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Abstract

Radio-frequency (RF) switches are widely used in electrical systems, telecommunications, and
wireless applications. In RF systems, it is often desirable to change the signal path effectively, by us-
ing couplers, duplexers, and RF switches for signal division and combining. Typically, in modern RF
systems, the RF switch is mostly capitalized in order to reduce the RF footprint but with efficient
switch characteristics. A simple method to reduce transceiver space requirement is to integrate RF

switches with the frontend module on a single chip.

Recent advances in Gallium Nitride (GaN) technology allows RF designers to design faster,
smaller, and efficient components using this technology. With high data rates in demand for wireless
communication systems, wideband characteristics are needed in modern systems [1]. Therefore, it
is desirable to design wideband circuits; such as, mixers, amplifiers, and switches. In this work, a
comprehensive study of NRC GaN150 HEMT is conducted to design broadband RF switches. Single
pole and double pole switch topologies operating at 1-12 GHz are designed to evaluate GaN 0.15pm
RF switches. The main objectives were to design compact sized switches, while having high power
handling, low insertion loss, high isolation and high return loss. Additionally, a transmit-receive

switch is designed for integration into a frontend module and further fabricated to operate at 10 GHz.

There are many applications of RF switches in an RF transceiver, one of which is an impedance
tuner. Impedance tuner are attractive for many applications where mobile devices are used for wire-
less communications. As mobile technology continues to evolve, they are designed to be compact,
leaving minimal space for the antenna. Consequently, the radiating element is often electrically small
and sensitive to near-field coupling requiring tuning. Matching networks aim to tune matching con-
ditions; for example, loading effects due to human hand [2]. For such situations, specialized matching
networks can be designed to account for specific loading environmental effects. However, for mobile
systems, the environment is unknown; thereby, yielding unpredictable antenna loading, especially
for electrically small antennas that have rapidly changing real and imaginary impedance. As a result,
it is necessary to design a reconfigurable impedance-matching network to account for possible load
impedances. In this work, a 16-bit reconfigurable impedance tuner design comprising of passive mi-
crowave components and NRC GaN 0.15um FET operating at X-band is presented to evaluate its per-
formance for integration with the frontend module on a single chip to reduce cost and increase effi-

ciency of the system.
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Introduction

For applications, such as, defense, radar, and communications, existing technologies such as
GaAs and Laterally Diffused MOSFET (LDMOS) simply cannot keep pace with the evolving demands
for size, reliability, linearity, power density and energy efficiency. GaN-based discrete transistors,
amplifiers, and switches are rising to the challenge, providing RF system designers with the flexibility
to achieve significantly higher power and efficiency, with lower part count, allocated space, and cost
[3] [4]- A wide bandgap technology, such as, GaN have sufficiently matured in the last few years that
is being used extensively in switching, control, and low noise applications [5]. As the technology de-

velops, itis transitioning from government-funded technology to a high volume commercial mainstay

3].

In the next decade, a mobile traffic increase of 1000x has been projected compared to its current
volume. To meet this estimated traffic growth, next-generation mobile networks are expected to
achieve a 1,000-fold capacity increase to the current generation of wireless network deployments
[6]. As a result, the next generation of wireless communication is being discussed, evaluated, and

experimentally implemented to meet such demands [6].

This chapter presents the economic and technological motivations behind the drive for inte-
grated GaN switches and reconfigurable impedance tuners for applications in current and future
wireless communication systems. The chapter begins with an overview of the trends in wireless com-
munications and technology. The role of RF switch is discussed with examples where the impact of

on-chip switch designs is discussed. Finally, the last section outlines the organization of this thesis.



1.1 Background

Radiofrequency spectrum is part of the electromagnetic spectrum over which radio communi-
cation takes place. Different parts of the radio spectrum are allocated for various strictly regulated
radio technologies and applications. The demand for these telecommunication spectrums is increas-
ing at an unprecedented rate to meet the requirement of growing wireless applications. A number of
major Canadian research labs such as Communications Research Center Canada (CRC) stated that
their Research and Development (R&D) program would focus on methods, techniques and technol-
ogies that can maximize the use of the RF spectrum. This enables development of various wireless
services (e.g.: 4G, 5G, and other radios) as well as advanced applications (e.g.: intelligent transporta-
tion, energy management and public safety) that require spectrum [7]. Figure 1-1 displays an overall

growth in the number of mobile devices and connection projection [8].

14 Non-smart Devices and 9% CAGR 2014-2019
Connections

12 Smart Devices and
Connections
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Figure 1-1: Global Growth of Smart Mobile Devices and Connections

To accommodate such staggering number of always-on data-centric wireless devices, there is a
need to investigate the next generation of wireless technology in a newly available spectrum. As most
of the current frequency bands below 3GHz are occupied, the attention towards acquiring a new
spectrum for the next generation of wireless communications has shifted to frequency bands above
3GHz and up to the millimeter wave (mmWave) [6]. Table 1-1, summarizes the frequency bands ex-

pected to be assigned for wireless communications systems.

Due to the governance of spectrum allocation by regional wireless regulatory bodies, the poten-
tial new licensed spectrum in each region is estimated to lie within the range of 3 to 10 GHz [6]. As a
result, S-band (2 to 4 GHz), C-band (4 to 8 GHz), and X-band (8 to 12 GHz) frequencies are possible

spectrum landing spots for the next generation of wireless communication systems.



Table 1-1: Potential allocation of spectrum and associated bandwidth for future wireless technologies [6].

Frequency Bandwidth | Notes

Below 6 GHz 0.6-2.5 GHz | Mainly at 3.5 GHz

28 GHz 1 GHz

39 GHz 1.5 GHz

45 GHz 9 GHz Both licensed and unlicensed; under planning in China
60 GHz Up to ~7 GHz

Total new spectrum 3-10 GHz Considers the regional availability of new spectrum

1.2 RF Switches

The architecture of a heterodyne RF transceiver front-end (FEM), in Figure 1-2 illustrates how
the received RF signals are passed through a band-pass filter, and switched to a low-noise-amplifier
(LNA) [9]. The gain of the LNA essentially sets the signal-to-noise (SNR) ratio for the entire receiver
[10]. This amplified signal is first filtered for improved image-rejection and down-converted to an
intermediate frequency (IF) with a mixer. This is subsequently filtered for channel selection and

shifted to a baseband frequency by a second mixer.
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Figure 1-2: RF transceiver architectures (a) Heterodyne and (b) Direct down-conversion.



A transmitter is complementary of the receiver chain where the signal at baseband are up-con-
verted to the RF carrier using an IF stage, where a power amplifier (PA) is used to drive the antenna.
A transmit-receiver (T/R) switch is used to alternate between the receiver and transmitter chain,

which is then connected to the antenna.

The direct down-conversion architecture mixes the incoming RF signals with carrier frequency
directly to the baseband. Similarly, on the transmitter side, the signals are directly up converted to
the RF carrier using one mixing stage during transmission. Three aspects of direct conversion with
respect to heterodyne architecture validates the utilization of the direct down-conversion architec-
ture. Namely, these aspects are (1) the absence of an image that greatly simplifies the IC design, (2)
channel selection performed by a low-pass filter, which can be, realized on-chip with active circuit
topologies having stringent cutoff characteristics, and (3) mixing spurs that are considerably reduced
enabling simpler handling capabilities. Due to the low cost and simplicity of the design, the industry
is increasingly looking at direct down-conversion architecture to facilitate further integration by re-
ducing the component requirements [9]. However, there are some disadvantages to using direct-
down conversion architecture; such as, signal leakage paths that can occur in the receiver, local-os-
cillator energy that can leak through the mixer state to the antenna input and reflect back into the
mixer. There is also some design modification that needs to be incorporated into the architecture

while designing a direct-down conversion transceiver.

To date, there are many transceiver designs, which include LNA and PA on the same die, yet not
many include an integrated switch. In cases where the switch is on-chip, a number of them are de-
signed in such a way where a switch matrix cannot be formed for a larger system to accommodate
multiple frequency bands in a compact module as expected from today’s mobile communication sys-
tems [9]. The RF FEM switches are found in several places in the radio architecture. In a T/R switch,
a signal-pole double throw (SPDT) arrangement of switch multiplexes the access to the antenna be-
tween the PA and LNA. SPDT used as T/R switches must have a high linearity to ensure that high
power signals at the output of the PA are transmitted to the antenna with minimal distortion. The
specific criteria of such linearity requirements presents a serious challenge in integrating T/R
switches into on-chip, which can be improved and simplified using GaN technology [11]. This is be-
cause GaN as a technology is known to have a highly linear substrate that incorporates T/R switches

on-chip while maintaining the high linearity requirements [12].



1.3 Impedance Tuner

As mentioned in the previous section, there are many applications of RF switches. It can be used
to create the building blocks of many RF components either as control or as a reconfiguring mecha-
nism. As shown in Figure 1-2, components; such as, PA, LNA, switches, filters, mixers, and the RF
processing chain of the radio are also included in the FEM. When testing in isolation or in simulations,
these components display the desired results. However, when testing is conducted in the real world,
where the FEM modules are closely linked with the device and environmental effects are constantly

changing, the specifications of these components can be inaccurate.

RF devices are typically designed to have an impedance of 50 () to match many common trans-
mitter antenna types. The use of 50 ( is due to a traditionally coax cable with an arithmetic mean
between 30 () that gives the best power handling capability, and 77 Q which has the lowest loss that
gives 53.5 of arithmetic mean with a geometric mean of 48 (). Hence, the choice of 50 Q is a compro-

mise between power handling capability and signal loss per unit length for air dielectric [13].

The impedance of the transceiver and transmission lines should be matched to that of antenna
across all frequency bands. However, this rarely occurs because of the antenna design, bandwidth
limitations, and environmental factors. One solution to reduce reflections is to incorporate matching
between the load and source. By tuning this matching network, it is possible to make the load imped-
ance close to that of source impedance. When used in the context of antennas, impedance tuners are
capable of dynamically adjusting the impedance, which is referred to antenna tuning. By integrating
matching condition between the antenna and transceiver, it is possible to have an efficient system
where PA is able to provide maximum power to drive the antenna and reduce noise in the receiver

chain, thus greatly improving the overall signal to noise ratio of the receiver.

1.4  Literature Review
GaN Switches achieve high power handling in a small form factor, particularly versus insertion
loss. When designing RF switches, all parameters must be considered simultaneously as they set the

topology and circuit architecture of the switch.

Jim [14] argues that figure of merit comparisons are useful within a technology that consists of
0.25pum and 0.15um GaAs pHEMT to demonstrate which process variant has the lowest on resistance

and off capacitance. He further states that GaAs and GaN displays very similar figure of merit values



indicating the ability of GaN switches to achieve small signal performance levels similar to GaAs so-
lutions. Jim states that series switch power handling can be approximated by a simple power rela-
tionship between the series FET cell’'s maximum current value and system impedance. Typically
GaAs FET have maximum current handing capabilities of 500-600 mA/mm while GaN FET technol-
ogy has the capability to be above 1 A/mm giving it a significant advantage when it comes to power
handling for a series switch configuration [14]. Extensive review of GaN substrate is carried in section

2.3.6.

Mark et al. [15] designed single pole four throw (SP4T) using series-shunt switch topology using
Nitronex NRF1 power HFET process. On average, they have measured -0.95 dB and -1.5 dB insertion
loss at 1 GHz and 2 GHz, respectively, while realizing an isolation higher than 28 dB up to 2.5 GHz.
For 1 GHz, the measured 1 dB compression point of 45 dBm was achieved at the control voltage of
28 V. GaN HFET had a length of 0.7um and a width of 1 mm. Various switch configuration is discussed

and compared in section 3.3.

Hidetoshi et al. [16] designed a high power RF switch IC using GaN HFETs. They have used se-
ries-shunt configuration for both arms to design a single stage single-pole double throw switch. He
indicates, as gate width of the FET increases the insertion loss improves but isolation degrades for
series switch. Subsequently in the shunt FET, as gate width is increased, insertion loss degrades and

isolation improves slightly [16].

1.5 GaN Technologies

A typical power device used in RF and microwave systems can be classified into two categories:
power rectifiers and power switches. Silicon has long been the dominant semiconductor of choice for
high voltage power switching devices; however, silicon power devices are approaching the theoreti-

cal limits of performance.

There has been a concerted effort to reduce the ON-resistance by increasing the device die area
in order to minimize the power losses in a silicon Metal-Oxide-Semiconductor Field-Effect Transis-
tor (MOSFET). However, in high-frequency applications, as the die size increases, the increase in the
input capacitance produces a corresponding increase in the switching losses. As a result, it becomes
necessary to reduce the specific ON-resistance per millimeter in order to keep the die size small for

small input capacitance.



Wide bandgap semiconductors; such as, Silicon Carbide (SiC) and GaN, are becoming attractive
because they offer several potential advantages over silicon devices in the areas of switching (faster
with lower losses), operating temperature and blocking voltage. Their unique material properties;
such as, wide bandgap, high electric breakdown field, and high saturated electron velocity enables

their tremendous potential [12].

There has been a significant progress in growth and process technology for SiC and GaN. GaN
High-electron-mobility transistors (HEMTSs) are close to high volume commercialization, which can
be incorporated in various applications, especially RF switches. This is because GaN HEMTs have high
power handling capabilities, higher breakdown voltages, high linearity, and low ON-resistance and

OFF-capacitances.

1.6  Thesis Contributions

This work contributes to the field of RF switch theory, design, and implementation. The key ob-
jective of this work is to investigate techniques to design RF switches using a novel GaN 0.15um
HEMT technology and evaluate its application. To the author’s best knowledge, this work would be
the first to evaluate GaN 0.15pum HEMT technology for the design of RF switches and tuners. For this

purpose, the RF components designed are as follows:

e Broadband Single-Pole Single-Throw Switch (SPST),

e Single-Pole Double-Throw Switch (SPDT),

e Double pole switch topology to operate as Double-Pole Single-Throw (DPST) and Double-
Pole Double Throw Switch (DPDT),

e m-network reconfigurable X Band impedance tuner and,

e Integrated T/R switch for 10 GHz FEM

The complete FEM module using the NRC GaN 0.15um process was fabricated by CMC Microsys-

tems.

1.7  Thesis Overview
Chapter 2 describes general properties of RF switches. In this chapter, various switch topologies
are discussed and general performance and integration characteristics are presented. A comparative

study will be discussed between different types of technologies.



Chapter 3 discusses RF switch design using NRC GaN 0.15um. FET and component modelling of
capacitors and inductors will be carried out to establish optimal operating points and topologies for
different applications. The parameters most relevant for RF switch design are subsequently demon-

strated. The design and results of different switch designs will then be reported.

Chapter 4 discusses the relevant parameters required for tuner designs. Studies of different
types of matching network are presented. Design and simulation results of the impedance tuner are

also discussed.

Chapter 5 discusses the FEM module and integrated 10 GHz T/R switch designs. Design details
and simulations are presented and summarized. Finally, Chapter 6 summarizes the contributions of

this dissertation and outlines the scope of future work.



RF Switch

RF switches are an integral component of modern communication systems. There are various
switch topologies, design techniques, and parameters to consider while designing an RF switch. This
chapter presents fundamental RF switch topologies and then discusses design considerations for RF

switches. Lastly, a comparative analysis is carried out for various RF switch technologies.

2.1  Switch Topologies

For switches, the term ‘poles’ is used to describe the number of nodes where a signal will con-
verge while ‘throws’ are the possible connection of nodes. An RF switch can be classified into four
main topologies: Single-Pole Single-Throw (SPST), Single-Pole Double-Throw (SPDT), Double-Pole
Single-Throw (DPST), and Double-Pole Double-Throw (DPDT). This section will present these fun-

damental switch topologies.

2.1.1 Single-Pole Single-Throw Switch
The SPST switch plays an important role in the number of advance communication and radar
systems [17]. SPST can be used as an individual component or as an integral element in subsystems

or system. Figure 2-1 displays a basic structure of an SPST switch.

—/ 3
JE—— O__

Figure 2-1: SPST RF Switch




It can be used for high data rate short-range communication as well as in high-resolution radar
systems. The SPST switches can be used for the transmitter with a fast switching time and high iso-
lation with low insertion loss. SPST can be designed to have high isolation, which is crucial in order
to reduce or prevent RF leakage since it not only degrades other coexisting systems but also reduces

the dynamic range [18] [19] [20].

2.1.2 Single-Pole Double-Throw Switch

The single-pole double-throw (SPDT) switch is the fundamental switch where there is one input
or output node switching between two chains. In wireless communication systems; such as, time di-
vision duplexing (TDD), T/R switch plays an important role to direct the RF signal flow either to a

transmitter or a receiver [21] [22]. Figure 2-2 displays a basic structure of an SPDT switch.

L
v

Figure 2-2: SPDT RF Switch

An SPDT can be designed to integrate within a transceiver to eliminate the need for external switches,

thus reducing the component count.

2.1.3 Double-Pole Single-Throw Switch
A double-pole single-throw (DPST) switch has four terminals as shown in Figure 2-3. Two for
input and two for output signals. The switch operates to create a single RF path out of two possible

chains. In DPST, only one pole can be connected to the output terminal at a given point.

—o/ o—f—
——o/ o—

Figure 2-3: Double-Pole Single-Throw RF Switch

2.1.4 Double-Pole Double-Throw Switch
For a single transceiver, the SPDT is the fundamental switch that links between the antenna port

and the analog FEM component at operating frequency. In the most advanced wireless communica-
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tion systems, the demand for n x m switch matrices is increasing rapidly, and can be used with diver-

sity antennas [23]. The basic structure of a DPDT switch is illustrated in Figure 2-4.

Figure 2-4: Double-Pole Double-Throw RF Switch

In a large system, a switching matrix has the disadvantage related to the need for a greater num-
ber of switching devices and complicated control logic to operate them. Typically, DPDT switches are
developed for dual antenna and dual ports, one for each chain in the transceiver. However, if a system
is required to operate as a Multiple Input Multiple Output (MIMO) system, a double-pole four-throw
(DP4T) switch is required.

The fundamental switches presented in this section can be used in a larger switch matrix to form
multi-pole and multi-throw switches. The following section will discuss the design considerations of

RF switches.

2.2  Design Considerations

Many parameters are considered simultaneously when designing an RF switch. This section will
present key design considerations; such as, insertion loss, return loss, isolation, power handling, lin-
earity, switching speed, and noise. This section will introduce the mentioned parameters and provide

ways to quantify them.

2.2.1 Insertion Loss

Insertion loss plays a key role in a transceiver, particularly in receiver applications, where the
effective sensitivity and dynamic range of the system is lowered by insertion loss [23]. Insertion loss
can be expressed in many different ways; it is common to use S-parameters to describe the properties

of a two-port schema as shown in Figure 2-5.
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Figure 2-5: S-parameters representation of a 2-port network [24]

The S-parameters are defined by

2.1
by = s1104 + 5120, (1)
2.2
by = sy1a4 + 5330, (2:2)
From (2.1) s,; can be written as

b
SZl = _2 ) az = 0 (2'3)

a;

Insertion loss is expressed as the reciprocal of the ratio of the signal power delivered to the part
of the line following the device to the signal power delivered to that same part prior to insertion
assuming a load of Z; = 50 2 at port 1 and port 2. Therefore, insertion loss is expressed as:

Insertion Loss = —2010g,|5,1| (2.4)

This is utilized to determine the loss measurement and is measured in both ON and OFF mode.

2.2.2 Return Loss
Return loss of an RF switch refers to the RF loss that is reflected back by the device, typically
characterized by S;; at the input and S,, at the output of the switch in the ON state. The main con-

tributing factors include the mismatch of the total switch characteristic impedance.

2.2.3 Isolation
Isolation of RF switch is characterized by S, of the switch in the OFF state. The main contrib-

uting factors include capacitive coupling and surface leakage.

2.2.4 1dB Compression Point

The 1dB compression point is a measure of the amount of power a device can handle prior to
saturation. At low signal power level, a typical device tends to be linear; however, as the input signal
is increased, the output power begins to trail off to gain compression as the output signal (voltage,
current, power) eventually reaches the limits. When this trailing difference of output power from the

linear response reaches 1 dB, the input or output power of this point is measured and referred to as
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the input 1dB or output 1dB compression point respectively. Figure 2-6 is depicting an output power

versus input power plot showing the 1 dB compression point [25].

. Linear
Response
1dB Real
Response
Output
Input

Figure 2-6: 1 dB compression point [25]
Alarge signal curve can be described by a polynomial, S, = a; + a,s;! + azs;? + -+~ a,s;" . For
an input signal of s; = S;cos(w;t), the cubic terms generate S G cos(w,t) + %Cos(3w1t)). There-

fore, the apparent gain of a system is described by equation (2.5) [26].

3
Sow,  1S1 70357 (2.5)

G =

=+ ayS? = (1+3a352>—65
St S, = 4‘13 1= 4a,°1) " (S1)
Using equation (2.6), the input level where the gain has dropped by 1 dB is obtained where the

term S; refers to the fundamental signal.

3as

20l0g (1+2257) = —14B; 22 52 = —0.11 (2.:6)

4a, 4a,

2.2.,5 Linearity
The output signal of a network consisting active devices; such as, transistors, is a non-linear
function of the input signal. If the input signal is s; = S;cos(w,t) with w; = 271 f;, the output of the

system can be modeled by equation (2.7) [27].

So = ay + azs;® +azs;3 + - ayst = Z a,S"1;n=1,23,.. 2.7)

n

In equation (2.7), terms n > 1 are referred to as the harmonics of the fundamental signals. If the
input signal comprises of multi-tone signals, intermodulation products are also generated. These in-

termodulation products is the additive and subtractive combinations of the fundamental signal and
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the harmonics as shown in Figure 2-7 [27].

P
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Figure 2-7: Spectrum of two tone signals at frequencies f; and f, with their harmonics and intermodulation

It can be observed from Figure 2-7, that the third order intermodulation products at the fre-
quencies 2f; — f, and 2f, — f; are the closest to the operating frequency. Therefore, as an indicator
of non-linearity of a system, the difference between the amplitudes of the fundamental signals and
third order intermodulation product is used and is defined as third order intermodulation distortion
(IMD3). The power of 3rd order intermodulation products is cube of the input power; whereas, the

output power of the fundamental signals is linearly proportional to the input power as shown in Fig-

ure 2-8 [28].

products [27]

P2 ;"Z’/_l IP3
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Saturation L\

F"nut

Linear Gain
reduced by
1dB
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Figure 2-8: Input and output of two-tone and intermodulation distortion [28]
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Figure 2-8 depicts the intercept point of the extrapolated fundamental and the third order re-
sponse, which is called the third order intercept point (IP3). Signal response from fundamental and
third order indicates the tendency of the network to be nonlinear as the input power increases. At
the IP3 point, the input power level is known as IIP3 and the point where the output power occurs is

known as the OIP3 point.

2.2.6 Switching Speed

“Rise Time” and “Fall Time” are fundamental to many designs and are composed of several sub-
sets; each one defining the time required for switching to take place between two states in the switch
response. Rise time is defined as the period between the OFF state to ON state, typically from 10% of
this condition to 90% of the square-law-detected RF power and can be expressed in terms of circuitry

resistance (R ;rcyir) and load capacitance (Cy,44) as shown in (2.8) [23].
T = 2.2R ircuitCloaa (2.8)

Conversely, fall time is the period between 90% ON state to 10% OFF state and can be calculated
using (2.9) [23].

Ty = 2.2RcircuitCioaa (2.9)

It should be noted that rise and fall time do not include driver or other propagation delays. Fig-
ure 2-9 displays the rise time during the associated ON time period and fall time during the OFF time
period. “ON Time” and “OFF Time” are time lapse between 50% of full input control signal from the
previous stage to 90% of the square-law-detected RF power. When the device is switched from OFF
to ON, it is called the ON time. Subsequently, the OFF time begins when 50% point of control signal
occurs, to the point where 10% of its square-law detected RF power is achieved and the unit is

switched from full ON to OFF.

The port-to-port switching time shown in Figure 2-10 is sometimes referred to as “Commutation
Time”, when RF power level at the OFF port falls to 10% of its original level to the time the RF power
in the ON port rises to 90% of its final value. Typically, in high-speed reflective switches, commuta-

tion time is slightly longer than ON or OFF time.
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Figure 2-9: Detected RF Power depicting rise time Figure 2-10: Switching Speed Characteristics [29]
and fall time [29]

2.2.7 Noise
Noise factor is the measure of signal-to-noise ratio (SNR) degradation by noisy circuit after sig-

nal passes through it. Noise factor, F, can be described as (2.10) [10]:

_ SNRi (2.10)
SNR,

An expression for noise factor of a two-port network, which is related to the reflection coefficient of

a two-port network is shown in (2.11) [10].

2
Ry |l =yl 2.11)
Zo (1= 121 + Tpe|

F=Fpnn+4

where Fy,;, is the minimum noise factor, Ry is the equivalent noise resistance, I and [, are the op-
timal reflection coefficient corresponding to the optimal source admittance that provides the mini-
mum noise factor. These parameters are the device characteristics. The SNR at the FEM output is
reduced by factor F and is obtained using (2.12), where NF is the noise figure of the RF FEM system
[10].

SNR, = SNR, — NF (2.12)

NF of a system is the noise factor expressed in dB and can be described as (2.13) [10].

SNR; P
NF =10 log SNR‘ =10 log <1 +W) dB (2.13)
o N;

The physical meaning of the noise figure is a measure of the SNR degradation as the signal passes
through a system [30]. Now spectral efficiency of a digital modulator can be defined as the number
of bits per second that can be transmitted in 1 Hz of bandwidth. Channel capacity can be calculated

using Shannon-Hartley theorem, which is suitable to describe spectral efficiency and can be stated as
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(2.14) [10].

s
¢ = Wlog, (1 + N) (2.14)

where v is the ratio of average signal power received to noise power and W is the channel bandwidth.

[t can be seen that capacity is related to the signal to noise ratio based on (2.14). As the noise of the
. S A . .

system increases, the ¥ would decrease, which in turn reduces the capacity. Thus, noise at FEM re-

duces the system capacity.

2.3  Comparison of Various Switches

There are a variety of switches available for advance communication systems; however, the
most important and basic types of switches are designed with PIN Diode, GaAs FET, MESFET,
MOSFET, MEMS and GaN technologies, which are all discussed and compared in this section.

2.3.1 PIN Diode Switch

A PIN diode is a semiconductor diode in which a high resistivity intrinsic (I) region is sand-
wiched between p-type and n-type region and named as P-I-N. Without proper biasing of a PIN de-
vice, the diode behaves like a capacitance and with biasing it behaves like an inductor. As PIN diodes
have high linearity characteristics, it can be used for high frequency and high power applications. A

higher DC power is required to have a substantially low insertion loss.

PIN diode is a current-controlled resistance that operates as a variable resistor at the RF regime
of the electromagnetic spectrum. The resistance value of a PIN diode is determined only by the for-
ward-biased DC current. PIN diode has the ability to control large RF signals while using much
smaller levels of DC excitation. Typically, an ON-state PIN diode is biased using a large current of
about 10 mA to ensure that AC resistance is low [31]. Subsequently, in the OFF state, the PIN structure

has a low junction capacitance, which ensures large isolation.

PIN diode switches can be fabricated using silicon and gallium arsenide, which displays a low
insertion loss(< 1 dB) and high power handling(> 5 W) up to very high frequencies. However, due
to their static power consumption, the bias current requirement severely limits its applications [32].
Since a large bias current is required to control the PIN diode switch, it is supplied through a choke,
which simply pass DC signal and block everything else. Due to the power consumption requirement,

PIN diode switches are not ideal for mobile radio systems.

17



2.3.2 GaAs FET Switch

A Gallium Arsenide (GaAs) FET integrated switch circuit can be used to achieve switching be-
tween multiple RF chains [33]. It behaves as a voltage controlled resistor and typically used in broad-
band communication systems from 0.5 to 4 GHz [23]. GaAs switches can provide lower insertion loss
with good isolation performances, low power consumption and better switching speeds compared
to Complementary Metal-Oxide-Semiconductor (CMOS). However, there is a drawback of maximum
control voltage that can be applied, which is typically up to 6V, which limits the power handling ca-

pabilities.

2.3.3 MESFET Switch

Metal Semiconductor Field Effect Transistor (MESFETSs) are carrier devices that are applicable
for high-speed operations. This can be fabricated using silicon, gallium arsenide, and indium phos-
phide [34]. However, silicon based MESFETs cannot handle large powers and are typically slower
than other materials. For high power (> 1 W) and high frequency (> 1 GHz) applications, MESFETS
are implemented using GaAs due to its band gap properties, which results in high breakdown voltage.
However, GaN provides larger band gap than GaAs, hence resulting in higher breakdown voltage.
There is a tradeoff between its ON-state resistance and OFF-state capacitance. In order to achieve a
low insertion loss, a large device with low ON-resistance can be used, but this degrades the isolation
performance since the OFF-state capacitance will be larger. The major limitation of GaAs MESFET

switches is that they cannot be integrated with silicon-based transceiver.

2.3.4 MOSFET Switch

The Metal-Oxide-Semiconductor Field-Effect-Transistor (MOSFET) is one of the simplest switch
options available for RF applications. It is also available in a CMOS process. Only silicon-based
MOSFETs are suitable for RF switches due to the absence of a gate insulator for other materials [35].
The ON-state resistance of silicon MOSFET is significantly inferior to a GaAs MESFET due to poor
electron mobility in the channel at low electric fields. Development in technology offers very small
channel length MOSFETs with a better R,y X Corr product [36]. Thin gate dielectric and small chan-
nel length enables low voltage operation. The channel and substrate resistances are the main sources
of power loss in the MOSFET. Substrate resistance may be reduced by grounding the substrate in
close proximity to the device. The low quality factor of the source and drain parasitic junction capac-
itors leads to significant losses and further degradation as frequency of operation increases. The lin-

earity of the MOSFET switch is limited for large signal swings due to conductivity modulation caused
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by a changing gate-source (V) and drain-source (Vps) voltage for a large input signal.

2.3.5 MEMS Switch

The Micro-Electro-Mechanical Systems (MEMS) switches are micro machine devices that utilize
mechanical movement to achieve ON (short) or OFF (open) circuit in a RF path.

The mechanical movement of MEMS switch controls the impedance of a transmission line. Typ-
ically, RF MEMS switches are designed to operate between frequencies 0.1 - 100 GHz of the spectrum.
As a result, they have significant advantages over traditional RF switches with their broadband op-

erating frequency range.

Furthermore, they have high isolation, low insertion loss, low power consumption, simple bias-
ing network, and low intermodulation products [37]. However, they have several disadvantages;
such as, slow switching speed that can be in orders of microseconds, high actuation voltage require-

ment, and hot switching effects in high-power applications.

2.3.6 GaN HEMT Switch

The wide bandgap of SiC and GaN results in very low intrinsic carrier concentration that gives
negligible junction leakage current up to 500°C. As a result, these devices can operate at a very high
temperature without excessive leakage or thermal runaway, which significantly reduces cooling re-

quirements. Table 2-1 compares key electronic properties of major semiconductors.

Table 2-1: Physical properties of different semiconductors for high-voltage devices [39].

Material Si 4H-SiC GaAs GaN
Bandgap (eV) 1.11 3.2 1.43 3.4
Dielectric constant 11.8 9.7 12.8 9
Breakdown field (x105 V/cm) 2 30 4 30
Electron mobility (cm?/Vs 1350 800 6000 1000
Hole mobility (cm?/Vs) 450 120 330 300
Saturated velocity (x107 cm/s) 1 2 1 1.5
Thermal conductivity (W/cmK) 1.5 4.9 0.5 1.3

The high breakdown strength requires thinner drift layers for a given blocking voltage as com-
pared to silicon, thus reducing the specific ON-resistance and storage of minority carriers [39]. There-
fore, the associated switching loss is reduced, which allows higher switching frequency of the devices

that significantly reduces the size in switches.

19



A key parameter to consider for RF switches is its active component’s breakdown voltage Vg,
ON state resistance R,y, and voltage control ratio VBR/AVcontrol. Typically, if low R,y is desired, the
device doping-level should be increased, since Vy; is twice the integration of the doping level along

the depletion region. Therefore, it drops at a square rate with the decrease of the ON-resistance.

A figure of merit can be used to compare devices with different rating of Vz; and R,y as shown

in (2.15) [40].

Vsr® (2.15)

ON

Figure of merit to compare semiconductors =

Table 2-2 shows the figure of merit of different wide bandgap semiconductors, the advantages
of AlGaN/GaN over SiC [39] [41]. The low thermal conductivity of GaN can be largely mitigated by
the SiC substrate that the GaN can be grown on.

HEMTSs can be fabricated on AlGaN/GaN material system to take advantage of the 2-DEG (two-
dimensional Electron Gas) at the heterojunction which provides high mobility that further reduces
the ON-resistance. Furthermore, it enables high channel density due to large band discontinuity and
the polarization field. A HEMT structure also leads to low input capacitance, since the 2-DEG can be

generated without doping the AlGaN layer of a device.

Table 2-2: Normalized figure of merit of wide bandgap semiconductors [43]

Si 4H-SiC GaAs GaN
JFM 1.0 2151 1.8 2151
BFM 1.0 223.1 14.8 186.7
FSFM 1.0 61.2 114 65.0
FPFM 1.0 56.0 3.6 30.4
FTFM 1.0 3424.8 40.7 1973.6

JFM: Johnson'’s figure of merit is a measure of the ultimate high frequency capability of the material.
BFM: Baliga’s figure of merit is a measure of the specific ON resistance of the drift region of a FET
FSFM: Figure of merit of FET switching speed

FPFM: Figure of merit of FET power handling capacity

FTFM: Figure of merit of FET power switching product

Recently, high p-ns product (u=1500 cm2/V-s and ns=2. 15x1013 cm-2) has been achieved,
which has the potential to offer very low ON-resistance and high switching speed for GaN HEMTs

[43]. ON-resistance of a vertical device structure with uniform doping can be represented by (2.16)

[44].
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4VgR*

3
ErtinEc
where ¢, is the dielectric constant, u, is the mobility and E. is the critical electric field. ON-re-

2.16
Ron = ( )

sistance of SiC can be lowered by two orders of magnitude than that of Si for same breakdown volt-

age.

The industry uses a simplified version of Figure of Merit (FOM) to rate the switching character-
istics of different switching elements which is based on capacitance realization when FET is in OFF

state (Cprr) and Ry values. The Figure of Merit to rate switches can be represented by (2.17) [45].

1 (2.17)
2w x Corr X Ron

Figure of Merit =

Figure of Merit could be characterized in terms of frequency where the higher the value, the
easier it is to achieve larger bandwidth. As a rule of thumb, the switching 1—10 X FOM gives the highest
frequency that the device can be made to perform as a switch. Table 2-3 shows the comparison of

different technologies that can be used to design RF switches and its parameters.

Table 2-3: Comparison of Different Technologies to Design RF Switches [46]

1 mi 0.15 micron NRC
micron Silicon PINdiode | GaAsPINdiode | 0.25micronPHEMT | GaN150 HEMT
MESFET [47]
Number of terminals 3 2 2 3 3
Typical ON-resistance 1.5 Q-mm 1.7 Q 1.7 Q 1.2 Q-mm 3.56 O-mm
Typical OFF-capacitance 0.40 pF/mm 0.05 pF 0.05pF 0.32 pF/mm 0.07 pF/mm
Figure of merit 265 GHz 1872 GHz 1872 GHz 414 GHz 638 GHz
Breakdown voltage 15 volts 50 volts 30 volts 8 volts 80V
Lower frequency limit DC 10 MHz 10 MHz DC DC
Highest operational 26.5 GHz 187.2 GHz 187.2 GHz 41.4 GHz 63.8 GHz
switch frequency
Driver circuit complexity low high high low Low
0 volts on 5to 10 mA on 5to 10 mA on +0.5 volts on 2 volts on
Driver requirements
-5 volts off 0 to -30 V off 0 to -30 V off -5 volts off -8 to -3.6 V off

2.4  Conclusion

In this chapter, various switch topologies were investigated. A comparative analysis with
MESFET, Si PIN, GaAs PIN, and 0.25um pHEMT was conducted to identify benefits of GaN RF switches.
The NRC GaN150 technology has a large breakdown voltage, high FOM, and high operational fre-
quency. NRC GaN150 FET have slightly higher ON resistance compared to other technology but have
smaller OFF capacitance than 1 micron MESFET and 0.25pum pHEMT.
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The following chapter will use the presented concepts to characterize FET and other passive
components to design fundamental switch topologies, SPST, SPDT, and double pole switch configu-

rations.
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GaN RF Switch Design

The technology being offered by the National Research Council of Canada is a GaN-based HFET
technology using 3-inch silicon carbide wafers of 75um thickness. It features a 0.15um long metal
gate, two metal layers for interconnect, 50 (1/sq nichrome resistors and MIM capacitors with densi-
ties of 0.19 fF/um? [47]. All transistors included in this version, do not employ field plate designs;
however, the shape of the gate results in better frequency performance and is suitable for 30V max-
imum drain voltage bias, and yield power levels of ~7 W/mm (measured at 8 GHz). The design kit
used here includes a provisional root model for the GaN HFETs and the through-wafer vias on
thinned SiC substrates that are supported to improve the thermal performance, as well as add addi-

tional design flexibility.

The goal of this Chapter is to characterize circuit components in order to develop an understand-
ing of fundamental building blocks of RF switch topology, using series, shunt, and series-shunt topol-
ogies. This will form the basis on which more complex switch topologies will be designed and ana-
lyzed. Thereafter, a section will outline a broadband SPDT design to operate at L, S, C, and X bands.
Then, a double-pole diamond structure switch is presented, which can operate as DPST, with two
poles and one active throw and DPDT, with two poles and two active throw [48]. Lastly, the section

will conclude by analyzing different switch parameters and potential target applications.

3.1  Switch Design Procedures
This section presents a systematic procedure to design a generic RF switch.
1. FET AC Analysis
e Drain current density: Drain current density versus gate voltage will determine the gate

plateau voltage governed by the transconductance of the device [49]. Typically, when
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the gate voltage reaches the threshold voltage, the drain current begins to increase very
rapidly until it reaches the ON state current density [49]. This helps determining the op-
timum gate width for desired specific ON resistance based on current density.

e Drain-Source Bias Voltage: Maximum drain-source voltage will provide guidelines of the
signal voltage level the transistor can handle.

e Gate-Source Voltage: Provides the range for the control voltages for the switch.

o DC Power per Millimeter Gate Width: Provides the power handling capabilities of a tran-

sistor based on gate width.

FET DC Analysis

o Plot Corr versus Vgs: Obtain Vs where Cyrr is lowest. This provides optimum OFF state
bias voltage for single FET switch operation.

o Plot Resistance versus Vgs: This will evaluate the parallel resistor value when in OFF
state, and series resistor value when in ON state.

o Plot Ron vs Vgs: Obtain Vgs where Ry is lowest. This helps find optimum ON-State bias
point for single FET

Calculate Figure of Merit
e Assess the device: Carry out figure of merit simulations based on Ryy and Cypp to esti-

mate the expected performance.

Characterize components
e (Capacitor and Inductor: Simulate design kit component to obtain its quality factor. This

plot will suggest the component sizes that can be used to design switch topologies.

Topology
The requirement from the switch will vary if it is configured for transmit port (large signal

operation), receive port (small signal operation) or as a T/R switch.

Small signal analysis

o Insertion Loss, Sz1_onswte: Plot of insertion loss to evaluate the loss of the switch over fre-
quency when in ON state.

o Isolation (Sz21 orrstate): Plot of insertion loss to evaluate the loss of the switch over fre-
quency when in OFF state.

e Return Loss, (S11and Sz2): For input return loss and output return loss of the switch, Si1
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and S, simulations are carried out, respectively.

7. Large signal analysis

Input versus Output RF power: Input versus output power plot in large signal simulation
can present the switch behavior based on the input RF power. This simulation can also
be executed by keeping the switch in OFF state to identify which large signal isolation
should the switch use to only switch between large signal paths.

Loss Compression versus Input Power: This plot of loss compression versus input power
will assist in identifying the 1 dB compression point of the switch. The switch compres-
sion point is influenced by many factors, such as wafer process, design topology, magni-
tude of the DC bias control voltage, frequency of operation, and thermal properties [50].
Power range should begin from small signal to large signal to establish the drop in gain
in the plot.

Output Third Order Intercept (OTOI) versus Input Power: OTOI versus Input power plot
will evaluate the third order intercept point of the switch for a given input power.
Linearity: Parameters to specify switch linearity are IIP3, or error vector magnitude
(EVM). Typically, plotting the fundamental and IMD3 to identify the IIP3 of the switch will
describe the linearity performance of the switch. Parameters for linearity give a better
indication whether the switch will meet the system linearity and spurious emission re-
quirements at the input signal levels, which will be incident upon the switch in a system.
The specific linearity requirement, the frequency of operation, wafer process, and topol-

ogy must match up to meet such a requirement.

8. Layout Rules:

Plan access to RF ports and DC pads.

Minimize discontinuities.

Ensure adequate dimensions are used for traces to be connected to drain and source.
Ensure gate has access to DC Feeds.

Minimize transmission length to reduce losses (if not A/4 shunt switch).
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3.2 Component Modelling

3.2.1 FET
The device used in this work is based on NRC GaN 0.15um process. The FET available in this PDK
has a larger T-gate overlap of 0.25um [47]. As a result, they have a high breakdown voltage; however,

it is a trade off with frequency performance. Transistor characteristics of GaN150 are outlined in
Table 3-1.
Table 3-1: NRC GaN 150 Parameters [47]

Parameter Abbreviation Value
Breakdown Voltage Vbs_sp >80V
Maximum drain current Density Jpsmax 1000 mA/mm
Drain current density at Vgs=0 Jpss 800 mA/mm
Maxirpum long-term operating drain current Tis 350 mA/mm
Density

Drain-Source Bias Voltage Vbs 30V
Gate-Source Voltage Vs -8to+2V
Gate Leakage Current Density Jes 1 mA/mm
DC Power per Millimeter Gate Width Ppc 10W

3.2.1.1 Power Handling

Power handling for switches correspond to the onset of gain compression. Once it exceeds the
calculated power handling, the insertion loss of switch starts to increase. Ideally, a switch should
operate without any compression. Power handling for FETs in the ON state can be expressed using

the maximum current of the device that it can pass and is defined by (3.1) [51].

ON state power handling = % (3.1)
Maximum current handling capability of the devices is proportional to the periphery of the de-
vice. The minimum gate width of the FET is 2x20 pm and maximum of 2x250 um is available; how-
ever, 2x200 pm is the maximum recommended size by the foundry. Since the device has a rating of
Ppc = 10W/mm, which gives a range of 1.025 to 20 W power handling capabilities from 2x20 and
2x200um FET respectively. The maximum power handling for FETSs in the OFF state is a function of

breakdown voltage and is stated in (3.2) [51].

(Var = Vpo)® 3.2)

OFF state power handling = 57
“4o
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The greater the difference between a pinch off voltage (V) and breakdown voltage (Vgz), the
higher the power handling in the OFF state. Therefore, optimum voltage for power handling is merely
the arithmetic average, which is represented by (3.3) [51].

Ver + Vpo (3.3)

Optimum OFF voltage = 3

3.2.1.2 On-State

As discussed previously, figure of merit for comparing switches is a function of the ON re-
sistance, Rpy, and the OFF capacitance, Cygr of the FET channel. Figure 3-1 shows a pHEMT small

signal equivalent circuit model [52].

Control L
Voltage A A A ,,Nvgkm_\
GATE
e
RF IN RF OUT
DRAIN re Source
Ea L — SRR
L L
rd Ced— = Ces rs
nggs
-
| ‘Cds
I
—AAN—
Fc

Figure 3-1: Small signal model of pHEMT

Parameters of interest that affect Ryy and Cypr are ryzgand Cj; respectively. The resistance,
T4 can be calculated using an assumption that r; and 7y are insignificant compared to r,;5. Hence, by
measuring Vp and I, of a given device, 45 can be determined in terms of the ratio given by (3.4) [52].
The plot of I-V characteristic of a 2x200 pum FET with biasing from V5 -8V to 2V in steps of 1 V is

shown in Figure 3-2.

b (3.4)

Tds =
1
D

Figure 3-2 and Figure 3-3, shows the ON state FET impedance and inductance versus gate bias
voltage varying FET size of 2x20, 2x40, 2x60, 2x80, 2x100, 2x120, 2x140, 2x160, 2x180, and
2x200pm for center frequencies of L-Band, S-band, C-band, and X-Band, respectively. This will deter-

mine the ON state bias voltage of different FET sizes.
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Figure 3-2: R,y Vs Gate Votage of an ON State FET varying gate width

For all frequency bands of interest, the impedance and inductance is lower for bigger FET sizes.
The lowest impedance of 8.9 () is determined for a device with dimensions of 2x200um; whereas, the

largest impedance of 89.27 () is obtained when the FET size is 2x20pm.
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Figure 3-3: Inductance Vs gate voltage of an ON State FET varying gate width

3.2.1.3 Off-state

Drain to source capacitance, denoted by Cjs is dominated by the drain to gate and from gate to
source capacitance, C;. The minimum C;, is controlled by the physical dimensions of the device as

well as the dielectric constants of the substrate, C;,,;, and can be defined by (3.5) [53].

c € W-L (3.5)
Gmin_T

where €4, is the dielectric constant, W is the width of the device, L is the length of the devices, and a
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is the maximum space charge width. Figure 3-4 and Figure 3-5 are simulations for OFF state FET.
They display plots of resistance and capacitance versus gate bias voltage varying FET size of 2x20,
2x40, 2x60, 2x80, 2x100, 2x120, 2x140, 2x160, 2x180, and 2x200um for L Band, S band, C band, and

X Band frequencies, respectively.

4E4

1E4—

1E3—

OFF Resistance, Roff (chm)
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Gate Voltage (V)
Figure 3-4: FET Rorr Vs Gate Votlage of an OFF State FET varying gate width
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Figure 3-5: FET capacitance Vs gate bias of an OFF State FET varying gate width

3.2.1.4 Summary

As shown in Figure 3-4 and Figure 3-5, for all frequency bands of interest, the impedance is
highest and capacitance is lowest for smaller FET sizes when the device is biased around -4V. By

characterizing ON and OFF state FET, the FET biasing voltage and optimum FET size is obtained.
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As previously discussed, for ON state, the R, must be at its lowest, which is obtained when the
gate voltage is at the highest tolerable voltage of the FET (2V) and Cygf is lowest when the gate volt-
age is around -4V. As a result, bias voltages of 2V and -4V for ON and OFF state, respectively, provide
higher FOM expressed by (2.17). Table 3-2 shows the parameters for a single FET switch. It indicates
the Corr and Rypr for OFF state and Ryy, and Loy for ON state varying different gate widths.

Table 3-2: Summary of RF Switch parameters of GaN150 FET

Roy @2V (Q) Loy @ 2V (pH) Ropr @-3.96(Q) | Copp @ -3.96V (fF)
Widthpm 1.5 GHz 10 GHz 1.5 GHz 10 GHz 1.5 GHz 10 GHz 1.5 GHz 10 GHz
2x20 89.90 89.28 110.00 | 99.77 | 4683.00 | 4234.00 3.34 2.65
2x40 44.95 44.64 56.04 50.88 | 2317.00 | 2098.00 6.63 5.30
2x60 29.96 29.77 38.03 34,59 | 1528.00 | 1383.00 9.87 7.96
2x80 22.47 22.33 29.02 26.44 | 1130.00 | 1027.00 13.06 10.61
2x100 17.98 17.86 23.62 21.55 857.30 812.30 16.20 13.26
2x120 14.98 14.89 20.01 18.29 673.50 661.70 19.30 1591
2x140 12.84 12.76 15.96 15.96 638.00 583.20 22.36 18.56
2x160 11.24 11.17 15.50 15.50 544.10 490.90 25.38 21.20
2x180 9.92 9.92 14.00 12.85 466.70 432.00 28.37 23.85
2x200 8.98 8.93 12.79 11.76 418.70 394.80 31.32 26.50

3.2.2 Capacitor
The quality factor of a capacitor quantifies its ability to store energy and can be defined by [24]:

X 1

_ e _ (3.6)
RC (1.)0CRC

Qc

where Qcis the quality factor, Xcthe reactance of the capacitor, Cthe capacitance, R the equivalent

series resistance (ESR) of the capacitor, and wo the angular frequency, as displayed in Figure 3-6.

Re
Re C MW
— M — -
I
Xe

Figure 3-6: Equivalent series resistance of capacitor (ESR)

Metal-Insulator-Metal (MIM) capacitors are formed by an interconnect layer using 3um of gold
(2ZME) on top of the interconnect layer formed using 1um of gold (1ME) without a connecting layer
between 1ME and 2ME (VIA2) being present [47].
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Alayer of silicon nitride is used as a dielectric layer and provides insulation. The statistical yield
of fabricated capacitors is affected by defects in the dielectric. An excellent yield can be obtained with
a maximum size of 800 x 800um containing an allowed tolerance of the less than +10%. As a result,
maximum capacitance from this model is 122 pF. Electrical parameters of the capacitors are shown
in Table 3-3 [47]. Figure 3-7 shows an NRC GaN150 capacitance model that depicts high level capac-

itor diagram with layers, schematic, and ADS momentum layout view of the component respectively.

Table 3-3: NRC GaN150 Capacitor Parameters

Parameters Value
Dielectric Thickness 0.3um
Dielectric Constant 6.5
Capacitance Density 0.19 fF/um?
Maximum Capacitance 122 pF
Maximum Operating Voltage 40V
Minimum Breakdown Voltage 180
o) F—=

GaN150_tfc

TFC1

W=228.312 um

L=228.312 um

Wc=10.0 um

C=9.99996 pF

(b) (©

Figure 3-7: (a) Sizing; (b) Schematic model; and (c) layout model of GaN150 MIM capacitor

Figure 3-8 uses equation (3.6) to calculate the quality factor of the NRC GaN150 capacitor model
for 1 to 10 pF capacitors. The quality factor is observed to be higher for smaller size capacitor and

decreases over frequency.

.. OE4 0.030
4 S— |« H R, b
1E4— ]
0.025-]
o ]
2 £ 0020
E 1E3— s :
= 14 ]
- 0 0015-]
g i ]
o ]
182 0010
L e e I LA S B 0005 LA L I S R L IR N N
0 2 4 6 8 0 12 14 18 18 20 0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz) Frequency (GHz)
(@ (b)

Figure 3-8: (a) Quality factor of different capacitor value over frequency; (b) ESR vs Frequency using GaN150
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The ESR is not a constant value with regards to frequency, it varies with frequency due to the
skin effect, as well as other effects related to the dielectric characteristics. This is illustrated in Figure

3-8, where a GaN150 kit model was simulated over frequency to plot the ESR over frequency.

3.2.3 Inductor
Resistance as a quality factor is important because it will add loss to the signal path. Any re-
sistance will reduce the overall inductor @ factor. A simple inductor AC model can be expressed as a

perfect inductor with a series resistor as shown in Figure 3-9.

0 _ X, _2nfL (3.7)
"R R
L R

o——JUHIT [ }—o
Figure 3-9: Equivalent circuit of an Inductor

where L is a perfect inductor and R is the associated resistance of the inductor. Equation (3.7) can be
used to calculate the quality factor for an inductor [24]. Equation (3.7) demonstrates that the induc-
tive reactance X is frequency dependent, hence Q will also vary for different frequency of operation.
The resistance losses, R, are due to the skin effect, radiation losses, eddy current, and hysteresis,

which also varies with frequency but are not captured by the equation (3.7).

The GaN150 kit has a spiral inductor model. It is a wound around a central empty area with a
recommended minimum size of 50 x 50um. The inductor turns are reinforced on 2ME on 1ME which
results in a higher Q-factor. Figure 3-10 shows NRC GaN150 spiral inductor model, it depicts a high
level capacitor diagram with specific layers identified as an ADS schematic component and an ADS

momentum layout component respectively.
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Figure 3-10: (a) Sizing; (b) Schematic model; and (c) layout model of GaN150 spiral inductor
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Inductance for different inductor sizes and the real impedance of a spiral GaN150 inductor var-
ying in the number of turns over frequency is presented in Figure 3-11. As the number of turns in-
creases, the inductance peaks at a lower frequency with higher inductance value. Figure 3-12 shows

a plot of quality factor using Equation 3.7 and shows that Q is narrow for higher number of turns.
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Figure 3-11: (a) Inductance vs. Frequency; (b) Resistance vs. Frequency for different turn values
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Figure 3-12: Quality Factor vs. frequency for different turn values

3.3 SPST RF Switch

In the following sections, a SPST switch configuration using GaN150 from NRC is described. The
objective of this section is to simulate a single FET switch and identify insertion loss, isolation, return

loss, 1 dB compression point, OTOI points and IIP3. The frequency bands of interest are L, S, C, and X.

3.3.1 Single FET Series Switch

The SPST is a basic configuration of RF switches. In this work, a SPST is designed using GaN FET.
Its schematic is displayed in Figure 3-13.
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Figure 3-13: Topolog_y of single FET switch

Single series GaN FET as a switch gives relatively low insertion loss and high isolation. It works
such that FET between two ports are intended to have low insertion loss between them. This is be-
cause only the FET drain to source distance is recognized for RF transmission and only R,y is the
effective loss. A limitation of this design is that the isolation may not be adequate when implemented
in part of a larger topology, which may lead to poor SNR or increased RF leakage because of the
equivalent FET models. Isolation degradation is due to the frequency dependency of Cygf of the FET.
As seen in Figure 3-14, in the OFF state case, the FET can be modeled by Rygr in parallel with Cygp,
where R,pr can degrade the isolation of the switch.

ON-state OFF-state

Rorr
Ron

Corr

Figure 3-14: Simple model of FET in switch configuration

To obtain a better idea about how the above configuration works with GaN FET, GaN150 2 fin-
gers FET models were used to perform simulations. Figure 3-15 illustrates the schematic diagram for

a series GaN switch.
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Figure 3-15: Simulation Setup for Series GaN SPST Switch

34



Ideal DC feed was used to supply the control voltage of -4 V for OFF state and 2 V for ON state.
Simulations were conducted for different gate width for the FET to understand the performance pa-

rameters for different sized FET.

The simulations shown in Figure 3-16 display the Insertion Loss versus Frequency and Return
Loss versus Frequency respectively. As mentioned in previous sections, when the gate width is in-
creased, the R,y decreases. As a result, the insertion loss decreases as well. In the simulation, the
lowest insertion loss of -0.72 dB was obtained for 2x200 pm and the highest insertion loss of -5.43
dB is obtained for the device sized 2x20 um. The response for insertion loss for all simulated frequen-

cies of 1.5, 3, 6, and 10 GHz provides similar results.
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Figure 3-16: (a) Simulation of Insertion and Return Loss; (b) Isolation versus Gate Width for Single GaN FET
RF Switch versus FET Gate Width

For the return loss plot in Figure 3-16, the response appears to be improving independent of the
frequency when gate width is decreased. Isolation degrades as the gate width of the FET is increased
and when it operates in higher frequencies. This is an expected result as increasing the FET gate

width would increase Cyrr which; thereby, resulting in poorer isolation.

In Figure 3-17 (a), it can be seen that as the FET size increases, its 1 dB compression point in-
creases as expected due to larger power handling capabilities from larger FETs. The 1 dB compres-
sion point of a 2x20 pm FET is 21 dBm, 2x110 um is 36 dBm and 2x200 pum is 42 dBm. Although,
series FET switch configuration has been shown to generate good results, in order to achieve higher
levels of isolation, a shunt FET needs to be analyzed which typically provides a higher level of isola-

tion to RF switches. Figure 3-17 (b) shows the OTOI point versus input power.
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Figure 3-17: (a) Series SPST Gain/Loss vs Input Power; (b) Output Third Order Intercept Point versus Input
Power over L, S, C, and X band

Depending on the mode of switch operation, ON or OFF, the non-linearity for different mecha-
nisms effects a FET. For ON state switch, the non-linearity is mainly contributed by R,y and is para-

sitic. For OFF state switch, the linearity is influenced by Cyrr and is also parasitic [54].

In this section, a series only single FET RF switch was examined. From the analysis, it can be
concluded that, larger FET sizes have better insertion loss, and power handling capabilities; however,
degrades the isolation and return loss of the switch. The performance of the switch was independent
of the frequency of operation except isolation, where lower frequencies have better results compared

to higher frequencies.

The following section will discuss a shunt switch topologies composed of a single transistor and

transmission line in order to evaluate its switch performance.

3.3.2 Single FET Shunt Switch
The switch architecture of a shunt FET SPST switch is displayed in Figure 3-18. It is composed

of a shunt mounted FET with a series A/4 transmission line in its design.

RF In | | | | RF Out

O | | A/4 Transmission Line | |

DC Block DC Block

5 |
L

N\
DC Bias

1
RF Choke

Figure 3-18: Shunt GaN SPST Switch Design
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This configuration intends to provide improved isolation. However, shunt configured FET
switches may have a narrow bandwidth because of the use of quarter wave transmission lines. The
quarter wave line will transform the short circuit to an open circuit (90° transform). Therefore, when
the FET is OFF, RF signal delivers an open circuit. Similarly, when the FET is ON, the RF signal sees
short to ground with A/4 transmission line to short the RF signal to load. Despite its high isolation
properties, this design has a drawback in that, when the frequency is changed from its center fre-

quency, the A/4 lines change in electrical length thereby, creating a mismatch.

Shunt switch configuration was simulated using NRC GaN150 kit. The schematic used for this
task is displayed in Figure 3-19. Table 3-4 shows GaN150 substrate parameters which are used to

calculate the transmission line dimensions [47].
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Figure 3-19: Simulation setup for Shunt GaN SPST Switch suing NRC GaN150 model

Step=

The quarter wave line was calculated using the LineCalc tool in ADS with the specific properties

are outlined in Table 3-4, while the associated dimensions of A/4 lines are presented in Table 3-5.

Table 3-5: Dimensions of A/4 M1 MLIN for shunt

Table 3-4: MSUB parameters for NRC GaN 150 configured switch
Dimensions (width x
Parameters Value Frequency e
Substrate Relative dielec- 10 LBand (1.5GHz) | 66.97 x 19764.90 um
tric constant (&)

Relative permeability 1 S Band (3 GHz) 66.97 x9880.97 um
Substrate Thickness (H) 75 um C Band (6 GHz) 66.95x4938.36 um
Metal thickness (T) 5 um X Band (10 GHz) 66.91 x 2960 pm
Conductor conductivity 4.1e7 X Band (10 GHz) 66.91 x 2960 pm

(Cond)
Electrical impedance (Zo) 50 Q
Degree 90°
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As previously mentioned, shunt configuration has a significant drawback due to the dimension
of A/4 line. The electrical length of RF bands L, S, C, and X are calculated and shown as a dimension
for transmission lines for 50 Q with 90° shift. As the lengths for lower frequencies are very large, they
may not be a cost effective way to recognize a switch in shunt configurations. Figure 3-20 displays
the results obtained for isolation varying gate width for L, S, C, and X band. FET in ON state is supplied
with a gate voltage of 2 V, while the FET OFF state is created with V¢s of -4 V.

Isolation
L

-12

T T 1 T T T T T T T T T T
20 40 60 80 100 120 140 160 180 200

gateWid

Figure 3-20: Isolation vs Gate Width of NRC GaN150 varying frequency in Shunt RF Switch Configuration

Gate width of the FET appears to impact the isolation of the switch. Larger devices provide
higher isolation since R,y is lower which provides an easy path for signal to ground. For all RF bands
of interest in this work, isolation is within -11.8 to -12.8 dB as shown in Figure 3-20. Although, the
shunt FET switch was supposed to give higher isolation levels than series FET configuration, the
GaN150 FET model proved not to be as impressive when it was used in shunt configuration. This

behavior is frequency independent.

In Figure 3-21, Figure 3-22, and Figure 3-23, simulations are conducted from 1 to 15 GHz for

different gate widths with individual shunt switch based on frequency of operation.

. 00

Insertion Loss (dBm)

15 GHz, 2¢20um

Frequency (GHz)
Figure 3-21: Insertion loss versus frequency for shunt switches with varying FET sizes and A/4 MLIN
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As displayed in Figure 3-21, insertion loss is preferred for switches configured at higher fre-
quencies with smaller gate width. The effect of the quarter wave transmission line is apparent in the
input and output return loss versus frequency plots above. Since the switch configurations are opti-
mized for a single frequency operation due to A/4 line, the return loss plot ripples are based on the
electrical length of the quarter wavelength. The input and output return loss is below -20 dB as can
be seen from Figure 3-22 and Figure 3-23. However, the same periodical behavior is observed due to
the quarter wave transmission line. Figure 3-24 shows the Loss compression and OTIOI versus Input

power varying FET sizes of 2x20, 2x110 and 2x200um.
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Figure 3-24: (a) Gain vs Input Power of GaN Shunt Switch; (b) OTOI vs Input Power of GaN Shunt Switch

These switches are found to have high power handling capabilities. As seen in Figure 3-24,

smaller FET sizes in shunt configuration for improved power handling capabilities are preferred.

In this section, a single FET shunt switch has been evaluated. The power handling, insertion loss,
and return losses were better for smaller sized FET. The distinction between isolation and insertion
loss for series and shunt switch can be improved by using a combination of series FET and a shunt
FET in a switch configuration. This is known as series-shunt FET switch configuration, which will be

discussed in the following section.
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3.3.3 Series-Shunt SPST Switch

Series-shunt GaN SPST topology is aiming to have insertion loss characteristics of the series GaN

FET switch and isolation of shunt GaN FET configuration. The circuit diagram is given in Figure 3-25.

RF In DclB'|°°k seresFET € i3'i°°k RF Out

O | | O

D
. | U Shunt FET
DC Bias DC Feed
DC Feed

DC Bias
Figure 3-25: Series-Shunt GaN FET Switch Design

When a switch is in the ON state, series FET is supplied with 2 V at the gate for it to be in the ON
state, while the shunt FET is choked with -5 V at the gate so that power is not lost. On the other hand,
for the series-shunt switch to be in the OFF state high isolation is required; the series FET attenuates
the signal with a bias voltage of -5 V and shunt FET is shorted with 2 V gate bias. Figure 3-26 shows

the schematic diagram of an SPST switch in series-shunt configuration where FET1 is in series and

FET2 is in shunt.

u
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Figure 3-26: Schematic model of Series-Shunt SPST switch using NRC GaN150 model

Simulation results of series-shunt SPST switch is displayed in Figure 3-27. The FET gate width
is swept from 2x20 to 2x200um and for isolation simulation, the series FET is kept at a constant width

of 2x200um while shunt FET was varied from 2x20 to 2x200pum.
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Figure 3-27: (a) Insertion loss versus GaN FET gate width; (b) Isolation versus GaN FET gate width

From Figure 3-27, the insertion loss simulation shows frequency independent behavior. Inser-
tion loss fairs much better when series and shunt FET are of 2x200 um. Isolation is better for lower
frequencies and when gate widths are at their largest of 2x200 um. As a result, in series-shunt con-
figuration, isolation is optimum using higher FET sizes. The tradeoff between the two parameters
must be considered for different applications. For the following simulation of series-shunt topology

shown in Figure 3-28, 2x200 pm FETs are used.
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Figure 3-28: (a) Insertion Loss and Isolation versus Frequency; (b) Input and Output Matching versus Fre-
quency of GaN Series-Shunt SPST using 2x200 ym NRC GaN150 FET model

By having a series-shunt configuration, a good combination is achieved in terms of insertion loss
and isolation. Input and output return loss is also well below -20 dB. Figure 3-29 (a) shows the 1dB
compression point and Figure 3-29 (b) shows OTOI point of a series-shunt switch varying shunt FET

of 20, 110 and 200um.
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Figure 3-29: (a) Series-Shunt Switch Gain vs Input power; (b) Series-Shunt Switch OTOI vs Input power

A series-shunt configuration for large signal simulation of shunt FET provides an input referred
1dB compression point of 28 dBm, 8 dBm, and 4 dBm for 2x20, 2x110 and 2x200um gate width re-
spectively. From Figure 3-29 (), it can be seen that the larger shunt FETs significantly degrade power
handling capabilities of the switch compared to series only switch. This is because for ON state switch
operation, larger shunt FET (in OFF state) has larger capacitance, which in turn allows more signal

to be grounded.

3.3.4 Conclusion

In this section, NRC GaN150 FET was used to form a basic structure of RF switch. Series FET,
Shunt FET, Series-Shunt FET were presented and simulation results were analyzed. These basic
forms can be used in complex switch configurations based on the target application. Table 3-6 com-

pares different topologies for GaN SPST RF switches all using 2x200 um FETs.

Table 3-6: GaN SPST 2x200 um Comparison of different topologies

L - Band S - Band C-Band X - Band

Series Shunt St Series Shunt Seres- Series Shunt Seres- Series Shunt S

Shunt Shunt Shunt Shunt

I('c‘l;e)‘ﬁ“ Loss | 474 0.66 0.89 0.89 033 0.89 0.89 017 0.89 0.89 0.11 0.89
Isolation (dB) | 3127 1274 | 4823 25.78 1214 | 4235 19.95 11.88 36.39 15.62 1194 | 3201
IRL (dB) 2167 | -3531 | -2375 | -2367 | -33.08 | -2367 | -2336 | -2824 | -2336 | -227 | -2368 | -22.69
ORL (dB) 2167 | -3721 | -2313 | -2311 | -3976 | -2311 | -23.04 | -3585 | -23.04 | -2288 | -2624 | -22.88
slic(l)'z Egg‘lg;es' 452 5.6 425 452 5.6 425 45.2 5.6 425 452 56 425

In summary, the best insertion loss was found for a series switch FET with 2x200 pm and im-
proved isolation was observed for shunt FET with 2x200 pum. Further tradeoffs need to be considered

for a given application.
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3.4 Single-Pole Double-Throw RF Switch

Single-pole double-throw (SPDT) switching elements are the key components of T/R modules
in the performance of various communication link schemes. SPDT switches are used to selectively
couple signals between two RF ports, where it provides a simultaneous high isolation to the inactive
path and low insertion-loss for the active path. A typical application of an SPDT is T/R RF switch is
shown in Figure 3-30. In Figure 3-30, the switch is selecting between the transmit path which is con-
nected to a PA, and a receiver path through an LNA. Fundamentally, an SPDT switch is constructed

by configuring two SPST switches, as shown in Figure 3-31.

Antenna

Transmiter PA o LNA Receiver
X _ -

(L Control Voltage
Figure 3-30: SPDT application as a T/R switch in a transceiver

Antenna
SPST SPST
| I =77
| | Receiver
PA T : I : LNA
L L
Control Voltage Control Voltage

Figure 3-31: SPDT switch composed of two configured SPST switches

The activated SPST switch provides a low insertion loss and good return loss usually matched
with 50 Q. The inactive switch should provide high isolation and high input impedance, ideally

providing a perfect open circuit.

In this section, a SPDT RF Switch is presented. Firstly, an SPDT will be configured based on SPST
analysis carried out in the previous section. A full SPDT layout will be presented and full EM-simula-
tion will be analyzed for L, S, C, and X band operations. Lastly, the SPDT design in this work will also
be compared with other commercially available switches. The target specifications of the switch are
extracted from TriQuint TGS2352 SPDT switch. Table 3-7 shows the key features of TriQuint’s SPDT

switch, which will be the target performance parameters of this work for SPDT switch.
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Table 3-7: TriQuint TGS2352-2 SPDT Switch Specifications [55]

Device TriQuint 0.25um SiC production process
Input power Upto 20 W

Insertion Loss <1dB

Isolation -35 dB typical

Return Loss @ 10 GHz <-15

3.4.1 Design

A high wideband isolation and low insertion loss for SPDT switch is required for suitable oper-
ation at different frequency bands. Considering this factor, a wideband T /R switch has been designed
and is currently in fabrication. The target requirement for GaN SPDT switch involves an insertion loss
less than 1 dB, isolation better than 35 dB, and an input and output return loss better than -15 dB
and up to 20W of power handling. From previous sections, a good balance of power handling, wide-
band, and small signal values were obtained from a series-shunt topology biased at -5 V for OFF state
and 2 V for ON state. A series-shunt symmetrical SPDT topology was implemented to achieve the

broadband performance.

Figure 3-32, is a single stage series-shunt configured SPDT. In this case, the SPDT is being used
as a T/R switch. FET1 and FET2 forms the series-shunt configuration for the transmitter chain and
FET3 and FET4 forms the series-shunt configuration for the receiver chain. The supply voltage for
FET1 and FET3, and FET2 and FET4 are complementary and can be designed to operate using only

one control voltage (either Von or Vogr).

Antenna

DC Block DC Block
| FET2 FET4 I ‘
4{ TX | | RX ‘

FET1 FET3
DC Bias DC Feed DC Feed DC Feed DC Feed DC Bias
1 I
DC Bias DCBias i

Figure 3-32: GaN150 Series-Shunt Configuration for SPDT Switch

From the previous section, the SPST series only switch does not meet the isolation criteria, while

the shunt only switch is frequency dependent. As a result, the series only or shunt only switches are
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not ideal for a broadband RF switch. Figure 3-33 illustrates the schematic circuit of a series-shunt

broadband SPDT.
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Figure 3-33: Schematic design of broadband SPDT

DC coupling capacitor for transmit and receive chain is 5 pF and 7 pF for output. As previously
mentioned, FETs in Figure 3-33 can be implemented using single ON/OFF control voltage in a larger

system. A complete layout of the SPDT is shown in Figure 3-34.

In Figure 3-34, the upper portion of the layout is connected to the receiver chain and the lower
portion to the transmitter chain. The output to antenna port is on the right of the layout design. This
allows for easy access to DC feed resistors, which were designed using a 3x100 pm nichrome resistors
of approximately 1500 Q. GaN MIM capacitors for coupling and matching. The signal path is designed
using M1 layer and the width was kept constant at 38 pm consistent with the FET drain width to
reduce any width change discontinuity. As for 90° bends, a curve trace is used to reduce any discon-
tinuity due to bend. Transmitter and receiver ports are kept 380 um apart to reduce RF leakage. The

complete design size is 776x610 pum.

For the shunt FET, two Through Hole VIAs were used to short signal to ground. The VIAs are
only on one side of the FET to reduce die space. Sources of the FET are connected via 20x80um air
bridges across the entire length of the FET to ensure a good connection as shown in Figure 3-36.
Figure 3-35 shows the layout diagram of GaN150 air-bridge. The resistivity of the air-bridge is the
same as that of the 2ZME layer (9 mQ/sq). To accurately model the impact of stray capacitance from
the air-bridges, where 1ME crosses other metal layers, EM simulations were performed to account
for both the parasitic edge and parallel plate capacitances. The current carrying capacity of an air-
bridge is less than the landed 2ME, as the lack of thermal extraction to the substrate increases heat.
This causes the current capacity to decrease as the length of the span increases; however, a nominal

value of 6 mA/um width is used for the air-bridges.
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Figure 3-34: Complete layout of NRC GaN150 SPDT RF Switch
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Figure 3-35: Layout of GaN150 air bridge Figure 3-36: GaN150 FET source connections

using air bridges

The layout driven schematic of SPDT is displayed in Figure 3-37. The NRC GaN150 kit is used to
model the SPDT. As depicted in the SPDT layout, all signal traces are M1 layer.
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Figure 3-37: Layout driven Schematic of SPDT Switch
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3.4.2 Results
Figure 3-38 shows EM-simulation results of the SPDT switch using series-shunt configuration.

For ON-state the FET was biased at 2 V and for OFF state, -5 V is used.
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Figure 3-38: (a) Insertion and Isolation vs Frequency; (b) Return loss vs Frequency

The insertion loss for SPDT is better than 1.2dB from 1 GHz to 12GHz. The isolation of the SPDT
is controlled over the frequency of interest with results better than 28 dB from 1 to 12GHz. The input
and output matching is below -13.5 dB for frequencies lower than 15 GHz, but it increases with fre-
quency. Figure 3-39 shows the Loss Compression and OTOI vs Input Power of SPDT when the switch
is in the ON state.

o
n

i 70
] T~ ] RFfrequency=1.50 /
— ] t 60— A /
0 50 i RFfrequency=3.00 P
- : 0 / -
T:’ b 4 RFfrequency=6.00 y
[s) ] £ 50 RFfrequency=10.00
S 1 g 50— quency= /
7] o Il
QEJ_ -0'5__ RFfrequency=1.50 e} ] /
e RFfrequency=3.00 6 40 =1
Q ] - /
(&) o RFfrequency=6.00 4 /\ /
2 107 RFfrequency=10.00 o \J /
(@] 4 .
| ] i
ST T T T T T T T T T T 1 0T 1T T T T T T T T T T T 1
20 15 110 5 0 S5 10 15 20 25 30 35 40 45 50 20 45 10 5 0 5 10 15 20 25 30 35 40 45 S0
Input Power (dBm) Input Power (dBm)

() (b)
Figure 3-39: (a) Loss compression vs. Input Power; (b) OTOI vs. Input Power of SPDT Switch

According to Figure 3-39, the input referred 1dB compression point is greater than 36 dBm.
Simulations for all four bands of interest were carried out; Figure 3-39 shows the OTOI points for all
four bands of interest and can be seen that the switch have linearity for input power range from -20
to 45 dBm. Next, to determine I1P3 of the switch, the first and third-order power lines are extrapolated

as shown in Figure 3-40.
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The IIP; for SPDT switch was found to be 62-63 dBm for all frequency bands of interest. Table

3-8 provides a summary of design SPDT switch parameters.

Table 3-8: EM Simulation results of design SPDT

Performance L Band S Band CBand X Band
Insertion Loss (dB) 0.82 0.83 0.90 1.09
Isolation (dB) 31.94 35.76 34.83 30.67
Input Return Loss (dB) -22.11 -21.28 -18.65 -15.36
Output Return Loss (dB) -20.62 -19.23 -17.10 -14.55
1-dB Compression 38.63 dBm 37.76 dBm 37.76 dBm 37.76 dBm
11P3 62 dBm 62 dBm 63 dBm 63 dBm

A comparative analysis between in market GaN SPDT is outlined in Table 3-9. In market devices
are all based on 0.25pm GaN technology. This is the first broadband SPDT design implemented in a
GaN 0.15pm technology to the author’s knowledge.

Table 3-9: Comparison of SPDT (this work) for X band with in market switches

Plextek TriQuint’s .

X Band Comparison RF Lambda | 0.25um GaN 0.25um GaN This ‘l/)vork s

and

[56] [55]

Insertion Loss (dB) 2.04 1.0 0.9 1.09
Isolation (dB) 21.69 40 33 30.00
Input Return Loss (dB) -17.95 -18 -17 -15.36
Output Return Loss (dB) -15.50 - -17 -14.55
1-dB Compression 43 dBm 63 dBm 40 dBm 37.76 dBm
Area (mm2) - - 1.15x1.65 0.98 x 0.85
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In the GaN150 SPDT in X-band operation, the insertion loss is slightly better than other commer-
cially available devices being discussed. The isolation of the SPDT developed here was comparable
to that of a TriQuint switch [54], but has a slightly higher output return loss; whereas, the 1-dB com-
pression point is comparable to RF Lambda and TriQuint’s SPDT. The occupied area of the SPDT in

this work is comparable to that of the TriQuint.

3.5 Double Pole RF Switch

Most digital cellular systems have adopted a multi antenna design incorporating a T/R switch
that connects to an antenna for transmitting or receiving circuit. For mobile devices, low insertion
loss and high power double pole switches are indispensable as FET switches are advantaged with
low power consumption, high speed switching, and simplified bias network [23]. In this section, a
double pole switch is designed to exhibit a low insertion loss and high isolation. Extensive parametric
analysis will be carried out for double pole single throw (DPST) and double pole double throw
(DPDT) switches. The target double pole switch specific for this work is obtained from a MACOM
GaAs MMIC Switch, MASWGMO0001-DIE. The switch has operational frequency of 2.0 to 14.0 GHz,
having an insertion loss of 3 dB, isolation of 40 dB, and 1 dB compression point of 25 dBm [57].

3.5.1 Design

In the conventional DPDT configuration, two SPDTs are used to connect any one antenna port
to either transmitter or receiver. Such circuit arrangement increases the size of the switch and adds
additional circuit requirements, which decreases the quality of the switch. This is outlined in Figure
3-41.

Antenna 1

Antepna 2

o o1 ]
L o R

Figure 3-41: Conventional Configuration

The designed SPDT in this work enables an RF signal to pass only through one switch block
causing a much lower insertion loss. The proposed DPDT topology has a diamond shaped structure

with four separate paths as illustrated in Figure 3-42 [58].
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Figure 3-42: DPDT topology for this work

Using this structure allows the transmitter and receiver to access both antennas. This is benefi-

cial as the diamond structure of the DPDT RF switch enables simultaneous use of both antennas by

both transmitter and receiver. This topology serves as a 2x2 MIMO switch given enough isolation

when simultaneously in operation. In the designed topology shown in Figure 3-43, a series 2x200 pm

FET is used by having two shunt 2x100 pm FETSs for each RF ports and antenna.
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Figure 3-43: Schematic circuit of DPDT Topology

This gives a series-shunt configuration for each RF path which can be characterized to provide

enough isolation for both chains. For TX to be directed to Antennal, only FET1 is turned ON amongst
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the series FETs; while FET5 and FET8 is turned OFF amongst the shunt FETs with the rest stagnant
in the ON state. Since there are more pathways for RF leakage in this topology, FETs are biased to
provide the best ON and OFF state for each FETs. Figure 3-44 shows the schematic diagram derived
from the proposed broadband double pole switch layout.
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Figure 3-44: Layout driven schematic of double pole
The bias of FETs is different for the various use of the double pole switches based on the number

of throws. When only one RF path is operating, the switch is in DPST mode. When both paths are

active, the switch is in DPDT mode.
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Figure 3-45 shows the layout of the series shunt double pole switch. The design was made as
compact as possible in order to minimize losses. It consists of two coupling capacitors at the RF [/0
ports. Also, 3x100 pm nichrome resistors are used to provide the DC feed to gate the FET with a value
of 1500 (). To maintain the proportionality of the design, each shunt FETs is divided into two 2x100

um to provide a total of 2x200 pm. The total area of the series-shunt double pole switch design is 1.2

x 1.1mm.
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3.5.2 Results
For DPST switch operation, only one RF path is active. Bias points of -5 V/2 V are used to obtain
measurements. All analysis is conducted by performing EM-simulation using ADS. Figure 3-46 shows

the insertion loss, isolation and return loss versus frequency of DPST.
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Figure 3-46: (a) Insertion loss versus Frequency; (b) Isolation versus Frequency of series-shunt DPST switch

For one active path, the insertion loss is less than 1 dB up to 9 GHz; whereas, the isolation for
one active path is more than 38 dB for all frequency bands of interest to ensure good separation to
reduce unwanted effects of crosstalk and leakage. The input and output return loss is better than 9
dB.

Figure 3-47 shows the Loss Compression versus Input Power of DPST and plot of OTOI versus
Input power when the switch is in the ON state for all frequency bands of interest. The fundamental
and IMDs plot to obtain IIPs is illustrated in Figure 3-48. Subsequently, Table 3-10 present a summary

of switch parameters for a single active patch DPST switch.
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Figure 3-47: (a) Loss compression versus Input Power; (b) OTOI versus Input Power for DPST series-shunt
switch.
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Table 3-10: Simulation results of DPST design of this work
DPST L Band S Band C Band X Band
Insertion Loss (dB) 0.23 0.39 0.52 2.03
Isolation (dB) 53.83 50.21 43.23 37.87
Input Return Loss (dB) -17.72 -16.73 -14.35 -9.84
Output Return Loss (dB) -15.93 -15.32 -13.87 -10.03
1-db Compression -4.2 dBm -4.3 dBm -4.4 dBm -2 dBm
11P3 25 dBm 25 dBm 66 dBm 70 dBm

Switch bias was then set to operate the double pole switch as DPDT, where the same structure
was used to simulate DPDT switches with two active paths. FET biased at a voltage of -5 V for OFF

state and 2 V for ON state was also integrated. Figure 3-49 shows a plot of insertion loss and isolation

from port to port for DPDT switch.
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Figure 3-49: (a) Insertion loss and Isolation versus Frequency; (b) Input and Output Return Loss versus Fre-
quency of series-shunt DPDT switch
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The insertion loss of DPDT is comparable to that of DPST. The insertion loss is lowest for 1.5 GHz
at 0.35 dB; whereas, the insertion loss is highest at a higher frequency, such as, 12 GHz, where the
loss is -1.27 dB. Port isolation is observed to be better than 54.72 dB, which can be obtained at 1.5

GHz. As frequency increased to 10 GHz, isolation is approximately 43.28 dB. Loss compression versus

RF input power and OTOI points versus Input power is presented in Figure 3-50.
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Figure 3-50: (a) Loss Compression versus Input Power; (b) OTOI versus Input Power of series-shunt DPDT
switch.
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Figure 3-51: Determining IIP3 of series-shunt DPDT switch

Input and output return loss for both active RF paths are below 8 dB as shown in Figure 3-49.
Figure 3-50 and Figure 3-51 display the large signal analysis of the DPDT, where the 1dB compres-
sion point is between -4.2 dBm and -4.4 dBm for L, S, C, and X band of input power for DPDT switch.

The following section will present a modification of the double pole switch using only series

configured FETs to assess if the power handling performance can be improved.
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Table 3-11: Simulation results of series-shunt DPDT switch design

DPDT L Band S Band CBand X Band
Insertion Loss (dB) 0.35 0.37 0.47 1.97
Isolation (dB) 54.72 50.23 46.66 43.28
Input Return Loss (dB) -15.77 -15.47 -13.43 -9.82
Output Return Loss (dB) -15.33 -16.29 -13.92 -9.82
1 dB Compression -4.2 dBm -4.3 dBm -4.4 dBm -4.4 dBm
11P3 26 dBm 26 dBm 26 dBm 26 dBm

3.5.3 Modifications

The layout in Figure 3-52 uses four 2x200um FETs configured in series. The design uses the
main structure designed in Figure 3-45 as a foundation with the exception of the shunt FETs, which

makes the design considerably smaller compared to the previous design.

RF1 Input / \ RF2 Input

seriesFET — TS seres FeT

I “ ™ RF Choke

Figure 3-52: Modified Series only Double Pole RF Switch Layout
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The series only double pole switch was first analyzed for small signal. Optimum bias conditions
for small signal analysis was 2 V for ON state and -5 V for OFF state. Large signal peak performances
are obtained with a bias condition of 2V/-5 V. Figure 3-53 shows the insertion loss, isolation and

return losses for DPST using modified layout design.

4. "0-80 -14.0 . -18 —17.0
" 082 i = 4o 3 o
& A 14.2 2 i 175 ¢
S -0.84 L — 5 -20 F =
P . g @ 180 =
? 144 & 9 F 2
2 -0.86- ® O 21 r o
= . - § ¢ 185 £
_g -0.88i | -14.6 g E -22+ é190 c
g -0.90- r = 5 -23— T8
= 4 L =% i r =
-0.92— 14.8 £ g F19.5 @
0.4+ 111111 "—1—15.0 -25-+—+——1+1r1 11— 1-20.0
1 2 3 4 5 6 7 8 9 10 11 12 1.2 3 4 5 6 7 8 9 10 11 12
Frequency (GHz) Frequency (GHz)

(a) (b)
Figure 3-53: (a) Insertion and Vs Isolation Loss vs Frequency; (b) Isolation vs Frequency (right) for DPST
Switch operation

Figure 3-53, displays the Insertion loss of less than 1 dB and isolation as greater than 14.1 dB.
Additionally, the input return loss was found to be greater than -18 dB and greater than -17 dB for
output return loss. Figure 3-54 shows plot of Loss Compression versus Input power for L, S, C, and X
band. This figure shows how the 1dB compression point for all frequency bands of interest can be
approximated to 18 dBm, which is a significant improvement from the series-shunt configured DPST.

Table 3-12 summarizes the performance parameters of the modified DPST.
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Figure 3-54: (a) Gain versus Input Power; (b) OTOI versus Input Power of series only DPST switch.
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Table 3-12: Simulation results of series only DPST design of this work

Modified DPST L Band S Band C Band X Band
Insertion Loss (dB) 0.81 0.81 0.84 0.89

Isolation (dB) 14.85 14.80 14.63 14.28

Input Return Loss (dB) -24.14 -23.54 -22.00 -19.68
Output Return Loss (dB) -19.56 -19.40 -18.93 -17.99
1dB Compression 17 dBm 17 dBm 17 dBm 17 dBm
11P3 33 dBm 33 dBm 33 dBm 33 dBm

Figure 3-56 shows the insertion loss, isolation, and return losses for the modified switch in DPDT
operation. The difference in isolation between series-shunt DPST and series only DPST is approxi-
mately 10 dB. There were slight improvements to the insertion loss and return loss of the. Significant
improvements were implemented to the 1dB compression point. Figure 3-47 shows the Loss Com-
pression versus Input Power and OTOI versus Input power. The series only DPST has 1dB compres-

sion point of 17 dBm from 1 to 12 GHz as compared to -4.2 to -2 dBm for series-shunt DPST.

.. -0.82 22 . 18 —17.5
N -0.84 24 & 191 180 9
© B C =N
g -0.86 26 _ S 0 s g
7] il —18.
% -0.88 ~28 2 8 ] g 2
= .0.90 30 & £ 1 F-19.0 §
c 4 L =] =1 C =)
£ .0.92- L32 & 5 22 E c
5 T [ « 23] 195 9
2 -0.94 34 3 1 g %
4 - c [
-0.96] 36 = 24 F200 @
-0.984————1——1——1—1——————1—1——38 25411111205
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12

Frequency (GHz) Frequency (GHz)
(@) (b)
Figure 3-56: (a) Insertion loss and Isolation of different ports versus frequency; (b) Input and Output Return
Loss versus frequency of sereis only DPDTswitch
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Figure 3-58: Determining IIP3 of series only DPDT

Table 3-13 shows DPDT switch performance parameters using series only configuration for L,
S, C, and X band.

Table 3-13: Simulation results of series only DPDT design of this work

Modified DPDT L Band S Band C Band X Band
Insertion Loss (dB) 0.84 0.84 0.87 0.92
Isolation (dB) 36.5 33.38 28.81 24.94
Input Return Loss (dB) -23.91 -23.5 -21.94 -19.59
Output Return Loss (dB) -19.97 -19.93 -19.45 -18.48
1 dB Compression 14 dBm 14 dBm 14 dBm 14 dBm
11P3 26.5 dBm 26.5 dBm 26.5 dBm 26.5 dBm

To conclude this section, Table 3-10 can be compared with Table 3-12, to find significant im-
provements from the series only DPST in terms of 1dB compression point and linearity, while having
lower isolation as tradeoff. For DPDT switch configuration, comparing Table 3-11 and Table 3-13

demonstrates improvements from series only switch for increased 1dB compression point. However,
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both of the DPDT configuration presented in this work does not meet the target 1dB compression of
25 dBm. Future work will include further studies to improve the design of the DPDT switch to meet

this power handling requirement.

3.6 Conclusion

In this chapter, GaN FET characterizations are shown to form the building blocks of RF switches.
This work presented single FET switches that evaluated series, shunt, and series-shunt switch con-
figurations. These single FET switches are of key building blocks in order to implement larger and

more complex switches.

From the analysis, it was found that series only switch configurations are ideal for low insertion
loss and power handling capabilities. Shunt only switch components are good for applications that
are of single frequency since the A/4 transmission line needs to be configured. A good balance of both

insertion loss and isolation is found when series-shunt configuration is used.

The single switch block formed SPDT, DPST and DPDT designs presented in this chapter. The
SPDT switch design displayed efficient results that can easily be integrated into a large switch matrix.

Chapter 5, a design of integrated GaN 0.15um SPDT sent to CMC for fabrication will be presented.

DPDT switch design using GaN 0.15um shows promising results for low power applications. In
this Chapter, both series-shunt and series only topology of the switch was investigated. However, for
small signal it shows promising results. This Chapter also examines GaN DPST switches. DPST oper-
ation of double pole switch is configured in series-shunt configuration as it has a lower 1dB compres-

sion point. The trade-off was the isolation, as expected from a series only switch topology.

This Chapter also presents an RF switch design procedure using FETs. It provides the character-
ization of FET design parameters for the design of RF switches. It suggests techniques for good layout
designs. Single FET switches described in this Chapter can subsequently be used to form more com-
plex structures for different applications. Typically, in RF chains, reconfigurable matching networks
are used to either improve transmit power for the PA or to match a variable antenna to FEM modules.
The following Chapter presents an application of GaN switches in the form of impedance tuner oper-

ating in X-band.
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Reconfigurable Impedance Tuner

4.1 Introduction

The input impedance of an antenna is sensitive to its surroundings [59] [60]. In mobile devices,
the antenna input impedance varies depending on environmental factors. These variations, caused
by the antenna orientation, thermal, etc., can imply impedance mismatch, which results in power
reflection back into the transceiver or antenna and, subsequently, reduces the transmit power and
the link quality. This reflected power is detrimental to components that are directly connected to the
antenna; such as, PA [61]. Therefore, tuning is a key component for RF FEM to avoid the aforemen-
tioned drawbacks with robust and high performing devices. Hence, an antenna tuning unit must be
able to detect the antenna impedance variation and adjust itself to compensate for the deviation in
real time. For this prospect, a block diagram of adaptive matching system technique is shown in Fig-

ure 4-1.

match Impedance Tuner unknown

o " B 3E B Do

___________ 4
Controller J

Figure 4-1: Block diagram of a closed loop adaptive matching system [61].

Figure 4-1 shows a block diagram of a closed-loop system consisting of an impedance tuner, an
impedance sensor, and a controller. Among them, the impedance tuner is the component responsible
for transforming any unknown load impedance to the system impedance while introducing low in-

sertion.
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An impedance tuner is an indispensable component in applications; such as, source-pull and
load-pull measurements for noise [62] [63]and large-signal characterizations [64] [65]of transistors.
Furthermore, they can also be specifically designed as tunable matching networks that may be either
connected to antennas to compensate for antenna impedance variations [66], or placed right after
power amplifiers to provide optimal load conditions at different frequency bands [67] [68] or power

levels [69] [70].

Theoretically, as long as the load impedance, Zi, has a positive real part, a matching network can
be designed as its counterpart. Factors that are important in the selection of a particular matching
network include:

o Complexity: A simple matching network that is cheaper for smaller die space, which contrib-
utes less loss to the system due to a low component count.

e Bandwidth: A matching network can ideally give a perfect match at a single frequency; how-
ever, itis usually desirable to match a load over a band of frequencies; this adds to complexity.

e Implementation: Depending on the type of transmission lines or waveguides being used, one

type of matching network may be more preferable than another.

In this work, a m-network impedance tuner is proposed which consists of a variable transformer
based on band-pass networks. It provides uniform coverage in the four quadrants of the Smith chart
and exhibits a low circuit complexity. The proposed tuner also has the advantage that the mapping
between the load impedance and the control signals is more straightforward when compared with
stub-based or loaded-line tuners. As a result, when used in an adaptive matching system, the pro-

posed tuner can be controlled using less complicated control schemes.

4.2 Design Considerations
In this section, basic design concepts of impedance tuner will be discussed. This will form the

basis of the tuner design parameters.

4.2.1 Reactance and LC Resonance
Reactance takes two forms: inductive, X;, and capacitive X.. They can be defined by (4.1) and
(4.2) respectively [24].

X, = wlL = 2nfL 4.1)

Xo= o1 4.2)
wC 2rnfC
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where w is the angular frequency, f is frequency, L is inductance, and C is capacitance. When the
magnitudes of L reactance and C reactance are equal, the L -C pair resonates;the resonant frequency

is given by (4.3) [24]

1
— (4.3)
fo 2mVLC

4.2.2 Quality-Factor
The quality factor, Q, serves as a measure of how ideal the reactance is. It is characterized as the

ratio of the energy stored versus the energy dissipated that can be expressed by (4.4) [71].

_ 2m - (maxinstantaneous energy stored) (4.4)
B energy dissipative per cycle

Q

In this expression, Q is a dimensionless unit that is expressed as a function of reactance X and

resistance R, in (4.5) [71].

_X (4.5)
Q= R

The quality factor of the L -C circuit is defined at circuit resonance. If the circuit reactance is
plotted as a function of frequency, the slope of the reactance of the resonance frequency is a measure
of Q, where Q of a reactive component is the ratio of its reactance magnitude of its resistance and is
defined as by (4.6) and (4.7) [24].

XL wlL 4.6
Qinductor = R_L = R_L (4.6)

O e 1 (4.7)
capacitor R, wCRC

4.2.3 Unloaded-Q

The loaded quality factor, Q.. is the ratio of the magnitude of the reactance of L or C at the reso-
nance frequency to the total circuit resistance. Physical reactive elements always have some resistive
losses in terms of its Q. The unloaded-Q (Qu) is the Q associated with the reactive elements only as

represented by (4.8) [72].

1t .1 (4.8)

QU - Qind Qcap
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4.2.4 Lloaded-Q
Aloaded-Q of a resonant circuit depends on three main factors:
e The source resistance, Rs.
o The load resistance, R;.

e The component Q-factors.

As shown in Figure 4-2, the resonant circuit sees an equivalent Rpresistance, R in parallel with

R;, as stated by (4.9) [73].

L L

Ry
RCSS

Figure 4-2: Circuit diagram for loaded-Q

A
Il
I

_Rs xRy (4.9)
P Rs+R,

The Rpresistance is larger in value than either Rg or R; assuming lossless components, for Q
which can be defined by (4.10) [73].
Q= (4.10)
Xp
where Rp is the equivalent parallel resistance of Rg and R; where Xpis inductive or capacitive reac-

tance.

4.3 Types of Matching Network

The technique of impedance matching forces a load impedance to be perceived as the complex
conjugate of the source impedance, enabling maximum power to be transferred to the load [24]. Fig-
ure 4-3 illustrates Impedance matching of a resistance source and complex load for maximum power
transfer . The matching process becomes substantially difficult when the tangible parts of the termi-

nations are unequal; this work aims to address these factors for X-Band operation.
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Figure 4-3: Impedance matching of a resistance source and complex load for maximum power transfer [19]

Impedance tuning is important for the following reasons:
a) The delivery of maximum power to the load when it is matched to the line, where the power
loss in the feed is minimized.
b) Sensitive receiver components; such as, antenna, LNA, etc. may improve the signal-to-noise ra-
tio of the system.
c) Power distribution network; such as, the antenna array feed network may reduce the ampli-

tude and phase error.

4.3.1 Transformers

Impedance matching using transformers is another possible option to match resistive source
and resistive loads. Power entering into a transformer is equal to the output power (discounting neg-
ligible losses). Transformers only match real impedances; if there is a large load reactance, a trans-
former will not eliminate these reactive components, and additionally contribute to the exaggeration
of the reactive portion of the load impedance. Transformer based matching works poorly at micro-
wave frequencies but provides a larger bandwidth than L-C matching circuits which have excellent

amplitude, phase balance, and lower input VSWR.

4.3.2 Quarter-Wave (A/4) Transformer

An impedance transformer can be established by inserting a transmission line of one quarter of
the wavelength (A/4) long with appropriate characteristic impedance. In theory, quarter-wave trans-
former is utilized to match complex impedances but common practice is to match real impedances;
however, a complex load impedance can always be transformed to a real impedance by adding ap-
propriate series or shunt reactive component. The characteristic impedance of a A/4 line is the geo-
metric average of Z;; and Z;. Several techniques used for quarter-wave transmission line matching

are outlined as follows:
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a) The quarter-wave transformer, depicted in Figure 4-4, provides perfect matching at one oper-

ating frequency and thus, has a limited bandwidth.

Al4 \ /
T |
L ] f

Figure 4-4: Quarter-wave transformer [74]

b) Abroadband transformer, shown in Figure 4-5, can be designed by using a cascade of A/4 trans-

mission line sections, while gradually varying their characteristic impedance.

VNN TN
| LY \u' Y

T
fo

Figure 4-5: Broadband transformer [74]

It is not possible to obtain a near zero reflection for the entire desired band. Therefore, availa-
ble design approaches specify a maximum reflection coefficient within tolerance in the fre-

quency band of operation.

c) Tapered line transformer, presented in Figure 4-6, with a continuous varying characteristic im-
pedance along its length, can be applied to obtain broadband matching. Typically, the required
length of the tapered section should be about 0.5 to 1.5 times the wavelength. A different nar-
row-band approach involves the stub matching; for example, the insertion of a shunt imaginary
admittance on the transmission line where the admittance is realized with a section (or stub)

of transmission line.

2y

Shunt-stub Series-stub
Figure 4-6: Tapered line transformer [74]

Similarly, insertion of series impedance stub along the line can also achieve narrow-band

matching.



4.3.3 Lumped Elements

4.3.3.1 L-Network

L-section matching network uses two reactive elements to match an arbitrary load impedance

to a transmission line. It displays two possible configurations for L-network. If the normalized load

impedance z; = j—L, is within the 1 + jX circle on the Smith chart, then Figure 4-7 (a) should be used;
0

if outside, Figure 4-7 (b) should be used.

- "
! [ | [ |

(a) (b)
Figure 4-7: L-section matching network [24]

Depending on the load impedances, the reactive matching elements may either be inductors or
capacitors which results in eight distinct possibilities. The analytical value of such reactive compo-

nents can be estimated by (4.11) and (4.12) [73].

R
Xt /Z_g\/RE +Z2 + ZyR, ¥ = 1 Xz Zo 0= XL when (4.11)
ZO _RL X
RL X = iW’RL(ZO - RL Q - when (4.12)

To match an arbitrary complex load to a characteristic line impedance Z,, the real part of source
impedance of the matching network must equal to Z;, while the imaginary part must equal to zero,
thereby, giving the L-section matching circuit two degrees of freedom that are provided by the values
of the two reactive components. L-network impedance matching is simple, low cost and easy to de-

sign; however, it has a narrowband operation.

4.3.3.2 m-Network

One can analyze the m-matching circuit by delineating it into two L circuit sections. Figure 4-8,
shows two back-to-back connected L-match circuits to form a m-network. The additional element in

the m-network compared to L-match, allows independent setting impedance transformation ratio

(RL/ _ ) and the quality factor for the circuit.
Rln
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Figure 4-8: Two L-match circuit forming a n-network [76]

The analysis of m-match circuit in Figure 4-8, can be simplified by redrawing the circuit into two

L-match sections as shown in Figure 4-9.

i Xa I i Xg !
S i A .
Rin i X1 i4_|v| ri XE i RL
Tt L R i
R R,

Figure 4-9: Simplified n-match circuit redrawn into two L-match sections [75]

If V; is the input voltage of the L-match circuit and R; is the impedance seen looking into each L-

match circuit, then the current flowing through the inductor of each L-match circuitis I}, = %. The Q-
1

factor looking into each parallel R-X branch is then given by (4.13) [73].

R, Ry (4.13)
Q1= X, Q= X,

By doing a series-to-parallel transformation, the quality factor can be described by (4.14) and

the total Q of the circuit then can be expressed as (4.15) [73].

Rin Ry (4.14)
Q1 R, Q2 R,
Ry R (4.15)
= — —_— 1 _ 1 .
Q=0:+0Q; \]RI + \/_RI

At the resonant frequency, |X4| = |X1,s| and|Xz| = |X275|. This can be equated by (4.16) [73].

N __ X (4.16)
M= me T e

For a low-pass m-match, equation (4.17) and (4.18) can be used to calculate the component val-

ues of the matching circuit [73].
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X, = & X, = — (4.17)
L7 w0y 2 woC>

Xy = woly X4 = wolp (4.18)

For high-pass m-match, equations (4.19) and (4.20) can be used to calculate the component val-

ues of the matching circuit [73].

X]_ = (l)oL]_ Xz = (l)oLZ (419)
_ 1 __t (4.20)
woCa 47 wyCp

4.4 Tuner Metrics

Design of an impedance tuner depends on the application specifications; such as, loss, linearity,
power handling, impedance coverage, and speed of adaptation. Typically, an ideal tuner would be
lossless and with 100% tuning range [76]. However, this is rarely achievable due to trade-offs be-
tween loss and tuning range, along with power handling and linearity. A lossy tuner with wide tuning
range might be suited for antenna tuning where minimization of reflected power is of the highest
priority; whereas, for the PA, a relatively small tuning range with a very low loss might be best suited
since the PA load impedance is not expected to change drastically. This section explains the parame-

ters relevant to designing an impedance tuner: tuning range, loss, and tuner control.

4.4.1 Tuning Range

The tuning range of an impedance tuner is quantified by the area covered on the Smith chart,
where an impedance tuner with 100% coverage would have a tuning area of 1 (total area of Smith
chart). Figure 4-10 shows a uniform 0.1 gamma grid where each dot is representative of a load im-

pedance at a single frequency that can be matched by a tuner.

-j1.0
Figure 4-10: Illustration of impedance tuner coverage. Each dot on the Smith chart represent load impedances
that can be matched [61].
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Apart from the coverage specification, the density of the points within the covered area is also
importance as it is related to the allowable VSWR. Tuner coverage contains the worst-case quality of

match that can be achieved inside the area.

4.4.2 Tuner Loss

For the impedance tuner to match a highly reflective load impedance, it needs to be configured
to provide the complex conjugate in order to maximize the power transfer. To achieve such imped-
ance, a low-loss matching network is necessary. In practice, an impedance tuner than can produce
impedance up to VSWR of 40 is considered to be a low loss tuner. However, this loss will increase in
frequency with the decrease in Smith chart coverage. The general equation to calculate loss is known

as Loss Factor, which is defined as by (4.21) [61]..

Loss Factor = 1 — |S11]% — |S3,|? (4.21)

However, (4.21) is only valid when the source and load are matched. A more appropriate meas-

ure of tuner insertion loss is where it accounts for unmatched 2-port network as stated in (4.22) [26].

Insertion Loss = @ = ﬂ (4.22)
Pps 11— 18117

As per the definition, port 1 is connected to a source and port 2 is connected to a dynamic load.
Equation (4.22) eliminates the mismatch at port 1 where it negatively impacts the insertion loss. For
tuner, the mismatch at port 2 should be factored out when calculating insertion loss rather than mis-
match at port 1. Since source sees a matched load, the tuner loss should only be considered when the

impedance is not matched. This leads to a special insertion loss of tuners given by (4.23) [26].

152112 (4.23)
1— 83,12

Insertion Loss for Tuner =

4.4.3 Tuner Control
There are two types of tuner controls; continuous tuner and discrete tuner. Continuous tuner
consists of a circuitry where reactance is a function of DC voltage [61]. For continuous tuner, a vari-
able reactance device is used to change the characteristic impedance. Such tuners are typically im-
plemented using digital to analog (DAC) converters, where only a discrete number of states exist in

practice.
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Discrete tuners are built using switches that can be implemented using transistors, PIN diodes,
or MEMS device. Digital tuners consist of various capacitors where each capacitor increases the num-
ber of states by 2", where n is the number of capacitors [61]. Single-pole multi throw switches can
also be used to design phase shifters where each throw can be configured to use as 0°, 45°, 90°, and

135° of relative phase between them.

4.5 Architecture and Analysis

The proposed impedance matching is based on m-matching network. This network has better
control compared to the L-matching network. The m-network fairs better for tuning compared to the
lumped tuning method due to its low loss as it only passes through a single inductor. This work pre-
sents a 16-bit m-structure matching network with the ability to match at-least 30 to 80 Q and covers
aregion approximately within +j35. The impedance tuner presented in this work is directed towards

X-band applications.

In this section, a simplified design will be discussed, where a 16-bit m-matching network for X-
band will be discussed to a wide range of complex impedances. A complete layout of the design will

then be presented and lastly, EM-simulation results will be analyzed.

4.5.1 Design
A 16-bit m-network structure is shown in Figure 4-11. The FETs are in two operation modes, ON
or OFF. Each FET and capacitor arm creates Cs and C; where Cs on the source side and C; is the load
side capacitances that are part of one matching condition.
(MM

c2
c1 CTRL2

| I

s c16
FET1S FET16
CrRLLS CTRL16

Figure 4-11: 16-bit M-Matching Network

72



This topology has low loss since the signal path is much shorter and gives more flexibility in
terms of controlling shunt capacitors. Each FET is 2x200 pm biased at -4 V in OFF state and 2 V for
ON state to ensure proper choke and signal path to ground, respectively. The series spiral inductor
produces 1 nH. The insertion loss and isolation was simulated over series device widths for different
shunt device dimensions to find out the best match to be incorporated as one of the bit strands in this

design. The full structure of the impedance tuner is shown in Figure 4-12.

Figure 4-12: 10 GHz 16-bit Impedance Tuner

A 20x70pm air-bridge is used to access the inside node of the inductor. Each strand for the
matching network shown in Figure 4-13 consists of a 2x200um FET. Additionally, a 1 nH series in-
ductor, 20x80um air-bridges, tuned MIM capacitor, 3x100pum nichrome resistor (equivalent to 1500

Q as DC feed for the FET) are used. Figure 4-13 shows a single shunt matching network strand.

Figure 4-13: Single matching network strand

Air-bridges are used to ensure good connectivity between two sources. A transmission line is
stretched out to connect to a VIA, and a 1500 Q nichrome resistor is placed at the gate of the FET to

act as a DC feed and supply Vg. Each shunt capacitances is tuned to ensure proper matching for X
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band, with a total 16 capacitor-shunt combinations, creating 16-bit tuner. Figure 4-14 shows com-

plete the layout of the tuner. It occupies 1x1.2mm of total die space.

DC Feed
v [
7 %
%% %7
7 7
/ -7 V-
5 Vi 4
. . 7 v\
CS Tuning Bits ;3 :f
7% % CL Tuning Bits
-7 %7 i / )
= 1nHInductor =7
7% |
% %
7% A
Pt 4] 777227, G-
JI Y N %7
7 1/, 2%,
% 7%
7% %4
id 7%
RFIn . A RFOut
7% 2%
%4
%% 44
A %
7 7
i/ 47
% 7
%% %7
%% 7%
%% 7%
%% 7
%% %%
o ’,5 ;,’ 3
7 7 “
7% %7
% %
% 7 CL Tuning Bits
/ 7 7 g
A/ gﬁ .
i its L AR
CS Tuning Bits ;g 7
% %
| s F
Z 7
Z / FET

Figure 4-14: Layout of 16-bit programmable impedance tuner

4.5.2 Results
Stability of the tuner is confirmed by verifying the stability factor and the stability measure
which as displayed in Figure 4-15 where it has been found to meet the criteria for the desired oper-

ating frequency range.

1E1

StabMeas1
StabFact1

1E-1

0 5 10 15 20 25 30 35 40 45 50
freq, GHz
Figure 4-15: Stability of Impedance Tuner
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The impedance tuner is designed to have low loss from port to port. Small or no loss should be

observed. Simulations were performed using 2 V for ON and -4 V for OFF control voltage.

Figure 4-16 displays the plots of S1; while Figure 4-17 illustrates insertion loss of the impedance
tuner based on equation (4.23) and VSWR of the 16-bit impedance tuner for 216 combination (repre-
sented by variable INDEX). The target bandwidth of 8 to 12 GHz to cover X Band entirely was not
possible due to low tuning range of the series inductor. Hence, the tuner was only able to operate
from 9 to 10 GHz. Simulations were performed using Data Access Component in ADS, setting the con-

trol bits for each of the tuner strands. Table 4-1 presents a summary of the tuner parameters.

R

freq (9.000GHzZ to 9.000GHZ) freq (9.500GHz to 9.500GHz)

(a) (b)

L

—

freq (10.00GHz to 10.00GHz)

(©)
Figure 4-16: (a) Si1 of Impedance Tuner at 9 GHz; (b) Si: of Impedance Tuner at 9.5 GHz ; (¢) Si11 of Imped-
ance Tuner at 10 GHz with signal series inductor
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Figure 4-17: (a) Insertion loss at 9 GHz; (b) VSWR at 9 GHz; (c) Insertion loss at 9.5 GHz; (d) VSWR at 9.5
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Table 4-1: 16-Bit Impedance Tuner Parameters with single series inductor

Imaginary Maximum Approximate
Frequency Sl Impedance | VSWR Insertion Smith Chart
ance Range Range loss of Coverage
8 Tuner 8
9 GHz 15-80 Q -j40 to j30 2.5:1 1dB 20 %
9.5 GHz 20-200 Q -j30 to j80 3:1 1.2 dB 32%
10 GHz 20-200 Q -j30 to j80 3.5:1 1dB 30 %

The impedance tuner having one series inductor is only able to cover 9 to 10 GHz. However if
the entire X-band coverage is required, the series inductor needs to be tunable to cover all operating
frequencies of the band. The following section presents a tunable series inductor which is added to

the tuner to increase the bandwidth.

4.5.3 Modifications
The modification of topology presented in section 4.5.1 is examined in this section. There is a 3-
bit inductor tuner added as the series inductor shown in Figure 4-11. The 3-bit inductance generator,
shown in Figure 4-18.
L1 L2 13

— —
RF IN RF OUT

CTRL1 CTRL2 CTRL3

Figure 4-18: 3-bit inductance generator

Three inductors are utilized where each is in parallel with a 2x200 pm FET. To recognize L1,
CRTL1 is turned OFF and CTRL2 and CTRL3 both turned ON. When the FET is turned OFF, the full
inductance is realized; whereas, when turned ON, the signal sees a small loss for each FET in the
chain. The spiral inductors 1, 0.50, and 0.25 nH are used as L1, L2, and L3 respectively, where the H
shaped structure contributes the additional 0.2 nH of inductance. The target frequency range for this
design is 8 to 12 GHz to cover the X-band in its entirety. The particular combination of gate voltages
for the 3-bit inductor structure were optimized by ADS tuning as shown in Figure 4-19 and plot of

inductance and insertion loss versus frequency is illustrated in Figure 4-20.
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Figure 4-19: ADS schematic of 3-bit inductance tuner
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Figure 4-20: Layout driven schematic simulation of (a) inductance and (b) insertion loss versus frequency

A full layout of the impedance tuner with 3-bit inductor tuner is displayed in Figure 4-21, which
requires an allocated space of a 1.1x1.2 mm of die space. Subsequently the schematic is presented in

Figure 4-22.
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Figure 4-21: Layout of 16-bit reconfigurable impedance tuner with 3-bit inductor tuner
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Figure 4-22: X-Band 16-bit Impedance Tuner with 3-bit inductance tuner

Figure 4-23, Figure 4-24, Figure 4-25, Figure 4-26, and Figure 4-27 display plots of S11, insertion
loss, and VSWR for 8, 9, 10, 11, and 12 GHz respectively where the variable INDEX represents 216
combinations. Subsequently Table 4-2 presents a summary of the tuner parameters of the modified

design. The red vertical line for linearity plots represents all capacitors in the OFF state and the blue

vertical line represents all capacitors in the ON state.
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Figure 4-23: (a) Si: of Impedance Tuner; (b) Linearity; (¢) Insertion Loss of Tuner; (d) VSWR of Tuner at 8
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Figure 4-24: (a) S11 of Impedance Tuner; (b) Linearity; (c) Insertion Loss of Tuner; (d) VSWR of Tuner at 9
GHz with series 3-bit inductor tuner
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Figure 4-27: (a) Si1 of Impedance Tuner; (b) Linearity; (c) Insertion Loss of Tuner; (d) VSWR of Tuner at 12

GHz with series 3-bit inductor tuner

Table 4-2: 16-Bit Impedance Tuner Parameters with 3-bit inductor tuner

Real Im- | Imaginary Maximum In- | Approximate
Frequency | pedance | Impedance | VSWR | sertion loss Smith Chart
Range Range of Tuner Coverage
8 GHz 10-80 Q -j40 to j80 3:1 3dB 25%
9 GHz 10-100 £ -j40 to j70 3:1 2 dB 21%
10 GHz 20-100Q | -j40toj60 | 3:1 1.8dB 18 %
11 GHz 30-150 Q -j30 to j80 3.5:1 3dB 22 %
12 GHz 20-100 Q -j40 to j50 3.5:1 2.5dB 15%
4,54 Conclusion

The 16-bit impedance tuner presented in this work shows good Smith chart coverage while hav-

ing low maximum insertion loss for 9 to 10 GHz. With the antenna port matched to 50 €2, the tuner

generates approximately 15 to 80 Q tuning range for 9 GHz, 20 to 200 Q for 9.5 GHz, and 20 to 200

85



Q for 10 GHz with a single series inductor. The maximum insertion loss of the tuner as 1.2 dB was
obtained at 9.5 GHz. Majority of the tuner indices for VSWR simulation falls at a ratio of 2:1; however,
for the given number of indices, the VSWR is high. The drawback of the single inductor tuner is its
bandwidth of operation, which is optimized at 1 GHz with the frequency of operation from 9 to 10

GHz.

The modification design presented with added 3-bit series inductance tuner increased the fre-
quency of the operation from 8 to 12 GHz. However, with increased bandwidth, an increase in inser-
tion loss of the tuner with slightly higher VSWR and lower percentage of Smith chart coverage was

realized.

In this Chapter, a brief description of tuner design parameters was discussed. A single series
inductor m-network matching network was designed to operate at 9 to 10 GHz. A modification of the

circuit was also presented to increase the frequency of operation from 8 to 12 GHz.
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Frontend Module

This section will discuss the FEM and integrated SPDT that has been submitted for fabrication
to CMC. The PA consists of 2 W of output power and upwards of 12 dB of gain from the LNA at 10
GHz with a total of 4x2 mm allocated space for fabrication. It was of key importance not to degrade
the receiver and transmitter performance while designing the SPDT. In this Chapter, the design will
be discussed and a layout of the complete FEM will be presented. Thereafter, EM-simulation results

of the PA, LNA, and SPDT will be shown to demonstrate the performance of the FEM.

5.1 Design

The switch was integrated to make a FEM at 10 GHz. The PA and LNA (designed by fellow group
researcher) was incorporated in the module. The requirement for the PA was to provide 2 W matched
with 50 Q and LNA to provide a gain greater than 12 dB. A one state series-shunt configured SPDT
was designed to be utilized as T/R switch operating at 10 GHz. For each throw, one 2x200pum series
FET and one 2x200um shunt FET was used to bias at -4.5 V and 0 V. The complete layout of the FEM

sent for fabrication is shown in Figure 5-1.

The LNA has two stages with a 160um gate width GaN HEMT. Feedback topology was used to
ensure adequate stability of the circuit. The DC bias of the LNA was set at Vgs 0of -3.76 V and Vps of 20

V. The two stage, class AB PA was simulated at a drain voltage of 20 V and gate voltage of -2.3 V at
10 GHz.
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Figure 5-1: Layout of Complete FEM
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There are two signal probes and two DC probes that were used (details of probes discussed in
section 5.2). The design was made to ensure all probes are lined up accordingly. For DC probes, the
spacing is 150um while the signal probe spacing is 100um pad to pad. There are several de-embed-
ding and component characterization structures within the 2x4 mm die space. Three different HFET
sizes were used; namely, 100, 160, and 200um. All of the HFET’s have a separate test structure to be

able to characterize them. They are designed to be probed by ground-signal-ground (GSG) probes.

Seven DC probes were allocated for PA and LNA and two DC probe on each side were allocated
for the switch. Additionally, there is a MIM capacitor with GSG pads to measure the capacitance of
this device. The SPDT traces were modified to fit the LNA and PA structures. The DC feed using 1500
Q nichrome resistors were connected to the gate of the FETs. An additional ME1 of 5x1pum was added
to each end of the resistors to ensure minimum 5pum to ME1 length meets the design rule check
(DRC). There are no sharp edges in the layout and all bends are designed using curve traces. The

complete FEM is DRC error free and has been sent to NRC for fabrication.

5.2 Simulation Results

As mentioned, the SPDT was modified to integrate a T/R switch for FEM. As a result, bias points
are slightly different then discussed in section 3.3.2. For the switch, ON state: 0 V and OFF State: -4.5
V biasing is used. The probes were modelled using 3 nH and 0.4 Q. Each probe was connected from
the pad to simulate the most accurate results. Figure 5-2 shows the insertion loss, isolation and re-

turn losses for the modified SPDT to fit within FEM.
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Figure 5-2: (a) Insertion Loss and Isolation versus Frequency; (b) Input and Output Return Loss versus Fre-
quency for modified SPDT to integrate in FEM
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Insertion loss of the modified SPDT is 0.22 dB while having isolation of -30 dB at 10 GHz. S11 and
S22 of the switch indicates a good broadband response as it was found to be -14.5 dB and -18.3 dB
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respectively at 10GHz. Figure 5-3 shows a plot of the total receiver and transmitter forward gain

versus frequency. The receiver S;1 was found to be 14.1 dB and 15.1 dB for transmitter.
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Figure 5-3: (@) FEM Receiver Forward Gain versus Frequency; (b) Transmitter Forward Gain versus Frequency

Figure 5-4 presents the Si1 and S;; of the receiver chain and was found to be below -19.6 dB and

-17.4 dB respectively.
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Figure 5-4: (a) FEM Receiver Input Return Loss; (b) FEM Output Return Loss

Transmit chain (PA and SPDT) was biased to display improved performance for large signaling.

Figure 5-5 displays the transducer power gain and Power Added Efficiency(PAE) versus output

power, where the output power of the FEM is 32.67 dBm.
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Figure 5-5: Power Gain versus Output Power of the FEM

Table 5-1, Table 5-2, and Table 5-3 represent the summary of the FEM parameters. It can be seen

that the PA outputs 33.6 dBm power with 27.45% efficiency while consuming 180 mA of Supply Qui-

escent Drain Current. For the receiver chain, the forward gain was found to be greater than 12 dB for

a frequency between 7 to 14 GHz, while having good input and output return losses.

Table 5-1: Receiver Performance Summary

Parameters LNA Switch Receiver Chain
: >12dB >12dB
Forward Gain, Sz1 (7-15 GHz) IL<1dB (2-18 GHz) (7-14 GHz)
S <10dB <10dB <10dB
" (6-14 GHz) (2-18 GHz) (7-15 GHz)
S <10dB <10dB <10dB
2 (3.8-15.5 GHz) (2-18 GHz) (7-18 GHz)
Table 5-2: Transmitter Performance Summary (Input at 18 dBm)
Parameters PA Transmitter Chain
Output Power | 33.60 dBm 32.67 dBm
Sa1 15.60dB 14.67 dB
PAE 29.90 % 27.45 %
Table 5-3: FEM Power Consumption
Single DC Supply Supply Quiescent Drain Current - Supply Quiescent Drain Current -
Voltage Receiver Transmitter
20V 80 mA 180 mA

The switch in the receiver chain was found to not significantly impact the forward gain, return

losses and bandwidth coverage of the LNA. For the transmitter, the switch resulted in a 0.93 dBm of

output power loss and a reduction of 2.45% in PAE.
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5.3 Conclusion

In this Chapter, an SPDT was configured to be integrated in a 10 GHz FEM as T/R switch. The
single stage series-shunt SPDT was modified to form a compact design presented in section 3.4 in
order to connect to the LNA and PA. DC probe pads and GSG pads were planned with LNA and PA
designer to ensure proper allocation of pads. Overall, the SPDT did not have significant negative im-
pact for the receiver and transmitter. The FEM was submitted for fabrication with several test struc-
tures included, which will be used to characterize the models of the kit. A measurement of the FEM
will be carried out as future work. This shows the application of RF switch as T/R operation mode in

a 10 GHz FEM.
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Conclusion and Future Work

6.1 Summary

Wireless devices have experienced an explosive growth in the last few years; a trend that is ex-
pected to progress even further. The drive for low power, low cost, and smaller form factor continues
to inspire innovations in wireless products. GaN RF systems are beginning to achieve satisfactory
levels of performance and expected to provide a much needed boost for the consumer wireless mar-
ket. With the continuous consideration and implementation of GaN technology, new techniques and
architectures are actively being studied. RF switches and impedance tuners are examples of such
architectures. In this research, that the design of GaN based RF switches were examined for integra-
tion into RF transceivers with simple architecture while decreasing the number of components with-
out sacrificing performance. This was demonstrated with the application design of impedance tuner

and integration of SPDT in a FEM.

The efficient performance of GaN devices as RF switches was demonstrated through their high
power handling capabilities, higher breakdown voltages, high linearity, and low ON resistance and
OFF capacitances. In this work, the GaN 0.15um kit provided by NRC was used to characterize the
components (FET, capacitor, and inductor) to be used in switch topologies.

Subsequently, a Series only, Shunt only, and Series-Shunt SPST were designed in order to exam-
ine the characteristics of switch building blocks. The simulated performance of SPST created the fun-
damental building blocks of broadband SPDT, DPST and DPDT, which were also designed in this the-

sis.

A diamond structure double pole switch was designed to operate as DPST as well as DPDT. A
Series-Shunt double pole switch design was also evaluated; however, due to low power handling ca-

pabilities, the switch can be integrated only for small signal power applications. A modification of
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Series only switch to the double pole switch topology was presented. Improvement was observed in
power handling capabilities with Series-only double pole switch design, with isolation degradation

trade-off.

Impedance tuners were also investigated as application of RF switches. Various tuner design
considerations and matching networks were presented, along with, a 16-bit reconfigurable n-match-
ing network tuner designed for X-band operation. The tuner indicated good Smith chart coverage

with low tuning complexity. The complete tuner is designed to be compact and easily reconfigurable.

Finally, the SPDT T/R switch was integrated in an X-band FEM. The integrated SPDT switch has
low insertion loss and high isolation and it was shown to have minimal impact to the overall perfor-

mance of the FEM.

6.2  Future Works
The switches presented generated promising results at X-band frequencies using the NRC 0.15
pum GaN process. As a result, the following recommendations are suggested for future work:

e The ON resistance of the device can be reduced to improve the switch performance. Improv-
ing the Ryy can benefit the figure of merit of the switch. The PDK should provide shifted-gate
FET models or the ability to shift the gate placement between source and drain. This will en-
able a measurement and understanding of its impact on the RF performance of the device. By
shifting the position of the gate asymmetrically towards source, linearity, and RF perfor-
mance vary [77]. Therefore, the ability to control gate position between source and drain can
help to improve performance of individual devices. The pad width of through hole VIAs is
large (80pm); thus minimizing the size of the VIA will enable more compact designs.

e In this work, a 16-bit reconfigurable matching network was demonstrated. The m-matching
network circuit presented needs to be improved for lower VSWR. Future direction would be
to replace instruments with control circuits that are integrated with the tuner within the
transceivers. One of the challenges for the control circuitries is to dynamically generate bias
or control voltages to generate accurate matching. Furthermore, in order to actively correct
the mismatch, the speed of the control voltages must also be analyzed.

o Thelist of design consideration for impedance tuners includes insertion loss, impedance cov-
erage as seen in the Smith chart, complexity of the control tuning scheme, die size, and line-

arity. In this work, emphasis was given to impedance coverage in the four quadrants of the
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Smith chart, compact circuit die space and simple control scheme. In future works, more ef-
forts should be made towards lower insertion loss and higher linearity implementations. To
reduce insertion loss, the capacitors must exhibit high quality factors while providing rea-
sonable tuning.

Although DPDT design presented in this work shows promising results, improvements need
to be made in terms of the 1dB compression point. Further studies into DPDT specific switch
topologies should be conducted to improve power handling capabilities and increased line-

arity, while having high isolation.
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