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ABSTRACT

Toni Jääskeläinen: Design of Differential I/O PADs for SerDes
Master of Science Thesis in Technology
Tampere University
Master’s Programme in Electrical Engineering: Advanced Studies in Electronics
December 2024

For today’s increased consumption of digital content and demand for ever-increasing data
rates, high-speed interfaces are needed. These can only be done efficiently within an integrated
circuit (for shorter distances) or in a serial manner (e.g. to reduce crosstalk in the data lines).
This thesis introduces Input/Output (I/O) cell structures for the Serializer/Deserializer (SerDes)
unit within the Chip-to-Chip (C2C) Serial sub-system in SoC Hub 3rd chip, Headsail.

The nature of this work is teamwork, of which the author did the integration and verification
of both the Transmitter (TX) and Receiver (RX) I/O PADs and designed the custom Electrostatic
Discharge (ESD) protection circuitry, along with its verification. The goals of this thesis were to
increase the switching frequency, flexibility and ESD protection of the Headsail chip, compared
to the PADs used in SoC Hub’s previous chip, Tackle. An additional goal was gaining in-house
experience in creating custom I/O cells, i.e. PADs.

For understanding the PAD structures, this thesis describes what I/O cells are, in what appli-
cations they are used, in which way the ESD pulses can discharge and what models there are
available for simulating the Electrostatic Discharge. Then, the actual implementation is described.

The methodology used in this work is the Analog Integrated Circuit (IC) Design flow provided
by Cadence. This consists of creating the schematics and simulating them, creating the layouts
and simulating them with the extracted parasitics and transistor corners, i.e. process variations.
The layouting phase includes the Design Rule Check and the Layout-Versus-Schematic check.
Finally, the LEF file is generated for top-level integration. As metrics, 5 GHz switching frequency
was selected, and the ESD protection pulse level was chosen as ±1.8 V for the I/O transistors.

As results, the schematics and layouts of both the transmitter and receiver PADs were designed
and verified. These include a custom Grounded-Gate NMOS (GGNMOS) ESD protection at the
differential data lines on both PADs. These designs were sent to tapeout. In addition to this,
a Gate-to-VDD PMOS (GDPMOS) was designed and verified, but its integration was not fully
complete. The results are analyzed with different parasitic RC layout effects (worst, typical, best),
along with different transistor corners (slow-slow, typical-typical and fast-fast) to get an idea of the
performance range for the I/O PADs.

For the future improvements, a proper integration of the designed GDPMOS is suggested,
along with back-to-back diode structure with a series resistor in the data lines. A very important
improvement is also the measurement of the I/O PADs to characterize the actual performance of
the custom-packaged chip design on a custom PCB (Printed Circuit Board).

It is concluded that the flexibility of the PADs was improved and that in-house experience in
I/O cell design was definitely gained. These aling with the goals. While the initial goals were not
reached in terms of metrics, switching frequency was around 500 MHz higher than in the previous
PADs, and the ESD protection robustness was of similar magnitude.

Keywords: differential pad, I/O cell, SerDes, ESD, GGNMOS, CMOS process, RISC-V, Chips Act

The originality of this thesis has been checked using the Turnitin Originality Check service.



ii

TIIVISTELMÄ

Toni Jääskeläinen: Differentiaalisten I/O-padien suunnittelu SerDesille
Diplomityö
Tampereen yliopisto
Sähkötekniikan DI-ohjelma: Elektroniikan syventävät opinnot
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Nykypäivän lisääntynyt digitaalisen sisällön kulutus ja tarve yhä suuremmille datansiirtono-
peuksille vaatii nopeita rajapintoja. Näitä voidaan toteuttaa tehokkaasti vain mikropiirin sisällä (ly-
hyemmät etäisyydet) tai sarjamuotoisesti (esim. ylikuulumisen vähentämiseksi datalinjoissa). Tä-
mä diplomityö esittelee Input/Output-padirakenteita Serializer/Deserializer-yksikölle, joka on osa
Chip-to-Chip Serial -alijärjestelmää SoC Hubin 3. sirussa, Headsailissa.

Työn luonne on tiimityötä, josta kirjoittaja teki integraation ja verifikaation sekä lähetin- että
vastaanottopadeille ja suunnitteli custom ESD-suojauspiirin, sen verifioinnin lisäksi. Tavoitteina
tässä työssä oli lisätä kytkentätaajuutta, joustavuutta ja ESD-suojauksen tasoa Headsailissä, ver-
rattuna SoC Hubin aiempaan siruun, Tackleen. Lisätavoitteena oli kerätä talonsisäistä kokemusta
I/O-solujen, eli padien, suunnittelusta.

Padirakenteiden ymmärtämisen tueksi tämä diplomityö kuvaa, mitä I/O-solut ovat, missä so-
velluksissa niitä käytetään, millä tavalla ESD-purkaus voi tapahtua ja mitä malleja sähköstaattisen
purkauksen simulointia varten on olemassa. Tämän jälkeen kuvataan varsinainen toteutus.

Tässä työssä käytetään analogiamikropiirien suunniteluvuota, jonka Cadence tarjoaa. Tämä
sisältää piirikaavioiden luonnin ja simuloinnin, layouttien luonnin ja simuloinnin ekstraktoitujen pa-
rasiittisten ja transistorikulmien, eli prosessivariaatioiden kanssa. Layout-vaiheessa tarkistetaan
suunnittelusäännöt (DRC) sekä layoutin vastaavuus piriikaavioon (LVS). Lopuksi generoidaan
LEF-tiedosto top-tason integraatiota varten. Mittareiksi valittiin 5 GHz kytkentätaajuus, ja ESD-
suojauksen pulssitasoksi ±1.8 V I/O-transistorien takia.

Työn tuloksina syntyivät piirikaaviot ja layoutit sekä lähetin- että vastaanottopadille, verifiointi
mukaan lukien. Nämä molemmat padit sisältävät custom maadoitetun-hilan NMOSin (GGNMOS)
ESD-suojauspiirinä differentiaalisissa datalinjoissa. Nämä rakenteet lähetettiin tapeoutattavaksi.
Näiden lisäksi suunniteltiin ja verifioitiin hila-VDD-PMOS (GDPMOS), mutta sen integraatio jäi
osittain kesken. Tuloksia analysoidaan erilaisten parasiittisten RC-layout-vaikutusten (worst, ty-
pical, best) lisäksi eri transistorikulmissa (slow-slow, typical-typical ja fast-fast), jotta saadaan kar-
toitettua, millä suorituskykyvälillä I/O-padit toimivat.

Kehitysehdotuksina ESD-rakenteiden osalta annetaan kunnollinen GDPMOS-rakenteen in-
tegrointi, mukaan lukien back-to-back-diodirakenne, joka sisältää sarjavastuksen datalinjoissa.
Todella tärkeä parannus tulee olemaan myös I/O-padien mittaukset, jotta voidaan karakterisoi-
da custom-koteloidun sirun suorituskyky custom-piirilevyllä.

Lopuksi todetaan, että padien joustavuus lisääntyi ja että talonsisäistä kokemusta kertyi ehdot-
tomasti. Nämä vastaavat työssä asetettuja tavoitteita. Vaikka alussa asettuja tavoitteita ei saavu-
tettu mittareiden osalta, oli kytkentätaajuus silti noin 500 MHz korkeampi kuin edellisissä padeissä,
ja ESD-suojauksen tehokkuus oli vastaavaa luokkaa.

Avainsanat: differentiaalipadi, I/O-solu, SerDes, ESD, GGNMOS, CMOS-valmistusteknologia, RISC-
V, sirusäädös

Tämän julkaisun alkuperäisyys on tarkastettu Turnitin Originality Check -ohjelmalla.
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1. INTRODUCTION

System-on-Chip (SoC) is a large chip that integrates many different subsystems within

one chip. One such chip architecture is shown in Chapter 3 for Headsail. Previously,

these subsystems have been as separate modules in individual chips, but as the inte-

gration level of the microchips has increased, it was made possible to have much of

the separated functionality within one chip. This saves area on the PCB (Printed Circuit

Board), improves communication between the integrated modules and reduces the Bill

of Materials (BOM), while having a highly-performant chip at hand. These chips are in-

herently digital, but they often need some analog subsystems for speci�c functionalities,

such as higher serial data rate or accurate clock signal generation. Nowadays, there has

been an explosive rise of chip companies incorporating the RISC-V architecture in their

chip designs. RISC-V is an open standard instruction set architecture (ISA) with many

extensions [1]. Since there have been a lot of shortage around the semiconductor indus-

try, European Chips Act aims to address this and promote technological leadership in the

Europe [2]. One partner involved in the European Chips Act goals is the SoC Hub Re-

search Centre [3]. They also took part in a new European RISC-V project called TRISTAN

(Together for RISc-V Technology and ApplicatioNs) [4].

SoC Hub enables tape-out of System-on-Chip designs for the ecosystem partners, con-

ducts research and educates people in SoC Design [5]. They were founded in Tampere,

Finland. The designs are checked by IMEC before manufacturing. They have a semi-

conductor pilot line, experts from many countries and an ecosystem of more than 600

industry partners [6]. The actual Process Design Kit (PDK) is provided by TSMC. They

are the world's �rst dedicated semiconductor foundry, with Fabs in Taiwan and elsewhere

in the world [7].

For today's increased consumption of digital content and demand for ever-increasing data

rates, high-speed interfaces are needed. These can only be done ef�ciently within an

integrated circuit (for shorter distances), usually in a parallel manner, or alternatively, in a

serial manner (e.g. to reduce crosstalk in the data lines), usually outside the chip. SoC

Hub had previously used a parallel Chip-to-Chip (C2C) interface in Ballast with 36 parallel

signals. This is less than what the AXI4 (Advanced eXtensible Interface) interface typically

needs. The physical layer is 16 bit wide per direction, giving 32 bit wide interfaces for both

directions (send/receive). The last 4 bits in the interface are for handshaking signals. At
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200 MHz physical layer clock, an uni-directional bandwidth of 3.2 Gbit/s was achieved. [8,

pp. 279–280]

Another serial C2C interface was designed for the Tackle chip based on the Serializ-

er/Deserializer (SerDes) subsystem. This system has only two signals carrying the non-

inverted and inverted versions of the converted serial data. The original aim for the speed

of this interface was 10 Gbit/s, but for many reasons, it was relaxed down to 5 Gbit/s while

utilizing the simple unipolar NRZ (Non-Return-to-Zero) line coding / modulation scheme

[9, pp. 22, 27]. This greatly reduces the problems related to crosstalk in parallel bits,

such as in the Ballast C2C interface. The aim of the serial interface is of course to be

able to provide faster transfer rates than the parallel interface, while hugely reducing the

number of bits needed for the transmission. An improved version of the Tackle SerDes

was designed for SoC Hub's 3rd chip, Headsail, still utilizing unipolar NRZ for the line

coding. This thesis introduces the Input/Output (I/O) PAD structures that were designed

for the SerDes unit within the C2C Serial sub-system within Headsail chip.

The Electrostatic discharge (ESD) protection robustness of the TSMC Analog Input/Out-

put (AIO) PADs used in the Tackle SerDes subsystem had not been measured. The

protection was also integrated to the AIO PADs, making it dif�cult to re-use said ESD

protection on other designs. That is why a custom, in-house ESD protection is needed:

we can, not only measure the robustness of the cells, but also re-use the cells in other

designs. The knowledge on how to create such cells is also valuable for SoC Hub. There

is also a need to increase the datarate capabilities of the PADs for the future applications

of SoC Hub SerDes.

Figure 1.1 shows the SoC Hub chip in different packages in the order they were man-

ufactured. Ballast has a 257-pin Ceramic Pin Grid Array (CPGA) package with a Zero

Insertion Force (ZIF) socket [10, p. 2], Tackle has a 88-pin Quad-Flat No-Leads (QFN)

package [11] and Headsail has a custom 624-pin Ball Grid Array (BGA) package [12].

(a) Ballast chip package. (b) Tackle chip package. (c) Headsail chip package.

Figure 1.1. The �rst 3 SoC Hub chips packaged in manufacturing order.



3

The thesis is done as a constructivist work, so the objectives are listed in place of research

questions. Along with the objectives, expected end results are also described below.

Objectives:

• To increase switching frequency of the pad with respect to Tackle I/O cell design.

• To increase �exibility of the pad with respect to Tackle I/O cell design.

• To improve outer chip ESD protection with respect to Tackle I/O cell design.

• To gain in-house experience in making custom I/O cells.

Expected end results:

• Schematics and layout of the pad cells whose functionality has been veri�ed through

simulations.

• Optional measurements to test the physical manufactured chip against ESD.

The focus of the thesis is on the PAD structures and ESD protection, not in the operation

of SerDes. Moreover, the scope of the Results and Analysis in Chapter 5 covers only the

Human-Body Model (HBM), only Headsail tapeouted structures, only Receiver PAD ESD

robustness, only extracted top-level layout simulations (no reporting of schematic level

results) and only the nominal 4 mA TX bias.

The nature of this work is teamwork, of which the author did the integration and veri�ca-

tion of both the Transmitter (TX) and Receiver (RX) I/O PADs and designed the custom

Electrostatic discharge (ESD) protection circuitry, along with its ver�cation. The method-

ology used is an Analog IC design �ow in Cadence Virtuoso, which will be explained in

more detail in Section 4.1.

The thesis is structured as follows: Chapter 2 describes the relevant background for the

development of the I/O cells, while Chapter 3 describes the I/O cell architecture in a

general level. Chapter 4 explains the used methodology in detail, along with the relevant

metrics for the design. Chapter 5 goes through the results achieved in the thesis process,

analyzing them with comparisons between the Headsail and TSMC PADs. Chapter 6

discusses about future improvements for the thesis, and �nally, the work is concluded in

Chapter 7.
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2. BACKGROUND

For understanding the PAD structures designed in the thesis, this Chapter describes what

I/O PADs are, in what applications they are used. Furthermore, since the PADs need to

be protected from the Electrostatic Discharge, this Chapter covers in which way the ESD

pulses can discharge and what models there are available for simulating the Electrostatic

Discharge. Chapter 3 will then bridge this Chapter to the implementation in Chapter 5,

while going deeper into the actual PAD structures and their ESD protection.

2.1 Input/Output (I/O) Cells

Input/Output (I/O) cells, or PADs, are responsible for shifting the core chip voltage to the

I/O voltage, along with providing the necessary Electrostatic Discharge (ESD) protection.

They need to accommodate for large amount of current so their area needs to be large.

[13, p. 322] The level-shifting is needed since usually the transistors at the perimeter of

the chip use higher voltage than the ones near the core of the chip. Hence, they are called

I/O transistors and Core transistors, respectively.

A typical I/O cell structure connects the core of the chip to the outer perimeter of the chip.

The cells can have integrated subsystems for transmitting and receiving the signals. This

is simpli�ed in the Figure 2.1.
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Figure 2.1. General block diagram of an I/O PAD.

The block diagram shows a bi-directional PAD structure but the PADs can be separate.

In that case, an Output PAD would contain the Transmitter (TX) circuitry and the Input

PAD would contain the Receiver (RX) circuitry. Sometimes the PADs are not active and

just pass the signal through. In that case, the TX and RX circuits are omitted but usually

the ESD protection is still included. ESD protection is needed to avoid an externally

accumulated electric charge from discharging to the internals of the chip, damaging the

transistors, among other structures. If the I/O voltage was for some reason the same as

the Core voltage, the level-shifters could be omitted as well.

The PADs need to be driven, so next a general description of one candidate for such

circuitry is given. This circuitry mainly corresponds to the TX/RX block in Figure 2.1. The

I/O cells need to also be protected against ESD pulses, so different ESD models and

discharge modes are described after.

2.2 Serializer/Deserializer (SerDes)

The aforementioned PADs might be included as a part of a Serializer/Deserializer unit.

An example simpli�ed block diagram of the SerDes unit is seen in Figure 2.2, with the

thesis focus (i.e. TX and RX PADs) highlighted. The SerDes is a circuit which �rst con-

verts incoming parallel data from the chip into serial format with a Parallel-In, Serial-Out

(PISO) shift register. It then transmits the incoming single-ended serial data, usually in a

differential manner, using a transmitter (TX). The typical scheme for such transmission is
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called Low-Voltage Differential Signaling (LVDS), and it requires 2 wires for the same data

for robustness. The data propagates through a transmission medium, which is also called

channel. The channel consists of the package that the chip resides in, and the printed

circuit board that the chip has been soldered on. After the data arrives at the other side

of the SerDes unit, a receiver (RX) �rst converts the differential data into a single-ended

one (i.e. having one wire). The serial data is then converted back to a parallel form with a

Serial-In, Parallel-Out (SIPO) shift register. From there, the data propagates towards the

chip.

The SerDes circuitry is usually mostly digital, but high-speed communication requires

serial communication (e.g. to reduce crosstalk), which in turn is only possible ef�ciently

with analog circuits and the LVDS scheme. For increasing the data robustness, a channel

encoding is usually applied. A typical choice for SerDes is the 8b/10b encoding which

will add 2 bits of redundancy to the data. Usually that also includes the clock embedded

within the datastream. At the receiver side, this data is decoded back to 8 bit. If the

clock was embedded within the datastream, a Clock and Data Recovery (CDR) circuit is

needed at RX side to separate the clock and data from each other.

Figure 2.2. Simpli�ed SerDes block diagram.

In serial communications, the least-signi�cant bit (LSB) is usually transmitted �rst. In this

case, it means that the bit in0 would be transmitted �rst, while the other bits would be

sent incrementally, ending at bit in9 .

To protect the internal circuits (e.g. SerDes), an implementation of the ESD protection for

the PADs is needed. For that, we �rst need to cover the relevant ESD models. However,

it is already worth mentioning at this point that it is noted in the Journal Article [14, p. 215]

that for both I/O designers and ESD protection designers, speci�cally designing the ESD

protection for SerDes is one of the hardest challenges. As such, the ESD models are

important for verifying the ESD protection robustness of the aforementioned I/O PADs.
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2.3 Electrostatic Discharge (ESD) Models

Electrostatic Discharge is the common phenomenon in which a person has e.g. walked

on a carpet and touches a metallic door handle. The person will get a shock upon touch-

ing, which might hurt more or less depending on the amount of charge built on the human

body. The shock is a consequence of the accumulated charge in the human body dis-

charging to the door handle. There are other types of Electrostatic Discharge which will

be described below.

Electrostatic Discharge can be commonly characterized by 3 different models [15, pp.

5–13]. These models are the Human-Body Model (HBM), the Machine Model (MM) and

the Charged-Device Model (CDM). Each of them model different types of ESD events.

However, they can be simulated with an equivalent testbench, omitting some components

as necessary [16, p. 3]).

The Human-Body Model describes an event in which a charged person touches an elec-

tronic component. This can happen for example from the �ngertip to an Integrated Circuit

(IC), soldered on a Printed Circuit Board (PCB).

The Machine Model describes an event in which a machine touches an electronic com-

ponent e.g. in an assembly line. The machine model is suggested to be discontinued by

the JEP172A standard from JEDEC [17].

The Charged-Device Model describes an event in which the device itself is charged ini-

tially and then touches another object. This is a completely different view on the other 2

models, where a charged object touched an electronic component.

The equivalent circuit of the general ESD model is shown in Figure 2.3. The different

ESD model waveforms as shown in Figure 2.4 along with the typical model parameters

in Table 2.1. However, since we are interested in how the manufactured chip withstands

ESD pulses that are generated when people handle them, the focus of this thesis will be

in the Human Body Model.
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Figure 2.3. General ESD model equivalent circuit (adapted from [16, p. 3]).

Figure 2.4. General ESD model pulse waveforms (adapted from [16, p. 3]). HBM has
high-voltage but long settling time, MM has mid-voltage and it oscillates while settling,
whereas CDM has low-voltage but high-current extra-fast spike, which is very dangerous.
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Table 2.1. General parameters for different ESD models (adapted from [16, p. 3]).

Model CESD (pF) RS(
 ) LS (µH) CS (pF) CT (pF)

HBM 100 1500 5 <5 <30

MM 200 0 0.5/2.5 0 <30

CDM 10 10 0.01 0 0

The ESD design window de�nes a safe operating area for the protection device: the pro-

tection has to be able to handle ESD pulses during the manufacturing and assembly, but

also during operating of the integrated circuit (IC). The goals of the ESD protecting de-

vice strategy include providing a safe discharge current path from I/O pins to supply pins,

clamping the voltage at the I/O pins and minimizing die size. [16, pp. 11–12] The ESD

design window is illustrated in Figure 2.5. When the holding voltage has been reached,

the snapback behavior keeps the parasitic bipolar junction transistor (BJT) ON.

Figure 2.5. ESD Design window (adapted from [16, p. 12]). VT1 is triggering voltage, I T1

is triggering current, VH is holding voltage (if snapback), I T2 is current failure. Margin ac-
counts for process/temperature variations. VT2 would be the voltage at the failure current,
but in this Figure it is equal to the triggering voltage VT1 .

The Electrostatic discharge can happen in different ways in integrated circuits so these

are covered next. These discharge types need to be taken into account in the ESD models

for thorough veri�cation.
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2.4 Electrostatic Discharge Modes

In integrated circuits, the ESD pulse can discharge from the PAD to the power rails (supply

voltage and ground), or the other way around if the pulse is negatively charged. This

makes up 4 different combinations for ESD discharge types which will be described below.

[18, 19, 20].

For the electrostatic discharge, the potential difference is measured from the PAD to either

of the power rails. The PD mode is a positive discharge from the PAD to the VDD voltage

supply rail. The ND mode instead, is a negative discharge from the PAD to the VDD. This,

in turn, means that the conventional current will �ow from VDD to the PAD. The PS mode

is a positive discharge from the PAD to the VSS ground rail. The NS mode instead, is

a negative discharge from the PAD to the VSS. Again, this means that the conventional

current will �ow from VSS to the PAD. [19, p. 1409] The different ESD discharge modes

are seen in Figure 2.6.

Figure 2.6. Electrostatic Discharge modes (adapted from [20, p. 271]).

To protect the circuits from the ESD pulses, some phenomena are utilized. These are

covered next.

2.4.1 Latch-up

Latch-up means an unintended short circuit between 2 terminals of an electronic device.

Most commonly those terminals are the supply voltage and ground rails, but they can be

others, as well. A short circuit between the power rails is extremely dangerous since the
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current can grow to huge values and heat up the component to a level of malfunction.

In high-power applications, the huge amount of current can cause an explosion so latch-

up needs to be prevented. It is, however, used intentionally in some ESD protection

structures, such as the Grounded-Gate NMOS (GGNMOS), which will be described later

in detail in Section 3.3.

2.4.2 Snapback

Snapback is a phenomenon where a BJT transistor start conducting at avalanche break-

down. It is intentionally used in some ESD protection circuits, such as GGNMOS and its

complementary counterpart GDPMOS (Gate-to-VDD PMOS), to allow the discharge to

happen in another direction otherwise not possible with the inherent connections. This

can however cause latch-up, and that is why the Guard Rings mentioned in Subsec-

tion 3.3.2 are needed.

Figure 2.7. Snapback IV characteristics curve (adapted from [20, p. 271]).

In the snapback phenomenon for Metal-Oxide Semiconductor Field-Effect Transistors
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(MOSFET), the ESD pulse has reached the oxide breakdown level. After the current

increases, the voltage snaps back to the snapback holding voltage, which keeps the af-

fected circuit conducting. The snapback behavior is seen in Figure 2.7. BVOX is the oxide

breakdown voltage.
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3. PAD ARCHITECTURE

This Chapter will bridge the background theory from Chapter 2 to the implementation in

Chapter 5. In this Chapter, relevant design choices are considered. At �rst, a bi-directional

I/O PAD similar to Figure 3.1 was considered but it was discarded for �exibility: having

separate Input and Output PADs allow for more sophisticated design re-use.

Figure 3.1. Example of bi-directional I/O PAD internals (adapted from [21, p. 10]).

Figure 3.2. Headsail Architecture [22]. The author contributed to �xing the XBARs in
yellow color. Printed with permission.
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