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Abstract

In recent years, radio-frequency integrated circuits (RFICs) have been successfully
implemented in CMOS process thanks to the fast development of CMOS technologies. In this
way, the RFICs can be integrated in a system on chip (SOC) for mass production with lower
cost of IC manufacturing. As the transistors scale down rapidly, the oxide thickness becomes
thinner and provide faster logic operations with lower energy consumption. However, the threat
from electrostatic discharge (ESD) phenomenon was not alleviated as technology advances. In
RFICs, the ESD protection circuit must provide enough ESD robustness without disturbing the
normal circuit operations. Thus, the ESD protection design must be strictly conducted in order
to minimize the parasitic effect of the ESD devices lest it should degrade the performance of

the high-speed RF signal.



There are two major parts in this thesis. The first part of the thesis targets on the T/R switch
which is applied for cellular device. In a high-power T/R switch, traditional ESD protection
method cannot be used since the large amplitude and high frequency of the RF signal will mis-
trigger the traditional ESD protection design. As a consequence, in this work, there is no
additional discharging path employed to discharge the ESD current. Instead, by identifying the
behavior of the ESD transients and the normal RF signal, the transistors in the proposed ESD
protection design can trigger the inherent transistors of the T/R switch in the PS-mode zapping
event and discharge the ESD current. The proposed ESD protection design for high-power T/R
switch has been fabricated in a 0.18-um CMOS process and achieved good ESD levels. RF
performance and ESD characteristics are measured and analyzed in the thesis.

The second part focuses on an ESD protection device for typical T/R switch applications.
By using the diodes and MOS transistors which are already designed in the T/R switch with
conventional ESD protection,. embedded silicon-controlled rectifiers (embedded SCR) are
implemented in a 90-nm CMOS process by layout skill. The proposed ESD protection with
embedded SCRs and power-rail .\ESD. clamp triggered can enhance the PS-mode ESD

robustness of the T/R switch successfully.
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Chapter 1

Introduction

1.1 Motivation

In recent years, RF transceivers are widely designed in a CMOS system on chip (SoC) for
lower manufacturing cost and mass production [1]. The RF transmit/receive front-end circuit
plays an important role between antenna and mixer, including low noise amplifier (LNA),
power amplifier (PA), and transmit/receive switch (T/R switch), as shown in Fig. 1.1 [2]-[5].
On the other hand, owing to.the fast development of CMOS process technologies, MOS
transistors have been scaled down rapidly, and therefore provide faster logic performance and
lower energy consumption. However, even though the oxide thickness becomes thinner, the
threat from ESD phenomenon was not alleviated as technology advances. To solve this issue,
ESD protection circuits such as conventional dual diodes and power-rail clamp circuit must be
taken into considerations and co-designed in the RF transmit/receive front-end circuit without
severe RF performance degradation [6].

In order to provide enough ESD level, the dimensions of the ESD devices are usually
selected as large as possible. However, the parasitic capacitance of the ESD device may become
larger as well. The additional parasitic capacitance contributed by the ESD device will affect
the impedance matching network of the LNA or PA. As for T/R switch, significant degradation
of the insertion loss and power handling capability will be observed. This can be seen as a trade-
offs between RF performance and ESD robustness. As a consequence, low-capacitance and

area-efficient ESD devices co-design with specific circuits are challenges for IC designers.



Moreover, in a RF transceiver SoC chip, T/R switch, LNA, and PA are implemented
together in a same chip. Due to the position between antenna and the transceiver circuits, the
ANT node of T/R switch is very sensitive to the ESD stress during module assembly. Therefore,
ESD protection design on T/R switch can be a more efficient and effective way than former
ESD design on either LNA or PA [7], [8]. With proper ESD protection circuit on T/R switch,
the ESD current from antenna node can be discharged to VDD or ground before it rush into

LNA or PA [9]-[11].

ANT

| TIR
[ Switch

LPF ->®'>AID

mixer

Fig. 1.1. RF transceiver front-end circuit with T/R switch.

In practice, high-power T/R switch architecture is set in GSM/WCDMA cellular phone
with time-division duplexing (TDD) system. Fig. 1.2 shows the spectrum of the RF wireless
communication applications worldwide. In standard IEEE 802.11 WLAN (wireless local area
network) specifications, the maximum power transmitted from TX branch to ANT node is about

30dBm. The power in watts and maximum voltage Vpeak can be calculated as

30dBm

Pwatt= 10" 10 x 0.001 =1W (1.1)
Vpeak = /2 X Pwatt X Z, = 10V (1.2)

where Zo equal to 50 ohm, which represents the required matching impedance for the maximum
power transfer efficiency.
From (1.2), the voltage amplitude swing on TX branch can reach about +10V. As a

consequence, multi-stack FETs architecture T/R switch [12] is used to achieve high power-
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handling capability. Nevertheless, with the large amplitude and fast transient of the transmitting
signal on TX branch, the conventional RC detection mechanism may fail to distinguish the RF
signal and ESD stress. The conventional power-rail clamp ESD circuit will be mis-triggerred.
Moreover, the DC bias of ANT, TX, and RX are usually in the same voltage level. The VDD
node and VSS node are not included in the high-power T/R switch. Power-rail ESD clamp
circuit cannot be inserted in the high-power T/R switch circuit, either. Therefore, a new ESD
protection design customized for high-power T/R switch is in need.

In the first part of the thesis, ESD protection design targeted to high-power T/R switch is
presented. The ESD current are detected and discharged without additional ESD path. By
identifying the different behavior between RF signals and ESD stress, the high-power T/R
switch with proposed ESD protection design discharge the positive-to-VSS ESD on ANT node
by the RX branch of the T/R switch itself. Motivations, circuit designs and experimental results
are discussed. The proposed ESD protection design successfully enhances the ESD robustness
significantly without RF performance degradation in normal circuit operations.

The second part of the thesis focus on the conventional T/R switch with embedded SCRs
and power-rail ESD clamp circuit are implemented in 90-nm CMOS process. The embedded
SCRs are formed by conventional ESD diode and the shunt MOS transistors of T/R switch
together, without additional layout area. With this approach, the experimental results and failure
analysis have shown that the proposed design can not only obtain higher failure current (It2) in
transmission line pulse (TLP) system testing and but also introduce lower parasitic capacitance

compared with the conventional dual-diode method in the same chip layout area coverage.

Minimum RX RX signal of Standard  Laptops WLAN  |EEE 802.11a Total thermal
power of WLAN IEEE 802.11 Bluetooth radio  TX power Cellular phone radiation by human

-100dBm -30dBm -20dBm -10dBm OdBm 10dBm 20dBm 30dBm 40dBm 50dBm 60dBm

0.1pW luw 10uw  100uW 1mW 10mw 100mw 1W 10w 100W 1000W

|IEEE 802.11b/g/n RF power of
WLAN Microwave oven

Fig. 1.2. Spectrum of RF wireless application.
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1.2 Thesis Organization

Chapter 1 states the motivation of this work and the current issues in RF T/R switch.

Chapter 2 summarizes the background of the research. Brief considerations of T/R switch,
including insertion loss, power handling capability, and isolation are introduced. RF circuit
simulations, layout skills and measurement are discussed, too. At the end of this chapter,
conventional ESD protection circuit for RFICs and the current obstacles are shown.

Chapter 3 exhibits the ESD protection design for high-power T/R switch. A new ESD
detection circuit combined with high-power T/R switch is implemented in 0.18-um CMOS
process. Design concepts, ESD zapping simulations before tape-out are performed. After chips
were fabricated, TLP and HBM testing are performed to.examine whether the proposed design
has properly operated as expected. RF performances are measured also to confirm the ESD
detection circuit does not affect the normal circuit operations. Failure analysis by SEM is
applied to observe the different failure mechanism in PS-mode and NS-mode. Trade-offs
between ESD robustness and RF performances are discussed before this chapter ends.

Chapter 4 features conventional T/R switch-with embedded silicon-controlled rectifiers
for its ESD protection design, where the SCR devices are embedded in the ESD diodes and the
transistors of T/R switch by layout skill. Silicon chip verified in a 90-nm CMQOS process has
been measured by TLP and HBM ESD test to confirm its efficiency for ESD protection. The
parasitic capacitance on the ESD devices was also measured. Failure analysis by SEM was
performed to find the burned-out site on the T/R switch with the proposed design. From the
SEM pictures, the embedded SCRs in the proposed design are actually triggered on to discharge
the ESD current.

Chapter 5 concludes the analyses and experiences of the thesis. Optimizations and
suggestions on ESD protection for high-power T/R switch are narrated, for the testkeys and

notices in future work.



Chapter 2
Basics of T/R Switch and ESD Protection

2.1 General Considerations of T/R Switch Design

21.1 S-parameters

In giga-hertz frequency network, the wavelength of the traveling signal can be much
shorter than the circuit metal path. That is, the amplitude and phase of the waveform which is
displayed on the oscilloscope is not the exact real-time waveform. The distortion effect makes
the traditional analog measurement method cannot be applied-for RF circuit. Thus, the concept
of incident power waves, reflected power waves and impedance matching are a more suitable
way to describe the electrical behavior in-high-frequency networks. In microwave engineering,
scattering parameters (S-parameters) are used to describe the electrical behavior of the two-port
network or n-port network [13], [14].

A two-port network is drawn in Fig. 2.1. In the network, S-parameters are defined by

signal power of incident waves and reflected waves. The S-parameters matrix:
V{] _ [511 512] [V{] (2.1)
V; So1 Szl v,

which can also be noted as

{Vl_ = 511V1+ + 512V2+ (2.2)

Vy = 521V1+ + 522V2+
where V1" and V2" represent the incident waves of each port; V1~ and V2 represent the

reflected waves of each port, respectively.



Each term of the scattering matrix can be defined as

Vl_ Zin - ZO
Sii= — = —— (2.3)
11 V1+ V2+=0 Zin + ZO
Vi
Sip = vF (2.4)
2 lyfr=o
vy
Sy = vF (2.5)
1 ly=o0
Vs Zout — 2,
S,y = 2 _ Lout 0 (2.6)

V2+ V1+=0 Zout + ZO

S11 is the power ratio of the reflected and the incident waves at input port, and it is also
known as the input return loss or reflection coefficient, I'. Si2 is the power ratio of the reflected
wave at output port to incident wave at input-port, it is called the reversed gain of the network.
So1 represents the power ratio of reflected wave at output port to incident wave at input port, it
is known as the forward gain of the network. Sy; is the power ratio of the reflected wave and
the incident wave at output port, which is called the output return loss.

In RF measurement, S11 and S, represent the-accuracy of the input matching and output
matching. The typical value of the Sy and Sz is below-10dB. Sy1 represents the gain or
insertion loss of the circuit. For a low noise'amplifier circuit, the typical value of Sz is about

10 dB. At last, S12 represents the reverse isolation of the circuit.

Z A /Al
Port 1 0 1 <z Port 2
VIV M—o0 o
Vo A

Ver © Vi [S] V2 27,

o
(o]

Fig. 2.1. Atwo-port network describe with S-parameters.



2.1.2 Insertion Loss

The schematics of a conventional single-pole-double-throw (SPDT) T/R switch, as shown
in Fig. 2.2, is the most commonly used topology worldwide [15]. By applying the control signal
of logic 1 to Vx (0 to Vrx), the T/R switch can be operated in the transmit mode (TX mode).
On the contrary, with the control signal of logic 0 to Vtx (1 to Vrx), it is operated in the receive
mode (RX mode).

Insertion loss (IL) is one of the most important specifications in T/R switch, which is
mainly determined by the turn-on resistance (Ron) of the MOS transistors M1 and M2. Thus,
the dimensions ratio, W/L, has to be large enough to make Ron as small as possible. However,
with the increase in ratio of the transistors, the parasitic capacitances become larger as well.

Fig. 2.3 shows the cross-section.view of the-NMOS transistors in T/R switch. The resistive
body-floating technique [16] and deep-N-well doping in CMOS triple-well process [17] have
been proved to enhance the RF performance of T/R switch including insertion loss and power
handling capability. The schematic of a single NMOS transistor is illustrated in Fig. 2.4. The

insertion loss of a single NMOS transistor is analyzed using S-parameters below.

M2
O RX
VX
il M4
ANT 0—¢ =
I o TX
B |-wv-ova
i M3
VX

Fig. 2.2. Conventional T/R switch without ESD protection.

7



RAAR

Gate
Gate
Rer Drain Source Rer
I__‘ L Re
= ’ Cgd | Cgs

fli E Drai& 95 B oSource
Cbd== =
Cpwell
NWell PWell NWell
DNW Cdnw Rer

Rsub

"
Py
o
S

2

IL
1
O
o
7]

P-SUB

—MA—HH

Fig. 2.3. Cross-section view and equivalent circuit of the NMOS in T/R switch.
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Fig. 2.4. Schematic of a single NMQS transistor.

The insertion loss can be expressed as

1

where the magnitude of So1 is the power ratio of the power delivered by the load and the power

available from the source:

Pl d
|521|2 = PL (2-8)
available
the insertion loss can be derived as
IL = Pavailable — Pload + PRon + Ploss,sub (2.9)

Pload Pload

By (2.9), the power dissipated on Ron and Rsub increase the insertion loss of the T/R switch.
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In higher frequencies, the parasitic effect of the capacitance must be taken into
consideration. The capacitance Cnd, CpwerL and Cpnw in Fig. 2.3 will be a low impedance path
to ground. Therefore, a large p-substrate resistance, Rsu,, and Rer (10kohm) for resistive body-
floating technique are implemented to reduce the signal loss. It can be seem as AC open to
avoid the current leakage of high-frequency RF signal to ground. By these methods, the IL of

the T/R switch can be minimized in a standard triple well CMOS process.

2.1.3 Power Handling Capability

For large signal behaviors, S parameters are not sufficient enough to describe the electrical
characteristics. Linearity of a RF system is introduced to depict the relationship between output
power and input power. As the power of the input signal increases, intermodulation distortion
and harmonics make the power.of the output signal saturate gradually. The characteristics line
between output power and input power will no longer be linear. Besides, the large voltage swing
stressed on the gate dielectric oxide and the unwanted turn-on.of the source/drain-body diodes
will also degrade the linearity of the circuit. The performance of linearity is limited by the
specific process that will cause reliability issues of the RF system.

The power gain of the T/R switch is also known as the insertion loss in TX mode. As the
power signal from PA becomes larger, the power gain of the T/R switch will be compressed
eventually. The linearity is usually measured by the 1-dB power gain compression point (P1dg)
of the circuit. At the P1gs compression point, the power gain is 1dB lower than the constant
power gain. Fig. 2.5 sketches the plot of power gain versus input power (in dBm). IPi4s
represents the input power (in dBm) when power gain (in dB) degrades 1dB. Similarly, in Fig.
2.6, the plot of output power versus input power is illustrated, the linear relationship between
output power and input power can be more intuitively observed. OPigs and IP14s represents

output power (in dBm) and input power (in dBm) respectively.
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Fig. 2.6. The plot of output power versus input power.

In a SPDT series-shunt T/R switch, both on-state transistors and off-state transistors
affect the power handling capability of the switch. For Fig. 2.7, take T/R switch operates in
transmit mode as an example. The negative voltage peaks of RF signals are clamped by the
parasitic drain/source-body junction diodes of on-state transistors M1. To solve the issue,
resistive body-floating technique and large bulk resistance Rsun are employed to reduce the
voltage drop on the junction diodes. The AC voltage swing can be divided through Chps (Chd),

Cpwell_bNw, Conw_psub, and Rsup [18].
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M2
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V1x

A

Fig. 2.7. T/R switch operates in transmit mode
For the off-state transistors M2 and M3, large gate resistor (10kohm) is employed to

prevent the Ves and Vep from exceeding the threshold voltage and the oxide breakdown voltage

By applying the large gate resistor, the gate terminal can be seen as AC-floating. The AC

voltage swing thus can be divided into the Cgs and Cep
The maximum V) of off-state transistors without gate resistance can be derived as
(2.10)

= |Vinl < V¢

Vv = Vel
(2.11)

|V1N|max = Vt

Fig. 2.8. Off-state transistors (a) without gate resistor and (b) with gate resistor
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On the other hand, with the help of large gate resistance, the maximum Vn of the off-state

transistors with gate resistor can be estimated as

V
Vin — Vgl = | ;”' <V, (2.12)
Vinlmax = 2V, (2.13)

The large gate resistor can not only avoid unwanted channel formation of the off-state
transistors but also prevent the oxide overstress for reliable operations.

Apart from the AC-floating technique that can enhance the linearity of T/R switch, stacked
transistors are further used to strengthen the power handling capability. As illustrated in Fig.
2.9, the off-transistors arms that is in shunt to the signal path are constructed by stacked NMOS
transistors. With the help of the large resistor.at the gate terminal, the large RF transient can be
blocked from the DC power supply and divided into the Cgs and Cgp of each transistors.
However, the stacked transistors architecture enhance the linearity of the T/R switch by
sacrifice the insertion loss of the RX. The specific T/R switch-which is targeted to high-power
applications are commonly employed for GSM-or WCDMA communication systems which
operates in 0.9GHz and 1.8GHz. The schematic of high-power T/R switch without ESD
protection circuit is sketched in Fig. 2.10. It includes ANT, TX, RX, GND port and two voltage

signal, Vtx and Vrx, which control the circuit operations.
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Fig. 2.9. Stacked transistors for AC voltage dividing.-
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Fig. 2.10. High-power T/R switch without ESD protection circuit.

214 Isolation

The isolation of the switch depicts the signal power leaks to the uninterested port. For
example, while T/R switch operates in transmit mode, the signal leaks to the RX port instead
of ANT port. A T/R switch using series-shunt topology is applied to resolve the leakage issue.
The shunt arm of the T/R switch serves as a low impedance path for undesired signal discharge
to the ground. In addition, the dimension of the shunt transistors can be used to adjust the
impedance matching for input return loss. Typically, the isolation of the T/R switch is larger

than 30dB in both TX and RX operation modes.
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2.2 RF Simulations and Layout Considerations

221 Pre-Simulation and Post-Simulation

In integrated circuit design industry, function verification by EDA (electronic design
automation) simulation tools with specific process models are necessary to ensure that the

circuit meets the required specifications before tape-out.

Circuit Spectifications

v

Circuit Design

!

Simulations and Analysis

¥

Tuning and Analysis <

!

Meet the Specifications

¥

Circuit Layout

v

DRC and LVS

¥

Post-Layout Simulations

v

Meet the Specifications
Tape-Out

v

Measure and Improvements

- J

A

ssed 10N

ssed 10N

'y

ssed 10N

Not Pass

Fig. 2.11. Flow chart of analog IC design.
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IC design flow chart is illustrated in Fig. 2.11. Circuit simulations simulated by Cadence
Spectre are at the upstream of the design flow. As a consequence, if the designer does not
simulate the project appropriately, the performance of the fabricated circuit will be
unpredictable. For the simulation before doing circuit layout is called pre-layout simulation.
Pre-layout simulations depict the preliminary circuit performance without the non-ideal
parasitic effects of the metal connections. After the circuit layout is generated, post-layout
simulations are performed to extract the parasitic RC which is introduced by the metal
connections and the devices. Since the post-layout simulation is a more practical description of
the circuit, layout must be modified as long as the performance does not meet the specifications.

Unlike the traditional analog circuit simulations, the inductive effect on the metal cannot
be neglected for high-speed RFICs.«Thus, the simulation procedures for RFICs are more
complicated and lengthy than the traditional analog circuits. In recent years, the IC industry has
dedicated to enhancing the~accuracy of the simulations for RFICs. For foundry end,
parameterized devices (P-Cell) such as RFNMOS and RFPMOS including simulation models
and layout are given to designers to minimize the gap between the pre-layout and post-layout
simulations. For designers, additional EDA simulation tools such as HFSS are programmed,
with the help of the electromagnetic simulations (EM) performed by HFSS, complete parasitic
R-L-C effects can be extracted from the 3D layout structure.

In this thesis, the post-layout simulation of a RF circuits is done by EM simulation of
HFSS (high frequency structure simulator), the 3D software can simulate the S-parameters of
every terminal of the metal connections. The EM simulation flow is sketched in Fig. 2.12. First,
the model parameters of the specific process is defined. Next, a simplified layout (merges of
layers or vias) is exported from Cadence Virtuoso. The reason that the layout has to be
simplified is because of the convergence problem during the iterations, the most time-
consuming step of the simulations. At last, the RF circuits are simulated in Spectre again with

the extracted S-parameters of the metal connections from HFSS.
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Fig. 2.12. Design flow of electromagnetic simulation.

Virtuoso® Layout Editing: TRSW_T18 trsw_rf_EM layout
X: 3223 ¥ 6040 (F) Select: 0 DRD: OFF x: dv: Dist:
Tools Design Window Create Edit Verfy Comnectivity Options Routing Migrate Calbre SX-CDS

(b)
Fig. 2.13. Layout view in (a) Cadence Virtuoso (b) HFSS.
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For realistic practice, Fig. 2.13(a) and Fig. 2.13(b) show the same layout in Cadence
Virtuoso and HFSS, respectively. Different from the 2D flat layout in Cadence Virtuoso, HFSS

constructs a concrete 3D model to simulate the electrical behavior of the metal line.

2.2.2 Layout Considerations and RF Measurement

Considering of the parasitic effects, the layout of either analog or digital integrated circuits
affects the function performance significantly. In RF circuit’s layout, some basic skills are noted
in the following paragraph.

The most important of all is the efficiency of the signal delivering. The top metal (M6 in
180-nm process) is the thickest deposition layer. As a consequence, the sheet resistance of the
top metal line is the smallest. With the lower Ron, top metal M6 is preferred to be the path for
RF signal passing. In addition, since the distance (altitude) between top metal M6 and the
silicon ground surface is the farthest compare to metal M1 to M5, the parasitic capacitance
between signal path and ground will be the smallest, too. On-the other hand, grounded metal
layers overlapping with signal pathis prohibited. By-the way, if there are two signal paths, they
should not cross over from each other for electromagnetic interference (EMI) conditions.

To ensure the devices in a RF system operate correctly, a stable DC power has to be
provided. The de-coupling capacitance must be set around in the layout area as well. For RF
active circuits such as LNA or PA, the circuits will oscillate and appear unwanted tones if de-
coupling capacitance were not inserted properly in the layout. The de-coupling capacitance
serves as a reservoir of energy to stable the DC bias. It can also be seen as a low impedance
path for AC signal not to affect the DC bias.

At last, the dummy pattern (Fig. 2.14 and Fig. 2.15) of RF layout is not just to pass the
density rule check (DRC) of the process. All the dummy patterns have to be connected together
and neatly grounded. In this way, unwanted interference or harmonics can be suppressed.

17



Layout example of dummy cell for 0.18-pumprocess (6 metal layers).

Fig. 2.14.
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Layout example of dummy cell for 90

Fig. 2.15.
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When it comes to the on-wafer measuring of the RFICs, the layouts of the PADs for RF
single-ended (GSG) have to be drawn customized. As mentioned before, top metal M6 is
employed for signal path. The RF PADs for signal are constructed only by M5 and M6 with via
connected, in order to minimize the parasitic capacitance of the PADs. It is different from the
I/0 library provided by the foundry, which is fulfilled with all the metal layers (M1 to M6) and
ESD protection devices.

The dimension of a single RF PAD is drawn in 60um*60um, slightly larger than the
minimum allowance 50um*50um of CIC (Chip Implement Center, Hsinchu) 20-GHz on-wafer
measurement rule. The PAD pitch distance between two RF PADs is 100um (PAD’s center to
PAD’s center). Layout rules of PADs in illustrated in Fig. 2.16. If the PAD patterns on the layout
does not meet the rules, the on-wafer:measurement will not be allowed in CIC. Furthermore,
the pin’s orders of the DC PADs are not the same as the RF PADs. The order of the DC PADs
goes on P-G-P (pad-ground-pad), rather than the order of the RFPADs is G-S-G (ground-signal-
ground). The stated rules must be strictly followed or the RF probes provided by CIC cannot
be used.

The designers can also do the RF measurement on printed circuit board (PCB), as long as

the parasitic inductance of the bonding wire is taken into design considerations in advanced.
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Fig. 2.16. Layout rules for (a) RF pads and DC pads and (b) RF pads and RF pads of 20-GHz

on-wafer measurement in CIC (2016.10).
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2.3 Conventional ESD Protection Design

2.3.1 Architecture of Conventional Whole-Chip ESD Protection Design

The architecture of whole-chip ESD protection design is illustrated in Fig. 2.17. In order
to prevent the ESD current rushes into the sensitive inner circuits, the on-chip ESD protection
design is employed. In Fig. 2.17, ESD protection devices are inserted between 1/O PAD and
VDD (VSS). The chosen ESD protection devices can deal with the ESD stress that directly zaps
on the 1/0 pins. Besides the ESD protection devices at the 1/O forefront, power-rail ESD clamp
circuit is set between the power lines also. The power-rail ESD clamp circuit is used to suppress
the fluctuations on the power line. With the ESD protection devices and the power-rail ESD
clamp circuit, the conventional protection architecture can construct a complete ESD protection

design for integrated circuits in all aspects:

VDD
ESD
Protection
Device
Internal RF Power-Rail
b X L ESD Clamp
o Circuit Circuit
ESD
Protection
Device
VSS

Fig. 2.17. Architecture of whole-chip ESD protection.
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2.3.2 Power-Rail ESD Clamp Circuit and 1/0 ESD Clamp Circuit

In IC industry, a qualified integrated circuit product before mass manufacture has to go
through a series of tests, including the ESD tests for reliable operations. There are several
testing standards of ESD: Human body model (HBM), machine model (MM), charge device
model (CDM), field induced model (FIM), etc. Among the mentioned models, the HBM ESD
test which simulates the ESD strikes from the human living around, is commonly used for the
fragile integrated circuits. Fig. 2.18 shows the equivalent circuit of HBM ESD test. In phase 1,
the charge is stored in the capacitance. Then the charge will be injected into the device under
test (DUT) in phase 2.

Besides the ESD testing standards, there are four testing modes that need to be stressed on
the interested pins. The four testing modes for HBM test are positive-to-VDD (PD), positive-
to-VSS (PS), negative-to-VDD(ND); and negative-to-VSS (NS). The ESD protection design
has to meet the all specifications in every testing modes. Typically, the goal of ESD robustness
on HBM testing has to pass 2-kKV. The ESD design using the conventional architecture which
is mentioned in the previous section with appropriate ESD protection devices can easily meet

the product’s requirements.

High Z P P2 4 skohm

— MW~ " — MW

Vess ()
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Fig. 2.18. Equivalent circuit of human body model ESD test.
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Fig. 2.19 sketches the schematic of conventional whole-chip ESD protection design for
T/R switch. The two ESD diodes D1 and D2 serve as the I/O ESD clamp circuits. The diode
D1 and D2 will be forward-biased during the PD and NS-mode ESD event, while reversed-
biased in normal circuit operations. The diodes are good ESD protection devices that do not
occupy large silicon layout area. In addition, the power-rail ESD clamp circuit are set between
the power line and the ground which is composed of an ESD transient detection circuit and a
large transistors Mesp to discharge the current. Resistor R1, capacitor C1, transistor Mp1, and
Mnl form an ESD detection circuit to control the operation of the Mgsp. In normal circuit
operations, the input of the invertor will be charged to VDD, the voltage at the gate of Mesp
will be zero. The RC time constant is set to 100-ns, for the duration of an ESD stress. The RC
delays can ensure the PMOS Mp1l keeps. in on-state during the event to charge the gate of the
Mesp. For PS-mode zapping, the ESD discharging current will go through the ESD diode D1
and be delivered to the power-rail clamp circuit (red arrow in Fig. 2.19). And for ND mode
ESD, the negative stress are passed to the VSS node and coupled through C1 to the gate of Mp1.
Mp1 turns on and charges the gate of Mesp to discharge the current (brown arrow in Fig. 2.19).
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Fig. 2.19. Conventional whole-chip ESD protection circuit.
22



2.4 ESD Protection Design for RFICs

2.4.1 Conventional RF ESD Protection Design Methods

For integrated circuits that operates in lower frequencies, the parasitic capacitance caused
by ESD protection device affects the circuits’ performance slightly. The dimension of the ESD
devices can be chosen flexibly to meet the specific specifications. However, unlike the
traditional analog circuits, parasitic capacitance occupies in a more important position and is
always a great consideration for RF circuit systems. The unwanted parasitic capacitance not
only degrade the signal transfer efficiency but also the change the impedance matching of the
system. As a result, the categories and dimensions of ESD protection devices which are
employed for RF circuit systems have to be strictly-determined and co-designed with the system.
Fig. 2.20 sketches the general issue of ESD protection design for RF circuits. The parasitic
capacitance Cesp introduced by the ESD protection device serves as a low impedance path for
RF signal to ground. As a consequence, the trade-offs between the RF performance and the

ESD robustness are significant challenges for circuit designers [19].
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Fig. 2.20. Signal loss caused by the ESD protection device in RF circuit system.
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Several circuit techniques are investigated to minimize the impact of on ESD protection
device or co-design with the RF integrated circuits. The methods using stacked diodes, parallel
LC, series LC, T-coil, and distributed diodes array will be introduced in the following.

(i) ESD protection design with stacked diodes

Stacked diodes method is the most intuitive way to reduce the parasitic capacitance. Fig.
2.21 shows the ESD protection design with stacked diodes architecture. The parasitic
capacitance of stacked ESD diodes can be seen as capacitances in series. The original 2Cesp
will be divided into 2Cesp/n if the I/O clamp circuits consist of stacked diodes with the number
of n. Moreover, by using the polysilicon diode (P-1-N diode over the STI structure) which can
be realized in standard CMOS process without additional masks, the substrate noise coupling
effect can be eliminated [20]. However, the trade-off of the stacked diodes method is that the

Ron of the discharging path will multiply by n and thus degrade the ESD robustness.
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Fig. 2.21. ESD protection design with stacked diodes architecture.
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(i) ESD protection design with LC-tank

The parallel LC architecture is employed to isolate the capacitance of the ESD device, as
illustrated in Fig. 2.22. The LC-tank is composed by an inductor and a capacitor in parallel
which is inserted between the power line and the signal path. The LC-tank can be a variable
impedance according to the operation frequency. When the circuit operates in the resonant

frequency

1
 JLesoCr  LesnCn

Wy (rad/s) (2.14)

the parallel LC-tank can be seen as a large impedance which isolates the parasitic capacitance
of the ESD device from the signal path [21]. The signal with the interested frequency has little
loss while operating at the resonant frequency. Onthe other hand, the inductor can be neglected
in standby DC situation and the ESD conditions with lower frequencies relatively. Thus, the

scheme can be simplified to the original-1/O ESD clamp circuit.
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Fig. 2.22. ESD protection design with LC-tanks architecture.
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(iii) ESD protection design with series LC

Another ESD protection method using the LC combination is the LC in series [22]. The
ESD protection design with series LC architecture is drawn in Fig. 2.23. Different from the
previous LC-tank technique, the impedance of the LC-series will be zero and serve as a low
impedance path under the resonant frequency, w,. The general purpose of the LC series
architecture design is focused on the broadband applications. The operating frequency of the
applications is much higher than the LC-series resonant frequency. Under the adequate
frequencies, the inductor Lesp becomes a large impedance that block the parasitic capacitance
of the ESD device away. In the standby DC and ESD conditions, the scheme is also reduced to
the original 1/0 ESD clamp circuit. Furthermore, research has shown that the capacitance

elimination of the ESD device can also be done by the series LC architecture [23].
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Fig. 2.23. ESD protection design with series LC architecture.
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(iv) ESD protection design with T-coil

The T-coil network (Fig. 2.24) consists of two coupled inductors Lesp having a coupling
coefficient of k and a bridge capacitor Cg. With proper design, the T-coil circuit displays a
purely resistive input impedance equals to the termination resistor Rr, i.e., Zin = Rt [24]. The

condition holds for all frequencies for broadband ESD design once the relationship satisfied:

_ C,R? 1
LESD —_— 4 1 +4_<2 (2.15)
CL
Cb::1652 (2.16)
k—4ﬁ__1 2.17
402 +1 (217)

where C. indicates the loading capacitance of the ESD diodes and the next stage, C is the
damping factor of the network.“The factor € iand k are chosen to target a desired transfer
function response.
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Fig. 2.24. ESD protection design with T-coil architecture.
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(v) ESD protection design with distributed array

The concept of distributed array has been employed for distributed amplifier in microwave
engineering to obtain wider bandwidth. Considering of the ESD design that suits for large
bandwidth applications, the distributed concept for ESD protection are developed to absorb the
capacitance introduced by the ESD device by artificial transmission line [25]. The effort of the
distributed array can be understood by observing the smith chart which is overlapped by both
impedance and admittance circle. The parallel capacitance will make the impedance point turn
clockwise alone the admittance smith circle, then the series inductance will make it turn
clockwise alone the impedance circle. As a consequence, the impedance point can be adjusted
and return to the original characteristic 50 ohm point theoretically.

Furthermore, decreasing-size distributed ESD. protection scheme has better ESD
robustness than the equal-size distributed protection scheme [26]. As illustrated in Fig. 2.25,
the ESD diode closest to the /O pad will be the dominant protection device that discharge the
ESD current.
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Fig. 2.25. ESD protection design with decreasing-size distributed array architecture.
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2.4.2 Issues of ESD Protection Design on T/R Switch

In the conventional T/R switch with traditional ESD protection design in Fig. 2.19, the
ESD robustness on PS-mode and ND-mode is usually worse than PD-mode and NS-mode. It is
because the discharging path of the PS and ND-mode are longer than the PD and NS-mode and
therefore the turn-on resistance of PS and ND-mode are larger than PD and NS-mode. A larger
turn-on resistance Ron Will result in higher clamping voltage on the interested pins under the
same discharging current. As for PS-mode and ND-mode, since a simple conventional T/R
switch is constructed by four n-type MOS transistors, the reversed body-diode of the NMOS
can be an assistant discharge path for ND-mode. On the other hand, PS-mode ESD condition
not only has the longest discharging path but also does not benefit from the body-diode of the
NMOS. As a consequence, the ESD robustness on-PS-mode is the most critical case among the
four testing modes for conventional-T/R switch. The conventional T/R switch requires
specialized ESD protection design to focus on the PS-mode ESD event.

Now considering about the T/R switch implemented in the commercial cellular phones,
the architecture of the T/R switch has to be modified to handle the high-power application’s
purpose. The traditional ESD protection method-(Fig. 2.19) are reviewed again whether it is
sufficient enough to face the ESD threat. Unfortunately, the large AC voltage swing on the
transmit branch derived from (1.2) makes the conventional ESD protection design useless
because the large RF signal will be delivered to the VDD and VSS node through the ESD diodes.
Next, the rising time of RF signal is faster than the ESD transient and therefore the RC power-
rail ESD clamp will be mis-triggered. Besides the large AC voltage swing, the existence of the
body-floating resistance (Rer) which is used to suppress the insertion loss in the high-power
T/R switch, prevents the front-end parasitic path for ESD current discharging. ESD protection
designs based on silicon layout skills are not available. For the reasons above, ESD protection

circuit design for high-power T/R switch is a difficult challenge with reliability concerns.
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24.3 Conventional Silicon-Controlled Rectifier for ESD Protection

A silicon-controlled rectifier (SCR) has been a suitable ESD protection device in RF ICs
due to its low parasitic capacitance and high ESD robustness [27]. A basic SCR device is
constructed by P-N-P-N path in front-end of line. As illustrated in Fig. 2.26(a), the P-N-P-N
structure can be seen as capacitors in series and introduce less capacitance than the traditional
ESD diodes. The equivalent circuit of a SCR device is sketched in Fig. 2.26(b), which consists
of vertical bipolar junction transistor Qpne and lateral bipolar junction transistor Qnen.

The trigger voltage of the SCR device is determined by N-P breakdown voltage of the
specific process. When positive ESD stress on the anode node exceeds the avalanche
breakdown voltage between N-Well and P-Well, a large number of holes and electrons pairs
generated in the depletion region will be swept to-both sides by electric field and cause voltage
drops on the resistor Rp.wen and. Rn-weii.-The bipolar junction transistor Qnen (Qene) Will be
turned on once the voltage potential in the P-Well (N-Well) exceeds the turn-on voltage of the
BJT. More and more current conducted by the BJTs increases the voltage drop on the resistance
of the well, turns on BJTs better, and thus forms a positive feedback system for ESD current
discharging. As for negative ESD stress, the simple P-Well to N-Well diode path will be forward
biased to discharge the current. Fig. 2.27 shows the TLP I-V curve of a typical SCR device,
where the unique snap-back phenomenon can be observed at the triggering point (Vi, lt).

However, in spite of the high ESD robustness and low capacitance, the turn-on voltage of
the SCR is usually much higher than the oxide breakdown voltage of the transistors in the
specific fabrication process. The inner circuit will be damaged before the SCR start to pull down
the ESD stress. Therefore, an appropriate triggering method is need to ensure that the Vi to be
smaller than the oxide breakdown voltage. With a suitable triggering design, the SCR can be
turned on quickly to sustain high ESD level in a small device dimension.

The latch-up issue is another concern for SCR device. Once the SCR device is mis-

triggered on by noise or ripples during the normal circuit operations, the SCR device will lower
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the voltage at the specific point and cause a large current leakage. In addition to the inevitable
function error, the worst situation is to burn the whole IC. Fortunately, with the aids of process
advances (later than 90-nm CMOS process), the supply voltage of the core IC has been lower

to 1V. The opportunity of the SCR’s latch-up condition is reduced.
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Fig. 2.26. (a) Cross-section view and (b) equivalent circuit of SCR device.
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Fig. 2.27. TLP characteristics of SCR device.
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Chapter 3
ESD Protection Design for High-Power T/R Switch

3.1 Circuit Design of High-Power T/R Switch

Recently, the RF circuit blocks such as low-noise amplifiers (LNAS), mixers, voltage-
controlled oscillators (VCOs) have been integrated in a single SOC for lower cost, high
integration capability, and high yield [1]. However, reliability issues occur on the CMOS IC
when the operating power increases. As a-consequence, gallium arsenide (GaAs) technology or
silicon-on-insulator (SOI) technology implemented for power amplifiers and antenna switches
is still in the trend. Researchers have made lots of attempts to overcome the reliability obstacles
in high-power CMOS switches: adaptive voltage distribution method [12], resistive body-
floating technique [16], LC-tuned substrate technique [29]. For the realistic applications in the
GSM/WCDMA mobile communication market, stacked-transistors architecture are an intuitive
method utilized to meet the specifications of the linearity requirements to about 30dBm [11].

In this work, the high-power T/R switch using the series-shunt topology with stacked
transistors architecture and is implemented in a 0.18-um standard CMOS process. The
schematic of the high-power T/R switch is illustrated in Fig. 3.1. There are 6 terminals in the
schematic, including ANT, TX, RX, Vx, Vrx, and GND. By given the controlling voltage
signal V1x and VRx, the operation mode of the circuit can be determined. In the circuit
schematic, M1 ~ M4 and M6 ~ M8 are the series transistors of RX branch and TX branch,
respectively. Similarly, M5 and M9 ~ M12 are the shunt transistors of RX branch and TX branch,
respectively. The number of the stacked transistors is determined by specifications of power

handling capability. Considering of the voltage stress in transmit mode circuit operations, M1
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~ M4 and M9 ~ M12 are in off-state and stacked in series to sustain the high AC voltage swing.
However, the stacked M1 ~ M4 will increase the insertion loss in RX branch since the turn-on
resistance is multiplied by the number of the stacked transistors. The trade-off of the series-
shunt T/R switch with stacked transistors architecture can obtain higher power compression
point in transmit mode by sacrifice the insertion loss of the receive mode.

In order to endure the high power in TX branch, the dimension of the transistors M6 ~ M8
are chosen as large device to handle the large AC current. The W/L ratio of M6 ~ M8 is
1500/0.35 (um), which is the largest dimension ratio in the T/R switch. The transistors in RX
branch, M1 ~ M4, the W/L ratio is 1000/0.35 (um) to obtain a lower Ron for lower insertion
loss. The W/L ratio of the shunt transistors M5 and M9 ~ M12 are 500/0.35 (um) to enhance
the isolation of the T/R switch. As introduced in section 2.1.3, the 10kohm large resistance is
employed at the gate and body to ease the voltage stress on the gate oxide and therefore enhance
the power handling capability. The capacitor C1 ~ C4 with-0.5pF are called feed-forward
capacitor to prevent unequally distributed voltage swing on the Cgs and Cgp of the stacked

transistors in the off-state.
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Fig. 3.1. Circuit schematic of a high-power T/R switch.
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3.2 Proposed ESD Protection Design for High-Power T/R Switch

ESD is an inevitable threat for the using of cellphone in our daily life. The frictions and
rubbings will induce positive or negative charges and rush into the RF transceiver front-end
module by antenna. Thus, the high-power T/R switch requires ESD protection circuits to
discharge the ESD current before the unwanted charges damage the inner circuit. The prior
study [11] installed the ESD protection circuits on the RX port of the T/R switch (Fig. 3.2)
rather than ANT port and claimed that the design can sustain high ESD robustness up to 8.5kV.
The ESD design in [11] cleverly avoided the mis-triggering risks of the ESD protection devices
during the transmit mode since the RX branch was in off-state to isolate the ESD diodes from
the transmit path. However, though the large voltage signal from PA will be clamped if the ESD
stacked diodes are installed in the antennal (ANT) port, itis not a sufficient reason to move the
ESD protection circuit away from the ANT port to RX port. The ESD protection devices on RX
port are inadequate to protect the transistors of the T/R switch circuit since the ESD stress is
right zapping on the ANT port. The uncertain state of the transistors cannot guarantee the ESD
current can be completely delivered to the-ESD-devices on the RX port. This strategy misses

the original intention of ESD protection design.
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X of of X
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of of Circuit
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Fig. 3.2. The schematic of ESD protection design for high-power T/R switch on RX port.
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In the previous paragraph, the ESD protection design for high-power T/R switch with
stacked transistors architecture on ANT port by using additional ESD discharge path such as
ESD diodes seems to be a difficult challenge for circuit designers because of the high-power
signal from PA is an ESD-like transient that will mis-trigger on the ESD protection device.
What’s worse is, as depicted in section 2.4.2, the existence of the 10kohm body-floating
resistance prohibit the parasitic discharge path in the silicon front-end of line. In summary,
whether the traditional ESD protection method of adding extra ESD protection device or
embedded discharging path by layout skills, they are not suitable ESD protection strategies for
high-power T/R switch. With the realistic perspective given above, the ESD protection
designers are forced to develop a more effective solution for high-power T/R switch.

In this work, the proposed ESD protection design makes a preliminary attempt to deal with
the PS-mode ESD threat on the ANT port. The schematic of the proposed ESD protection
design is drawn in Fig. 3.3. Atransient detection circuit is located at the ANT port. The main
purpose of the ESD transient detection circuit is to distinguish between ESD transient in ESD
events and the RF signal in normal circuit operations. With a proper transient detection circuit,

the ESD current are discharge to ground by-the.inherent RX transistors of T/R switch itself.
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Fig. 3.3. The schematic of the proposed ESD protection circuit design. N
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The idea of the ESD transient detection circuit was inspired from the traditional ESD
power-rail clamp circuit. The evolution of the design is depicted in Fig. 3.4. In the RC-invertor
clamp circuit, the large transistor Mesp is turned on by the transistor Mp1, which charges the
gate of Mesp during the ESD events. The RC element in the power-rail clamp circuit are used
to identify the ESD transient from the normal circuit power-on conditions. Besides, a low
standby leakage current is one of the features of the power-rail ESD clamp circuit. However,
the high-power T/R switch circuit acts like a tunable signal delivering path for transmit/receive
mode, the connection to the VDD node does not exist. Thus, only the PMOS Mp1 and large
Mesp in the power-rail clamp circuit are needed. The traditional power-rail clamp circuit can
be simplified to the red frame in Fig. 3.4(a). Next, in order to endure the large AC voltage swing
from PA, the PMOS are stacked and -equipped with gate resistor and body-floating resistors,
just like the transistors in the T/R switch circuit. Moreover, a blocking resistors Ry with 10kohm
is employed to block the normal RE signal. Since the frequency (GHz) of the RF signal is much
faster than the ESD transient (MHz), the blocking resistor R, can block the RF signal
(considered as AC floating) whereas the slower DC-like ESD. transient can pass through it and
charge the transistors in the RX branch (Mesp.is-an analogy of RX transistors). The schematic
is shown in Fig. 3.4(b). At last, in Fig. 3.4(c), a diode D1 is inserted between the gate of the

Mesp and the detection circuit to ensure the bias of the transistors in normal circuit operations.
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Fig. 3.4. The evolution of the ESD transient detection circuit from (a) power-rail clamp circuit,
(b) stacked PMOS and resistor Ry, to distinguish the RF signal and ESD transient, and (c) diode

D1 and resistor Rq to ensure the normal DC voltage bias of the RX transistors.
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The whole circuit of the proposed ESD protection design schematic is shown in Fig. 3.5.
In this thesis, this protection scheme is named “type 1’ ESD protection design for high-power
T/R switch. The dimension ratio W/L of the PMOS transistors ME1, ME2, and ME3 is 300/0.35
(um). The turn-on resistance Ron of ME1 ~ ME3 will affect the trigger time of the RX
transistors to discharge the ESD current. Besides, the number of the stacked “ME” transistors
influence the power compression point, too. Considering if there is only one “ME” transistor,
the large voltage swing will not only affect the gate voltage of M1 ~ M5 more easily but also
cause oxide breakdown reliability and therefore degrade the efficiency in the transmit mode.
Finally, diodes are utilized to make sure the proposed ESD protection design does not affect the
normal circuit operations. As shown in Fig. 3.6 and Fig. 3.7, the diode D1 and diode strings can

clamp the DC voltage bias on the gate.of M1~M12 in the T/R switch circuit.
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Fig. 3.5. ?ype 1 circuit realization schematic of the proposed ESD protection design for high-

power T/R switch.

37



X
ANT =
ME1 ME2] MES
ov
= D1
3.3V W%
: }8di0des
v/
M2 M3 M4 RE;(

M5

vt

T
e

VRX=3.3V

Fig. 3.6. DC vBItage distribution in type-1 ESD protection design for high-power T/R switch

operates in receive mode, where Vrx=3.3V and Vrx=0V.
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Fig.3.7. DC valtage distribution in type 1 ESD protection design for high-power T/R switch

operates in transmit mode, where Vrx=0V and V1x=3.3V.
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For the NS-mode ESD events on the ANT port, the discharging paths of the proposed
design are from the parasitic BJTs of the stacked-transistors of both RX and TX branch. As
illustrated in Fig. 3.8 (the N+ diffusion in NWell is floated and omitted in the figure), the base
of a single BJT is connected to the 10kohm body-floating resistor. The parasitic BJTs will be

turned on to discharge the current during the NS-mode ESD events.

ANT NS-mode
________ Current
NS-mod
Path i

NS-mode NS-mode - NS-mode “
10kohm Stress 10kohm Stress 10kohm Stress 10kohm

P+ P1] P P1] P+ Pt] P+] Pt]
s s ST ST ST s ST STl ST STI| ST s STl ST ST s ST ST
N-Well P-Well N-Well N-Well P-Well N-Well N-Well P-Well N-Well N-Well P-well N-Well
DNW DNW DNW DNW

P-SUB

Fig. 3.8. Cross-section view of the stacked-transistors showing the parasitic BJTs of NS-mode

discharging path in the type 1 ESD-protection design.

In the high-power T/R switch with-body-floating technique, the body of the transistor is
separated from the source and-connected with a large resistor to-the ground. In type 1 proposed
ESD protection design, since the ESD stress is delivered from drain to source rapidly after the
M1 ~ M5 are triggered in PS zapping mode, the body voltage of the transistors cannot keep on
with the source. The voltage difference between source and body will increase the threshold
voltage Vi of the NMOS transistors due to the body effect. The risen of the Vi can be

understood by the fundamental semiconductor physics equation:

Ven = Vio + ¥( JVSB+2¢f— J2¢f) (4.1)

where the Vi represents the threshold voltage for zero substrate bias, y is the body-effect
parameter, and ¢, means the Fermi level of the p-type substrate.

The increasing Vi is not a good thing for type 1 ESD protection design, because the
transistors M1 ~ M5 requires a larger gate voltage to turn on to discharge the ESD current. Fig.
3.9 depicts the type 2 ESD protection design. With body and source connected to each other,

the rising of the threshold voltage can be eliminated. The PS-mode ESD robustness of the type
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Fig. 3.9. Circuit realization schematic of the proposed type 2 ESD protection design for high-

power T/R switch.

2 ESD protection design will be better than the type 1 ESD protection design for the transistors
in type 2 ESD protection design do not suffer from the body effect. However, the drawback is
the insertion loss and linearity performance in transmit mode is degraded for the RF signal leaks
to RX port more easily with the aids of the body-source connection.

The cross-section view of the NS-mode discharging path of type 2 ESD protection design
is sketched in Fig. 3.10. A parasitic diode strings are formed naturally with the connection of
the reverse body-diodes in the n-type transistors. The parasitic diodes of the RX transistors will
be smoother discharging path compare to the BJT path in TX. Therefore, the NS-mode ESD

robustness will be higher than the type 1 ESD protection design, too.
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Fig. 3.10. Cross-section view of the stacked-transistors showing the parasitic diodes of NS-

mode discharging path in the type 2 ESD protection design.

After the description of PS-mode and NS-mode, now the ESD events of positive-to-VDD
(PD-mode) and negative-to-VDD (ND-mode) are concerned. As introduced in section 2.4.2,
the ANT node of the high-power T/R switch are not connected to the VDD node by diode
because not only the large PA signal will:be clamped. but also the additional diode will results
in the degradation of the RF performance. Hence, in a simple high-power T/R switch circuit,
there is no direct connection tothe VDD node. However, the PD-mode and ND-mode testings
are still necessary to be done for ESD robustness of an IC in all aspects.

The PD-mode and ND-mode discharging paths for a high-power T/R switch integrated in
a RF SoC (System on Chip) is illustrated. in Fig. 3.11. The discharging paths of the PD-mode
and ND-mode ESD tests on the ANT port are marked in the red line and blue line in Fig. 3.11,
respectively. A power-rail ESD clamp circuit is a common ESD protection circuit which is
installed in an IC product. Besides, with a proper design, a traditional RC-invertor power clamp
circuit can achieve the ESD level of £8KkV easily. As a consequence, the weakest point of the
PD-mode and ND-mode discharging paths are still at the ANT-to-VSS path in the high-power
T/R switch. In other words, the ESD robustness of high-power T/R switch under PS-mode and
NS-mode determine the ESD levels of PD-mode and ND-mode. The proposed ESD protection
design Kills two birds with one stone to enhance the comprehensive ESD robustness. The
measured DCIV curves and RF performance of the proposed ESD protection design after PS-

mode and NS-mode ESD stress are arranged in section 3.3.
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Fig. 3.11. The discharging path under PD-mode and ND-mode ESD stress.

ESD simulations of the type1 ESD protection design-and type 2 ESD protection design
are done in the Spectre to check the RX transistors are turned on during the PS-mode ESD
stress. The simulation setups are drawn in Fig. 3.12 and Fig. 3.13, which show the equivalent
HBM and TLP stimulator for ESD zapping events on the ANT port. Simulation results of HBM
2kV and TLP 50V pulse are shown in Fig. 3.14 and Fig. 3.15, respectively. In Fig. 3.14, both
type 1 and type 2 ESD protection design can pass the 2kV HBM test stress on ANT port and
discharge the ESD current about 1.3A. However, in Fig. 3.14(a) and Fig. 3.15(a), type 2 ESD
protection design owns a lower clamping voltage under the same zapping conditions. A lower
clamping voltage indicates the ESD robustness of type 2 ESD protection design is better than

the type 1 ESD protection design.
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Fig. 3.12. A HBM stimulator setup for circuit simulation in Spectre.
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Fig. 3.13. ATLP stimulator setup for circuit simulation in Spectre.
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Fig. 3.14. Transient simulations of HBM 2KV testing results of (a) voltage and (b) current on
ANT node of the high-power T/R switch with different ESD protection designs.
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Fig. 3.15. Transient simulations of TLP 50V testing results of (a) voltage and (b) current on

ANT node of the high-power T/R switch with different ESD protection designs.
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The target frequency of the T/R switch is at 0.9GHz and 1.8GHz for GSM roaming
agreement. The post-simulation of insertion loss in the original high-power T/R switch with
type 1 and type 2 ESD protection design is presented in Fig. 3.16. In receive mode, the ESD
protection slightly affect the insertion loss of the T/R switch. However, the insertion loss are
degraded in transmit mode, especially in the type 2 ESD protection design. Table 3.1
summarized the simulation of S parameters and ESD stressing conditions.

RX IL post-simulation
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Fig. 3.16. Comparison of insertion loss in (a) receive mode (b) transmit mode of high-power

T/R switch with different ESD protection designs after post-simulations.
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Table 3.1
Simulation results of high-power T/R switch with ESD protection designs.

Simulation Insertion HBM 2kV | TLP 50V
Results L 0ss Return Loss Isolation Clamping | Clamping
@1.8GHz (dB) (dB) (dB) \oltage \oltage
in RX/TX (V) V)
Original T/R 1y go/156 | 13.45/18.75 | 32.51/54.94
Switch
T/R Switch with
Type 1 1.16/1.61 13.69/18.3 32.57/54.46 235.7 40
ESD Design
T/R Switch with
Type 2 1.29/1.63 13.73/18.43 | 32.53/52.79 91.25 18
ESD Design

Noise is also a concern in a RF transceiver circuit.-Noise can be classified into three
categories: shot noise, flicker.noise, and-thermal noise in analog integrated circuit. The shot
noise is known as white noise, which-is associated with a direct current flow and is present in
diodes, MOS transistors, and bipolar junction transistors. The white noise is a purely random
signal and unavoidable in communication systems. As for flicker noise, the spectrum of flicker
noise has a 1/f frequency dependence and can be ignored in high frequencies operations. At last,
the thermal noise always exists in resistors and is proportional to it.

Since the proposed ESD protection designs are equipped with several resistors, the noise
source is from the thermal noise of the resistors. The substrate of the ESD designs will be noisy.
The noise figure of the type 1 and type 2 ESD protection designs are worse than the original
high-power T/R switch. Fig. 3.17 and Fig. 3.18 shows the simulated noise figure (NF) in RX
and TX mode, respectively. For high-power T/R switch with type 2 ESD protection design,
since the connection between body and source, the substrate noise can couple to the traveling
signal in the channel more easily than type 1 ESD protection design. In general, the NF of the

T/R switch with ESD protection designs are acceptable in the antenna switch modules.
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The layout view of high-power T/R switch is shown in Fig. 3.19(a). The dimension of a

single chip is size of 0.5mm*1mm. The type 1 ESD protection design is shown in Fig. 3.19(b),

with ESD transient protection circuit located at the bottom-right of the ANT pad.
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B
a

e
z,,ggép
KL

Fig. 3.19. Layout view of (a) high-power T/R switch and (b) high-power T/R switch with
type 1 ESD protection design.
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3.3 Experimental Results of High-Power T/R Switch with Proposed ESD

Protection Designs

To verify the ESD efficiency of the proposed ESD design, HBM testing, TLP testing, and
relative RF parameters of high-power T/R switch are measured and presented in this section.
HBM ESD and TLP are tested using ETS Model-910 electrostatic discharge ESD stimulator
(Fig. 3.20) and HED-T5000 (Fig. 3.21), respectively. The ETS Model-910 stimulator are
equipped with 100pF and 1.5kohms, which is as same as the HBM equivalent circuit in Fig.
2.18. The RF parameters are measured in 20G on wafer probe station in CIC, Hsinchu. A photo
of the fabricated chip is shown in Fig. 3.22, with total area of 1.5mm*1mm. Fig. 3.23 exhibits
the photo of the high-power T/R switch under Cascade Infinity GSG probes.

Since the power of the signal generator (Agilent E8247C) can only reach about 20dBm,
which is not sufficient for the-P1qg- measurement of the high-power T/R switch. Thus, a 5W
power amplifier (Mini Circuits ZHL-5W-422+) is employed to boost the input power of the

T/R switch. Fig. 3.24 demonstrates the measurement environment of P1gg.

Fig. 3.20. ETS Model-910 ESD simulator.
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Fig. 3.21. HED-5000 transmissio line pulses system.
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Fig. 3.22. Chip photo of (a) high-power T/R switch, (b) high-power T/R switch with type 1

ESD protection design, and (c) high-power T/R switch with type 2 ESD protection design.
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Fig. 3.23. High-power T/R switch with type 1 ESD protection design under 20GHz

measurement using Infinity GSG probes.
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Fig. 3.24. Measurement environment of P1gs.
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3.3.1 ESD Levels Measured with ESD HBM Tester and TLP System

Measured HBM ESD levels of ANT node of the high-power T/R switch are arranged in
Table 3.2. The failure criteria is judged by the 10% shifts of the full-scale DCIV curve from -
3.3V to 3.3V. The DCIV curve are checked in both positive and negative DC bias, in order not
to miss any symptoms of the damaged spot. The anode and cathode of the DCIV measurement
is at ANT port and GND, respectively.

Fig. 3.25 shows the DCIV curves of the high-power T/R switch without ESD protection
design after 0.2kV PS-mode HBM stress. Fig. 3.26 is a closer look at OV to 1.8V of Fig. 3.25.
The PS-mode HBM level of the high-power T/R switch without ESD protection design is only
0.1kV. Fig. 3.27 presents the DCIV curves of high-power T/R switch with type 1 ESD
protection after 4.25kV PS-mode HBM stress. Fig. 3.28:is a zoom-in of Fig. 3.27 at -3.3V to -
0.6V. Fig. 3.29 shows the enlarged part-at -0.3V to 0.6V of Fig. 3.27. The high-power T/R
switch with type 1 ESD protection design can reach HBM level of 3.75kV. Fig. 3.30 shows the
DCIV curves of high-power T/R switch with type 2 ESD protection design after 5kV PS-mode
HBM stress. Fig. 3.31 shows the enlarged graph at -3.3V to -0.6V of Fig. 3.30. Fig. 3.32 shows
the enlarged graph at OV to 0.9V of Fig. 3.30.. The ESD robustness of high-power T/R switch
with type 2 ESD protection design can achieve 4.5kV.

In Fig. 3.33, the DCIV curves of high-power T/R switch without ESD protection design
after 6kV NS-mode HBM stress are exhibited. Fig. 3.34 shows the enlarged part at 0V to 2.1V
of Fig. 3.33. Fig. 3.35 shows DCIV curves of the high-power T/R switch with type 1 ESD
protection design after 6kV NS-mode HBM stress. Enlarged view at OV to 0.9V of Fig. 3.35is
shown in Fig. 3.36. Fig. 3.37 shows DCIV curves of the high-power T/R switch with type 2
ESD protection design after 7kV NS-mode HBM stress. The curves from -1V to 3.3V in Fig.
3.37 are overlapped perfectly. Since the positive DCIV curves still remain the same, it can
conclude that the ESD robustness of the circuit will be misjudged if the unilateral DCIV curves

is measured only. The NS-mode of the type 2 ESD protection design is better than the type 1
52



ESD protection design. It is speculated that the body to source connection in the type 2 ESD
protection design makes the NMOS transistors in RX branch act like p-n diodes in NS-mode
direction and thus strengthens the robustness of NS-mode ESD stressing.

The TLP characteristics of the type 1 and type 2 ESD protection design are shown in Fig.
3.38. The leakage current of both the high-power T/R switch with type 1 and type 2 ESD
protection is about ~20nA when 0.5V apply on the ANT node. The failure current I of type 1
and type 2 ESD protection design is 2A and 2.5A, respectively. In addition, the trigger voltage
of the type 1 ESD protection design is lower than the type 2 ESD protection design, too. The
type 2 ESD protection design can discharge the ESD current to ground earlier than the type 1
ESD protection design. Overall, the robustness of type 2 ESD protection design is better than
the type 1 ESD protection design.

The measured V-t and I-t curves of type 1 and type 2 ESD protection design before failure
point are shown in Fig. 3.39(a) and Fig. 3.39(b). The high voltage pulse can be pulled down

immediately to avoid the breakdown issues of the high-power T/R switch.

Table 3.2
Measured HBM ESD levels of high-power T/R switch by ETS HBM simulator.
HBM tests on ANT node PS-mode NS-mode
High-power T/R switch w/o ESD
0.1kV 5kV
protection design
High-power T/R switch with type 1
3.75kV 5kV
ESD protection design
High-power T/R switch with type 2
4.5kV 6kV
ESD protection design
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Fig. 3.26. Enlarged graph of OV to 1.8V from Fig. 3.25.
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Fig. 3.27. DCIV curves of type 1 ESD protection design after 4.25kV PS-mode HBM stress.
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3.3.2 Comparison of RF Performances Before ESD Stress

The interested frequency of GSM is at 0.9GHz and 1.8GHz. The measured input return
loss, insertion loss, isolation, and P1gs are summarized and listed in Table 3.3 and Table 3.4.

The RX mode insertion loss of the high-power T/R switch without ESD protection design
is 1.98dB at 0.9GHz and 2.83dB at 1.8GHz. On the other hand, the TX mode insertion loss is
1.81dB at 0.9GHz and 2.58dB at 1.8GHz. As for type 1 and type 2 high-power T/R switch with
ESD protection designs, the insertion loss degrades about 0.2dB ~ 0.5dB. Fig. 3.40 and Fig.
3.41 show the insertion loss in RX mode and TX mode, respectively. The measured insertion
loss is worse than post-layout simulation. It is considered that the N-Well of the p-cell are not
connected to the VDD node, and thus the parameters of RFNMOS are changed.

Fig. 3.42 and Fig 3.43 show the 1dB input.compression point P1gs of the T/R switches.
The high-power T/R switch without ESD-protection design can reach 25.6dBm under 0.9GHz
measurement and 28.6dBm under'1.8GHz measurement, respectively. The Pigg at 1.8GHz is
higher than the one at 0.9GHz. It is because in higher frequencies, the gate resistance of the off-
state transistors can block the RF signal more effectively so that the DC bias of the off-state
transistors will be less affected. However, the Pigs at 1.8GHz of the type 1 and type 2 high-
power T/R switch with ESD protection design is only 23.4dBm and 22.7dBm, respectively.

The RX mode and TX mode input return loss of the T/R switches are shown in Fig. 3.44
and Fig. 3.45. The both return loss in RX and TX of the proposed ESD protection designs are
not far from the original high-power T/R switch.

At last, the isolation of RX mode and TX mode of the switches is shown in Fig. 3.46 and
Fig. 3.47. The isolation of the type 1 ESD protection design is not degraded by the ESD
detection circuit. However, the TX mode isolation of the type 2 ESD protection design is worse
than the original T/R switch since the transmitting signal are more likely to leak to the RX node

due to the source-body connection of the RX transistors.
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Table 3.3
RF parameters of the high-power T/R switches measured at 0.9GHz.

Measurements at Return Loss | Insertion Loss Isolation P1ds

0.9GHz (TX/RX) (dB) (dB) (dB) (dBm)
High-power T/R switch

without 12.78/12.88 1.81/1.98 51.42/37.86 25.6

ESD protection design
High-power T/R switch

with type 1 ESD 12.37/12.97 1.86/2.33 51.51/39.52 22.5

protection design
High-power T/R switch

with type 2 ESD 12.18/12.53 1.84/2.42 47.32/38.99 21.5

protection design

Table 3.4
RF parameters of the high-power T/R switches measured at 1.8GHz.

Measurements at Return Loss | Insertion L.oss Isolation P1ds

1.8GHz (TX/RX) (dB) (dB) (dB) (dBm)
High-power T/R switch

without 9.00/9.53 2.58/2.83 44.73/31.00 28.6

ESD protection design
High-power T/R switch

with type 1 ESD 9.16/9.90 2.66/3.16 44.82/33.40 23.4

protection design
High-power T/R switch

with type 2 ESD 8.85/9.51 2.69/3.20 41.67/32.83 22.7

protection design
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66



_25 ] T I T ] T I T I T I
30
35 L
40 b
) X
S 45 L
c
o I
® 50 |
(=}
@ I
-55 |
-60 —m— High-power T/R switch without ESD protection design
L J @ High-power T/R switch with type 1 ESD protection design
65 L ® —A— High-power T/R switch with type 2 ESD protection design| _|
| L | 1 | 1 | 1 1 L |
0.0 0.5 1.0 1.5 2.0 25
Frequency (GHz)

Fig. 3.46. Isolation in RX mode of high-power T/R switches.

Isolation (dB)
2
|

65
70
75 | —&— High-power T/R switch without ESD protection design
| i —&— High-power T/R switch with type 1 ESD protection design
80 L ® —&— High-power T/R switch with type 2 ESD protection design
| L | 1 | 1 | 1 1 L |
0.0 0.5 1.0 1.5 2.0 25
Frequency (GHz)

Fig. 3.47. Isolation in TX mode of high-power T/R switches.

67



3.3.3 Comparison of RF Performances After ESD Stress

Since the high-power T/R switch are surrounded by 10kohm resistors, the scale of the
leakage current at the damaged point in comparison to the standby DC current of the resistors
may be too low to be detected. Therefore, RF parameters are measured again after the HBM
ESD stressing on the ANT node to ensure the high-power T/R switch can still operate regularly.

The RX and TX insertion loss of the high-power T/R switch without ESD protection are
shown in Fig. 3.48 and Fig. 3.49. In Fig. 3.48, RX insertion loss after 0.5kV PS-mode HBM
stress is degraded significantly. On the other hand, TX insertion loss is still remain the same. It
indicates that the damage spot is located at the RX branch of the circuit.

Fig. 3.50 and Fig. 3.51 demonstrate the insertion loss of high-power T/R switch with type
1 ESD protection design. The RX insertion loss after 4kV PS-mode HBM stress is out of shape
whereas the TX insertion does not affect by the ESD stress. The HBM level of the type 1 ESD
protection design can sustain.3.5kV stress. With no degradation in the TX insertion loss, the
damage part of the type 1 ESD protection design can be recognized at the RX branch, too.

In Fig. 3.52, the high-power T/R switch with type 2 ESD protection design can survive
from the 4.5kV PS-mode HBM stress. However, in-Fig. 3.53, no significant degradation on the
insertion loss of TX, too. Type 2 ESD protection design provides the highest ESD robustness
of all the T/R switches design.

Fig. 3.54 and Fig. 3.55 show the measured P1gg of the high-power T/R switch after 4kV
PS-mode HBM stress. Fig. 3.56 and Fig. 3.57 show the measured Pigs of the high-power T/R
switch with type 1 ESD protection design after 4kV PS-mode HBM stress. Fig. 3.58 and Fig.
3.59 show the measured P1qs of the high-power T/R switch with type 2 ESD protection design
after 4kV PS-mode HBM stress. The linearity of the T/R switches remain unchanged after the
PS-mode HBM 4KkV stress.

Finally, Fig. 3.60 and Fig. 3.61 show the insertion loss of RX and TX after NS-mode HBM

4kV stress on ANT node.
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Fig. 3. 62. Measured noise figure of the T/R switches.

Fig. 3.62 shows the measured noise figure by N8975A noise figure analyzer in CIC. Since
the T/R switch is a purely lossy signal path which.does not have power gain, the deviation of
the measured noise figure becomes larger than other RF circuit such as LNA, which has signal
gain intrinsically. However, as a matter of fact, the measured noise figure in type 1 and type 2
ESD design are increased about 0.25dB and 0.5dB.

Among all of the presented graphs above, an interesting thing is that the degradation trend
of insertion loss in Fig. 3.52 is different than Fig. 3.48 and Fig. 3.50, it indicates that the
damaged part of the type 2 ESD protection design is different than original T/R switch and the
type 1 ESD protection design.

Table 3.5 summarizes the HBM levels of the T/R switches. Judging from both the DCIV
curves and the RF performance, the type 1 and type 2 ESD protection design can ensure the
T/R switch operates normally after 3.5kV and 4.5kV PS-mode HBM stress, respectively.
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Table 3.5

Comparison of HBM levels judged by DCIV curves and RF performance.

Judged by Judged by
HBM tests DCIV curves RF performance
on ANT node
PS-mode NS-mode PS-mode NS-mode
High-power T/R switch
w/o ESD 0.1kV 5kV < 0.5kV > 4kV
protection design
High-power T/R switch
with type 1 ESD 3.75kV 5kV 3.5kV > 4kV
protection design
High-power T/R switch
with type 2 ESD 4.5kV 6kV 4.5kV > 4kV
protection design
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3.34 Failure Analysis and Discussion

The failure analysis is conducted to find out the damaged spots of the high-power T/R
switch after HBM stresses. The SEM photo of the three T/R switches after total delayer
procedures is shown in Fig. 3.63. For the high-power T/R switch without ESD protection design

after 0.5kV PS-mode HBM stress, the damaged spot is located at the first transistor of the RX

branch, as shown in Fig. 3.64.

Fig. 3.64. SEM photos showing the high-power T/R switch without ESD protection design

after 0.5kV PS-mode HBM stress.
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In Fig. 3.65, the damaged part of the high-power T/R switch with type 1 ESD protection
design after 4kV PS-mode HBM stress is founded at the first transistor of the RX branch, too.
However, the failure point of the type 2 ESD protection design is located at the RX shunt
transistors, as shown in Fig. 3.66. The PS-mode ESD are passed to the last (and the weakest)

transistors in the discharging path with the help of the body-source connected RX transistors.

The damage on the drain of the transistors are more severe than the source in PS-mode HBM.

MA-tek-10.0kV.9.5mm.x110 LM(UL)
Fig. 3.65. SEM photos showing the high-power T/R switch with type 1 ESD protection design

after 4kV PS-mode HBM stress.

Fig. 3.66. SEM photos showing the high-power T/R switch with type 2 ESD protection design

after 5kV PS-mode HBM stress.
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For NS-mode ESD failure analysis, Fig. 3.67, Fig. 3.68, and Fig. 3.69 show the SEM
photos after NS-mode HBM stressing. The damaged spot of the T/R switch without ESD
protection design and the T/R switch with type 1 ESD protection design are located at the shunt
transistors of the TX branch which are nearest to the ground, as shown in Fig. 3.67 and Fig.
3.68. The discharging path of the NS-mode ESD are the parasitic BJTs in series. The TX
parasitic BJTs are weaker than the RX parasitic BJTs since the discharging path (Ron) on TX
is longer (larger) than RX. The white spots discovered on the source of the transistors indicate
that the contact are melted into the substrate and were not wash off after the total delayer
procedures.

On the other hand, Fig. 3.69 shows a different location of the T/R switch with type 2 ESD
protection design after 7kV NS-mode HBM stress. The burning site are located at the shunt
transistors of RX branch. This indicates that the reverse body diodes in the RX branch are the
preferred discharging path for the NS-mode stressing. With the help of the source-body
connection, the NS-mode ESD robustness of the high-power T/R switch with type 2 ESD

protection design is higher than.the high-power T/R switch with type 1 ESD protection design.

Fig. 3.67. SEM photos showing the high-power T/R switch without ESD protection design

after 6kV NS-mode HBM stress.
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Fig. 3.68. SEM photos showing the high-power T/R switch with type 1 ESD protection design

after 6kV NS-mode HBM stress.
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Fig. 3.69. SEM photos showing the high-power T/R switch with type 2 ESD protection design

after 7kV NS-mode HBM stress.

81



3.35 The Effect of the Substrate Resistance

The high-power T/R switch with the same architecture had been implemented in a previous
tape-out shuttle. In the previous design, the dummy pattern are extended vertically into the p-
substrate of the silicon with M1-Diffusion contacts. Since the dummy pattern in the RF layout
are grounded perfectly, the silicon substrate will be connected to ground, too. It results in an
extreme low substrate resistance Rsu». With Rsus Which approach to zero, the RF signal will leak
to ground through the low impedance path of CeweLL and Cponw Which are depicted in Fig. 2.3.
The RF performance of the T/R switch is therefore degraded.

Fig. 3.70 and Fig. 3.71 show the comparison of measured RX insertion loss and TX
insertion loss of the high-power T/R switch in different tape-out shuttles, respectively. Similarly,
Fig. 3.72 and Fig. 3.73 show the difference of the Pigs 0f the high-power T/R switch in 0.9GHz
and 1.8GHz, respectively. The RF performance of the high-power T/R switch with Rsub=0 is
worse than the one with substrate floating.

The comparison of measured HBM levels are listed in Table 3.6. The PS-mode HBM level
of the T/R switches with Rsu=0 are 0.1kV, 4kV, and 5kV, respectively. The PS-mode HBM
levels of the T/R switches with Rsus=0are about the same compare to the substrate floating ones.
As for the NS-mode HBM testings, the T/R switches with Rs;,=0 can all achieve the level of
8kV. With Rsuy=0, SCRs can be easily formed in the nearest transistors to the ANT, M1 and M8,
to discharge the NS-mode ESD current, as shown in Fig. 3.74. The parasitic transistors is
embedded in the drain of M1 and source of M8. Fig. 3.75(a) and Fig. 3.75(b) illustrate the cross-
section view of M8 and M1, respectively. SEM photo of the high-power T/R switch with Rsyp=0
after total delayer procedures is shown in Fig. 3.76. The damaged spots are discovered on M1
and M8 after NS-mode 9A TLP pulses stress on the ANT port. Fig. 3.77 shows the enlarged
graph of Fig. 3.76 on M8, where the source of M8 is damaged more severe than the drain. On
the other hands, the drain of the M1 is more severe than the source (Fig. 3.78). The failure

analysis demonstrate the existence of the parasitic SCRs under the NS-mode ESD conditions.
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Fig. 3.70. RX insertion loss.of high-power T/R switch with Rsub=0 and substrate floating.
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Fig. 3.71. TX insertion loss of high-power T/R switch with Rsub=0 and substrate floating.
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Fig. 3.72. P48 of high-power T/R switch with Rsub=0 and substrate floating at 0.9GHz.
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Fig. 3.73. Pugs of high-power T/R switch with Rsub=0 and substrate floating at 1.8GHz.
84



Table 3.6
Comparison of HBM levels between Rsub=0 and substrate floating.

PS-mode NS-mode
Measured HBM level Rsub=0 Subst'rate Rsub=0 Subst_rate
floating floating

High-power T/R switch
without 0.1kV 0.1kV 8kV 5kV

ESD protection design
High-power T/R switch
with type 1 4kV 3.5kV 8kV 5kV

ESD protection design
High-power T/R switch
with type 2 5kV 4.5kV 8kV 6kV

ESD protection design

X

NS-mode discharging ANT

path of SCR

. ?%—%\ %ﬂ%ﬂ%ﬂ%—ﬂg
L3957

M10
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" X
M12 V1x VRx
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C2
Fig. 3.74. The pargsitic SCR path to discharge the NS-mode ESD is located at the source of

the M8 and drain of M1, which is nearest to the ANT node.
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Fig. 3.75. The cross-section view of SCR path in NS-mode direction on (a) M8 and (b) M1.
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3.4 Summary

The high-power T/R switch with proposed type 1 and type 2 ESD protection design are
fabricated in a 0.18-um CMOS process. The DCIV curves after different HBM levels zapping
and RF performances before ESD stress are measured. The type 1 and type 2 ESD protection
design can discharge the ESD current without any additional discharge path and enhance the
PS-mode HBM robustness from 0.1kV to 3.5kV and 4.5kV, respectively. Besides, the NS-mode
HBM levels of the T/R switch without ESD protection design, with type 1 ESD protection
design, and type 2 ESD protection design are 5kV, 5kV, and 6kV, respectively.

The RX and TX insertion loss of the high-power T/R switch without ESD protection
design is 1.81dB, 1.98dB at 0.9GHz and 2.58dB, 2.83dB at 1.8GHz. The P14g of the high-power
T/R switch without ESD protection design.is 25.6dBm at 0.9GHz and 28.6dBm at 1.8GHz. In
comparison, the insertion loss-of the T/R switches with proposed ESD protection design are
degraded only 0.1dB ~ 0.4dB in the interested frequencies. However, the Pigs of the T/R
switches with proposed ESD protection design are degraded 3dBm ~ 5dBm in the interested
frequencies.

After the RF and ESD measurements, the failure analysis is conducted. The damaged spots
vary in different ESD testing modes and ESD protection designs. For T/R switch without ESD
protection design and T/R switch with type 1 ESD protection design, the failure part in PS-
mode and NS-mode are located at the first series transistors of RX branch and the last shunt
transistors in TX branch. However, the failure part of the T/R switch with type 2 ESD protection
design are located at the shunt transistors of RX branch, in both PS-mode and NS-mode.

At last, the substrate resistance is also a parameter that affect both ESD robustness and RF
performance. With Rsuh=0, the T/R switches own the highest ESD robustness, however, the RF
performance is poor; with substrate floating, the RF performance are better, and the ESD

robustness can still meet the specifications.
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Chapter 4
ESD Protection Design for Conventional T/R Switch

4.1 Circuit Design of Conventional T/R Switch

The schematic of conventional T/R switch is drawn in Fig. 4.1. The series-shunt
architecture T/R switch are employed to be the protected circuit. Different from the prior art
[10], which the ESD current can be discharged by the original body-diodes in NMOS and
PMOS because the body-floating resistance Rgr is-not included in the circuits. In Fig. 4.1, the
body-floating resistance is connected between P-Well and the ground. In giga-hertz operations,
the body-floating resistance is.regarded as open circuit for RF signal and therefore reduces the
insertion loss and substrate noise.

In this design, to minimize the insertion loss, the dimension of the transistors M1 and M2
in series branch is 200/0.1 (um). M3 and M4 in-shunt branch is 12/0.1 (um) in order to tune the
real part of the impedance to 50 ohm for matching purpose to the next circuit block. The gate
resistance and body-floating resistance are both 10kohm. The test chip is tapped out in a 90-nm

CMOS process.

VRX

Vrx - - -
M4 Transistor Dimensions (um)
ANT M1, M2 200/0.1

M3, M4 12/0.1

_{ |"/‘/‘/"OVRX

Fig. 4.1. Schematic and device paraﬁweters of conventional T/R switch.
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4.2 Traditional ESD Protection Design for Conventional T/R Switch

Since the ESD stress will strike into the IC from antenna, the four ESD testing modes are
zapping on the antenna port to ensure the reliability of the product. To discharge the ESD current
immediately during the ESD events, ESD protection for T/R switch is installed on the antenna
port (ANT) of the circuit is an effective and efficient way to deal with the ESD threat. The
Conventional dual-diode ESD protection design for T/R switch which consists of two ESD
diodes D1 and D2 and a power-rail ESD clamp circuit is drawn in Fig. 4.2.

In positive-to-VDD (PD) and negative-to-VSS (NS) testing mode, the ESD current is
discharged through the forward biased diode D1 and D2. As for positive-to-VSS (PS) and
negative-to-VDD (ND) mode, the ESD current will be discharged from the combination of
diode and the power-rail ESD clamp circuit. The operation mechanism of the power-rail ESD
clamp circuit has been described in section 2.3.2. With the proper RC time constant 100-ns, the
RC-invertor detection circuit can distinguish the ESD stress and turn on the Mesp right away.

Power-Rail ESD Clamp Circuit

VDD r-—-———-—-——- - = _;

‘ i
‘ PS I I
VRx | I
I I
ZS‘ D1 }_ : R1§ |

M2
oRX | Mp1 | [ |
PD |-¢\N'-O Vix | |
ANT © = M4 | | I
AlA L | | |
} I MESD |
0}
A M1 |_m v ™ lol Mn1!f— I
[0} RX [

/\ D2 _{ M3 | I
VX | I
= I :
NS ND | Y |
VSS L e —— = |

Fig. 4.2. Conventional T/R switch with traditional dual-diode ESD protection circuit.
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The silicon implementation of the conventional ESD protection design is fabricated in a
90-nm 1P9M CMOS process. The silicon layout view of the T/R switch with conventional ESD
protection design is illustrated in Fig. 4.3. Using the common centroid layout method, the series
transistor M1, M2 are placed in the center and shunt transistors M3, M4 are set in the corner.
The ESD diodes are inserted between the series and shunt transistors. The dimension of each
single ESD diode D1 and D2 is 14um*1um, with junction area 28um? in total. Finally, the
dimension W/L ratio of the transistors Mp1, Mn1, and Mesp in the power-rail ESD clamp circuit
is 300/0.35 (um), 100/0.35 (um) and 3000/0.35 (um), respectively. The layout of the power-

rail ESD clamp circuit is drawn with the recommended ESD rules given from the foundry.

M3 M3
P-WELL D1 M 1 P-WELL
N-WELL D1 N-WELL
N+ Diffusion
= P-WELL =
NWELL |  [N-WELL N-WELL

D2 M2 DZ

M4 N+ Diffusion M4
P-WELL P+ P-WELL P+ P-WELL
N-WELL N-WELL N-WELL N-WELL N-WELL

P-SUB

Fig. 4.3. Layout top view of the conventional dual-diode ESD protection for T/R switch with

ESD diode D1 and D2.
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4.3 Proposed ESD Protection Design for Conventional T/R Switch

The weak point of the conventional ESD protection design for T/R switch is described in
section 2.4.2. Positive-to-VSS (PS) ESD testing event is the worst case of all the testing modes
due to the all-NMOS structure of the T/R switch. Thus, the T/R switch circuit needs customized
ESD strategy to enhance the ESD reliability of PS-mode.

In order to strengthen the robustness on PS-mode, the proposed ESD protection design
utilized four silicon-controlled rectifiers (SCR1 ~ SCR4) as ESD protection devices which are
constructed by the ESD diode D1 and the shunt transistors M3 and M4. Since the SCRs are
formed naturally by the originally existing devices in the conventional ESD protection design,
they are regarded as “embedded SCRs” in the silicon. Similar to the ESD dual-diodes, the
embedded SCRs are installed next to the antenna port. In this way, the embedded SCRs can
discharge the ESD current as soon.as possible during the PS-mode ESD event. Fig. 4.4 shows
the schematic of the proposed ESD protection design for T/R switch with embedded SCRs.

VDD : [Power-Rail ESD Clamp Circuit

p1/\

\ 4 O
i M2 RX R1§ Mp1
|-/\/\/'-OVTX
- M4

I
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I
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; I

ANTO SCR384 L | _|
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I
I
I
I
I
I
]

Z|v|Z| o 1
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_| MESD
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Fig. 4.4. Proposed ESD protection design for T/R switch with embedded SCRs.
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As introduced in section 2.4.3, the turn-on voltage of a silicon-controlled rectifier without
triggering is determined by the junction breakdown voltage between NW/PW and is usually
higher than the oxide breakdown voltage of the inner circuit. The embedded SCRs need proper
trigger method to lower the turn-on the ESD device rapidly. In the proposed design, the
embedded SCRs are triggered by the power-rail ESD clamp circuit. The triggering mechanism
is sketched as the red arrow in Fig. 4.5. When PS-mode ESD strikes on the ANT node, the ESD
transient will wake the RC-invertor detection circuit and charge the gate of Mesp to logic high.
In this work, by connecting the gate of the Mesp and the P-Well of the shunt transistors M3 and
M4, the power-rail ESD clamp can rise the voltage potential simultaneously in the PS-mode
ESD event. With the voltage potential rising in the P-Well, the bipolar junction transistor Qnen
will be activated once the voltage drop on the Rp-weil exceeds the turn-on voltage of the Qnen
and start the positive feedback to discharge the ESD current. As a result, the ESD current in PS-

mode can be discharged not only by the Mesp but also the additional path of embedded SCRs.

VDD

szg FMEE |w@

ANT o——¢ |

SCR1-SCRd| _ S -
| 1 MESD
| _I: Qpne | c1== —|

p2/\ | T g
| N | Mn1
| QNPN’| - |
| % Re-well|
| =

VSS

Fig. 4.5. The equivalent triggering mechanism of the proposed ESD protection design.
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The silicon layout view is illustrated in Fig. 4.6. The location of the transistors M1~M4 is
implemented as same as the conventional ESD protection design with common centroid method.
The ESD diode D1 is divided into four parts and combined with the shunt transistors M3, M4.
By this layout skill, the four embedded SCRs can be constructed by the parasitic path in the
silicon front-end of line intrinsically. The proposed ESD protection design forms an additional
discharging path for PS-mode ESD current without any extra layout device.

For the purpose of comparing to the conventional ESD protection design, the dimension
of a single diode D1 is 7um*1um. Total junction area of the diode D1 is 28um?, which is equal
to the conventional ESD protection design in section 4.2. On the other hand, the ESD diode D2
is hanged outside the Fig. 4.6, with 28um? junction area in total. The power-rail ESD clamp in

the proposed ESD protection design is Same as the conventional ESD protection design, too.

__.s¢ér1____......... ___= SCR2 __
I I

I I
: ' : |
| ! | |

| |
: M3 ) | : D[ M3 |
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N-WELL | | InweL |
N+ Diffusion
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Fig. 4.6. Layout top view of the proposed ESD protection design for T/R switch with

embedded SCRs (SCR1~SCR4) and diode D1.
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A closer look at a single embedded SCR (constructed by D1 and M3 for example) from
Fig. 4.6 is sketched in Fig. 4.7(a) and Fig. 4.7(b). The P-N-P-N path goes from the P+ diffusion
of the diode D1, N-Well, P-Well, and the N+ diffusion of the transistor M3 in order. As we can
see, the embedded SCR shares the same P+ diffusion area with the ESD diode D1. The fewer
ESD device layouts, the less parasitic capacitance. The proposed ESD design can enhance the
PS-mode robustness of the T/R switch with little RF degradation. In normal circuit operations,
the triggering signal will be zero, so the body of the shunt NMOS M3 (M4) is grounded properly.
Under the PS-mode ESD event, the triggering signal from the power-rail ESD clamp circuit

will be injected into the P-Well of the shunt transistors M3 (M4) and trigger on the embedded

SCRs.
Trigger VSS ANT VDD
X---p--toqd--d--penccccacaa--. L efcckodeacadeaaa ] - F-k--- X
P+ = P+ SCR| P+ |[ ™
|| [N+ Diffusion L
P-Well
N-Well
(a)
Power VSS ANT VDD
clamp X

Trigger

P-Well
Deep N-Well

(b)
Fig. 4.7. (a) Realization of the embedded SCR with the P+ anode of D1 and the N+ source of

M3. (b) Cross-section view on X-X’ line of Fig. 4.7(a) to show the path of SCR and diode D1.
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4.4 Experimental Results of Conventional T/R Switch with Proposed ESD
Protection Design

The testing chip is fabricated in a 90-nm CMOS process, with the area of 6 mm?. Fig. 4.8
shows the whole chip photograph, which is taken at CIC, Hsinchu. The four circuit blocks in
this shuttle includes T/R switch without ESD protection circuits, traditional dual-diodes ESD
protection for T/R switch, proposed embedded SCRs ESD protection for T/R switch, and
testkeys of the ESD devices. Besides the T/R switch, a low-noise amplifier serves as the inner

circuit which is connected to the RX node of the T/R switch.

2 mm

3 mm

Fig. 4.8. The chip photo of T/R switch without ESD protection, T/R switch with traditional

dual-diodes ESD protection, T/R switch with embedded SCRs ESD protection, and testkeys.
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441 ESD Levels Measured with ESD HBM Tester and TLP System

The human-body model level is a commonly used ESD testing that represents the
robustness of the certain circuits. In this thesis, the HBM tests are zapped on the interested pin
of the IC by using the HCE-5000 ESD tester (Fig. 4.9(a)), including the four ESD conditions:
PS-mode, PD-mode, NS-mode, and ND-mode. The result of HBM tests is arranged in Table
4.1. Besides the HBM tester, the transmission line pulse (TLP) system, HED-T5000 (Fig.
4.9(b)), which can generated high voltage and high current simultaneously is employed to

analyze the characteristics of the ESD device.

(a) (b)

Fig. 4.9. (a) ESD tester for human-body model and (b) TLP system.
Table 4.1
Measured HBM ESD levels by HBM tester.
PS PD NS ND
(kV) (kV) (kV) (kV)
Without ESD
) ) 0.5 0.5 0.5 0.5
Protection Design
Conventional ESD
) ) 2.3 2.4 2.7 2.8
Protection Design
Proposed ESD
) ) 2.4 2.4 1.7 1.7
Protection Design
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Table 4.2
Measured failure current (1t2) by TLP systems.

PS PD NS ND

(A) (A) (A) (A)
Conventional ESD

) ) 1.24 1.23 1.46 1.6
Protection Design

Proposed ESD

) ) 1.63 1.2 0.89 1.22

Protection Design

From the experiment result in table 4.1 and table 4.2, the ESD robustness on PS-mode of
proposed ESD design is 2.4kV better than the conventional ESD protection design of 2.3kV.
The failure current I in PS-mode of the proposed ESD protection design is 1.63A, which is
higher than the conventional ESD protection design of 1.24A, too.

Fig. 4.10 shows the TLP characteristics of PS-mode onthe two ESD protection designs.
The turn-on resistance Ron of.the conventional and proposed ESD protection design is 5.5 ohm
and 3.50hm, respectively. A-dower Ron indicates the proposed ESD protection design can
achieve a higher ESD robustness than conventional ESD.protection design.

An enlarged TLP I-V curve of Fig. 4.10"is shown in Fig. 4.11. In this graph, the unique
snapback phenomenon of silicon-controlled rectifier can be observed. The snapback
phenomenon states the evidence that the SCR device is turned on properly in the PS-mode ESD
event. The embedded SCR had been triggered on at 1.7V as expected to discharge the ESD
current. And with the additional discharging path of the embedded SCRs, the Ron are pulled
down successfully.

The reason that ESD robustness of NS mode and ND mode in the proposed ESD protection
design are worse than the conventional ESD protection design can be seen in the layout view
in Fig. 4.12. The metal line which connects the anode of the ESD diode D2 and the ground are
too thin to discharge the large amount of ESD current. The mistake of the metal connection

makes the proposed ESD protection on both NS and ND mode into failure earlier than expected.
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Fig. 4.10. TLP- measured I-V characteristics of the T/R switch on PS-mode with different

ESD protection designs.
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Fig. 4.11. Enlarged TLP I-V curves from Fig. 4.10 to show the snapback phenomenon on the

embedded SCRs.
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Weak point

Fig. 4.12. The weak point in the layout of the proposed ESD protection design to explain the

lower NS and ND mode ESD levels than the conventional ESD protection design.

4.4.2 Extracted Parasitic Capacitance after De-embedding Method

Fig. 4.13 illustrates the” concept of de-embedding method to extract the parasitic
capacitance of the device under test. The parasitic capacitance of the ESD protection device is
a severe issue in high-speed I/0 and RFICs. When it comes to measure the parasitic capacitance
of the ESD protection device, the de-embedding method [28] is applied in order to excluding
the parasitic effect of the PADs. By measuring the scattering parameters matrix [S] of the DUT
with PADs, and the PADs under short, open, load, and through (SOLT) calibrations, [S’], the
accurate capacitance of the DUT can be calculated by EDA software. In Fig. 4.14, the parasitic
capacitance of the stand-alone single diode and embedded SCR (normalized to its layout area)
are extracted at wide RF frequency bands. The parasitic capacitance per pm? of the conventional
diode and embedded SCR are 2.92fF and 0.59fF, respectively. The p-n-p-n structure of SCR
intrinsically contributes less capacitance than the conventional p-n diode does. With smaller
capacitance, the RF performance degraded by the embedded SCR can be minimized.

99



On- wafer measurements

GSG PAD GSG PAD

| I

| |

| || |

| | DUT SOLT ADS
. I

| |

| |

| |

EDA software

[S] [S”
i i

Exact capacitance

GSG PAD GSG PAD

Fig. 4.13. Scattering matrixes are measured under different conditions and calculated in

EDA tool to exclude the effect of the pads.

4.0 I T I T I T I T I T I T I T I T I
35 _ —a&— Diode i
' I e Embedded SCR | |
0L 2.92 ]
NA |
E
S 25t .
L i
=
o 20 —
o
: -
S 5t 4
o
g -
o 1.0} _
o | 0.59
000 000000000000 000000000000000
0.5 |- _
00 | 1 | 1 | 1 | 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16
Frequency (GHz)

Fig. 4.14. Normalized parasitic capacitance of the stand-alone diode and embedded SCR.
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443 Failure Analysis and Discussion

To demonstrate the proposed ESD protection is more suitable than the conventional ESD
protection design on PS-mode ESD strikes, failure analyses (FA) are done by the scanning
electron microscope (SEM) to show the front-end of line (FEOL) situation after the PS-mode
ESD tests. The SEM photo of whole silicon chip after total-delayer procedure to remove the

metal layers in back-end of line (BEOL) is shown in Fig. 4.15.

Fig. 4.15. SEM phc;to after th:e‘ total-delayer p;‘rocédure.

Scanning electron microscope photos of the conventional ESD protection circuit after PS-
mode 2.3kV HBM testing on ANT node are shown in Fig. 4.16(a). The failure location is found
at the transistors M1 and M2, as shown in Fig. 4.16(b) and Fig. 4.16(c). Transistors M1 and M2
are damaged, but ESD damage was not on the diodes D1 or D2. This indicates that the
conventional ESD dual diodes are not sufficient enough to protect the T/R switch under the PS-
mode ESD event because the transistors are broken before the ESD protection devices.

Fig. 4.17(a) shows the SEM photos of the proposed ESD protection design after PS-mode
2.4kV HBM stress. The failure sites are located at the embedded SCRs and the transistors M1
and M2 are not damaged at all, which is different from that with the conventional ESD

protection design. Damaged spots on SCR1 ~ SCR4 are shown in Fig. 4.17(b) ~ Fig. 4.17(e),
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respectively. Fig. 4.18(a) ~ Fig. 4.18(e) present the each embedded SCRs after TLP PS-mode
tests, the damage is located only at the embedded SCRs, too. The significant burned-out marks
indicate the ESD current flow which is discharged from ANT node to VSS by all of the
embedded SCRs. Those embedded SCRs are simultaneously triggered on by the driver in the
power-rail ESD clamp circuit when ESD event is detected. In this work, the embedded SCRs
are found to be the first elements damaged in the proposed ESD protection design under the
PS-mode ESD stress. It means that the inner circuits can be really protected by the proposed

ESD protection design with embedded SCRs.

|||||||||||

MA-tek 10.0kV 8.6mm x8.00k SE(M) 12/23/2016 5.00um [ MA-tek 10.0kV 8.6mm x8.00k SE(M) 12/23/2016
(b) (c)
Fig. 4.16. (a) SEM photos of conventional ESD protection for T/R switch after 2.3kV HBM

PS-mode ESD test. Enlarged photos on (b) M1 and (c) M2 from Fig. 4.16(a).
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(d) (e)
Fig. 4.17. (a) SEM photos of proposed ESD protection design for T/R switch after HBM

2.4kV PS-mode ESD test. Enlarged SEM photos from Fig. 4.17(a) to see the damage on (b)

SCR1, (c) SCR2, (d) SCR3, and (e) SCRA4.
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MA-tek 10.0kV 8.7mm x10.0k SE(M) 12/23/2016

Fig. 4.18. (a) SEM photos of proposed ESD protection design for T/R switch after 1.6A of
TLP ESD stress on PS-mode. Enlarged SEM photos from Fig. 4.18(a) to see the damage on (b)
SCR1, (c) SCR2, (d) SCR3, and (e) SCRA4.
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4.5 Summary

The PS-mode ESD characteristics are arranged in Table 4.3. The total parasitic capacitance
of the proposed ESD protection design seen at ANT port is slightly larger than the conventional
ESD protection design because of the embedded SCR path. However, the Ron of the proposed
ESD design is much better than the conventional design and the product of the Ron and Ciotal IS
smaller, too. The proposed ESD protection design does not utilize any additional ESD
protection layout but can enhance the ESD robustness in PS-mode by embedded SCRs which
are formed by the layout skills. The proposed ESD protection design can achieve the failure
current lp to about 1.6A and HBM level 2.4kV, which is higher than the 1.2A and HBM level
2.3kV of the conventional ESD protection design. After the de-embedding methods were
applied, the embedded SCR contributed. less capacitance than the conventional diode. At last,
the failure analyses have shown that the conventional ESD protection design is not sufficient
for the T/R switch circuit. The proposed ESD protection design targeting to the PS-mode can

be a suitable protection to deal with.the weakest point on PS-mode of conventional T/R switch.

Table 4.3
Comparison of ESD characteristics on PS-mode.
Conventional Proposed
ESD Protection Design ESD Protection Design
It2 (A) 1.24 1.63
HBM (kV) 2.3 2.4
Ron () 55 35
Normalized Capacitance of
_ 2.92 0.59
diode/SCR (fF/lum?)
Total parasitic capacitance
163.52 180.04
seen at ANT port (fF)
Ron*Ciotal ((2*fF) 899.36 630.14
FOM (mA/fF) 7.58 9.05
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

In this thesis, issues of ESD protection designs in RFIC are introduced, especially the
obstacles which is encountered in the T/R switch circuit. The insertion loss and the linearity are
two major concerns of the T/R switch. The ESD protection design which introduces less
capacitance will be appreciated.

In the first part of the thesis, the challenges of ESD protection design for high-power T/R
switch is presented. Unlike the conventional T/R switch, the-large AC voltage swing of the
transmit signal will mis-trigger the traditional ESD device. The proposed type 1 and type 2 ESD
protection design employ an ESD transient detection circuit to distinguish the ESD transients
and the RF signal. The ESD transient detection circuit can turn on the transistors in RX branch
to discharge the current when the PS-mode ESD strikes. From the experimental results, the PS-
mode HBM ESD robustness of the high-power T/R switch with type 1 and type 2 ESD
protection design can achieve 3.75kV and 4.5kV, with a slightly insertion loss degradation of
0.2dB ~ 0.5dB. In addition, the NS-mode HBM levels for the T/R switches are better than the
PS-mode. Although the power handling capability of the high-power T/R switch can reach
28.6dBm, after the ESD protection designs are installed, the P14g are degraded 3dBm ~ 5dBm.
The ESD protection designs still have room for improvement which focus on the linearity
performance of the T/R switch.

In the second part of the thesis, the PS-mode ESD threat is demonstrated to be the weakest

point among the four ESD testing modes. The traditional ESD protection design are not
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sufficient enough for PS-mode ESD attacks. The proposed ESD protection design utilized an
area-efficient SCR device is embedded in the conventional series-shunt T/R switch to deal with
the PS-mode ESD event. The test chip is fabricated in a 90-nm CMOS process. With layout
skills, the additional embedded SCRs are formed in the parasitic path of the shunt transistors
and diode D1 which are already existing in the traditional whole-chip ESD protection scheme.
Experimental results show that the HBM robustness of the ESD protection design with
embedded SCR for conventional T/R switch is improved from 2.3kV to 2.4kV and the failure
current lp is enhanced from 1.2A to 1.6A. In addition, after the de-embedding method, the
measured parasitic capacitance of the embedded SCR is less than the traditional ESD diode.

The embedded SCR is a suitable ESD protection method for conventional T/R switch.
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5.2 Future Work

521 Improvement of the Power Handling Capability of the T/R switch

According to the experimental results in this thesis, the P14g of the high-power T/R switch
with ESD protection design is degraded. It indicates that the ESD transient detection circuit of
the design are not strong enough the block the large AC signal of TX away from the discharging
path of RX, as shown in Fig. 5.1. The leakage power will affect the transient detection circuit
to turn on the off-state RX transistors and cause the power of the transmit signal to degrade.
Stand in the perspective of optimization, since the HBM robustness has already meet the
specifications of 2kV, the dimension of the ESD transient detection circuit can be smaller. With
a smaller size of the transistor, the Ron will be increased. The ESD transient detection circuit
can block the RF signal more effectively. Similarly, increase the number of the stacked
transistors of the transient detection circuit can do the same effect, too. However, the
optimizations need testkeys toverify their ESD robustness and-the RF performance.

On the other hand, the ESD discharging path is selected.on the RX branch because the RX
branch owns a shorter discharging path compare to the TX branch in the proposed ESD
protection design. However, the experimental results have shown that the ESD robustness of
the design is good enough for 2kV HBM. Another point of view is to install the ESD transient
detection circuit on the TX branch of the T/R switch. The schematic is sketched in Fig. 5.2. In
this way, the transmitting signal from TX shall not leak to the RX port.

Finally, the composition of the ESD transient detection circuit can be selected as different
devices, such as inductor. An inductor can be a resistive element that block the RF signal away

in high-frequencies, whereas the ESD transients can be seen as DC pulses and pass through it.
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522 ESD Protection Design for Different T/R Switches

The proposed type 1 ESD protection design for a single-pole double-throw high-power
T/R switch is presented in the thesis. The insertion loss, return loss, and isolation are slightly
affected by the ESD detection circuit. The proposed ESD protection design can be utilized to
T/R switches which operate in extremely high frequencies, since the demanded power handling
capability is not as high as the applications of GSM and WCDMA. Several T/R switches in 50—
70GHz [30], 60GHz [31], 50-94GHz [32] have been implemented in CMOS process to control
the millimeter-wave (MMW) signals for higher data rate in wireless communications. However,
to the best of the author’s knowledge, ESD protection design co-designed with the T/R switches

in extremely high frequency has not been reported.
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