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Abstract

As the CMOS technology develops so fast, radio-frequency integrated circuits (RF 1Cs)
has been widely implemented in CMOS process. It has the advantage of a high integration and
a low cost. Electrostatic discharge (ESD) has been one of the most serious reliability issues of
CMOS processes, so ESD protection design is very important. However, undesirable parasitic
effect is induced by the ESD protection design in RFICs. Consequently a successful RF ESD
protection design needs well ESD protection ability and small parasitic effect.

In this thesis, two RF ESD protection designs for T/R switch front-end circuit are proposed.
The first one can reduce the parasitic effect and sustain ESD stress. The second one can sustain
ESD stress without extra ESD protection device. Both ESD protection designs are applied to
2.4GHz T/R switch front-end circuit.

An RF ESD protection design for traditional T/R switch front-end circuit is also proposed



in this thesis. The number of the ESD protection devices is reduced in this design. Besides,
silicon-controlled rectifier (SCR) is embedded in T/R switch, and the detection circuit, which
is used in power-rail ESD clamp circuit, can sent trigger signals to trigger the SCR. The
embedded SCR and parasitic diode can provide ESD discharge paths. Moreover, this ESD

protection designs are applied to 2.4GHz traditional T/R switch front-end circuit.
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Chapter 1

Introduction

1.1 Motivation

In the recent decades, wireless technologies is growing rapidly and explosively. The RF
products such as smart phones have become necessary. Because of the advantage of high
integration and low cost for mass production, radio frequency integrated circuits (RFICs) have
been widely designed and fabricated in CMOS processes [1].

Electrostatic discharge (ESD) is one-of the most important reliability issue in IC products.
As the feature size in CMOS technology shrinks rapidly, ESD issue becomes more serious and
must be taken into consideration.” ESD-induced failure results in unbearable energy bursts,
either huge transient current or large voltage surge, which can easily damage any integrated RF
devices, circuits, and systems [2]. Therefore, good ESD protection design is required for RFICs
in real-world application.

ESD protection devices are usually applied to the input/output (1/0) interfaces of ICs. For
RF receiver, the low-noise amplifier (LNA) is the first stage. For RF transmitter, the power
amplifier (PA) is the last stage. They are often exposed to the risk of electronic charge directly.
Once the RF front-end circuit is damaged by ESD, it cannot be recovered, and the RF
functionality is lost. Thus, ESD protection design for CMOS LNA and PA are necessary.
Unfortunately, such design would degrade the RF performance of core circuits because of the
parasitic effects of the ESD protection [3].

To prevent core circuits form ESD stress, conventional ESD protection design, which



consists of a power-rail ESD clamp circuit and a pair of ESD protection devices between 1/0
pads and VDD or VSS can provide whole-chip ESD protection [4].

The larger dimensions of ESD protection devices, the better ESD protection robustness,
but their large parasitic capacitance causes signal loss from pad to ground. Moreover, the
parasitic capacitance also changes the input matching condition. It is a great challenge to design
effective ESD protection circuits, which simultaneously have excellent ESD protection
robustness and do not degrade RF performance.

The parasitic capacitances caused by the ESD protection devices are main obstacle to RF
ESD protection design. There is a trade-off between the ESD protection robustness and RF
performance. To minimize the negative impact caused by the parasitic capacitances, some
methods have been proposed. The inductors.and capacitors are chosen to tune out the parasitic
capacitances of ESD protection devices [5]-[7]: The better solution is using ESD-RF co-design
techniques, which take ESD protection-designs into RFICs [8]. So, well design ESD protection
circuit can not only have good ESD protection robustness stress but also reduce the degradation
of RF performance.

Recent publications show a trend of integrating the low noise amplifier (LNA) and power
amplifier (PA) on the same chip [9]. To increase the level of integration and reduce cost,
transmit/receive (T/R) switches must be added into RFICs. However, the high frequency of
RFICs makes the parasitic capacitance of ESD protection devices be more strictly limitation.
Moreover, the first stage for RF receiver is the T/R switch instead of the LNA, and the last stage
for RF transmitter is also the T/R switch instead of the PA. The T/R switch in the RF front-end
circuit may be stressed by ESD. Therefore, the co-design of ESD protection and T/R switch is
a good method.

Utilize the ESD/matching network co-design approach to optimize the ESD protection
robustness and RF characteristic. Two new ESD protection solutions are proposed and

fabricated in 2.4GHz T/R switch front-end circuits. One is using stacked diodes, which consist



of the embedded diode of switching transistor and ESD protection diode. The other is also using
stacked diodes, which consist of diodes embedded T/R switch, and this structure does not need
any extra ESD protection devices. All the ESD-protected T/R switch front-end circuits with
ESD protection strategy consists of power-rail ESD clamp circuits have been designed and
realized in 180-nm 1P6M CMOS process. The measurement results prove that the ESD
protection designs can protect core circuit from ESD stress and provide desired ESD robustness.

Another ESD protection design for a traditional T/R switch structure is proposed in this
work. In the 2.4GHz traditional T/R switch structure, both the series and shunt transistors are
NMOS transistors. For the proposed ESD protection circuit, the traditional T/R switch with
embedded silicon controlled rectifiers (SCRs) is used. The embedded SCRs with RC-inverter-
triggered have great ESD robustness and low. parasitic capacitances within a small layout area.
Furthermore, this ESD protection structure just only needs an extra ESD protection diode. This
structure considerably reduces the inherent parasitic effect. The simulation results prove that
this ESD protection design can mitigate the degradation of RF performance and expectantly

improve the ESD robustness.

1.2 Thesis Organization

Chapter 2 introduces the basic principles and the considerations of RF ESD protection
design. This chapter also provides a brief description of the basics of RF LNA, RF PA, and RF
T/R switch. The issues of RF ESD protection designs are investigated. Some practical RF ESD
protection designs are presented.

Chapter 3 exhibits ESD protection designs for 2.4GHz T/R switch front-end circuit. The
proposed ESD protection designs with and without extra ESD protection devices are

appropriate for the T/R switch front-end circuits, and the architectures of them are presented in



detail. Both un-protected T/R switch front-end circuit and ESD-protected T/R switch front-end
circuits are fabricated in a 180-nm CMOS process. According to the measurement results, the
proposed designs indeed have enough ESD protection ability without degrading the RF
performances of the 2.4GHz T/R switch front-end circuits.

Chapter 4 exhibits ESD protection designs for 2.4GHz traditional T/R switch front-end
circuit. The traditional T/R switch with embedded ESD protection silicon-controlled rectifier
(SCR) is proposed to improve the ESD level in PS mode. The proposed ESD protection design
without extra trigger circuit is appropriate for the traditional T/R switch front-end circuit. The
architecture of them and simulation results are presented in detail. Both un-protected traditional
T/R switch front-end circuit and ESD-protected traditional T/R switch front-end circuit are
fabricated in a 180-nm CMOS process. According to the simulation results, the proposed design
can mitigate degradation of the RF performances.

Chapter 5 is the conclusions of this thesis and-the future works on this topic.



Chapter 2
Basics of RF and ESD Protection

2.1 General Considerations of LNA Design

2.1.1 S-Parameters

To deal with a high-frequency network, conventional method of measuring voltage and

current is no longer suitable. Direct measurement under high-frequency conditions usually

involves the magnitude and phase of a traveling wave, so the concepts of equivalent voltage,

equivalent current, and the related: impedance and.admittance become abstract. Scattering

parameters (S-parameters) with the concepts of incident, reflected, and transmitted waves are

more suitable and widely used to describe the characteristics and behaviors of high-frequency

networks [10]-[11].

As illustrated in Fig. 2.1, a two-port network was characterized by S-parameters. These

four quantities are related to one another through the S-parameters of the network:

bl] _ [511 512] [al]
b, S21 Sz2llaz
which can also be represented as

{b1 = 581101 + $12a;
b, = S;1a4 + 5330,

(2.1)

(2.2)

where a; and a; represent the incident waves of each port; by and b, represent the reflected

waves of each port, respectively.
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Fig. 2.1. A two-port network described with S-parameters.

Each tern in the Scattering matrix can be defined in

by
Ty
1 a2=0
by
127,
2 a1=O
b,
Sa1 ="
1 a2=0
b,
Soa TU5T (2.3)
iz a1=0

S11 is the ratio of the reflected and incident waves at input port, and it is also called refection
coefficient. Si2 is the ratio of the reflected wave at input port to incident wave at output port,
and it is also called reverse gain. Sz is the ratio of the incident wave at output port to reflected
wave at input port, and it is also called forward-gain. S»> is the ratio of the reflected and incident
waves at output port, and it is also called refection coefficient

In high-frequency measurement, S11 represents the accuracy of the input matching, and Sz,
represents the accuracy of the output matching. Sz1 represents the forward gain of the circuit,

and Si1» characterizes the reverse isolation of the circuit.

2.1.2 Stability

Usually, the user of a cell phone wraps his/her hand around the antenna, so the antenna
impendence may changes. Moreover, the input and output impendences are generally frequency
dependent, and the stability condition is also frequency dependent. In a receiver, the low noise

amplifier (LNA) must be stable for all source impendence at all frequency [11]. The sufficient



and necessary conditions for unconditionally stability are:

Ir| <1 (2.4)

ITs| <1 (2.5)
_ $12521TL

[Tyl = |511 +_1_522FL <1 (2.6)
S$12551T

Fourl = |20 + 2225 < 1 (27)

where I'L is load reflection coefficient; I's is source reflection coefficient; I'iv is input reflection
coefficient; I'our Is output reflection coefficient.

These equation can be further deriver to

181117 —1S22 12 +1A)?
2[8125211

K >1 (2.8)

|A] = |S11S22 = 5125211 < 1 (2.9)

If K>1 and A>1, the circuit dose not oscillate at any frequency.

2.1.3 Noise Figure

Generally, the performance of RF.system is limited by noise, noise is an important concern
for RF receivers. The signal-to-noise ratio (SNR) is defined as the signal power divided by the
noise power. Noise factor (F) is a measure of SNR degradation due to the added noise from the
system. It is helpful to know how the signal-to-noise ratio degrades as the signal passes through

the described system. Noise factor is defined as

__ SNR;
" SNR,

(2.10)
where SNR; represents the signal-to-noise ratio measured at input, and SNR, represents the
signal-to-noise ratio measured at output. A commonly used figure of merit named noise figure
(NF) is

NF = 10log F (dB) (2.11)

The physical meaning can be realized as



Nadd Total output noise power
NF=1+—"==

N; Output noise due to source only

(2.12)

Form (2.12), if the described system adds no noise of its own, the output SNR is equal to
the input SNR, i.e., NF would be zero. In reality, the finite internal noise of a system degrades
the SNR, so the noise factor is always larger than one.

Consider a cascade multi-stage system shown in Fig. 2.2 that both the noise factor (F) and
the gain (G) of a circuit contribute to the total system output noise power. The system noise

factor can be characterized by Friis formula

F,—-1 F3—-1
Foys =1+ (F —1) + ch +ﬁ+ (2.13)

It is clear that noise of a multi-stage system is mainly contributed by the first stage. For this

reason, LNA, which is the first stage of an RF receiver, needs much consideration on noise.

Gl F1 G2, F2 G3, F3

Fig. 2.2. A cascade multi-stage RF system described with gain and factor.

2.2 General Considerations of PA Design

2.2.1 Efficiency

Power amplifier (PA) is used to simultaneously amplify and deliver RF power to a load, as
shown Fig. 2.3. Since PA is the most power-hungry building block of RF transmitter, the
efficiency of the PA is needed to be concerned. Some figures of merit can help evaluating the
efficiency.

The drain efficiency is defined as



e =22 (2.14)

Ppc

The power added efficiency (PAE) is defined as

Poyr—P P
Npar = % =1nq(1— POI;VT) (2.15)

The total efficiency is defined as

Ntotal = T2 (2.16)

Ppc+Pin
where P\ represents RF input power, Pout represents RF output power, and Ppc represents the
average power drawn from the supply voltage. Consequently, PAE is smaller than drain
efficiency at high frequency, and it is usually used indication of PA performance about

efficiency.

Voo
Poe
Pin AI’T@—’ Pout

Fig. 2.3. A simple power amplifier described with power delivery and loss.

2.2.2 Large Signal Behavior and Gain Compression

An ideal RF amplifier is considered as a linear amplifier, and it means that the relationship
between output power and input power is linear. The small-signal gain of an RF circuit is not
accurate enough because harmonics are negligible. As the signal amplitude increases, the gain
begins to vary. That cause the RF circuit to be nonlinear. Therefore, large-signal behavior is
important concern. For the large-signal, as input power increases larger and larger, the output
power starts to gradually saturate. This makes the linear transfer relationship between input
power and output power no longer be constant. Furthermore, under operating conditions,

nonlinear effects refer to distortion of the signal waveform which is caused by the limitation



behavior of the MOS device. That is why the output power will be gradually compressed. To
defended output power compressed, 1-dB gain compression point is commonly used to estimate
the upper limitation of the linear operating region of PA.

As shown in Fig. 2.4, IP1gg is the input power at Pigg. At 1-dB gain compression point
(P14B), the power gain is 1 dB smaller than the constant power gain. As shown in Fig. 2.5, OP14s

represents the output power at P1qg, and Psa represents saturated output power.

Power gain
(dB)

A

l

1dB

1

> Pin (d B)
IP1ug
Fig. 2.4. The plot of power gain versus input power.
Pout (dB)
A Linear Output power
/,,/ Psat lldB
OP14s T
> Pin (d B)

IP1gg

Fig. 2.5. The plot of output power versus input power.

10



2.2.3 Load-Line Theory and Load-Pull Characterization

For linear RF amplifier such as LNA, the output matching network often is designed by
using conjugate matching method. But, for the linear PA, the device has to be present with a
power match on the output in order to extract the maximum power [12]. Therefore, for such
physical restriction, another matching method named “load-line match” is chose to obtain
maximum output power for a PA.

A simple generator, as shown in Fig. 2.6 and Fig. 2.7, delivers maximum power into
external load. To better understand the difference between conjugate matching and load-line
matching, for example, the current generator can supply a maximum output current of 1 A and
an output resistance (Rs) of 100 Q.

Applying the conjugate match method, the.load resistance (R.) should be chosen as 100 Q.
But the voltage across the terminals-of the generator would be 50 V.

The large voltage may damage the output transistor-of a PA, and the large voltage exceeds
the maximum output voltage handling capability of the device, which assume the voltage is
10V. On the other hand, according to'the load-line match method, the optimal load resistor (RL,

opt) IS chosen as

Ry opt = 2% = 100 (2.17)

Imax

where Rs can be neglected because of that Rs>> Ry, opt. TO maximize the RF voltage and current
swing out of driving source, the load-line match is necessary for a PA to provide maximum

output power, Pmax.

IS @ Rs Vout RL

Fig. 2.6. A simple current generator

11



Vo=l |  R=Rs

Pmax

RL, opt :Vmax / Imax
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Fig. 2.7. The comparison of its two output matching methods.

Load-pull measurement is commonly method to obtain the optimal output impedance. The
simple architecture of the load-pull measurement is shown:in Fig. 2.8. In this architecture, the
output tuner is lossless variable passive network which can present device under test (DUT) a
complex load impedance, Z;. And, the input tuner is adjusted to obtain conjugate matching for
Zin and reduces the degradation of power gain caused by variation of Z;. Adjust repeatedly Z;
to get a constant output power which is lower than the maximum output power by 1 dB. A
constant power contour would be presented on Smith Char. For PAE, this procedure needs to
be done again, since the optimal output impedance for maximum output power is different from
the optimal output impedance for maximum PAE. Two sets of contour are shown on Smith
Chart, as shown in Fig. 2.9. The optimal output impedance for a well balance between output

power and PAE can be chosen with the load-pull system.
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input tuner DUT output tuner Power meter

T

controller

Fig. 2.8. Typical Load-pull system.

Fig. 2.9. Load-pull contour — delivered power contour.

2.2.4 Classes of Conventional Linear PA

Power amplifiers have been categorized under many class: A, B, AB, C, D, and E.

In class A type, chose a suitable bias point to make transistors operate in active region at
all time, and the transistors always have maximum current and voltage swing, but dissipate
power. The theoretical maximum drain efficiency of class A is 50 %. So, class A PA provides
good linearity but poor efficiency

In class B type, chose a suitable bias point to make transistors have zero quiescent current,

and the amplifier conduction angle is 180°. The product of the drain voltage and current of class

13



B operation is not always positive, and the power dissipation would diminish. The theoretical
maximum drain efficiency is 78 %. So, class B PA has worse linearity in exchange of better
efficiency.

In class AB type, chose a suitable bias point to make quiescent current of the transistors
between class A and class B, and the amplifier conduction angle is between 180° and 360°. The
class AB power amplifier has better efficiency than class A power amplifier, and better linearity
than class B power amplifier.

In class C type, chose a suitable bias point to make to make quiescent current of the
transistors below the cut-off region, and the amplifier conduct angle less than 180°. As the
conduction angle decreases to zero, the efficiency can achieve toward 100 %, but the gain and
output power decrease to zero.

In class D type, chose a suitable bias point.to-make-transistor be a switch, and the phase
difference between output voltage curve and current curve is 180°.Because the switch voltage
waveform is a square wave, it is-clear that no power /is-being dissipation. The theoretical
maximum drain efficiency is 100 %.-But, slow switching at high frequency due to parasitic
drain-source capacitance. It is not suitable for RF circuit.

In class E type, chose a suitable bias point to make transistor be a switch, which is shunted
by a capacitor. When the switch is turn on, the drop voltage of shunt capacitor V. and dV¢/dt
are zero. So, the voltage curve and current curve are non-overlapping. The theoretical maximum
drain efficiency is 100 %.

Each different types of PA has different optimal output impendence. Their load lines of PA
on MOS I-V curves are shown in Fig. 2.10. Imax represents the maximum output current of a
transistor, Vmax represents the maximum voltage drop across the transistor drain and source,

and Vinee represents the knee voltage of the transistor.
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Fig. 2.10. Comparison among different bias points and there corresponding types of PA.

2.3 General Consideration of T/R Switch Design

2.3.1 Insertion Loss

As shown in Fig. 2.11, RF transmit/receive switches-(T/R switches) are one of the key
blocks in radio and communication systems and they can be integrated with other RF circuits.
ANT represents an antenna, RX represents a receive terminal, and TX represents a transmit
terminal.

In order to design a better RF switch, the impact of substrate resistance, parasitic
capacitance, and on-resistance, insertion loss has been analyzed. Insertion loss (IL) measures
the small signal power loss though an RF switch when the switch is turned on. As shown Fig.
2.12, if both load and source are terminated with the characteristic impendence (Zo) and the

transistor operates in the linear region, IL can be defined as

Power Available form Source P
IL = : = A4S (2.18)
Power Delivered to Load Py

IL can also be shown to be the reciprocal of the magnitude square of forward gain (|Sz1/?) [13].

IL=—— (2.19)

[S2112
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Fig. 2.11. Simple architecture of traditional T/R switch.
Ves,Vep>Vr
RS:ZO _I_
NV [
Vie @ Ri=2,

Fig. 2.12. MOS transistor switch.in a 50 system.

To obtain lower IL, decreasing the on-resistance of the transistor is a good choice. However,
large device has significant parasitic capacitances, causing considerable effect to circuit
matching and eventually limiting the switch’s bandwidth. Moreover, the parasitic capacitances
would couple the RF signal to substrate resistance at high frequency. There is an inevitable
trade-off between the on-resistance and the parasitic capacitances in choosing the optimal

switch size for lower IL.

2.3.2 Power Handling and DC Bias
A large RF signal swing can result in high drop voltages of Vep and Vs of the transistors.
These drop voltages not only affect the on-resistance of the transistor but also may lead to

excessive voltage across the gate dielectric and cause breakdown.
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AC-floating technique is a good method to improve DC bias isolation by adding a large
resistor. RF switch without gate resistor in off state is shown in Fig. 2.13 (a). The signal voltage,
VN, would be compressed by the drop voltage between the drain and the gate, and the estimated
maximum of Vi is

Viv = Vg| = Vil <V, (2.20)

|VIN|max =~V (2-21)

Vin OO

Vin Re
OFF;I
I / CGS, of f -

(b)

Fig. 2.13. MOS transistor switch (a) without gate resistance and (b) with gate resistance.

In the other case is RF switch with gate resistor, as shown in Fig. 2.13 (b). The gate resistor
is large enough to let the gate ac-floating. Therefore, the signal voltage would be divided

between the gate capacitance Cep, off and Cags, ofr. The estimated maximum of Vi is
__ vl
[Vin — V| == <V, (2.22)

2

|VIN|max = ~2V; (2-23)
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By using AC-floating method in RF switch cannot only prevent the RF signal from leaking
into ac ground, but also enhance the voltage handling ability from V¢ to 2V; [14].

The DC bias for TX node and RX node also can improve the power handling capability
and decrease the insertion loss. This reverse biases the source/drain-to-body junctions which
reduces the junction capacitance and RF signal coupled the substrate and thus decreases
insertion loss. For power handling capability, if the DC voltage for TX node and RX node is
zero, the RF input signal easily forward bias the source/drain-to-body junctions which would
cause the RF signal clipped. However, if the DC voltage for TX node and RX node is positive
voltage, the amplitude of the RF input signal could be increased before forward bias the
source/drain-to-body junctions. So, biasing a positive voltage for T/R switch can improve the

power handing capability.

2.4 Conventional ESD Protection Design

2.4.1 Architecture of Conventional Whole-Chip ESD Protection Design

A whole-chip ESD protection design with Vpp-to-Vss ESD clamp circuit is proposed, and
this design can prevent internal circuits form ESD stress efficiently [13]. The typical design, as
shown in Fig. 2.14, consists of a pair of ESD protection devices and a power-rail ESD clamp
circuit. Generally, the ESD protection devices are inserted among the 1/0 pad and power lines,
and they provide ESD discharge paths when the 1/O pad or power lines is zapped by ESD. The
power-rail ESD clamp circuit is placed between power lines, and it can clamp the ESD voltage
across Vpp and VSS power lines and provide an ESD discharge path before internal circuits

damage.
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Fig. 2.14. Architecture of whole-chip ESD protection design.

2.4.2 Power-Rail ESD Clamp Circuit and I/O ESD Clamp Circuit

The conventional whole-chip ESD protection design-circuit is shown in Fig. 2.15. An RC-
based Vpp-to-Vss power-rail ESD clamp circuit consists of an ESD-transient detection circuit
and an ESD-clamping NMOS (Mesp). The ESD-transient detection circuit is designed to detect
the ESD events and send a control voltage to the gate terminal of the ESD-clamping NMOS.
When the ESD-clamping NMOS is turned on, it would provide a low-impedance ESD discharge
path from Vpp to Vss. Because ESD-transient detection circuit is RC-detector, the RC time
constant must be concern. The pulse rise time of ESD events is on the order of nanosecond but
that of the normal power-on events is on the order of millisecond. The RC time constant of the
RC-detector should be designed about microsecond. Therefore, the ESD-clamping NMOS can
be kept off to avoid power loss from Vpp to Vss in the normal operating conditions and able to
discharge the ESD current in the ESD stress conditions. To efficiently clamp the voltage across
Vpp and Vss power lines, the ESD-clamping NMOS is designed as large as possible to provide
a low-impedance path between Vpp and Vss power lines to quickly bypass ESD current.

I/0O ESD clamp circuit, which consists of two ESD protection devices, provides ESD

discharge paths to protect the internal circuit. Practically, a pair of diodes are inserted among
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the 1/0 pad and power lines as the ESD protection devices. The diodes can be forward biased
fast and clamp the voltage of 1/0O at low voltage efficiently because of low forward voltage.
Moreover, the diodes can endure a large amount of current but only small layout area. Before
internal circuit is damaged by ESD stress, the ESD current is conducted into the Vpp power

line or Vss power line through the forward biased diode.

ESD Clamp Circuit Power-Rail ESD Clamp Circuit
V
|—— — ] DD r-—-———— - ——————-"
| | | '
| | I :
| | I |
| | I |
| | I |
| | I
| | | |
| | Internal | |
/O Pad [X | | RF Circuit I Mesp :] |
| | ! :
| | | |
| | | et |
| | | |
| | : |
| |
| | | |
__________________ |
Ves I

Fig. 2.15. Conventional whole-chip ESD protection design:

To robust ESD stress effectively, well whole-chip ESD protection circuit has to quickly
bypass ESD current through the ESD discharge paths. The ESD discharge paths under every
ESD zapping mode, which includes positive-to-Vpop mode (PD-mode), negative-to-Vpp mode
(ND-mode), positive-to-Vss mode (PS-mode), negative-to-Vss mode (NS-mode), Vpp-to-Vss

mode, and Vss-to-Vpp mode, are illustrated in Fig. 2.16.
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Fig. 2.16. ESD discharge paths under (a) PD-mode and ND-mode, (b) PS-mode and NS-

mode, and (¢) Vpp-to-Vss mode and Vss-to-Vpp mode.
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2.5 Issues of RF ESD Protection Design

2.5.1 Impacts of ESD Protection Device on RF Performance

Generally, the ESD protection devices with large dimension are able to sustain higher ESD
level. However, they would induce undesired effects and cause RF performance degradation
[15]. As shown Fig. 2.17, the parasitic capacitances of ESD protection devices (Cesp) cause
signal loss from the 1/0 pad to ac ground. Moreover, the input matching condition would be

changed by the parasitic capacitances. Consequently, RF performance is degenerated.

VDD
ESD ESD
| ; Protection Protection Al
sy deivece RF oy Power-Rail
Input Pad X} A Circuit x g Og;%ut ESC?CIqmp
ii‘:i :::E: IrCUIt
E T
Loss Loss
VSS

Fig. 2.17. Signal loss at input and output pads of IC with ESD protection circuit.

To mitigate this problem, reducing the dimension of ESD protection device can decrease
the Cesp and increase the impedance of ESD protection device (Zesp), which can be expressed

as

1

Zgsp = @ (2-24)

Unfortunately, the dimensions of ESD protection devices cannot be shrunk unlimitedly in
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consideration of ESD robustness. Especially for higher frequency of operation, the Zesp would
further decrease and cause the RF performance degradation more critically.

Therefore, designing an effective ESD protection design for RFICs needs to not only think
about ESD robustness but also minimize the RF performance degradation caused by ESD

protection devices.

2.5.2 Conventional RF ESD Protection Design Method

There are many basic methods, which are trying to cancel or isolate the parasitic
capacitances of ESD protection devices and even reduce the parasitic capacitances, to design
ESD protection devices and improve the impacts of ESD protection devices on RF performance
[2] [16]. Some RF fundamental concepts of these methods for the ESD protection design are as
follows:

ESD method of impedance isolation by using-LC tank:

This method is using inductor-and capacitor. in parallel, as shown in Fig. 2.18 [7]. An LC
resonator tank in series with an ESDprotection device is placed among the 1/0 pad and power
lines. The ESD diodes Dp and Dy are used to block the steady leakage current path from VDD
to VSS under normal operation condition. The impedance of LC tank is ideally infinite from
the signal path to the ESD diodes at resonant frequency of the LC tank. The resonant frequency
is

11

JLpCp  JLNCn

Therefore, tune the inductors and the capacitances to resonate at application frequency. The

w = (2.25)

loading effect of the ESD protection devices can be reduced and the parasitic capacitance of the

ESD protection devices are isolated.
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Fig. 2.18. ESD protection design with LC-tanks for RF circuits.

ESD method of impedance isolation by using series LC resonator:

This method is using inductors in series with.an ESD diodes, as shown in Fig. 2.19 [6]. The
ESD current can be discharge through- the inductor and-ESD diode when ESD events happen.
In normal operating condition, the-inductor can resonate with ESD diode at their LC resonant
frequency because of the parasitic capacitance of the ESD diode. At the resonant frequency,
impedance of the series inductor and diode is small, and the signal loss is very large. However,
at frequencies above the resonant frequency, the inductor can sever as a high impedance element.
The high impedance of the series LC resonator can reduce signal loss significantly. Therefore,
tune the resonant frequency of the series inductor and diode far away from the application

frequency of the RF circuit, and the loading effect of ESD protection devices can be mitigated.
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Fig. 2.19. ESD protection design with series diodes and inductors for RF circuits.

ESD method of cancellation:

This method is using RF component and make the ESD element become a part of matching
network [17]. So, the loading effect of.an ESD protection-device can be hidden at the application
frequency. As shown in Fig. 2.20; Cp esp Is the parasitic.- capacitance of an ESD protection
device which changes the input matching condition. By adding extra capacitor Cex and inductor
Lex, the input impedance of the internal RF circuit can be changed from Zi; to Zi> of 50Q. This
method can minimize the impact of ESD protection device for the input matching condition and
reduce the RF performance degradation caused by the parasitic capacitance of ESD protection
devices. In conclusion, by co-designing the ESD protection circuit and the impedance matching

network, the ESD protection device can be used to achieve a high ESD robustness without

sacrificing the RF performance.
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Fig. 2.20. Input matching co-design of RF circuits with ESD protection devices.

The cancellation method is suitable to achieve wideband impedance matching with ESD
protection devices. To sustain the ‘ESD .robustness-and realize wideband application
simultaneously, the ESD protection devices are divided into small section and matched by Z
components, which are the impedance of transmission lines, coplanar waveguides, or inductors
[18]. This is a decreasing-size distributed-ESD protection scheme, as shown in Fig. 2.21, which
allocates the ESD protection devices with decreasing-size from the 1/0 pad to the internal circuit.
Z1, Z2 and Z3 represent the impedance of Z components. For ESD robustness, it is proved that
dividing the ESD protection devices into decreasing-size has better ESD level than dividing
them into equal size, because most of ESD current is expected to flow through the first section
which is closest to the I/O pad. With larger ESD protection devices close to the I/O pad, ESD
robustness can be improved. This architecture successfully combines ESD protection devices
with input matching network by using cancellation method for wideband application, moreover,

it can provide enough ESD robustness and mitigate RF performance degradation.
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Fig. 2.21. ESD protection devices with decreasing size for broad-band RF circuits.
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2.5.3 Conventional Structure of Silicon-Controlled Rectifier

Conventional structure of silicon-controlled: rectifier (SCR) device has lower holding

voltage when ESD stress, and it can sustain @ much higher ESD level with a smaller layout area.

Furthermore, the parasitic capacitance induced by SCR device is small and reduces the RF

performance degradation. So, the SCR device is suitable to be ESD protection device for RFIC

[19].

The cross-section view of the SCR device is shown in Fig. 2.22 (a), and the equivalent

circuit schematic of the SCR device is shown in Fig. 2.22 (b). Typically, the SCR device consists

of a lateral NPN bipolar transistor (Qnen) and a vertical PNP bipolar transistor (Qpnp) to form

a four-layer PNPN (P+/N-well/P-well/N+) structure.

The DC I-V characteristics of SCR device under ESD stress is shown in Fig. 2.22 (c). Vu

and Vh represent a trigger voltage and a holding voltage of the SCR device. Vr represents a cut-
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in voltage of the parasitic diode. l> and I are breakdown point which are the highest ESD

discharge capability of the SCR device.

The positive ESD stress is applied to the anode of SCR device, and its cathode is relatively

grounded. At the beginning, the voltage applied to the anode is not higher than the breakdown

voltage of the N-well/P-well junction, so SCR device acts like an open circuit. However, when

the voltage applied to the anode is greater than the breakdown voltage, the hole and electron

current would be generated because of the avalanche breakdown mechanism. Hole current

flows through the P-well to the P+ diffusion connected to ground; meanwhile, electron current

flows through the N-well to the N+ diffusion connected to the anode. If the voltage drops across

the P-well resistor (Rp.wen) (N-well resistor (Rn-wei)) is larger than 0.7 V, the parasitic NPN

(PNP) bipolar transistor will be turned on. Furthermore, the parasitic NPN (PNP) bipolar

transistor injects electron (hole) current to bias the PNP (NPN) bipolar transistor, and then the

SCR device is successfully triggered into its latching state by the positive-feedback regenerative

mechanism, and it has a low holding voltage (Vh) ~1.5V, typically in the bulk CMQOS process.

The negative ESD stress is applied to the anode of SCR device, and its cathode is relatively

grounded. This negative voltage drops across the parasitic P-well/N-well junction diode in SCR

device. As long as the parasitic diode is forward biased, ESD current can be discharged and the

negative voltage will be clamped at the low cut-in voltage of the parasitic diode.

SCR provides suitable ESD discharging ability under every ESD events, as described
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above. It can provide high ESD protection level within a small layout area in CMOS ICs. A

smaller layout area introduces less parasitic capacitance, and therefore it reduces the impact of

the RF performance degradation.
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N-Well Wy P-Well
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Anode
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QNPN
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Fig. 2.22. The (a) cross-section view,(b) equivalent circuit of a typical SCR, and (c) I-V

characteristics of SCR device under positive and negative voltage biases.
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Chapter 3
ESD Protection Designs for 2.4GHz T/R Switch
Front-End Circuits

3.1 Circuit Design of 2.4GHz CMOS T/R Switch Front-End Circuit

The transmit/receive (T/R) switch front-end circuit, which consists of a low noise amplifier
(LNA), a power amplifier (PA), and a transmit/receive (T/R) switch, is designed to operate at
2.4GHz with Vpp supply of 1.8V. The circuit schematics and circuit designs are shown below:

Circuit Design of LNA:

The circuit schematic of the LLNA is shown in Fig. 3.1. The DC bias Vg is half of Vpp. The
LNA is designed by a cascode configuration with inductive source degeneration. Using cascode
structure can have the advantage of good isolation and mitigate the miller effect to provide good
stability [20]. Furthermore, the LNA with inductive source degeneration is applied to match the
input impedance and reduce the impact of extra noise. The required minimum amplifier gain is
10dB. In the gain stage, the both NMOS transistors size are determined with total width =
450um and channel length = 0.18um.

The second stage is used to match the output impedance with drain inductance. The both
NMOS transistors size are determined with total width = 35um and 25um respectively. So, the
LNA has the advantage of good isolation and better capability of simultaneous noise and input

impedance matching at high frequency.
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Fig. 3.1. Circuit schematic of low noise amplifier.

Circuit Design of PA:

The PAis chosen as class-E and the circuit.schematic of the PA is shown in Fig. 3.2. The
PA is designed by a cascode configuration in-order to separate the output voltage and mitigate
gate oxide stress effect [21]. The drain inductance La2-is RF choke. The L-C filter is tuned to
the first harmonic of the input frequency; so that only sinusoidal wave can be transmit to the
output load.

The required minimum output power is 5dBm because of switch loss and band pass filter
loss. According to the DC I-V curve of the NMOS transistor, the NMOS transistor size is
determined with total width = 450um and channel length = 0.18um. Chose a suitable bias point
Vg to make the transistor be switching transistor.

The input matching network is m-matching for conjugate match, and the output matching

network is designed with load-pull simulation.
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Fig. 3.2. Circuit schematic of power amplifier.

Circuit Design of T/R Switch:

The circuit schematic of the series-shunt T/R switch-is shown in Fig. 3.3. In a T/R switch
application, the main requirements are-low insertion loss and high power handling capability.
As presented in section 2.3, in order to increase power handling capability, the gate of switching
transistor is biased using large resistor. The suitable-DC bias for T/R switch also can get higher
power handling capability. Choosing the switching transistor width is important. Generally, as
the switching transistor width increases, the insertion loss decreases because the on-resistance
of the switch decreases. However, if the switching transistor width increases excessively, the
insertion loss increases because the signal loss through the capacitive coupling to the substrate
becomes seriously [13]. To minimize the insertion loss, the switching PMOS and switching
NMOS transistors size are determined with total width = 400pum and 200um respectively, and
channel length = 0.18um.

The shunt transistors are used to improve the isolation of the switch. For the shunt

transistors, both the PMOS and NMOS transistors size are determined with total width = 25um.
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Fig. 3.3. Circuit schematic of serigs-shunt T/R switch.

Circuit Design of T/R Switch Front-end Circuit:

The T/R switch plays an important-role-in-the RF transceiver front-end circuit because it
can integrate with transmitter and receiver. The circuit schematic of the T/R switch front-end
circuit is shown in Fig. 3.4. Carefully design impendence matching between switch and PA or
LNA for high power delivery and high gain at operation frequency. In the transmit (TX) mode,
the transmit path presents a low impedance and the output power of the PA is transmitted to the
antenna (ANT). In the receive (RX) mode, the transmit path presents a high impedance, so the
RF signal can be sent to the receiver and the transmitter is isolated from ANT. Consequently,
this design integrates transmitter and receiver into single chip for purposes of low-power

consumption and low-cost.
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Fig. 3.4. Circuit schematic of T/R switch front-end circuit.

3.2 Conventional ESD Protection Design for T/R Switch Front-End Circuit

To prevent the T/R switch front-end circuit from ESD stress, it needs on-chip ESD
protection circuit or device. Generally, the ESD protection device is put at I/0 pad to protect
the core circuit from ESD damage. For T/R switch front-end circuit, the ESD protection device
is added to the antenna (ANT) pad, as show in Fig. 3.5. When the ESD events happen, the ESD
protection device has to provide a low impedance path to discharge the ESD current. However,
the parasitic capacitance of ESD protection device induces the RF signal loss and degrades the

RF performance of T/R switch front-end circuit. Therefore, the parasitic capacitance must be
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considered for gigahertz circuit design.

VDD
ESD
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Sv-\l;i/:?ch Power-Rail
A\ ESD Clam
ANT X ; Front-End Circuit P
Cesp =i Circuit
Loss
VSS

Fig. 3.5. Signal loss at ANT pad of T/R switch with ESD protection design.

The conventional ESD protection scheme for. T/R switch front-end circuit is shown in Fig.
3.6, where two ESD protection devices (Dp1 and-Dnz)-are put at ANT pad, and a power-rail
ESD clamp circuit is connected between the supply voltages. The ESD protection devices are
P+/N-Well junction diode (Dp1) and P-well/N+ junction diode (Dnz).

The power-rail ESD clamp circuit, which consists of an RC-detector, a CMOS inverter, and
an RC-inverter-triggered NMOS, is used to provide ESD current path between Vpp and Vss
under ESD stress conditions. To avoid mistrigger the power-rail ESD clamp circuit, the RC-
detector is designed to distinguish ESD transients from normal operating conditions. As shown
in Fig. 3.6, the R (~100kQ) and C (~1pF) with time constant of 0.1us ~ 1us can meet such
requirement, because the rise time of turn-on events are on the order of millisecond whereas
that of ESD events are on the order of nanosecond. The NMOS (Mesp) with ~3000um width is
used as an ESD clamp device. Since the power-rail ESD clamp circuit is placed between Vpp
and Vss, the impact of parasitic effect of clamp circuit on ANT pad is minor.

The ESD discharge paths for the four different ESD testing modes are also shown in Fig.

3.6. For positive-to-Vpp (PD) mode, the ESD current is discharged through the Dpi. For
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positive-to-Vss (PS) mode, the ESD current first goes through the Dp1, and then it is discharged
through the power-rail ESD clamp circuit. For Negative-to-Vpp (ND) mode, the ESD current
is first discharged from Vpp to Vss through the power-rail ESD clamp circuit, and then it goes
through the Dn1. For Negative-to-Vss (NS) mode, the ESD current is discharged through the
Dna.

However, the conventional ESD protection design with dual diodes causes parasitic

capacitance and degrades the RF performance. It is not very suitable for T/R switch front-end

circuit.
PS
VDD
Vrx M‘ffavw Vix :]F
i &
De1 " ‘ ,.,,L‘,i,.\ Power
PD M, X Amplifier
ANT
X Me j}
NS M, RX Ly Low
107 * A Noise jF c=—
Dni/\ %_ Amplifier
Vrx Ma Vax
ND VSS

Fig. 3.6. The T/R switch front-end circuit with conventional ESD protection design of dual

diodes.

3.3 Proposed ESD Protection Design for T/R Switch Front-End Circuit

To reduce the parasitic capacitance, which induced by ESD protection devices, the stacked
diodes structure is proper choice. There are two types of ESD protection structure to improve
the disadvantage in this section. Type 1 structure is for an ESD protection circuit with extra
ESD protection devices. Type 2 structure is for an ESD protection circuit without any extra

ESD protection device. The used power-rail ESD clamp circuit is the same as that used in

37



section 3.2.

Type 1 ESD protection design:

The cross-sectional view of ESD protection scheme with stacked diodes is illustrated in
Fig. 3.7. As presented in section 3.1, the size of switching NMOS transistor and PMOS
transistor are usually large in T/R switch, so the type 1 structure uses the NMOS body diode
and PMOS body diode, which can protect the core circuit from ESD stress. The used ESD
protection devices are the same as that used in section 3.2.

As shown in Fig. 3.7, there are stacked diodes, which consist of the embedded diode of
switching transistor and ESD protection diode. One is connected between the ANT pad and
Vop (Dp1 and Dpy), and the other is connected between the ANT pad and Vss (Dni and Dn2).
Dr1 and Dp2 consist of P+/N-Well junction. Dnz and Dnz consist of P-well/N+ junction. Fig. 3.8
indicates the T/R switch front-end circuit with type 1 ESD protection design and shows the
ESD discharge paths for the four different ESD testing modes.

Comparing with the conventional ESD protection design, the type 1 ESD protection design
provides the whole chip ESD protection. for all ESD-test. The stacked-diode structure can
reduce the parasitic capacitance and decrease the degradation of RF performance which is

induced by ESD protection device.

RX ANT ™>
Voo Vob Voo
'B M; M,
VSS
— —
Fﬂ N N+ P[] e Fj P+|N P+J

STl - STI —] sTi =Eul STI — STI — STI

Dn2 D1 Dp; Dp>

P-Well N-Well P-Well N-Well | P-Well N-Well P-Well N-Well “Te'"

[ Deep N-Well ]
P-Substrate

Fig. 3.7. Cross-sectional view of type 1 ESD protection design.
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Fig. 3.8. The T/R switch front-end circuit with type 1 ESD protection design.

Type 2 ESD protection design:

The embedded diodes of switching transistors are applied to the type 1 ESD protection
structure. To further decrease the degradation of RF performance caused by ESD protection
devices, the type 2 structure combines the T/R switch with-ESD protection design.

Generally, the shunt transistors in: T/R switch.cannot provide enough the dimensions of
embedded diodes to endure the ESD stress. Therefore, the width of shunt transistors are
increased in type 2 structure to ensure the embedded diodes of shunt transistors can increase
the ESD robustness. Moreover, if the shunt transistors width increases properly, the isolation of
T/R switch can also be improved. In order to balance the RF performance and ESD robustness,
choosing the sizes of the shunt transistors and impedance matching network are important for
the type 2 structure. Both the sizes of the shunt NMOS transistor (M3) and PMOS transistor
(My) are determined with total width = 75um.

Similar to the T/R switch without ESD protection design in Fig. 3.3, this design does not
need to add extra ESD protection device. The cross-sectional view of ESD protection scheme
with embedded stacked diodes is illustrated in Fig. 3.9. The type 2 structure combines two P-

well/N+ diodes (Dni and Dnz) to form an embedded stacked diodes between the ANT pad and
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Vss, and two P+/N-Well diodes (Dp: and Dpz) to form an embedded stacked diodes between
the ANT pad and Vpp by using layout skill. Fig. 3.10 indicates the ESD protection design with
embedded stacked diodes and the ESD discharge paths for the four different ESD testing modes.

Comparing with the conventional ESD protection design and type 1 ESD protection design,
the type 2 ESD protection design provides the whole chip ESD protection for all ESD-test
without extra ESD protection device. The embedded stacked diodes structure can not only
improve the impact of ESD protection devices on RF performance but also keep the good ESD
robustness. The corresponding device parameters in T/R switch circuits are organized in Table

3.1.

RX T

VSS <
Ms M M, M,
STl P+|N+| IE STl i STI P+|N+ I—M ST i ST —Pj |P+|N+ STI EJ |P+| [ STI
—— —D— —D— —D—
Dn2 D1 Dp1 Dp2
P-Well N-Well P-Well N-Well | P-Well N-Well P-Well N-Well \A';’e-ll
[ Deep N-Well ]
P-Substrate
Fig. 3.9. Cross-sectional view of type 2 ESD protection design.
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Fig. 3.10. The T/R switch front-end circuit with type 2 ESD protection design.
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Table 3.1

Component values and device dimensions of the T/R switch circuits.

i Conventional
Without ESD £SD Type 1 ESD Type 2 ESD
Protection ) Protection Protection
. Protection . .
Design . Design Design
Design
Active Area of
Parasitic Diode 92.8/168/ 92.8/168/ 92.8/168/ 92.8/168/
(M1/M2/M3/Ma) 11.6/11.6 11.6/11.6 11.6/11.6 32.6/32.6
(um?)
Active Area of
ESD Diode N/A 37.6/37.6 37.6/37.6 N/A
(Dp/Dn) (um?)
M1
W/L 200/0.18 200/0.18 200/0.18 200/0.18
(pm/pm)
M2
W/L 400/0.18 400/0.18 400/0.18 400/0.18
(pm/pm)
M3
W/L 25/0.18 25/0.18 25/0.18 75/0.18
(pm/pm)
M4
W/L 25/0.18 25/0.18 25/0.18 75/0.18
(pm/pm)

3.4 Experimental Results of T/R Switch Front-End Circuits with ESD

Protection Designs

The chip photo of the T/R switch front-end circuit without ESD protection is shown in Fig.
3.11. The chip photo of the T/R switch front-end circuit with conventional ESD protection
design is shown in Fig. 3.12. The chip photo of the T/R switch front-end circuit with type 1

ESD protection design is shown in Fig. 3.13. The chip photo of the T/R switch front-end circuit

with type 2 ESD protection design is shown in Fig. 3.14.
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Fig. 3.11. The chip photo of the T/R switch front-end circuit without ESD protection design.

VsEPARV VS

Power-Rail ESD
Clamp Circuit

Dual DiodesD
L Vs

Fig. 3.12. The chip photo of the T/R switch front-end circuit with conventional ESD

protection design.

42



ELEZEEE

Power-Rail ESD
Clamp Circuit

Y pREaE SD
Protection Design

T=H

ss NIV VS
NAAOU

Fig. 3.13. The chip photo of the T/R switch front-end circuit with type 1 ESD protection

design.

VsEPARNSE Vs

Power-Rail ESD
Clamp Circuit

Type 2 ESD
Protection Design

Fig. 3.14. The chip photo of the T/R switch front-end circuit with type 2 ESD protection

design.
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3.4.1 ESD Levels Measured with ESD Tester

The human-body-model (HBM) level usually represents the ESD robustness of the test
circuit. To evaluate the ESD robustness, the ESD pulses are stressed to each test circuit under
different ESD stress conditions (PS-mode, PD-mode, NS-mode, and ND-mode) by using
Agilent HCE-5000. The failure criterion is defined as the I-V characteristics seen at ANT pad

shifting over 30% from its original curve after ESD stress. The ESD robustness of each mode

of every test circuit is summarized in Table 3.2.

Table 3.2
Measured ESD level of each zapping mode with HBM tester.
PSHBM | PDHBM | NSHBM | ND HBM | Vppb-to Vss
(kV) (kV) (kV) (kV) (kV)
Without ESD
1 15 15 15
Protection Design
Conventional ESD
2.5 6 6 5.75
Protection Design
>8
Type 1 ESD
2 5.75 55 4.5
Protection Design
Type 2 ESD
2.5 2.75 3.75 3.25

Protection Design

3.4.2 Comparison of RF Performances Before ESD Stress

The S-parameters were measured by using the Agilent 5230A network analyzer. The output
power and power gain were measured by using the Agilent E4440A spectrum analyzer with the
Agilent E8247C signal generator. The noise figure was measured by using the Agilent N8975A

noise figure analyzer with the Agilent 346C noise source. Each T/R switch front-end circuit

operates with the Vpp supply of 1.8V and is biased at 0.9V.
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Before ESD stress, the comparison of measurement results of T/R switch front-end circuit
with and without ESD protection are demonstrated in Figs. 3.15 to 3.19. In the TX mode, Fig.
3.15 shows the comparison of the measured S-parameters; Fig. 3.16 and Fig. 3.17 show the
comparison of the measured output power (Pout) and power gain versus input power (Pin),
respectively. In the RX mode, Fig. 3.18 shows the comparison of the measured S-parameters;

Fig. 3.19 shows the comparison of the measured noise figure.
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Fig. 3.15. Comparison of measured (a) Siz, (b) S21, and«(c) S22 of the T/R switch front-end

circuits with and without ESD protection-design-in TX maode.
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Fig. 3.16. Comparison of measured output power of the T/R switch front-end circuits with and

without ESD protection design in TX mode.
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Fig. 3.17. Comparison of measured power gain of the T/R switch front-end circuits with and

without ESD protection design in TX mode.
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Fig. 3.18. Comparison of measured (a) S11, (b) S21, and (c) Sa2 of the T/R switch front-end

circuits with and without ESD protection design in RX mode.
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Fig. 3.19. Comparison of measured noise figure of the T/R switch front-end circuits with and

without ESD protection design in RX mode.

3.4.3 Comparison of RF Performances After ESD Stress

In order to verify the ability of ' ESD. protection design, the RF performances of all T/R
switch front-end circuits have to be re-measured after HBM ESD zapping with every mode (PS-
mode, PD-mode, NS-mode, and ND-mode).

Figs. 3.20 to 3.24 show the RF performances of the T/R switch front-end circuit before and
after HBM ESD zapping. Figs. 3.25 to 3.29 show the RF performances of the T/R switch front-
end circuit with conventional ESD protection design before and after HBM ESD zapping. Figs.
3.29 to 3.33 show the RF performances of the T/R switch front-end circuit with type 1 ESD
protection design before and after HBM ESD zapping. Figs. 3.34 to 3.38 show the RF
performances of the T/R switch front-end circuit with type 2 ESD protection design before and

after HBM ESD zapping. The measurement results are shown in Table 3.3.
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Fig. 3.20. Measured S»; of the T/R switch front-end circuit without ESD protection design in

TX mode after HBM ESD zapping.

20 —

I ! 1 ! I ' I
Without ESD Protection Design

| —=— Before HBM Test
10 L —*— After 0.5kV HBM Test

15 |

P, (dBm)

-30 I -25 -20 I -15 I -10 . -5 . 0
P, (dBm)

Fig. 3.21. Measured output power of the T/R switch front-end circuit without ESD protection

design in TX mode after HBM ESD zapping.
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Fig. 3.22. Measured power gain of the T/R switch front-end circuit without ESD protection

design in TX mode after HBM ESD.zapping:
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Fig. 3.23. Measured Sy1 of the T/R switch front-end circuit without ESD protection design in

RX mode after HBM ESD zapping.
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Fig. 3.24. Measured noise figure of the T/R switch front-end circuit without ESD protection

design in RX mode after HBM ESD.zapping:
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Fig. 3.25. Measured Sy1 of the T/R switch front-end circuit with conventional ESD protection

design in TX mode after HBM ESD zapping.
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Fig. 3.26. Measured output power of the T/R switch front-end circuit with conventional ESD

protection design in TX mode after HBM ESD zapping.
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Fig. 3.27. Measured power gain of the T/R switch front-end circuit with conventional ESD

protection design in TX mode after HBM ESD zapping.
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Fig. 3.28. Measured S»: of the T/R switch front-end circuit with conventional ESD protection

design in RX mode after HBM ESD.zapping:
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Fig. 3.29. Measured noise figure of the T/R switch front-end circuit with conventional ESD

protection design in RX mode after HBM ESD zapping.
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Fig. 3.30. Measured S»: of the T/R switch front-end circuit with type 1 ESD protection design

in TX mode after HBM ESD zapping.
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Fig. 3.31. Measured output power of the T/R switch front-end circuit with type 1 ESD

protection design in TX mode after HBM ESD zapping.
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Fig. 3.32. Measured power gain of the T/R switch front-end circuit with type 1 ESD

protection design in TX mode after HBM ESD zapping.
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Fig. 3.33. Measured Sy; of the T/R switch front-end circuit with type 1 ESD protection design

in RX mode after HBM ESD zapping.
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Fig. 3.34. Measured noise figure of the T/R switch front-end circuit with type 1 ESD

protection design in RX mode after HBM ESD zapping.
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Fig. 3.35. Measured Sy; of the T/R switch front-end circuit with type 2 ESD protection design

in TX mode after HBM ESD zapping.
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Fig. 3.36. Measured output power of the T/R switch front-end circuit with type 2 ESD

protection design in TX mode after HBM ESD zapping.
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Fig. 3.37. Measured power gain of the T/R switch front-end circuit with type 2 ESD

protection design in TX mode after HBM ESD zapping.
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Fig. 3.38. Measured S»: of the T/R switch front-end circuit with type 2 ESD protection design

in RX mode after HBM ESD zapping:
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Fig. 3.39. Measured noise figure of the T/R switch front-end circuit with type 2 ESD

protection design in RX mode after HBM ESD zapping.
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Table 3.3
Summary of RF performances of the T/R switch front-end circuits with and without ESD
protection after HBM ESD zapping.

Before After HBM ESD Zapping HBM
HBM ESD ESD
: 0.5kV | 1kV |[1.5kV | 2kV
Zapping Level
S21 @ 2.4GH
@ 2| 2084 |-27.71 NA | N/A | NIA
RX (dB)
) mode| Noise Figure
Without ESD 453 130.39| N/A | N/A | N/A
. @ 2.4GHz (dB)
Protection <0.5kVv
. S21 @ 2.4GHz
Design 14.01 |14.25| N/A | N/A | N/A
X (dB)
mode | Maximum Output
8.16 | 8.49 | NJA | N/A | N/A
Power (dBm)
S21 @ 2.4GHz
20.42 |21.24]20.99|21.33|-30.39
RX (dB)
i mode| Noise Figure
Conventional ise Figu 450 | 454! a6 | 458 |36.01
ESD @ 2.4GHz (dB)
. 1.5kV
Protection S21 @ 2.4GHz
. 13.54 | 13.9 |14.14|14.04|13.85
Design TX (dB)
mode | Maximum Output
8.14 8.07 | 7.79 | 7.91 | 8.06
Power (dBm)
S21 @ 2.4GHz
20.52 |20.87|20.73|-30.58(-32.82
RX (dB)
mode| Noise Figure
Type 1 ESD 4.57 45 | 4.55 |38.55(38.88
. @ 2.4GHz (dB)
Protection 1kV
) S21 @ 2.4GHz
Design 1412 |13.19|14.13|13.33|13.67
X (dB)
mode | Maximum Output
805 |[831(829| 83 |8.16
Power (dBm)
S21 @ 2.4GHz
21.72 |22.23|21.54|21.21|-31.38
RX (dB)
Type 2 ESD mode/  Noise Figure 444 | 443 | 4.47 | 4.49 |31.64
e : . . . :
ype b @ 2.4GHz (dB)
Protection 1.5kV
) S21 @ 2.4GHz
Design 13.74 |14.19|13.82(13.45(13.89
TX (dB)
mode | Maximum Output
8.36 |8.388.03]8.17]8.11
Power (dBm)
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3.4.4 Failure Analysis and Discussion

To further investigate the failure mechanism of the T/R switch front-end circuits with and
without ESD protection design, scanning electron microscope (SEM) can be utilized to find the
failure location.

Fig. 3.40 shows the SEM photos of the T/R switch front-end circuit without ESD protection
after 0.5-kV HBM ESD test. The failure points are located at Mz and My in the T/R switch. Fig.
3.41 shows the SEM photo of the T/R switch front-end circuit with conventional ESD
protection after 2-kV HBM ESD test. The failure points are located at Mz in the T/R switch.
Fig. 3.42 shows the SEM photo of the T/R switch front-end circuit with type 1 ESD protection
after 1.5-kV HBM ESD test. The failure points are located at M3 in the T/R switch. Fig. 3.43
shows the SEM photo of the T/R switch front-end circuit with type 2 ESD protection after 2-

kV HBM ESD test. The failure points are located.at Mg in the T/R switch.

I Drain
I I Source

(@)
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Source Drain

Gate
(b)
Fig. 3.40. SEM photos of (a) Mz and (b).Ma in T/R switch front-end circuit without ESD

protection after 0.5-kV HBM ESD. tests:

Drain

Gate
Source

Fig. 3.41. SEM photo of Mz in T/R switch front-end circuit with conventional ESD protection

after 2-kVV HBM ESD tests.
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Gate
Source

I Drain

Fig. 3.42. SEM photo of Mz in T/R switch front-end circuit with type 1 ESD protection after

1.5-kV HBM ESD tests.

Gate

Drain
Source

Fig. 3.43. SEM photo of M3 in T/R switch front-end circuit with type 2 ESD protection after

2-kVV HBM ESD tests.
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To investigate the most critical ESD event for T/R switch front-end circuit, the degradation
of RF performances in RX mode is an obvious indication. With conventional ESD protection
design, Fig. 3.44 shows the RF performance comparisons of before, after 2-kV HBM ESD
zapping of every mode and after 2-kV HBM ESD zapping of every mode except PS mode. With
type 1 ESD protection design, Fig. 3.45 shows the RF performance comparisons of before, after
2-kV HBM ESD zapping of every mode and after 2-kV HBM ESD zapping of every mode
except PS mode. With type 2 ESD protection design, Fig. 3.46 shows the RF performance
comparisons of before, after 2-k\VV HBM ESD zapping of every mode and after 2-k\V HBM ESD
zapping of every mode except PS mode. It is clear that the positive-to-Vss ESD stress is the

most critical ESD event.
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Fig. 3.44. Measured (a) S21 parameter.and (b) noise figure of the T/R switch front-end circuit

with conventional ESD protection-design-in RX mode after 2-kV HBM ESD zapping.
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Fig. 3.45. Measured (a) S21 parameter.and (b) noise figure of the T/R switch front-end circuit

with type 1 ESD protection design-in RX mode after 2-k\V- HBM ESD zapping.

30 T T 1 T T 1 T T T | T T T
20 i
10 i
o of .. : .
° | With Type 2 ESD Protection Design
8 4oL —=— Before HBM Test
£ | —e— After 2kV HBM Test
B_LU oo | —¢— After 2kV HBM Test (no PS mode) ]
9 30 -
-40 .
-50 L L " N . N 1 . 1 . 1 .
12 16 20 24 28 32 36 40 44 48
Frequency (GHz)
(a)

66



50 T T T ] 1

45 |- -
40 |- -
35 |- -
a |
T 30 -
o o5 [ With Type 2 ESD Protection Design
3 °° [ —=— Before HBM Test ]
"g 20 | —o— After 2kV HBM Test -
.g 15 - —4— After 2k\V HBM Test (no PS mode)
=z [ ]
10 | i
5 I .
0 I M 1 N 1 N 1 N 1 N 1 N 1 N 1 N ]
1.2 1.4 16 1.8 2.0 2.2 2.4 26 2.8
Frequency (GHz)
(b)

Fig. 3.46. Measured (a) S21 parameter.and (b) noise figure of the T/R switch front-end circuit

with type 2 ESD protection design-in RX mode after 2-k\V- HBM ESD zapping.

3.5 Summary

To verify the ESD level of ESD-protected T/R switch front-end circuits, there are two
failure criterions after being zapped by ESD stress. One is over 30% shifting in the I-V
characteristic, another one is degradation of the RF performance. It has been demonstrated in
[22] that the second method is more suitable and accurate for RF circuits.

The RF performances of the T/R switch front-end circuit without ESD protection is
degraded after 0.5-kV HBM test. The RF performances of the T/R switch front-end circuits
with the conventional ESD protection design and with the proposed type 1 ESD protection
design can achieve 1.5-kV HBM level and 1-kV HBM level, respectively. Without extra ESD
protection device, T/R switch front-end circuit with the proposed type 2 ESD protection design

can achieve 1.5-kV HBM level and the RF performances of this circuit is not degraded.
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The failure analysis of un-protected T/R switch front-end circuit indicates that the failed
function after HBM ESD zapping is caused by the damaged M3z and M. However, the failure
analysis of ESD-protected T/R switch front-end circuits indicates that the failed function after
HBM ESD zapping is only caused by the damaged Ms. The experimental results reveal that the

positive-to-Vss ESD stress is the most critical ESD event in the T/R switch front-end circuit.
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Chapter 4
ESD Protection Designs for 2.4GHz Traditional T/R
Switch Front-End Circuits

4.1 Circuit Design of 2.4GHz Traditional CMOS T/R Switch Front-End

Circuit

Conventional, the T/R switch design follows a series/shunt architecture [13, 23], as show
in Fig. 4.1. In the traditional structure; both the series and shunt transistors are NMOS
transistors, whereas in the prior structure,-as shown.in Fig. 3.13, the M2 and M4 are PMOS
transistors. The series transistors- M and Mg perform switch function, whereas the shunt
transistors Mz and M4 make the undesired signal grounded-and enhance the isolation.

The body floating topology, which-adds the large resistance at the bulk of switches (Rg:
and Rgey), is used in this design. As the bulk resistance becomes large, the bulk of transistor is
floating at high frequency, and RF signal is not easy to couple to the bulk resistance.
Consequently, this topology can reduce the substrate loss and improve the T/R switch’s linearity
and power handling capability.

To minimize the insertion loss, both the switching NMOS transistors size are determined
with total width = 200um, and channel length = 0.18um. The shunt transistors are used to
improve the isolation of the switch. For the shunt transistors, both the NMQOS transistors size
are determined with total width = 50um.

The circuit schematic of the traditional T/R switch front-end circuit is shown in Fig. 4.2.

The used structures of the PA and LNA are same as that used in section 3.1. To achieve high

69



power delivery and high gain at operation frequency, the input/output terminal of each circuit

are matched to 50Q.

ANT

FYYYA X
Vgrx

3 WV

Fig. 4.1. Circuit schematic of traditional T/R switch.
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Fig. 4.2. Circuit schematic of traditional T/R switch front-end circuit.

4.2 Conventional ESD Protection Design for Traditional T/R Switch Front-
End Circuit

The conventional ESD protection scheme for traditional T/R switch front-end circuit is
shown in Fig. 4.3. Two ESD protection devices (Dp: and Dnz) are put at ANT pad. The Fig. 4.3
shows the ESD discharge paths for the four different ESD testing modes. As mention in section
3.2, although the conventional ESD protection design with dual diodes can protect core circuit
from ESD stress, the caused parasitic capacitances from ESD protection devices degrade the

RF performance.
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Fig. 4.3. The traditional T/R switch front-end circuit with conventional ESD protection

design of dual diodes.

4.3 Proposed ESD Protection Design for Traditional T/R Switch Front-End

Circuit

The cross-sectional view and the top view of the proposed T/R switch with embedded
silicon controlled rectifiers (SCRs), which called type A, are illustrated in Figs. 4.4 to 4.7. The
traditional T/R switch is implemented using NMOS transistors with deep N-well to separate the
bulks of the NMOS transistors from P-substrate. In this proposed work, P+ is added in the N-
well to form embedded SCR, which consists of P+, N-well, P-well, and N+. In the embedded
SCR, the ANT pad is connected to the pickup P+, which is formed in the N-well. The Vss pad
is connected to the N+ and the pickup P+, which respectively are the transistor (Ms or Ma)
source and bulk in the same P-well. The parasitic diode D1 consists of P+ and N-well/N+
between ANT pad and Vpp. The extra ESD protection diode D> consists of P+/P-well and N+
between ANT pad and Vss.

The SCRs are embedded in the traditional T/R switch. All the junction dimensions of
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embedded SCR are also shown in Fig. 4.4 and Fig. 4.6. The length of the junction Ais 0.94um
and that of the junction B is 0.64um. The distance of the junction C from the anode of the
embedded SCR to the bulk of shunt MOS is 2.7um. The distance of the embedded SCR path
(W) from anode to cathode is 4.56um.

Fig. 4.8 shows the equivalent circuit of the T/R switch with embedded SCRs in TX path
and RX path. To reduce the trigger voltage of the embedded SCRs, the trigger signal can be
sent into the base terminal of Qnpn to enhance the turn-on speed. Furthermore, the trigger circuit,
which is used to trigger embedded SCRs, is the RC-base detection circuit, which is used in the

power-rail ESD clamp circuit.

Trigger T Trigger

DD
My Mz M, M

@ 1 THHART @)

wwwwww

(2) i e e -——HAE=--t @

wwwwww

AF\IT
Fig. 4.4. Layout top view of traditional T/R switch with type A ESD protection design in TX

path.
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Fig. 4.5. Cross-sectional view of traditional T/R switch with type A ESD protection design

along (a) (1)-(1*) and (b) (2)-(2") in TX path.
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Fig. 4.6. Layout top view of traditional T/R switch with type A ESD protection design in RX

path.
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Fig. 4.7. Cross-sectional view of traditional T/R switch with type A ESD protection design
along (a) (1)-(1) and (b) (2)-(2’) in RX path.
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Fig. 4.8. The equivalent circuit of traditional T/R switch with type A ESD protection design.
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Fig. 4.9 indicates the traditional T/R switch front-end circuit with type A ESD protection
design and shows the ESD discharge paths for the four different ESD testing modes. For
positive-to-Vpp (PD) mode, the ESD current is discharged through the D1. For positive-to-Vss
(PS) mode, the ESD current first passes through the D1 to Vpp and then RC-inverter to trigger
the embedded SCRs. The major ESD current is discharged by the embedded SCRs from ANT
pad to Vss. Therefore, the ESD protection ability can be significantly improved. For Negative-
to-Vop (ND) mode, the ESD current is first discharged from Vpp to Vss through the power-rail
ESD clamp circuit and then it goes through the D». For Negative-to-Vss (NS) mode, the ESD
current is discharged through the D».

Comparing with the conventional ESD protection design, the type A ESD protection design
provides the whole chip ESD protection for all ESD-test with only adding ESD protection diode
D>. The embedded SCRs structure with RC-inverter-triggered shorten the ESD current path in
the PS-mode. In conclusion, the proposed type A structure can not only reduce the impacts of
ESD protection devices on RF performance but also improve the ESD robustness. The

corresponding device parameters in traditional T/R.switch circuits are organized in Table 4.1.
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Fig. 4.9. The traditional T/R switch front-end circuit with type A ESD protection design.
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Table 4.1
Component values and device dimensions of the traditional T/R switch circuits.

i Conventional
Without ESD £SD Type AESD
Protection ) Protection
. Protection .
Design . Design
Design
Active Area of
ESD Diode N/A 37.6/37.6 N/A
(Dp/Dn) (um?)
M1
W/L 200/0.18 200/0.18 200/0.18
(pm/pm)
M2
W/L 200/0.18 200/0.18 200/0.18
(pm/pm)
M3
W/L 50/0.18 50/0.18 50/0.18
(pm/pm)
M4
W/L 50/0.18 50/0.18 50/0.18
(pm/pm)

4.4 Post-Simulation Results

Fig. 4.10 shows the layout of traditional T/R switch front-end circuit without ESD
protection design. Fig. 4.11 shows the layout of traditional T/R switch front-end circuit with
conventional ESD protection design. Fig. 4.12 shows layout of traditional T/R switch front-end
circuit with proposed type A ESD protection design, and Fig. 4.13 shows the layout of type A

ESD protection design.
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Fig. 4.11. Layout of traditional T/R switch front-end circuit with conventional ESD protection

design.
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(b)
Fig. 4.13. Layout of traditional T/R switch-with type A ESD protection design (a) in TX path
and (b) in RX path.

The post-simulation results of traditional T/R switch-front-end circuits, which is operated
at 2.4GHz, are presented in this section. It‘is realized in 180-nm 1P6M CMOS process with
1.8V supply voltage, 0.9V bias voltage, and controlled voltages (OV or 1.8V). The post-
simulation results are illustrated in Figs. 4.14 to 4.18. In the TX mode, Fig. 4.14 shows
comparison of the simulated Si1, Sz1, and Sz2 parameters. Fig. 4.15 and Fig. 4.16 show
comparison of the simulated output power (Pout) and power gain versus input power (Pin),
respectively. In the RX mode, Fig. 4.17 shows comparison of the simulated Si1, S21, and Sz

parameters. Fig. 4.18 shows comparison of the simulated noise figure.
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Fig. 4.14. Comparison of simulated (a) S11, (b) Sa21,@nd (€) S22 of the traditional T/R switch

front-end circuits with and without ESD protection design in TX mode.
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Fig. 4.15. Comparison of simulated output power of the traditional T/R switch front-end

circuits with and without ESD protection design in TX mode.
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Fig. 4.16. Comparison of simulated power gain of the traditional T/R switch front-end circuits

with and without ESD protection design in TX mode.
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Fig. 4.17. Comparison of simulated (a) S11, (b) S21, and (c) S22 of the traditional T/R switch

front-end circuits with and without ESD protection design in RX mode.
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Fig. 4.18. Comparison of noise figure of the traditional T/R switch front-end circuits with and
without ESD protection design in RX mode.

4.5 Summary

The proposed type A ESD protection design uses the embedded SCR into T/R switch.
Without extra trigger circuit, the used RC-base detection circuit, which is the same with power-
rail ESD clamp circuit, can sent trigger signal to enhance the turn-on speed. This design is used
in traditional T/R switch front-end circuit. The Sy1 parameters of un-protected circuit and ESD-
protected circuits are compared in Table 4.2. The type A ESD design reduces the S21 about
0.18dB in TX mode and 0.2dB in RX mode, while the dual diodes reduces the S21 about 0.41dB
in TX mode and 0.42dB in RX mode.

The embedded SCRs structure with RC-inverter-triggered can shorten the ESD current path
in the PS-mode and improve ESD level. Therefore, the type A structure can reduce the impacts
of ESD protection devices on RF performance and be suitable for on-chip ESD protection T/R

switch front-end circuit.
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ESD-protected T/R switch front-end circuits.

Table 4.2
Comparison of simulation results of the un-protected T/R switch front-end circuit and the

. TX mode RX mode
Active Area of
Structure ESD Diode s21 Power s21 NF
(Dr/Dn) (um?) | @ 2.4GHz (Z;Lr:) Gain @ 2.4GHz | @ 2.4GHz
(dB) (dB) (dB) (dB)
Without ESD
Protection N/A 17.16 9.51 17.15 16 4.73
Design
Conventional
ESD
. 37.6/37.6 16.75 9.05 16.72 15.58 5.18
Protection
Design
Type AESD
Protection N/A/37.6 16.98 9.29 16.98 15.8 4.96
Design
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

This thesis presents the issues of ESD protection design in RFICs. The parasitic effect of
the ESD protection design causes signal loss, changes the impedance matching, and degrades
RF performance. Therefore, designing RF ESD protection devices or circuits with good ESD
level and less influence on RF performance has become a challenge. The RF ESD protection
designs integrated with T/R switch are proposed to accomplish this goal.

The T/R switch front-end circuit plays an important role in RF transceiver. However, the
ESD protection designs applied in T/R switch have not been widely investigated and discussed.
Two RF ESD protection designs are integrated-with T/R switch and applied in ESD-protected
T/R switch front-end circuits, which have been proposed, fabricated, and examined in a 180-
nm CMOS process. The proposed type 1 ESD protection design utilizes stacked diodes, which
are embedded diode of switching MOS and ESD protection diode. The parasitic capacitances
of ESD protection diodes seen at ANT pad are reduced. Without extra ESD protection device,
the proposed type 2 ESD protection design utilizes stacked diodes, which are embedded in T/R
switch.

The measurement results show that the un-protected T/R switch front-end circuit has
terrible ESD level, while the T/R switch front-end circuit with proposed type 2 ESD protection
design has enough ESD level. The failure mechanism indicates that the failed function of T/R

switch front-end circuit after HBM ESD zapping is caused by the damaged proposed ESD
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protection design. The proposed type 2 ESD protection design has been verified to protect the T/R
switch front-end circuit from ESD damage with 1.5-kV HBM ESD robustness.

For traditional T/R switch front-end circuit, the ESD protection solution design is also
presented in this thesis. The proposed type A ESD protection design is traditional T/R switch
with embedded silicon controlled rectifiers (SCRs). The embedded SCRs structure with RC-
inverter-triggered can shorten the ESD current path in the PS-mode and improve the ESD level.
According to simulation results, the proposed type A ESD protection design has smaller
parasitic effect because of lass extra ESD protection device. Comparing with conventional ESD
protection design, the type A ESD protection design can reduce the impacts of ESD protection

devices on RF performance and be suitable for traditional T/R switch front-end circuit.

5.2 Future Works

5.2.1 ESD Protection Designs for Traditional T/R Switch Front-End Circuits

The traditional T/R switch front-end circuits with and-without ESD protection designs have
already been taped out and they are fabricated in 180-nm CMOS process. To evaluate the ESD
robustness, HBM ESD levels (PS-mode, PD-mode, NS-mode, and ND-mode) need to be
measured. In order to verify the ability of ESD protection design, the RF performances of all
traditional T/R switch front-end circuits have to be measured before and after HBM ESD
zapping with every mode (PS-mode, PD-mode, NS-mode, and ND-mode). In the TX mode, S-
parameters (S11, So1, and Sz2), output power, and power gain need to be measured. In the RX

mode, S-parameters (S11, So1, and Sz2) and noise figure need to be measured.

5.2.2 ESD Protection Design for SPMT T/R Switch
The proposed ESD protection design is for single-pole double-through transmit/receive

switch (SPDT T/R switch). Recently, the single-pole multiple-through transmit/receive switch
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(SPMT T/R switch), as shown in Fig. 5.1, is more widely used in IC products such as multiple-
band smartphones. However, the SPMT T/R switch has many channels and operates at different
frequency in each channel. Thus, it is not easy to design matching network with ESD protection

design. The proposed on-chip ESD protection may need some modification for application in

the SPMT T/R switch.
SP14T
ANT
— RF1
&—— RPF2
& RF3
Vop— X
Vss— L4 — RF14
V JE—
- Control Logic
VSS_

Vctrl

Fig. 5.1. Schematic of SPMT T/R switch [24].
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