wiring capacitance, including 22% from M1 to
M1 capacitance Cui-m1, 23% from M1 and contact to gate capacitance Cwi.c and Cc.g, as
indicated in Figure 5-16. So wiring capacitance plays a significant role in total Cu. For the
transistor gate length scaling in Table 5-1, when gate length Lg shortened from 0.2 um to 0.13
um, the source and drain contact to gate space Sc. (as shown in Figure 5-15) and M1 to gate
space Swi.c keep not changed, so M1 to M1 space Swyi-v1 and contact to contact space Sc.c
will be decreased. Thus contact to gate capacitance Cc.c and M1 to gate capacitance Cy;.-g are

not changed, but M1 to M1 capacitance Cw-m1 Will be higher, hence total wiring capacitance
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is higher for 0.13 pum when compared to 0.2 um, and source drain junction capacitance of
0.13 pm is also higher than 0.2 um because of shorter effective gate length. As a result, total
Coff 0of 0.13 um structure is higher than 0.2 pm in Table 5-1. In this design, when shortening
poly length, we keep M1 to M1 space Sui-m1and contact to contact space Sc.c not changed.
S0 Cwi-m1 is not changed, while Cyi-g and Cc.c will be decreased since M1 to gate space Swi-
c and contact to gate space Sc.g are increased, thus the total wiring capacitance is reduced.
The measured isolation result in Figure 5-14 shows isolation is also decreased as channel
length reduced, this indicates wiring capacitance dominates the total Cos change as compared
with junction capacitance change, this explains why isolation of Ly=0.11 pm switch is higher
than that of Ly= 0.20 um switch. So in this work, by shortening the poly length, we achieved

not only lower switch insertion loss, but also higher switch isolation.

5.5.2  Power handling and linearity

Power handling and linearity of switches have been studied before [71]-[74].
Measurements of the input 1-dB compression point (P1dB) for designed switches were
performed using R&S SMF100A Signal Generator (100K - 43.5 GHz) and NRP-Z57 Power
Meter (DC-67 GHz). The P1dB measurements were carried out from 1 GHz to 25 GHz, due
to input power limitation of the test facilities. Figure 5-17 shows measured P1dB versus
frequency (measured at 1 GHz, 5 GHz, 15GHz and 25 GHz) for designed SPDT switches. As
can be seen, switches with longer gate length result higher P1dB at the same measurement
frequency. Take 25 GHz as an example case, the measured P1dB for SMT SPDT switches
are 10.7 dBm for Ly = 0.11 pm, 12.6 dBm for Lg=0.13 pm, 13.4 dBm for Ly = 0.15 pm and

14 dBm for Ly = 0.2 pm, respectively. Measured P1dB for the SPDT switch with shortest
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channel length, Ly = 0.11 pum are 10.9, 10.9, 11.3 and 10.7 dBm at 1, 5, 15 and 25 GHz,
respectively, this indicates Lg = 0.11 or 0.13 pm NMOS is also a good candidate for ultra-
wideband RF switch application without significant performance degradation. The result also
shows P1dB for SMT and non-SMT switches with same gate lengths are comparable, and

P1dB under 3.3 V is slightly higher than P1dB measured at 2.5 V bias.
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Figure 5-17 Measured P1dB of SPDT switches

Third-order intermodulation products of fabricated switches were measured with
Agilent E8267D PSG Vector Signal Generator (100 kHz to 20 GHz, measured at two-tone
mode) at 5 and 10 GHz, respectively, and spaced by 10 MHz. R&S ZVA67 (10 MHz — 67
GHz) is used as spectrum analyzer. Extrapolated input third-order interception points (11P3)
of both SMT and non-SMT SPDT switches (Lg=0.13 pm and Lg= 0.2 pum, 2.5 V bias) are
summarized in Table 5-3. IIP3 of SMT SPDT is slightly higher than non-SMT SPDT for the

same gate length at the same measurement frequency. Typical 11P3 of Ly= 0.2 um switches
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are in the range of 25 to 28 dBm at measured frequencies, and typical 11P3 for Ly= 0.13 pm

switches are in the range of 23 to 26 dBm.

Table 5-2 Extrapolated 11P3 of SPDT Switches

non-SMT (dBm) SMT (dBm)
Frequency (GHz)
0.13 pum 02um | 0.13 ym 0.2 ym
5 23.8 255 241 26.2
10 24.9 27.4 255 27.8

To further investigate higher order nonlinearities in the designed switches, the 2™
harmonic distortion (H,) and 3™ harmonic distortion (Hs) were measured using R&S
SMF100A Signal Generator (100K - 43.5 GHz) and R&S ZVAG67 under different gate bias
(2.2, 1.8, 2.5 and 3.3 V) and different input power (0 and 8 dBm) at the fundamental
frequency of 5 GHz, as shown in Figure 5-18. In general, the measured 2" and 3™ harmonic
distortion levels of SMT switches are lower than non-SMT switches under the same bias
condition and same input power. At 0 dBm input power under 2.5 V bias, the measured H,
are -72.4 and -68.6 dBc (calculated delta between measured H, and H; output power),
measured Hj are -73.3 and -71.2 dBc (calculated delta between measured Hz and H; output
power) for 0.2 um SMT switch and 0.2 um non-SMT switch, respectively. Ly = 0.13 um
switches exhibit slightly lower harmonic distortion than Ly = 0.2 pm switches. What’s more,
the measured harmonic distortions for each switch become lower when the bias voltage

increases from1.2 V1o 3.3 V.
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Figure 5-18 Measured 2nd and 3rd harmonic distortion of SPDT switches: (a) 2nd harmonic
H,, (b) 3rd harmonic H3

5.5.3  Switch speed

Switching speed of fabricated switches were measured using R&S SMF100A Signal
Generator (100K-43.5GHz), Agilent 33600A Waveform Generator, and LeCroy 8600A
Oscilloscope (Max. 6GHz). Simulated rise time (RF output to rise from 10% to 90% of the
final value) and fall time (RF output to drop from 90% to 10% of the initial value) of the

SPDT are 10 ns and 8 ns, respectively, and less than 12 ns and 10 ns for SP4T. Measured
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rise and fall time for SPDT at 5 GHz are both around 8 ns, as shown in Figure 5-19 and

Figure 5-20, which agree well with simulation.

SR SO PO P O S S

X1= a¥=  192ns
X2= 195ns 1/AX= 521 Wz

Figure 5-19 Measured rise time of the SPDT switch @5 GHz
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Xi= 122ns OX« 304ns
X2= 182ns 1/aX= 329MHz

Figure 5-20 Measured fall time of the SPDT switch @5 GHz

5.6 Summary and comparison

A systematic study of the high resistivity trap rich SOI process for the low loss ultra
wideband SPDT switch is carried out in this Chapter, SMT process impact on wideband RF
switch is studied for the first time. A comparison with the state of the arts is given in Table 5-
3, the proposed SPDT switch achieves the best insertion loss and excellent isolation for the

switches designed on CMOS or SOI CMOS technology. These excellent performances are
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achieved by optimizing the size of both series and shunt transistors, elaborate design of the
matching inductors, improved interconnecting line layout to decrease the parasitic coupling.
Further improvement of the switch performance is achieved by implementing SMT. It is
found SMT can improve both insertion loss and isolation in a certain wide frequency range.
Moreover, shortening the channel length and applying higher gate bias can also help improve
switch performance. A switch Co model of the used SOI transistor is also proposed, this
model indicates all the factors which contribute to the total off capacitance, based on this
model, switch layout can be optimized to further reduce total Co Proposed SPDT switches
consume compact die area of only 0.214 x 0.19 mm?. The fabricated SPDT switches show
outstanding performance to be used for fully integrated and cost-effective ultra-wideband

applications.
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Table 5-3 Comparison of Wideband Switches

Input

BW IL 1SO Chip Size
Ref. Tech. Type P1dB Topology
(GH2) (dB) (dB) (dBm) (mm?)
0.13-pm triple-well ) ) ) Symmetric series-shunt, double-well
[11] CMOS SPDT | 2.4-20 0.9-2 43-21 30 0.17 body-floating
<2.7at10GHz . . .
[34] 0.13-um CMOS SPAT dc-70 < 3.0 at 35 GHz 30 >9 0.24x0.23 series-shunt, with matching networks
[35] 45-nm SOl CMOS SPDT dc-60 1.7 at 45 GHz >25 at 50 GHz 7.1 0.18x0.22 Series-shunt
[45] 0.35-um SiGe SPDT | 42-70 <125 >18 1 0.85x0.92 Differential SPDT
[46] RF-MEMS SPAT dc-70 <1 >15 NA NA distributed transmission line
[49] 0.1-um HEMT SPDT 15-80 <3.6 >25 NA 15x15 traveling-wave concept
[50] 0.18-um SiGe BiCMOS SPDT dc-30 15-33 >20 23 0.025 series-shunt, with matching network
[51] 0.18-um SOI SPDT dc-40 <5 >17 15 0.28 x 0.09 series-shunt, with matching network
[52] 90-nm CMOS SPDT dc-60 <3 >48 17 0.68 x 0.87 traveling-wave concept
<2.7 . . .
13- - > . . -
[53] 0.13-um CMOS SPAT dc-30 < 3.0 at 35 GHz 26 9 0.25x0.18 series-shunt, with matching network
Thi <2.1at50GHz
worlsk 0.13-um SOI SPDT | dc-50 | <17at45GHz | >27at50GHz | >10.5 | 0.214x0.19 | series-shunt, with matching network

<1.0at 30 GHz
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Chapter 6

Ultra wideband SP4T switch design

6.1 SPAT topology

Similar to SPST and SPDT switches, S-parameter of different configurations of SP4T
switch, include series only, series-shunt and series-shunt with input and output matching
network is simulated as shown in Figure 6-1. Again, the series only topology showed the
worst isolation response, shunt transistors are needed to improve the isolation, and matching
networks are also needed to decrease the return loss and widen the operation band width.
What’s more, when compared to SPDT and SPST switches, the insertion loss of the series
only SP4T switch increases much faster as shown in Figure 6-1 (c), this is because the
increased switch throws provide more RF signal leakage paths from parasitic capacitance of
off-state branches, which translates into insertion loss for the on-state arm. By implementing
the L-C-L matching network, the insertion loss can be decreased much within a wide

frequency band, thus can significantly widen the application band width.
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Figure 6-1 Simulated S-parameters of different SP4T topologies, (a) IL and RL, (b) I1SO, (c)
IL comparison

The final proposed configuration of SP4T switch is shown in Figure 6-2, which is
constructed by four symmetric SPST switches. Each SPST branch is constructed by a series
transistor (M1, M3, Ms and M) and shunt transistor (M2, M4, Mg and Mg). L; is used as the
matching inductor for the RF in port, and L, is used for all the other ports. When RF signal
need to be travelled between Port 1 and Port 2, V¢ is high (=2.5V), V¢, Vs and V¢, are low
(=0 V), so M1, My, Mg and Mgare turned on, while M, M3, Ms and M- are turned off. Similar
case when RF signals need to be travelled between Port 1 and other ports. Large gate
resistance Ry is used for all the series and shunt transistors to minimize RF signal leakage

through the gate and to prevent gate oxide breakdown.
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Figure 6-2 Schematic of the SP4T switch

6.2 SPA4T switch simulation

The impacts of series and shunt transistor width on SP4T switch performance are
simulated and shown in Figure 6-3 and Figure 6-4, respectively.

Based on simulation, series transistor Mi, M3, Ms and M7, with optimized size of total
width 50 um (W =5 pum, 10 fingers), and shunt transistor M, M4, Mg and Mg, with optimized
size of total width of 75 pym (W =5 pm, 15 fingers), and matching inductors L; = L, = 140
pH are designed for SPAT switch, the SPAT switch occupies a small chip area of 0.36 x 0.19

mm?.
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Figure 6-3 Simulated SPAT IL, ISO and RL as a function of series FET width, a) IL, b) RL,
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(©
Figure 6-4 Simulated SP4T S-parameters as a function of shunt FET width, (a) IL, (b) RL and
(c) ISO

6.3 Measured results of SP4T switch
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Photography of fabricated SPAT switch is shown in Figure 6-5 (take Ly = 0.2 um SMT
SPAT for example), GSG pads are connected to OUT1 and OUT?2 in the SPAT switch for RF
testing, V¢ and V., pads are used for dc biasing of the series and shunt transistors. RF OUT3
and OUT4 ports are internally terminated with 50 Q on-chip poly resistors to avoid two
additional RF pads, since they are identical to the OUT1 and OUT2 ports, because of the

symmetrical layout, the GND pad is used to ground OUT3 and OUT4.

RF OUT1

Vc2

L2 terminated internally
with 50 Ohm for out3
and outd

RF OUT2
S G

Figure 6-5 Photography of the designed SMT SP4T Switch

6.3.1  S-parameters

Simulated and measured s-parameters of designed SP4T switches with nominal
channel length (Ly = 0.2 um) are shown in Figure 6-6. Measurements were done under both
2.5V and 3.3V gate bias, and include both SMT and non-SMT SP4T switches. As
summarized in Table 111, for 2.5 V bias, the non-SMT switch results low insertion losses of
less than 1.52 dB, 1.69 dB, 2.8 dB and 4.43 dB from dc to 1 GHz, 1 GHz to 10 GHz, 10GHz

to 35 GHz and 35 GHz to 50 GHz, respectively. While SMT switch results even lower
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insertion loss of less than 1.25 dB and 1.46 dB from dc to 1 GHz, 1GHz to 10 GHz,
respectively, and shows same insertion loss as non-SMT switch at 35 GHz, but slightly
higher insert loss when frequency is higher than 35 GHz. So for SP4T switch, similar to
SPDT switches, SMT process gives a lower insertion at a relatively lower frequency region
because of the lower transistor Ron under SMT process. Also similar to SPDT switch, 3.3 V
gate bias results about 0.15 dB to 0.2 dB lower insertion loss when compared to 2.5 V gate
bias for both SMT and non-SMT switches over the whole frequency range from dc to 50

GHz.

Table 6-1 Insertion Loss (dB) Comparison (SMT vs. NON-SMT)

non-SMT SMT
Frequency 2.5V 3.3V 2.5V 3.3V
1 GHz 1.52 1.36 1.25 1.10
10 GHz 1.69 1.53 1.46 1.31
35 GHz 2.80 2.66 2.80 2.65
50 GHz 4.43 4.16 4,54 4.45

Measured isolations for SMT and non-SMT switches are better than 30 dB and 28 dB
from dc to 35 GHz and 35 GHz to 50 GHz, respectively. Measured return losses for both
SMT and non-SMT switches are better than 10 dB from dc to 35 GHz under both 2.5 and 3.3
V bias.

To the best of authors’ knowledge, this is the first ultra wideband SP4T switch
designed in SOI process and also the first reported SPAT switch performance with SMT

process implemented.
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Figure 6-6 Measured and simulated: (a) insertion loss, (b) isolation and (c) return loss of the
SPAT switch
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Figure 6-7 Measured insertion loss and isolation of SMT SP4T switches with different
NMOS channel length.

Measured S-parameters for SMT SP4T switches with variable gate lengths are shown
in Figure 6-7 (Ly=0.11, 0.13, 0.15 and 0.2 pm). SMT SP4T switch with Ly = 0.11 pm under
3.3 V gate bias achieves low insertion loss of less than 0.96, 2.5 and 4.3 dB from dc to 10

GHz, 10 GHz to 35 GHz, and 35 GHz to 50 GHz, respectively, and high isolation of greater
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than 35 dB from dc up to 50 GHz. The trend between SPAT switch performance and channel
length are the same as that of SPDT switch. This again indicates that channel length has large

effects on both insertion and isolation of the switches.

6.3.2  Power handling and linearity

Measured P1dB (at 1 GHz, 5 GHz, 10 GHz, 15GHz, 20GHz and 25 GHz) for
designed SPAT switches are shown in Figure 6-8. Again, switches with longer channel length
result higher P1dB. For the same switch, measured P1dB are nearly identical at different
frequencies, and 3.3 V gate bias results a slightly higher P1dB (~0.5 dB) than 2.5 V gate bias.
In addition, non-SMT switch shows comparable P1dB to SMT switch with same gate length
(Lg = 0.2 pm). SPAT switch with Ly = 0.2 um NMOS results a constant P1dB of ~14 dBm
across the measured frequency range from 1 GHz to 25 GHz. SPAT with Ly = 0.11 pm shows
a constant P1dB of around 11 dBm, combines with its lower insertion loss and higher
isolation when compared to switch with longer channel length, SP4T switch with Ly = 0.11
um may also be good candidate for ultra-wide RF switch application without performance

degradation.
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Figure 6-8 Measured P1dB for designed SP4T switches

Extrapolated 11P3 of SPAT switches (Ly = 0.2 pm for non-SMT SP4T, Ly = 0.13 um
and Ly = 0.2 pm for SMT SP4T, 2.5 V bias) are shown in Table 6-2. Similar to SPDT, 11P3 of
SMT SPAT switch is slightly higher than that of non-SMT switch. For Ly = 0.2 pm, typical
I1P3 is around 25-26 dBm and 24-25 dBm for SMT and non-SMT, respectively, at measured

frequencies. Measured 11P3 for Ly = 0.13 pm SMT SP4T switch is around 23-24 dBm.

Table 6-2 Extrapolated SPAT 1IP3 (SMT vs. Non-SMT)

Frequency | hon-SMT (dBm) SMT (dBm)
(GHz) 0.2 pm 0.13pum | 0.2 um
5 24.9 23 255
10 24.3 235 25.9

Measured H, and Hs for SPAT switches (Ly = 0.2 um for non-SMT SPA4T, Ly = 0.13

um and Lg = 0.2 um for SMT SP4T) are shown in Figure 6-10. For the same gate length Lg =
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0.2 um, SMT SPAT switch shows slightly lower harmonic distortions than non-SMT switch.
For measured SMT switches, Lg = 0.13 pm shows slightly lower harmonic distortion than Lg
= 0.2 um. Measured data also show similar gate bias dependence to SPDT switches.

Measured rise and fall time for SP4T switch are less than 15 ns for frequency from 1

GHz to 5 GHz.
0
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Figure 6-9 Measured 2" and 3" harmonic distortion of SP4T switches at 5 GHz: (a) 2™

harmonic H,, (b) 3" harmonic Hs

6.4 Summary and comparison
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High resistivity trap rich SOI based low loss ultra wideband SPAT switches are design
and analyzed for the first time in this Chapter. A comparison with the state of the arts is given
in Table 6-3, the proposed SPAT switches achieve the best combined performance including
low insertion loss (< 2.5 dB at 35 GHz) and excellent isolation (>36 dB at 35 GHz) and
acceptable power handling capability (> 11 dBm) and good linearity (> 23 dBm I1P3). These
excellent performances are achieved by optimizing the size of both series and shunt
transistors, and the matching inductor value. Further improvement of the switch performance
is achieved by implementing SMT, it is found SMT can improve both insertion loss and
isolation in a certain wide frequency range (dc to 35 GHz for designed SP4T switch).
Proposed SPAT switches consume compact die area of only 0.36 x 0.19 mm?. The fabricated
SPAT switches show outstanding performance to be used for fully integrated and cost-

effective ultra-wideband applications.
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Table 6-3 Comparison of Wideband Switches

Input -
Ref. Tech. Type BW I 150 pigp_| CNIPSize Topology
(GH2) (dB) (dB) (dBm) (mm?)
[11] | 0.13-um triple-well CMOS | SPDT | 2.4-20 0.9-2 43-21 30 0.17 Symmetric series-shunt, double-
well body-floating
<2.7at10GHz series-shunt, with matching
[34] 0.13-um CMOS SPAT dc-70 < 3.0 at 35 GHz 30 >9 0.24x0.23 networks
[35] 45-nm SOl CMOS SPDT dc-60 1.7 at 45 GHz >25 at 50 GHz 7.1 0.18x0.22 Series-shunt
[45] 0.35-um SiGe SPDT 42-70 <125 >18 1 0.85x0.92 Differential SPDT
[46] RF-MEMS SPAT dc-70 <1 >15 NA NA distributed transmission line
[49] 0.1-um HEMT SPDT 15-80 <3.6 >25 NA 15x15 traveling-wave concept
[50] | 0.18-umSiGe BiCMOS | SPDT | dc-30 15-33 >20 23 0.025 Se“es'ShUS;’tv"\yc')trT( matching
[51] 0.18-um SOI SPDT | dc-40 <5 >17 15 | 0.28x009 | Series-shunt, with matching
network
[52] 90-nm CMOS SPDT dc-60 <3 >48 17 0.68 x 0.87 traveling-wave concept
[53] 0.13-um CMOS sPaT | dc-30 <27 >26 9 | 025x018 | Series-shunt with matching
network
Thi <2.lat50GHz ies-shunt. with matchi
1S 0.13-um SOI SPDT | dc-50 | <1.7at45GHz | >27at50GHz | >105 | 0.214x0.19 | S€riesshunt with matching
work network
<1.0at30GHz
This <10at10GHz | > 36 at35GHz ies-shunt. with matchi
) i series-shunt, with matching
work 0.13 pm SOI SPAT dc-35 <25at35GHz > 35 at 50 GHz >11 0.36 x0.19 network

< 4.3 at 50 GHz
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Chapter 7

Ultra wideband DPDT switch design

7.1 Introduction

RF switch matrix is also widely used in modern communication systems such as
wireless internet, relay stations and satellite communications, etc., which need route RF
signals between multiple inputs and multiple outputs (MIMO). The ability of switches to
operate over wide bandwidth is becoming increasingly important to enable wideband or
multi-band systems on chip. Design high performance switch matrix including lower
insertion loss, higher isolation and acceptable power handling capability and good linearity
over an ultra-wide bandwidth from dc to cross millimeter-wave boundary are quite

challenging.

RF switch matrixes for MIMO application have been reported based on various
processes and technology nodes previously, including GaAs JFET [75], 0.5 um pHEMT
process [76], PIN diode [77], 0.13 um CMOS [78], 0.12 pm triple-well CMOS [79], and

[80]-[82]. However, all these designs are limited within dc to 12 GHz frequency range.

In this work, 2 x 2 double-pole-double-throw (DPDT) switches based on
GLOBALFOUNDRIES’s world first commercial 300 mm 0.13 um high resistivity trap-rich
(HR TR) SOI are designed, the designed switches are aimed to achieve the low insertion loss,
high isolation, high power handling and good linearity over dc to millimeter wave frequency

range.

7.2 DPDT switch design considerations
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7.2.1  DPDT switch configuration

Same as 200 mm SOI process which adopted for SPDT and SP4AT RF switch design
presented in Chapter 5 and Chapter 6, GLOBALFOUNDRIES’s 300 mm 0.13 um RFSOI
process also offers 2.5 V body-tied thick gate oxide NMOS switch transistor (nominal gate
length, Ly = 0.2 um). The thickness of the top silicon and BOX are around 1600 A and 2000
A, respectively. The handle silicon (Si) substrate also has resistivity higher than 3000 Q-cm,
a trap rich layer is also available between the BOX and handle Si layer .The designed DPDT
switches are based on series-shunt-series with input and output matching network topology to

achieve a wideband operation.

Port4

L, M; Mg L,
(@)
Mlialion Ron_Ml I:eon_MS el
o T AAN AN Im—.
L Lo
Portl -t L === Port2
L C'==" C,u M, L
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(b)

Figure 7-1 (a) Schematic of the DPDT switch, and (b) equivalent L-C-L T-matching network
model

On-chip series inductors are used and act as L-C-L T-matching circuit using the off-
state capacitance of the shunt NMOS as shunt capacitor C. The final topology for DPDT
switch and equivalent L-C-L T-matching network model are shown in Figure 7-1. The DPDT
switch is constructed by four symmetric single-pole single-throw (SPST) switch branches in a
ring-type structure. One SPST branch, with series transistors M; and M3, and shunt transistor
M, forms the path between Port 1 and Port 2, and the other three SPST branches, which also
combined by series-shunt-series transistors, forms other paths between Port 1 and Port 3, Port
2 and Port 4, and Port 3 and Port 4, respectively. The L; L, Lz and L4 are used as the
matching inductors for each branch. When V¢ is high (= 3.3 V), series transistor M1 M3, My,
Ms, and shunt transistor, Mgand M1, are turned on, at the same time, series transistor M;, Mo,
Mo M1, and shunt transistor, M, and Ms, are turned off, so RF signal can flow between Port 1
and Port 2, and between Port 3 and Port 4, while cannot flow between Port 1 and Port 3, and
between Port 2 and Port 4. On the contrary, when V¢ is low (-3.3 V), RF signal can only be

transferred between Port 1 and Port 3, and between Port 2 and Port 4.

Compared with previously designed SPDT switch, which the topology is series-shunt,
the challenges involved with going from SPDT to DPDT are as follows:

1) Higher insertion loss (IL) of DPDT than SPDT due to different topologies used.
This can be explained by comparing the derived insertion loss equations (using ABCD
matrix).

For SPDT, the actual insertion loss (in dB) for the series-shunt branch is as shown in

equation (4-10), also as shown in below (7-1):
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2

Ron 2
IL = 10log{ (1 + E) + [TfCopp (R +Z) 1} (7-1)
0

While for the proposed DPDT switch, based on the equivalent model of the series-
shunt-series branch as shown in Fig. 7-1(b), in the on-state, the insertion loss for this series-

shunt-series branch is:

2 2

)13 (7-2)

R 2
IL = 10log{ (1 + f) + [27fCopp(2Rgn + Zo + Z"”
0

0

As can be seen from equations (7-1) and (7-2), for the same transistors’ dimension,
more insertion loss is introduced due to the series-shunt-series topology.

2) Higher off-state capacitance of the DPDT. To achieve a low insertion loss in the on
state, the series transistors in each series-shunt-series path must be as large as possible. On
the other hand, the series transistors must be as small as possible to reduce the parasitic
capacitances in the off-state paths to achieve high isolation. Therefore, a trade-off is required
for the series transistors’ dimension.

3) Higher signal leakage because of the DPDT configuration. For example, as can be
seen from the schematic diagram of DPDT switch in Figure 7-1 (a), when the arm between
Portl and Port2 is in the on state, the arm between Port3 and Port4 will also be in the on-
state. This will cause some signal leakage from Portl to Port3 and even Port4. However,
SPDT does not have this problem. As a result, the insertion loss and isolation of DPDT are

not as good as the SPDT.
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7.2.2 DPDT switch size

In this work, two groups of series-shunt-series transistors are designed for evaluation.
DPDT1 is designed with series-shunt-series transistor widths = 75 pm/100 um/75 pm, and L;
= Ly= Ls= Ls= 140 pH, DPDT?2 is designed with series-shunt-series transistor widths = 150
um/100 pm/150 pm, and Ly = L, = Ls = Ly = 170 pH. External resistors, Ry = 20 kQ are
connected to gate and body of each transistor for ac floating to prevent signal leakage and

gate oxide breakdown.

Same DPDT layout but with shorter channel length (Ly= 0.11 pum and Lg= 0.13 pm)
is also designed to investigate the channel length effect on ultra wideband DPDT switch

performance.

7.2.3  Switch design with novel recessed device_Gen2 switch

The legacy generationl switch transistor (Genl) concurrently offered in this
technology is fabricated using the global top silicon thickness, which is 1600A. A new
generation2 switch device (Gen2) has also been developed which is fabricated on recessed
silicon, to provide lower Ron-Cofr. The recessed silicon is achieved through selective localized
etching process. A schematic view of the Genl switch transistor and Gen2 switch transistor is

shown in Figure 7-2.

] ] [} 1
] ] [} 1
Y U1 Gen 1 M1 L Mi Gen 2 M1 !
] 1 1 1
e o I
1 1o C C |
1 1 1 1
: ‘ G L Lo :
1 L 1 1 ‘ G k [}
STI | . B p 1 ‘ ISTI
]
1 1 I = B 2 :
L e e e e e e e e e e e e e e e e e e e e e e = 1 L e e e e e e e e e e e e e e e - 1

Trap Rich Layer

HR Si Substrate

116



Figure 7-2 Schematic view of Genl and Gen2 switch transistors
By fine device tuning, much higher drain current is achieved for Gen2 switch
transistor when compared to Genl switch, the 14-Vqy curve for both Genl and Gen2 switch
transistors are shown in Figure 7-3, A 41% improvement, from 193fs to 120fs in Ron*Co iS
achieved as illustrated in Table 7-1. In this work, both Genl and Gen2 switch NMOSs are

used for DPDT switch design to check switch performance in a wide frequency range.

Genl vs. Gen2 Id-Vvd
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Figure 7-3 13-Vq4 of Genl and Gen2 switch transistors

Table 7-1 Comparison between the Genl and Gen2 switch

Device Ron (0hm-mm) Cos (FF/mm) Ron*Cos (fS)
Genl 0.71 272 193
Gen2 0.5 239 1195

7.2.4 DPDT switch design with through BOX contact (TBC)

In SOI, the handle substrate is isolated from the top Si by the BOX insulator layer, in

other words, the substrate is electrically floating. During wafer fabricating, there are a lot of

117



process steps which involve plasma generation, including plasma etch, plasma enhanced thin
film deposition, etc. could induce charging and these charges can be trapped by the trap rich
layer in between the BOX layer and the handle substrate. Such static build ups can cause a
back channel of the SOI devices to turn on, which can disturb performances of normal
devices fabricated in the top Si. To solve this problem, a GLOBALFOUNDRIES proprietary
method is employed to ground the handle substrate. A through BOX contact (TBC) can be
made to connect the substrate to normal transistors via metal wiring, as illustrated in Figure

7-4.

Trap Rich Layer
Substrate

Figure 7-4 Switch transistor connected with through box contact (TBC)
In DPDT switch layout, to study the TBC effect on switch performance, both
switches, with and without TBC connection are designed (for Gen2 switch). For DPDT
switch with TBC connection, in each series-shunt-series branch, TBCs are added to connect

both gate to substrate and body to substrate, as illustrated in Figure 7-5.

The 14-Vy curves of Gen2 switch transistor (which is more sensitive to plasma
charging compared to Genl switch due to thin top silicon and negative Vi) with and without
TBC connection are illustrated in Figure 7-6. As can be seen, the drain current Id of the

switch NMOS without TBC connection is several orders higher than that of NMOS with TBC
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connection in the off state region (when Vg < Vyin, Which is about -0.2 V). When there’s no
TBC connected to the switch transistor, the process induced plasma charges are stored at the
interface between SOI top silicon and BOX, which contributed to the higher leakage. When a
switch transistor is connected to TBC, the charges can be discharged to the handle substrate
through TBC, so that the plasma charging effect on the normal device performance is

minimized.

TBC connected
to Body -
TBC connected
to Gate -

Figure 7-5 Layout of through box contact (TBC) in series-shunt-series switch branch
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Figure 7-6 Gen2 switch NMOS I4-Vy Curves (with TBC vs. without TBC)

7.3 Genl DPDT switch performance

Figure 7-7 Photography of the designed DPDT Switch
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Photography of fabricated DPDT switch is shown in Figure 7-7 (take Ly = 0.2 um
Genl DPDT switch for example), two GSGSG pads are used, one GSGSG pad connects to
Port 1 and Port 3, the other GSGSG pad connects to Port 2, Port 4 of the DPDT switch for RF

testing. V1 and V¢, pads are used for dc biasing of the series and shunt transistors.

7.3.1  S-parameters of Genl switch with nominal size

Simulated and measured S-parameters of the Genl DPDT switch (series-shunt-series
transistor widths = 75 um/100 um/75 pum) with nominal gate length Ly = 0.2 um are presented
in Figure 7-8. The measurements are done on chip after a SOLT calibration. The measured
insertion loss between Port 1 and Port 2 (S21, take V¢ = 3.3 V for example, when Vc= 3.3V,
Port 1 and Port 2, Port 3 and Port 4 are both in “on” state) and insertion loss between Port 3
and Port 4 (S43) are lower than 2.5 dB, measure isolation between Port 1 and Port 3, and
isolation between Port 1 and Port 4 are higher than 33 dB and 36 dB, respectively, at 25 GHz.
And measured insertion loss S;1/S43 is lower than 7 dB, isolation Sz; and S4; higher than 29
dB and 31 dB at 50 GHz, respectively. The measured insertion losses don't agree well with
simulation when signal frequency is higher than 10 GHz, this should be due to the foundry
model are characterized up to 10 GHz only, and the model cannot predict well the switch
performance when frequency gets higher. Measured return loss is lower than 11dB at 25
GHz, and about 4 dB at 50 GHz, respectively. When V¢ = -3.3 V, Port 1 and Port 3, Port 2
and Port 4 are in “on” state, the switch shows comparable performance and were not

included.
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Figure 7-8 Simulated and measured results of DPDT switch: (a) insertion loss, (b) return loss
and (c) isolation (Lg = 0.2 um)

7.3.2  Series transistor width (W) effect

Measured S-parameters of the Genl DPDT2 switch (series-shunt-series transistor
widths = 150 um/100 um/150 pm) with nominal gate length Ly= 0.2 pum and performance
comparison with DPDT1 switch are presented in Figure 7-9. As series transistor width
increases from 75 pum to 150 um, transistor Ry, is reduced as can be deduced from Equation
(5-1). The measured insertion loss of DPDT2 is lower than DPDT1 in the frequency range of
dc to 16 GHz (0.5 to 0.7 dB lower insertion loss is obtained in the range of dc to 10 GHz).
When frequency is higher than 16 GHz, the measured insertion loss of DPDT2 is becoming
higher than DPDT1 switch. This is because of the higher Co of DPDT2 which resulted from
the wider width. Measured Port 1 to Port 3 isolation S3; of DPDT2 is higher than 31 dB at 15

GHz, about 3 dB lower than that of DPDT1, measured Port 1 to Port 4 isolation S4; of
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DPDT?2 switch is higher than 37 dB at 15 GHz, about 6 dB lower than that of DPDT1 switch.

Measured return loss is higher than 11 dB at 15 GHz for DPDT2 switch.
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Figure 7-9 Measured results of DPDT switches: (a) insertion loss, (b) return loss and (c)
isolation of different channel width

7.3.3  Transistor channel length (L) effect

Measured S-parameters of the Genl DPDT1 switches with shorter channel length, L,
=0.11 pm and Lg= 0.13 pum are illustrated in Figure 7-10, and when compared with switch
performance fabricated with nominal channel length Ly= 0.2 um. Switch insertion loss is
improved by shortening the channel length, measured insertion loss, S21and S43 of Ly=0.11
um and Lg= 0.13 pm are lower than 2 dB and 2.15 dB at 25 GHz, respectively. Measured
isolation S31 0f Lg=0.11 pm and Lg= 0.13 pum are higher than 35 dB and 34.5 dB at 25 GHz,
and isolation S41 of Lg=0.11 pm and Lg= 0.13 pm are higher than 35.7 dB and 35.8 dB at 25

GHz, respectively.
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Figure 7-10 Measured results of DPDT switch: (a) insertion loss, (b) return loss and (c)
isolation of different channel length

7.3.4  Power handling and linearity

Measured P1dB of both DPDT1 switch and DPDT2 switch are about 19-20 dBm and
20-22 dBm at measured frequency of 1 GHz, 5 GHz, and 10 GHz. Due to measurement
system input power limitation, P1dB above 10 GHz are not available. The output power
curves of both DPDT1 and DPDT2 (Lg = 0.2 um) at 10 GHz are shown in Figure 7-11 (a).
P1dB of switches with short channel lengths are also measured and summarized in Figure 7-
11 (b). Measured P1dB of 0.11 um and 0.13 pm switches are slightly lower than nominal 0.2

um switches, and DPDT2 switches show 1-2 dB higher P1dB compared to DPDT1 switches.
There are two major mechanisms of RF switch power compression.

The first one is turning on of the switch transistors in the off-state (shunt) branch. A
MOSFET will turn on when the gate to source bias exceeds its threshold voltage Vi, switch

compression occurs when a transient voltage on the shunt transistor is higher than its V;
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during part of the cycle, input power will be routed to the ground instead of output. P1dB for

this case is as shown in equation (7-2) (in dBm) :
_ 2
P1dB_V, = 10logyo (<20 + 30 (7-3)
0

Where Vi is the control voltage used to switch off the transistors, and Z, is the
system impedance.

The second characteristic is the junction breakdown of the switch transistors in the off
state branch. Compression will also occur when the RF voltage swing causes the source drain
breakdown voltage (Vyq4) to be exceeded on part of the cycle, P1dB for this case is shown in

equation (7-3) (in dBm):

2
Von

27,

P1dB_Vyq = 10l0gso (22=) + 30 (7-4)

In this design, for Ly = 0.2 um transistor, V; is about 0.7 V, Vs is -3.3 V, and  Vyq is
around 3.2 V. So the calculated P1dB_V:is around 27-28 dBm, and calculated P1dB_Vyq is
around 20 dBm. Since P1dB_V,q < P1dB_V;, the cause of compression will be source drain
breakdown and compression will start around 20 dBm. Measured P1dB of switch with Ly =
0.2 um is around 19-20 dBm, which matches well with that of the calculation. As channel
length shortens from 0.2 um to 0.13 pum or 0.11 um, the source drain breakdown voltage

decreases, so P1dB will also decrease.
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P1dB at 10 GHz
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Figure 7-11 a) Measured output power of DPDT1 and DPDT2 switches (Lg = 0.2 um), (b)

measured P1dB of designed switches

Harmonic distortion of both DPDT1 and DPDT2 switches were also measured, as

illustrated in Figure 7-12. The measurements were done by sweeping RF power from 10 dBm

to 22 dBm to Port 1 and measuring the harmonics received at Port 2. The other two ports,
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Port 3 and Port 4 are floating during measurement. Due to system limitation, the

measurements were carried with fundamental frequency of 900 MHz only.

As shown in Figure 7-12, measured 2" order harmonic distortions (Hz) of DPDT2
switches are about 2-3 dBm lower than H, of DPDT1 switches when input power is lower
than 16 dBm. Within each switch group, switches with different channel length show
comparable 2nd harmonic distortions. Measured 3™ order harmonic distortions (Hs) of
DPDT2 are about 14 dBm lower than DPDT1 switches with same channel length. Within
each switch group, switches with shorter channel length show better 3™ harmonics in a
certain input power range, measured Hz of 0.13 pum switches are about 4 dBm lower than 0.2
um, measured Hz of 0.11 pm switches show further 2 to 3 dBm lower H3 as compared to 0.13
um switches. The measured result indicated that 2" harmonic distortion can be improved by
using wider transistor width, while 3" harmonic distortion can be improved by using both
wider transistor width and shorter transistor channel length in a certain frequency range. The
3" harmonic Hs is dominated by Ron of the switch branch. As indicated in equation (5-1), Ron
can decrease by widening transistor width and shortening transistor channel length. So Hj of
DPDT2 switches (with wider width) are better than those of DPDT1 switches and within each

switch group, Hz of Ly = 0.11 um is better than those of Ly = 0.13 pm and 0.2 pm switches.

Meanwhile, when input power increases, harmonic of switches with shorter channel
length start to rise up earlier than switch with nominal channel length, harmonic of switches
with wider width also start to rise up earlier than narrower width switches. So it’s a trade-off

between maximum power handling and harmonic distortions.
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Figure 7-12 Measured harmonic distortions of DPDT1 and DPDT?2 switches, (a) 2™

harmonic H,, (b) 3" harmonic Hs
To further investigate the linearity of the designed switches, the third-order
intermodulation products of fabricated switches were measured with Agilent E8267D PSG

Vector Signal Generator (100 kHz to 20 GHz, measured at two-tone mode) at 2 GHz, and
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spaced by 10 MHz. R&S ZVA67 (10 MHz — 67 GHz) is used as spectrum analyzer. As
shown in Figure 7-13, the extrapolated input third-order interception point (IIP3) of the
DPDT1 switches (Lg= 0.2 um) is about 34 dBm. Extrapolated I1P3 of fabricated switches are
summarized in Table 7-2. 1IP3 of DPDTL1 switches are generally comparable to those of
DPDT2 switches for the same gate length at the same measurement frequency. Typical 11P3

of Ly=0.11, 0.13 and 0.2 pm switches are around 32, 32.5 and 34 dBm, respectively.
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Figure 7-13 Measured 11P3 of DPDT1 switch (Lg = 0.2 um)

Table 7-2 Extrapolated 11P3 of DPDT switches

Frequency DPDT1 (dBm) DPDT2 (dBm)
(GHz) 011pm | 0.13um | 0.2 um | 0.1 pm | 0.13 um | 0.2 um
2 32 32.5 34 32 33 34.5

7.4 Gen2 DPDT switch performance

Gen2 switch transistor was developed in order to achieve lower switch Ron*Co,

through thinning down the SOI top Si thickness and device tuning to change the transistor
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threshold from positive (Genl switch) to negative, while maintain a comparable breakdown

voltage with Genl switch.

7.4.1  S-parameters of Gen2 switch with nominal size

Measured S-parameters of the designed Gen2 DPDT1 switch, with nominal gate
length Ly = 0.2 um and series_shunt_series transistor width 75_100_75 pm are presented in
Figure 7-14 and are compared with Genl switch performance. Gen2 switch shows much
lower insertion loss than Genl switch, the measured insertion loss S21 and S43 are lower
than 1.5 dB at 25 GHz, 2 dB at 35 GHz and 4.2 dB at 50 GHz, respectively, which is about 1
dB lower at 25 GHz and 3 dB lower at 50 GHz. Measured isolation S31 is higher than 30 dB
and isolation S41 is higher than 32 dB over the range from dc to 50 GHz. Measured return

loss are lower than -15 dB and lower than -10 dB at 25 GHz and 35 GHz, respectively.

Gen2_Measured

Genl Measured

Insertion Loss (dB)

_5 .
-6
_7 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
Frequency (GHz)
(@)

133



0
——S11_Gen1 measured Genl Measured
-5 -
1 S33_Genl measured T
_@ ——S11 Gen2 measured
‘%’—10 ] ———S33_Gen2 measured
3
E 4
5-15
D i Gen2_Measured
04
20 1
_25 ] 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
Frequency (GHz)
(b)
-20
-25 Gen2_Measured S31 Genl Measured S31
-30

Gen2_Measured S41

Genl Measured S41

Isolation (dB)
5

—3S31 _Genl

-0 S41_Genl
55 ——S31_Gen2
—— 541 _Gen2

0 5 10 15 20 25 30 35 40 45 50
Frequency (GHz)

()
Figure 7-14 Measured results of Gen2 DPDT switches: (a) insertion loss, (b) return loss and

(c) isolation

7.4.2  Series transistor width (W) effect
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Measured S-parameters of the Gen2 DPDT2 switch (series-shunt-series transistor
widths = 150 um/100 pm/150 pm) with nominal gate length Lg=0.2 um and the comparison
with DPDT1 are presented in Figure 7-15. Similar result to Genl switch are observed, in a
certain frequency range (dc to 20 GHz for Gen2 switch), DPDT2 switch shows lower
insertion loss, while also a little bit lower isolation, so it’s a trade-off between application

bandwidth and switch performance.
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Figure 7-15 Measured results of Gen2 DPDT switches: (a) insertion loss, (b) return loss and

(c) isolation of different channel width
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7.4.3  Transistor channel length (L) effect

Measured S-parameters of the Gen2 DPDT1 switches with shorter channel length, Lg
=0.11 um and Lg= 0.13 pm are illustrated in Figure 7-16. Similar to Genl switches, switch
insertion loss is improved by shortening the channel length, the measured insertion loss S21
0fLg=0.11 um are lower than 1.27 dB at 25 GHz, 1.9 dB at 35 GHz and 4.1 dB at 50 GHz,
respectively. Measured insertion loss S21 of Lg= 0.13 um are lower than 1.31 dB at 25 GHz,
1.9 dB at 35 GHz and 4.1 dB at 50 GHz, respectively. Measured isolation S31and S41 of L

=0.11 pm and Ly= 0.13 pm are comparable to Lg= 0.2 pm switch.
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Figure 7-16 Measured results of Gen2 DPDT switches: (a) insertion loss, (b) return loss and

(c) isolation of different channel width
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7.4.4  TBC connection effect on Gen2 DPDT switch performance

Measured S-parameters of the Gen2 DPDTL1 switches with TBC are illustrated in
Figure 7-17, performance of switch without TBC are also illustrated for comparison. In
general, measured insertion loss, return loss and isolations are comparable between the Gen2

switches with and without TBC connection.
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Figure 7-17 Measured S-parameters of Gen2 DPDT switches with vs. without TBC (Lg= 0.2
pm)

Measured P1dB of Gen2 DPDT1 switches are summarized in Figure 7-18, including

both with and without TBC connected switches and both the short channel length switches
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(0.11 um and 0.13 pum). As can be seen, measured P1dB of switches with TBC connected are
all higher than switches without TBC for the same channel length. For 0.2 um channel length,
switch with TBC shows about 1.5 dBm higher than non TBC switch, for 0.11 pm and 0.13
um gate length switches, the difference is about 2-3 dBm. The measured data indicate TBC
connection can help improve the Gen2 switch power handling, the reason is Gen2 switch
transistor is a negative V; transistor, which is more prone to be affected by generated n-type
plasma charging induced during wafer fabricating when compared to Genl switch transistor,

which has positive V..
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Figure 7-18 Measured P1dB of Gen2 switches (with versus without TBC)
Figure 7-19 illustrate measured 2" harmonic distortion and 3" harmonic distortion of
0.2 um and 0.13 pm Gen2 switches, including both switches with and without TBC
connection. Measured H; of 0.13 um switch without TBC starts to rise up even when the

input power is as low as 5 dBm, 0.13 pum switch with TBC starts to show non linearity from 7
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to 8 dBm input power. For 0.2 um channel length, H; start to rise up at about 11 dBm and 13
dBm for switch without and with TBC connection, respectively. Similar performance was
observed from the measured Hs. Better linearity is achieved by increasing the channel length,
and TBC connection. As shown in Figure 7-4, TBC helps to discharge the generated n-type
charging at the interface of top Si and BOX of Gen2 switch transistor to the trap-rich layer,
thus device performance is not shifted from normal behavior, so TBC connection is crucial

for Gen2 switch design.
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Figure 7-19 Measured harmonic distortions of Gen2 switches, a) 2™ harmonic H,, (b) 3"

harmonic Hs

7.5 Performance summary

In this chapter, high resistivity trap rich SOI based low loss wideband DPDT switches
are designed for the first time, the fabricated DPDT switch performance are analyzed. Impact
from transistor width (DPDT1 vs. DPDT?2), transistor length (0.2 um vs. 0.13 and 0.11 pum),
switch generation (Genl vs. Gen2) and switch layout (w/o vs. with TBC) on switch
performance are systematically studied.

To summarize, for the legacy Genl switch, which is using positive V;switch transistor
and thick SOI top Si thickness, (same as SPDT and SP4T switches presented in Chapter 5

and 6), below results are observed:

1) Wider transistor width () switch (DPDT2) provides lower insertion loss in a

relatively lower frequency range resulted from lower R,,, but narrower bandwidth
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2)

due to higher capacitance. Measured P1dB are comparable between DPDT1 and
DPDT2. Wider W switch shows better harmonic H, (~3 dBm) and H; (>13 dBm).

Shorter transistor length (L) switches (L, = 0.11 pm and 0.13 um ) show lower
insertion loss and higher isolation in the whole measured frequency range, which
is due to both lower R,, and C,s Measured P1dB show a relatively weak L
dependence. Measured 2™ harmonic H, are generally comparable for different L,
while 3™ harmonic show strong L dependence (the shorter the better). The
measured result indicated that 2" harmonic distortion can be improved by using
wider transistor width, while 3" harmonic distortion can be improved by using
both wider transistor width and shorter transistor channel length in a certain

frequency range.

For the innovative Gen2 switch, which is designed with negative V;switch transistor

and a recessed thin top Si thickness, the observations are listed as following:

1)

2)

3)

Similar to Genl switch, wider transistor width (W) switch (DPDT2) provides
lower insertion loss in a relatively lower frequency range resulted from lower R,,,
but narrower bandwidth due to higher capacitance..

Shorter transistor length (L) switches (L = 0.11 pm and 0.13 pm ) show slightly
lower insertion loss and slightly higher isolation in the whole measured frequency
range, which is due to both lower R,, and C,;: Measured P1dB also show strong
channel length dependence.

Through BOX contact connection did not show significant impact on Gen2 switch
S-parameters (small signal measurement). Measured S-parameters are generally
comparable between with and without TBC connection. However, P1dB and

harmonics are strongly affected by TBC connection. Switches with TBC
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connection show 1.5 to 3 dBm higher P1dB than switch without TBC. Switch
with TBC also show better H, and H; harmonics when input power is relatively
higher, which also indicate that the maximum power handling capability of Gen2
switches are much improved by TBC connection. This is because Gen2 switches
are using negative V; transistors, which is more sensitive to plasma charging, the
source and drain of Gen2 switch transistor are easier to be turned on, as a result,
the switch linearity is degraded. So TBC connection is critical for Gen2 switch
design.
The performance summary of designed wideband DPDT switches are given in Table
7-3, and are also compared with other state-of-the-art DPDT designs. Compared to state of
the arts, the proposed switches achieve widest bandwidth from dc to across millimeter-wave
frequency, and exhibit excellent performance including low insertion loss and good isolation
while acceptable power handling capability in the frequency range. This DPDT switch only

occupies a small chip area of 0.28 x 0.21 mm?.,
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Table 7-3 Comparison of Wideband DPDT Switches

BW IL 1ISO Input P1dB Chip Size
Tech. Type > Topology
(GHz) (dB) (dB) (dBm) (mm°)
[75] GaAs JFET 2x2 DC-2 <0.6 >25 35 0.68 x 0.87 Ring-type
0.5 um . .
[76] HEMT 2x2 DC-6 1.1 > 25 34.5 na Series only, ring-type
[77] PIN diode 2x2 3.3-38 <2 80 38.1 na Shunt only, ring-type
[78] 0.13 um %2 .12 13-23 > 40 12 0.84%0.79 series-shunt-series, ring-type with matching
CMOS networ
This 0.13pm SOI i <l4atl2GHz >16 for 0.13pm series-shunt-series, ring-type, with
work Genl DPDT1 2x2 DC-30 <25at30GHz > 32 >18 for 0.2pm 0.28x0.21 matching network
This 0.13pm SOI <l2atl12GHz series-shunt-series, ring-type, with
work Genl DPDT2 2x2 DC-20 <22at20GHz >30 >18 0.28x0.21 matching network
: <llatl12GHz . . . .
This 0.13pm SOI 232 DC-35 <20 at 35 GHz >34 >16 for 0.13pm 0.28 x 0.21 serles-shunt—se_rles, ring-type, with
work Gen2 DPDT1 >18 for 0.2um matching network
<4.1 at50 GHz
This 0.13pm SOI i <09at12 GHz series-shunt-series, ring-type, with
work Gen2 DPDT2 22 DC-20 <1l4at20GHz >32 >18 0.28x0.21 matching network




Chapter 8

Conclusion and future works

8.1 Conclusion

The design of ultra wideband RF switches in 0.13 um RFSOI technology is presented
in this work. Motivations and literature reviews of various RF switch designs are presented in
the first two chapters.

In Chapter 3, a brief introduction to SOI substrate and technique is presented. The
SOI technology has the benefits of lower parasitic capacitance and good isolation which are
crucial to wideband RF switch design. The advantage and disadvantage of high resistivity
SOI substrate are also presented, as a result, high resistivity trap rich SOI (HR TR SOI) is
adopted for this work.

In Chapter 4, different configurations of SPST switch are simulated, including series
only, series-shunt without matching network and series-shunt with matching network. Based
on simulation result, series-shunt with matching network is proposed for the ultra wideband
switch design. Impact of the series transistor size, shun transistor size and the matching
inductor value on switch performance are also simulated. The insertion loss and isolation of
different switch configurations are also derived based on equivalent “on” and “off” state
models. The simulated result can be clearly explained by the derived insertion loss and
isolation Equations, proposed SPST branch is used for SPDT and SP4T switch design which
presented in Chapter 5 and 6.

In Chapter 5, ultra-wideband SPDT switches are designed in GLOBALFOUNDRIES

0.13-um HR TR SOI based on SPST simulation result, Si wafers were fabricated with
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GLOBALFOUNDRIES 8 inch (200 mm) process. Thorough investigation on the channel
mobility (by implementing SMT process), channel length and gate bias effects on switch
performance were carried out. It is found that SMT helps improve switch insertion loss from
dc to 20 GHz for the proposed SPDT switches by improving the channel mobility and hence
reducing the on resistance. Moreover, the different channel length on the same process has
prominent effects on the performance of the RF switches. Compared with the state of the arts,
the designed SPDT switch achieves the lowest insertion loss (< 1 dB at 30 GHz, < 2.1 dB at
50 GHz) and high isolation >27 dB over dc to 50 GHz.

In Chapter 6, ultra-wideband SP4T switches are designed in GLOBALFOUNDRIES
0.13-um HR TR SOI for the first time, Si wafers were also fabricated with
GLOBALFOUNDRIES 8 inch (200 mm) process. Transistor channel mobility, channel
length and gate bias effects on switch performance were also studied. It is found that SMT
helps improve switch insertion loss from dc to 35 GHz for the proposed SP4T switches.
Similar channel length and gate bias effects as SPDT switches were observed on fabricated
SPAT switches. Compared with the state of the arts, the designed SP4T switch achieves the
lowest insertion loss (< 1 dB at 10 GHz, < 1.4 dB at 20 GHz and < 2.6 dB at 35 GHz), good
isolation (> 36 dB) and acceptable P1dB (> 11dBm) over dc to 35 GHz. The active chip area
of the proposed SPAT switch is compact with size of only 0.36 x 0.19 mm?.

In Chapter 7, ultra-wideband DPDT switches are designed in GLOBALFOUNDRIES
0.13 um HR TR SOI for the first time, the Si wafer was fabricated with GF 12 inch (300 mm)
process. Impact from transistor width (DPDT1 vs. DPDT2), transistor length (0.2 um versus
0.13 and 0.11 pum), switch generation (legacy Genl switch vs. novel Gen2 switch) and switch
layout (w/o vs. with TBC connection) on switch performance are systematically studied. Both

Genl and Gen2 switches show excellent performance in ultra wideband frequency range with
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optimized transistor size and layout. Genl switches show relatively better linearity and higher
power handling capability. Gen2 switches show better insertion loss, higher isolation and
wider bandwidth, while relatively worse linearity and lower power handling capability. TBC
connection is observed to be crucial to improve Gen2 switch linearity and power handling.
This is because when compared to Genl switch transistor, Gen2 switch transistor is easier to
be affected by plasma charging to induce source drain breakdown. Compared with the state
of the arts, the designed Genl DPDT switches achieve the lowest insertion loss (< 1.4 dB at
12 GHz, < 2.5 dB at 30 GHz), good isolation (> 30 dB) and good P1dB (> 18dBm) over dc to
30 GHz. The designed Gen2 DPDT switches achieve the lowest insertion loss (< 1.1 dB at 12
GHz, <2 dB at 35 GHz, < 4.1 dB at 50 GHz), good isolation (> 34 dB) and acceptable P1dB
(> 16dBm) and linearity over dc to 35 GHz. The active chip area of the proposed SP4T

switch is compact with size of only 0.28 x 0.21 mm?.

8.2 Future works

Based on the designed SPDT, SPAT and DPDT switch results, and SOI switch Rq, and
Coit model, which is shown in Equation (5-1) and (5-2), respectively, several possible future
works can be considered.

Firstly, the maximum power handling capability can be increased. This can be done
by transistor stacking technique, but transistor size need to be optimized to keep a low
insertion loss and high isolation.

Model of SOI switch linearity (especially intermodulation) versus channel length and
width need to be further studied.

Secondly, more wideband switches, with more pole and throw numbers can also be

designed, like SP6T, SP8T, 4x4 switch matrixes, etc.
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Thirdly, different matching network work, including lossless two port network can be
tried to further improve switch return loss. In this work, L-C-L T matching networks have
been adopted for switch design, the return loss at very high frequency is relatively high (> 10
dB when frequency is higher than 30 GHz), which limited the bandwidth.

Fourthly, advanced switch fabrication processes can be adopted to further improve
switch Ron* Cof, including thinning down the SOI top silicon (further reduce top Si thickness
based on Gen2 switch), using low-K BEOL dielectrics and implementing air gap process in
the BEOL, etc. Both low-K dielectric and air gap techniques (as shown in Figure 8-1) can

help to reduce the switch total Ceg.

Air gap

Figure 8-1 Cross-section view of air gap
Finally, with the excellent performance of the proposed ultra wideband switches, high

performance of integrated FEM module on trap rich HR SOI can be designed.
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