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The feasibility of implementing integrated radio-frequency (RF) com-

plementary metal-oxide-semiconductor (CMOS) switches is demonstrated.

The most challenging part of developing CMOS RF switches is the impact of

the semiconductive nature of silicon substrates. This degrades insertion loss,

limits the power handling capability of switches and may also trigger latchup

in CMOS circuits due to a forward biased junction in an integrated switch

when the output is mismatched.

Schottky clamped metal-oxide-semiconductor (MOS) transistors for

high power RF circuit applications have been implemented in foundry CMOS

processes with no process modifications. The use of Schottky clamped MOS

transistors in RF switches reduces the minority carrier injection into the body
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of the transistors when the source/drain-to-body junctions are forward biased,

and this reduces susceptibility to latchup for the surrounding CMOS circuits.

To achieve insertion loss of less than 1 dB in CMOS switches, substrate

resistances associated with the transistors are minimized and junction capac-

itances of the transistors are reduced in order to decrease signal coupling to

the substrate and thus reduce substrate loss. Through layout optimization,

substrate resistances of less than 20 Q in a 0.5-pm CMOS process using p

substrates, and substrate resistances of less than 10 Q in a 0.18-pm CMOS

process using p' substrates have been achieved. These substrate resistances

are low enough to make the substrate effect on insertion loss small. In addi-

tion, bias voltages have been optimized to ensure that the transistors operate

within a safe voltage region while the voltage swing required to turn on

source/drain-to-body junctions is increased, and thus the power handling

capability of the switch is maximized.

CMOS RF switches are demonstrated in 0.5-|im and 0.18-pm CMOS

processes using 3.3-V MOS transistors. At 900 MHz, the measured insertion

loss is as low as 0.5 dB which is competitive to commercially available GaAs

switches. At 2.4 GHz, insertion loss is 0.8 dB which is also comparable to that

of GaAs switches. The power handling capability of CMOS RF switches has

been increased to 24 dBm by using impedance transformation networks.
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These are the first CMOS switches to have sufficient performance for ISM

band applications near 900 and 2400 MHz. This dissertation work has demon-

strated that it is feasible to use bulk silicon CMOS technologies to implement

RF switches, which will reduce the cost of RF switches and thus reduce the

cost of radios.



CHAPTER 1

INTRODUCTION

The rapidly increasing demand for digital cellular phones, digital cord-

less phones and wireless local area network (WLAN) applications have

bloomed the market for radio-frequency integrated circuits (RFIC’s) [1]. These

circuits need to be low cost, to have low operating voltage and low power con-

sumption, and to be small in size with increased functionality. Several semi-

conductor technologies, gallium arsenide (GaAs), silicon germanium (SiGe),

silicon bipolar and silicon complementary metal-oxide-semiconductor

(CMOS), are being used to implement radio-frequency (RF) circuits. The GaAs

technology has been one of the major technologies for RF applications, espe-

cially for high power components such as power amplifiers (PA) and transmit/

receive (T/R) switches, due to a higher breakdown voltage, higher electron

mobility, and the advantages associated with the semi-insulating nature of

GaAs substrates [1-2].

The recent speed improvement of digital CMOS transistors has made it

feasible to implement wireless radio-frequency transceivers and their subcom-

ponents in silicon CMOS technologies [3-5]. As the feature size ofCMOS tech-

nologies is scaled down to the deep sub-micrometer regime, the frequency at

which CMOS transistors can operate while delivering acceptable performance

1
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should increase. This has increased the possibilities for CMOS RF circuits

meeting the stringent requirements of communication systems. A higher level

of integration can be achieved with CMOS technologies compared to GaAs

technologies. These, along with the potential for lower cost, have made RF

CMOS technologies and circuits topics for intense research.

The goals of this dissertation work are to study the feasibility of imple-

menting a critical circuit block used in the RF transceiver front end called the

radio-frequency transmit/receive switch, and to study the limitations on the

performance of RF switches imposed by the CMOS technology. A high quality

microwave switch is a key building block of the RF front end for time-division

duplexing (TDD) systems. In recent years, GaAs field-effect-transistor (FET)-

based switches have been the dominant technology for the RF T/R switch due

to their low direct current (DC) power consumption compared to traditional

microwave p-i-n diode switches. For RF T/R switch applications, switches built

in semiconductor integrated circuit (IC) technologies with insulating sub-

strates (such as GaAs and CMOS/silicon-on-sapphire (SOS)) have significant

advantages compared to those fabricated in a bulk CMOS technology [1]. A

typical GaAs FET-based switch achieves a 25-dBm PidB with 0.8 dB insertion

loss and 24 dB isolation at 2.4 GHz [6]. A CMOS/SOS switch demonstrates an

input-referred third-order intercept point of 18 dBm, with a 1.7-dB insertion

loss and greater than 30-dB isolation at 2.4 GHz [7]. Another CMOS/SOS

switch with a 1.0-dB insertion loss and 29-dB isolation at 2.0 GHz [8] has been

demonstrated. The power handling capability is not reported. Insertion loss
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and power handling capability of these CMOS/SOS switches are not very

good. More importantly, the cost for CMOS/SOS integrated circuits is consid-

erably higher than that of bulk CMOS integrated circuits.

Despite the fact that a MOS transistor is a natural switch, no MOSFET

single-pole double-throw (SPDT) T/R switches suitable for wireless applica-

tions at 900 MHz and higher have been reported prior to this dissertation

work [9-10]. In this dissertation, RF switches built in bulk CMOS technologies

intended for operation in the L band near 1 to 2.6 GHz are developed. Unlike

the other previously reported high power GaAs T/R switches [2], [6], the RF

switches are implemented in low cost digital CMOS processes and do not

require any process modifications and negative control voltages [6]

.

1.1 Transceiver: An Overview

In this section, operation of the building blocks of an RF front end,

which includes a receiver, a transmitter, a frequency synthesizer, a power

amplifier and a T/R switch, is discussed. A simplified block diagram of a cellu-

lar radio is shown in Figure 1-1 [11]. This radio includes RF front end, inter-

mediate-frequency (IF) modulation/demodulation and baseband signal

processing circuits.

1.1.1 Receiver

In the receive mode, the T/R switch connects the antenna to the receive

path. The RF signal is received by the antenna and passed through the T/R
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switch. The T/R switch should have low insertion loss to reduce its impact on

noise performance of the receiver. Also, the T/R switch should have good isola-

tion to block the transmit band signal from being fed into the input of the

receiver. The received signal is amplified by a low noise amplifier (LNA) fol-

lowed by an image rejection filter. To avoid overloading the LNA by out of

band signals appearing at its input, a bandpass filter (BPF) precedes the LNA.

This filter can also be used to reject images. The image rejection is needed to

keep the unwanted frequency components from being fed into the input of the

RF mixer in order to reduce the unwanted signal at the mixer output. The RF

mixer down converts RF signal to intermediate frequency (IF) using the fre-

quency synthesizer output. IF signal is then demodulated by the I/Q demodu-

lator. The output signal of the ADC is used by a digital signal processor to

reconstruct the message.

The requirement of a global system for mobile (GSM) receiver is that a -

102 dBm signal at the input of the receiver must be detected with a bit error

Figure 1-1 Simplified block diagram of a cellular radio.
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probability (BER) of less than 10'^. The system must also be able to reject a 0-

dBm out-of-band single-tone blocking signal, a -23-dBm in-band single-tone

blocking signal and a -43-dBm in-band two-tone blocking signal.

1.1.2 Transmitter

In the transmit mode, the input message is first processed by the digital

signal processor to generate in-phase and quadrature-phase data streams.

The data streams are then modulated with IF LOs followed by an IF filter.

The IF signal is mixed using an RF LO. Finally, the RF signal is filtered and

amplified by a power amplifier, and is fed to the antenna through the T/R

switch. The T/R switch should provide a low loss path for the transmit signal

to the antenna and should also provide a high power handling capability. The

peak transmit power requirement of a T/R switch is 30 dBm for GSM, 20 dBm

for CT3, 10 dBm for CT2 [12] and between 10 to 30 dBm for north American

industrial, scientific, and medical (ISM) band applications [13].

1.2 Figures of Merit ofRF Switches

Key figures of merit of an RF switch are insertion loss (IL), isolation

and power handling capability. The insertion loss measures the power loss

through the RF switch when the switch is turned on. The power loss ratio,

Plr, is [14]

_ Power Available from Source _ ^AVS _ 1
(1.1)

~ Power Delivered to Load ^Load I-IFlI^
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This quantity can be shown to be the reciprocal of
|

S21 1

^ if both load and

source are matched to the characteristic impedance. The insertion loss in dB

is

IL = 10 . logPLR

The insertion loss of an RF switch is particularly important for the

transmitter, because it determines how much of the power delivered by the PA

is lost before it reaches the antenna. The insertion loss also can have a pro-

found effect on the receiver. The insertion loss of a switch is the noise figure of

the switch. The insertion loss ofthe RF switch if poor can limit the noise figure

of the entire receiver. Thus, it should be sufficiently low, typically less than

IdB.

The off-state of an RF switch is characterized by its isolation. The defi-

nition of isolation is the same as insertion loss. However, isolation measures

the power leakage through the RF switch when the switch is turned off. Isola-

tion of an RF switch should be as high as possible to isolate the transmitter

and receiver.

The power handling capability of an RF switch is characterized by its

power 1-dB compression point (PidB^- This parameter is determined by the

non-linearities of a switch. Another parameter characterizing the non-linear-

ity of a switch is the third-order intercept point (IP3 ). The PidB ^ switch is

defined as the output power level at which the operating power gain (Gp) of

the switch deviates from the small signal power gain by 1 dB. High PidB of a
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switch denotes a high power handling capability of the switch. IP3 of a switch

is defined as the point where the extrapolated output power curve of the

desired signal and power curve of a third order intermodulation component

intersect [15]. The input referred IP3 of the device is denoted as the IIP3. In

general, the output of an RF switch, when the non-linearity effects are

included, has a voltage transfer function that can be written as a Taylor

series:

Vout = ao + ajvjn + a2Vi^^ + agVj^^ + . .

.

where Vj^ and Vgut denote input and output voltage of the switch, respectively

and ag, aj, a2 ,
... are constants. If the input to the system consists of two rela-

tively closely spaced tones at coj and CD2 ,
the Vj^^ term will generate the third-

order products at (2coi-a)2 ) and (2 c02-C0i) which cannot be filtered, even in a

narrow-band system [14]. High IP3 means the amplitudes of these third order

products are low.

1.3 Concerns for CMOS RF Switches

The power handling capability is a crucial parameter of CMOS RF

switches. It is extremely difficult to transmit power in excess of 30 dBm

through a switch operating from a low voltage supply (3 V or less). The two

problems are maintaining linearity in the on-state and maintaining isolation

in the off-state. Junction isolated silicon technologies in particular have great
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difficulty in meeting these performance requirements due to the possibility of

forward biasing the source/drain-to-body junction diodes during large power

excursions at the input and output of the switch [1] . The 30-dBm corresponds

to a ~ 20-V peak-to-peak voltage swing at the output of an RF switch with a

50-Q load. In CMOS RF switch applications, this 20-V peak-to-peak voltage

could easily forward bias the source/drain-to-body junctions of MOS transis-

tors. Simulations for a MOSFET switch with a 50-Q load in Figure 1-2 illus-

trate this problem. The available power from the source is 10 dBm in the

simulation. The NMOS source/drain-to-body junctions are forward biased

when the signal appeared at source and drain swings below the voltage at

body (Vg) of the MOS transistor. These forward biased junctions not only limit

the power handling capability of the switch but also may inject minority carri-

ers into the body of nearby transistors and trigger latchup. This problem can

be alleviated by applying DC bias to increase the reverse bias of the source/

drain-to-body junctions. This increases the RF voltage amplitude required to

forward bias the junction and thus improving the power handling capability

[16]. However, even after applying the DC bias, the maximum RF voltage

amplitude still can be limited by the requirement of reverse som*ce/drain-to-

body junction bias. Especially, the large RF signal in combination with the

output mismatch can still forward bias the junction and trigger latchup as

shown in Figure 1-3.

Normally, a transmit/receive (T/R) switch is connected to an antenna,

which has a nominal input impedance of 50 Q However, this impedance
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Figure 1-2 Simulations for a MOSFET switch with in a 50-Q system.

changes with surrounding structures. Because of this, the switch is required

to withstand the voltage or survive the stress even when the output load is

mismatched (< 10:1 voltage standing-wave ratio (VSWR)). For instance, when

the output load is 500 Q, VSWR is 10:1. Figure 1-3 shows the output voltage

waveform when the loading condition is 50 and/or 500 with 3.0-V reverse
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Figure 1-3 Simplified circuit schematic of an NMOS switch with 500-Q load

and simulated waveforms at corresponding nodes for the circuit.

biased source/drain-to-body junctions. The available power from the source

(Pays) about 20 dBm. Under the 50 Q load condition, source/drain-to-body

junctions are never forward biased. However, for the same input voltage, when

the load is 500 Q, the NMOS source/drain-to-body junctions are forward
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biased (when the source and drain voltage swings below the voltage at body

(Vb) of the MOS transistor). Incidentally, a similar situation exists for RF

power amplifiers.

These are serious issues for integrating CMOS RF switches with other

circuits. This latchup issue caused by integrated RF switches built in bulk

CMOS technologies must be solved before the switch can be integrated with

the rest of the transceiver circuits.

1 .4 Summary

MOS transistors using Schottky barrier contacts as drains have been

developed to reduce the parasitic bipolar actions and the susceptibility to

latchup in CMOS technologies. The proceeding chapters will describe the

development of MOS transistors using Schottky barrier contacts to reduce

latchup susceptibilities for CMOS RF switch applications, and also design and

operation ofRF switches and their components.

Chapter 2 describes an initial design of integrated Schottky barrier

drain MOS transistors with radically reduced susceptibility to latchup and the

concerns for the structure. Chapter 3 presents an improved structure, a Schot-

tky clamped drain MOS transistor which exhibits identical output I-V and

turn-on characteristics to those of a conventional MOS transistor, while exhib-

iting radically reduced parasitic bipolar effects. Design for Schottky clamped

drain CMOS structures for CMOS RF switch applications is also discussed.
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Chapter 4 describes the frequency response of Schottky clamped MOS

transistors compared to conventional MOS transistors and design of CMOS

RF switches. The effects of substrate resistances and source/drain-to-body

capacitances associated with MOS transistors on insertion loss ofRF switches

have been analyzed showing that substrate resistances and source/drain-to-

body capacitances need to be reduced to decrease insertion loss. Single-pole

single-throw RF switches were implemented in a 0.5-|im CMOS process. Mea-

surements have been done to understand the feasibility of using conventional

CMOS processes to implement single-pole double-throw CMOS RF switches.

Chapter 5 describes a brand new device concept, Schottky diode

clamped merged drain MOS transistors for digital CMOS circuit applications.

Using Schottky diode clamped merged drain transistors, a 100-stage inverter

chain has been implemented. The inverter chain exhibits similar performance

to those of conventional CMOS inverter chains while layout area is ~ 22%

smaller. This reduced area should decrease the cost of CMOS integrated cir-

cuits.

Chapter 6 presents design, implementation and demonstration of 900-

MHz and 2.4-GHz single-pole double-throw RF switches, and discusses the

reliability issues of RF switches. The 900-MHz switches were implemented in

a 0.5-pm CMOS process and also using 0.35-pm 3.3-V MOS transistors in a

0.18-pm CMOS process. The 2.4-GHz switch was implemented using 0.35-pm

3.3-V MOS transistors in the 0.18-pm CMOS process. Impedance transforma-

tion networks are used to reduce the RF voltage amplitude at the input and
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output ofRF switches to increase the power handling capability of CMOS RF

switches. The use of impedance transformation has increased the power 1-dB

compression point from 17 dBm to 24 dBm. Lastly, chapter 7 summarizes this

dissertation work and suggests possible future research work.



CHAPTER 2

SCHOTTKY BARRIER DRAIN MOS TRANSISTORS

2.1 Introduction

In bulk CMOS integrated circuit applications, especially for high power

applications such as RF T/R switches, it is sometimes unavoidable to have a

large voltage signal swing below ground or above supply voltage in some por-

tions of a cycle and thus forward biasing the source/drain to body junctions of

MOSFET’s as discussed in the previous chapter. This forward biased junction

not only limits the power handling capability of the switch but also may trig-

ger latchup. This latchup issue needs to be solved before the switch can be

integrated with the rest of the CMOS transceiver circuits. A MOS transistor

using Schottky barrier contacts as source and drain reduces the susceptibility

to latchup in CMOS [17-18]. In this work, the feasibility of integrating Schot-

tky barrier contacts in a foundry 0.8-|im CMOS process without making any

process modifications is investigated.

An insulated-gate field-effect transistor (IGFET) using Schottky barrier

contacts for source and drain was first proposed in 1968 [19]. The device char-

acteristics are comparable to those of conventional IGFET’s at room tempera-

ture. The forward and reverse characteristics of silicon Schottky barrier

diodes have also been studied extensively [20-24]. Silicon Schottky barrier

14
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diodes with near ideal I-V characteristics can be obtained by using a diffused

guard ring [20], a double diffused guard ring [21], and moat-etched techniques

[22]. Schottky barrier diodes have also been widely used for microwave net-

works because of their excellent high frequency behavior [25] . Due to the fact

that the minority carrier injection from metal-semiconductor contacts of

Schottky barrier diodes is negligible in most cases [26], Schottky barrier

diodes have been used as source and drain for MOS transistors to reduce the

latchup susceptibility associated with CMOS technologies [17-18]. Unfortu-

nately, the works reported by Swirhun et al. [17] and Sugino et al. [18]

required modifications of the process or suffered from device characteristic

degradations which truly limit their applicability.

In this chapter, an experimental MOS transistor, the Schottky barrier

drain (SBDR) MOS transistor [27], which radically reduces latchup suscepti-

bility is presented. The structure is implemented in a foundry 0.8-fxm Salicide

CMOS process. Implementation of the devices does not require any process

modifications. The foundry Salicide CMOS process used is similar to those in

Peng et al. [28] and Chapman et al. [29]. Measured transistor characteristics

and current gains of parasitic bipolar transistors of a 1.2-|xm SBDR PMOS

transistor are discussed.

2.2 SBDR MOS Transistors

In this section, a Schottky barrier drain (SBDR) p-channel MOSFET

fabricated in a conventional 0.8-|im foundry CMOS process without making
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any process modifications is described. A potentially useful feature of such a

device is that the parasitic p'‘‘-drain/n-well/p-substrate bipolar transistor

actions of CMOS technologies are not present since Schottky barriers do not

inject minority carriers. Due to the fact that there is no minority carrier (hole)

injection from the Schottky-barrier-drain-to-n-well, current gains of the para-

sitic drain/n-well/p-substrate transistor structure are negligible. This t}^e of

structure could be useful for reducing the latchup susceptibility in integrated

RF switch applications where source/drain-to-body junctions could be forward

biased due to the high input RF power level.

2.2.1 SBDR MOS Device Structure

A cross section of the SBDR PMOS device structure is shown in Figure

2-1. The gate length and channel width are 1.2 |xm and 12.0 |im, respectively.

SBDR Gate Source Body

Figure 2-1 Cross-section of an SBDR PMOS transistor.
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A major difference between the SBDR and conventional transistors is that the

SBDR device is as5nnmetric. On the drain side, the lightly doped drain (LDD)

and source/drain implantations were masked to form a TiSi2-Si Schottky bar-

rier contact. The Schottky barrier contact replaced the p‘‘’-to-/i-well junction.

At the source side, a conventional source structure was utilized to maintain

the turn-on characteristics of the MOS transistor.

2.2.2 SBDR MOS Device Characteristics

Figure 2-2 shows the output I-V characteristics of 1.2-|im SBDR and

conventional PMOS transistors. The threshold voltage of the device in the

reverse mode of operation (using the Schottky barrier contact for source

instead of drain) is very high because the LDD region is not present on the

drain side. In the forward operation (using SBDR), this absence of the LDD

region also prevents current conduction until Vj^s is lowered below -0.3 V, or

Vds is decreased sufficiently for the depletion layer associated with the Schot-

tky-barrier-drain to merge with that of the MOS structure which allows drain-

ing of holes from the channel. This phenomenon obviously is not observed in

the conventional MOSFET device. The SBDR structure has a higher drain to

source saturation voltage (
| V^s.SAT I

)• At Vqs= -2 V, the conventional device

will saturate when Vj)s reaches -0.8 V. However, the SBDR transistor will not

saturate until Vj)s= -2 V at Vq.s= -2 V. In addition, the source current at Vjjs =

Vgs= -5 V is 1.3 mA which is 300 |iA lower than that of the conventional
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Figure 2-2 Measured IdS'^DS characteristics for conventional and SBDR
PMOS transistors.

device. This is due to a higher series resistance in the SBDR transistor than in

the conventional MOSFET. This is a concern for RF power MOS applications,

and needs further improvements. Another concern is the reverse leakage cur-

rent of the SBDR junction. The leakage cmrent was about 13 pA at a 5-V

reverse bias and the junction breakdown voltage was about 6 V, and once

again, further improvements are needed. Despite these, the overall character-

istics of the SBDR-MOS transistors are promising.

Figure 2-3 shows the drain current dependence on Vqs of 1.2-pm con-

ventional and SBDR MOS transistors. When Vds= -0-1 V, the SBDR MOS
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-0.5 -1.0 -1.5 -2.0

Vqs (Volt)

Figure 2-3 Measured Ids’Vqs characteristics for conventional and SBDR
PMOS transistors.

transistors will not turn on because the absence of the LDD region on the

drain side prevents current conduction. When Vds= -IV, tum-on characteris-

tics of the conventional and SBDR MOS transistors start to look similar and

when Vds= -5 V, tum-on characteristics of the conventional and SBDR MOS

transistors are very similar. Once again, when V^s is decreased sufficiently

for the depletion layer associated with the SBDR to come in good contact with

that of the MOS structure, turn-on characteristics of the conventional and

SBDR MOS transistors become similar.
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2.2.3 Parasitic Bipolar Actions

Figure 2-4 shows Gummel plots of drain/n-well/p‘‘'-source parasitic

structures for the conventional and SBDR MOS transistors. The drains serve

as the emitters of the bipolar transistors. As expected, the collector current

associated with the minority carrier injection is very small for the SBDR MOS

transistor. Only a small amount of collector-base (p'*'-source-to-n-well) junction

reverse leakage current was present. This in turn should eliminate the para-

sitic drain/n-well/p-substrate bipolar action.

Figure 2-4 Gummel plots of drain/n-well/p"'-source parasitic pnp bipolar

transistors for conventional and SBDR PMOS transistors.
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2.3 Summary

A p-channel MOSFET using a Schottky barrier contact for the drain

has been demonstrated using a 0.8-)im foundry CMOS process. Fabrication of

the structure requires no additional mask or process step in the Salicide

CMOS process. Measurements showed that SBDR MOS transistors suffer

from high drain to substrate leakage current and low breakdown voltages [30]

as well as reduced drain currents. The reverse junction leakage current of

SBDR junctions was about 13 pA at a 5-V reverse bias and the SBDR junction

breakdown voltage was about 6 V. Using this structure, it is possible to elimi-

nate the parasitic bipolar effect due to the p'^-drain/w-well/p-substrate struc-

ture. This should allow unintentional forward biasing of the drain-to-n-well

junction in power RF applications with significantly reduced latchup suscepti-

bility.

Despite the fact that the Schottky barrier drain was separated from the

channel by a spacer oxide region, p-channel Schottky barrier drain MOS tran-

sistor characteristics were surprisingly good. However, /i-channel Schottky

barrier drain MOS transistors failed due to the absence of the LDD region.

Lastly, the "soft" reverse characteristics of SBDR junctions need improve-

ments.

The work reported by Li et al. [31] has shown that the effective barrier

height of Ti-silicon Schottky barrier diode can be increased to as high as 0.96

eV by using low energy ion implantations. The enhancement of effective
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barrier heights of Schottky barrier diodes should reduce the reverse leakage

current ofSBDR junctions and increase the junction breakdown voltage.



CHAPTERS
SCHOTTKY CLAMPED DRAIN MOS TRANSISTORS

3.1 Introduction

MOS transistors using a Schottky barrier contact as a drain have been

demonstrated by implementing the transistor in a conventional Salicide

CMOS process. The SBDR structure has shown the feasibility of implement-

ing MOS transistors using a Schottky barrier contact as a drain to reduce the

latchup susceptibility. However, the high junction leakage current, low break-

down voltage and reduced drain current ofSBDR MOS transistors are serious

problems.

In this chapter, a transistor structure called Schottky clamped drain

(SCDR) MOS transistors [32] is presented. This structure radically reduces

the latchup susceptibility while achieving the same drive current as conven-

tional MOS transistors. Implementation of SCDR MOS transistors is similar

to SBDR MOS transistors, and requires only simple layout changes but does

not require any process modifications. The structure is demonstrated in a 0.8-

|im foundry Salicide CMOS process.

The parasitic NMOS-drain/p-substrate/n-well (DPN) and PMOS-drain/

n-well/p-substrate (DNP) bipolar transistor actions of CMOS technologies are

greatly reduced by using the SCDR structure since Schottky barrier diodes

23
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which do not inject minority carriers clamp the drain-to-body junctions [32].

Current gains of the parasitic DPN or DNP bipolar transistors, in turn, are

significantly less than those of conventional MOS transistors. As a matter of

fact, products of the current gains of the parasitic DPN and DNP bipolar tran-

sistors are less than 1 and it should be possible to use this type of structures to

eliminate the latchup in CMOS technologies.

The SCDR transistors also suffer significantly less from the high drain

to substrate leakage currents and low breakdown voltages of SBDR MOS

transistors. Effects of guard band structures on the high drain to substrate

leakage currents and low breakdown voltages typically associated with Schot-

tky barrier diodes of the SCDR structure are also studied. Furthermore, the

minimum n^-drain-to-p^-drain spacing can be reduced from the minimum

allowed by the process since the maximum current gain product of the SCDR

CMOS structure with minimum n'^-to-p'*' spacing allowed by the process is less

than the unity. This reduced n'*'-to-p''’ spacing also reduces layout area and

increases the packing density ofSCDR CMOS circuits.

3.2 SCDR NMOS and PMOS Transistors

3.2.1 SCDR MOS Device Structure

A cross section of the SCDR NMOS device structure is shown in Figure

3-1. The gate length and channel width are 0.8-pm and 12-|im, respectively. As

stated earlier, implementation of the devices requires simple layout changes
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SCDR Gate Source Body

p-substrate

Figure 3-1 Cross-section of an SCDR NMOS transistor.

and does not require any process modifications. A major difference between

SCDR and SBDR MOS transistors is that on the drain side, the source/drain

implantation was partially masked to form a TiSi2-Si Schottky barrier contact

and an n-type guard ring. The SCDR width is 12-pm and the length is 3.2-pm

(see Figure 3-1) with a 1.2-pm wide n"*" guard band along the polysilicon gate

and 0.8-pm wide n* guard bands along the other three edges of the Schottky

clamping diode. The n'*' guard band along the polysilicon gate acts as a conven-

tional drain. Along with this, utilizing a conventional source structure pre-

serves the normal turn-on characteristics of MOS transistors as discussed in

the context of the SBDR MOS transistor. In addition, the guard band/ring

at edges of the Schottky clamp reduces electric fields at corners which in turn

reduces the reverse leakage current and raises the breakdown voltage while

retaining normal Schottky barrier diode characteristics [20].
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SCDR Gate Source Body

Figure 3-2 Cross-section of an SCDR PMOS transistor.

A cross section of an SCDR PMOS transistor is shown in Figure 3-2.

The basic structure of an SCDR PMOS and NMOS transistors are the same.

The channel length and width are 0.8-}xm and 12-|xm, respectively. Like the

SCDR NMOS transistors, on the drain side, the source/drain implantation

was partially masked to form a TiSi2-Si Schottky barrier contact and a p-type

guard ring for SCDR PMOS transistors. The SCDR width is 12-pm and the

length is 3.2-)im (see Figure 3-2) with a 1.2-|im wide guard band along the

polysilicon gate and 0.8-|im wide guard bands along the other three edges of

the Schottky clamping diode. Once again, the guard band along the polysilicon

gate acts as a conventional drain. Along with this, utilizing a conventional

source structure preserves the normal turn-on characteristics ofMOS transis-

tors as mentioned earlier.
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3.2.2 SCDR MOS Device Characteristics

Figure 3-3 (a) shows output I-V characteristics of 0.8-|xm SCDR and

conventional NMOS devices. Figure 3-3 (b) shows vs. Vqs curves of the

same transistors. The output and tum-on characteristics of the SCDR NMOS

transistors are identical to those of conventional MOS transistors. The sub-

threshold slope is about 100 “'^/decade both devices. Figures 3-4 (a) and (b)

show output I-V and tum-on characteristics of 0.8-pm SCDR and conventional

PMOS devices. Like SCDR NMOS transistors, the output and turn-on charac-

teristics of SCDR PMOS transistors are identical to those of conventional

PMOS transistors. The subthreshold slope is also about 100 “^/decade both

PMOS transistors. Figure 3-5 (a) shows cmrent gain (P) versus |
Vbe

|

curves

of NMOS-drain/p-substrate/n-well (DPN) and PMOS-drain/n-well/p-substrate

(DNP) parasitic bipolar transistors for the SCDR and conventional CMOS

structures. The drains serve as the emitters of the bipolar transistors. The

bipolar structures were constructed using the minimum n'*'-to-n-well and p'*'-

to-p-substrate spacings allowed by the process. As expected, for
|
VgE

I

’s rang-

ing from 0 V to 1.2 V, current gains of the SCDR structure are significantly

less than those of the conventional transistors. For
|
V^e | ’s ranging from 0 V

to 2.0 V, and PpivP the SCDR structure are substantially less than

the unity. For Vg^’s of 0.4 V and 1.0 V, Pppjv’s for the SCDR structure are
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Figure 3-3 Measured (a) Ids*V^DS> (b) Ids'V^GS characteristics for 7i-chan-

nel conventional and SCDR MOS transistors
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Figure 3-4 Measured (a) Ids'V^DS? (^) ^DS’^GS characteristics for p-chan-

nel conventional and SCDR MOS transistors.
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Figure 3-5 (a) Current gain (P) vs.
| I

plots of drain/p-substrate//z-well

(Pz>P!At) drain/n-well/p-substrate (Ppjvp) parasitic bipolar tran-

sistors for the SCDR and conventional CMOS structures; (b) Cur-

rent gain product (pppjv x Ppivp) vs.
|

Vgg
|

plots for the SCDR
and conventional CMOS structures.
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2.4 X 10'® and 1.6 x 10"^, respectively and for Vbe’s of -0.4 V and -1.0 V, ^dnp^

for the SCDR structure are 5.9 x lO'"^ and 1.1 x lO'^, respectively. Figure 3-5

(b) shows products of the current gains of the DPN and DNP parasitic bipolar

transistors of the SCDR and conventional CMOS structures. For
| Vbe I

’s

ranging from 0 V to 2.0 V, unlike the conventional CMOS structure, the ^dpn

X products for the SCDR structure are less than 1. The PdpmscdR) ^

pDiyP(CONV) and ^DPNiCONV) ^ ^DNPiSCDR) products are also less than the

unity. The product of maximum current gains (max(P2>piy) x maxi^D^p)) for

the SCDR CMOS structure is also less than 1 and a further discussion can be

found in the next section. The n'^-to-p'^ diffusion spacing was 4.8-pm which is

the minimum rP-to-p^ spacing allowed by the process. These in turn should

radically reduce the latchup susceptibility and should allow the spacing

between n'^-to-p'^ diffusion to be further reduced without compromising the

latchup susceptibility.

3.2.3 SCDR Junction Characteristics

The transistor characteristics ofSCDR transistors are identical to those

of conventional MOS transistors. However, SCDR junctions exhibit higher

reverse leakage currents than conventional ri^-p and p^-n drain junctions due

to the edge effect and finite barrier height of the TiSi2-Si Schottky barrier con-

tacts [20], [33-34]. SCDR MOS transistors with varying guard band structures

have been fabricated to examine the impact ofguard bands on reverse leakage
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Figure 3-6 Cross section and layout of a Schottky clamped drain junction

structure with guard bands.

currents of Schottky barrier junctions. The measurement was done at room

temperature.

Figure 3-6 shows a cross section and layout of a Schottky clamped drain

junction with a guard band structure. The guard band length along the poly-

silicon edge (GPL), the Schottky clamp length (SCL) and the guard band

length along the field oxide edge (GOL) are varied. The remaining two edges of

the SCDR utilized the same length as (X)L and the drawn width of the SCDR

junction was kept at 12.0 pm. Figures 3-7 and 3-8 show the measured typical

data of reverse leakage currents for both drain-to-p-substrate (NMOS) and

drain-to-n-well (PMOS) junctions with varying SCDR structures versus

reverse junction bias voltage. At a 5-V reverse bias, the reverse leakage of a

Schottky barrier drain (SBDR)-to-body junction (the structure without a

guard ring) is about 4x10® ~ 8x10® times higher than that of conventional p-n

junctions. Lengths of these junctions are at the minimum for implementing
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-•-Reverse Current for conventional rrVp^-drain-to-body junctions

-- Reverse Current for Schottky barrier drain-to-body junctions

(GPL=GOL=0, SCL=2.0-pm)

Reverse current for Schottky clamped drain-to-body junctions

-A- GPL=1 .2 |im, SCL=1 .6 pm, GOL=0.8 pm
--GPL=1.2 pm, SCL=1.2 pm, GOL=0.8 pm
-+- GPL=1 .2 pm, SCL=0.8 pm, GOL=0.8 pm

Figure 3-7 Reverse characteristics of drain-to-body, Schottky drain-to-body,

and Schottky clamped drain-to-body junctions with varying
Schottky clamp widths for NMOS and PMOS transistors.

respective MOSFET structures which are 2.0 pm for both the SBDR and con-

ventional junctions.

Figure 3-7 shows that when the SCL is changed from 1.6 pm to 1.2 pm

(with GPL= 1.2 pm and GOL= 0.8 pm), the reverse leakage current is reduced.

When SCL is further reduced to 0.8 pm, the leakage current characteristics

become the same as those of conventional p-n junctions. This is due to the
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SCL= 1.2 pm, GOL= 0.8 pm
SCL= 1.6 pm, GOL= 0.8 pm

V SCL= 1.2 pm. GOL= 0
SCL= 1.6 pm. GOL= 0

Vr=5 V

PMOS-drain/n-well

10
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0.8 1.2 1.6 2.0
Length of Guard Band along Poly-Gate (GPL) (|xm)

Figure 3-8 Reverse characteristics of Schottky clamped drain-to-body junc-

tions with varying Schottky clamp and guard band lengths at

reverse bias of 5 V for (a) NMOS, and (b) PMOS transistors.
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lateral diffusion of the guard band during a subsequent thermal step and the

misalignment between the LDD and heavy source/drain implant patterns,

which can shrink the gap between the guard bands, GPL and GOL, and conse-

quently greatly reduce the Schottky barrier effects. These observations sug-

gest that the Schottky barrier contact still dominates the leakage

characteristics.

Measurement results in Figures 3-8 (a) and (b) show that reducing the

guard band length along the polysilicon edge (GPL) from 2.0-pm to O.S-pm

does not notably increase the leakage currents for both n-channel and p-chan-

nel MOS transistors. This suggests that it may be possible to reduce the

designed 1.2-|xm GPL of the SCDR MOS transistor to 0.8-|im without increas-

ing the leakage current of the SCDR junction. On the other hand, when the

guard band length along the field oxide edge (GOL) is changed from 0.8 to 0-

pm, the leakage current is increased by about three times at a 5-V reverse

bias, which implies that the guard bands on all edges of the SCDR’s are neces-

sary for improving the reverse characteristics. The minimum length of SCL to

maintain low parasitic bipolar current gains is 1.2 pm.

The reverse junction breakdown voltage of the SCDR-to-p-substrate

junctions is about 13 V which is much higher than the 6-V reverse breakdown

voltage of a Schottky barrier drain without the guard ring and is the same as

the reverse breakdown voltage of conventional n‘'’-drain-to-p-substrate junc-

tions. For SCDR-to-n-well junctions, the reverse junction breakdown voltage is

about 18 V, which is the same as that of conventional p'^’-drain-to-n-well
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junctions, again, and is slightly higher than the 16-V reverse breakdown volt-

age of Schottky barrier drain-to-n-well junctions. The 16-V junction break-

down voltage for the 0.8-|im SBDR-to-n-well junction is much higher than the

6-V junction breakdown voltage for the 1.2-|im SBDR-to-n-well junction pre-

sented in the previous chapter. Due to the larger junction layout area of the

SCDR junctions than conventional drain junctions, the junction capacitances

of the SCDR with GPL= 0.8 |im, SCL= 1.2 pm, and GOL= 0.8 pm are approxi-

mately 10% higher than that of a conventional junction for SCDR-NMOS

transistors and 27% higher for SCDR-PMOS transistors.

3.2.4 Determination of Barrier Height

The barrier heights of SCDR diodes were extracted by measuring

Schottky barrier contact forward current-voltage characteristics. The princi-

ple underl3dng current transport in Schottky barrier contact is closely analo-

gous to the thermionic emission-diffusion theory of carriers into vacuum [34]

.

The expression of the current-voltage relationship based on thermionic emis-

sion is

J = A*.T^xp(:g2|exp(^)-l] (3.1)

where A** is effective Richardson constant for metal-semiconductor interface

(Acm-2K-2), T is temperature in Kelvin, k is Boltzmann constant, Og is the

barrier height, n is the ideality factor and V is the bias voltage. For
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moderately doped semiconductors, the forward bias current density with V>

3kT/q is

J = A**T^exp(:g®)(exp^) (3.2)

The extrapolated value of current density at zero voltage is the saturation cur-

rent, Js, and the barrier height can be obtained from the equation

^ kT,
Or = — InB

q V

(3.3)

Figures 3-9 (a) and (b) show the measured forward current and extrapo-

lated value of Jsn for n-SCDR-to-p-substrate Schottky barrier contacts and

Jsp for p-SCDR-to-n-well Schottky barrier contacts. To determine the barrier

height, the effective Richardson constants. A**, used in (3.3) are 112 A/cm^K^

for electrons and 32 A/cm^K^ for holes in silicon [35]. The extracted Jsn is 1.8

mA/cm^ and Jsp is 3.3 mA/cm^ as shown in Figures 3-9 (a) and (b). At room

temperature, 298 K, the barrier heights determined by (3.3) are 0.58 eV for n-

SCDR-to-p-substrate Schottky barrier contacts and 0.53 eV for p-SCDR-to-n-

well Schottky barrier contacts and the ideality factor is 1.05 for both type of

Schottky barrier contacts. One thing need to be pointed out is that the value of

barrier heights is not very sensitive to the choice of A**, a 100% increase in

A** for electrons will cause an increase of only 0.0178 eV in barrier height at

room temperature and similarly for holes. The barrier heights for TiSi2-to-p-Si
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Figure 3-9 Forward characteristics of Schottky clamped drain-to-body junc-

tions diodes for the extrapolation of zero voltage saturation cur-

rent, Jg, to determine the barrier heights for (a) n-channel, and

(b) p-channel SCDR MOS transistors.
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is 0.58 eV and for TiSi2-to-n-Si is 0.53 eV from (3.3). These results agree well

with the reported data in Sze [34] and show that TiSi2 is a suitable material

for both n-channel and p-channel SCDR-MOS transistors because the barrier

heights are similar for both electrons and holes. Furthermore, because of this,

both n-channel or p-channel SCDR MOS transistors can be formed without

making any process modifications.

3.2.5 Conclusion

Both n-channel and p-channel Schottky clamped drain MOS transistors

with the identical I-V characteristics to those of conventional MOS transistors

have been demonstrated exhibiting greatly reducing parasitic bipolar effects

and latchup susceptibilities in CMOS technologies. Using SCDR MOS transis-

tors should allow forward-biasing of drain-to-body junctions in integrated RF

switch applications with greatly reduced susceptibility to latchup of CMOS

circvuts integrated with the switch. Fabrication of the structures requires no

additional masks or modifications of the Salicide CMOS process utilized for

this work. The reverse leakage currents of the Schottky barrier drain can be

greatly reduced by using guard bands.

The dimensions of GPL, SCL and GOL for SCDR s presented in this

work are 1.2 |im, 1.2 pm, and 0.8 pm. It may be possible to decrease GPL to

0.8-pm to reduce the increase of the junction capacitance without increasing

the leakage current of the SCDR junction.
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3.3 SCDR CMOS Structure with Reduced Layout Area

Output I-V characteristics of SCDR NMOS and PMOS transistors are

identical to those of conventional MOS transistors, while the current gains of

parasitic n'^-drain/p-substrate/Tz-well and p‘‘’-drain/7i-well/p-substrate bipolar

transistors involved in latchup are significantly reduced. This enables a reduc-

tion of minimum n^-to-p* spacing of SCDR CMOS structures. This reduced

n*-to-p^ spacing results in a layout area reduction thus increasing the packing

density ofSCDR CMOS circuits.

3.3.1 SCDR CMOS Structure

Figures 3-10 (a) and (b) show a cross section of an SCDR and a conven-

tional CMOS structure, respectively. The spacings between n'‘‘-drain-to-n-well

(A, see Figure 3-10 (a)) and p‘''-drain-to-p-substrate {B, see Figure 3-10 (a)) are

primarily set by latchup susceptibility and could be reduced without compro-

mising the latchup susceptibility by using the SCDR structure. SCDR CMOS

structures with varying A and B lengths have been fabricated in the O.S-pm

CMOS process to investigate the characteristics of CMOS structures with a

reduced n’^-to-p'*' diffusion spacing. The drain lengths, C and D, are 2.4 pm

(GPL= 0.8 pm, SCL= 1.2 pm and GOL= 0.4 pm) and 2.0 pm for SCDR and con-

ventional MOS transistors, respectively.

The output and tum-on characteristics of the SCDR NMOS and PMOS

transistors with a 2.4-pm A and B are identical to those of conventional MOS
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transistors as shown in section 3.2. The measurement results also show that

the output and turn-on characteristics of SCDR NMOS and PMOS transistors

with reduced 7i'*'-to-p‘'' spacings (A= B= 1.6 pm and A= B= 0.8 pm) are also

almost the same as those of conventional MOS transistors.

The threshold voltage (V^h) of SCDR PMOS transistors with a reduced

ri^-to-p^ spacing is one of the transistors parameters which deviates from con-

ventional and SCDR MOS transistors with a 4.8-pm spacing. NMOS

V-pH is about 0.70 V all the way down to A of 0.8 pm, while PMOS IV-jhI

p-Body Source - /r-SCDR

Q

Gate

Sate Oxide
Spacer Ox'ide Region

p-substrate

Schottky Junction (Clamp)
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o Y 0
p"*^-Drain Source

xate Oxide
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\ P r

* D
*

%00 * D * Gate Oxide

n-well

(b)

Figure 3-10 (a) Cross section ofan SCDR CMOS structure; (b) Cross section of

a conventional CMOS structure.
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decreases to -0.81 V from 0.84 V when B is decreased to 0.8 |im. The threshold

voltage shift is caused by a decrease of the drawn PMOS channel to n-well

edge spacing from 4.4 pm of the conventional structure to 3.2 pm. A further

discussion of this threshold voltage shift can be found in the proceeding chap-

ters.

The BVceo ® of parasitic DPN and DNP bipolar transistors of the

SCDR structure withA= 0.8 pm are 32.4 V and 14.5 V, respectively. These

are sufficiently high to provide good transistor isolation between /z'''-drain-to-

n-well and p‘''-drain-to-p-substrate even though the field oxide length is

reduced.

3.3.2 Parasitic Bipolar Actions

The parasitic bipolar current gains associated with a CMOS structure

increase with a reduced spacing between n.'^-drain-to-n-well and p'^'-drain-to-p-

substrate. Using SCDR MOS transistors, the current gain can be maintained

below those of conventional CMOS structures even though the n'*'-drain-to-n-

well and p''’-drain-to-p-substrate spacing are reduced. Figures 3-11 (a) and (b)

show current gains (P) versus
|
Vbe

I

curves of parasitic DPN and DNP bipo-

lar structures for SCDR transistors with a varying rP'-to-p^ spacing. The

drains serve as the emitters of the bipolar transistors. Current gains ofSCDR

CMOS structures with a 1.6-pm n'^-to-p'^ spacing are higher than those of
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curves of (a) DPN, and (b) DNP parasitic bipolar

transistors for the SCDR structure with varying n'^-to-/?'*’ spac-

ings.
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Spacing between nMo-n-well and p'^-to-p-substrate {A and S) (|im)

Figure 3-12 Products ofmaximum current gains (max(p£)p^) x maxCP/j^p)) for

conventional and SCDR CMOS structures versus spacing

between n‘'’-to-n-well and p‘''-to-p-substrate (A and B). (D: drain,

S: source, N: n-well, P: p-substrate)

SCDR CMOS structures with a 4.8-)im n‘''-to-p''' spacing but they are still

lower than those of conventional CMOS structures even when the n‘'’-drain-to-

ra-well and p'^-drain-to-p-substrate spacings are both reduced to 0.8-pm.

Figure 3-12 shows the products ofmaximum current gains (max(Pjyp^)

X max(ppjyp)) against n'*'-drain-to-n-well and p'''-drain-to-p-substrate spacings

(A and B) of the SCDR structure for all the possible PNPN th5n*istor combina-

tions which could trigger latchup. With a l.S-pm n^-to-p'*' spacing
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(A= B= 0.8 fim), the maximum p'*'-drain/n-well/p-substrate//i'''-(irain (DNPD)

current gain product for SCDR CMOS transistors is still lower than the unity.

The product of the p'^-source/n-well/p-substrate/n'^-source (SNPS) th3aistor is

higher than 1 but is still much lower than the maximum DNPD product of the

conventional CMOS structure. The SNPS is structurally the same as the con-

ventional CMOS parasitic PNPN thyristor. If necessary, the SPNS product

can be reduced to lower than 1 by Schottky clamping the NMOS and PMOS

sources. Schottky clamped source/drain NMOS and PMOS transistors have

also been characterized to exhibit identical output I-V and turn-on character-

istics to those of SCDR NMOS and PMOS transistors, respectively. Even with

the 1.6-pm n^-to-p^ spacing, the ultra low current gain products for the SCDR

CMOS structure should be able to greatly reduce the susceptibility to latchup.

3.3.3 SCDR CMOS Inverters with Reduced Layout Area

CMOS inverters using SCDR NMOS and PMOS transistors with vary-

ing n'^-drain-to-n-well and p'^-drain-to-p-substrate spacings have been imple-

mented with PMOS and NMOS channel widths of 12-|im. Figure 3-13 shows

the inverter transfer characteristics of SCDR CMOS inverters with 4.8 |xm,

3.2 pm and 1.6 pm spacings. The dimensions of the SCDR junctions

for the inverters are GPL= 0.8 pm, SCL= 1.2 pm and GOL= 0.4 pm. For SCDR

CMOS inverters, the transfer characteristics are almost identical for all the

investigated n'^-to-p'^ spacings. The slightly shift of the inverter switching
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Figure 3-13 Voltage transfer curves ofSCDR CMOS inverters for varying n*-

to-n-well and />‘‘‘-to-p-substrate spacings (A and B).

point for the structure withA= B= 0.8 pm is due to the slight PMOS V^h shift.

Figure 3-14 compares the transfer characteristics and supply currents for

both conventional and SCDR CMOS inverters. The ri^-to-p'^ spacing is 1.6 pm

(A= B= 0.8 pm) for the SCDR inverter. The voltage transfer characteristics are

almost identical. The off currents of the SCDR inverter are higher than those

of the conventional CMOS inverter due to the higher junction leakage cur-

rents of SCDR junctions. The ratio of on- and off-current is about 10® for the

SCDR CMOS inverter.
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Figure 3-14 Voltage transfer curves and supply currents for SCDR and con-

ventional CMOS inverters. |im)

SCDR CMOS inverters with a reduced n'''-to-p''' spacing which exhibit

almost the same voltage transfer characteristics to those of conventional

CMOS inverters have been implemented. The layout area of the SCDR CMOS

inverter with a 1.6-|o.m n^-io-p^ spacing has a ~ 17% reduction compared to

the conventional CMOS inverter.

The parasitic n'^-drain/p-substrate/n-well and p'*'-drain/n-well/p-sub-

strate bipolar transistor actions of CMOS technologies are also radically

reduced even though the spacing between ri^-to-p* is reduced to 1.6-pm from
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4.8-|im. The SCDR CMOS structures with a reduced ri^-to-p^ spacing also

exhibit good transistor isolation.

3.4 Summary

iV-channel and p-channel Schottky clamped drain MOSFET’s with

improved I-V characteristics from those of SBDR MOS transistors have been

demonstrated while greatly reducing the parasitic bipolar effects and latchup

susceptibility in CMOS structures. Fabrication of the structures requires no

additional mask or modifications of the Salicide CMOS process utilized for

this work.

Unlike SBDR transistors, SCDR transistors exhibit identical output

and turn-on characteristics to those of conventional MOS transistors. In addi-

tion, the SCDR junction exhibits a lower leakage current and a higher break-

down voltage than the SBDR junction due to a guard band structure along the

edges of the SCDR junction. The guard band structure reduces the electric

fields at corners and also preserves the electrical characteristics of a normal

MOS transistor. In SCDR MOS transistors, the parasitic /i''’-drain/p-substrate/

n-well as well as /)‘'’-drain//i-well/p-substrate bipolar transistor actions of

CMOS technologies are radically reduced since Schottky barrier diodes which

do not inject minority carriers clamp the n'*'-drain-to-p-substrate and p'^-drain-

to-n-well junctions. Like the SBDR structure, these, in turn, reduce current

gains of the parasitic bipolar transistors, and lead to significantly reduced

latchup susceptibility.
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The low current gain of SCDR CMOS structures enables a reduction of

the minimum n^-to-p-^ spacing of SCDR circuits. SCDR CMOS inverters with

a reduced n^-to-p^ spacing exhibit almost the same voltage transfer character-

istics to those of conventional CMOS inverters, while the layout area is about

17% less than the conventional CMOS inverter. These should enable area

reduction of digital and analog circuits using SCDR MOS transistors.



CHAPTER 4

CMOS RADIO FREQUENCY SWITCHES

4.1 Introduction

A high quality transmit/receive switch is a key building block of the RF

front end of most time-division duplexing (TDD) communication systems. In

this chapter, an RF switch fabricated in a 0.5-pm CMOS process is presented.

The effects of substrate resistances and source/drain-to-body capacitances

associated with MOS transistors on insertion loss of RF switches have been

analyzed. The substrate resistance and source/drain-to-body capacitance must

be lowered to decrease insertion loss. A low insertion loss CMOS RF switch

can be achieved by optimizing the transistor widths and bias voltages, by min-

imizing the substrate resistances, and by DC biasing the source/drain nodes of

the transistors which decreases the capacitances while increasing the power

1-dB compression point. A single-pole single-throw RF switch was developed.

The switch exhibits 0.8 dB insertion loss, and 40 dB isolation for operating fre-

quencies up to 1 GHz. The use of Schottky clamped MOS transistors for the

RF switch can greatly reduce the susceptibility to latchup triggered by the for-

ward biasing of the source/drain-to-body junction diodes during large voltage

excursions at the input of the switch [1].

50
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4.2 Schottkv Clamped MOS Transistors

The transistor characteristics of SCDR, and Schottky clamped source

and drain MOS transistors are almost the same as those of conventional MOS

transistors. However, the junction capacitances of Schottky clamped junctions

are higher than those of conventional source/drain-to-body junctions due to a

larger layout area. The increased junction capacitance may reduce the imped-

ance from source/drain to the substrate which in turn increases the RF signal

coupling to the substrate and increase the insertion loss ofRF switches.

Schottky clamped MOS transistors for RF switch applications have

been implemented in a foundry 0.5-pm CMOS process. Figure 4-1 shows a lay-

out of the Schottky clamped MOS transistor. The transistor width is 612 pm.

The test transistor utilizes a multiple gate finger structure. The width of each

gate finger is 9 pm. Both the source and drain of the transistor are Schottky

clamped, which can greatly reduce the parasitic bipolar action associated with

the parasitic p'''-source/drain-to-n-well-to-/?-substrate-n'’’-source/drain (PNPN)

th3uistor structure which can trigger latchup. The guard band lengths along

the polysilicon gates of the Schottky clamped junction are 0.6 pm, and the

guard band lengths are 0.3 pm on the other two edges, and the SCL is 0.9 pm

for the Schottky clamped MOS transistor.

4.2.1 RF Characteristics

Figure 4-2 shows the measured insertion loss and isolation of conven-

tional and Schottky clamped NMOS transistors. The structure was measured
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Figure 4-1 A layout of the Schottky clamped test transistor.

on-chip using RF probes. Insertion loss was measured when the gate voltage

was 5 V to turn on the transistor and source/drain voltages of the transistor

were zero volt. Insertion losses of both conventional and Schottky clamped

NMOS transistors are similar for frequencies up to 4 GHz. Insertion loss is

about 1 dB at 1 GHz. The increased junction capacitance of the Schottky

clamped junctions has almost no impact on the insertion loss of the NMOS

transistor at on-state at the frequencies of interest between 1 and 2.4 GHz.

Isolation was measured when the transistor was turned off (Vqs= Vqd = 0 V).

Isolation characteristics of Schottky clamped MOS transistors are slightly
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Figure 4-2 Measured insertion loss and isolation for conventional and Schot-

tky clamped NMOS transistors as switches. (^/l=

VcTRL= 5.0 V, VcTRL= 0.0 V)

poorer than that of the conventional NMOS transistor for frequencies up to 4

GHz. At 1 GHz, isolation of the Schottky clamped NMOS transistor is about

1.7 dB lower than the 18.5-dB isolation of the conventional NMOS transistor.

The lower isolation of Schottky clamped NMOS transistors is attributed to the

increased source/drain-to-body capacitance which increased the signal cou-

pling from input (drain node of the transistor) to output (source node of the

transistor) through the substrate of the transistor.

Figure 4-3 shows the measured insertion loss and isolation of conven-

tional and Schottky clamped PMOS transistors. The test structure was
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Figure 4-3 Measured insertion loss and isolation for conventional and Schot-

tky clamped PMOS transistors as switches. (^/l=

VcTRL= '5-0 V, VcTRL= 0.0 V)

similar to the NMOS transistor. Insertion loss was measured when the gate

voltage was applied by a -5 V to turn on the transistor and source/drain volt-

ages were 0 V. Insertion losses of both conventional and Schottky clamped

PMOS transistors are similar for frequencies up to 4 GHz. Insertion loss is

about 1.4 dB at the frequency of 1 GHz. Again, the increased junction capaci-

tance of the Schottky clamped junction has almost no impact on the perfor-

mance of the PMOS transistor at on-state. Isolation was measured when the

transistor was turned off (Vgs= V(jd = 0 V). Isolation of the Schottky clamped

PMOS transistor is slightly poorer than that of the conventional PMOS
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transistor. At 1 GHz, isolation of the Schottky clamped PMOS transistor is

about 1.3 dB lower than the 14.3-dB isolation of the conventional PMOS tran-

sistor.

Schottky clamped NMOS and PMOS transistors have been character-

ized. The insertion loss and isolation of Schottky clamped MOS transistors are

similar to those using conventional MOS transistors especially at the frequen-

cies of interest between 1 and 2.4 GHz. RF switches using Schottky clamped

MOS transistors should have similar RF performance as those using conven-

tional MOS transistors while having greatly reduced susceptibility to latchup

than conventional MOS transistors. At 1 GHz, NMOS transistors exhibit

lower insertions loss and higher isolation than those ofPMOS transistors. For

900-MHz switch applications, NMOS transistors should provide a lower inser-

tion loss per unit device area than PMOS transistors.

4.3 Design and Optimization ofRF Switches

The ultimate goal of this work is implementing RF switches for L band

near 1 to 2.6 GHz applications using both conventional and Schottky clamped

MOS transistors. The use of Schottky clamped MOS transistors should reduce

the latchup susceptibility in integrated circuits with RF switches. The design

of RF switches using Schottky clamped MOS transistors is similar to those

using conventional MOS transistors due to the fact that both Schottky

clamped and conventional MOS transistors exhibit similar RF characteristics

as described in the previous section. Key figures of merit for RF switches are
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insertion loss, isolation and power handling capability. For switches imple-

mented in bulk CMOS process, due to the conductive nature of silicon sub-

strates, substrate losses play an important role in determining insertion loss

in addition to the channel resistance of the transistor. The impact of substrate

loss on insertion loss of switches will be analyzed. In addition, since no bulk

CMOS single-pole double-throw (SPDT) T/R switches suitable for 900 MHz

wireless applications have been reported [9-10] prior to this work, as a first

step, a simple single-pole single-throw (SPST) RF switch for 900 MHz applica-

tions will be developed to understand the feasibility of using bulk CMOS tech-

nologies for RF switches.

4.3.1 Insertion Loss and Conductive Substrate

In order to quantitatively understand the impact of substrate resis-

tances, capacitances, and on-resistances, insertion loss has been analyzed. To

simplify, instead of analyzing a complete switch, the circuit containing a single

MOS transistor in Figure 4-4 (a) has been analyzed. For this analysis, the

transistor is assumed to be biased in linear region.

Insertion loss (IL) measures the small signal power loss through an RF

switch when the switch is turned on. The expressions for insertion loss are

given in (1.1) and (1.2). This quantity can be shown to be the reciprocal of the

magnitude square of forward transmission coefficient ( |

S21 1

^) if both load and

source impedance are matched to the characteristic impedance (Zq).
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(a)

1Rr *

Vqs- Vqd

VRF

(b)

(c)

Figure 4-4 (a) A MOS transistor switch in a 50-Q system; (b) An equivalent

circuit diagram of the circuit shown in (a) for small signal analy-

ses; (c) An approximate equivalent of the circuit shown in (b).

ilMW
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Figure 4-4 (b) shows the equivalent circuit of the MOSFET switch

shown in Figure 4-4 (a) [36] . At low frequencies, on resistance of the transistor

determines insertion loss. As the operating frequency is increased, due to an

increase of capacitive coupling, the power loss in substrate resistances associ-

ated with the transistors is increased. The circuit in Figure 4-4 (b), though rel-

atively simple, unfortunately cannot be easily analyzed to provide meaningful

insights. Because of the fact that the impedance of the on-resistance of the

transistor is usually small compared to the impedance of the parasitic capaci-

tances of the transistor at 1 GHz, the circuit shown in Figure 4-4 (b) can be

approximated as the circuit shown in Figure 4-4 (c). The plots in Figure 4-5

show simulated insertion loss of the circuits in Figures 4-4 (b) and (c) for the

typical ranges ofvalues for the on-resistance and source/drain-to-body capaci-

tances of MOS transistors utilized in the RF switches. Both figures show no

difference between the curves for the two circuits indicating that the circuit in

Figure 4-4 (c) is a good approximation of the circuit in Figure 4-4 (b). For this

simplified circuit, insertion loss (IL) is (see Appendix)

TT _ 1 _ (^^on + ^Zq) +C0 [(Rqj^ -I- 2Zo)Rg + (Rqn + Zo)Zq]
ilj _ _

IS21
I

(2Zo)"(1-hco"Ct"Rb )

where co is the radian frequency, Zq is the characteristic impedance, Rqn

transistor on-resistance, Rg is the substrate resistance associated with the

transistor and C-p - ^DB + ^SB +
(CpD + Cqs)Cqb

^GD + ^GS + ^GB
is the equivalent capaci-

tance shown in Figure 4-4 (c). For 0.5-pm transistors biased in linear region.
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Figure 4-5 (a) Simulated insertion loss versus Rqn the circuits shown in

Figures 4-4 (b) and (c) at 1 GHz; (b) Simulated insertion loss ver-

sus Cdb and CgB for the circuits shown in Figures 4-4 (b) and (c)

at 1 GHz.
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Cqb is negligible which yields C-p = Cp)B + Csg. IL can also be expressed in

terms of the transistor width (W).

IL =

RONO
w + 2Z„]" + 0)"Cto'[(%2 + 2Z„]Rbo + (Rono + ZoW)Zo]'

(2Z„)^1 + 0)^Cto^Rbo^)

(4.2)

where Rbo= Cto= C^/W, and Rqno= I^ON^. For a given technology and

layout type, Rbo> ^T0> ^ONO be assumed to be fixed. In actuality, Rb

does not scale linearly with the width and this will introduce some errors. It is

straightforward to see that when W is large, the numerator of (4.2) becomes

large and insertion loss becomes large. WhenW becomes small, the numerator

of (4.2) also becomes large and insertion loss becomes large. This indicates

that there is an optimum width for which insertion loss is minimized. For

Cto= 1-4 fF/pm, Rono= KQ-pm, and Rbo= Kf2-pm of the 0.5-pm

CMOS process, insertion loss is near the minimum for widths between -0.6 to

0.9 mm. If C-p is zero, IL becomes

IL
I 2Zo J when Crp = 0

(4.3)

which is the insertion loss at low frequencies. Comparing (4.1) and (4.3), it is

easy to see the detrimental impact of C-p which couples signals to the sub-

strate.
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It is also easy to show that according to (4.1), there is a value of Rg for

which insertion loss is the maximum. When Rg is infinite, IL becomes the low

frequency insertion loss given in (4.3). When Rg= 0, IL is

TT _ (^on + 2Zq) + [coC-rZQ(RoN + Zq)] whpn = n (4.4)
lJ-< — T B

(2Zo)^

Figure 4-6 shows IL versus Rg plots for the circuits in Figures 4-4 (a) and (c).

The plot for the circuit in Figure 4-4 (a) is obtained using Hspice while that for

the circuit in Figure 4-4 (c) has been computed using (4.1). Once again, the

Figure 4-6 A simulated insertion loss versus Rg plot for the circuits shown in

Figure 4-4 (a), and an insertion loss computed with (4.1) versus

Rg plot for the circuit shown in Figure 4-4 (c) at 1 GHz. The bias

condition was VQg= 6.0 V and Vgg= Vgg= 3.0 V.
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plots are very close. As discussed, there is a maximum point. By maximizing

(4.1), it can be shown that the maximum insertion loss occurs at

^B(MAX) =

-CO C-p • (Rqj^Zq + Zq ) + J(£>
Crp • (Rqj^Zq + Zq ) + 4co C-j- (I^ON

2co Crp • (Rqn ^^0 ^

(4.5)

To achieve low insertion loss in RF switches fabricated with CMOS technolo-

gies, special attention must be paid to avoid transistor substrate resistances

near Rb(MAX)- typical CMOS RF switches operating at 1 GHz, C-p is on the

order of a couple pico-Farad and Rqn is on the order of a few Ohms. Under

these conditions, (4.5) can be simplified to Rb(maX) ~ l/wC-p In hind sight, this

is an obvious result. The power loss associated with the Rg-Crp series network

is maximized when Rg= l/coC-p. When this occurs, insertion loss is maximized.

For the 0.5-pm transistors utilized in 1-GHz RF switches, as mentioned, C-p is

generally ~ 0.8 to 2.0 pF and the corresponding Rb(MAX) ~ 200 Q.

Unfortunately, this is in the typical range of Rg’s for transistors in RF

switches if nothing has been done to control the substrate resistance.

These results have shown that insertion loss can be reduced by increas-

ing Rg to a very large value or by decreasing Rg to near zero. Insertion loss for

the case when Rg= 0 is larger than the case for infinite Rg because of the

coC-pZo(RoN+Zo) term in the numerator of (4.1). Once again, C-p must be

reduced in order to decrease insertion loss. As discussed earlier, if C-p= 0,
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insertion loss will become the low frequency loss in (4.3). In terms of the

underlying physical mechanism, when Rg becomes large, signals cannot cou-

ple to Rb and the power consumption associated with Rg is small. This is the

advantage of using semi-insulating substrates over conductive substrates to

implement RF switches. When Rg is zero, there is no loss associated with Rg,

and the power loss is once again reduced.

4.3.2 MOSFET-based RF Switch Design

Figure 4-7 is a schematic of an SPST NMOS RF switch. Transistors Ms

performs the main switching function, while the shunt transistor Mp is used

RFin

and Drain DC Bias

o

RFquT
and Source DC Bias

Me

Mp

Input Source
DC Bias

Cb

Figure 4-7 Circuit schematic of an SPST RF switch.
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to improve the isolation of the switch by grounding the RF signal when the

switch is off. Static power consumption of the switch can be kept near zero by

appl5dng the same DC voltage on the top plate of the bypass capacitor Cg as

the DC voltage for RFjn node. On-resistance ofMs is one of the dominant fac-

tors determining the insertion loss. Because of this, only n-channel MOSFET’s

are used in the design due to the fact that n-channel MOSFET’s provide lower

insertion loss per unit device area than p-channel MOSFET’s at 900 MHz. The

drain-to-body and source-to-body junction capacitances of Ms, the drain-to-

body junction capacitance of Mg and associated parasitic resistances due to

the conductive nature of silicon substrates are also critical factors determin-

ing the insertion loss.

The gate bias resistances, R(js ^GP> implemented using poly

resistors. A typical value for the gate bias resistance is about 10 kO. The pur-

pose of Rqs and Rgp is to improve DC bias isolation [2], [6], [37]. If the gate

bias resistance is missing, the Vfjg and Vq3 of the transistor can fluctuate due

to the high voltage swing at drain and source of the transistor. For MOS RF

switches, these fluctuating voltages across the gate dielectric not only affect

the MOSFET channel resistance but also may result in excessive voltage drop

across the gate dielectric and cause dielectric breakdown.

Figure 4-8 shows the simulation results of insertion loss versus the

width of Ms in the SPST switch. For the given bias condition, Vgb= 6.0 V,

Vdb sb= ^ transistor width is increased, on-resistance

decreases and insertion loss decreases. However, if the transistor width is
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Figure 4-8 The effects of the transistor width on insertion loss of an SPST
switch. Wms= 2 X W]v[p Bias Condition: V(jb= 6.0 V, SB= ^.0 V.

increased excessively, the signal loss through capacitive coupling to the sub-

strate becomes significant and insertion loss increases with the increasing

width. According to the simulation, for the chosen bias conditions. Mg should

be 600-|im wide to minimize insertion loss.

Substrate resistance is another critical factor determining insertion

loss. Figure 4-9 (a) is a schematic of the SPST switch including important sub-

strate resistances. Figure 4-9 (b) shows the simulated insertion loss of the

switch versus parasitic substrate resistances associated with the drain-to-

body and source-to-body junction capacitances of Mg and Mp at 960 MHz. As

shown in the analysis, the simulation also suggests two approaches to



Insertion

Loss

(dB)

66

RF
i

IN
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(a)

Figure 4-9 (a) Circuit schematic of an SPST RF switch including key sub-

strate resistances; (b) The effects of the transistor substrate resis-

tances (resistances from S/D to ground) on insertion loss of an
SPST RF switch at 960 MHz. (Rb,mp= ^ x Rb,ms» ^B- substrate

resistance).
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improve insertion loss. One is to increase the substrate resistances by a large

amount to lower the signal coupling into the substrate. However, the practi-

cality of this approach is limited in bulk CMOS integrated circuits on conduc-

tive substrates. Another is to radically reduce the substrate resistances to

make the substrate almost loss-less. This is more practical in bulk CMOS

technologies.

4.3.3 DC Bias Condition of SPST RF Switches

Bias condition is also crucial for RF switches. Insertion loss and the

PldB can be largely improved by applying an appropriate DC bias. RFjn node

and the sources ofMg and Mp are DC biased to 3 V instead of 0 V. This voltage

reverse biases the source/drain-to-body junctions, which decreases the capaci-

tance and RF signal coupled to the substrate and thus insertion loss is

improved.

Another purpose of the 3-V DC bias for RFjn and RFqut nodes is to

improve the power handling capability measured by PidB- If th® DC voltage

for RFjn, RFout and Vctrl i® zero, then an RF input voltage with an ampli-

tude of - 0.5 V forward biases the source/drain-to-body junctions in some por-

tion of a cycle. This clips the RF signal and causes the output power to

compress. When Mg is on, with the 3-V DC bias, PidB I® limited by uninten-

tional turning on of Mp This is because of the RF signal coupling due to the

voltage divider form by gate-to-drain, gate-to-source and gate-to-body
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capacitances of Mp (Cqp> ^p^ Cqs,mp ^GB.Mp)- Assuming the total drain

voltage ofMp is = Vj) + vj) where Vj) is the DC drain voltage of Mp and vj)

is the RF voltage at the drain node of Mp the voltage appeared at the gate

node of transistor Mp Vg, is

Vg - Vq + Up
• ^

'GD.MP

GD, MP + ^GS, MP + ^GB, MP
(4.6)

The DC gate voltage for Ms is set to 6 V, and that for Mp is set to 2 V to

turn on the switch. For the 0.5-pm NMOS transistor under this bias condition,

the ratio of
'GD, MP

(^GD, MP + ^GS, MP + ^GB, Mp)
is about one-third. If an RF voltage

with an amplitude of around 2.7 V is applied, then the minimum voltage at

the drain node of Ms will be Vj jnin= 3.0 - 2.7= 0.3 V, and the source/drain-to-

body junctions are reverse biased. The minimum gate voltage ofMp from (4.6)

is Vg jnin= 2.0 - 2.7 X V3 = 1.1 V which is -0.9 V lower than the DC bias voltage

due to the RF voltage capacitively fed forward from RFjn [2]. The maximum

gate-to-drain voltage (Vgj) of Mp is Vg - Vd= 1.1 V - 0.3 V= 0.8 V, which is

higher than the threshold voltage (V-pn) of the 0.5-pm transistor, and the tran-

sistor, Mp starts to turn on. This unintentionally turned-on transistor clips

the output waveform and once again makes the output power of the switch to

compress. However, the RF power level before the clipping occurred for the 3-

V source/drain-to-body bias case is significantly higher than that for the 0-V

DC bias case.
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4.3.4 Experimental Results of 900 MHz SPST Switches

An SPST RF switch has been implemented in a 0.5-|im CMOS process.

The width ofMs and Mp are 612 |im and 306 pm, respectively, to minimize the

insertion loss. The substrate resistance ofMs is about 14 Q and the substrate

resistance is about 20 Q for Mp They are sufficiently low to significantly

reduce the substrate losses. The low substrate resistances are achieved by

fully surrounding the transistors with large area p"*" substrate contacts and

filling in any open spaces with substrate contacts.

Figure 4-10 shows the measured and simulated insertion loss and isola-

tion for the SPST RF switch. Measured insertion loss is 0.8 dB, and isolation

is 40 dB for operating frequencies up to 1 GHz at a Vctrl ^ ^GB ® 0

and a drain/source-to-body reverse bias (Ypp and Vsp) of 3.0 V. The measured

insertion loss agrees well with the simulation, while the measured isolation is

a few dB lower than that of simulation. Over 40-dB isolation of the switch for

frequencies up to 1 GHz is excellent.

The insertion loss of the SPST switch is about 0.2 dB lower than that of

the single NMOS switch described in the previous section and isolation is

greatly improved by about 22 dB. The lower insertion loss is achieved by opti-

mizing the transistor widths and bias, and by minimizing the substrate resis-

tances, while the higher isolation is achieved by grounding the RF signal

through Mp when the switch is off. Lastly, The 6.0-V Vqtpl obtained by

using a voltage doubler.
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Figure 4-10 Measured and simulated insertion loss and isolation for the SPST
switch. (VcTRL= V, Vdb SB= 3.0 V)

4.4 Summary

Schottky clamped (SC) MOS transistors for RF switch applications

have been implemented in a foundry 0.5-pm CMOS process. The transistor

width is 612 p.m. Both source and drain of the transistor are Schottky

clamped. The measured insertion loss and isolation of the structure using a

Schottky clamped MOS transistor are similar to those using a conventional

MOS transistor especially at the frequencies of interest between 1 and 2.4

GHz. RF switches using Schottky clamped MOS transistors should have
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similar performance to those using conventional MOS transistors, while hav-

ing greatly reduced susceptibility to latchup.

The impact of conductive silicon substrate on insertion loss has been

analyzed. The analysis showed that substrate resistances and junction capaci-

tances associated with transistors need to be reduced to improve insertion

loss. A single-pole single-throw (SPST) RF switch has also been presented.

The switch was fabricated in a foundry 0.5-)im CMOS process. It exhibits a

0.8-dB insertion loss and a 40-dB isolation. The switch has adequate insertion

loss and isolation for a number of 900-MHz applications. This work suggests

that a single-pole double-throw (SPDT) RF T/R switch could be implemented

in bulk CMOS technologies and also be integrated with the other CMOS

transceiver circuits.



CHAPTERS
SCHOTTKY DIODE CLAMPED MERGED DRAIN CMOS STRUCTURE

5.1 Introduction

During this work on developing approaches to reduce latchup suscepti-

bility using Schottky clamped MOS transistors, a TiSi2-Si Schottky diode

clamped merged drain (SCMD) CMOS concept has been discovered. In this

chapter, this new CMOS structure is demonstrated by fabricating it in a

foundry 0.8-|xm Salicide CMOS process. Output I-V characteristics of SCMD

MOS transistors are almost identical to those of conventional MOS transistors

and isolation of the transistors are preserved, while the current gains of para-

sitic n‘'’-drain/p-substrate/n-well and p'''-drain/n-well/p-substrate bipolar tran-

sistors involved in latchup are significantly reduced. This enables a reduction

of the n‘''-to-p''’ spacing. This reduction in combination with the decreased

drain lengths of transistors in the SCMD CMOS structure results in a ~ 30%

area reduction for an inverter.
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5.2 SCMD CMOS Transistors

5.2.1 SCMD CMOS Device Structure

Figures 5-1 (a) and (b) show a cross section of an SCMD and a conven-

tional CMOS structures. Similar to SCDR CMOS transistors, implementation

of the SCMD CMOS structure requires simple layout changes and does not

require any process modifications. Layouts of SCMD and conventional CMOS

Source SCMD Source n-Body
0 T TiCi.

Hate Oxi

Spacer Oxide Region

p-substrate / 0.8|xm

NMOS Drain PMOS Drain

(a)

p-Body
Gate + .

Source - a -Drain
Gate

Hate Oxide
Spacer Ox'ide Region

2.0 p,m

p-substrate

(b)

Figure 5-1 (a) Cross section of an SCMD CMOS structure; (b) Cross section

of a conventional CMOS structure.
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structures are shown in Figures 5-2 (a) and (b), respectively. The gate length

and channel width are 0.8-pm and 12-|ini, respectively. A major difference

between SCMD and SCDR MOS transistors is that on the drain side, the field

oxide region between ri^ and drains is removed. The source/drain implanta-

tion was partially masked to form a TiSi2-Si Schottky barrier contact, and an

n-type and a p-type guard band along the ploysilicon gates. The and

guard bands along the polysilicon gates act as conventional drains for n-chan-

nel and p-channel devices, respectively. In the 0.8-pm CMOS process, the

SCMD structure has a smaller drain length of 0.8 pm versus 2.0 pm, and has

an M'^-to-p'^-drain spacing of 3.2 pm versus 4.8 pm of the conventional CMOS

structure. These result in a ~ 30% area reduction for a CMOS inverter.

The area reduction of an SCMD CMOS structure is accomplished by

exploiting the following: (1) TiSi2 forms Schottky barrier junctions to both

moderately doped n and p-type silicon regions (doping concentration less than

~ 5x10^® cm'^) [34] and TiSi2 forms good ohmic contacts to and p^ regions;

(2) current gains of NMOS-drain/p-substrate/n-well (DPN) and PMOS-drain/

n-well/p-substrate (DNP) parasitic bipolar transistors for Schottky clamped

NMOS and PMOS [17] transistors are radically reduced, which allows the

spacing between n"*" and p'*’ drains to be reduced to 3.2 from 4.8 pm without

compromising the latchup immunity; (3) the lengths of n'*’ and p~^ drains can

be reduced to 0.8 from 2.0 pm, since using a TiSi2 layer to connect the and
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p* Implant
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Schottky Diode Clamped Merged Drain (SCMD) n-well
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n* Implant

p* Implant

(a)

Diffusion

p* Implant

n* Implant

n-well

Diffusion

n* Implant

p^ Implant

(b)

Figure 5-2 (a) Layout of an SCMD CMOS structure; (b) Layout of a conven-

tional CMOS structure.
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drains eliminates the need for one of the two drain contacts in Figure 5-1

(b) and the remaining contact can be placed an3rwhere on the TiSi2 layer; (4)

because the TiSi2 layer connecting the and p'*’ drains forms reverse biased

Schottky barrier junctions to both n-well and p-substrate, the TiSi2 layer is

electrically isolated from n-well and p-substrate, and this enables the removal

of the field oxide region between the ri^ and drains in the conventional

CMOS structure; (5) the BVceq ® DPN and DNP bipolar transistors are

19.3 and 13.5 V, respectively and these are sufficiently high to provide good

isolation between n"'’-drain and n-well, and between p'*'-drain and p-substrate

even though the field oxide and field implanted regions are removed; and (5)

the on-characteristics of the PMOS in SCMD CMOS structures are only

slightly altered. Lastly, the silicide does not have to be TiSi2 . Other silicides

such as CoSi2 which form Schottky barrier junctions to n- and p-type silicon

with comparable barrier heights as TiSi2 [34] should also be applicable.

5.2.2 Parasitic Bipolar Actions

Figure 5-3 shows current gain products for DPN and DNP parasitic

bipolar structures of the SCMD and conventional CMOS transistors. The

drains serve as the emitters of the bipolar transistors. Current gains of the

bipolar structures in the SCMD CMOS structure are significantly reduced. As

a matter of fact, for
|

| ’s between 0 and 2.0 V, products ofthe current gains

for the SCMD inverter are less than the unity. The parasitic DPN and DNP
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plots for NMOS-

drain/p-substrate/n-well (DPN) and PMOS-drain/n-well/p-sub-

strate (DNP) parasitic bipolar transistors in SCMD and conven-

tional CMOS transistors.

bipolar actions in the CMOS structure are greatly reduced since Schottky bar-

rier junctions, which do not inject minority carriers, clamp the n'^-drain-to-p-

substrate and p'^-drain-to-n-well junctions [32]. These, in turn, reduce current

gains of the parasitic DPN and DNP transistors, and lead to significantly

reduced latchup susceptibility.
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5.2.3 Schottkv Clamp Lengfth

SCMD CMOS transistors have comparable I-V characteristics to those

of conventional MOS transistors. In order to maximize area reduction while

maintaining low parasitic bipolar current gains and good transistor isolation,

the length of Schottky clamps (SCL, see Figure 5-4) should be optimized. The

Schottky clamp length (SCL) should be as short as possible to achieve the

maximum area reduction. However, it can not be too short. If the SCL is too

short, the Schottky clamping effects may be lost and the isolation between p^-

drain-to-p-substrate and/or n‘‘’-drain-to-n-well may be degraded below the

acceptable limit.

As mentioned, the minimum SCL is primarily set by two factors, the

transistor isolation and the parasitic bipolar current gain. The minimum

acceptable SCL is determined experimentally. The shortest SCL in the experi-

ment is 0.8 pm which is limited by the lateral diffusion of n-well and drain

xate Oxi

Spacer Oxide Region

p-substrate / O.Sum

NMOS Drain PMOS Drain

Figure 5-4 Cross section of an SCMD CMOS inverter with the definition of

Schottky clamp length (SCL).
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implants. The the longest SCL is 2.4 pm which corresponds to the drain-to-n-

well spacing for the conventional CMOS structure.

Figure 5-5 shows the products of maximum current gains (max(p^p^) x

max(Pp^p)) versus SCL ofSCMD for all the possible PNPN thyristor combina-

tions which could trigger latchup. As SCL decreases, the products of maxi-

mum P's increase. However, they are still much lower than those of the

conventional CMOS structure except for the product of the p'^’-source/n-well/p-

substrate/n‘''-sovu-ce (SNPS) thyristor. The SNPS is structurally the same as

Figure 5-5 Products ofmaximum current gains (max(P^p
2y) x max(pp^p)) for

conventional and SCMD CMOS structures versus Schottky clamp
length (SCL). (D: drain, S: source, N: n-well, P: p-substrate)
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the conventional CMOS parasitic PNPN thyristor. To ensure that this product

is less than those of the conventional CMOS structure, SCL must be at least

1.6 |im compared to 2.4 }im in the conventional CMOS structure. This restric-

tion, however, can be easily lifted by Schottky clamping the NMOS and PMOS

sources. As mentioned in the previous chapters, MOS transistors use a Schot-

tky clamped source exhibit identical output I-V and tum-on characteristics as

those ofSCDR MOS transistors.

In Figure 5-6, BVceo ® parasitic DNP bipolar transistors of the

SCMD inverter remain constant for SCL’s ranging between 0.8 and 2.4 pm.

Figure 5-6 BVceo parasitic DPN (n‘*'-drain/p-substrate/n-well) and DNP
(p'-drain/71-well/p-substrate) bipolar transistors ofSCMD CMOS
transistors.
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For the DPN transistors, BVqeo decreases sharply when SCL is reduced

below 1.2 |im. These BVceo characteristics set the minimum SCL between n'^

and n-well to 1.2 |im and that between p'*' and p-substrate to 0.8 |im.

Figures 5-7 (a) and (b) show Ids'^DS characteristics of SCMD (SCL=

1.6 |im) and conventional NMOS and PMOS transistors. Output characteris-

tics of conventional and SCMD NMOS transistors are identical. Compare to

the conventional PMOS transistor, the SCMD PMOS transistor has slightly

higher drain current than that for the conventional PMOS due to a 0.1-V

increase of the threshold voltage caused by a decrease of the drawn PMOS

channel to n-well edge spacing from 4.4 pm of the conventional structure to

2.4 pm.

The threshold voltage of SCMD MOS transistors is one of the transis-

tors parameters which deviate from those of conventional MOS transistors.

Figure 5-8 shows plots of
|

V^jj
|

versus SCL for the NMOS and PMOS tran-

sistors. NMOS
I Vth I

is almost constant all the way down to SCL of 0.8 pm,

while PMOS
| |

decreases to ~ 0.66 V from 0.84 V when SCL is decreased

to 0.8 pm. The higher threshold voltage of SCMD PMOS transistors could be

an advantage for some applications where higher drive currrent is desired.

Figure 5-9 shows the SCMD PMOS transistor off-state source current.

The off-current increases when SCL is reduced below 1.6 pm. Although ~ 3

l,Tn
at an SCL of 0.8-pm is acceptable, for the off-state current to be indepen-

dent of SCL, SCL should be greater than or equal to 1.6 pm. The off-state
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Figure 5-7 (a) Measured Ids'^ds characteristics for SCMD and conventional

NMOS transistors; (b) Measured Ids'^DS characteristics for

SCMD and conventional PMOS transistors.
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Figure 5-8 Threshold voltage versus Schottky clamp length ofSCMD NMOS
and PMOS transistors.

source current of PMOS transistors is ~ 0.1 at Vds= -5 V when SCL is

greater than or equal to 1.6 |im.

Figure 5-10 shows the leakage currents ofjunctions in SCMD and con-

ventional CMOS transistors. The leakage currents at room temperature for

junctions in SCMD transistors are ~ 1 at a 5 volt reverse bias. This ~ 1

leakage currrent of the SCMD junction is about 10 times higher than

that of the SCDR junction. Note that the guard band structure on the field

oxide edges is not utilized in the SCMD structure as shown in Figure 5-2 and

this may result in a higher leakage current of the SCMD junction. For
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Figure 5-9 Off-state source current versus Schottky clamp length for SCMD
PMOS transistors.

temperatures above 300 °K, the leakage current of the Schottky clamped junc-

tions doubles approximately every 10 °K increase in temperature [23], [38-39].

Though the off-current of SCMD inverters is higher, the room temperature

leakage is almost low enough to satisfy the off-state leakage current specifica-

tion ofCMOS technologies.

The junction capacitance including the Schottky, p^-n and ri^-p junc-

tions of the SCMD structure should be ~ 10% higher than the conventional

junctions. This corresponds to a - 3% increase in the load capacitance for each
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stage in an inverter chain with a fan-out of one. This should have only a small

impact on the speed performance.

5.3 SCMD CMOS Inverters

5.3.1 SCMD CMOS Inverter Characteristics

To demonstrate the applicability of the SCMD CMOS structures,

SCMD CMOS inverters and a 100-stage inverter chain have been imple-

mented. A cross section of an SCMD CMOS inverter was shown in Figure 5-4.
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Figure 5-11 shows the voltage transfer characteristics (VTC) and sup-

ply currents of conventional and SCMD CMOS (SCL= 1.6 pm) inverters with

PMOS Width= NMOS Width= 12 pm. The VTC curves are almost identical.

The slight shift is due to the difference in the PMOS threshold voltage. How-

ever, the supply currents of the SCMD inverter at output voltages of 0 and 5 V

are higher than those of conventional CMOS inverters. The higher supply cur-

rents of the SCMD inverter at output voltages of 0 and 5 V are mainly due to

the junction leakage current of the Schottky clamped junctions as shown in

Figure 5-10.

Figure 5-11 Voltage transfer curves and supply currents for SCMD and con-

ventional CMOS inverters. (Wpjy[os=WN]viOS=12 pm)
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Figure 5-12 Voltage transfer curves ofSCMD inverters for varying Schottky

. clamp lengths.

Figure 5-12 shows VTC curves for varying SCL. Due to the PMOS V-pH

shift, when SCL is decreased to 1.2 pm, the inverter switching point is

increased by ~ 80 mV. Based on these discussions and those from the previous

section, SCL between the ii^ and n-well and that between the and p-sub-

strate can be reduced to 1.6 pm without affecting the circuit and latchup char-

acteristics and also transistor isolations.
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5.3.2 SCMD CMOS Inverter Chains

100-stage SCMD (SCL= 2.0 |im) and conventional CMOS inverter

chains with NMOS Width= 1.6 |im and PMOS Width= 3.2 |iim have been

implemented. The n-channel transistor width of the inverters is the minimum

allowed by the process. The guard band lengths along the polysilicon gate

(GPL) are 1.2 |im for the SCMD NMOS transistor and 0.8 pm for the SCMD

PMOS transistor. Figure 5-13 (a) shows the schematic and a micro-photograph

of the inverter chain and delay extraction circuit. The chain for the SCMD and

conventional CMOS inverters are enlarged and shown in Figure 5-13 (b) for a

clear area comparison. By utilizing the SCMD structure, the inverter chain

area (SCL= 2.0 pm or n‘*’-drain-to-p‘'-drain spacing of 4.0 pm) has been

reduced by ~ 22%. Figure 5-14 (a) shows output waveforms of the inverter

chains. Figure 5-14 (b) shows plots of the inverter propagation delay (tj)) ver-

sus supply voltage. The plots for both types of inverters are almost identical.

As discussed, the junction capacitance including the Schottky, p^-n and ri^-p

junctions of the SCMD structure should be ~ 10% higher than those for the

conventional junctions. This corresponds to a ~ 3% increase in the load capaci-

tance for each stage in an inverter chain with a fan-out of one. As seen in Fig-

ure 5-14 (a), this has only small impact on the speed performance.

100-stage SCMD and conventional CMOS inverter chains have been

implemented. By utilizing the SCMD structure, the inverter chain area
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100-Stage Inverter Chain
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OUTput Buffer

Figure 5-13 (a) Circuit schematic and die photo for the SCMD CMOS inverter

chain and propagation delay extraction circuit; (b) Enlarged pho-

tos ofthe SCMD and conventional CMOS inverter chains for clear

area comparison.
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Figure 5-14 (a) Measured output waveforms of the SCMD and conventional

CMOS circuits shown in Figure 5-13; (b) Inverter delays versus

supply voltage for SCMD and conventional CMOS inverters.
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(SCL= 2.0 |xm or n‘‘'-drain-to-p"'-drain spacing of 4.0 pm) has been reduced by

~ 22% without any process modifications. The 2.0-pm SCL, 1.2-pm NMOS

GPL and 0.8-pm PMOS GPL are a conservative design for SCMD CMOS

inverters. Based on the study of SCL, SCL between the n"*" and n-well and that

between the p"*" and p-substrate can be reduced to 1.6 pm without affecting the

circuit and latchup characteristics and also transistor isolations. And based on

the study of GPL in chapter 3, NMOS GPL can be reduced to 0.8 pm without

affecting the transistor and latchup characteristics, and also junction leakage

currents. Layout area of the SCMD inverter chain can be further reduced by

using the 1.6-pm SCL, 0.8-pm NMOS GPL and 0.8-pm PMOS GPL instead of

the 2.0-pm SCL, 1.2-pm NMOS GPL and 0.8-pm PMOS GPL.

5.4 Summary

A Schottky diode clamped merged drain (SCMD) CMOS structure and a

100-stage SCMD CMOS inverter chain have been implemented in a foundry

0.8-pm Salicide CMOS process. Output I-V characteristics of SCMD NMOS

and PMOS transistors are almost identical to those of conventional MOS tran-

sistors and transistor isolation characteristics are preserved. The current

gains of parasitic n"''-drain/p-substrate/n-well and p"'"-drain/n-well/p-substrate

bipolar transistors of the CMOS structure involved in latchup are signifi-

cantly reduced. The reduced current gains enable a reduction of the n"'"-drain-

to-p'-drain spacing which reduces the area of the SCMD CMOS structure.
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An SCMD CMOS inverter (SCL= 1.6 |im) has a ~ 30% smaller footprint

than a conventional CMOS inverter. This reduction should remain the same

as the technology is scaled. Voltage transfer characteristics and propagation

delays ofSCMD CMOS inverters are almost identical to those of conventional

CMOS inverters.

A major concern for SCMD CMOS circuits is the junction leakage cur-

rent, which increases the static power consumption. As transistors are scaled,

because of the projected increases in drain-to-source and gate leakage cur-

rents [40-42], the Schottky barrier junction leakage may become a smaller

portion of the overall leakage. However, with the transistor scaling, the chan-

nel doping will also increase, which will increase the Schottky barrier diode

leakage current. More work is needed to examine these leakage issues and the

applicability of the concept to deep sub-micrometer CMOS processes. For cir-

cuits dominated by dynamic power consumption, SCMD CMOS structures can

be used in present technologies to reduce the area. By using Schottky clamped

sources and by re-tuning the PMOS for a smaller SCL, it should be possi-

ble to further reduce the ;i‘''-to-p''’ spacing for an even greater area reduction.



CHAPTER 6

SINGLE-POLE DOUBLE-THROW CMOS RF SWITCHES

6.1 Introduction

Schottky clamped (SC) MOS transistors for RF switch applications

have been demonstrated. The switch exhibits comparable RF characteristics

to those of conventional NMOS switches. A single-pole single-throw (SPST)

RF switch has also been implemented in a 0.5-(im CMOS process. It exhibits

less than 0.8-dB insertion loss and more than 40-dB isolation for frequencies

up to 1 GHz. These suggest that single-pole double-throw (SPDT) switches

could be implemented in bulk CMOS technologies and also be integrated with

other CMOS transceiver circuits using either Schottky clamped or conven-

tional MOS transistors.

In addition, single-pole double-throw (SPDT) CMOS RF switches fabri-

cated using 0.35-|im CMOS transistors in a 0.18-|im CMOS process for 900-

MHz and 2.4-GHz wireless applications are presented. The switches exhibit

usable insertion loss, isolation and power handling capability for a number of

TDD wireless applications. The limitations and reliability issues associated

with the switches implemented in bulk CMOS processes are also studied. The

feasibility of using impedance transformation networks to reduce RF voltage

swings at the input and output ofRF switches and thus to increase the power

93
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handling capability is also examined. The measured output power 1-dB com-

pression point was increased by 7 dB with less than 0.5 dB increase in inser-

tion loss by using 30-Q impedance transformation networks. This

demonstrates that it is feasible to use impedance transformation to increase

the power handling capability ofCMOS RF switches.

6.2 900-MHz 0.5-|im SPDT Switches

Single-pole double-throw switches for 900-MHz wireless application

were implemented in a 0.5-|im substrate (with an epitaxial layer) CMOS

process using both conventional and Schottky clamped (SC) MOS transistors.

The switches exhibit less than 0.8 dB insertion loss, over 40 dB isolation, and

17 dBm PidB at 928 MHz. These are the first CMOS switches to have usable

insertion loss, isolation and Pi^b ^ number of 900-MHz wireless applica-

tions [16]. In addition, power handling capability of the switches has been

carefully examined, and the results indicate that the switch can withstand the

voltages corresponding to 20-dBm available power from the source (Pavs) ^

VSWR of 10:1 at the output.

6.2.1 Design of 0.5-pm SPDT RF Switches

Figure 6-1 is a schematic of an SPDT NMOS RF T/R switch. This sche-

matic is similar to the SPST RF switch presented in chapter 4. Transistors M^

and M2 perform the main switching function, while the shunt transistors M3
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ANT

Figure 6-1 Circuit schematic of an SPDT RF switch.

and M4 are used to improve the isolation of the switch by grounding RF sig-

nals on the side which is turned off. This switch also contains bypass capaci-

tors, Cgi and Cb2 ,
which allow DC biasing of the TX and RX nodes of the

switch. By applying the same DC voltage on the top plates of the b5T)ass

capacitors, Cg^ and Cg2 ,
as the DC voltage for TX and RX nodes, DC power

consumption is made negligible. The gate bias resistances, Rgi> ^G3

Rg4 ,
are implemented using poly resistors. The value for the gate bias resis-

tances is about 10 kH The purpose of the gate bias resistances is to improve

DC bias isolation. If the gate bias resistors are not present, the fluctuations of

Vgd and Vgs of the transistors due to the RF voltage swing at drain and

source nodes of the transistors will be higher. These fluctuations not only
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affect the MOSFET channel resistance but also may result in excessive volt-

age drop across the gate dielectric and cause dielectric breakdown.

Key figures of merit of a T/R switch are insertion loss and power han-

dling capability measured by power 1-dB compression point (PidB)- On-resis-

tance of the transistor is one of the dominant factors determining insertion

loss. Because of this, only n-channel MOSFET’s are used in the design. The

drain-to-body and source-to-body junction capacitances (Cdb and Csb) of

and M2 ,
and Cbb’s of M3 and M4 ,

and their associated parasitic resistances

due to the conductive nature of silicon substrates are also critical factors

determining insertion loss.

Figure 6-2 shows the simulated insertion loss as a function of the width

of Ml (Wjyii) in the SPDT switch. For a given bias condition, as the transistor

width is increased, on-resistance decreases and insertion loss decreases. How-

ever, if the transistor width is increased excessively, as discussed earlier, the

signal loss through capacitive coupling to the substrate becomes significant

and insertion loss increases with the increasing width. For the bias conditions

used to generate Figure 6-2, Mj should be ~ 0.6 to 0.8 mm wide to minimize

insertion loss. This agrees well with the optimal width range estimated by

equation (4.2) for a transistor. The width of shunt transistors M3 and M4 (W]y[3

and Wm4 ) are chosen to be a half ofW^j. According to simulations, the chosen

Wm3 and Wm4 can improve the isolation of the switch by more than 10 dB

with negligible impact on insertion loss.
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Figure 6-2 Effects of the transistor width on insertion loss of an SPDT RF
switch. W]VQ= W]vi2= 2 X Wm3= 2 x Wjy[4 and ffequency= 928 MHz.

Figure 6-3 is a schematic of the SPDT switch including important sub-

strate resistances. Figure 6-4 shows the simulated insertion loss of the switch

versus parasitic substrate resistances associated with the drain-to-body and

source-to-bodyjunction capacitances ofMj and M2 at 928 MHz. As seen with a

transistor by itself, there is a maximum insertion loss point at Rb(max)

(4.5)). When Rg is very large or very close to zero, insertion loss is reduced.

From the implementation point of view, as reported in the context of a bipolar

LNA [43] ,
it is not easy to get large Rg’s in bulk silicon integrated circuits and

also this depends on surrounding circuits and their substrate contacts.
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ANT

Figure 6-3 Circuit schematic of an SPDT T/R switch including key substrate

resistances (Rg).

Figure 6-4 The effects of the transistor substrate resistances (resistances

from S/D to ground) on insertion loss of an SPDT T/R switch at

928 MHz. Rb,M3= 2 x Rb,mi= 2 x Rb,M2
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Because of this, lowering the resistance is the preferred approach. In addition,

reducing the substrate resistance also improves the latchup immunity.

Figure 6-3 also includes a list of the measured values of the key sub-

strate resistances (Rbmi> ^B,M4)- These resistances were

measimed using a test switch implemented using the same technique reported

in Colvin et al. [43]. The substrate resistances of 14.2 (Rb,M1= ^B,M2) 20.6

^ (^B,M3= Rb,M4) sufficiently low to significantly reduce the substrate

losses. The low substrate resistances are achieved by fully surrounding the

transistors with large area substrate contacts and filling in any open

spaces with substrate contacts. Figure 6-5 is a micro-photograph of the SPDT

switch, which integrates the transistors, resistors and capacitors. The total

Figure 6-5 Micro-photograph of the 0.5-pm 900-MHz SPDT NMOS RF
switch.
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chip area is 560 pm x 560 pm. The capacitors are implemented using an inex-

pensive polysilicon-to-n-well capacitor structure [44]. The substrate contacts

occupy approximately 36% of the chip area which is about 0.1 mm^.

6.2.2 DC Bias for RF Switches

TX and RX nodes, or the drain nodes of Mj and M2 ,
are DC biased to 3

V. This reverse biases the source/drain-to-body junctions which reduces the

junction capacitances and RF signal coupled to the substrate and thus

decreases insertion loss. As discussed in section 4.3.3, the 3-V DC bias for TX

and RX nodes also improves the power handling capability measured by PidB-

The DC gate voltages for Mj and M4 are set to 6 V, and those for M2 and M3

are set to 2 V to set the switch in the transmit mode. From (4.6), the maximum

gate-to-drain voltage (Vg^) of M3 is Vg - Vd= 1.1 V - 0.3 V = 0.8 V which is

higher than the threshold voltage (V^h) of the 0.5-pm transistor, and the tran-

sistor, M3 ,
starts to turn on. This unintentionally tumed-on transistor clips

the output waveform and makes the output power of the switch to compress.

However, as discussed and will be shown by measurements, the RF power

handling capability for the 3-V source/drain DC bias case is significantly

higher than that for the 0-V DC bias case.
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6.2.3 Measured Results of Conventional MOSFET Switches

Figure 6-6 shows the measured insertion^ loss versus drain/source-to-

body bias (V^b, Vsb) of when the gate control voltage (V^trl) i® 3.3 V. The

measurements were made in an SOIC-like test package with an exposed pad-

dle. The exposed paddle was directly soldered to board ground. The on-chip

ground is connected to board ground using five down bonds to reduce the

inductance. When the gate-to-drain/source voltages (Vqb and Vqs) of Mj are

3.3 V, on-resistance is the lowest. However, insertion loss is not the minimum

because the drain-to-body and source-to-body capacitances (Cj)b

Figure 6-6 Measured insertion loss vs. drain/source-to-body bias (Vqb>

when VctbrIs 3.3 V and Vqtrl i® ^
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at their maximum. This results in lower impedances to the substrate and

higher losses in the substrate. Raising Vdb and VgB levels increases the

reverse bias of the junctions, which decreases the capacitances. Despite the

accompanying decrease in V(jg and increase of the on-resistance, this capaci-

tance reduction lowers insertion loss. If Vdb and VgB are further increased,

eventually the decrease of Vqs results in a sharp increase of insertion loss.

These measurements indicate that at 1.0 ~ 1.2 V Vdb and VgB, insertion loss

IS mimmized for the 3.3-V Vctrl- As discussed, applying positive Vdb and

VgB also increases Pi^b-

Figure 6-7 shows the measured insertion loss and isolation of switches

using conventional MOS transistors. Insertion loss is less than 0.8 dB, and

isolation IS more than 40 dB for operating frequencies up to 1 GHz at Vctrl or

Vgb of 6.0 V, Vctrl of 2 V, and drain/source-to-body reverse bias (Vdb and

VgB) of 3.0 V. The insertion loss and isolation at Vctrl= 3.3 V and Vdb= VgB=

1.2 V are ~ 0.2 dB higher and 2 dB lower than those at Vctrl= 6 0 V and

^DB- VgB- 3.0 V, respectively. The 6.0-V Vctrl oan be attained by using a

voltage doubler from a circuit operating at 3 V.

Figure 6-8 shows the power measurement results of the switch in both

on- and off-states at 928 MHz. Table 6-1 summarizes the switch performance.

When VcTRL= 6.0 V, Vctrl = 2.0 V and the switch is on, is 17.2 dBm.

This corresponds to an TX and ANT voltage amplitudes of 2.8 and 2.3 V with a

50-G output load. As discussed earlier, the compression is caused by turning
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Figure 6-7 Measured insertion loss and isolation for the 0.5-|im SPDT RF
switch.

M3 on by the applied RF input voltage. Output third order intercept point

(IP3 ) was measured using a two-tone test. The frequencies of the two-tones (fj

and f2 ) are 928 MHz and 927 MHz, and the third order harmonics are mea-

sured at 2fj-f2 and 2f2-f^ which are 929 MHz and 926 MHz, respectively.

Because the mechanisms responsible for IP3 and Pijb ^^"6 different, this also

makes the difference between PidB IP3 to be around 20 dB instead of the

theoretical ~ 10 dB difference [15]. Measured IP3 is 38.2 dBm which is excel-

lent. The higher power handling capability of the 6.0-V Vctrl case compared

to the 3.3-V Vctrl f^ct that it takes a larger input swing to
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Figure 6-8 The output 1-dB compression point measurement for both on- and
off-states, and IP3 measurement for on-state at 928 MHz when

VcTRL” VCTRL“ ^ and Vj)g= Vgg= 3.0 V for switches

using conventional MOS transistors.

Table 6-1 Summary the 0.5-pm SPDT T/R Switch at 928 MHz

Bias Conditions

VcTRL= 6-0 V

VcTRL= 2.0 V

Vdb»Vsb=2.0 V

VcTRL= 3.3 V

VcTRL= 0-0 V

Vdb,Vsb=1.2V

Insertion Loss 0.73 dB 0.97 dB

Isolation 41.8 dB 40.1 dB

PidB (ON) 17.2 dBm 11.5 dBm

IPidB (OFF) 17.1 dBm 13.9 dBm

IP3 38.2 dBm 33.3 dBm
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forward bias the source/drsdn-to-body junctions and to turn on M3 . During this

set of measurements, a maximum RF input voltage amplitude of 4.2 V or a

peak voltage of 7.2 V has been applied without damaging the switch.

fi.2.4 Measured Results of SC MOSFET Switches

Figure 6-9 shows the measured insertion loss and isolation of switches

using Schottky clamped (SC) MOS transistors. The measurements were also

made in an SOIC-like test package with an exposed paddle. Insertion loss is

less than 0.8 dB, and isolation is more than 40 dB for operating frequencies up

46.0
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Figure 6-9 Measured insertion loss and isolation for SPDT switches using

0.5-|im SC-MOS transistors.
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to 928 MHz at a Vctrl or a Vqb of 6.0 V, and a drain/source-to-body reverse

bias (Vdb and Vs^) of 3.0 V.

Figure 6-10 shows the power measurement results of the switch in both

on- and off-states at 928 MHz. Table 6-2 summarizes the switch performance

and compares the performance to that of the SPOT switch using conventional

MOS transistors. The insertion loss of switches using SC-MOS transistors is

about 0.1 dB higher than that of switches using conventional transistors. This

is mainly attributed to the slightly increased layout area of SC junctions. Iso-

lation of both switches is similar. When Vctrl^ ^ ^CTRL “ ^.0 V and

the switch is on, PidB is 18.2 dBm. This corresponds to an TX and ANT volt-

age amplitudes of 3.2 and 2.6 V with a 50-Q output load. The compression is,

once again, mainly caused by the applied RF input voltage turning on M3. In

addition. Verm] of 2.0 V is chosen to reduce the maximum voltage across the

gate oxide layer of transistors M2 and M3 when Mj and M4 are turned on. The

measured IP3 is 37.2 dBm which is similar to the SPDT RF switch using con-

ventional MOS transistors. These demonstrate that switches using SC-MOS

transistors exhibit similar RF characteristics to those of switches using con-

ventional MOS transistors.

fi.2.5 Reliability Issues of 0.5-um MOSFET Switches

The reliability of switches using MOS transistors is crucial. One of the

concerns is the minority carrier injection due to the unwanted forward biased
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Figure 6-10 The output IdB compression point measurement for both on and

off states, and IP3 measurement for on state when Vctrl=

Vctrl= 2.0 V and Vdb= Vsb= 3.0 V at 928 MHz for 0.5-pm

switches using SC-MOS transistors.

Table 6-2 O.S-pm SPDT RF Switch Characteristics

Comparison at 928 MHz

Conventional

RF Switch

SC-MOS
RF Switch

Insertion Loss 0.7 dB 0.8 dB

Isolation 41.3dB 40.6 dB

PidB (ON) 17.2 dBm 18.2 dBm

IP3 38.2 dBm 37.2 dBm
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junctions mainly caused by output mismatches. Figure 6-11 shows the Gum-

mel plot of lateral n'^-drain/p-substrate/n'^-source parasitic bipolar transistors

(TX node/substrate/ANT node) for SPOT RF switches using both conventional

and SC-MOS transistors. The ANT node serves as the collector for bipolar

transistors. At 0.97-V Vbe, the collector current for the switch using conven-

tional transistors is ~ 90 mA while it is only 1.4 mA for the switch using SC-

MOS transistors. More electrons or minority carriers have been injected into

the substrate in the switch using conventional transistors and these injected

minority carriers can increase the susceptibility to latchup for nearby CMOS

Figure 6-11 Gummel plots of n’^-drain(TX)/p-substrate/n‘^-source(ANT) para-

sitic npn bipolar transistors for 0.5-|im switches using both con-

ventional and SC-NMOS transistors.
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circuits. As discussed, the use of SC MOS transistors to implement SPDT RF

switches has almost negligible effect on the RF performance compared to

those of SPDT switches using conventional MOS transistors, while latchup

susceptibility of CMOS circuits integrated with the RF switches can be radi-

cally reduced. This suggests that it is feasible to use SC MOS transistors to

fabricate RF switches in bulk CMOS technologies to decrease the susceptibil-

ity to latchup for CMOS circuits.

Another reliability issue is the DC voltage across the gate oxide. The

6_0-V DC gate voltage is acceptable in the 3.3-V 0.5-|xm CMOS process

because when the transistors are on, the DC voltage across the gate oxide is

3.0 V due to the 3.0-V Vsb and Vdb. and the formation of an inversion layer in

the channel region. When the transistors are off (Vgd= Vgs= ^ =

2.0 V), the maximum DC voltage across the gate oxide is 2.0 V. Because of

these, the DC voltage across the gate oxide does not exceed 3.0 V.

Another reliability issue for an RF T/R switch is the RF input voltage in

combination with the output mismatch. The output node of an RF T/R switch

is connected to an antenna, and the impedance looking into the antenna var-

ies depending on structures near the antenna. The worst case mismatch

occurs, though infrequent, when the load is an open, which results in total

reflection of the input RF signal. In this case, if the impedance of the input

source is 50 ^ the RF output voltage will be the maximum, and ~ 2X the volt-

age of that when the load is 50 For applications with the maximum trans-

mit power of 10 dBm, the output voltage amplitude with a 50-Q load is 1 V.
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Thus, the maximum RF voltage amplitude at the output will be 2 V (peak volt-

age of 5 V) when the output load is an open, and the switch will operate in the

safe voltage range.

Simulations have been used to estimate the maximum power handling

capability of the switch assuming that the maximum allowable voltage across

the 9.5-nm gate oxide of the 0.5-|im transistor limited by the reliability

requirement is about 4.0 V. The 4.0-V limit is more conservative than that

suggested by Hu [45]. On top of this, the stress is AC rather than DC, which

makes the 4.0-V limit even more conservative. Figure 6-12 shows simulated

Vgd of Ml and Vdg of M2 and M3 when Mi is turned on, and M2 and M3 are

turned off. The terminals shown in Figure 6-12 are chosen because they are

exposed to the largest voltage drops. The available input power is 16.7 dBm

(e.g. output power is 15.6 dBm= 16.7 dBm - IL - power compression with a 50-

Q. load) and the output load is an open. The corresponding peak voltage at TX

is 7.35 V. Because significant part of the RF voltage between the source/drain

ofMl to ground is dropped across Rgi, the maximum Vgd ofMi is about 3.2 V,

which should not stress the gate oxide. In addition, the 2.0-V Vctrl sets the

maximum Vqg of M2 and M3 to ~ 4.0 V which should be acceptable from the

reliability point of view. The 2.0-V Vq^hl keeps the transistors within the safe

voltage range for the 3.3-V CMOS process at the input power of 16.7 dBm

even when the output load is an open.

The 2.0-V Vctrl degrades PidB only by 1 dB in comparison with 0-V

Vctrl case. The 1-dB PidB degradation is due to the RF signal loss through



Ill

Figure 6-12 Simulated voltages across the gate oxide layer of Mj, M2 and M3 ,

and Vjjs ofM2 and M3 when the switch is on and the output load

is an open. The available input power is 16.7 dBm, and the maxi-

mum voltage across the gate oxide is 4.0 V.

M3 which is turned on instead of PidB being limited by the forward biasing of

the source/drain-to-body junction diodes. Figure 6-12 also shows the drain-to-

source voltages for transistors M2 and M3 . The maximum Vos is about 5.0 V

which is significantly lower than the 10-V transistor breakdown voltage

(BVdss)- This should not pose a reliability problem since M2 and M3 are

turned off during the high Vps portion of a cycle.

This switch has been designed to operate within the safe voltage range

at the input power of 16.7 dBm with an open output load, Vctrl= b.O V, and
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VgxRL= 2.0 V. However, the switches have also been characterized when the

available output power (Pavs) much higher than 16.7 dBm. The switch

maintained the same insertion loss and isolation at a 10-dBm output power

after a 26.5-dBm Pays stress for one minute. At the output Pays of 27.5 dBm,

the gate oxide of transistors M2 and M3 were ruptured. When the output load

is open, this switch should be able to handle Pays of 20 dBm without ruptur-

ing the gate oxide layer. These suggest that the switch can be operated all the

way up to the PidB point without being limited by a reliability problem.

6.2.6 Conclusion

Single-pole double-throw transmit/receive switches using both conven-

tional and Schottky clamped MOS transistors have been presented. The

switches were fabricated in a foundry 0.5-)im CMOS process. They exhibit a

0.8-dB insertion loss, a 40-dB isolation, and a 17-dBm PidB ot 928 MHz. The

insertion loss of the 0.5-|im switches is comparable to several transmit/receive

switches implemented in GaAs technologies for 900-MHz applications while

the isolation of this switch is about 15 dB better than those of GaAs switches.

The PidB of this switch is about 15 dB lower than that of GaAs switches [2],

[6] , [46] . The effects of substrate resistances and source/drain-to-body capaci-

tances associated with MOS transistors on insertion loss of RF switches have

been shown by simulations, analyses and measurements. The substrate resis-

tance and source/drain-to-body capacitance must be lowered to decrease
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insertion loss. The low insertion loss of the CMOS transmit/receive switch is

achieved by optimizing the transistor widths and bias voltages, by minimizing

the substrate resistances, and by DC biasing the TX and RX nodes which

decreased the capacitance while increasing the power 1-dB compression point.

The switch has adequate insertion loss, isolation, Pi^b and IP3 for a number of

900-MHz ISM band applications requiring moderate maximum transmit

power. The switch should be able to handle 17 dBm output power with a suffi-

cient reliability margin even with the output open. Using Schottky clamped

NMOS transistors reduce the minority carrier injection from the switch, and

when the switch is integrated with other CMOS circuits, susceptibility to

latchup for the CMOS circuits should be reduced. Because the switch is imple-

mented in a foundry CMOS process, this work suggests that a T/R switch

could be integrated with other transceiver circuits.

6.3 900-MHz and 2.4-GHz 0.35-|iim SPDT Switches

It has been shown that it is feasible to implement RF transmit/receive

switches operating at 900 MHz in 0.5-pm CMOS technologies using p"*" sub-

strates. It has also been shown that RF components and circuits implemented

on p' substrates exhibit better characteristics than those on p'*' substrates [47]

.

However, using a p‘ substrate may increase insertion loss of integrated RF

switches due to increased substrate resistances. To study the impact ofp' sub-

strate on insertion loss as well as the feasibility of CMOS T/R switches for
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operating frequencies higher than 900 MHz, SPDT RF switches were fabri-

cated using 3.3-V, 0.35-|ini MOS transistors in a foundry 0.18-)im CMOS pro-

cess utilizing p' substrates. Using 0.35-|a.m transistors in the 0.18-|xm CMOS

process reduces the source/drain-to-body capacitances because of the more

aggressive design rules compared to the conventional 0.35-pm CMOS process,

which in turn decreases insertion loss. Substrate contacts have been carefully

laid out to ensiu*e the impact of p' substrates on insertion loss is reduced.

Through these, a 900-MHz switch with an insertion loss of 0.5 dB and isola-

tion of 39 dB at 928 MHz and another switch with a 0.8-dB insertion loss and

24-dB isolation at 2.4 GHz have been demonstrated. Owing to the lower on-

resistances and substrate resistances, the insertion loss for 0.35-|im 900-MHz

switches is much lower than that of the 0.5-|im SPDT RF switch and the max-

imum operating frequency has been increased to 2.5 GHz. These switches also

exhibit a 17-dBm PidB-

6.3.1 Design of 0.35-|xm SPDT RF Switches

Figure 6-13 is a schematic of an SPDT RF T/R switch. This schematic is

similar to the switch implemented in a 0.5-|im CMOS process [16]. The DC

bias of TX and RX nodes (see Figure 6-13) has been set to 3.0 V, and Vctrl

and Vctrl ^ 2.0 V to perform the switching function. The width of

transistors Mj and M2 is a crucial factor determining insertion loss as dis-

cussed in the previous section. Under a given bias condition, as the transistor
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Rq1 ^G2

gB,Mi= gB,M2= |-0 § for 900-MHz switch
"B,M3- "B,M4-

gB,Mi= gB,M2 for 2.4-GHz switch
"B,M3- "B,M4-

Figure 6-13 Circuit schematic of an SPDT T/R switch including key substrate

resistances. (Rg: substrate resistance)

width is increased, on-resistance decreases and insertion loss decreases. How-

ever, if the transistor width is increased excessively, the signal loss through

capacitive coupling to the substrate becomes significant and insertion loss

increases with the increasing width [16], [48]. This is especially important for

high frequency applications. Simulations have been used to estimate the opti-

mal width ofMl and M2 for low insertion loss. The minimum insertion loss at

900 MHz and 2.4 GHz is achieved when the width of Mi is about 660-pm and

300-pm, respectively.
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Figure 6-13 also includes critical substrate resistances [36]. As men-

tioned earlier, substrate resistances were minimized. To accomplish this, the

transistors are laid out using multiple-fingered structures and also the tran-

sistors are broken into multiple groups. Each group of the transistor is fully

surrounded by large area substrate contacts to minimize the series resistance

thus maximizing the quality factor of Cdb and Csb- In addition, any open

spaces are filled with substrate contacts. This is expected to be especially

important for NMOS transistors fabricated on p' substrates since the low

resistance shunting path through the p* substrate is not available. Figure 6-

13 also includes a list of measiired values ofthe key substrate resistances. The

measured substrate resistances of 5.0 Q for Rb,mi= I^BM2 nnd 8.5 Q for

I^B,M3= I^B,M4 lor the 900-MHz switch and the measured substrate resistances

of 8.2 Q for Rb,mi= I^B,M2 nnd 20.0 H for Rb,M3= I^B,M4 Io^ 2.4-GHz switch

are sufficiently low to make the substrate loss small. The resistances are mea-

sured using a test circuit identical to the switch except that the source/drain-

to-body junctions are replaced with p^ substrate contacts.

Figures 6-14 (a) and (b) are micro-photographs of the 0.35-|j,m 900-MHz

and 2.4-GHz SPDT switches, respectively, which integrate the transistors,

resistors and capacitors. The capacitors are implemented using an inexpen-

sive polysilicon-to-n-well 3.3-V MOS capacitor structure [44]. The purpose of

capacitors Cbi and Cb2 is, once again, to enable DC biasing of the source/drain

nodes of the transistors which reverse biases the source/drain-to-body
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Figure 6-14 (a) Micro-photograph of the 0.35-}iin 900-MHz SPDT switch; (b)

Micro-photograph of the 0.35-|im 2.4-GHz SPDT switch.
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junctions of M2, M3 and M4. This decreases the capacitances and RF sig-

nal coupled to the substrate, and thus reduces insertion loss. The DC bias for

TX and RX nodes also improves PjdB because it increases the required voltage

swing to forward bias the source/drain-to-body junctions of the transistors

than the 0-V DC bias case. The gate bias resistors, Rqi, Rg2> ^G4>

implemented using poly resistors. The value for the gate bias resistance is

~ 10 kfl The chip area is 531 x 531 pm^. The substrate contacts occupy

approximately 63% and 65% of the chip area for the 900-MHz and 2.4-GHz

switches, respectively.

6.3.2 Measured Results of 900-MHz Switches

Figure 6-15 shows the measured insertion loss and isolation of the 900-

MHz switch. The measurements were made in an SOIC-like test package with

an exposed paddle. Insertion loss is about 0.5 dB, and isolation is more than

39 dB for operating frequencies up to 1 GHz at Vctrl ^GB=

drain/source-to-body reverse bias (Vj^g and V3b)= 3.0 V. Figure 6-16 shows the

power measurement results of the switch at 928 MHz. Table 6-3 summarizes

the switch performance at 928 MHz and compares the performance to that of

a 0.5-pm SPDT switch under the same bias condition. Both switches exhibit

similar characteristics except that the insertion loss of the 0.35-pm switch is

reduced. The 0.5-dB insertion loss is competitive to that of a number of GaAs

switches at 900-MHz [6], [46]. The reduction on insertion loss is attributed to
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Figure 6-15 Measured insertion loss and isolation of the 900-MHz SPDT T/R
switch.

the lower on-resistances and substrate resistances than those of the 0.5-|ini

switch. When V^trl^ ^ and Vctrl= 2.0 V, TX and ANT nodes are con-

nected. PidB is 17.7 dBm, which is similar for both the 0.35-|im and 0.5-|j.m

switches. The 3-V DC bias for TX and RX nodes also improves Pi^b by around

8.5 dB because it increases the required voltage swing to forward bias the

source/drain-to-body junctions of the transistors than the 0-V TX and RX DC

bias case. IP3 was measured using a two-tone test. The measured IP3 is 40.1

dBm. The mechanisms determining IP3 and Pi^b different. IP3 is mea-

sured at low input power levels and is determined by the non-linearity of the
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Figure 6-16 The output 1-dB compression point measurement and IP3 mea-

surement when VcTRL= 6-0 V, Vctrl= 2.0 V and Vdb= Vsg= 3.0 V
at 928 MHz.

Table 6-3 0.35-pm and 0.5-pm 900-MHz SPDT Switch
Characteristics Comparison at 928 MHz

A 0.35-pm
SPDT Switch

A 0.5-|xm

SPDT Switch

Insertion Loss 0.5 dB 0.7 dB

Isolation 39.5 dB 41.3 dB

PidB 17.7 dBm 17.2 dBm

IP3 40.1 dBm 38.2 dBm
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reverse biased source/drain-to-body junctions, while PidB measured at high

input power levels and is determined by the turning on of the shunt transistor

(M3 ). Because of this, the difference between PidB IP3 is ~ 20 dB instead

of the theoretical ~10 dB difference [15].

6.3.3 Measured Results of 2.4-GHz Switches

Figure 6-17 shows the measured insertion loss and isolation of the 2.4-

GHz switch. The measurements were also made in an SOIC-like test package

with an exposed paddle. Insertion loss is about 0.8 dB, and isolation is more

Figure 6-17 Measured insertion loss and isolation of the 2.4-GHz SPDT T/R
switch.
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than 24 dB for operating frequencies up to 2.4 GHz at Vctrl= X and Vjjg

and Vs3= 3.0 V. Figure 6-18 shows the power measurement results of the

switch in on-states at 2.4 GHz. Table 6-4 summarizes the switch performance

at 0.9, 1.8 and 2.4 GHz. The switch exhibits 0.8 dB insertion loss for

Figure 6-18 The output 1-dB compression point measurement and IP3 mea-

surement for the 0.35-pm 2.4-GHz switch when Vqtrl=

VcTRL~ ^ and Vj)g= V3g= 3.0 V at 2.4 GHz.

Table 6-4 Summary of 2.4-GHz SPDT Switch

Frequency 900 MHz 1.8 GHz 2.4 GHz

Insertion Loss 0.7 dB 0.7 dB 0.8 dB

Isolation 34.0 dB 27.4 dB 24.4 dB
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frequencies up to 2.5 GHz. The insertion loss is comparable to those of the

NMOS SPDT T/R switch [16] and a number of GaAs SPDT T/R switches [2],

[6], [46] at their respective operating frequencies. This is the first SPDT sili-

con MOSFET switch to have usable insertion loss for applications from DC up

to 2.5 GHz. When the switch is set to the transmit mode (Vctrl= ^

VcTRL = 2.0 V), PldB is 17.4 dBm. The compression is, once again, caused by

the applied RF input voltage turning on M3 . Vctrl 2.0 V was chosen to

reduce the maximum voltage across the gate oxide layer of transistors M2 and

M3 when Ml and M4 are turned on.

IP3 was measured using a two-tone test. The frequencies of the two-

tones (fi and f2 ) are 2400 MHz and 2399 MHz, and the third order harmonics

are measured at 2fi-f2 and 2f2-fi which are 2401 MHz and 2398 MHz, respec-

tively. The measured IP3 is 31.3 dBm. The difference between PidB IP3 is

around 15 dB.

6.3.4 Reliability Issues of 0.35-fxm MOSFET Switches

Similar to the 0.5-|im switches, the 6.0-V DC gate voltage is acceptable

for the 3.3-V 0.35-|im MOS transistors because when the transistors are on,

the DC voltage across the gate oxide is 3.0 V due to the 3.0-V Vsb and V^b,

and the formation of an inversion layer in the channel region. When the tran-

sistors are off (Vqd= Vqs= -1.0 V and Vqb = 2.0 V), the maximum DC voltage

across the gate oxide is 2.0 V. Because of these, the DC voltage across the gate
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oxide does not exceed 3.0 V. However, the more significant reliability issue is

still the large RF input voltage in combination with output mismatches. The

worst case mismatch, though infrequent, occurs when the load is an open,

which results in total reflection of the input RF signal and makes the output

RF voltage 2X the voltage when the output load is 50 D. At the maximum

transmit power of 17.4 dBm for the 2.4-GHz switch, the peak voltage seen by

the switch is 2.9 V with a 50-Q output load. Thus, when the output load is

changed to an open, the maximum RF voltage amplitude seen by the switch

will be ~ 5.8 V. Because the RF voltage is divided by Cq£>, Cqs and Cqb of the

transistors, the maximum voltage across the gate oxide is ~ 4.8 V. This voltage

should be sufficiently low to prevent the catastrophic failure of the switch due

to the breakdown of the 7-nm gate oxide layer. As a matter of fact, when the

switches are stressed with a 20-dBm Pays with the output open for one

minute, no degradation of the switch characteristics has been observed. In

addition, the switches have been stressed at a 26-dBm Pays with a 50-Q out-

put load for one hour. Once again, the switches maintained the same insertion

loss and isolation after the stress. These suggest that the switch can be oper-

ated all the way up to Pi^b point without being limited by a reliability prob-

lem. Lastly, the switch has adequate insertion loss, isolation, Pi^b ond IP3 for

a number of applications up to 2.5 GHz.
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6.4 Impedance Transformation for High Power RF Switches

6.4.1 Design of Impedance Transformation Networks

The requirement for power handling capability of a T/R switch is 30

dBm for GSM, 20 dBm for CT3 and 10 dBm for CT2 [12]. There also exists

numerous 900 MHz ISM band applications where 10 dBm is sufficient. The

output power 1-dB compression point for the switches presented in the previ-

ous sections is about 17 dBm which is suitable for a number of 900-MHz ISM

band applications. However, the PidB is lower than the 20-dBm requirement

for CT3 applications. In order to deliver 20 dBm of sinusoidal power to a 50-£l

antenna, the peak-to-peak voltage swing at the antenna must be about 6.3 V.

This voltage swing is higher that the voltage swing at PidB point of the CMOS

SPDT switches. A way to solve this problem is inserting an impedance trans-

formation network between the antenna and switch to transform the 50-Q

impedance of the antenna to approximately —rseen by the T/R
(6.3/(2X))

switch so that a voltage amplitude ofX at the switch delivers 20 dBm of power

to the antenna, where X is the maximum voltage amplitude that could be tol-

erated by the T/R switch without signal distortion. As discussed, for the cur-

rent design, the signal distortion is limited by unintentionally turning on a

shunt transistor, M3 .

As described in section 6.2.2 and estimated by (4.6), the shunt transis-

tor M3 will start to turn on at an RF input voltage amplitude of 2.7 V under
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the given bias condition of SPDT switches presented in this chapter. This

unintentionally turned-on transistor clips the output waveform and makes

the output power of the switch to compress. In order to deliver 20 dBm of out-

put power without signal distortions, a 2.5-V amplitude of RF voltage is used

to determine the transformed source and load impedances seen by the transis-

tors in the switch. For the desired 2.5-V RF voltage amplitude at the output of

the switch, the load impedance seen by the transistor needs to be reduced to

about 30 Q and this can be done by using a shunt C-series L network or a

shunt L-series C network as shown in Figure 6-19. The shunt C-series L net-

work is the preferred approach due to the fact that bond wire and package

lead inductances are present in a packaged switch and they can be used as

part of the impedance network. In addition, no DC block capacitors are

required in the shunt C-series L network as opposed to the shunt L-series C

network for DC biasing the switch. In order to transform the 50-Q source and

load impedances down to 30 Q by using the shunt C-series L network, the

capacitive susceptance component and the inductive reactance component are

0.8 and 0.5, respectively (see Figure 6-19). At 900 MHz, they correspond to 2.8

pF of capacitance and 4.4 nH of inductance.

The use of impedance transformation networks increases the insertion

loss of the switch due to the extra series resistances of the capacitors and

inductors used in the network, and due to the reduced source/load impedances

seen by the switch. Thus, high quality factor (Q) inductors and capacitors are

needed for the network to minimize the extra insertion loss introduced by the
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Figure 6-19 The ZY smith chart and the possible 30-Q impedance transforma-

tion networks for switches.
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impedance transformation network. Due to the fact that integrated inductors

have low Q at 1 GHz [49-50], discrete off-chip inductors, and bond wire and

package lead inductances are more suitable for the impedance transformation

network. Since discrete off-chip inductors are needed, the capacitor in the

impedance transformation network will also need to be a discrete off-chip

component.

Reducing the soiu*ce/load impedances can reduce the voltage amplitude

seen by the transistors in the switch. However, if the source/load impedance is

excessively transformed to a low value which is comparable to the on-resis-

tance of the transistors, insertion loss can be greatly increased. For example.

the S21 for a simple resistive network can be shown as
2Rq + R

where Rq is

the source/load impedance and R is the resistance of the network (see Appen-

dix). If R= 5 a and Rq= 50 Q, IL is 0.4 dB and the difference between the Pavs

and Pl is only 0.4 dB. However, if Rq is transformed to 5 Q to increase the

power handling capability of a switch, insertion loss will become 3.5 dB. This

means to achieve the same output power, the input RF voltage amplitude

must be increased. This increased input RF voltage amplitude can turn on the

shunt transistor, M3 ,
at a lower output power level than the case when the

source/load impedances are moderately transformed. More importantly, the

input RF voltage is proportional to ^ . This ratio increases to when
Aix(\ “I" IV

Rq= R from ~ V2 when Rq» R. The relation between the transformed source/
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Figure 6-20 Two-port network of a series resistance, R.

load impedances and the power handling capability of the switch can be ana-

lyzed by using the simplified two port network shown in Figure 6-20. For

switches with source/load impedance transformation networks, the voltage

amplitude at node D (see Figure 6-20) is targeted at X to avoid signal distor-

tions, which is about 2.5 V for the current design of the switch. For the two

port network shown in Figure 6-20, the power delivered to the load (Pl) is

2R0

(6.1)

and insertion loss in dB can be obtained from 1/ 1

S

21 1

^(see Appendix)

IL = 20 X log
2Rq + R
2R.

(6.2)

and power available from the source (Pays) shown as

AYS 8Rr

2Rq + R
Rq + R

xZ = IN

1-|S 11

(6.3)
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Pin = 2.(Ro^R) = 2R^ (see Appendix).

Pavs> insertion loss are plotted in Figure 6-21 against the trans-

formed source/load impedances (Rq)- R of 5 Q is used to generate this plot. As

shown in Figure 6-21, when Rq decreases, Pl increases and insertion loss also

increases. However, if Rq is transformed to be greater than R (5 in this

case), Pl decreases even though Pavs increased. This is due to the sharp

increase of insertion loss and thus degrading the power handling capability of

the network. In this analysis, the 22.0-dBm maximum Pl can be achieve when

Figure 6-21 Pavs> insertion loss versus the transformed source/load

impedances (Rq) for the two port network shown in Figure 6-20

with a 5-Q R.
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Rq= R= 5 a (IL= 3.5 dB) with a Pays of 25.5 dBm. However, the 3.5 dB inser-

tion loss is too high to be useful and the power handling capability of the net-

work is degraded. Simulations and measurements of SPDT RF switches have

also been done to illustrate these and will be presented in the proceeding sec-

tion.

6.4.2 Experimental Results and Discussion

Figure 6-22 shows the block diagram of the 0.35-pm 900-MHz RF

switch including impedance transformation networks in a 50-Q system. The

switch is represented as a two port network. Rs and Rl are 50-Q source and

load impedances and Zs and Zl are the transformed source and load imped-

ances seen by the switch. Lg’s and Cp’s are discrete off-chip components in this

Input Impedance

Transformation

Network

Output Impedance

Transformation

Network

Rl

Rg=RL=50Q and Zs=Zi_

Figure 6-22 Block diagram of an RF switch with impedance transformation

networks.
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configuration. For simplicity, the bond wire and package lead inductances

which are about 2.0 to 2.5 nH are included as part of Ls’s.

As mentioned, in order to transform the 50-Q Rg and Rl to 30-Q Zg and

Zl at 900 MHz, the required Cp is 2.8 pF and Lg is 4.4 nH as shown in Figure

6-19. However, due to the availability of discrete off-chip capacitors, 2.7 pF

capacitors are used for Cp instead of 2.8 pF. This introduces slight mis-tuning

ofZg and Zl. In addition, the parasitic inductance and capacitance of the SMA

connectors used in the switch circuit board to connect RF cables need to be

taken into account as part of the impedance transformation network. How-

ever, for RF switch applications with integrated impedance transformation

networks, SMA connectors are not required and the extra parasitics compo-

nents introduced by SMA connectors can be ignored.

An SMA connector can be modeled with a series inductor and a shunt

capacitor as shown in Figure 6-23. The parasitic series inductance and shunt

capacitance of SMA connectors are extracted by measurements at 900 MHz.

The series inductance (Lg|^) is about 2.2 to 3.2 nH and the shunt capacitance

(Csma) is about 0.8 to 1.2 pF. The 1-nH variation of LgMA is mainly attributed

to the length difference of the center conductor in the SMA connector used in

the measurement. In order to reduce the impact of Lgj^, the center conductor

of SMA connectors used for the RF switch boards in the measurement has

been cut to the shortest possible length to reduce the inductance.
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Lsma= 2.2 nH

CsMA= 1 -0 PF

Ls= 5.3 nH

Cp= 2.8 pF

Figure 6-23 The ZY smith chart and the impedance transformation network
targeting 30-Q Zs and Zl for RF switches including the parasitics

associated with the SMA connectors.
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In order to obtained Zs and Zl of 30 Q including the parasitics of SMA

connectors, a 5.3-nH Ls and a 2.8-pF Cp is needed as shown in Figure 6-23. A

3.3-nH off-chip inductor (Lsq) in series with the bond wire and package lead

inductances and a 2.7-pF off-chip capacitor (Cp) is used for actual implemen-

tation. The choice of Lgo is about 0.4 nH higher than the value needed to

transform the Zg and Zl to 30 Q. One of the reasons for this is due to the avail-

ability of off-chip discrete inductors and another reason for the extra 0.4-nH

Lgo is to compensate the effect of the ~ 0.7-pF shunt Cop’s of and M3 at

the input and the shunt Cgg’s of and M2 at the output of the 0.35-p.m RF

switch.

Figure 6-24 shows the measured insertion loss and isolation for the

0.35-pm RF switch with 30 Q impedance transformation networks. In this

switch, the DC bias condition is the same as the RF switches presented previ-

ously in this chapter. The measured insertion loss is less than 1 dB and isola-

tion is more than 35 dB for frequencies between 860 MHz and 1 GHz. At 928

MHz, the measured insertion loss is 0.97 dB and isolation is 35.4 dB. Figure 6-

25 shows the power measurement of the same switch. When Vctrl= V and

Vctrl = 2.0 V, TX and ANT nodes are connected. PidB is 24.3 dBm and IPi^b

(input referred Pi^b) is 26.3 dBm, which is much higher than both the 0.35-

pm and 0.5-pm switches without impedance transformation networks. IP3 was

measured using a two-tone test. The measured IP3 is 37.7 dBm and IIP3

(input referred IP3 ) is 38.7 dBm. The use of impedance transformation
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Figure 6-24 Measured insertion loss and isolation for the 0.35-|ini RF switch

with 30-Q Zs and Zl impedance transformation networks.

networks has greatly increased the Pijb point from 17.7 dBm to 24.3 dBm for

the 900-MHz, 0.35-|im switch with less than 0.5 dB increase on insertion loss.

This shows that it is feasible to use impedance transformation to reduce the

RF voltage amplitude seen by the transistors and thus increasing the power

handling capability of RF switches up to 24.3 dBm while maintaining a less

than 1-dB insertion loss.

Another impedance transformation network has been designed to

transform Zg and Zl to about 5 Q A 2.8-nH Lg and a 10.3-pF Cp are needed as

shown in Figure 6-26, which requires a 0.5- to 0.8-nH off-chip inductor (Lgo)



136

Figure 6-25 The output IdB compression point measurement and IP3 mea-

surement when Vctrl= Vctrl= ^.0 V and Vdb= Vsb= 3.0 V

at 928 MHz of the 0.35-pm RF switch with 30-i2 Zs and Zl imped-

ance transformation networks.

in series with the bond wire and package lead inductances. The required Lsq

is lower than the lowest available off-chip discrete inductors. Because of this,

the external inductor was omitted. The actual Ls is about 2.0 to 2.5 nH and Cp

is 9.1 pF. The choice of Ls is about 0.3 to 0.8 nH lower than the value needed

to transform the Zs and Zl to 5 Q. Simulations show that the impact of the

absence of Lso is negligible. Of course, another reason for not using Lso is

that a fewer off chip components are preferred. The 9.1-pF Cp is used instead
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Cp= 10.3 pF

Figure 6-26 The ZY smith chart and the impedance transformation network

targeting 5-Q. Zs and Zl for RF switches including the parasitics

associated with the SMA connectors.



138

of the 10.3-pF Cp in order to compensate for mismatches due to the reduction

in Lg.

Figure 6-27 shows the measured insertion loss and isolation for the

0.35-|im RF switch with 5-Q impedance transformation networks. In this

switch, the DC bias condition is the same as the RF switches presented previ-

ously in this chapter. At 900 MHz, the measured insertion loss is about 4.7 dB

and isolation is 44.3 dB. Due to the fact that Zg and Zl are comparable to the

on-resistance of in the switch, as expected, the measured insertion loss is

high. Figm*e 6-28 shows the power measurement of the same switch. Pi^b is

Frequency (MHz)

Figure 6-27 Measured insertion loss and isolation for the 0.35-)im RF switch

with 5-Q Zg and Zl impedance transformation networks.
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Figure 6-28 The output IdB compression point measurement and IP3 mea-

surement when VcTRL= ^.0 V and Vj)b= Vsg= 3.0 V

at 928 MHz of the 0.35-pm RF switch with 5-Q Zs and Zl imped-

ance transformation networks.

24.0 dBm and IPidB i® 29.5 dBm which corresponds to a Pavs ^0.4 dBm due

to the input mismatch which results in high
| |

of 0.428. IP3 was measured

using a two-tone test. The measured IP3 is 33.9 dBm and IIP3 is 38.4 dBm.

The use of 5-Q impedance transformation networks has increased the IPidB

point to 29.5 dBm. However, due to the increased insertion loss, the output

PldB of this switch is similar to the PidB switch using 30-Q impedance

transformation networks.
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Simulations have been done to examine the relationship of transformed

Zg and Zl with insertion loss and PidB of a switch. Figure 6-29 shows the sim-

ulation and measured results of insertion loss and PidB versus the trans-

formed Zg and Zl of the 900-MHz 0.35-|xm switch including off-chip

impedance transformation networks, bond wire and package parasitics, and

connector parasitics. As shown in the simulation, for the 900-MHz 0.35-pm

switch, the Zg and Zl should be higher than 30 Q to maintain a less than 1-dB

insertion loss and the maximum PidB than 1-dB insertion loss

requirement is about 23.5 dBm from simulation and the measured PidB is

Zs. Zl (Q)

Figure 6-29 Simulations and measured results of insertion loss and PidB ver-

sus the transformed Zg and Zl of the 900-MHz 0.35-|j,m switch.

Measured data is represented by symbols.
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about 23.5 to 24.3 dBm, which agrees well with simulations. When the source/

load impedance is further decreased, the IL increases and PidB ^Iso increase.

If the source/load impedance is excessively increased, the sharp increase of

insertion loss degrades the PidB- addition, due to the fact that the lower Zs

and Zl which are comparable to the on-resistance of the transistor Mj,

increases the RF voltage amplitude appeared at the drain nodes of transistors

Ml and M3, the input power required to turn on transistor M3 is reduced. This

in combination with the increase of insertion loss results in a decreased PidB

when Zs and Zl are lower than 10 Q. The highest PidB of 26.6 dBm can be

obtained for the 900-MHz 0.35-pm switch when Zs and Zl are about 10 Q

However, the 2.6 dB insertion loss is too high to be useful.

A possible way to achieve higher PidB with less than 1 dB insertion loss

is to re-design the width of the series transistor. Mi (see Figure 6-13). If the

on-resistance of transistor Mi in combination with all the parasitic series

resistances can be reduced to 0.5 Q and the increased source/drain-to-body

junction capacitances due to the increased transistor width are properly com-

pensated by the impedance transformation networks, a Pl of 30 dBm and an

insertion loss of 1 dB can be achieved by transforming the Rs and Rl to 2 Q as

estimated by (6.1) and (6.2).
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6.5 Summary

In this chapter, NMOS single-pole double-throw (SPDT) switches for

900-MHz and 2.4-GHz wireless applications have been presented. The

switches exhibits usable insertion loss, isolation and power handling capabili-

ties for a number ofTDD wireless applications. The limitations and reliability

issues associated with the switches have also been examined.

Single-pole double-throw switches for 900-MHz wireless application

were first implemented in a O.S-pm substrate (with an epitaxial layer)

CMOS process using both conventional and Schottky clamped (SC) MOS tran-

sistors. The switches exhibit less than 0.8 dB insertion loss, over 40 dB isola-

tion, and 17 dBm PidB 928 MHz. These are the first CMOS switches to have

usable insertion loss, isolation and PidB ^ number of 900-MHz wireless

applications. In addition, the power handling capability of the switches has

been carefully examined, and the results indicate that the switch can with-

stand the voltages corresponding to 20-dBm available power from the source

(Pays) ^ VSWR of 10:1 at the output.

In order to understand the impact of p' substrate on insertion loss as

well as the feasibility of using CMOS T/R switches for applications with oper-

ating frequencies higher than 900 MHz, SPDT RF switches were fabricated

using 3.3-V, 0.35-|xm MOS transistors in a foundry 0.18-|im CMOS process.

Substrate contacts have been carefully laid out to reduce the impact ofp' sub-

strates on insertion loss. The 0.35-|im switches achieve an insertion loss of
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0.5-dB and isolation of 39-dB at 928 MHz and a 0.8-dB insertion loss and 24-

dB isolation at 2.4 GHz. Owing to the lower on-resistances and junction capac-

itances, the insertion loss for 0.35-pm, 900-MHz switches is much lower than

that of the 0.5-|im SPDT RF switches, and the maximum operating frequen-

cies have been increased to 2.5 GHz. These switches also exhibit a 17-dBm

PldB-

Impedance transformation networks have been designed to transform

the source and load impedances seen by the switch to a lower value and thus

increasing the power handling capability of the switch. A 0.35-pm RF switch

with 30 Q impedance transformation networks exhibits a 0.97-dB insertion

loss and 24.3-dBm PjdB- This shows that it is feasible to use impedance trans-

formation to reduce the RF voltage amplitude seen by the switch transistors

and thus increasing the power handling capability ofRF switches for applica-

tions requiring a 20-dBm output power while maintaining an insertion loss of

less than 1 dB.



CHAPTER?
SUMMARY AND FUTURE WORK

7.1 Summary

Schottky clamped MOS transistors for RF switch applications have

been demonstrated with identical output and turn-on I-V characteristics to

those of conventional MOS transistors, while the parasitic bipolar effects and

latchup susceptibility in CMOS structures are greatly reduced. Fabrication of

the structures requires no additional mask or modifications of the Salicide

CMOS process utilized for this work. The reduced current gain of Schottky

clamped CMOS structures enables a reduction of the minimum n^-to-p'^ spac-

ing of CMOS circuits. Schottky clamped CMOS inverters with a reduced ri^-

drain-to-p'-drain spacing exhibit almost the same voltage transfer character-

istics to those of conventional CMOS inverters, while the layout area is about

17% less than a conventional CMOS inverter. These should enable area reduc-

tion of digital and analog circuits using Schottky clamped MOS transistors.

A Schottky diode clamped merged drain (SCMD) CMOS structure and a

100-stage SCMD CMOS inverter chain have been demonstrated showing that

an SCMD CMOS inverter (SCL= 1.6 |im) has a ~ 30% smaller footprint than a

conventional CMOS inverter. This area reduction should remain the same as

the technology is scaled. The voltage transfer characteristics and the

144
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propagation delay of SCMD CMOS inverters are almost identical to those of

conventional CMOS inverters.

Single-pole double-throw RF transmit/receive switches have been pre-

sented using both conventional and Schottky clamped MOS transistors. The

switches were fabricated in a foundry 0.5-|xm CMOS process. They exhibit a

0.8-dB insertion loss, a 40-dB isolation, and a 17-dBm PidB MHz. These

are the first CMOS switches to have sufficient performance for ISM band

applications near 900 MHz.

The effects of substrate resistances and source/drain-to-body capaci-

tances associated with MOS transistors on insertion loss of RF switches have

been analyzed. The substrate resistance and source/drain-to-body capacitance

must be lowered to decrease insertion loss. A low insertion loss CMOS RF

switch can be achieved by optimizing the transistor widths and bias voltages,

by minimizing the substrate resistances, and by DC biasing the TX and RX

nodes which decreases the capacitance, while increasing the power 1-dB com-

pression point. Using Schottky clamped MOS transistors reduce the minority

carrier injection from the switch, and when the switch is integrated with other

CMOS circuits, susceptibility to latchup for the CMOS circuits should be

reduced. Because the switch is implemented in a foundry CMOS process, this

dissertation work shows that a T/R switch could be integrated with the other

CMOS circuits.

The impact ofp' substrate on insertion loss as well as the feasibility of

using CMOS RF T/R switches for applications with operating frequencies
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higher than 900 MHz have also been examined by fabricating SPDT RF

switches using 3.3-V, 0.35-|im MOS transistors in a foundry 0.18-|im CMOS

process utilizing p' substrates. Substrate contacts have been carefully laid out

to reduce the impact of p' substrates on insertion loss. A 900-MHz switch

achieves an insertion loss of 0.5 dB and isolation of 39 dB at 928 MHz, while a

2.4-GHz switch achieves a 0.8-dB insertion loss and 24-dB isolation at 2.4

GHz. The 0.5-dB insertion loss of the 900-MHz switch is competitive to that of

a number of GaAs switches at 900 MHz [6], [46] and the 2.4-GHz switch is the

first bulk CMOS switch to have adequate performance for 2.4-GHz ISM band

applications.

The source and load impedances seen by the switch have been trans-

formed to a lower value to increase the power handling capability of the

switch. A 0.35-pm RF switch with 30-Q impedance transformation networks

exhibit a 0.97-dB insertion loss and 24.3-dBm Pi^b point. This shows that it is

feasible to use impedance transformation to reduce the RF voltage amplitude

seen by the switch transistors and thus increasing the power handling capa-

bility of RF switches for applications requiring 20 dBm output power while

maintaining insertion loss of less than 1 dB.

7.2 Future Work

Efforts on CMOS RF front end have shown promising results for appli-

cations at 900 MHz and higher. The focus of the proposed future work should

be to design and demonstrate a 2.4-GHz low insertion loss and high power
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CMOS RF T/R switch using both conventional and Schottky clamped MOS

transistors for 2.4-GHz wireless local area network (WLAN) applications. The

2.4-GHz SPDT switch with impedance transformation networks is expected to

exhibit similar performance to those of 900-MHz SPDT switches. That is,

insertion loss is expected to be lower than 1 dB and isolation is expected to be

more than 20 dB at a PidB ofhigher than 20 dBm. For 30-dBm applications, in

order to deliver 30 dBm of sinusoidal power to a 50-Q antenna, the peak-to-

peak voltage swing at the antenna must be ~ 20 V. For a 0.35-|0.m MOS tran-

sistor, the maximum supply voltage is about 3.3 V. The 20-V voltage swing is

impractical for CMOS integrated circuits. The impedance transformation net-

work between the antenna and the switch needs to transform the 50-Q imped-

ance of the antenna to approximately 2 Q. seen by the switch. To achieve

reasonable insertion loss, the on-resistance of the switch transistors needs to

be much lower than the 2-Q source/load impedance, so that a peak-to-peak

voltage swing of about 5 V at the output of a switch delivers 30 dBm of power

to the antenna.

The use of impedance transformation networks will increase the inser-

tion loss of the switch due to extra series resistances and a reduced ratio

between the source/load impedance and the switch resistance. As mentioned

in section 6.4.2, the on-resistance of transistors in series with any parasitic

series resistances need to be as low as 0.5 Q in order to achieve a Pl of 30 dBm

with a less than 1 dB insertion loss. Thus, really high quality factor (Q) induc-

tors and capacitors are needed for the network to reduce the increase of
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insertion loss. Discrete off-chip inductors are more suitable for the 2.4-GHz

impedance transformation network due to the fact that integrated inductors

do not have high Q at 2.4 GHz [49-50]. Through these, the implementation of

high power handling capability CMOS RF switches for WLAN applications

should be integrated.



APPENDIX
S21 OF A SHUNT Y-SERIES Z NETWORK

In order to quantitatively understand the impact of substrate resis-

tances, capacitances, and on-resistances, insertion loss has been analyzed in

chapter 4. To simplify, instead of analyzing a complete switch, the circuit con-

taining a single MOS transistor in Figure 4-4(a) has been analyzed using a

circuit model in Figure 4-4(c), where

IS21I

of the circuit is (4.1). In this appen-

dix, (4.1) will be derived.

It has been shown that the scattering (S) parameters of a series imped-

ance, Z, in a network with source and load impedances of Zq as shown in Fig-

ure A-1 (a) is [15]

Z

Z + 2Zq

_ 2Zq
21 “ Z + 2Zq

(A.1)

and from S3mimetry, we observe that 822= and Sj^2= ^21 - Similarly, the S

parameters of a shunt admittance, Y, in a network with source and load

impedances of Zq as shown in Figure A-1 (b) is

-ZnY
S =

"0

2 + ZqY

^21 2 + ZnY

(A.2)
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Figure A-1 (a) Two-port network of a series impedance, Z; (b) Two-port net-

work of a shunt admittance, Y.

For a circuit shown in Figure A-2 including a series impedance, Z, and a

shunt admittance, Y, the S21 is

S21 =
2V2

Y-i-—=

—

2Zq Zq + Z

Zq + z

Y-i-

+Zq
(A.3)

Zq + Z

Figure A-2 Two-port network of a series impedance, Z, and a shunt admit-

tance, Y
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and can be simplified to be

^21 -
^^0

2Zn + Z + (ZZq + Zq )
• Y

(A.4)

For the circuit show in Figure 4-4 (c), Y
jCOCrp

1 + jcoCrpRg
and Z= Ron- Thus by

plugging Z and Y into (A.4)

S -

(2Zo + Ron) + (^on^o +
2q^)(i + j-coCtRe)

2Zo(l + jcoCrpRg)

(2Zq 4- Ron) *" *" ^on)^b (^on^o ))

By taking the reciprocal of
|

S21 1

it can be shown that

1 _ (^ON ^^
0 ) ® [(^ON (^ON ^0)^0 )

IS2/
'

(2Zof(l + (o"CTX")

where co is the radian frequency, Zq is the characteristic impedance, Rqn is the

transistor on-resistance, Rg is the substrate resistance associated with the

transistor and C-p - ^DB + ^SB +
(^GD ^ ^Gs)^GB

^GD + ^GS + ^GB
is the equivalent capaci-

tance shown in Figure 4-4 (c). By maximizing the numerator of (4.1) with

respect to Rg, it can be shown that the maximum value of occurs at Rg

of
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I^B{MAX) -

—CO Crp • (Rqj^Zq + Zq ) + J(£)
Crp ^(Rqj^^q + Zq) + 4C0 C-p

2(0 Crp • (RqN 2^0 )

(^ON 2Zq)
2

(4.5)

For typical CMOS RF switches operating at 1 GHz, Ct is on the order of a cou-

ple pico-Farad and Rqn is on the order of a few ohms which is much smaller

than Zq. Thus, (4.5) can be approximated as

R
Vc-r^ • Zq + 4coC-r,

; 2p 2 „2
CO ZtQ

16
+ 1

B(MAX)
^ 2^ 2
4c0 Crji

(A.6)

And under these conditions, the first term inside the square root of the numer-

ator is much smaller than 1 and can be ignored. Also, the first term in the

numerator is much smaller than the second term in the numerator of (A.6),

and thus (A.6) can be simplified to Rb(max) ~ l/oiC-jv
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