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Abstract

The first part of the thesis describes-the, design and analysis of a low-noise
amplifier for UWB system. The features of the UWB LNAs are wide bandwidth, low
power consumption and flatness of gain. In order to get wide bandwidth, we utilize
the concept of multi-stages to design this circuit. The first stage is a common gate
topology and two common source amplifiers in the middle stages and the final stage is
a voltage follower. The bandwidth of the LNA is ranged from 2.6 GHz to 8.6 GHz.
The gain is 16 dB £ 1 dB. The minimum noise figure is 5.5 dBm and the power
consumption is 24 mW.

The second part is the design and measurement of a wideband single-pole
double-throw switch. The bandwidth of the SPDT switch is ranged from 33 to 60 GHz
centered at 46.5 GHz. The insertion loss is less than 4 dB and the isolation is more

than 32 dB.
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Chapter 1

Introduction

1.1 Motivation

Ultra-wideband (UWB) radar systems were developed mainly as a military use
because they could see through trees and beneath ground surface. Recently, UWB
technology has been focused on consumer electronics and communications because of
their potential for high-speed wireless communication. UWB is a wireless technology
that transmits an extremely low-power signal over a wide spread of radio spectrum
which is from 3.1 to 10.6 GHz defined, by.the Federal Communication Commission
(FCC). Ideal goals for UWB systems arelow:power, low cost, high data rates. The
dynamic ranges of the state-of-the-art wideband amplifiers which work well in other
applications such as high-speed optical transceivers- can not satisfy the UWB system
specifications.

Many LNA technologies for narrow-bandwidth systems have been discussed before.
Most of the topologies are designed for narrow-bandwidth systems during the last
decade. Hence, it is a challenge to find an applicable LNA topology for an UWB
system. A low noise amplifier which is applied to UWB systems must be
characterized the wide-band input matching to a 50Q antenna with flat gain over the
entire bandwidth, minimum possible noise figure and low power consumption. In
order to meet the target of system-on-chip (SOC), the digital and analog sections must
be integrated together. Therefore, the CMOS technology will be adopted in this thesis.

A monolithic microwave/millimeter-wave integrated circuit (MMIC) is a

microwave or millimeter-wave circuit, in which the active and passive components



are fabricated on the same semiconductor substrate such as gallium arsenide (GaAs)
or indium phosphide (InP). The operating frequency is from several to hundred GHz.
The GaAs pseudomorphic high electron mobility transistor (pHEMT) is the most
commonly available HEMT technology. The term " pseudomorphic" comes from the
fact that the device channel is generally formed from InGaAs. Making use of GaAs
pHEMT technology is beneficial for performance and is able to reach the
requirements of most millimeter-wave wireless applications such as local multipoint
distribution system (LMDS), high speed local area networks (LAN' s), satellite
communications, astronomy observations, automotive collision avoidance radar
system and military use [1]. A broadband switch can be exploited for diverse
applications. It controls the signal flow of the integrated circuit and it is also a crucial

component to achieve the goal of SOC.

1.2 Organization

This thesis was constructed from six chapters. It was devoted to the design of an
UWB CMOS LNA and a new broadband switch using InGaAs pHEMT.

Chapter 1 introduces the motivation of the research and the arrangement of this
thesis.

In chapter 2, the topologies in common use of LNA will be introduced. Each of
them has different advantages with different design architectures. We will make a
description for the four kinds of different topologies and choose the most suitable one
for wideband applications. In addition, the survey of recent low-noise amplifiers will
also be listed in this chapter.

In chapter 3, a LNA whose bandwidth ranges from 2.6 GHz to 8.6 GHz will be

. 1 o
presented. The architecture uses — termination topology as the first stage. To
O



achieve wideband performance, we introduce some gain matching components at the
third stage. The simulated results will be listed in the end.

In chapter 4, the design methodology of broadband switches and various
switching devices will be introduced, and switch configurations will also be
presented.

In chapter 5, the design theory and the design flow of a SPDT switch will be
introduced here. The bandwidth of the switch is ranged from 33 GHz to 60 GHz. The
simulated and measured results will be listed in the last.

In the last chapter, we will make the summary and indicate some suggestions for

the future design.



Chapter 2
Design Methodology of Low Noise Amplifier

2.1 Overview

This chapter is composed of three sections; first, simple description of CMOS
foundry will be listed. Second, noise sources and four basic topologies of low noise
amplifiers will be discussed in detail. Finally, we will discuss the state of the art for

UWB LNA:s.

2.2 Noise Sources

The output noises are mainly come’from thérmal noises. Besides the thermal

noise of resistances (i, ), there-arc the thermal noise-of the channel current (i, 4 ) and

the gate induced current noises (i,’y):[2]. They are:listed below:

2, = 4KT %Af 2.1)

iZ, = 4KT y gy Af 2.2)

- 2c2

i2, = 4KT f—= Af (2.3)
ng

where g,, is zero bias conductance, vy is the channel noise factor, and B is the gate

induced current noise factor.

2.3 The basic topologies of LNAs

For the LNA circuits, a resistive impedance matching between the LNA and the

driving source is a critical requirement. It is difficult to provide good impedance



matching to the source without degrading the noise performance because the input of
the LNA circuits is connected to a capacitive node. There are various matching
methods that have been applied to improve LNA performance. On the basis of these
matching methods, the LNA topology can be sorted by four kinds [3]:

Resistive Termination The 50Q resistance is connected to the input node of a
common source amplifier directly and the architecture is shown as Fig. 2.1(a). The
connection means that the input source can see only the resistor over reasonable
broadband. Nevertheless, the resistance which is connected directly to the input
terminal weakens the signal ahead of the transistor and brings thermal noise of its own.
This topology is rarely used in the LNA design because of its unacceptable high noise
figure.

1/g_Termination The inputiimpedance is set by the 1/g_ of the transistor in
the common gate stage shown as Fig 2.1(b). This,architecture is very simple and can
easily achieve the appropriate impedance.matching: This topology seems to be a good
choice for a wide bandwidth system because the transistor’s g is merely affected
in the frequency range of UWB system. In order to make 1/g_=50€, the value of
g has to be fixed at 20mS. This means that the transistor size has to be fixed and
this will affect the noise figure of the single transistor system. The gain of this LNA is
also fixed without increasing output resistance. Therefore, there will be more than one
stage when using this type topology to enhance the overall gain.

In the common gate configuration, the noise figure and the matching circuits
totally depend on the single transistor in the common gate stage. The equation 2.1

shows the noise figure of the single transistor [3].
F=1+2 @.1)
a

where v is the coefficient of channel thermal noise and a is



a=3n 2.2)
Joo

where g_ is the transconductance and g, is the zero bias drain conductance. For

the long channel device, y equals to 2/3 and a equals to 1. For the short channel case,
the value of y is greater than 2/3. Based on these data, the best noise figure of this
1/g, termination topology tends to be more than 2.2dB. Consequently, this topology
can afford quite wide bandwidth impedance matching but bring a large noise figure
and is difficult to achieve high gain performance.

Shunt-Series Feedback The architecture is shown as Fig. 2.1(c). With the shunt
series feedback architecture, the bias point of the input is fastened with the output
voltage. For this reason, the biasing point of this system is not set to the optimal bias
point. This will cause an extra power constmption to achieve the desired gain.
Moreover, the shunt series feedback architecture:has-a stability problem.

Usually the shunt series feedback can be analyzed as equation 2.3.

&_ ngO 2
11Z, 1+9g.R
S1=— 0 m° 'S 2.3
[ ] A 2(1_ ngf ) &_ ngO ( )
1+9,R;s Z, 1+9,Rs

R Z
where A=2+—+ M From the S-parameter matrix, the ideal matching

ZO 1+ngS

conditionis S,, =S,, =0, the series resistance Rg can be calculated as

2
R, L1 (2.4)
Rf gm

Substituting 2.4 in to 2.3 attains S-parameter

ZO
1 R, +7
[S]:X R P (2.5)
1-—- 0
ZO

Form the equation 2.4 and 2.5, we can realize that as long as we control the R; and



Ry, we can achieve the goal of very wide bandwidth and flat gain. The only
restriction of this architecture is that the source resistance Ry must be nonnegative.
If Ry becomes negative the system will oscillate. This limitation puts bounds to the
value g_  of the transistor with desired gain S,,.

Ri _1=8,

B 2.6
727, (2.6)

I Z Gnmin =
Therefore a transistor satisfying the condition of equation 2.6 can be selected in the
negative feedback configuration. This analysis is only valid for low frequencies
where all reactance components can be neglected. In the case of UWB systems, the
parasitic capacitance and inductance can not be neglected. Because of the undesired
effects of parasitic, not only the gain degradation but also the noise figure raising
will happen at high frequency. Besides,, the stability drops to the unstable region
because of the feedback effect. This typeof configliration must improve its gain and
noise figure at high frequency without reducing stability.

With this configuration, it requires very-high power consumption to increase
the gain because the bias point of the systemis fixed at the output voltage, which
is not the optimal DC biasing point. However, the architecture gives wide
bandwidth characteristic for the UWB system.

Inductive Degeneration The last topology is displayed in the figure 2.2(a).

From the small signal model shown as Fig. 2.2(b), the input impedance of this

architecture can be calculated as

1 g
Z. =s(L.+L)+—+()L 2.7
in ( S g) SC (C ) S ( )

gs 9s

At the resonant frequency, the input impedance is purely real and proportional to L.

Therefore, this system don’t have to add additional any resistive components and it

can reach the input impedance matching by choosing appropriate value of the L.

This leads to a very good noise figure and impedance matching for a narrow



bandwidth system. However, since this topology utilizes resonance at the desired
frequency, it can be used only for narrow bandwidth signals and it is not suitable for

wide bandwidth applications.

2.4 State-of-the-art LNAs for UWB application

Recently, there are several low-noise amplifiers designed for UWB systems. The
general architectures can be sorted for three kinds; one is choosing an inductive
degeneration topology which a broadband filter is located in front of. The second is
selecting a common gate topology as the first stage in addition to more stages to
enhance the power gain and the bandwidth and the third is using a shunt-series
feedback configuration. Even though the first kind makes use of inductive
degeneration which can afford lowest noise figure; this architecture also utilizes many
passive components which will antroduce higher noise figure. The second kind utilizes
common gate architecture to achieve input-matching, but it usually has more than 1
stage and leads to more power consumption. Low noise figure and power
consumption are two important features in UWB system. The third kind uses
feedback to enhance the bandwidth but this will lead to the problem of stability. In
order not to lead the circuit to unstable, the value of resistor must be chosen carefully.
The disadvantage of the feedback topology is that the circuit is very sensitive to the
process variation of the foundry. If the circuit was designed near the boundary of the
stable circle, the circuit will introduce oscillation even with little process errors. It

seems that there is no perfect design of low-noise amplifiers for UWB systems so far.

2.4.1 Broadband filter with source inductive degeneration LNA

In September 2001, Pietro Andreani and Henrik Sjoland published a method to

optimize noise of inductively degenerated CMOS low-noise amplifier [4]. The

8



simplified schematic is shown in Fig. 2.3. They mainly discussed the relationship
between Q, channel noise and gate induced current noise. When the value of Q is

increasing, the channel noise decreases but it also leads the gate induced current noise

to increase. The capacitor C; has the function of decoupling Q from C_, which

gs
allows for an adjustable reduction of Q for any given value of C . This architecture

is only suitable for narrow band application. In 2004, this circuit was improved for
wide-band use. Andrea Bevilacqua and Ali M Niknejad added two inductors (L,,L,)
and capacitors (C,,C,) in front of the previous circuit as shown in Fig. 2.4. These
passive components form a three-section band-pass filter to resonate its reactive part
over the whole band. In this way, it can achieve the wideband input impedance
matching. Its 3 dB bandwidth rangesform 2.4 to 9.5 GHz and power consumption is 9

mW [5].

2.4.2 Low noise amplifier with activeiinput matching

This architecture utilizes the characteristic of common-gate topology to achieve

the input impedance matching. A circuit presented in 2004 is shown as Fig. 2.5. The

resistance looking into the source terminal is 1/g,, and proper choice of bias current

can get the desired 50Q2. The second stage uses a feedback topology to enhance the

bandwidth and increase total gain. The addition of L, makes more gain and it do not
lead the circuit to oscillate. At some frequencies, the phase of output voltage is
in-phase with input voltage (positive feedback). L; can also avoid this situation to
happen. The capacitance C; blocks the DC current that comes from the output node.

The bandwidth of this circuit ranges from 3.1 to 6.1 GHz and its gain is around 17 to

15.5 dB [6].



2.4.3 Low noise amplifier with feedback

A shunt-series feedback topology LNA schematic is shown in Fig. 2.6. In the
figure, the load inductance L, substitutes for the resistive load of the original
configuration. The impedance of the inductor increases as the frequency increases and

this can compensate for the amplifier degradation at high frequency. The inductor L,

is added for additional gain boost at high frequency. The C; isused for DC blocking.

This capacitance blocks the DC current that comes from the output node. The
transduced gain is 8.5 dB and has a variation of +0.2 dB. The noise figure is 3 dB
[7].

We make a table to compare some wide-band LNAs shown in Table 4.1. Input
1dB compression point and IP3 dre merely concernied in case of UWB LNA because

in general the transmit power is-limited to be less than -42dBm/Hz.

10
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Fig. 2.2 Inductive degeneration : (a) topology, (b) small signal model
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Fig. 2.5 Circuit schematic of wideband LNA with active input matching
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Fig. 2.6 Circuit schematic of wideband LNA with feedback
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[5]

[6]

[7]

This work

measured Simulated Simulated Simulated

Technology | 0.18 um CMOS | 0.18um CMOS | SiGe 0.5um | 0.18 um CMOS
Band (GHz) 241095 3.1to6.1 0.8to 1.6 2.6t08.6
Bandwidth 7.1 (3dB) 3 0.8 6

S11 (dB) <94 -12.9to -18 N/A <94

S21 (dB) 10.4 (max) 17to 15.5 85 £ 0.2 17.6 to 15.6

S12 (dB) <35 <-43 N/A <-44.5

NF (dB) 42t08 39t04.3 about 3 5.581t0 6.6
Power (mW) 9 21 23.1 24
Area(mm?) 1.1 1.86 x 1.36 N/A 1

Table 2.1 Comparison of wideband.low. noise amplifiers

14




Chapter 3
UWB CMOS Low Noise Amplifier

3.1 Overview

This chapter will present a 2.6-to-8.6 GHz low-noise amplifier using a 0.18 um
CMOS process. It is based on the analysis in chapter 2. The foundry description,

design and simulation of the circuit will be shown in the following.

3.2 CMOS foundry description

The CMOS device used in this design is fabricated by TSMC Semiconductor
Corporation with a deep N-well.0.18-umiprocess,’and the Deep N-Well structure is
shown as Fig. 3.1. This CMOS" process: provides. academic users only as it is
fabricated through TSMC provided=shuttle:~It poessesses 1 poly layer and 6 metal
layers with low k inter-metal dielectric." Deep N-well, MiM capacitor, high poly
resistor, multi-Vt device and thick top metal are available for 1.8V/3.3V applications.

It is suitable for logic, mixed signal, and RF designs [8].

3.2 Circuit Design

In order to achieve the wide-band input impedance matching and flat gain, I
utilize the multistage architecture. Using multistage architecture can expand the
overall bandwidth [9]. There are 4 stages in this circuit totally, as shown in Fig. 3.2.
First stage is a common gate structure in order to achieve the impedance match of

50Q. The input impedance is close to 1/g, and g, is not much affected by

frequency of the bandwidth range, so it can achieve the wideband input matching. The
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second common source structure is for gain boost. The third source inductive
degeneration cascade architecture can not only enhance the gain but also reinforce the
reverse isolation. Reverse isolation is a crucial factor because LNA is often put in
front of mixer. In order to avoid the local oscillator leaking back to the LNA, it’s
better to choose a LNA with good reverse isolation for systems. The final stage is just
used as a buffer to permit the output impedance to be dropped to around 50Q.

The first and final stages utilize two current sources to bias the circuit, so the
current mirrors should be integrated into the circuit. The design of the current mirror
is same as tradition except for the capacitor C,., , as shown in Fig. 3.3. This
capacitor can block the high frequency interference which is leaking from the drain
node. If this capacitor was removed, the noise figure of the system will arise
significantly.

Because we utilize common gate as the first.stage, the thermal noise of channel

current has a significant effect-on system’s-noise figure. In order to minimize the

effect, we have an analysis for the relationship between AV, | and iﬁ,d where

bias

AV =V -V,
i2, = 4KT g, Af G.1)
grivnz,in = ir?,d (32)
ve 2 2KT7 (3.3)
o3

bias

Therefore, we can reduce the noise figure by decreasing AV and increasing |, .
The drain bias voltage is 1.8 V and the gate bias voltage is 0.7 V. The bias

voltage of current mirrors is adjustable in the range of 0 to 1.8 V. The layout of this

low-noise amplifier is accomplished by the Cadence tools and is depicted in Fig. 3.4.

The chip sizeis 1 x 1 mm?.
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3.3 Simulation Results

The model used in this simulation is BSIM3v3 provided by the foundry. The
performance of the low-noise amplifier is simulated with the commercial CAD
software Advanced Designed System. The post-simulation are performed via a
full-wave EM full-wave simulator SONNET.

The simulated gain and input, output return loss is depicted in Fig. 3.5. The
reverse isolation is shown in Fig. 3.6. The minimum noise figure is 5.6 dB, as shown
in Fig. 3.7. The total bandwidth is from 2.6 GHz to 8.6 GHz. The gain is 16dB *1
dB and input/output return loss are better than 10 dB. The reverse isolation is better
than 44 dB. The stability factor K and Mu are also simulated, as shown in Fig. 3.8(a)
and (b). The sufficient conditions.for unconditional stable are K>1 and Mu>1 of two
ports network.

The output power versus input powet-is.simulated at 5.5 GHz, as shown in Fig.

3.9. The 1 dB compression point was -27. dBmat 5.5 GHz.
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Fig. 3.4 Layout of LNA chip

Fregq., GHz

Fig. 3.5 S11, S22 and gain from 1 GHz ~ 11 GHz

19



dB

dB

-44

BY- N

=4 8-

=5 ) =

=5 2—

-84 T | T | T T T I T

Freq, GHz

Fig. 3.6 Reverse isolation S12 from 1 GHz ~ 11 GHz

7.0
8.6
g 00—
5'5 lllllIIIIIIIIlllllllllllllllllllll
2 a 4 5 B 7 B
Freq. GHz

Fig. 3.7 Noise figure of LNA

20



cS0OG0DES 1o

RITI I -
= 5—|

= e
LO001E4—

] 3
10000~ T T T T T T T

o 2 4 & B 10 18 1& 16 14 B0 L] 2 4 & ] 10 12 14 1% 18 2O

Fregq, GHz Fregq, GHz
(a) (b)

Fig. 3.8 Stability Factor, (a) K>1, (b) Mu>1

L=

=]

Ctput power (dBm)

1 |

o] -

=] [~
IIIIIIIIIlIIIIlIIII

|
[ 5]
=]

-44 -35 -2 -25 -20 -15 -10

Input power (dBm)

Fig. 3.9 Output power versus input power

21



+

22

NN,
B

o5




Chapter 4
Design Methodology of Broadband Switch

4.1 Overview

A switch can be applied to execute the multiple accesses, which is widely used
and considered as a main choice in communication. It also reduces the duplicate of
the circuits with the same functions. In low frequency range, the design of switches
neglects the parasitic and transmission-line effects. On the contrary, these effects
occur significantly in the millimeter-wave frequency range and must be taken into
account in the switch design. This chapter has a full discussion on the design

methodology of broadband switches.

4.2 Switching Devices

PIN diodes and FETs are two types: of devices used commonly in the control
circuits. Here, we discuss the significant properties of these devices.

PIN Diodes A PIN diode is a pn junction device that has a very minimally
doped or intrinsic region located between the p-type and n-type contact regions as
illustrated in Fig. 4.1(a). The combination of the intrinsic or i-region results in
characteristics that is very advantageous for certain device applications. In reverse
bias the intrinsic region causes very high value for the diode breakdown voltage,
whereas the device capacitance is reduced by the increased separation between the p-
and n-region. In forward bias the conductivity of the intrinsic region is controlled by
the injection of charge from the end regions. A practical PIN diode consists of a

lightly doped p- or n-region between the highly doped p-type and n-type contact
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region, as shown in Fig. 4.1(b) and Fig. 4.1(c). To identify very lightly doped p and n
material, the Greek letters are used; consequently, lightly doped p material is called
n-type and lightly doped n material is called v-type. The diode is a resistor controlled
by bias current with preferable linearity and low distortion. PIN diodes can provide
faster switching speed and can handle medium to large RF power levels. They also
make excellent RF switches, phase shifters and limiters. Sometimes the Schottky
barrier diode (SBD) is applied for faster switching speed.

FETs  In recent years PIN diode switches have been increasingly replaced by

FETs based monolithic switches, especially for low to medium power applications.

The FET switches are three-terminal devices, in which the gate bias V, controls the

states of the switch. The FET acts as a voltage controlled resistor, where the gate bias
controls the drain-to source resistance in'the ehannél. The intrinsic gate-to-source and
gate-to-drain capacitances and-device parasitics limit the performance of the FET
switches at higher frequencies. In switching-applications, a low-impedance (nearly
short) state is obtained by making the¢ ‘gate voltage equal to zero. When the negative
gate-source bias is larger than the pinch-off voltage in magnitude, the FET is in a
high-impedance (nearly open) state. Fig. 4.2 shows the linear operation regions of a
switching FET [10]. The configuration of a switching FET [11] is indicated as Fig. 4.3.
A low-impedance state can be adequately modeled by a resistance (R, ) which is
series connection to a parasitic inductor (L,,) between the source and the drain as
depicted in Fig. 4.4(a). A complete equivalent circuit in a high-impedance state is
illustrated in Fig 4.4(b). The equivalent circuit is based on the device geometry from
the reference [10], [12]. The off-state drain-to-source leakage resistance (R ) is

generally large enough to be neglected in circuit modeling. The drain and the source

are directly capacitive-coupled and through the gate (C,,C, and C ). All of these
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capacitances have series parasitic resistive elements (R, and Ry, for C, and

C R, for C,). A simplified FET model can be used without sacrificing accuracy

gd >

as shown in Fig. 4.5(a) and Fig. 4.5(b). The parasitic inductor was neglected for the

on-state equivalent circuit. The off-state equivalent circuit has been reduced to a

simple series resistor (R ) and a capacitor (C, ). For the simplification, it is

assumed that the magnitudes of the reactances of the various capacitances are much

greater than the various parasitic resistances. This assumption yields the following

relationship:
R s T R Rs +R
Ry =—EaF—+—=—¢ (4.1)
[+ =] [+ "up

Cy +Cy Cs

1/(C,+C

[1+ ds ]2 [1+ gs gd ]2
Cy +Cy G

Note that the relationships. for ‘Rg=and=C . -are frequency independent. The

frequency dependent terms have been fignored. It is important to note that no DC
power is required by the FET switches in either state. The other advantage of FET
switches is that additional bias circuits are unnecessary because of the DC isolation
between gate and drain (or source) by constitution. The FET switches are superior to
the PIN diode switches because they don’t have DC power consumption and DC

biasing isolation.

4.3 Basic Switch Configurations

There are two basic configurations [13] that can be used for a simple switch
design to control the flow of millimeter-wave signals along a transmission line. One is

series-type switch and the other is shunt-type switch. The third configuration that
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consists of the series-type and shunt-type switches is called series-shunt switch.

Insertion loss and isolation are two measures of the performance for the switch
when it is on-state and off-state. Insertion loss is defined as the ratio of the power
delivered to the load in the on-state of the ideal switch to actual power delivered by
the practical switch. It is usually expressed in decibels. Isolation is defined as the ratio
of the power delivered to the load for an ideal switch in the on-state to the actual
power delivered to the load when the switch is in the off-state.

Series-type Switches  The equivalent circuit of a series-type switch is shown
as Fig. 4.6(a). The low-impedance state of the FET allows the signal to propagate,
while in the high-impedance state, the incident power on the switch is mostly
reflected back. The low- and high-impedance states of the FET are called on-state and
off-state for a series-type switch. The insertion 1oss may be calculated by considering
the equivalent circuit depicted in Fig. 4.6(b). If V, ' denotes the actual voltage across

the load in the ideal switch, the mnsertion-loss-can be written as

2 2 5
V_L :14_%4_1 M +l M , (4.3)
VLD Zo 4 ZO 4 ZO

= R|OW + JX

IL=

where Z is the impedance of the switching device in the

low low

low-impedance state. Similarly, the isolation is given as
2 2
— 1+ Rhigh + l Rhigh +l Xhigh , (4.4)
Z, 4\ Z, 4\ Z,

where  Z, =Ry + Xy 18 the impedance of the switching device in the

2

A
VLD

1SO =

high-impedance state.
Shunt-type Switches Fig. 4.7(a) illustrates the equivalent circuit of a
shunt-type switch. The shunt-type switch is complementary to the series-type switch.

The low-impedance state of the FET almost reflects the incident power back and the
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high-impedance state permits the signal to propagate. Therefore, the low- and
high-impedance states of the FET are called off-state and on-state for a shunt-type
switch. The insertion loss may also be derived from the equivalent circuit as shown in
Fig. 4.7(b). If V,_ denotes the actual voltage across the load in the ideal switch, the

insertion loss can be written as
2 2 2
G G, B..
— 1 4 —high +l[ high j +l£ high J , 4.5)
Y, 4L Y, 40 Y,

where Yy, =Gy + 1By, 18 the admittance of the switching device in the

VL

IL =

LD

high-impedance state. Similarly, the isolation is given as

2 2 2
:1+%+l Y'ﬂ +l @ , (46)
Y, 4lY, ) aly,

=G, + B

so-|%

LD

where Y,

low

is the admittance. of, the switching device in the

low
low-impedance state.
Series-Shunt Switches The simplest-seriessshunt switching configuration is
indicated in Fig. 4.8(a). This switching:circuit can be analyzed in terms of the
equivalent circuit as shown in Fig. 4.8(b). For on-state, the impedance of the device

Z, is denoted by the low impedance Z

se

and the impedance Z, is denoted by the

low >

high impedance Z,, . From the simple circuit analysis, the insertion loss can be

written as
2
L, @t Zug) 2+ 20| 47
2 22,701 |
Similarly, the isolation is written as
Zy+Zio)Zo + Zug)|
ISO: l+( 0 |OW)( 0 h|gh)| ) (48)
2 22,Z,00 |

If the non-identical devices are used in the series and the shunt locations, the values of
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in (4.7) will be different from those in (4.8).

low

Ly and Z

In general, the isolation obtained by using the series-shunt configuration is much
better than that for either the series-type or the shunt-type switch. The insertion loss
for the series-shunt configuration is worse than that for a shunt-type switch but better

than that for a series-type switch.

4.4 Broadband Switch Design

4.4.1 Single-Pole Single-Throw Switch

A single-pole single-throw (SPST) switch is used to control the flow of signals
along a transmission line. As mentioned, previously, three configurations can be
applied to design a SPST switch.,“In the millimeter=wave frequency range, the device
paracitics introduce more significant detrimental effects on insertion and isolation
performance. Some well-known-compensated-techniques, such as capacitive [14] or
impedance-transformation methods [15], can be exploited to minimize the non-ideal
open or short effects. A traveling-wave concept was also applied in SPST switch
design.

A traveling-wave switch (TWSW) whose bandwidth is ranged from DC to 110
GHz has been published in May, 2000[16]. The circuit is shown as in Fig. 4.9(a). The
TWSW is described as the combination of a distributed shunt FET and a transmission
line of drain electrode. The reason that the switch can have a very wide bandwidth is
the equivalent circuit, as shown in Fig. 4.9(b), is the same as a lossy transmission line
for the on-state of the TWSW. This architecture is only suitable for single-pole
single-throw switch design because that when two or more branches combine together,

the traveling-wave property, i.e wideband performance, will be destroyed.
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4.4.2 Single-Pole Double-Throw Switch

The series-type and shunt-type circuits for single-pole double-throw (SPDT)
switch is illustrated in Fig. 4.10(a) and Fig. 4.10(b). The switch requires at least two
switching devices. If the branch of the series-type is ON state, the FET is biased in the
low-impedance state, and the branch is OFF state while the FET is biased in the
high-impedance state. If the branch of the shunt-type is ON state, the FET is bias on
the high-impedance state, and vice versa. The input signal flow controls by reversing
the FET states. The bandwidth of the shunt-type SPDT switch is limited because of
the quarter-wavelength transmission line, which is required between the locations of
the two switching devices.

The SPDT circuit, as shown.in Fig. 4.11, has the bandwidth of 8 GHz which is
ranged from 56 to 64 GHz with-insertion loss-less,than 3.2 dBm [17]. The structure is
similar with the circuit illustrated as-section-4.4.1.-The switch is composed of the
quarter-wavelength transformer and the FETs *which are spaced by one quarter
wavelength between the devices and the common joint. The bandwidth of this SPDT
switch is limited by the quarter-wavelength transformer but the transformer can
provide high isolation and minimize the loading effect. In spite of the circuit seems
like the TWSW, it doesn’t have the characteristic of traveling wave so its bandwidth is

not wide as the traveling-wave switch.

4.4.3 Single Pole m-Throw Switch

The single-pole m-throw (SPmT) switch has a single input, and m arms output
and only one arm of them is on state. This kind of switch can be used to control
antenna wave beams that the most common application is anti-collision radar used in

car. A SPmT shunt-type switch can be realized by using the short-circuited stub filter
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which will be introduced in chapter 5. The FETs are spaced by m quarter wavelength

transformers whose characteristic admittance is Y, between the joint of the input and

the m output arms. Each arm has n short-circuited stubs located between FETs and the

characteristic admittance of each stub is Y;, . The (m-1) off-arms have a nearly short

circuit made by the low-impedance FETs. The equivalent characteristic admittance of

these (m-1) arms is (m-1)Y,. The equivalent circuit of the whole switch, as shown in

Fig. 4.12 [18], will be looked like a short-circuited stub whose characteristic

admittance is (m-1)Y, shunt with the ON output arm. The entire characteristic is still
hold with the theory of the short-circuited stub filter. For this reason, the bandwidth is

unrestricted by utilizing this design approach.
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Chapter 5
New Broadband Switches using InGaAs pHEMT

5.1 Overview

In this chapter, a SPDT switch whose bandwidth is ranged from 33 to 60 GHz
will be presented. It is based on the Mumford’s and Fisher’s theory that will be
described later. The fabrication, design process and simulated results will be presented
in the following. The SPDT is an extended concept of the SPST switch, so these
results will be compared with the SPST switch which was designed by Y. Y. Chen
[18]. The measurement considerations ate also stated in detail. The measured data will

be listed in the last.

5.2 MMIC foundry description

This SPDT switch is fabricated by WIN Semiconductor Corporation with a
standard 0.15-um high-power InGaAs pHEMT MMIC process. The process uses a
hybrid lithographic approach which includes direct-write electron beam (E-beam)
lithography for sub-micron T-gate definition and optical lithography for the other
process steps. The pHEMT devices are grown using molecular beam epitaxy (MBE)
on 6-inch semi-insulating (SI) GaAs substrates. The pHEMT device has a typical unit
current gain cutoff frequency ( f,) of 85 GHz and maximum oscillation frequency

(f,..) of 200 GHz. The peak DC transconductance (G, ) is 495 mS/mm when

gate-source voltage is -0.45 V. The gate-drain breakdown voltage is 10 V, and the

maximum drain current is 650 mA/mm when gate-source voltage is 0.5 V. This

process also contains passive components such as thin-film resistor (TFR),
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mesa-resistor (epitaxial layer), metal-insulator-metal (MIM) capacitors, spiral
inductors and air bridges. The thickness of the wafer is 100 um for the backside metal

plating and reactive ion etching (RIE) via-holes are used for DC grounding.

5.3 Broadband Switches Design

5.3.1 The basic theory of broadband switch

W. W. Mumford [19] published a design approach of a maximally flat filter. The
filter, which is illustrated in Fig. 5.1, consists of the quarter-wavelength
short-circuited stubs spaced by quarter wave-length distance. The characteristic
admittance of each short stub can be examined by the table, is shown in Table 5.1,
created by Mumford. The filters are symmetrical’‘and only the normalized admittance
are listed.

In 1965, R. E. Fisher [20] has Suggested that the diode capacitance and its
parallel resonating stub tuner could-be-analyzed approximately as a simple stub. J. F.
White [21] demonstrated the feasibility of Fisher’s equivalence for low frequencies
from 1 to 2 GHz in 1968. In this thesis, Fisher’s equivalence is also adopted except
that the switching devices are replaced by the FETs and the frequencies are extended
to the millimeter-wave frequency range.

The thesis of Fisher states that when the length of a transmission line whose
admittance is Y is quarter wavelength, it can be replaced by a diode capacitance C
shunted with a transmission line whose admittance is Y; and phase delay is &, . The
circuit model used for Fisher’s equivalent circuit is shown in Fig. 5.2. The following

gives the relationship between Y., Y;, & and the diode capacitance C.
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Y, =2loC+Y, [cot‘l (%MH[“’OCJ } (2.9)
Vs Y; Y;

Fig. 5.3 is the plot for Y;and &, versus a)o% . For a more accurate estimation,
E

some corresponding variable values for the common steps in the estimation of

a)o% are listed in Table 5.2. If the diode capacitance C is zero which means the

E

capacitance is not used, in other words the normalized susceptance a)‘)% is zero,
E

the phase delay and normalized admittance YT% of the required tuning stub is
E

90° and 1. The reason is that the phase delay of a quarter wavelength transmission

line is 90°. This thought is instinctive. The largest allowable value of a)o% is

E
. Y. ,C -
Vs Vs
A . To look into the curves, /YE and @, are both zero when ° %E is A .

Combined the Mumford’s- and Fisher’s: theories, we can get the preliminary
circuit of the switch. The equivalenticitcuit-is-shown in Fig. 5.4. The circuit structure
is suitable for the design of the SPST.switch;" SPDT switch and even SPmT switch
because all the off output arms can be simplified as short-circuited stubs with proper
characteristic admittances. This speciality leads to keep the structure as the maximally

flat filter, so the bandwidth will be unlimited by the quarter wavelength transformer.

5.3.2 Circuit design

The microstrip transmission line is used for the design of the circuit. The
switching device is made by InGaAs pHEMT process whose gate width is 2 x 100 um.
This SPDT utilizes two SPST switches [18] to shunt together. The SPST switch is
composed of four short-circuited stubs and four transistors so it is called 4-order
switch. Each of the transistors is shunt with a short-circuited stub and is spaced by

quarter wavelength. The gate of each transistor is connected with a thin-film isolation

38



resistor R, . For the sake of isolating the noise to come into gate, the value of R,

is chosen as large as possible , here we select it to be 2 KQ. The gate control voltage

(V) is set to be -2V for the high-impedance state and 0V for the low-impedance state.

In order to verify the bandwidth of SPDT switch has relation to the 4-order SPST
switch, we have to design a 3-order SPDT switch. The reason is that the off arm can
be equivalent to a short-circuited stub and this leads the on arm to be looked like a
four-order SPST switch. The layout of the SPDT switch is achieved by Cadance tools

with chip size 2 x 2 mm?, as shown in Fig. 5.5.

5.3.3 Simulated results

The switching pHEMT model for,this simulation is a HP EEsof scalable
nonlinear HEMT model (EE.HEMT model) provided by the foundry. The
S-parameters and harmonic balance techniques are simulated by Applied Wave
Research (AWR) Microwave Office~The high frequency behavior was confirmed by
the commercially available electromagnetic (EM) simulator SONNET.

The simulated insertion loss and return loss of ON-state from 20 GHz to 70 GHz
is plotted in Fig. 5.6. The minimum insertion loss is -2.68 dB, and the bandwidth is
defined in the range that the insertion loss is less than 4 dB. Therefore, the bandwidth
is from 33 GHz to 60 GHz. The return loss is larger than 9.6 dB. The simulated
isolation and return loss of OFF-state is illustrated in Fig. 5.7. The isolation is better
than 32.7 dB and the output return loss is less than 2.7 dB. The total bandwidth is

centered at 46.5GHz for a flat insertion loss.

5.3.4 Measurement considerations

The switch is operated in the frequency range of 33 GHz to 60 GHz which
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includes of Q-band, V-band, the parasitic effect of the bonding wire is very significant.
Therefore, we have to perform on-wafer measurement. The location of probe can’t be
arbitrarily placed without concern with the probe station. Each side of the probe
station can only put one probe to ensure every probe having space to move. Because
the SPDT switch has three ports, one for input and the other two is for out puts, there
must be a right angle appeared in the layout. As a result, the calibration process will
not be the same as usual. The ideal approach is to measure it via a vector network
analyzer (VNA) which has more than three ports. Then, put the probe to a calibration
kit which can be used to calibrate three ports and whose size is similar to the DUT.
Because there is a 90° bend between three ports, it is hard to have a perfect through
line. What mention above is difficult to achieve, so we use another method to measure
it. Although this will make some:inaccuracy, it is acceptable. The approach to this
problem is to complete the 2 perts. Through-Reflect-Line (TRL) calibration process.
After that, move one probe to-the side-of-input port and the other locates on the
original side which is the same direction as-output port. The 3" port (also is output
port) is terminated with 50Q termination. Although this method may induce slightly

inaccuracy, it is quite acceptable.
5.3.5 Measured results

The SPDT switch was measured via on-wafer probing. Fig. 5.8 presents the test
setup used for the circuit measurement. There are 5 pads in the SPDT layout. Two are
connected to control bias and one is for 50Q2 termination, the other two are connected
to the Vector Network Analyzer. The micro-photograph of the SPDT switch is shown
in Fig. 5.9.

The control bias voltage is 0 V for the off-state and -2 V for the on-state. The

measured insertion loss, input and output return loss of the on-arm is plotted in Fig.
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5.10. The insertion loss is less than 4 dB and input and output return loss is better than
10 dB within 33 GHz to 55 GHz. The off-arm isolation, input and output return loss is
illustrated in Fig. 5.11. The isolation is better than 30 dB from 30 to 70 GHz. It has 22

GHz bandwidth centered at 44 GHz for a flat insertion loss.

41



NN

Fig. 5.1 Equivalent circuit for the maximally flat stub filter

YI/YO YZ/YO
0.100 0.200
0.300 0.600
) 0.500 1.000
3 0.700 1:400
pe 1.000 2000
E 1.400 2.800
2.000 4.000
2.500 5.000
3.000 6.000
0.100 0.292
0.200 0.571
S 0.400 1.109
% 0.800 2.141
3 1300 3.395
1.900 4.877
3.000 7.568

Table 5.1 Mumford’s design tables for the maximally flat stub filters

42

Yl /YO Y2 /YO Y3 /YO
0.100 0.366 0.532
0.200 0.694 0.989
0.300 1.005 1.410
& 0.400 1.304 1.808
2 0.500 1.596 2.193
2 0.700 2.166 2.933
H 0.900 2.724 3.648
1.300 3.819 5.038
2.000 5.702 7.403
2.800 7.829 10.058
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Fig. 5.2 Circuit model used for Fisher’s equivalent circuit
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Fig. 5.3 Summary of Fisher’s equivalence for

simulating a quarter-wavelength stub

with a capacitor and its parallel tuner
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@,C/Ng | Y7 /Yg | & (degree)
0.000 1.000 90.0
0.100 0.985 84.2
0.200 0.956 78.4
0.300 0.915 71.8
0.400 0.850 64.8
0.500 0.760 56.7
0.600 0.627 46.2
0.700 0.436 31.9
0.750 0.300 21.8
0.780 0.120 8.75

0.7854(x/4) | 0.000 0.00

Table 5.2 Tuned capacitor values for simulating

a quarter-wavelength stub
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Fig. 5.4 The equiyalent circuit of SPDT switch
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Fig. 5.5 Layout of the SPDT switch
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Fig. 5.6 The simulated retgm*l()ss and insertion loss for the on-arm of the
33-to 60 GHz SPDT Switeh :
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Fig. 5.7 The simulated return loss and isolation for the off-arm of the
33-to 60 GHz SPDT Switch
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Fig. 5.8 The test setups for the' S parameter ieasurement of the SPDT switch

Fig. 5.9 The microphotograph of the SPDT switch
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Fig. 5.11 The measured return loss and isolation for the off-arm of the
33-to 60 GHz SPDT Switch
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Chapter 6

Conclusions

In this thesis, two integrated circuits are presented. One is using WIN InGaAs
pHEMT and the other is using TSMC 0.18 um CMOS process.

A low-noise amplifier whose bandwidth is 2.6 GHz to 8.6 GHz is represented in
Chapter 3. The gain of the LNA is 16 dB + 1dB. The system’s minimum noise figure
is 5.58 dB at 3.5 GHz. The analysis of the noise figure is based on the existing
analytical methods which are suitable for narrow bandwidth systems. Besides, the test
methods to examine linearity, such as IIP3, are also developed for narrow bandwidth
systems. It is necessary to develop a new analysis method for wideband systems in the
future.

A 33 to 60 GHz single-pole double-thtrow switch is reported in Chapter 5. The
insertion loss is less than 4 dB within the bandwidth and the best isolation is -32.6dB
at 41 GHz. It has 27 GHz bandwidth ‘centered at 46.5 GHz for a flat insertion loss.
The measured result is a little different from the simulated. The measured bandwidth
is from 33 to 55 GHz. The bandwidth reduces to 22 GHz and the center frequency is
down to 44 GHz. The measured data dropped fast beyond 50 GHz resulting from the
un-precise device model which is given by the foundry. Besides, the inaccurate
calibration also affects seriously.

Because the circuits are operated at high frequency, the parasitic effects are very
significant and the EM simulations should be considered completely. The input/output
pads, transmission lines, passive and active devices should be totally included to
guarantee the precision of the circuit. Since the design of the wideband switches

utilizes the concept of the maximally flat filters, the distance between each
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components are fixed. As for the UWB LNA, the distance between two components
should be as short as possible in order to reduce the parasitics. The considerations of
the layout for these circuits are different. The most important is that the input and
output ports should be allocated at first to simplify the measurement setup, especially
for the totally on-wafer probing tests. If the locations of ports are not proper, it will

lead to increase the difficulty for measurements.
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