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In the next few years, the 5th generation of mobile network employing the massive 

multiple input multiple output (MIMO), beam-forming, mm-wave frequency bands and 

carrier aggregation techniques will further increase the data rate to enrich the growing of 

mobile devices at the price of more complex multi-band, multi-frequency front end module 

(FEM). As an indispensable part of radio-frequency front end (RFFE), antenna switch 

circuit needs more restrict performance not only the basic insertion loss, isolation and 

power handling capability, but the requirements from higher data rate, low interference and 

better reliability of 5G application.  

To achieve those additional requirements for 5G RF switch with 45nm silicon-on-

insulator (SOI) CMOS technology, this dissertation presents a novel multi-bands switch 

array structure to analysis the interference between switches in a single chip. The 

comprehensive study of switch array reveals that existing noise isolation techniques are 
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insufficient and calls for novel in-die interference elimination. To reduce this in-die 

crosstalk, an above-silicon through back-end-of-line (BEOL) metal wall is developed as a 

practical solution with about 18.5dB (~98.6%) suppression. To reach a higher data rate 

with available frequency bands, millimeter wave (mm-wave) switches (28GHz/38GHz) 

has been demonstrated with the consideration of reliability issue of electrostatic discharge 

(ESD) which will introduce severe parasitic effects under this frequency level and degrade 

the performance of RFICs. The insertion loss and isolation together with ESD protection 

capability have been compared which shows the importance of ESD-RFIC co-design. 

Considering the necessity of accurate estimation for ESD performance, a novel 

methodology for both human body model (HBM) and charged device model (CDM) ESD 

protections using combined TCAD simulation and TLP/VFTLP measurements is depicted. 

To improve the accuracy of parasitic capacitance extraction, this dissertation introduces an 

enhanced de-embedded method with the help of HFSS simulation which reduces one third 

of the testchip size and gives a better reference for co-design.   
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Chapter 1 Introduction  

1.1 History of wireless communication  

With continuous development in technological advancements, wireless 

communication, such as Wi-Fi, LTE, Bluetooth, GPS, etc., has made a tremendous 

progress from simple to complex systems that are able to communicate across multiple 

networks and devices. The concepts of massive multi-input multi-output (MIMO), internet 

of things (IoT), automatic drive, 5th generation of mobile communication (5G), etc., are 

becoming closer to everyone all over the world.  

Radio frequency (RF) is any of the electromagnetic wave whose frequencies are lying 

in the range extending from around 3kHz to 300 GHz, which include those frequencies 

used for communications or radar signals. Every electrical engineer knows at least a bit 

about James Clerk Maxwell (Figure 1); he wrote those equations that made life extra busy 

back in sophomore year or thereabouts. Not only did he write the electrodynamic equations 

that bear his name, he also collected all that was then known about electromagnetic 

 
Figure 1  Maxwell’s Equations 
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phenomena and invented the displacement (capacitive) current term that allowed him to 

derive an equation that led to the prediction of electromagnetic wave propagation. Then 

between 1886 and 1889 came Heinrich Hertz, who was the first to verify experimentally 

Maxwell’s prediction that electromagnetic waves exist and propagate with a finite velocity 

which truly indicates the born of radio frequency wave earlier than the vacuum tube, the 

first transistor. [1] 

 At present, communication using radio frequency dominates the wireless market. 

From the mobile telephone limited to phones installed in cars or other vehicles in 1973 to 

the first handheld mobile phone by Motorola weighted 1.1Kg with 23 cm long and works 

as a true “brick”. Then in the 1990s, the “second generation” digital mobile phone systems 

emerged with Global System for Mobile communication (GSM) and Code Division 

Multiple Access (CDMA), during that time, talk and text are the major features. As the use 

of 2G phones became more widespread and people began to utilize mobile phones in their 

daily lives, the demand for data was growing for sharing pictures, browsing webpages, etc. 

However, the 2G technology was nowhere near up to the job, so the industry began to work 

on the next generation of technology known as 3G Wideband Code Division Multiple 

Access (WCDMA) and CDMA Evolution Data Optimized (EVDO), that enables the data 

rate up to 2 Mbit/s maximum data rate indoors, and in the mid-2000s, WCDMA evolved 

to high-Speed Packet Access (HSPA) with higher data rate up to 14Mbps. So far, the 4G 

Long-term Evolution (LTE) is most commonly used, which increases the capacity and 

internet speed using different radio interface together with core network improvements. 

More than 40 bands have been used mobile communication using frequency division 
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duplex (FDD) and time division duplex (TDD). But the demand from daily use of mobile 

internet, automotive and IoT require higher data rate and network capability which inspires 

the development of 5G. Though it’s still in the phase of research, more and more details 

have been settled with the cooperation of worldwide companies and groups. With a steady 

stream of news trickling out – South Korea will deploy a 5G test network during the Winter 

Olympics, and AT&T will provide mobile 5G service in a dozen cities by the end of 2018 

– it falls to 3rd Generation Partnership Project (3GPP) to deliver the technical blueprints 

that will make those promises a reality. Figure 2 shows the history of mobile 

communication from 1G to 5G.  

The development of RF communication might be due to the galloping progress of 

integrated circuit (IC), which is a set of electronic circuits on one small flat pie of 

semiconductor material. ICs were made possible by experimental discoveries showing that 

semiconductor devices could perform the functions of vacuum tubes, and by mid-20th-

centruy technology advancements in semiconductor device fabrication. Since their origins 

in the 1960s, the size, speed, and capacity of chips have progressed enormously, driven by 

 
Figure 2  The development of mobile network generations (1G – 5G)  
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technical advances that allow more and more transistors on chips of the same size – a 

modern chip may have several billion transistors in an area the size of a human fingernail. 

These advances, roughly following Moore’s law, allow a computer chip of today to have 

millions of times the capacity and thousands of times the speed of the computer chips of 

the early 1970s. [2] 

The complementary metal-oxide-semiconductor (CMOS) devices, although the 

bipolar transistor is historically first. Nowadays the number of CMOS transistors integrated 

on chips, vastly outnumber the bipolar ones. Indeed, previously CMOS devices were 

reserved for logic as they offer the highest density (in gates/mm2). Most high-frequency 

circuitry was carried out in bipolar technology. As a result, a lot of analog functions were 

realized in bipolar technology. The highest-frequency circuits have been realized in exotic 

technologies such as GaAs and now InP technologies. The channel length of CMOS 

transistors shrinks continuously however. In 2004, a channel length of 0.13um is standard 

and 28nm CMOS technology has been widely used all over the world. 14nm even 7nm fin 

 
Figure 3  The frequency range of different technologies  
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field-effect-transistor (FinFET) was coined several years ago and Moore’s law is 

continuing. This ever-decreasing channel length gives rise to ever increasing speeds. As a 

result, CMOS devices are capable of gain at ever higher frequencies.  

Today CMOS and bipolar technologies are in competition over a wide frequency 

region, extending all the way to 10 and even 40 GHz, as predicted in Figure 2. BiCMOS 

which contains both CMOS and bipolar technologies is expensive but keep growing to 

fulfill the system and circuit requirements of RFICs. And the GaAs process achieves better 

power handling capability for high power RF applications when reaching 60 GHz which 

may be used as 5G band.  

1.2 Organization of the Thesis 

This dissertation is organized as follows. First, the history of wireless communication 

as an introduction is in Chapter 1. In Chapter 2, the RF front end (RFFE) module and RF 

switch with details about 5G requirements and applications will be introduced together 

with the 45nm SOI technology which is the mainly used process in this thesis. Then a 

switch array design as a 5G application for better understanding the importance of 

interference is dedicated in Chapter 3. To solve the consequent interference between RF 

switches, Chapter 4 reveals a solution of above-Si through Back-end-of-line (BEOL) metal 

wall which suppress the crosstalk a lot. Chapter 5 describes a comprehensive study of ESD 

consideration with different protection model, Human Body Model (HBM) and Charged 

Device Model (CDM). Overshoot issue induced from diode-based structures under CDM 

ultra-fast pulse is analyzed with TCAD simulation and very fast transmission line pulse  

(VFTLP) measurements. The parasitic effects induced by ESD protections severely 
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damage the performance of RFICs especially at high frequency, high data rate 

circumstances. This results a discussion about an enhance method of accurate parasitic 

extraction and parasitic effects to mm-wave RFICs in Chapter 6, followed by the 

conclusion.  
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Chapter 2  Background of 5G RFICs 

2.1 What is 5G?  

5th generation mobile networks, abbreviated 5G, are the proposed next 

telecommunications standards beyond the current 4G/IMT-advanced standards aiming at 

higher capacity, density of mobile broadband users, and supporting device-to-device, ultra-

reliable, and massive machine communications. The technologies to be used in 5G are still 

being defined, but there are many details on which everyone agrees. Lots of companies, 

research institutions and even governments are cooperating and pushing forward the 

research and development of 5G standards and technologies. [3]–[7]  

5G network will use a type of encoding called Orthogonal Frequency Division 

Multiplexing (OFDM), which is similar to the encoding that LTE uses. The air interface 

will be designed for much lower latency and greater flexibility than LTE, though.  

The new networks will predominantly use very high frequencies that can transmit huge 

amounts of data, but only a few blocks at a time. The standard will work all the way from 

low frequencies to high, but it gets the most benefit over 4G at higher frequencies. 5G may 

also transmit data over the unlicensed frequencies currently used for Wi-Fi, without 

conflicting with existing Wi-Fi networks.  

5G networks are much more likely to be networks of small cells, even down to the size 

of home routers, than to be huge towers radiating great distances. Some of that is because 

of the nature of the frequencies used, but a lot of that is to expand network capacity. So 5G 

networks need to be much smarter than previous systems, as they’re juggling many more, 

smaller cells that can change size and shapes. But even with existing macro cells, 5G will 
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be able to boost capacity by four times over current systems by leveraging wider 

bandwidths and advanced antenna technologies. Here are some use cases and requirements 

mentioned in NGMN 5G white paper [4].  

2.1.1 Use Cases 

The user cases are more complicated in 5G technology which can be divided into 8 

groups showed in Figure 4.  

1) Broadband Access in Dense Areas  

This family highlights the broad range of growing and new use cases of the fully 

connected society. The focus is service availability in densely-populated areas (e.g., multi-

store buildings, dense urban city centers or events), where thousands of people per square 

kilometer (km2) live and/or work. Communications are expected to be pervasive and part 

of everyday life. Augmented reality, multi-user interaction, three-dimensional (3D) 

services will be among the services which play an increasingly significant role in the 2020+ 

 
Figure 4  5th generation mobile networks user cases  
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timeframe. Context recognition will be an essential aspect, at the network edge (i.e. close 

to the user), ensuring delivery of consistent and personalized services to the customers.  

This family includes the following use cases: pervasive video, smart office, operator 

cloud services, photo sharing in stadium and open-air gathering.  

2) Broadband Access Everywhere  

This family highlights the need to provide access to broadband service everywhere, 

including the more challenging situations in terms of coverage (from urban to suburban 

and rural areas). A consistent user experience with respect to throughput needs a minimum 

data rate guaranteed everywhere. Further development of digital inclusion of people living 

in scarcely populated areas and in developing countries requires the infrastructure 

deployment cost to be a key factor in services.  

This family includes the following use cases: 50+ Mbps everywhere and ultra-low-

cost networks.  

3) Higher User Mobility 

Beyond 2020, there will be a growing demand for mobile services in vehicles, trains 

and even aircrafts. While some services are the natural evolution of the existing ones 

(navigation, entertainment, etc.), some others represent completely new scenarios such as 

broadband communication services on commercial aircrafts (e.g., by a hub on board). 

Vehicles will demand enhanced connectivity for in-vehicle entertainment, accessing the 

internet, enhanced navigation through instant and real-time information, autonomous 

driving, safety and vehicle diagnostics. The degree of mobility required (i.e. speed) will 

depend upon the specific use case.  
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This family includes the following use cases: high speed train, remote computing, 

moving hot spots and 3D aircrafts connectivity.  

4) Massive Internet of Things (IoT)  

The vision of 2020 and beyond also includes a great deal of growing use cases with 

massive number of devices (e.g., sensors, actuators and cameras) with a wide range of 

characteristics and demands. This family will include both low-cost/long-range/low-power 

MTC as well as broadband MTC with some characteristics closer to human-type 

communication (HTC).  

This family includes the following use cases: smart wearables (clothes), sensor 

networks and mobile video surveillance.  

5) Extreme Real-t ime Communicat ions  

This family covers use cases which have a strong demand in terms of real-time 

interaction. These demands are use-case specific and, for instance, may require one or more 

attributes such as extremely high throughput, mobility, critical reliability, etc. For example, 

the autonomous driving use case that requires ultra-reliable communication may also 

require immediate reaction (based on real-time interaction), to prevent road accidents. 

Others such as remote computing, with stringent latency requirement, may need robust 

communication links with high availability.  

Tactile internet is a typical use case in this family.  

6) Lifeline Communicat ion  
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 Public safety and emergency services that are provided today are continuously 

improving. In addition to new capabilities for authority-to-citizen and citizen-to-authority 

communication for alerting and support, these use cases will evolve to include emerging 

and new applications for authority-to-authority communication, emergency prediction and 

disaster relief. Furthermore, there will be an expectation that the mobile network acts as a 

lifeline, in all situations including times of a more general emergency. Therefore, the use 

cases require a very high level of availability in addition to the ability to support traffic 

surges.  

Natural disaster is one of the use cases in this family.  

7) Ultra-reliable Communicat ions  

The vision of 2020 and beyond suggests not only significant growth in such areas as 

automotive, health and assisted living applications, but a new world in which the industries 

from manufacturing to agriculture rely on reliable MTC. Other applications may involve 

significant growth in remote operation and control that will require extreme low latency as 

well (e.g., enterprise services or critical infrastructure services such as Smart Grid). Many 

of these will have zero to low mobility. 

This family includes many use cases: automated traffic control and driving, 

collaborative robots, eHealth, remote object manipulation, 3D drone connectivity and 

public safety.  

8) Broadcast-like Services  

While personalization of communication will lead to a reducing demand for legacy 

broadcast as deployed today, e.g. linear TV, the fully mobile and connected society will 
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nonetheless need efficient distribution of information from one source to many 

destinations. These services may distribute content as done today (typically only 

downlink), but also provide a feedback channel (uplink) for interactive services or 

acknowledgement information. Both, real-time or non-real time services should be 

possible. Furthermore, such services are well suited to accommodate vertical industries’ 

needs. These services are characterized by having a wide distribution which can be either 

geo-location focused or address-space focused (many end-users).  

This family includes the following use cases: news and information, 

local/regional/national broadcast-like services.  

2.1.2 5G Requirements  

The 5G vision and user cases above result lots of requirements like faster user 

experience, better system performance and massive devices connections.  

1) User Experience  

User experience requirements address the end user’s experience when consuming one 

or more services. User experience will have to be managed in highly heterogeneous 

environments and under different user scenarios/contexts.  

• Consistent User Experience 

The 5G system should be able to deliver a consistent user experience over time for a 

given service everywhere the service is offered. Consistent user experience is defined by 

service-dependent minimum KPIs (e.g. data rate, latency) being met over the service 

coverage area, with a level of variation configurable by the operator. These service-

dependent KPIs are for further study and evaluation, within the NGMN program and 
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elsewhere across the ecosystem, as appropriate. A consistent user experience across time 

and space depends obviously on the technology performance and capabilities, and on the 

operator deployment. The requirements address only the technology performance and 

capabilities.  

• User Experienced Data Rate 

Data rate requirements are expressed in terms of user experienced data rate, measured 

in bit/s at the application layer. The required user experienced data rate should be available 

in at least 95% of the locations (including at the cell-edge) for at least 95% of the time 

within the considered environment. The user experienced data rate requirement depends 

on the targeted application/use case. It is set as the minimum user experienced data rate 

required for the user to get a quality experience of the targeted application/use case. 

Use case specific user experienced data rates up to 1 Gb/s should be supported in some 

specific environments, like indoor offices, while at least 50 Mb/s shall be available 

everywhere cost effectively. Use case specific user experienced data rate requirements are 

specified in Table 2-1.  

 
Table 2-1  User experience of data rate, latency and mobility under different user cases 

 

Use Case Data Rate Latency (E2E) Mobility

Broadband access 

in dense areas

DL: 300 Mbps

UL: 50 Mbps
10 ms 0 - 100 km/h

Indoor ultra-high 

broadband access

DL: 1 Gbps

UL: 500 Mbps
10 ms Pedestrain

50+ Mbps 

everywhere

DL: 50 Mbps

UL: 25 Mbps
10 ms 0 - 500 km/h

Airplanes 

Connectivity

DL: 15 Mbps

UL: 7.5 Mbps
10 ms Up to 1000 km/h

Ultra-low latency
DL: 50 Mbps

UL: 25 Mbps
<1 ms Pedestrain

Broadcast like 

services

DL: Up to 200 Mbps

UL: Modest (e.g. 500 kbps)
<100 ms 0 - 500 km/h
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• Latency 

When considering latency requirements, the following metrics are considered: 

End to End (E2E) Latency: Measures the duration between the transmission of a small 

data packet from the application layer at the source node and the successful reception at 

the application layer at the destination node plus the equivalent time needed to carry the 

response back.  

User Plane Latency: Measures the time it takes to transfer a small data packet from 

user terminal to the Layer 2 / Layer 3 interface of the 5G system destination node, plus the 

equivalent time needed to carry the response back.  

The E2E latency is the latency perceived by the end user. It accounts for the time 

needed for the data packet to cross all the nodes up to the application server and back, 

which includes nodes of the 5G system and nodes potentially outside the 5G system. In 

contrast, the user plane latency is limited to the 5G system only. Both latency metrics 

approximately coincide when the application server is located within the 5G system. In the 

latter case, the latency is minimized when the application server is co- located with a radio 

node, e.g., the radio base station or another user terminal (for the case of device-to- device, 

D2D, communication). As a result, the requirements on minimum latency are expressed in 

terms of E2E latency.  

The 5G system should be able to provide 10ms E2E latency in general and 1ms E2E 

latency for the use cases which require extremely low latency. Note these latency targets 

assume the application layer processing time is negligible to the delay introduced by 
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transport and switching. Use case specific E2E latency requirements are specified in Table 

2-1.  

The 5G system should also give the end user the perception of being always connected. 

The establishment of the initial access to the network (or status change from idle state to 

connected) should then be instantaneous from the end user perspective.  

• Mobility 

Mobility refers to the system’s ability to provide seamless service experience to users 

that are moving. In addition to mobile users, the identified 5G use cases show that 5G 

networks will have to support an increasingly large segment of static and nomadic 

users/devices. 5G solutions therefore should not assume mobility support for all devices 

and services but rather provide mobility on demand only to those devices and services that 

need it. In other words, mobility on demand should be supported, ranging from very high 

mobility, such as high-speed trains/airplanes, to low mobility or stationary devices such as 

smart meters.  

The mobility requirements are expressed in terms of the relative speed between the 

user and the network edge, at which consistent user experience should be ensured (see 

Consistent User Experience requirement). Use case specific mobility requirements are 

specified in Table 2-1.  

2) System Performance  

System performance requirements define the system capabilities needed to satisfy the 

variety and variability of users and use cases.  

• Connection Density 
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Up to several hundred thousand simultaneous active connections per square kilometre 

shall be supported for massive sensor deployments. Here, active means the devices are 

exchanging data with the network. Note this KPI assumes a single operator in the 

considered area.  

• Traffic Density 

The 5G network should be able to serve massive number of HTC and MTC devices. 

In the extreme cases:  

a) Data rates of several tens of Mb/s should be supported for tens of thousands of 

users in crowded areas, such as stadiums or open-air festivals.  

b) 1Gb/s to be offered simultaneously to tens of workers in the same office floor.  

Traffic Density measured in bit/s/m2 is defined as the total amount of traffic 

exchanged by all devices over the considered area. The KPI requirement on the minimum 

Traffic Volume Density / Areal Capacity for a given use case is given by the product: 

[required user experienced data rate] x [required connection density]. For the sake of 

defining this KPI, a single operator is considered in the considered area.  

• Spectrum Efficiency 

Spectrum efficiency should be significantly enhanced compared to 4G in order for the 

operators to sustain such huge traffic demands under spectrum constraints, while keeping 

the number of sites reasonable. Spectrum efficiency improvements should apply in both 

small and wide area cells, in both low and high frequency bands, in both high and low 

mobility scenarios. 



 17 

In particular the average spectrum efficiency (measured in bit/s/Hz/cell) and the cell-

edge spectrum efficiency (measured in bit/s/Hz/user) should be improved. 

• Coverage 

The 5G technology should allow the data rates requirements to be achieved in rural 

areas with only the current grid of macro sites. The coverage requirement for other 

environments is for further study, within the NGMN program, and elsewhere, as 

appropriate.  

• Resource and Signaling Efficiency 

Signaling efficiency should be enhanced, so that the related radio resource and energy 

consumption are minimized and justified by the application needs. More specifically, 

network function specific signaling should only be transmitted when needed. In this 

context, user end (UE) capability handling should also be designed for network flexibility 

and scalability. 

For certain IoT/MTC applications, additional measures should be considered to avoid 

a surge by volume in case a large number of devices attempt to access the network 

simultaneously.  

3) Device Requirements  

Smart devices in the 5G era will grow in capability and complexity as both the 

hardware and software, and particularly the operating system will continue to evolve. They 

may also in some cases become active relays to other devices, or support network-

controlled device-to-device communication.  

• Operator Control Capabilities on Devices 
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5G terminals should have a high degree of programmability and configurability by the 

network, for example in terms of terminal capabilities, access technology used, transport 

protocol used and certain lower layer functions (e.g. error control schemes). This will 

enable efficient logical division for different services (slicing) while removing dependency 

on terminal type. 

In particular, flexible and dynamic UE capability handling should be assured. This 

would allow the network or the UE to choose one of the profiles depending on quality of 

service (QoS) needs, radio node capability and/or radio conditions. 

The 5G devices should provide the capability to operators to check the hardware and 

software platform configuration over the air, the capability to update the smart device’s 

operating system over the air, and the ability to diagnose the malfunction of devices or 

malware in smart device plus the ability to fix the problems or update device software that 

affect end user experience or overall network performance. 

Operators shall be able to retrieve network as well as service-related performance data 

(e.g., voice call drops, handover failure, network registration failure, and instantaneous 

throughput) from the UE in order to collect information on real-life operation and use them 

as an input for service experience optimization and customer care. 

• Multi-Band-Multi-Mode Support in Devices 

To enable true global roaming capability, smart devices should be able to support 

multiple bands as well as multiple modes (TDD/FDD/mixed). Note that IoT/MTC devices 

which are stationary may not require multiple bands/modes. 
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Furthermore, to achieve the high data rates, devices should be able to use multiple 

bands simultaneously, without impacting the single band performance or network 

performance. 5G terminals shall support aggregation of data flows from different 

technologies and carriers. 

• Device Power Efficiency 

Battery life shall be significantly increased: at least 3 days for a smartphone, and up to 

15 years for a low-cost MTC device. 

• Resource and Signaling Efficiency 

At the device side, the resource and signaling efficiency requirement is even more 

crucial as frequent signaling has a significant impact on the battery life.  

2.2 Front End Introduction 

2.2.1 Radio Frequency Front End (RFFE) Module Basic  

All RF signal transceivers including Wi-Fi, Bluetooth, Cellular and GPS needs a front-

end module which is a generic term for all the circuitry between the antenna up to and 

 
Figure 5  RF front end module of mobile phones (simplified) 

 

RF Front End Module
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sometimes including the mixer stage. It consists of all components in the receiver that 

process the signal at the original incoming modulated RF signal until demodulator and in 

the transmitter that process the modulated intermediate frequency (IF) to antenna(s). Figure 

5 shows the simplified cellular transceiver including the RFFE which contains the basic 

components such as switch, filter, low noise amplifier, power amplifier, mixer and so on.  

 Reaching to 4G network, the RFFE module has been more complicate with massive 

bands and diversity antennas. An example of multi-bands multi-modes transceiver with 

diversity antenna is revealed in Figure 6 which is already widely used in normal cell 

phones. Even the WiFi front end also has more components due to the higher requirements 

 
Figure 6  RFFR module of Smartphone using discrete switches or Antenna Switch Modules 

(ASMs) 
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of network speed and higher frequency bands. Figure 7 indicates a front-end module of 

dual-band WiFi for 802.11 a/b/g/n/ac standards.  

As we can see, though the basic topology of RFFE module doesn’t change a lot, due 

to the development of process and filter technology, more complex structure covering 

multiple bands will be used for future application. The multi antennas front end required 

by MIMO application have forced more RFFE modules in a single chip.  

2.2.2 5G RFFE Vision  

5G mobile communications will need to accommodate huge traffic demands in the 

near future. Massive MIMO technology utilizing hundreds of antenna elements has drawn 

attention as a key antenna configuration for envisioned 5G applications. Realizing the 

 
Figure 7  802.11 a/b/g/n/ac dual-band WiFi front end components 
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massive multi-input-multi-output (MIMO) concept of active phased-array antennas 

(APAAs) for 5G will require small-size, low-power-consumption, and highly accurate 

phase control over the wide-hand frequency range, which poses significant challenges for 

the RF front end [8]. As one of the most important block, RFFE requires more devices and 

terminals capability which also needs higher speed. More bands and channels are needed 

to achieve it which results more complicate front-end. Massive MIMO with antenna array 

and multi-band-multi-mode (MBMM) with a lot more branches in a single device even in 

a single chip are predictable. Although, the final standards of 5G is not settled, some topics 

can be expected such as wideband power amplifier (PA) and low noise amplifier (LNA), 

multi-pole-multi-threw switch, diplexer, duplexer and massive RF path integration like the 

RFFE 5G beamforming module in Figure 8 [9].  

What’s more, higher frequency should be exploited. In some researches recently [7], 

28GHz and 38GHz bands may be a great choice for 5G application and the U.S. Federal 

Communications Commission (FCC) approved the spectrum for 5G, including the 28GHz, 

37 GHz and 39 GHz bands showed in Figure 9, on July 14, 2016 [10]–[12]. From Figure 

 
Figure 8  Block diagram of 5G user equipment front end wireless system architecture.  
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10, we could see that the rain attenuation and atmospheric absorption are not bad as other 

mm-wave frequency and those may be a good choice for 5G transmission. Recent studies 

suggest that mm-wave frequencies could be used to augment the currently saturated 

700MHz to 2.6GHz radio spectrum bands for wireless communications with a much higher 

data rate. 5GHz bands has been used for Wi-Fi communication already together with 2x2 

MIMO routers which includes two or more antennas inside. With the help of multi-

antennas structure, beam forming technology which achieves better signal strength at some 

specific spots gives the user end a higher data speed with same receiving device. The 

combination of cost-effective CMOS technology that can now operate well into the mm-

wave frequency bands, and high-gain, steerable antennas at the mobile and base station, 

strengthens the viability of mm-wave wireless communications. Further, mm-wave carrier 

frequencies allow for larger bandwidth allocations, which translate directly to higher data 

transfer rates. Mm-wave spectrum would allow service providers to significantly expand 

the channel bandwidth far beyond the present 20MHz channels used by 4G customers. By 

increasing the RF channel bandwidth for mobile radio channels, the data capacity is greatly 

 
Figure 9  FFC approved mm-wave bands for 5G research.  
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increased, while the latency for digital traffic is greatly decreased, thus supporting much 

better internet-based access and applications that require minimal latency such as 

automotive. Mm-wave frequencies, due to the much smaller wavelength, may exploit 

polarization and new spatial processing techniques, such as massive MIMO and adaptive 

beamforming. The integration will be easier due to the smaller size of antennas.  

As a result, for the blocks in front-end, working at mm-wave frequency and multi-

blocks in a single die will be a challenge to achieve 5G requirements. How to deal with the 

sensitive capacitance and inductance under high frequency level and how to achieve multi-

blocks without interference between them will be important. Nowadays, with the blowout 

of 5G developments, researches are paying more attention to solve those issues with 

different design topologies and different materials [13]. 

2.3 RF Switch for 5G Application  

As we know, an RF switch is a device to route high frequency signals through 

transmission path. It’s an important block inside all RFFE for the use of antenna switch 

which change the path from antenna to different transceiver, band switch which change the 

 
Figure 10  mm-wave attenuation in rain (left) and atmosphere (right).  
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signal from one band to another and transmitter/receiver (T/Rx) switch which change the 

direction of signal. Different application has different requirements. For antenna switch, 

power handling capability is the toughest parameter with considering of ESD pulse from 

antenna end. But as band switch, signal pole multiple throw (SPnT) (n sometime is >10) 

allow a single antenna to cover all bands for different carriers. The T/Rx switch on the 

other hand requires higher switching speed which can handle the data switching rate of 

time division duplex (TDD). RF switches can be simply categorized into two equally 

mainstream and essential groups: electromechanical switches and solid-state switches. 

Electromechanical switches are based on the simple theory of electromagnetic induction. 

They rely on mechanical contacts as their switching mechanism. A solid-state switch is an 

electronic switching device based on semiconductor technology (e. g. MOSFET, PIN 

diode). It functions similarly to an electromechanical switch except that it has no moving 

parts. The advantages of solid state switch using MOSFET for RF application are evident 

with its high speed and compatibility with integrated circuits.  

 
Figure 11 Recent research shows great isolation, insertion loss and return loss are hard to 

achieve at mm-wave frequency.  
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When reaching 5G technology like massive MIMO/MBMM applications, the switch 

design is more critical due to the interference between each branch. This directly effects 

the most important performance like insertion loss (IL) and isolation (Iso) which shows the 

ratio of output power and input power with ON (IL) and OFF (Iso) state. To handle the 

high power on each branch side, a more efficient structure is needed to reduce the size and 

cost of each switch.  

What’s more, higher frequency range up to mm-wave bands are also becoming a 

challenge to the topology of switch structures and performance. Normal series-shunt switch 

can only handle the frequency lower than 10GHz, poor insertion loss, return loss and 

isolation will be found at that mm-wave range. How to meet the same or even more 

specifications as 4G LTE standard under high frequency bands are still under research. 

Figure 11 shows a recent research about RF switch at 28GHz band [14].   

2.4 45nm silicon-on-insulator (SOI) technology 

Global Foundries 45nm SOI CMOS technology delivers outstanding power & 

performance for a broad range of applications [15]. With their 6th generation of leading-

edge SOI technology, the significant transistor performance especially the lower junction 

capacitance and power improvement over traditional bulk technology are achieved. There 

are several advantages associated with the elimination of junction isolation that is no N or 

P wells. For the partially depleted floating body device there isn’t a path for the leakage 

current. Additionally, the elimination of the N-well removes the N-well proximity effect 

from the FET models and the shallow STI reduces the stress effects. Last but not the least, 

with SOI, the floating body voltage is a function of applied S/D voltages and prior 
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operation, this can be used to advantage to reduce switching time and reduce the voltage 

drop across pass gate and source follower circuits. Compared to a bulk technology, there 

are several benefits of SOI such as the reduction of the S/D capacitance which improves 

the technologies power performance. And bulk analog circuits share the same substrate and 

there will be coupling through the substrate as an interference. This can be minimized by 

region substrate contacts and high resistivity silicon, but in SOI this coupling is virtually 

eliminated by the isolation provided by the BOX and shallow trench isolation (STI). A 

typical NMOS cross-section is showed in figure 12.  

This leading-edge SOI technology gives a potential application for ultra-high 

frequency, low cross-talk RFIC design especially for RF switch due to its high-speed 

response, good power capability, reduced capacitance and great isolation techniques.  

  

 
Figure 12  Simulated doping profile of a 45nm asymmetric (AFET) NMOS device.  
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Chapter 3 RF Switch Array  

Wireless revolution is around the corner. 5G cellular technology will ensure ultra-high 

data rates and broad coverage over hot spots at lower latency, power and costs as mentioned 

above [16]. And internet of things (IoT) requires massive wireless networks to link 

everything together each of which needs RF blocks to communicate. The corner-stone 

wireless technologies (e.g., 4G/5G, WiFi, GPS) involve plenty frequency bands that are 

aggregated together such as 4G/LTE uses 70 bands covering 450MHz to 6GHz.  On 

another word, many-band RF chips involving aggregation, noise/interference coupling 

among different circuit blocks is a major challenge in RF IC designs. For example, a MIMO 

network uses many RF switches to select antennas, Tx/Rx circuits and frequency bands 

[17]. An integrated massive switch structure like an array is a key RF IC block for to 

wireless aggregation where inter/inner-band interferences are more severe that must be 

addressed using various noise isolation techniques. For RFICs design, SOI CMOS is 

superior to bulk CMOS due to its unique features, e.g., lower parasitic and better noise 

isolation [18], [19]. For RF switch design, a series-shunt topology is commonly used where 

the series and shunt MOSFETs dominate the insertion loss and isolation, respectively [20]. 

The trade-off of width and capacitance to reach better performance is frequency dependent 

and hard to estimate. Circuit techniques, e.g., stacked FETs [21]–[23], gate resistance [24], 

W/L optimization [25] and FFC [26]–[28], are used to enhance insertion loss, isolation and 

linearity. Other noise suppression techniques are substrate isolation and layout 

optimization including better layout floor planning. However, these technologies or design 
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based interference suppression techniques are not sufficient for advanced RF ICs of high 

complexity and integration involving large number of frequency bands.  

This chapter presents a study of interferences inside an RF switch array, aiming to 

understand the design influences on interference characteristics. The 2x2 single-pole 

double/triple-throw (SP2T/SP3T) Tx/Rx band switch array, featuring a series-shunt 

topology with gate resistance and feed-forward capacitance (FFC) and covering low (699-

894MHz) and high (1710-2155MHz) bands showed in Table 3-1, was designed and 

fabricated in a 45nm SOI CMOS. The inter-band and inner-band interferences were 

characterized, which reveals that existing noise isolation techniques, e.g., substrate 

isolation and layout floor planning, are insufficient for interference reduction. It therefore 

calls for novel in-die interference elimination techniques [29].   

3.1 SPnT RF Switch Design  

The series-shunt structure is the most widely used the topology for RF switch design 

due to its wideband balance of insertion loss and isolation. The resistance of each FET 

branch mainly depends on its width. The wider the transistors, the smaller the resistance 

but in the same time higher capacitance from source to drain. So, for the branch which is 

ON, a small resistance of series FET and high impedance of shunt FET are needed to 

Structure Bands & Frequency (MHz) Function 

SPDT 

Band 4 Band 25 (2) 

T/Rx 

Switch 
2110-2155 1930-1995 

1710-1755 1850-1915 

SP3T 

Band 12 (17) Band 13 Band 26 (5) 

Band 

Switch 
729-746 746-756 859-894 

699-716 777-787 814-849 

Table 3-1 2X2 Switch Matrix Frequency bands and function 
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achieve smaller insertion loss.  As a result, we will make the series ones wider than the 

shunt ones. However, for the branch which is OFF, a high impedance with small 

capacitance of series FET and low resistance of shunt FET which connects output and 

ground are required to get a better isolation at OFF output side. At this moment, the series 

part needs smaller width on the contrary. Now, how to balance the performance of insertion 

loss and isolation to meet the specifications depends on the optimization of width.  

Figure 13 shows a basic structure of MOSFET including five parts of capacitance: Cgs, 

Cgd, Csb, Cgb and Cdb. The name of capacitor is based on its connection of source (s), drain 

(d), gate (g) and body (b). In my case, the SOI technology remove the body part replaced 

by BOX which is an insulator. So, the parasitic capacitance can be simplified to Cgs and 

Cgd. The value of each capacitors is related to the thickness of oxide, the length and width 

of gate and body process. And all those capacitors can pass AC signal from one side to 

another. The higher the frequency, the less the impedance. So, let’s assume the control gate 

of an OFF-state transistor is connected to ground. At 2GHz RF frequency, the signal will 

quickly leak to ground from the drain side through the gate capacitance.  

 

Figure 13 Basic parasitic capacitance from a simple MOSFET.  
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As a result, a very basic technique called high gate resistance which can make the gate 

side AC floating. The big resistor can block the AC signal from drain side to DC control 

side which looks like a ground for AC signal. But the DC voltage can still be delivered to 

the gate due to the almost infinity gate resistance. With Cgs and Cds, the AC signal voltage 

will almost evenly drop from drain, gate and source. On another word, the gate voltage will 

be in the middle of drain and source. Adding RG allows the gate-source and gate-drain 

capacitance to keep the gate to channel voltage nearly constant during the signal period. 

But it will limit the switching speed. The simplified model is showed in Figure 14 of 

ON/OFF state.  

Another thing is power handling capability. The output power from transmitter side 

from antenna can reach about 23dBm based on 4G/LTE standard. To handle this high 

power, all transistors must be strong enough to tolerate the voltage drop from output to 

ground. This not only requires a high trigger voltage FET and needs to use stacked 

structures to evenly distribute the voltage. All RF signal crossing the FET’s source and 

drain are AC which means the power can jump across each stack through the gates. As an 

example, assuming 6V peak to peak AC signal is applied to an OFF stacked FETs. If the 

stack number is 6, each stack will evenly distribute 1V from its drain to source. With gate 

 
Figure 14 Basic model of simple NMOS switch during ON/OFF-state   
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floating technique, the voltage from source to gate can reach about 0.5V which can easily 

turns-on most of the FETs with modern technology. Figure 15 shows the voltage on drain 

and gate when a sinusoidal AC voltage applied to a gate biased MOSFET. So, the stack 

number must be large enough to make sure the voltage distribution on Vgs of each FET 

must be smaller than turn-on threshold voltage (Vth).  

The threshold voltage of our 45nm technology is about 0.225V which results Vpeak/2N 

must less than 0.225V. If the switch needs to handle 23dBm Tx output, the peak voltage 

can reach 4.525V. So, 𝑁 >
4.525

2×0.225
≈ 10.04. At least 10 stacks of FETs are required and 

the resistance from source to drain is not that linear when VGS approaching 0.225V. So the 

final stack number is set to 12 to make sure the P1dB is about 30dBm based on the 

simulation which gives enough margin for layout and fabrication.  

What’s more, another technique used in my multi-stacks switch design is feed forward 

capacitors. The voltage distribution is not evenly because the high frequency sinusoid 

signal can’t give enough time for balancing each stack. As a result, two ends of stacked 

 

Figure 15 Gate voltage changing with drain side input when AC floating.  
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MOSFETs will suffer more voltage swing cross them with positive and negative signal. 

Figure 16 depicts the voltage distribution when a positive sine voltage applied to 10 stacks 

of FETs with/without FFC.  

Two frequency levels (low: 750MHz and high: 2GHz) are optimized based on a series 

of simulation and trade-off. The final design parameters of two RF T/Rx SPDT/SP3T 

switches are listed in Table 3-2 and the simplified schematic are showed in Figure 17.  

      

Figure 16 Voltage distribution of stacked NMOS with/without FFC.   

  

Purpose 
Stack 

Number 
Width 
(um) 

RG  
(Ω) 

FFC 
(fF) 

High 
Band 

Series 12 451.44 12K 20 

Shunt 12 351.12 14K 20 

Low 
Band 

Series 12 802.56 18K 20 

Shunt 12 451.44 20K 20 

Table 3-2 Optimized design parameters of high/low bands switches.  

...

1 2 n-1 n

RGFFC

 

In Out

Ctrl1

Ctrl2

Stacked 
FETs

Stacked FETs Structure with FFC & RG

Ctrl

 
Figure 17 Simplified switch schematics of series-shunt, gate resistance, stacked FETs 

and FFC techniques.    
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The simulated performance of high band (1710MHz to 2155MHz) including insertion 

loss, isolation and 1dB compression point (P1dB) are showed in Figure 18-20. At 2GHz 

point, the insertion loss is ~1.082dB and the isolation is ~73.2dB with ~33dBm P1dB.  

      

Figure 18 Insertion loss of high band T/Rx SPDT switch.   

  

Figure 19 Isolation of high band T/Rx SPDT switch.   

  

Figure 20 Input and output power of high band T/Rx SPDT switch at 2GHz.   
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The simulated performance of low band (699MHz to 894MHz) including insertion 

loss, isolation and 1dB compression point (P1dB) are showed in Figure 21-23. At 750MHz 

point, the insertion loss is ~0.731dB and the isolation is ~76.3dB with ~32dBm P1dB.  

 

Figure 21 Insertion loss of low band T/Rx SP3T switch.   

 

Figure 22 Isolation of low band T/Rx SP3T switch.   

  

Figure 23 Input and output power of low band T/Rx SP3T switch at 750MHz.   
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3.2 Switch Array and Interference 

To investigate the design influences (i.e., layout floor planning) on interference 

suppression, a 2X2 RF switch array was designed in 45nm SOI CMOS using the switches 

for 4G/LTE bands above. Two low band SP3T switch and two high band SPDT switch are 

used to demonstrate the layout induced interference for 4x4 MIMO applications. Each 

T/Rx switch can be used to connect the antenna and the interference from each side will be 

a severe damage for RF transceiver performance.  

Figure 24 shows the two design splits used to analyze the layout effects of interference 

reduction in 2X2 switch array. H1/2 are the high band switches working at 2GHz level and 

 

 

 
Figure 24 The 2x2 switch array design splits including layout, die photo and testing board 

photo. 
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L1/2 are the low band switches working at 750MHz level. The die photo and testing printed 

circuit board (PCB) are showed below. The interconnects transmission lines are optimized 

to 50Ohm. The die is attached to PCB using conducting tape and manually wire bonding 

using aluminum wire.  

Interference, due to inevitable parasitic capacitance and EM crosstalk, is a major 

challenge to RF IC designs. Particularly, interferences between RF switches on a die can 

seriously affect RF IC performance. For example, in a MIMO SoC, high signal power in 

Tx channel will leak through switches to other branches in Rx mode who is extremely 

sensitive, resulting in performance degradation. Common interference suppression 

techniques exist. At technology level, techniques include using high-resistance substrates, 

guard rings, trench isolation, SOI, etc. At design level, the most commonly used technique 

may be careful layout floor planning where noisy elements are placed away from sensitive 

elements. However, the layout method is entirely limited by the chip size and complexity. 

In addition, entirely limited by the chip size and complexity. In addition, the distance based 

technique may not work in some designs. To investigate the effectiveness of the floorplan-

based interference suppression technique for noise-sensitive RF ICs, a design split plan 

was used based on the 2X2 switch array in this work. Fig. 2 shows the design plan 

consisting of two layout splits, each has two high-band and two low-band switches that are 

placed at different locations on the dies.  

3.3 Measurements and Discussion 

The RF specifications including insertion loss and isolation of individual switches 

were measured using Agilent N5812A vector Network Analyzer. The control voltage of 
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ON-state and OFF-state are 1V/0V with power supply. Figure 25 presents measured PCB-

level isolation and insertion loss showing IL of 2.4dB and Iso of 44.5dB at 750MHz for a 

SP3T band switch, and IL of 3.2dB and isolation of 43.4dB at 2GHz for a high-band SPDT 

T/Rx switch. The performance is degraded because of the mismatching from PCB 

interconnection, wire bond and SMA connector. Based on our GSG probe testing of other 

designs, at least 1.5dB insertion loss degradation and about 5dB isolation improvement can 

be found from parasitic effects.  

The interference was characterized using Agilent E8363B spectrum analyzer with 0dB 

input signals at 2GHz and 750MHz. To evaluate the interferences with different distance 

and frequency, two splits showed before were used with different layout floorplans. Figure 

 

 

Figure 25 Measured S21 (Insertion loss for ON-state/Isolation for OFF-state) for the individual 

switches at PCB level 
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26 shows the measured inter-band (different frequency bands’ switches) and inner-band 

(same band’s switches) interference with 2GHz input signal. Same testing was duplicated 

at 750MHz. The inter-band interferences were measured using Split 1 where the output of 

the high-band SPDT (H2) affects the two low-band SP3T switches at different distances, 

i.e., L1 next to H2 for shorter distance (Near) and L2 at the diagonal for longer distance 

(Far). It shows that a longer distance helps to reduce interference by ~3.57dB. On the other 

hand, the inner-band interferences were measured for the high-band switch pairs, H1 and 

H2, on Split 1 and Split 2 with different distances, i.e., Near case for H1 and H2 on Split 

 

 

Figure 26 Measured inter/inner-band interference under 0dBm input at 2GHz shows varying 

interference suppression related to the layout distances of different switches 
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1, and Far case for H1 and H2 on Split 1 and Split 2, respectively. Measurement shows an 

interference reduction of ~2.55dB. Table 3-3 summaries the improvement of layout 

floorplan technique which helps to reduce inter-band and inter-band interferences: a good 

reduction of 8.59dB was achieved for 750MHz signal input, while a small reduction of 

2.55dB for 2GHz case. The results depict that while the layout technique (distance 

optimization) is useful in interference suppression in some case with low frequency, it is 

absolutely insufficient for the RF front end blocks like switches especially when multiple 

switches (switch array) in a single chip where the interferences after using both technology 

techniques (45nm SOI with shallow trench isolation) and design techniques (floor-

planning) is still too high, unacceptable to complex multi-band RF ICs. To attack this noise 

isolation challenge, we devised a novel through-BEOL metal wall structure for interference 

isolation in next chapter that was validated at circuit level using T/Rx antenna switch.  

  

 

Input Signal Distance Inner-band Inter-band 

2GHz 

Far (dBm) -31.875 -29.251 

Close (dBm) -29.325 -25.683 

Suppression (dB) 2.55 3.568 

750MHz 

Far (dBm) -29.197 -43.244 

Close (dBm) -25.705 -34.655 

Suppression (dB) 3.492 8.589 

Table 3-3 Interference in 2X2 switch array with different layout floorplans.  
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Chapter 4 RF Flying Crosstalk Suppression 

 Crosstalk of noises or interferences via conductive semiconductor substrates (e.g., 

silicon) has been a major design challenge, particularly for noise-sensitive RF, and analog 

and mixed-signal (AMS) integrated circuits (ICs). While silicon-based CMOS ICs 

continuously benefit from aggressive scaling down at a pace of Moore’s Law for more than 

fifty years, the global crosstalk problem has become increasingly severe for larger and 

more complex systems-on-a-chip (SoC) designed in advanced CMOS technologies [29]. 

Over years, substantial research efforts have been devoted to developing various on-chip 

noise reduction techniques in CMOS. As mentioned in Chapter 2, Silicon-on-insulator 

(SOI) technology can reduce substrate noise coupling utilizing features such as shallow 

trench isolation (STI), buried oxide (BOX) layer, high resistive (HR) substrate and in-

substrate buried isolation ring (BI ring), making it attractive to RF and AMS ICs [27], [30]. 

Various in-silicon noise isolation techniques have been used in CMOS, e.g., guard ring, 

oxide trench, porous Si trench, decoupling by-pass capacitor, shielding ground and buried 

ground plane[31]–[37]. Many exotic means were also reported to reduce in-silicon 

crosstalk. For example, trap-rich substrates were reported to reduce crosstalk induced by 

the under-BOX parasitic surface conduction effect in SOI CMOS [38]–[40]. A Faraday 

cage made of metal-filled trench by microelectromechanical system (MEMS) process was 

reported that requires creating a deep local cavity in the wafer backside [41]. A poly-Si 

filled trench cage in SOI was reported that requires bonding a Si handle wafer [42]. A 

dotted Cu-filled trench cage formed by through-Si vias (TSV) that also requires wafer 
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backside etching to form a local cavity was reported [43], [44]. Unfortunately, these exotic 

crosstalk reduction techniques are impractical to foundry CMOS technologies.  

Recent studies reveal that, with various in-substrate (in-Si) crosstalk-reduction 

techniques in use, the through-Si-substrate noise coupling problem has been greatly 

alleviated. Instead, the above-Si-substrate “flying crosstalk”, defined as the noise coupling 

effect through the back-end-of-line (BEOL) stacks (above silicon) in CMOS emerges as 

the dominating global crosstalk problem. A simplified electromagnetic (EM) field 

simulation was conducted to show that the above-Si in BEOL flying crosstalk is becoming 

dominating in SOI CMOS. As shown in Fig. 27 for a simple EM simulation deck, two 

structures were simulated for crosstalk: on for Si substrate only and the other on has a full 

 

Figure 27 A simplified EM simulation to compare through-BEOL flying crosstalk with in-Si crosstalk in 

a 45nm SOI CMOS platform  

 
Figure 28 EM simulation results of the two cases: In-Si and From BEOL (Flying Crosstalk)   
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BEOL stacks as in a SOI CMOS process. The BEOL stack has a complex metal 

interconnect pattern with 10 Cu layers in this 45nm SOI CMOS process. EM simulation 

shows that the crosstalk through the BEOL stack above the Si substrate is dominating over 

its through-substrate counterpart as shown in Fig. 28. Specifically, at 2GHz, the in-Si 

crosstalk through the substrate is only about 1/500000 of the total global crosstalk, which 

is dominated by the through-BEOL flying crosstalk. Two factors were considered in this 

simulation comparison. First, while real-world ICs may have almost unlimited back-end 

design variations, in this EM simulation, we chose a simple case in a 45nm SOI CMOS 

featuring 10 metal layers and used a dummy random metal interconnect stacks to mimic 

complex metal interconnects layout designs. The 45nm SOI CMOS features a thin active 

Si layer of 80nm and a BOX layer of 145nm. The BEOL stack is about 11.3µm thick 

containing 10 metal interconnect layers.  Second, the absolute values of the EM simulation 

may not be very accurate because the details of the BEOL stacks are foundry-confidential 

that is not available to us. Nevertheless, this simplified EM simulation shall be good for a 

comparison study, which roughly reflects the real-world observation that substantial 

crosstalk still exists even after using all kinds of conventional in-Si noise isolation 

structures commonly provided by a foundry. 

The severity of the flying crosstalk is attributed to the massive scale of and complex 

metal interconnects in the BEOL stacks on IC chips, particularly for today’s large and 

sophisticated RF/AMS SoC chips implemented in SOI CMOS where the active Si layer is 

typically less than 150nm and the through-substrate crosstalk can readily be suppressed 

using various in-Si noise reduction techniques. This above-silicon flying crosstalk problem 



 44 

will particularly be a killing global interference challenge to advanced RF SoCs for fifth-

generation (5G) global smartphones, which will operate in more than 40 frequency bands, 

and be implemented in a 7nm CMOS using reach to 18 copper metal layers to interconnect 

more than 5 billon transistors on one Si chip. Therefore, it is imperative to develop novel 

and disruptive in-die global noise isolation techniques to attack this ever-increasing above-

Si flying crosstalk challenge for future RF/AMS ICs, which cannot be addressed by any 

existing in-Si noise isolation techniques.  

4.1 Interference Suppression Using Metal Wall  

Electromagnetic waves can travel through media. The coupling effect of unwanted RF 

noises, or interferences, through the thick BEOL stacks in CMOS ICs can be greatly 

exacerbated by the complex multi-layer metal interconnects on a chip, resulting in 

significant global flying crosstalk. We introduce a disruptive concept of in-die through-

BEOL metal wall technique to suppress the RF flying crosstalk above an IC substrate, 

which was validated using a set of RF switch circuits implemented in a foundry 45nm SOI 

 
Figure 29 X-section illustration of new in-BEOL metal wall flying crosstalk suppression structure applied 

to RF T/Rx switches in a 45nm SOI CMOS.    
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CMOS technology. Fig. 29 depicts the through-BEOL metal wall structure in a SOI CMOS 

process. Briefly, circuit blocks are noise-isolated by a metal wall, closed or unclosed as 

needed, formed by selectively etching a trench into the BEOL stack that is then filled with 

metal. According the electromagnetic (EM) theory, the outgoing or incoming RF noises 

can be substantially blocked by the properly designed metal walls, hence isolating RF 

circuit blocks from each other on a single chip. The efficiency of flying crosstalk isolation 

is determined by several factors, including the type of metal and its formation process, 

dimensions (e.g., width), layout (e.g., single or multiple walls, and the spacing between the 

walls if using multiple metal walls) and shape (closed or unclosed) of metal walls. EM field 

simulation serves to guide the design of a metal wall to optimize the crosstalk isolation 

efficiency. Uniquely, the new concept was proposed with CMOS process compatibility in 

mind to ensure foundry manufacturability. Hence, a new process module was developed to 

make the through-BEOL metal walls in standard CMOS platforms by a new 3D 

heterogeneous integration flow.  

The key novelty of this through-BEOL metal wall noise-isolation concept is that it can 

be readily implemented in standard CMOS processes through 3D heterogeneous 

integration. Hence, the fabrication processes must be CMOS-compatible without 

introducing many modifications to foundry CMOS processes. For concept demonstration 

purpose and because we cannot ask the foundry to change its SOI CMOS processes, we 

chose to develop a simple post-CMOS process module to make the through-BEOL metal 

wall structures in our cleanroom facility. For simplicity, we chose to use FIB technique for 

deep etching and used silver nanoparticle powder to fill the trenches to form the metal 
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walls. Fig. 30 shows a large die photo for the IC using the inter-switch crosstalk-isolation 

metal wall structure. In this demonstration, a partial metal wall was used per EM 

simulation. In real-world designs, a closed metal wall may be used for enhanced isolation 

of global crosstalk suppression. For foundry production, both design and process 

optimization are needed for making the metal walls. The FIB etching can be replaced by 

high-aspect-ratio etch technique commonly used in standard CMOS processes for etching 

accuracy. A CMOS-friendly metal, other than silver, will likely be used. A standard trench-

filling method, e.g., sputtering, may be use at a foundry to improve the quality of the metal 

walls. An alternative way, sometimes maybe easier to be integrated into a foundry CMOS 

process, is to form a stacked-via metal wall in the back end. The process follows: where 

the noise-isolation metal wall is needed on a die, use standard vias to construct the metal 

wall layer-by-layer by replacing the vias with suitable metal materials selected for making 

the metal wall. Since each layer of vias are fabricated using standard CMOS processes, no 

high-aspect-ratio etching would be needed. A new set of layout design rule may be used to 

make the stacked-via metal walls accordingly. The basic idea of this alternative way is to 

 
Figure 30 A die-scale photo shows the through-BEOL metal wall between the two SPDT switches on a 

chip.   
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use standard CMOS back end processes as much as possible, which could be more 

attractive to the foundries.  

Therefore, the extra process steps needed to make the through-BEOL metal walls must 

be minimized and fully compatible to foundry CMOS processes. The through-BEOL 

crosstalk-isolation metal walls can be formed in two different ways: the first way is that, 

after completion of the BEOL stack in a standard CMOS process, a trench will be formed 

by etching through the full BEOL stack, which is then filled by a specific metal. 

Apparently, high-aspect-ratio etching is critical to deep trench etching and metal filling. 

The second way is to form a stacked-via noise-isolation metal wall, where within the wall 

region, selected metal vias will be converted into a dotted or continuous metal wall in a 

standard CMOS back-end process, hence minimizing any extra process steps needed. 

Either way, the through-BEOL crosstalk-isolation metal walls can be made easily in CMOS 

with limited process modification, hence, suitable for mass production.   

4.2 Implementation in RF Switch Circuits 

The new concept was validated using a set of RF transmitter/receiver (T/Rx) switch 

circuits implemented in a foundry 45nm SOI CMOS, featuring an 80nm thin active Si layer 

on a 145nm BOX layer. Fig. 31 (a) and (b) show the schematics for the single-pole-double-

 
Figure 31 (a) A simplified SPDT switch schematic featuring series-shunt MOSFET topology. (b) Circuit 

features including 12-FET stacks, gate resistor (RG) and feed-forward capacitor (FFC) are used in each 

stack branch. (c) Summary of circuit specifications for the SPDT switches.  
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threw (SPDT) T/Rx switches featuring a series-shunt MOSFET topology, high gate 

resistance, stacked MOSFETs and feed-forward capacitor (FFC) techniques introduced in 

Chapter 3. The SPDT switches were designed for RF SoCs for multi-band global 

smartphones using 4th–generation long-term evolution (4G/LTE) standard, covering the 

LTE bands-2/4/25 of 1710–2155MHz. The 4G/LTE T/Rx switch circuit was selected for 

demonstration because it is extremely sensitive to the inevitable noises on a chip and the 

inter-switch interferences due to its high Tx power. The global crosstalk in general will 

become more severe to RF SoCs for the incoming 5G mobile systems. To handle the Tx 

power of up to 23dBm with non-negative control voltage, 12 MOSFETs are used in the 

MOSFET stacks for both series and shunt branches. Fig. 31 (c) gives the switch design 

parameters optimized for low insertion loss (IL) and high isolation (Iso). The total die area 

of a SPDT is about 0.012mm2 without pads. In this work, inter-switch interference is 

studied for two adjacent switches, depicted in Fig 32, where an incident signal is injected 

into the Input of Switch-A and its output signal leaks into Switch-B. Without any 

 
Figure 32 Layout of the SPDT splits for inter-switch interference study: (a) Original switches (No ISO), 

(b) switches with BI-ring, (c) Die photo for switches using the new in-BEOL metal wall (Metal Wall), also 

same circuits after the trench-etching but before metal-filling (Air Trench).   
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intentional input signal to Switch-B, the Output of Switch-B is monitored for the crosstalk 

coupled from Switch-A. Fig. 32 shows four design splits of Switch-A/B pairs: (1) original 

SPDT without noise isolation (No ISO), (2) using a foundry-provided in-Si buried isolation 

plug ring (BI ring) for noise reduction, (3) using an above-substrate open trench (Air 

Trench), and (4) using the new above-substrate metal wall (Metal Wall). The Metal Wall 

and Air Trench splits, both are through-BEOL structures, are same except that the latter is 

the unfilled trench to be used to make the Metal Wall by filling with silver nano powder in 

our post-fab process. The BEOL stack contains 10 Cu metal interconnect layers and is 

about 11.3µm thick for the 45nm SOI CMOS process used. 

4.3 Measurements and Discussion 

Fig. 33 shows photos of the fabricated SPDT switches featuring a new through-BEOL 

metal wall, including: Split-3, after-trench-etching-no-filling (Air Trench), and Split-4, 

after-filling (Metal Wall). The through-BEOL metal wall is 20µm wide and 15µm deep. 

The filling metal used was silver nano power in this demonstration. The T/Rx switch 

circuits were first optimized by simulation for key parameters including IL, Iso, and 

linearity represented by the 1dB-compression point (P1dB). Interference suppression was 

 
(a)    (b)    (c) 

Figure 33 SEM die photos for the Switch-A/B circuit pair: (a) Switch-A/B pair after trench-etching (20µm 

wide, 15µm deep), (b) Zoom-in for Switch-A/B showing the trench etched, but before metal filling (Air 

Trench split), (c) Zoom-in photo for the trench filled by nano silver powder (Metal Wall split).   
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then studied by EM co-simulation using a field simulator (HFSS) for 3D EM field 

simulation of the through-BEOL metal wall structure and an RF circuit simulator (ADS) 

for switch circuit co-simulation.  

EM co-simulation was used to guide the design of SPDT switch circuits utilizing the 

through-BEOL metal walls for crosstalk isolation. HFSS-ADS co-simulation was 

conducted for the four switch circuit splits as depicted in the main text, i.e., Split-1 (No 

ISO), Split-2 (BI ring), Split-3 (Air Trench) and Split-4 (Metal Wall), designed in a 45nm 

SOI CMOS. Co-simulation was conducted for the switch circuits over a wide frequency 

spectrum of sub-6GHz that was adopted for the next-generation 5G mobile 

communications. Fig. 34 shows that the flying crosstalk is clearly dominating in the RF 

switch circuits designed in the 45nm SOI CMOS that cannot be suppressed by any existing 

in-Si noise-isolation techniques, e.g., using a BI-ring. The Flying crosstalk can be reduced 

 
Figure 34 HFSS-ADS co-simulation of the four switch circuit splits at sub-6GHz frequency.   
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substantially by the Air Trench structure that, however, cannot be used in real-world ICs. 

Co-simulation readily shows that the proposed through-BEOL metal wall structure can 

suppress almost all the flying crosstalk through the BEOL stack above the Si substrate, 

which was confirmed experimentally. First, 3D EM field simulation using HFSS was 

conducted to optimize the through-BEOL metal wall structures for crosstalk isolation 

efficiency, which provides design guidelines for selection of metal materials and process 

method, as well as the dimensions (i.e., width), shapes (e.g., closed or partial wall) and 

layout (e.g., single or double wall, and wall-to-wall spacing). Second, the full-chip 

crosstalk suppression behaviors were studied by SPDT circuit simulation using ADS that 

includes the S-parameter data file for the metal wall from HFSS field simulation.  

Comprehensive RF characterization was conducted for the switches to study chip level 

crosstalk reduction details. To ensure accurate RF measurement, a 50Ω load was used for 

impedance matching at the input and output ports, and ground-signal-ground (GSG) test 

patterns were designed for testing the T/Rx switches. The RF characterization was 

conducted using Vector Network Analyzer (Agilent E8363B), Signal Generator (Keysight 

N5182A) and Spectrum Analyzer (Agilent E4405B). The control voltages are 1V (ON) 

and 0V (OFF). S-parameters were measured to obtain insertion loss and isolation 

parameters of the SPDT switches. Large signal measurement was conducted to obtain 

P1dB values to evaluate the power handling capability and linearity. Inter-switch 

interference effect was monitored using a signal generator (Keysight N5182A) and a 

spectrum analyzer (Agilent E4405B). Fig. 35 (a) (b) shows the simulated and measured IL 

and Iso results from 1710MHz to 2155MHz for the original SPDT switch. Simulation 
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shows symmetric SPDT performance with IL of ~2.04dB and Iso of ~31.03dB. 

Measurement shows slightly asymmetric results at 2GHz, i.e., IL~3.17dB and Iso~43.39dB 

for Output1, and IL~3.81dB and Iso~41.86dB for Output2. Fig. 35 (c) depicts the measured 

input-output curve where the extrapolated linearity is P1dB ~ 29dBm. These key specs are 

good for T/Rx switches in a 45nm SOI CMOS.  

Fig. 36 (a) shows the concerned inter-switch interferences for the four SPDT splits by 

HFSS-ADS co-simulation. As expected, the foundry-provided conventional in-Si BI ring, 

which was designed to block the active silicon noise coupling effect, seems to be useless 

 
(a)    (b)    (c) 

Figure 35 Measured and simulated key circuit specs for the SPDT switch pair show satisfactory circuit 

performance for the T/Rx switch circuits. (a) Insertion loss for the SPDT switches from 1710 to 2155MHz. 

(b) Isolation for the SPDT switches from 1710 to 2155MHz. (c) SPDT power handling capability and 

good signal linearity given as the 1dB-compression point (P1dB) at 2GHz.   
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(a)      (b) 

Figure 36 Crosstalk comparison for the four SPDT splits by (a) HFSS-ADS co-simulation, and (b) 

measured (0dBm incident signal to Input of Switch-A and interference monitored at Output of Switch-B).   
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for suppressing the above-Si flying noises coupling through the BEOL stack (-

42.00dBm/Split-2 vs. -41.95dBm/Split-1). Since the in-BEOL flying noise coupling effect 

becomes dominating, the through-BEOL Air Trench can alleviate the flying crosstalk 

substantially (-43.26dBm/Split-3) as compared with the No ISO switch (-41.95dBm/Split-

1) because the air gap reduces the capacitive coupling effect by changing the dielectric 

parameter. Of course, an air trench is not accepted for CMOS ICs. It is readily observed 

that the new Metal Wall structure can significantly suppress the in-BEOL flying crosstalk 

as expected (-45.15dBm/Split-4 vs. -41.95dBm/Split-1). It is worth noting though that, 

while the HFSS-ADS co-simulation provides design guidance, it may not be accurate 

because the complex BEOL stack details and materials parameters are normally unknown 

to IC designers due to foundry confidentiality. Fig. 36 (b) shows measured crosstalk 

suppression results for the four switch splits when biased in ON state. It clearly confirms 

that the in-Si BI ring is useless for blocking flying noises (-48.3dBm/Split-2 vs. -

47.2dBm/Split-1). In contrast, it readily shows that the Metal Wall significantly suppressed 

the inter-switch flying interferences by 18.5dB (-65.7dBm/Split-4 vs. -47.2dBm/Split-1). 

It is obvious that the new through-BEOL metal wall can almost completely remove the in-

BEOL flying crosstalk (~98.6%, in linear scale) as expected. Both simulation and 

measurement confirm that the new through-BEOL metal wall crosstalk isolation method is 

very efficient in blocking the dominating above-Si flying crosstalk, which cannot be 

addressed by conventional in-Si noise-isolation techniques.  

For the purpose of a quick concept demonstration, a simple post-CMOS process 

module to make the through-BEOL metal walls in our cleanroom facility was developed, 
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which can be readily integrated into a foundry CMOS flow by 3D heterogeneous 

integration. Although it is successfully demonstrated that the new flying crosstalk 

suppression technique can reduce interference a lot, its performance is limited by many 

factors: For example, the high-aspect-ratio etching cannot be done well using research level 

FIB, which however shall be an easy process step in any industrial foundry with thinner 

but better metal filled walls. On the other hand, the proposed alternative stacked-via 

through-BEOL metal wall structure and process flow can be readily realized and optimized 

by a commercial IC foundry through 3D heterogeneous integration, which only requires 

minor modification to a standard CMOS process flow. It can be envision that this simple 

and fully CMOS-compatible through-BEOL metal wall noise-isolation technique is a 

viable solution to the emerging above-Si global flying crosstalk problem for next-

generation RF/AMS ICs.  
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Chapter 5 Electrostatic Discharge Protection  

ESD failure is a major reliability concern to integrated circuits (ICs) and electronic 

products (e.g., smart phones). As IC technologies continue migrating into beyond 40 nm 

domain, ESD protection is emerging as a key IC design challenge, particularly for high-

frequency operating at multi-GHz and high-speed ICs with data rates beyond tens gigabits 

per second (Gbps) [45]. The ESD phenomenon originates from transfer of electrostatic 

charges between two objects of different electrical potential and the resulting fast and large 

ESD transients can damage ICs. One emerging ESD protection design challenges along 

with IC technology scaling-down is the ESD Design Window Shrinking Effect. As 

depicted in Fig. 37, an ESD Design Window is defined by the breakdown voltage (BV) 

and power supply voltage (VDD) of the core circuit under protection with a proper safe 

margin for practical IC designs [46], [47]. An ESD protection solution requires accurate 

design of ESD-critical parameters including the ESD triggering voltage, current (Vt1, It1), 

the ESD holding voltage and current (Vh, Ih), the ESD discharging resistance (RON), and 

 
Figure 37 ESD protection design window.   
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the ESD failure voltage and current (Vt2, It2). The rationale for setting the ESD Design 

Window is that the triggering of an ESD protection structure must be lower than the BV of 

the IC node protected (Vt1 < BV) to prevent any ESD damage; meanwhile, to avoid latch-

up effect, the holding voltage of an ESD protection structure has to be higher than the IC 

supply voltage (i.e., Vh>VDD). Unfortunately, as IC technology scaling-down continues, 

BV of IC devices decreases dramatically, however, IC supply voltages only drop slightly, 

which results in a narrower ESD design window, i.e., ESD Design Window Shrinking. As 

such, a quantitative ESD protection design method is required for accurate ESD protection 

circuit designs in advanced IC technologies, especially for mixed-signal ICs involving 

multiple supply voltage domains [48].  

This chapter introduces the basic ESD protection strategies and design consideration. 

Then, more details about human body model (HBM) and charged device model (CDM) 

ESD protection will be explained including TCAD simulation, TLP/VFTLP testing, typical 

structures, overshoot issues and performance validated in 28nm bulk CMOS technology.  

5.1 ESD Introduction  

ESD is an important consideration in chip design and needs to be developed from 

initial stages of the design process. Considering ESD as a last-minute addition often causes 

problems of unsatisfactory reliability or degraded chip performance.  

All pins, even high speed, RF or sensitive analog pins, must have ESD protection. Low 

ESD protection causes packaging, test fallout and product failures in the field. Months of 

engineering effort, failure analysis, and partitioning experiments in manufacturing are 
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consumed trying to understand failure of parts, only to potentially trace the problem back 

to ESD vulnerability.  

There are two general categories of electrostatic discharge considered in the 

microelectronics industry: (i) the electronic die is touched by a charged human being or by 

a charged machine, which discharges to the ground via the electronic die and (ii) the 

capacitance of the die itself charges up or discharged when the die experiences a contact 

with the environment. The most developed models to reproduce the known ESD events 

and covered by standards are: (1) human body model (HBM), (2) machine model (MM) 

and (3) charged device model (CDM). Most chips have specified requirements and/or 

targets for protection levels to these models. The basic characteristics of each event are 

mentioned in the Figure 38.  

 
Figure 38 The categories of ESD events with equivalent circuits and models.    
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5.1.1 Human Body Model (HBM)  

As the name implies, this model was developed to represent a human discharging 

across two pins in an IC. The equivalent circuit for HBM is a 1.5kOhm resistor in series 

with a 100pF capacitor. The capacitor is charged to specified ESD voltage, and then the 

switch is closed and the current flows through the Device Under Test (DUT). An HBM 

ESD event occurs between any two pins on a module. HBM is the longest ESD event of 

the three models, but it has the lowest current. Specialized ESD testers equipped with the 

appropriate resistor and capacitor network are used to apply an HBM stress to a module to 

determine its robustness. Also, transmission line pulse (TLP) tester can also be used to 

generate similar pulse waveform showed in Figure 39.  

5.1.2 Machine Model (MM) 

Similar to HBM, the MMESD event occurs across any two pins on a module. MM, 

however, simulates a tool discharging across the two pins. This event is more rapid than 

HBM and has a higher current level. The waveform is also quite a bit different, the MM 

 
Figure 39 2000V HBM current waveform with its characteristics.    
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wave form is a bi-directional damped oscillation showed in Figure 40. The test procedure 

for MM is similar to HBM, but the MM is represented by a capacitor in series with an 

inductor as shown in Figure 38. The performance of MM protection can be estimated from 

the results of HBM.  

5.1.3 Charged Device Model (CDM)  

Unlike HBM and MM, CDM ESD events only involve a single pin on the module. 

Modules can develop charge through triboelectric (frictional) effects. When this occurs, 

unless a high resistive path is used to discharge the module, it may be exposed to a CDM 

ESD event.  The CDM event charges a chip and then discharges to ground out of a single 

pin.  CDM is a very high current event but occurs in a very short time interval. CDM testing 

is generally accomplished only on completed chips. A field plate is used to impose a 

specified charge on the module, and then a probe with a low resistance path to ground drops 

down on a single pin to discharge the module. This procedure is repeated for each pin on 

the module, and a functional test is employed after CDM stressing is completed to 

 
Figure 40 200V MM current waveform with its characteristics.    
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determine if the module has been damaged. The current waveform is showed in Figure 41 

with detailed characteristics. Very fast transmission line pulse (VFTLP) are sometimes 

used to estimate the CDM protection performance.  

5.1.4 Transmission Line Pulse (TLP) 

TLP testing is a newer test model than the ESD models described previously and is 

generally not a required stress for a product qualification. The main use of TLP is to 

develop current-voltage relationships for semiconductor devices and circuits under ESD 

like conditions. Device operation under the high current and short duration of an ESD event 

can be significantly different than normal functionality. TLP is used extensively for 

analyzing discrete devices at wafer level during technology development activities, and 

most of the results that will be presented in the sections that follow are from TLP testing 

on devices in this technology.  The basic concept of TLP testing is applying a square wave 

to the DUT and measuring the current through and voltage across the device.  Different 

pulse widths can be used to simulate different ESD events. Generally, a 100ns pulse is used 

to simulate HBM, and a 30ns pulse is being evaluated for simulating MM.  Both of these 

pulses can be delivered using most of the available TLP testers. To investigate devices 

 
Figure 41 500V CDM current waveform with its characteristics.    
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under CDM conditions, an extension to TLP often referred to as Very Fast TLP (VFTLP) 

is employed.  The pulse width used for a VFTLP tester is typically between 1ns and 3ns, 

with rise and fall times on the order of 100ps – 500ps to evaluate the CDM performance. 

Figure 42 shows the TLP tester components including high-current pulse source and 

oscilloscope.  

5.1.5 ESD Model Standards 

ESD protection levels are generally set by product owners based on how well the 

environments where the chips will be handled are controlled and by the requirements of 

 
Figure 42 Transmission line pulse (TLP) test bench.  

  

 

ESD Model Specification 

HBM 

JEDEC JESD22-A 114-B 

MIL-STD-883E Method 3015.7 

ESDA STM5.1-1998 

MM 
JEDEC EIA/JESD22-A115-A 1997 

ESDA STM5.2-1999 

CDM 
JEDEC JESD22-C101B.01 2004 

ESDA STM5.3.1-1999 

TLP No accepted Standard Exists 

Table 5-1 Interference in 2X2 switch array with different layout floorplans.  
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customers of the chips. The different protection standards seen in the industry are recorded 

in the Table 5-1 including JEDEC, MIL and ESDA standards that describe each of the ESD 

models.  

5.1.6 ESD Protection Strategy 

One of the most commonly used ESD protection strategies is to use two diodes on the 

pin, one to the supply bus and the other to the ground bus. Figure 43 shows the current 

paths in the chip for the four possible discharges between the pin and its supply and ground 

busses. Sometimes, the internal circuitry has some self-protection capability which can 

help improving ESD performance. Good ESD results are achieved when the discharge 

paths are confined to these routes. If the resistance of the wiring, the power clamp or the 

protect devices causes the signal pad or Vdd bus to rise too high in voltage the discharge 

path may be rerouted through I/O or internal circuitry. Therefore, the discharge path must 

not only be able to handle the current, it must be able to do so without allowing large 

voltages to develop across the parallel circuitry due to I-R effects.  

 
Figure 43 Typical protection circuit topology – double diode network.  
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5.2 Human Body Model (HBM) ESD Protection  

5.2.1 Stand-alone ESD structures 

Stand-alone ESD structures, including shallow trench isolation (STI) diode, gated 

diode, diode string, gate grounded NMOS (GGNMOS), silicon-controlled rectifier (SCR) 

and diode triggered SCR (DTSCR), have been characterized for HBM protection with 

TCAD simulation and VFTLP measurements. Critical ESD parameters, including trigger 

voltage (Vt1), holding voltage (Vh), turn-on resistor (Ron), breakdown current (It2) and 

leakage current have been extracted for 28nm process. The structures of each type of 

protection devices are demonstrated here with physical based model building and TCAD 

simulation.  

a) STI Diode 

STI diode is the most basic ESD protection structure with about 0.7V trigger voltage 

and well integration capability. Double diodes structure is widely used in lots of full-chip 

bi-directional protection. Figure 44 shows the cross-section of N+PW/P+NW STI diodes. 

The ESD current injects from the anode side to cathode.  

     

Figure 44 STI Diode X-section. 
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2D TCAD model has been built based on the fabrication process. HBM current pulse 

is stimulated to the structures. Figure 45 shows the doping density, temperature distribution 

and current flow inside STI diode structures. The current and temperature are crowded 

around the STI because it is the shortest path.  

b) Gated Diode 

Gated diode has better Ron by replacing STI with a gate to reduce the length of the 

current path. However, the parasitic capacitance will be increased because of the gate 

structure. Figure 46 shows the X-section of two different gated diodes.  

 
(a)    (b)    (c) 

Figure 45 TCAD simulation results: (a)doping density (b) temperature distribution (c) current flow.  

    

 

Figure 46 Gated Diode X-section. 
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2D TCAD model has been built based on the fabrication process. HBM current pulse 

is stimulate to the structures. Figure 47 shows the doping density, temperature distribution 

and current flow inside gated diode structures. Compared with STI diode, the temperature 

hot spot and current dense area are near the junction. A shorter path can be achieved 

without STI block.  

c) Diode String 

Diode string increases the trigger voltage by stacking the diodes which can match 

some high voltage application. The Vt1 can be well controlled by the number of diodes. 

 
(a)    (b)    (c) 

Figure 47 TCAD simulation results: (a)doping density (b) temperature distribution (c) current flow.  

     

Figure 48 Diode String X-section. 
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What’s more, the series connected parasitic capacitor will reduce the total capacitance. 

Figure 47 shows the X-section of diode string.  

The diode string structure performance can be estimated by series STI diodes. Deep-

NW and NW on the side are used to isolate each diode which also introduce more die area.  

d) GGNMOS 

GGNMOS structure is widely used as a high voltage protection due to its snapback I-

V curve. The junction inside MOSFET is broken down first and then the current will go 

through the parasitic BJT inside. The trigger voltage is larger than the voltage drop across 

     

Figure 49 GGNMOS X-section. 

 

     
(a)    (b)    (c) 

Figure 50 TCAD simulation results: (a)doping density (b) temperature distribution (c) current flow. 

 



 67 

it when the BJT is ON. So, from the I-V curve, a snapback structure can be seen. Figure 

49 shows the X-section of GGNMOS.  

2D TCAD model has been built based on the fabrication process. HBM current pulse 

is stimulate to the structures. Figure 50 shows the doping density, temperature distribution 

and current flow inside GGNMOS during the HBM stress. The hotspot is at the breakdown 

junction and current go through under the gate directly after it triggered.  

e) SCR 

The SCR structure use the latch-up from two BJT inside a NPNP or PNPN structure 

to generate the snapback performance as a useful ESD protection device. The trigger 

voltage of SCR is higher than GGNMOS because the N-well/P-well junction has to be 

breakdown first than trigger the parasitic BJTs. Benefiting to its low capacitance, it’s now 

used for high frequency IC design with a smaller size and same current handling capability. 

Figure 51 shows the cross-section of basic PNPN SCR structure.  

2D TCAD model has been built based on the fabrication process. HBM current pulse 

is stimulate to the structures. Figure 52 shows the doping density, temperature distribution 

     

Figure 51 SCR X-section. 
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and current flow inside SCR. Same as GGNMOS, the spot where breakdown happens has 

the highest temperature and the current will go through quickly after parasitic BJTs turns 

on. Due to its active device performance, the current capability of SCR is better than normal 

diode and NMOS based structures.  

f) DTSCR 

The limitation of SCR is the trigger voltage, normally about 12V, which is too high to 

be used as low voltage modern applications. One solution to solving this issue is use the 

diode to help trigger the intrinsic BJT with parasitic base current. Diode string can be used 

     
(a)    (b)    (c) 

Figure 52 TCAD simulation results: (a)doping density (b) temperature distribution (c) current flow. 

     

Figure 53 DTSCR X-section and equivalent circuit. 
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to control the trigger voltage accordingly. The cross-section with equivalent schematic are 

showed in Figure 53. The total trigger diode number is 4 due to an intrinsic one from SCR 

itself.  

Since the trigger can be done by parallel diode string, the temperature dense area 

showed in Figure 54 is much smaller than breakdown first device and current will finally 

use the path of SCR instead of using triggering diodes.  

5.2.2 TLP measurements 

100ns TLP is used to characterize the HBM ESD performance of different structures. 

Each structure has different splits to analysis the size corresponding to its protection 

capability. If same protection level is achieved, the smaller size and lower parasitic 

capacitance will be better. The key parameters including trigger voltage (Vt1), breakdown 

current (It2), turn-on resistance (Ron), holding current (Ih) and voltage (Vh) of snapback 

devices are extracted which will be a good reference for 28nm technology.  

a) STI Diode 

     
(a)    (b)    (c) 

Figure 54 TCAD simulation results: (a)doping density (b) temperature distribution (c) current flow. 
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Figure 55 shows the TLP measured I-V curve of N+PW STI diode with different width 

as an example. The trigger voltage mainly depends on the junction turn-on voltage which 

is about 1V under quick transient pulse. But the current handling capability is increased 

with the width increasing.  

Same measurements were applied to P+NW STI diode. All critical parameters are 

collected based on the following rules:  

1. Trigger voltage is defined with the voltage when current reach 0.01A.  

2. Breakdown voltage and current are located at the point when tested leakage current, 

after the pulse, is much higher than normal which means it’s thermal broken.  

3. The turn-on resistance is defined as the slope after device triggered.  

Table 5-2 summarized the parameters of all STI diode structures. It shows the trigger 

voltages are almost constant which is manly depended on the doping level of junction. The 

turn-on resistance is decreased with the width increasing because current can go through a 

     

Figure 55 N+PW STI Diode TLP measured I-V curve under different width. 
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wider device with same distance. In the meanwhile, the peak current which shows the 

protection capability is also positively related to the width. There is no big different 

between P+NW and N+PW junction whose doping difference are same.  

b) Gated Diode 

Figure 56 shows the TLP measured I-V curve of N+PW Gated diode with different 

width as an example. Same as STI diode, the trigger voltage mainly depends on the junction 

Cellname Vt1(V) Vt2(V) It2(A) Ron(Ohm) 

N+PW _40 1.04 5.79 1.33 3.42 

N+PW _60 1.02 7.18 1.87 3.02 

N+PW _100 0.96 10.91 2.41 2.74 

N+PW _120 0.94 11.16 2.41 2.47 

P+NW _40 1.03 6.14 1.57 3.20 

P+NW _60 0.98 8.47 2.16 3.13 

P+NW _100 0.95 10.46 2.43 2.90 

P+NW _120 0.94 11.07 2.45 2.85 

Table 5-2 Critical parameters of STI diode structures.  

 

     

Figure 56 N+PW Gated diode TLP measured I-V curve under different width. 
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turn-on voltage which is about 1V under quick transient pulse. In this case, some of the 

devices, due to the metal interconnects fails before the real device thermal breakdown, it is 

not obvious that the peak current doesn’t increase when current reach about 2.4A.  

Same measurements were applied to P+NW gated diode. All critical parameters are 

extracted using same definition as STI diodes showed in Table 5-3. The performances of 

gated diode structures are very similar to STI diode. But due to the shorter path of current 

flow by removing the STI, the turn-on resistance is smaller which gives less voltage with 

same ESD current.   

Cellname Vt1(V) Vt2(V) It2(A) Ron(Ohm) 

Gated_N+PW _40 0.98 6.52 1.73 3.03 

Gated_N+PW _60 0.96 10.16 2.42 2.82 

Gated_N+PW _100 0.94 9.84 2.45 2.79 

Gated_N+PW _120 0.93 10.12 2.45 2.53 

Gated_P+NW _40 0.97 6.69 1.78 2.94 

Gated_P+NW _60 0.97 9.78 2.38 2.79 

Gated_P+NW _100 0.93 9.77 2.42 2.71 

Gated_P+NW _120 0.93 10.56 2.44 2.69 

Table 5-3 Critical parameters of gated diode structures.  

 

     

Figure 57 Diode string TLP measured I-V curve under different diode numbers. 
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c) Diode String 

Figure 57 shows the TLP measured I-V curve of N+PW diode string with different 

diode number. The trigger voltage can be well controlled by diode number which is about 

1V each. Comparing with three curves, it is not hard to find out that the turn-on voltage is 

almost same because the width of each series diode is equal. One of the diode in diode 

string will finally thermal breakdown first which gives almost same current handling 

capability.  

Same extraction is used to define the critical parameters listed in Table 5-4. Since we 

use 0.01A current to define the trigger voltage, the Vt1 of each diode is a little bit higher 

because series diode increases the turn-on resistance in the same time. The width of each 

diode is a little bit small which is hard to cover even 1kV HBM pulse in this case.  

Cellname Vt1(V) Vt2(V) It2(A) Ron(Ohm) 

Diode_string _2 2.26 8.21 0.64 7.98 

Diode_string _3 3.36 9.87 0.63 8.45 

Diode_string _4 4.39 11.57 0.63 9.64 
Table 5-4 Critical parameters of diode string structures.  

 

     

Figure 58 GGNMOS TLP measured I-V curve under different dimensions. 
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d) GGNMOS 

TLP tested I-V curves of GGNMOS with different dimensions are depicted in Figure 

58. The total width of these GGNMOS are 240um or 480um with one of which is two 

240um NMOS in parallel. The overdrive (OD) device is designed for high voltage 

application which have a thicker gate oxide. It is obvious that the snapback curve can be 

found in all structures due to the parasitic BJT inside.  

Table 5-5 summarizes the critical parameters defined before and two additional factors 

including holding voltage and holding current are also extracted. Those parameters are 

located at the point with the lowest voltage after triggered. The trigger voltage of 

GGNMOS is mainly depended on the reverse breakdown of N+PW junction. Then the 

substrate current accumulates the voltage to turn on the parasitic BJT resulting a deep 

snapback at an enough current accumulated point.  The turn-on resistance of snapback 

devices is very small but also related to the width of MOSFET.  

e) SCR 

A deeper snapback structure called SCR is widely used for many high-power 

applications these days due to its low RON. The TLP I-V curve with different width are 

showed in Figure 59. The trigger voltage is very high for SCR structure due to its low 

doping junction which needs to reverse breakdown first before triggering two parasitic 

Cellname Vt1(V) Vh (V) Ih (mA) Vt2(V) It2(A) Ron(Ω) 

GGNMOS18_240 5.52 4.03 65.3 7.55 1.65 2.22 

GGNMOS18_240_OD 5.90 4.50 112.0 6.52 1.56 1.40 

GGNMOS18_240_2 5.14 3.96 99.1 6.40 3.25 0.77 

GGNMOS18_480 5.53 4.21 65.0 6.48 3.09 0.75 

Table 5-5 Critical parameters of GGNMOS structures.  
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BJTs. After the SCR triggered, the resistance inside is very small and the ESD current will 

pass through quickly.  

The corresponding critical parameters are listed in Table 5-6 which shows a 

compatible performance except the trigger voltage is too high for mordern process. With 

2kV protection level, SCR has the smallest area. However, the latch-up issue needs to be 

paid more attention which results continuous triggered even after ESD pulse finished.  

f) DTSCR 

Diode triggered SCR is used to compensate the disadvantage of high trigger voltage 

by using diode string in parallel. The diode number can limit the trigger voltage by 

intentional inducing current to substrate. In the meantime, it has a larger size but the current 

     

Figure 59 SCR TLP measured I-V curve under different width. 

 

Cellname Vt1(V) Vh (V) Ih (A) Vt2(V) It2(A) Ron(Ω) 

SCR _25 12.33 3.41 0.21 5.38 0.84 2.96 

SCR _50 12.36 3.41 0.22 5.65 1.44 1.92 

SCR _75 12.26 3.32 0.24 5.19 1.92 1.33 

Table 5-6 Critical parameters of SCR structures.  
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mainly go through the triggered SCR with a low resistivity. Figure 60 shows the measured 

I-V curve under TLP testing. The triggering contribution can be observed with the trigger 

voltage drops rapidly. But the turn-on resistance is maintained because the triggered SCR 

has much smaller resistance which pass more current.  

 Critical parameters are listed in Table 5-7 which confirms that the trigger diodes only 

effect the Vt1 and increase the area a little bit of course. These Vt1 values are more useful 

to low supply, low gate breakdown voltage processes.  

     

Figure 60 DTSCR TLP measured I-V curve under different trigger diode numbers. 

 

Cellname Vt1(V) Vh (V) Ih (A) Vt2(V) It2(A) Ron(Ω) 

DTSCR _1D 3.26 2.42 0.23 6.05 2.31 1.88 

DTSCR _2D 4.37 2.61 0.23 6.16 2.16 1.77 

DTSCR _3D 5.49 2.76 0.24 6.13 2.16 1.86 

Table 5-7 Critical parameters of DTSCR structures.  
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5.3 Charged Device Model (CDM) ESD Protection  

For ICs in advanced technology nodes, CDM ESD protection design is becoming a 

challenging design task. CDM ESD model describes an ESD discharging phenomenon 

where electrostatic charges accumulated inside an IC part will discharge when a pin is 

grounded mentioned in chapter 5.1, resulting in ultra-fast and vert short ESD pulses that 

will damage ICs [49], [50]. Fig. 61 shows a conceptual schematic for a CDM ESD tester 

per the ESDA/JEDEC standard and the typical CDM ESD transient source waveform 

whose first dominating high wave will damage an IC in most cases. In principle, a packaged 

IC is placed on an insulated plate and is first charged through field induction by a high 

voltage source, typically to a level of 125/250/500/1000V, then, discharged into the ground 

through a discharging pogo pin. While designing ESD protection structures to meet the 

relatively slower human body model (HBM) ESD protection requirements has become 

well-known, CDM ESD protection design is an emerging challenge to the IC industry 

because technology scaling-down has made advanced ICs fabricated in nanoscale 

processes more vulnerable to gate-oxide damages caused by the ultra-fast and very strong 

CDM ESD surges [51]. Since HBM and CDM ESD zapping tests are destructive and 

     

Figure 61 Simplified CDM tester schematic and its ESD discharging waveform. 
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cannot provide any I-V behaviors for ESD protection structures, the transmission line 

pulsing (TLP) testing method was developed to emulate the ESD zapping procedures, 

because TLP testing can reveal instantaneous ESD discharging I-V details, which are very 

useful for ESD protection design characterization and optimization. TLP testing is used for 

HBM ESD model that features typical transient waveforms with a rise time (tr) of 10ns and 

duration (td) of 150ns. The ultra-fast CDM ESD testing is characterized by a very-fast TLP 

(VFTLP) system that uses ultra-fast pulse waveforms, typically, tr of 100/200/400ps and td 

of 1-10ns. In practical CDM ESD protection designs, the key task is not only to accurately 

design the ESD-critical parameters, including the triggering voltage (Vt1) and breakdown 

voltage (Vt2), to meet the ESD design window requirement to ensure full-chip ESD 

protection success [52], but also to evaluate the overshoot voltage (VOV) and response time 

(tre), which are critical for ultra-fast CDM ESD protection. But there are some limits from 

VFTLP measurements which requires other tools like TCAD to help analysis and estimate 

the CDM performance before real package [53].  

5.3.1 Combined VFTLP and TCAD analysis method 

a) Quasi-static VFTLP testing 

To demonstrate the VFTLP & TCAD combined method, SCR and 2 diode triggered 

DTSCR (2DTSCR) are used as an example whose VFTLP measured I-V curve is showed 

in Figure 62. As we known, the I-V curve for an ESD device under test (DUT) from TLP 

and VFTLP testing are considered quasi-static because the voltage and current values 

across the ESD device are obtained by averaging the center portion (normally an averaging 

window of 25% to 75%) of the measure transient waveforms in time domain. This average 
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method is good for TLP testing because the pulse duration is long enough (td~150ns) and 

the waveform is typically flat. However, this averaging method for VFTLP testing of SCR 

and DTCSR structures has substantial errors for several reasons [54], [55]: the VFTLP 

pulses are very short (td ~1ns per CDM standard, and actual td~1.25ns for the Barth Model 

4012 used in this work) and big overshoots occur at the beginning of the measured voltage 

     

Figure 62 Measured I-V curves for 2DTSCR and SCR structures by VFTLP. 

 

     

Figure 63 Comparison of ESD source pulse waveforms from CDM standard and VFTLP tester. 
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waveforms for DTCSRs, causing complex internal transistor structures turn-on speed. The 

traditional averaging method simply ignores the significant overshooting effect that leads 

to quasi-static I-V curve accuracy problem.  

Fig. 63 compares the standard CDM testing pulse source waveform with that from a 

widely used Barth 4012 VFTLP tester, which is used to stress an ESD DUT structure 

during measurement targeting at CDM ESD protection level of 125V. The difference is 

obvious. While the VFTLP tester was made according to the CDM Standard, i.e., to 

produce a CDM pulse of tr~200ps and td~1ns, the actual pulse waveform delivered to an 

ESD DUT structure has tr~520ps and td~1.24ns, which clearly deviates from the JEDEC 

Standard (td=1ns ± 0.5ns and tr < 400ps) . Since it is very fast and short, such a difference 

in the pulse source waveform results in significant measurement errors in VFTLP testing. 

Unfortunately, there is no better testing technique to obtain the required instantaneous I-V 

curves of ESD structures for CDM ESD model than the existing VFTLP technique before 

real packaged CDM testing.  

b) TCAD transient CDM ESD simulation 

Synopsys TCAD tool is used to study the transient behaviors of CDM protection 

capability with help of build-in physical models. 28nm process parameters and ESD 

waveform. For CDM ESD simulation, the key is to understand the overshoot voltage and 

response time of the protection structures in order to evaluate and optimize the design. 

TCAD transient simulation gives a detailed information with pulse injection including the 

breakdown and thermal effects. As an example showed in Figure 64, the transient I-V 

curves for a 2DTSCR and three diodes string (3DS) under CDM pulse. These two 
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structures have same estimated triggering voltage due to the effective triggering diode in 

2DTSCR is 3 (with one intrinsic). The DSTCR triggering mechanism is observed where 

the portion of I-V curve from the 3DS matches that for the STSCR before the internal SCR 

triggered.  

By comparing TCAD simulated transient I-V curves for the DTSCR and 

corresponding 3-diodes string in Figure 64, an obvious resistance decrease can be seen 

when the current increases sharply, which means the SCR starts to conduct current. At the 

time, the SCR is not fully triggered yet and overshooting typically occurs. The TCAD 

results in Figure 65 shows the current density of the 2-diode DTSCR cross-section under 

CDM ESD stressing. The left part of the cross-section shows the triggering diodes, which 

conduct most current before SCR triggering. As the current increases, the embedded BJTs 

on the right side will be turned on, leading to SCR conduction (trigger start). After SCR 

being fully triggered, a conduction path with low ESD discharging RON will be formed 

inside the SCR to discharge the large ESD pulse, i.e., the DTSCR starts to work for ESD 

     

Figure 64 TCAD simulated transient I-V curve for 2DTSCR and 3DS under CDM stressing. 
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protection. Obviously, there is a turn-on delay from the turn-on of the trigger-assisting 

diodes (trigger starts) to the full triggering of the SCR. This DTSCR triggering mechanism 

is depicted by the simulated conduction current distribution for the DTSCR structure by 

TCAD as shown in Figure 65. It is clear that, under the ESD stressing, the trigger-assisting 

diodes are turned on first and, as the diode current increases, it then triggers the SCR.  

After the DTSCR is fully triggered, most ESD discharging current is steered into the 

SCR and little current conducts in the diodes. Therefore, we defined that the DTSCR is 

fully triggered as the moment when the current in the trigger-assisting diodes equals to that 

in the SCR. The “turn-on time” is from the pulse coming to that moment, and the “delay 

time” is from SCR trigger start to fully trigger.  

     

Figure 65 Cross-section views of ESD discharging current distribution across DTSCR by TCAD 

simulation shows the two-step DTSCR triggering mechanism: (a) current starts in the diodes (left) 

before triggering the SCR (right), (b) more current steers into SCR at its triggering threshold, and (c) 

most current conducts through the SCR after DTSCR fully turns-on.  
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As mentioned above, the VFTLP pulse is a bit slower than standard CDM pulse. To 

estimate the real performance under real CDM testing, two steps with the help of TCAD 

simulation are needed.  

First, a comparison of TCAD simulation with VFTLP pulse versus VFTLP testing 

results is performed to verify the accuracy of TCAD simulation. Figure 66 shows the 

voltage waveform of TCAD simulation and testing measurements under same VFTLP 

pulse. The voltage duration is a little bit over estimate, but the peak voltage is almost same 

which gives enough information for failure analysis. The peak voltage observed for both 

cases are about 14.6V, though the voltage peak seems to be sharper in VFTLP testing than 

that in TCAD simulation, possibly because of the difference of substrate size. Since CDM 

ESD damage is mainly associated with the overshoot high voltage, the failure risks shall 

be similar.  

Second, a comparison between real CDM pulse and VFTLP by TCAD simulation is 

performed to estimate the ESD performance under CDM testing. Figure 67 compares the 

TCAD simulated voltage waveforms of DTSCR for both CDM and VFTLP zapping. 

Overshooting occurs in both CDM and VFTLP testing, though CDM case features a 

     

Figure 66 Comparison of voltage transient waveform of DTSCR by testing and TCAD simulation under 

VFTLP.  
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sharper and higher overshoot. The peak voltage for CDM testing is about 25.0V compared 

to about 14.6V for VFTLP testing. The waveform duration for VFTLP testing is about 25% 

longer than that for CDM zapping. The significantly severer overshooting in CDM zapping 

may be attributed to the fact that the rise time and duration of the CDM source pulse (200ps 

& 1ns) is shorter than that of VFTLP testing (460ps & 1.25ns) for the same 125V ESD 

protection target, causing a substantial sharper and higher overshoot in CDM zapping 

simulation. Based on the VFTLP testing results, about 80% margin is needed for real CDM 

protection which because of the ultra-fast pulse from real CDM zapping.  

This method gives a great reference for CDM protection design before packaged 

system level CDM testing but VFTLP stand-alone testing with the help of TCAD 

simulation. The overshoot voltage can be well estimated by comparison of transient 

waveforms.  

5.3.2 Overshoot issue in diode based ESD protections 

Particularly, the ultra-thin gates can be sassily damaged by the super-fast CDM 

transient spikes, which is an emerging challenge in ESD design for advanced ICs and 

     

Figure 67 Comparison of TCAD simulated transient volatge waveform for 2DTSCR under VFTLP and 

CDM pulse.  
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becomes a sizzling research topic in the field [56]–[58]. Since the overshoot voltage issue 

is the biggest challenge for CDM ESD protection, understanding of the reason of it is 

critical to compensate and minimize it during CDM protection design. During the research 

of CDM protection methodology, I’ve notice that the diode based ESD structures have 

more obvious overshoot. As a result, the study of a set of diodes, diode string and diode 

triggered SCR structures is performed to reveal the cause of overshoot phenomenon.  

a) Voltage overshoots in diode structures 

It was believed that, at high frequency, a PN junction diode may exhibit inductive 

characteristics possibly due to conductivity modulation [59]. The transient voltage 

overshoots observed in some diode ESD protection structures under CDM stressing may 

be associated to the high-frequency inductive effect due to the very fast rise time and very 

     

Figure 68 Cross-sections for N+PW (a) and P+NW (b) STI diodes with doping concentration by TCAD 

simulation.   
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short period of a CDM pulse. To understand this CDM overshooting behaviors, a set of 

diodes ESD protection devices, including N+/P-well (NPPW) and P+/N-well (PPNW) with 

both STI and gated isolation were designed and fabricated in a foundry 28nm CMOS 

technology for investigation. A combined method with TCAD simulation and VFTLP 

testing is used to understand the phenomena. Figure 68 shows the simulated cross-sectional 

structures for STI N+PW and P+NW diodes. The equivalent circuit includes the inductive 

effect modeled by the embedded inductors which may delay the trigger under fast CDM 

pulse. The transient voltage waveform simulated two devices is presented in Figure 69. 

From the time-domain CDM simulation results, it is readily observed that voltage 

overshoots of up to 7V for both ESD didoes occurred well before the CDM pulse peaks at 

about 200ps. This phenomenon means that it takes some time to fully trigger the ESD 

diodes under the CDM stressing, likely due to the embedded inductive delay effect, and 

the pre-triggering high impedance causes fast voltage accumulation across the intrinsic PN 

junction, therefore, leads to a voltage overshoot. Since the transient voltage overshoot 

     

Figure 69 The transient voltage waveforms by TCAD simulation for STI diodes under 125V CDM 

stressing.  
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occurs well before the ESD protection structure is turned on, the large voltage spike may 

cause a dielectric damage to the CMOS gate.  

To understand the mechanism of overshoot voltage, I explored the transient electrical 

behaviors by TCAD simulation. Figure 70 depicts the simulated transient electrical field 

density inside N+PW diode at different times before and after the peak overshoot around 

200ps. Dynamic observation reveals that the high electrical field area gradually moves and 

reaches it at 200ps when the voltage peaks. This may attribute to the assumption that, due 

to the embedded inductance along the substrate introduces the delay in triggering the diode 

under CDM stressing. After the ESD diode is turned on, it creates a low-impedance 

conduction channel to discharge the CDM pulse quickly, hence, the electrical field density 

inside the diode will drop accordingly.  

Same simulation is applied to gated diode whose cross-section is showed in Figure 71 

using N+PW as an example. The transient voltage waveform of gated diode in Figure 72 

     

Figure 70 Simulated transient electrical field distribution for N+PW STI diode.  
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shows a much less voltage overshoot which confirms my consideration with less path 

inductance. This can be explained that the actual internal conduction path for STI diode is 

much longer than that in a gated diode due to the trench depth. Therefore, the possible 

internal inductive effect is much stronger for STI diodes. This can also be confirmed by 

the simulated electrical field density depicted in Figure 73 where the dense electrical field 

reaches the intrinsic PN junction at around 100ps, much earlier than the 200ps observed in 

STI diode counterpart.  

The VFTLP measurement is also applied to these four structures but based on the 

analysis before, the pulse is slower than real CDM pulse which is less stressful showed in 

     

Figure 71 The simulated x-section for a sample N+PW gated diode.  

     

Figure 72 TCAD simulated voltage waveform for gated diodes under 125V CDM pulse.  
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Figure 74. The overshoot effects are much less than simulated CDM circumstances. 

However, the voltage level of gated diodes is still smaller than STI diode because the turn-

on resistance of gated diode is also smaller. As such, the actual VFTLP tester failed to 

catch the possible transient overshoots in measurement, causing a serious transient 

estimation error.  

b) Diode based protection structures for CDM protection 

To further understand the transient voltage overshoot mechanism possibly due to the 

built-in inductive modulation effect in diodes, we further investigated a few diode 

 

Figure 73 Simulated transient electrical field distribution for a sample N+PW gated diode.  

     

Figure 74 VFTLP-measured transient voltage and current waveforms for sample ESD diodes.  
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derivatives, i.e., diode string and DTSCR ESD protection structures where the embedded 

diodes determine the ESD triggering. The parasitic inductance along the internal ESD path 

to intrinsic PN junction of diode-based structures will be associated with the possible 

transient voltage overshoots.  

I. Diode string structures 

A diode string ESD protection structure is used to boost the ESD triggering voltage 

(Vt1) to accommodate the core circuits. While a diode-string is advantageous in terms of 

simplicity and lower parasitic capacitance, it increases the total series resistance that 

worsens the overheating effect during ESD stresses. Importantly, it is expected that the 

     

Figure 75 Cross-section of a sample 3-diode string structure with doping concentration.  

 

Figure 76 TCAD-simulated voltage waveform for diode string structures with different diode number.  
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parasitic built-in inductance effect in a diode string ESD protection structure will be worse 

due to a longer conduction path. Various diode string ESD protection structures with 2, 3 

and 4 diodes were designed and fabricated for a comparison study. Figure 75 shows a 

sample 3 diodes diode string cross-section in TCAD simulation. Figure 76 shows the 

TCAD-simulated transient voltage responses for the 2/3/4-diode diode string ESD 

protection structures under 125V CDM stressing. The zoom-in figure within up to the 

initial 300ps allows to focus on the transient voltage details during the ESD triggering 

phase. It is observed that the level of transient voltage overshoots varies according to the 

number of diodes in a diode string and can reach to 40V for a 4-diode diode string per 

TCAD simulation. The diode-string structures designed all failed 125V CDM ESD 

stressing due to much higher total series discharging resistance that led to overheating. 

Figure 77 presents the measured transient voltage waveforms for these diode string 

structures from VFTLP testing. Clear voltage overshoots were observed for these diode 

string ESD protection structures, e.g., ~18V for a 4-diode diode string, which is though 

     

Figure 77 VFTLP-measured transient voltage and current waveforms for sample ESD diode string.  
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lower than that from TCAD simulation. The discrepancy between simulation and testing 

may be largely attributed to the difference of stress pulse speed. In general, both simulation 

and VFTLP testing clearly indicate that the transient voltage overshoots are directly related 

to the number of didoes in a diode string structure, which is due to the varying parasitic 

inductance effect along the varying-length internal ESD discharging paths.  

II. DTSCR structures 

An SCR ESD structure is efficient in ESD discharging due to its unique snapback ESD 

discharging I-V behavior and very low discharging resistance. However, an intrinsic SCR 

structure typically has high Vt1, making SCR ESD protection structure not suitable for low-

voltage ICs. A DTSCR utilizes embedded diode(s) to reduce the ESD triggering voltage, 

hence, attracts lots of interests in advanced IC designs. The embedded didoes may be of 

various fashions in a SCR ESD protection structure to meet the design requirements. 

Apparently, the internal parasitic inductance associated the embedded diode(s) may cause 

 

     

Figure 78 TCAD-simulated cross-sections for sample 2-diode STI DTSCR (a) and 2-diode gated-diode 

DTSCR (b) ESD protection structures.  

 

0 2                4 6                 8               10 12

0

1

X-axis (μm)

Y
-a

x
is

 (
μ

m
)

N-well N-well N-well

P-well

P+ N+ P+ N+ P+ N+ N+P+

Cathode Anode

(a)

0 2                4 6                 8               10 12

0

1

X-axis (μm)

Y
-a

x
is

 (
μ

m
)

N-well N-well N-well

P-well

P+ N+ P+ N+ P+ N+ N+P+

Cathode Anode

(b)



 93 

delay in ESD triggering and transient voltage overshoot in a SCR structure. Two kinds of 

triggering diode including STI and gated diodes are used with different diode numbers are 

demonstrated with TCAD simulation and VFTLP measurement.  

Figure 78 illustrates the cross-section and external connections for a sample DTSCR 

using two PPNW diodes (2DTSCR) of STI and gated isolation, respectively. During ESD 

zapping, the embedded didoes must be triggered first, which leads to 2DTSCR turn-on 

eventually. The TCAD-simulated transient waveforms under 125V CDM zapping is 

showed in Figure 79, zoomed-in for the initial triggering phase up to 30ps for clarity. 

Further, the transient voltage overshoots for the STI-diode-triggered DTSCR structures are 

much higher than that for the gated-diode-triggered DTSCR structures, due to the longer 

conduction path in the STI-type DTSCR structures than that in gated-type DTSCR 

structures. Figure 80 presents the VFTLP-measured transient voltage waveforms for the 

same DTSCR ESD protection structures. Unlike in the diode string ESD protection 

     

Figure 79 TCAD-simulated voltage waveforms for sample DTSCR ESD protection structures under 

125V CDM ESD stressing.  
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structures, the DTSCR structures show clear transient voltage overshoots in VFTLP 

measurement. This may be because the combination of SCR and didoes in the DTSCR 

structures slows down the ESD triggering procedure to the point that the VFTLP tester can 

effectively catch these voltage overshoots in measurements. On the other hand, the 

substantial difference in the voltage overshoots observed for the STI-type DTSCR 

structures and the gated-type DTSCR structures further supports the model that the internal 

parasitic inductance plays a key role in delaying the ESD triggering procedure that, in turn, 

causes transient voltage overshoots in CDM ESD zapping. The discrepancy between 

simulation and measurement are attributed to two factors: the incapability of an actual 

VFTLP tester in catching the ultra-fast CDM pulse details and the insufficient TCAD 

calibration.  

  

     

Figure 80 VFTLP-measured voltage waveforms for sample DTSCR ESD protection structures.  
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Chapter 6 ESD Parasitic Effects  

All ESD protection design for ICs emerges as a major challenge for high frequency 

and high-speed ICs due to its unavoidable parasitic effects including leakage and 

capacitance [45], [60]. While different protection structures have varying parameters to 

meet different design window, they introduce same parasitic effect, CESD, which will affect 

the core IC performance more or less. Such influences on capacitance is significant for 

high data rate and high frequency ICs because the circuit functions, e.g., frequency, data 

rate, signal integrity, input/output impedance matching, power delivery and bandwidth, 

etc., are very sensitive to capacitance. Accurate extraction of parasitic capacitance is very 

important during the design so that it is possible to compensate it before silicon tape out. 

But different structures have different capacitance levels and different application requires 

different ways to reduce the parasitic effects.   

This chapter explains the parasitic capacitance induced from different ESD protection 

structures in 28nm CMOS. An enhanced accurate extraction method is introduced to reach 

a better understanding of parasitic effects [61]. ESD-IC co-design is required to enhance 

both the ESD capability and I/O ports’ performance. Here, the mm-wave switches for 5G 

application are used to demonstrate the co-design concepts [62].  

6.1 ESD Parasitic Capacitance  

Normally, to extract the parasitic capacitance of stand-alone ESD devices, a testchip 

is needed to evaluate the ESD performance and capacitance in the meantime. The 

capacitance to be analyzed can be divided into three parts:  
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1) The capacitance between metal routing induced by testing pattern layout called 

Cmetal.  

2) The capacitance between the pad and substrate called Cpad.  

3) The capacitance comes from the ESD device itself, like junction capacitance, 

called CESD.  

For the Cmetal and Cpad, we can estimate the capacitance from the EDA tools with post-

layout extraction. But the CESD, we cannot get it directly from basic simulation but can use 

de-embedded methodology to measure the capacitance using network analyzer.  

To de-embedded the capacitance from pad and metal connection, two test patterns, A 

and B, showed in Figure 81 are used to extract the stand-alone ESD device capacitance. 

The ESD structure is removed in pattern B to get the Y parameter of metal and pad. The 

simplified schematic and Y parameters are showed in Figure 82 from which the CESD Y 

parameter can be picked out, de-embedded, by the equation below. The Y parameter of 

two patterns are measured using E8363B network analyzer.  

𝑌𝐸𝑆𝐷 = 𝑌𝑝𝑎𝑡𝑡𝑒𝑟𝑛𝐴 − 𝑌𝑝𝑎𝑡𝑡𝑒𝑟𝑛𝐵  

𝐶𝐸𝑆𝐷 =
𝐼𝑀(𝑌𝐸𝑆𝐷)

2𝜋𝑓
 

     

Figure 81 De-embedded method patterns for stand-alone CESD extraction.  
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As a demonstration, several commonly used ESD structures illastrates the capacitance 

value with different width and type.  

a) STI diode 

 

     

Figure 82 Equivalent circuit of de-embedded method with Y parameter calculation.  
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Figure 83 Extracted capacitance of N+PW STI diode from 10MHz to 40GHz.  
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The structure of STI diode are introduced in Chapter 5 with critical paramters. Another 

important parameter that designers cares a lot is the parasitic capacitance when its on the 

off-state. Figure 83 shows the de-embedded capacitance of N+PW STI diode structures 

from 10MHz to 40GHz with different width. It is clear that the capacitance increases with 

the width (size) increasing because both of the substrate capacitance and junction 

capacitance are positive related. The capacitance level of STI diode is tens of femtofarad 

listed in Table 6-1. It can be found that the capacitance of P+NW diode is larger than 

N+PW which may because of the doping level different between two kinds of junctions.  

b) Gated diode 

Gated diode with its advantage of turn-on resistance and CDM performance gives 

more opportunity in ESD protection. However, due to the dummy gate to avoid STI 

Cap. (fF) @10GHz 40 um (1KV) 60 um (2KV) 100 um (3KV) 120 um (4KV) 

N+PW STI Diode 32.81 46.78 74.76 84.15 

P+NW STI Diode 46.77 65.84 105.71 124.85 

Table 6-1 De-embedded capacitance of STI diode at 10GHz.  

 

 

Figure 84 Extracted capacitance of N+PW gated diode from 10MHz to 40GHz.  
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fabrication, the parasitic capacitance is much larger than normal STI diodes. Figure 84 

shows the de-embedded capacitance of N+PW gated diode structures from 10MHz to 

40GHz with different width. It is clear that the capacitance increases with the width (size) 

increasing because both of the substrate capacitance and junction capacitance are positive 

related. The capacitance level of gated diode is about 100fF listed in Table 6-2. It can be 

found that same as STI diodes the capacitance of P+NW diode is larger than N+PW which 

may because of the doping level different between two kinds of junctions.  

c) Diode string 

Diode string with series diodes actually reduce the capacitance by series the capacitors 

from each diode. However, the extracted capacitance values of 2/3/4 diodes string 

decreases not obviously from Figure 85. But the capacitance level is less than 20fF with 

Cap. (fF) @10GHz 40 um (1KV) 60 um (2KV) 100 um (3KV) 120 um (4KV) 

N+PW gated Diode 59.29 86.22 143.71 176.76 

P+NW gated Diode 70.28 102.64 154.35 184.56 

Table 6-2 De-embedded capacitance of gated diode at 10GHz.  

 

 

Figure 85 Extracted capacitance of N+PW diode string from 10MHz to 40GHz.  
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tunable triggering voltage. The capacitance of diode string with different diode number 

from 1 to 4 are listed in Table 6-3. It shows that the capacitance is almost constant even 

with diode number keep increasing which may because the junction capacitance is not 

dominated in this situation.  

d) GGNMOS 

The parasitic capacitance of GGNMOS is much higher than other structures due to its 

unavoidable grounded gate with the large size for ESD protection. Figure 86 shows 

extracted capacitance level is about hundreds of femtofarads which is unafordable for high 

speed I/O application. It’s also found that the capacitance is mainly relied on the size of 

MOSFET that indicated in the name of those curves. The detailed value of capacitance are 

listed in Table 6-4 with different width including 240um, 240um with thicker gate, two 

Cap. (fF) @10GHz 1D 2D 3D 4D 

N+PW gated Diode ≈ 20.00 16.70 17.85 17.37 

Table 6-3 De-embedded capacitance of diode string at 10GHz.  

 

 

Figure 86 Extracted capacitance of GGNMOS from 10MHz to 40GHz.  
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parralell 240um and 480um. It shows that thicker gate give more distance between two 

nodes of gate capacitor and twice the width gives about two times capacitance. However, 

attribute to the snapback I-V curve and great current handling capability, the GGNMOS 

are still wildly used for DC I/O protection like power supply or control I/O pads.  

e) SCR 

To balance the capacitance an power handling capability, SCR structures give a low 

resistance current path with small capacitance level smaller than 100fF showed in Figure 

87 with different length. The capacitance at high frequency end is only about 30fF which 

is very attractive to mm-wave RFICs. The accurate values of each width are listed in Table 

6-5 indicates smaller capacitance than STI diodes with same protection level. The only 

problem comes from its high trigger voltage which is hard to use in mordern low power 

technology.  

Cap. (fF) @10GHz _240 _240OD _240*2 _480 

GGNMOS18 290 267 603 679 

Table 6-4 De-embedded capacitance of GGNMOS at 10GHz.  

 

 

Figure 87 Extracted capacitance of SCR from 10MHz to 40GHz.  
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f) DTSCR 

If adding the triggering diode to reduce the Vt1, the parasitic effect will definitly 

change due to the size and complex connection. Figure 88 shows the measured capacitance 

from 1 to 3 diodes triggered SCR whose capacitance is almost same which is about 50fF. 

The width of SCR is 50um whose stand-alone capacitance is 68.44fF at 10GHz which 

means the capacitance is actually smaller due to the partially series connection of diode 

string whose capacitance is only about 20fF. Then the total capacitance decreases and the 

high triggering voltage issue has been solve in the sametime. This makes DTSCR structure 

paid more attention by mordern ESD design. Table 6-6 lists the capacitance value of STI 

Cap. (fF) @10GHz 25um (>1KV) 50um (>2KV) 75um (>3KV) 

SCR 34.71 68.44 94.41 

Table 6-5 De-embedded capacitance of SCR at 10GHz.  

 

 

Figure 88 Extracted capacitance of STI DTSCR from 10MHz to 40GHz.  

 

Cap. (fF) @10GHz 1 Diode 2 Diodes 3 Diodes 

STI DTSCR 58.11 53.94 53.38 

Gated DTSCR 79.45 70.81 70.43 

Table 6-6 De-embedded capacitance of DTSCR at 10GHz.  
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diode triggered SCR and gated diode triggered ones the only difference of which is that the 

STI is replaced by dummy gate to reduce the length of current flow path. The gate structure 

gives more capacitance but since the current mainly go through SCR after it’s triggered, 

the current path of tiggering diodes is not critical as in diode only protection.  

6.2 Enhanced Parasitic Extraction  

As introduced in Chapter 6.1, the de-embedded method for ESD capacitance 

extraction use the device pattern with pads and interconnections (Pattern A) and open 

pattern without ESD structure (Pattern B). The calculation is straight forward with Y 

parameters of two patterns. However, this method assumes that both the connection and 

ESD structures have only capacitance. While this simplified de-embedding ESD testing 

method works well for ESD devices with small CESD, it introduces errors for large CESD 

because it ignores the parasitic inductance effect associated with metal interconnects (often 

long metal wires for GS test patterns). To have a more accurate de-embedded methodology, 

another short circuit pattern is needed to extract the inductance and resistance form 

interconnecting metals and pads. But this requires at least three same testchip pattern area 

which is limited to the budget. An enhanced extraction method with the help of HFSS can 

improve the efficiency and accuracy of capacitance.  
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6.2.1 New CESD Extraction Method 

As depicted in Figure 89 for its equivalent circuit, two series inductors associated with 

the out-of-ESD metal interconnects are added to the existing CESD extraction circuit model. 

A calibration procedure using the two series inductors, L1 and L2, serves to calibrate the 

CESD extracted directly from testing using an “open” dummy only, following the formula 

below, 
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where ω is the angular frequency of testing signal, L is the inductance of the metal 

interconnects (L1+L2) and ω2LCMetal_T >0. The capacitance labeled as “_T” is the tested 

capacitance of whole DUT and metal connections. CESD_C is the corrected capacitance 

considering the inductance with enhanced method. The new model suggests that CESD_T is 

lower than CESD_C at high frequency due to L1 and L2, which may be attributed to the fact 

that, without the L, the extracted CESD decreases slightly because of a slower response due 

 

Figure 89 Equivalent circuit models for new de-embedding CESD extraction methods.  
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to PN depletion capacitance [63]. In the new CESD extraction method, a “short” dummy is 

omitted to save layout area and the series L associated with the “short” metal can be readily 

obtained by HFSS field simulation, as depicted in Figure 90. Figure 91 compares the CESD_T 

with the CESD_C for a set of ESD devices with varying sizes (different CESD), which clearly 

shows that error margins exist for ESD devices with larger CESD.  

6.2.2 Measurement with High Speed Circuits 

a) Ring Oscillator 

 

Figure 90 HFSS 3D model of the “short” metal wire.  

 

 

Figure 91 Comparison of CESD_T with CESD_C for ESD devices shows extraction errors for CESD_T.  

 
 



 106 

Figure 92 depicts the output period, hence, the frequency, of the ESD-protected 37-

stage ring oscillator circuit obtained directly from measurement (solid) and from simulation 

(hollow) using the CESD_C values extracted using our new calibrated CESD extraction 

technique for the ESD structures used in this work. It readily shows that the new calibrated 

CESD extraction method is accurate in predicting circuit performance with ESD influences.  

b) I/O Buffer 

The dummy input and output buffer circuits are used to evaluate impacts of ESD on 

return loss performance. The ESD diode protection structures have varying sizes 

(W=60/100/120µm) for ESD protection target of 2/3/4KV. The CESD values for different 

ESD structures were extracted using both the simplified extraction method (CESD_T) and 

the new calibrated extraction technique (CESD_C). The industry standard return loss mask 

was used to evaluate the data rate performance if the I/O buffers where the return loss (S11) 

of the I/O circuits was measured by use of the return loss mask matching, hence converted 

 

Figure 92 Comparison of tested and simulated output period for a 37-stage ring oscillator using 

different width ESD devices.  
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to the maximum baud rates. Figure 93 compares the measured return loss (S11) with 

simulation for sample input and output buffers using gated diode ESD devices for 4KV 

ESD protection, with the baud rate values summarized in Table 6-7. The simulation has 

two slits, each using the obtained CESD by the simplified extraction method (CESD_T) and 

the new calibrated extraction technique (CESD_C) for the same I/O circuits. The comparison 

clearly shows that the new calibrated CESD extraction technique is more accurate than the 

simplified CESD extraction method in the high frequency region for ESD structures with 

 

 
Figure 93 Comparison of S11 between measurement and simulation for the input buffer (Upper) and 

output buffer (Lower) with a 120µm gated diode ESD device.  

 

 
 



 108 

relatively higher CESD (i.e., for higher ESD protection targets required for advanced ICs). 

It should be noted that, the simulated S11 may over-estimate the data rate degradation in 

the high frequency section because it only considers the capacitance effects.  

As a conclusion, the enhanced method of ESD parasitic extraction, considering the 

metal-induced series inductance, shows a more accurate estimation of performance 

degradation of high speed ICs. And it reduces the testchip size, the cost on the other side, 

with the help of efficient HFSS EM simulation.  

6.3 Mm-wave Switch and ESD Protection Parasitic Impacts  

Millimeter-wave bands, especially the bands around 28/38GHz, are proposed for 5th 

generation of mobile networks to ensure ultra-high data rate applications mentioned in 

Chapter 2.3. Accordingly, the Federal Communications Commission (FFC) already 

approved these frequency bands for 5G research in United States. As I’ve introduced the 

complicity of front-end module for 5G RFICs, more and more RF antenna switched will 

be used in each mobile phone to achieve low power, low cost and high data rate. At that 

frequency, the parasitic effect of ESD protection, which is a must for all ICs especially the 

antenna side exposed to outside world, will be a disaster for RF performance.  

To date, many efforts have been devoted to designing mm-wave RF switches in CMOS 

with various features, such as using floated-body [14], active balun [64] and traveling-

I/O Buffers Input Output 

ESD Levels 2KV 3KV 4KV 2KV 3KV 4KV 

SIM 
CESD_T 9.8 7.6 5.9 12.5 10.9 7.7 

CESD_C 9.9 7.8 6.0 12.6 11.2 7.9 

Testing 11.5 9.0 6.1 13.6 10.9 8.3 

Error (%) 13.9 13.3 1.6 7.4 2.8 4.8 

Table 6-7 A summary for return loss baud rate masks of I/O buffers.  
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wave techniques [65]. However, the robust on-chip ESD protection is not considered in 

those designs. ESD induced parasitic effects are inevitable that can seriously effect switch 

performance due to impedance mismatching and additional path to ground, particularly for 

series-shunt switches operating at high frequencies.  

Here, series-shunt SPDT RF switches of 28GHz and series-only SPDT switches at 

38GHz with different kinds of ESD protection are designed to analysis the impacts of ESD 

parasitic effects for mm-wave frequency application.  

6.3.1 Mm-wave Switch Design with ESD Protection 

Figure 94 depicts the topology of the 28GHz series-shunt (a) and 38GHz series-only 

(b) switches designed in this work. MOSFET stacks and large gate resistors are used to 

achieve higher power handling capability up to 23dBm. Feed forward capacitor (FCC) is 

 

 

Figure 94 Series-shunt (a) and series-only (b) switch topologies feature stacked MOSFETs with output 

ESD protection.  
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adopted to balance voltage distribution across MOSFETs in the stacks [5]. These 

MOSFETs operate in ON and OFF states, and the switch impedance can be readily 

modeled. Rlin is the ON-impedance of a MOSFET in linear region and Cov is the OFF-

capacitance of the MOSFET across drain to source. Hence, the OFF/ON impedance (ZOFF 

and ZON) ratio is modeled by 1/2πfsignalCovRlin. The ZOFF to ZON ratio is directly related to 

the difference between the insertion loss (IL) and the isolation (Iso) of a switch, as given 

in Equation (1), which should be designed to be as large as possible. Unfortunately, at mm-

wave frequency, this ratio drops rapidly, for example, down to 55:1 for a 38GHz switch in 

45nm SOI CMOS. For a 50-matching system, the difference between IL and Iso is given 

as 

𝐼𝑠𝑜 − 𝐼𝐿 (𝑑𝐵) = 20 log
|𝑍𝑂𝐹𝐹 + 50|

|𝑍𝑂𝑁 + 50|
 

Hence, an ON-resistance of 5 gives an Iso-to-IL difference of only 14dB, which 

decreases further if ZON is smaller. Therefore, for a preferred lower insertion loss, the 

switch isolation will become very poor, which limits the performance of a high frequency 

switch. Table 6-8 summaries the design split data for the series and shunt MOSFET stacks 

optimized for IL and isolation per simulation.  

For the 28GHz series-shunt switch, the parasitic drain-to-source diodes in the shunt 

FETs provide ESD self-protection. The shunt branch was removed for the series-only 

Designs Branch 
FET Stack 

Number 

Finger Width 

(m) 

Finger 

Number 

Total Width 

(m) 

Gate Resistance 

(Ω) 
FFC (fF) 

28GHz SPDT 
Series 10 2.508 140 351.12 1K 20 

Shunt 10 2.508 60 150.48 1.4K 20 

38GHz SPDT Series 10 2.508 140 351.12 800 20 

Table 6-8 Switch design specifications of 28GHz series-shunt SPDT and 38GHz series-only SPDT.  
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38GHz switch to achieve better insertion loss performance, which hence does not have any 

ESD self-protection. Dedicated ESD protection is designed for the two switches in this 

work: an ESD protection from I/O to ground is used for the series-only 38GHz switch, and 

additional ESD protection was added to the series-shunt 28GHz switch for higher ESD 

robustness on top of its self ESD protection shown in Figure 94 (a) and (b). Two types of 

dedicated ESD protection structures were used in this design: a 5-diode diode-string (5DS) 

and a silicon-controlled rectifier (SCR) introduced in Chapter 5, for switch output. The 

ESD triggering voltage (Vt1) was designed to be higher than the maximum signal level of 

3.2V (23dBm). The 5DS ESD protection structure utilizes P-plus/N-body silicide blocked 

(SBLK) diode that has a perimeter of 320um for each diode in the string and its Vt1 is about 

5V. The SCR ESD protection device is a multi-finger SBLK structure featuring a total 

finger width of 200um and Vt1 ≈ 9V based on breakdown voltage of reversed N-well/P-sub 

junction.  

6.3.2 RF Performance: Insertion Loss and Isolation  

RF characterization of insertion loss and isolation was conducted at die level using 

GSG microwave probes by Agilent E8363B vector network analyzer. Figure 95 and Figure 

96 show the measured IL and Iso across a frequency range from 26GHz to 30GHz for 

28GHz band and 36GHz to 40GHz for 38GHz band switches, respectively. The negative 

influences of ESD protection on IL and Iso can be readily observed for the switches. In 

general, the ESD-induced parasitic effect, including resistance and capacitance from output 

to ground, increases the insertion loss in ON state, but improves the isolation in OFF state.  
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In ON state, the diode-string ESD protection affects the switch insertion loss more 

than that of using SCR ESD protection, because the 5DS ESD structure has smaller off-

resistance that introduces more leakage current. On the other hand, both 5DS and SCR 

ESD structures have parasitic capacitance, which affects IL more severely in higher 

frequency. Therefore, the measured IL degrades more significantly for the 38GHz switch 

than for the 28GHz switch due to ESD protection.  

 

Figure 95 Measured insertion loss and isolation for 28GHz switches with different ESD protection: no 

dedicated ESD protection (noESD), and 5DS and SCR ESD protection.  

 

Figure 96 Measured insertion loss and isolation for 38GHz switches with different ESD protection: no 
dedicated ESD protection (noESD), and 5DS and SCR ESD protection.  
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In OFF state, the extra ESD-induced parasitic shunting path reduces signal through-

leakage from input to output, hence improves the isolation for switches with dedicated ESD 

protection, i.e., using 5DS and SCR ESD structures. From the isolation comparison, 

measurement shows better isolation of the 28GHz switch using SCR ESD protection, while 

isolation is better for the 38GHz switch using 5DS ESD protection. This may be attributed 

to the fact that the SCR ESD structure is insensitive to frequency. However, the 5DS ESD 

structure is more sensitive to frequency due to larger capacitance, therefore, showing better 

isolation in the 38GHz band, while much worse isolation than the case using SCR ESD 

protection in the 28GHz band where resistance dominates. Table 6-9 summarizes the 

measurement results for the switches using different ESD protection structures.  

6.3.3 ESD Performance: TLP measurements  

Chip level ESD protection behaviors were characterized using transmission line 

pulsing (TLP) method (Barth Model 4002 TLP Tester) for human-body-model (HBM) 

ESD protection. The TLP stressing waveforms used feature a rise time of 10ns and a 

duration of 100ns. Figure 97 shows the measured instantaneous ESD discharging I-V 

curves along with the leakage current for the 28GHz and 38GHz switches’ self-protection. 

Band P1dB Specifications  No ESD 5DS SCR 

28GHz 27dBm 

Insertion Loss (dB) 5.62 8.83 6.84 

Isolation (dB) 16.8 19.6 25.5 

Iso – IL (dB) 11.18 10.77 18.66 

Vt1 (V) 3.6 3.59 6.65 

It2 (A) 0.27 2.76 1.63 

38GHz 28dBm 

Insertion Loss (dB) 5.63 15.26 9.12 

Isolation (dB) 8.22 24.2 13.4 

Iso – IL (dB) 2.59 8.94 4.28 

Vt1 (V) - 4.59 8.97 

It2 (A) ~ 0 2.76 1.68 

Table 6-9 Measured mm-wave switch RF & ESD performance with different ESD protection.  
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The secondary breakdown current (It2) represents HBM ESD failure threshold where 

leakage changes abruptly due to the physical failure of devices. It clearly shows that the 

28GHz switch without using a dedicated ESD structure has ESD self-protection capability 

due to the stacked FET shunt branch for ESD discharging. However, the 38GHz switch 

without using a dedicated ESD structure does not have any ESD self-protection.  

Additional ESD protection structures with 5DS and SCR are used to improve the ESD 

performance of switch design. The designed ESD protection level for the stand-alone ESD 

structures are It2~3A for the 5DS ESD device and It2 ~1.8A for the SCR ESD device, 

respectively.  

Figure 98 (a) and (b) show that much higher ESD protection was achieved for the 

28GHz and 38GHz switches using dedicated 5DS and SCR ESD protection structures. The 

designed ESD triggering voltage for the stand-alone 5DS and SCR ESD protection 

structures are around Vt1 ~5V and Vt1 ~9V, respectively. Due to ESD self-protection in the 

28GHz switch, the measured Vt1 for the switch is reduced from its stand-alone device. This 

is not the case for the 38GHz switch featuring no ESD self-protection. However, It2 does 

 

Figure 97 TLP tested I-V curve of 28/38GHz switch self-protection.  
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not show a difference between 28GHz and 38GHz switches because most current go 

through the ESD structure after it turns on. The measured switch ESD protection results 

with RF performance are summarized in Table 6-9.  

The impacts from ESD protection to 28GHz/38GHz mm-wave RF switches for 5G 

application are serious which will degrade insertion loss a lot. RF and TLP ESD 

measurements were conducted, which shows that ESD-induced parasitic effects have 

strong influences on the switches, which becomes stronger in higher frequency. Though 

diode string and SCR whose parasitic effects are attractive to high frequency application 

 

 
Figure 98 TLP tested I-V curve of 28GHz (a) and 38GHz (b) switch with different ESD protection.  
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can give great protection capability, the strong influences still unpredictable which requires 

more co-design techniques together during the switch design. The observation is critical 

for designing ESD-protected mm-wave switches for 5G ICs.  
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Chapter 7 Conclusion  

This dissertation reports the novel radio frequency switch design with consideration 

of interference suppression and electrostatic discharge protection for 5th generation of 

mobile network. The advanced 45nm SOI CMOS process and 28nm bulk CMOS process 

are used to implement this critical RF front end block. The challenge and requirements 

from ultra-fast 5G application drive the RFFE research to reach a new height with higher 

power efficiency, higher frequency and of course better RF performance.  

The interference from massive switches for massive MIMO application is unavoidable 

based on our research using a 4G/LTE switch array design. Results shows that even with 

layout optimization and high isolated process, the interference from other switch branches 

is still unacceptable for sensitive receiver side. As a result, a novel crosstalk suppression 

technique using through BEOL metal wall which compatible with modern fabrication 

process can remove more than 98% flying crosstalk. This concept is proven by both 

simulation and chip-level measurements with post-fabrication.  

As a block closed to outside world, antenna switch suffers more threats from 

electrostatic discharge of both HBM and CDM. Comprehensive understanding of each 

ESD protection structure including the critical parameters and parasitic effects are 

indispensable during IC design. The ESD performance especially CDM protection 

capability, which is more challenge for modern thin oxide, are well studied with the new 

TLP/VFTLP and TCAD combined method. It gives more detailed ESD performance before 

and after chip tapeout which is very useful to evaluate protection ability. The parasitic 

effect, CESD, that severe degrades core IC performance especially for high speed, high 
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frequency ICs who is very sensitive to capacitance, is carefully extracted. The enhanced 

extraction methodology with the help of HFSS simulation improves the accuracy and saves 

more budget by reducing one third of the testchip area. This gives more room for IC 

designer to compensate the parasitic effect which will be very serious when reaching mm-

wave 5G RFICs. The impacts analysis using 28/38GHz mm-wave RF switches for 5G 

application demonstrates the terrible performance degradation when adding essential ESD 

protection like diode string or SCR. The consideration for ESD-induced capacitance 

compensation is non-negligible during the mm-wave RF design which may be a significant 

research frequency level for 5G application.  

As a future improvement, more front-end blocks including low noise amplifier, power 

amplifier, filter, etc., should be considered. The build-in through BEOL metal wall 

fabricated by foundry standard process need to be studied to make further proof of 

suppression capability. Other narrow band topologies like impedance changing method 

working as a switch for mm-wave band design can be considered which also give more 

room for parasitic compensation and ESD-RFIC co-design.   
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