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Abstract

Digital products such as smartphone, tablet, laptop, camera etc. are vital to
modern societies. The integrated devices such as microprocessor, memory, transceiver
and image sensor etc., operate based on some fundamental clocks. Hence, it is not too
much to say that the fundamental clocks determine the overall performance of these
digital devices. On-chip clock distribution systems play vital roles since it distributes the
fundamental clocks to the whole chip. For instance, a global tree structure distributes the
system clock to the whole chip and a differential signaling structure which is main scope
of this dissertation distributes the I/O clock for high-speed serial links. However, these
are the most power hungry block as well. A large portion of total power from 25% to
70% are dissipated by on-chip clock distributions in the case of microprocessors. With
the increase of operating speed and length in recent digital systems, low-power and
high-speed operation is becoming further challenging task due to the increase of jitter
and power caused by multiple repeater stages. The goal of this dissertation is to propose
the innovative solutions to overcome the above mentioned problems of on-chip clock
distribution for high-speed serial links. The proposed bufferless LC resonant clock
architecture directly drives on-chip clock distribution line without any buffers and
repeaters. Thanks to the bufferless structure, the performance of the clock distribution is
determined by the LC oscillator only. The proposed architecture is composed of three
key features; Inductor, LC oscillator and on-chip transmission line design. The proposed
inductor maximizes the performance of LC oscillator. The proposed LC oscillator
mitigates the tradeoff of high-frequency, low-power operation and allows bufferless
architecture. The proposed fully calculation-based on-chip transmission line modeling
and optimization are able to find the optimized parameters such as metal width, space
etc. instantaneously without any SPICE and EM (Electro-Magnetic) simulations. The
proposed bufferless architecture which is directly connected to a 10-mm on-chip clock
distribution line is fabricated in TSMC 0.18-um 1-poly 6-metal CMOS process. The
experimental results achieved 2.8-GHz oscillation frequency, 3.3-mA current
consumption, -112.8 dBc/Hz phase noise which is comparable to the other state-of-the-

art LC oscillators in spite of the absence of buffers and repeaters.
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Chapter 1

Chapter 1
Introduction

1.1  Background and Motivation

This dissertation investigates on the development of low-power, high-speed on-
chip clock distribution architecture in VLSI systems. On-chip clock distribution is one of
the most important functions in determining the overall performance. For instance, a
global tree structure distributes the system clock to the whole chip and a differential
signaling structure which is main scope of this dissertation distributes the 1/O clock for
high-speed serial links. However, with the recent increase of bandwidth and chip area,
an on-chip clock distribution is becoming the power-hungry block as well. A large
portion (25%~70%) of the total power can be dissipated in the case of microprocessors

due to the large swing and capacitive load according to the recent researches.

Many works have been investigated for on-chip clock distributions such as
inverter chain, small swing, transmission line and LC resonance. The repeater-based
structures such as inverter chain, small swing are suffering from a huge amount of power
and jitter with the increase number of repeater stages. Transmission line structure can
potentially reduce the power and jitter due to the absence of the repeaters. However, the
design methodology becomes complicated to extract the parasitic inductance which
requires time-consuming Elector-Magnetic (EM) simulation. LC resonance structures
can achieve a good power efficiency owing to the charge recycling mechanism.

However, some buffer stages are still required due to the high frequency sensitivity of



Chapter 1

conventional LC oscillators. Hence, conventional on-chip clock distribution structures
have not completely solved the fundamental tradeoff between low-power and high-speed

operation yet. A new innovative structure has been desirable.

In this dissertation, we propose a new bufferless on-chip clock distribution
architecture which makes full use of both transmission line and LC resonance. The
proposed structure can directly drive a 10-mm on-chip clock distribution line at 3-GHz
from a LC oscillator without any buffers and repeaters. The following two major
problems must be solved to realize the proposed system. First, the frequency sensitivity
of LC oscillator must be reduced to directly drive a large capacitive load on the clock
distribution line. Second, a simple methodology for on-chip transmission line modeling
and optimization are necessary to find the best interconnect parameters.

1.2 Research Objectives
The goal of this dissertation is to develop a low-power, high-speed on-chip clock

distribution architecture, which has the following key features that can be summarize as:

(1) A high-frequency, high-symmetry and low-coupling differential inductor
The performance of LC oscillators is mainly determined by inductors. Although
conventional differential inductors are -symmetry and low-coupling, the
difficulty of high-frequency operation is the major drawback. The proposed
differential inductor can achieve almost twice self-resonant frequency while

keeping the high-symmetry and low-coupling features.

(2) A simple methodology for on-chip transmission line modeling and optimization
A simplified RLC-distributed model and optimization methodology without EM-
simulation have been desirable for on-chip transmission line design. The
proposed modeling methodology converts a five-wire of GSGSG physical
structure to single-ended RLC-distributed model. This simplification makes an
adoption of basic transmission line theory possible. The proposed optimization

methodology can find the smallest metal width, space and structure that achieves
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the lowest power consumption from the given target specifications such as
propagation delay and output swing which significantly improves design time

and quality.

(3) A low frequency sensitivity LC oscillator
Conventional LC oscillators have a fundamental tradeoff between low-power and
high-frequency operation due to the high frequency sensitivity. The proposed LC
oscillator can mitigate this tradeoff owing to the shared LC resonance mode
between frequency tuning capacitor and the load of on-chip clock distribution
line. This low frequency sensitivity feature makes bufferless on-chip clock

distribution system possible.

1.3 Thesis Outline
The dissertation is comprised of seven chapters to define and explain on the

development of low-power, high-speed on-chip clock distribution line system.
Chapter 1 provides the background, motivation and objectives for this research.

Chapter 2 presents a brief introduction of existing on-chip clock distribution line
systems for high-speed serial links such as inverter chain, low output swing,

transmission line and LC resonance.

Chapter 3 proposes a novel high-frequency, low-coupling differential inductor
with patterned ground shield. The concrete design methodology and comparison
between EM-simulation and experimental results are presented. It also shows the

experimental results of far-field magnetic coupling effect.

Chapter 4 proposes a fully calculation-based on-chip transmission line modeling
and optimization methodology. The theory of simplification process and the accuracy of
calculated model along with EM-simulation and experimental results are presented. The
optimization algorithm using the proposed simplified model is also introduced.
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Chapter 5 proposes the theory of low frequency sensitivity LC oscillator. The
comparison results between the theoretical calculation and SPICE simulation are
discussed. It also compares and discusses the architecture of on-chip clock distribution

line between conventional repeater-based and the proposed LC oscillator-based design.

Chapter 6 presents an experimental implementation of integrated system by
organizing a bufferless LC oscillator that is directly connected to a 10-mm on-chip clock
distribution line. It also compares the Figure-of-Merit (FOM) with the other state-of-the-

art LC oscillators.

Chapter 7 concludes the research works. The contributions and future works are

summarized.
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Chapter 2

On-Chip Clock Distribution Systems

This section briefly reviews existing on-chip clock distribution systems for high-
speed serial links such as inverter chain, dynamic small swing, static small swing,
transmission line and LC resonance as backgrounds. Based on the brief study of pros and
cons for existing systems, it also introduces the basic idea of our proposed on-chip clock

distribution system.

2.1  High-Speed Serial Link System

Fig. 2.1 shows an image of a high-speed serial link system. In Fig. 2.1, Tx and
Rx represent transmitter and receiver, respectively. These chips operate based on some
fundamental clocks. There are two different kinds of on-chip clock distribution systems.
One is a global clock distribution which is used for system clocking as shown in Fig. 2.1
(A) and the other is high-speed 1/O clock distribution which is used for high-speed serial
links as shown in Fig. 2.1 (B). The parallel data are converted to serial data at Fig. 2.1
(C) due to the limited number of 1/0 pins and output in differential signaling mode by
transmitter at Fig. 2.1 (D). This differential signals are transmitted through a package
and board as shown in Fig. 2.1 (E) and receiver blocks amplify the received data from
small swing to Vpp swing at Fig. 2.1 (F). After that, these serial data are converted to
parallel data at Fig. 2.1 (G) and finally sent to the system at Fig.2.1 (H). Thus, high-
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speed 1/O clock distribution shown in Fig. 2.1 (B) requires the highest frequency due to
the parallel to serial conversion. In this dissertation, we will focus on this high-speed 1/0

clock distribution and oscillator design.

Package / Board

XXX
XA X

XXX

A XX
(E)

Scope of this study: high-speed I/O clock distribution

Fig. 2.1 High-speed serial link system

2.2 Inverter Chain

Fig. 2.2 shows inverter chain on-chip clock distribution system [1]. Although this
system is very simple, there are several problems as follows. First, since power
consumption is proportional to power supply Vpp?, the large output swing (0~Vop)
makes power consumption worse. Second, the high-speed operation is difficult due to
the large swing. Third, the power efficiency is low since the current is wasted during
logic high to low transition. Forth, jitter is large due to the increase number of repeaters
at high-speed, long distance condition. Fifth, it is vulnerable to both common mode and
power supply noise due to the single-ended structure. Thus, this inverter chain structure

is not suitable for high-speed, long distance on-chip clock distribution.



Chapter 2

L N o N DD DD DD .DEJ
ol - yoi ol 1o} ;| o; ;| o§

buffer
repeater I«T» repeater -I- -I- repeater -I-T repeater -|- \-l_

Fig. 2.2 Inverter chain architecture

2.3  Small Swing

Fig. 2.3 shows a small swing signaling structure. This structure is typically
realized by CML (Current Mode Logic) [1]. Since the circuit is organized by differential
topology, good CMRR (Common Mode Rejection Ratio) and PSRR (Power Supply
Rejection Ratio) can be obtained. In addition, the reduced swing makes high-frequency
operation possible. However, the power consumption caused by the constant current is a
major drawback. Thus, this structure is not suitable for long distance clock distribution.
Furthermore, the minimum swing is limited by the sensitivity of receivers. Therefore, it
is important that the total power consumption for both repeaters and receivers must be

taken into consideration.

LU DD b g by ogo tgo by
;|/ ; iyoi  iyoi  iyoi  iyoi  iyoi  il/O|

S=Ire

; I¥ CML TT CML TE

Fig. 2.3 Small swing architecture
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2.4 Transmission Line Signaling

Fig. 2.4 shows the on-chip clock distribution system using a transmission line [2],
[3]. This system can be applied when the wavelength is not negligible against the length
of on-chip clock distribution line. Due to the recent high-speed and long distance trend,
this structure is becoming more important these days. The advantages of transmission
line are much better jitter performance due to the absence of repeaters and possibility of
low-power operation if appropriate characteristic impedance and termination are
selected. However, a time-consuming electro-magnetic (EM) simulation is necessary to
extract parasitic inductance. In addition, an on-chip transmission line design requires
many parameter optimizations such as width, space, height and frequency etc. The
design methodology becomes much more complicated than conventional RC-based
design. Hence, a simple methodology of on-chip transmission line modeling and

optimization are necessary.

I I i
iyoi  yoi  {woi  yoi  {yoi  {Woi  {woi  {o|

buffer ) - . . .

e T Ll T Il e T LT
VP Y Y O Y I NV P P P Y D O e N

L1 11 11 11 11 11T 11

TR

Fig. 2.4 Transmission line architecture

2.5 LC Resonance

Fig. 2.5 shows the on-chip clock distribution system using a LC resonance [4],
[5]. Thanks to the charge recycling, the driver just compensates the resistive loss caused
by both the inductor and the wire of on-chip clock distribution line. Therefore, this
structure can achieve very high power efficiency. However, since the resonant frequency
fosc 1S determined by (2.1), the required inductance L becomes too small at high C.

scenario. Practically, an accurate small L is difficult to design due to the parasitic
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inductance. Therefore, some repeater stages are required at high-frequency, long
distance situation so as not to have a high capacitance load. As a result, the existing LC
resonance structures suffer from the power consumption and jitter due to the increase

number of repeaters.

1

Jose = 21,/LC,

(2.1)

og I T A A O A
H/O! H/O! H/0! H/0! H/0! e} e}

Vo jwop - vo;
‘FL, ‘|/f/
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Fig. 2.5 LC resonance architecture

2.6 The Proposed Structure

Fig. 2.6 shows the proposed on-chip clock distribution architecture. The
proposed architecture makes full use of both LC resonance and transmission line. The
LC tank is shared between the oscillation tuning capacitor Cp and the load capacitance
Cv. of clock distribution line. The blue dotted line shows the image of current distribution.
The effective load capacitance is reduced owing to the LC resonance at C. side. Thanks
to this reduced effective capacitance, we can take out repeaters on the clock distribution
line. Hence, we can utilize transmission line signaling. Since the clock distribution line
is directly driven by a LC oscillator, the waveform is just a simple sinusoidal wave.
Therefore, the design can be much easier and robust than conventional pulse-based due

to the absence of higher harmonics.
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Fig. 2.6 The proposed bufferless architecture

To realize the proposed system, we will investigate on the following three key designs.
1. Inductor design

The performance of the LC oscillator is mainly determined by an inductor. A
differential LC oscillator needs a differential inductor. Although, a conventional
differential inductor has good symmetry, it is difficult to achieve high-frequency and
low-coupling features. Fig. 2.7 shows the image why a differential inductor is difficult to
achieve high-frequency operation. The phase relationship for two adjacent wire is almost
in-phase for single inductor whereas differential inductor's one is out-of-phase.
Therefore, the parasitic capacitance for differential inductor is larger than single inductor.
This effect makes high-frequency operation for differential inductor difficult. Next, Fig.
2.8 shows the image why low-coupling feature is important. For instance, in RF systems,
the magnetic fields generated from LC oscillator interfere with other blocks such as
LNA (Low Noise Amplifier), PA (Power Amplifier) etc. and sometimes it causes
undesired modulation. To avoid this scenario, typically each block is located far away to
get good isolation at the cost of layout area. Thus, we will investigate on the following
structure as shown in Fig. 2.9. The proposed inductor places two identical single
inductors in stepping order. This feature makes the self-resonant-frequency same as
single inductor. In addition, the 8-shaped current distribution tries to cancel magnetic

flux each other. However, we may lose the symmetry to a certain extent due to the
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connectivity to form the 8-shaped current distribution. The goal of this study is to
investigate if the proposed inductor can achieve the high-frequency, low-coupling and

good symmetry as we expected.

single differential

high_fSR IOW‘fSR

Fig. 2.7 Research objective of fsr (self-resonant-frequency)

Fig. 2.8 Research objective of magnetic coupling

Flipped order Stepping order
Symmetry: perfect Symmetry: relatively good

Fig. 2.9 Research objective of symmetry for 8-shaped differential inductor
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2. On-chip transmission line modeling and optimization

The proposed bufferless architecture utilizes the transmission line signaling
mode. However, major problem of transmission line design is the design complexity.
The following procedures are necessary to perform one transmission line simulation.
Step-1. layout operation. Step-2. s-parameter extraction by EM (Electro-Magnetic)-
simulation. Step-3. transient simulation by SPICE. There are several problems in this
design procedure. First, since there are many parameters such as width, space and
thickness etc. for transmission line design, the layout operations are time-consuming
work if the parameter optimizations are necessary. Second, EM-simulation is usually
expensive and takes time if the simulation area is large. Third, sometimes we have
convolution errors in transient analysis from s-parameter to time-domain change and this
is strongly dependent on SPICE simulator. Thus, we will investigate on the simple,
accurate equivalent transmission line modeling and optimization without using EM-
simulation as shown in Fig. 2.10. A 5-wire GSGSG physical structure is converted to an
equivalent single-ended RLC-distributed model without using EM-simulation. The
reason for the selection of GSGSG is to make the model accurate by adding GND to
signal lines not only bottom but also side. Once a general 5-wire GSGSG structure is
modeled, the same methodology can be easily applicable to other structures such as
GSSG, SGS, SS. The single-ended model makes a basic transmission theory adoption
possible. In addition, although conventional works only treat thick top metal layer, we
will expand available metal layers to multiple layers. This is because top thick metal
layer is commonly used for power supply mesh and it is not guaranteed that we can
always utilize thick top metal layer for on-chip clock distribution line to avoid
complexity of layout. Therefore, it is valuable to investigate what will happen if we
utilize other metal layers such as metal-5, metal-4 etc. As for optimization, we will
develop the algorithm to optimize delay, power consumption of driver and output swing
from the given target specifications using the proposed equivalent model. The
importance of delay and power are to satisfy the allowable timing budget and power of
driver circuitry. The output swing is essential factor for level shift stages after clock
distribution. Thus, the goal of this study is to develop the fully calculation-based design

methodology of on-chip transmission line modeling and optimization.
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Fig. 2.10 Research objectives of on-chip transmission line modeling and optimization

3. LC oscillator design

The proposed bufferless architecture shares LC-tank between frequency tuning
capacitor Cp and load capacitance C. as shown in Fig. 2.6. However, this new
architecture has not been researched by any papers yet. For instance, oscillation
frequency of a conventional LC oscillator is determined by only one resonant loop which
is determined by (2.1). On the other hand, the proposed one has at least two resonant
loops. Also, ideal inductor’s tap location is not clear. Thus, the goal of this study is to
investigate on the basic theory of this new LC oscillator such as oscillation frequency,

output swing and tap location etc. as shown in Fig. 2.11.
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Fig. 2.11 Research objectives of LC oscillator

2.7  Chapter Summary

In this chapter, we briefly introduced the pros and cons of existing on-chip clock
distribution systems. The conventional repeater-based on-chip clock distribution systems
are not suitable for high-frequency and long distance systems due to the increase of
power consumption and jitter caused by multiple repeater stages. The transmission line
approach can reduce the number of repeaters. However, the design methodologies
become complicated. It raised the necessity of a simple methodology of on-chip
transmission line modeling and optimization. The LC resonance can improve the power
efficiency owing to the charge recycling mode. However, repeater stages are still
required due to isolate the capacitive load from LC oscillator. It raised the necessity of
low frequency sensitivity LC oscillators. Based on the backgrounds of existing systems,
we also briefly introduced the basic idea of our proposed system which makes full use of

both transmission line and LC resonance mode.
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Chapter 3

Design of High-Frequency, Low-Coupling Inductor

3.1 Introduction

3.1.1 Background

In recent high-speed digital and RF systems, on-chip inductor plays an important
role. For instance, a differential LC oscillator as shown in Fig. 3.1 is used in high-speed
serial links to achieve both high-frequency and low-jitter requirements [1]. A
conventional differential LC oscillator uses a differential inductor for the symmetrical
outputs. However, the low self-resonant-frequency (fsr) has been a major drawback due
to the long routing of wire [2]. In RF transceiver systems, strong magnetic fields from
power amplifier (PA) interfere with local oscillator (LO). This mechanism results in
injection locking [3]. Hence, each inductor must be located far away to a certain extent

at a cost of large chip area. Thus, a differential inductor that has symmetry, high-fsr and

(]
==

Fig. 3.1 Differential LC oscillator

low-coupling has been desirable.
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3.1.2 Previous Work
According to Findley et al. [2], a high-fsr differential inductor is introduced.
Although this inductor is high-fsr, low-coupling and symmetry features have not been
achieved. On the other hand, some low-coupling and symmetry twisted inductors are
introduced in papers [3] [4] [5]. However, high-fsr feature has not been achieved due to
the long routing. Thus, there are no ideal differential inductors that can achieve

symmetry, high-fsr and low-coupling features.

3.1.3 Objectives and Scope of This Study

The goal of this study is to develop the differential inductor which has high-fsr,
symmetry and low-coupling features for LC oscillator. In this chapter, we will propose a
novel high-frequency, low-coupling 8-shaped differential inductor with Patterned
Ground Shield (PGS) [6]. The PGS structure can maximize the Quality factor while
improving the Electro-Magnetic (EM) simulation time owing to the reduced number of
nodes [7] [8]. The 8-shaped structure makes the symmetry, low-coupling and high-fsg
possible. The test chip is implemented in TSMC 0.18-um 1-poly 6-metal CMOS process.

3.2 Inductor Design

The basic design of the proposed inductor is based on a single-inductor design.
For substrate shielding, we adopted PGS for improvement of Quality factor, accuracy of
EM-simulation and reduction of the number of elements. For metal structure, Metal 6, 5,
4 are shorted together to reduce DC resistance while keeping the required fsr. We placed
vias at metal edge only to mitigate the skin effect [9]. The proposed inductor is
organized by placing two single inductors in stepping order as shown in Fig. 3.2. In Fig.
3.2, P1-P2, P3 and P4-P5 represent differential-input, center-tap and quarter-tap,
respectively. Fig. 3.3 shows the comparison of the current distribution and magnetic
fields between a conventional and the proposed differential inductor. The magnetic field
of each inductor induced by the 8-shaped current distribution tries to cancel out far-field
magnetic coupling each other. Hence, the proposed structure is able to achieve the

symmetry, high-fsr and low-coupling features.
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2 single inductors in stepping order
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Fig. 3.2 The proposed 8-shaped differential inductor

The green-, pink-color lines and dots are poly, metal and via from (c) to (h)
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Fig. 3.3 Current distributions and magnetic fields

3.3 Simulation Results

Table 3.1 shows the detailed design parameters of the proposed inductor. We
used Keysight “Momentum-RF” for EM-simulation tool and performed s-parameter
analysis at Fig. 3.4 condition. The differential L and Q are derived from s-parameter to
z-parameter conversion using (3.1) to (3.3). Fig. 3.5 shows the comparison results
between single (Fig. 3.4 (a)) and proposed inductor (Fig. 3.4 (b)). The proposed inductor
achieved almost twice higher L while having a same fsgr and Q compared with a single
inductor. Fig. 3.6 shows the phase difference at Fig. 3.4 (c) configuration to check the
symmetry of the proposed inductor. The phase difference is only 2.4 degree at 3-GHz
and it is symmetrical enough for differential LC oscillator use. Fig. 3.7 shows the
comparison results of L, Q at Fig. 3.4 (b) and (d) configurations. For Fig. 3.4 (d), the tap
location has been chosen such that L at Fig. 3.4 (d) can be half of Fig. 3.4 (b) by using
approximate equations introduced in the study of Mohan et al [10]. The simulation
results showed good match with our expectations. Hence, the proposed differential

inductor can be accurately and simply designed based on a single inductor design.
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Table 3.1 Design parameters of our proposed inductor

Process TSMC 0.18-um 1-poly, 6-metal
Metal structure M6(thick) // M5 // M4

Metal width 4.5-um

Metal space 1.5-um

N. of turns 6

Shielding PGS (Metall + poly)

Area 130 x 235 um?

L at 3-GHz 6.22-nH (differential)

Q at 3-GHz 5.9

fsr 13.3-GHz

“/I” represents short by vias.

P4 P3 P5

(a) P1 - P3 (single)

(b) P1 - P2

P4 P5 P3
P3 P4 P5
P1 P2 P1 ”%‘J‘TN P2

(c) P1-P3, P2 P3

(d) P4 - P5

Fig. 3.4 Measurement configurations

Zdiff =Z11 — 21z — Zy1 + 1y,

_ lmag(Zdlff)

(2mf)

_ lmag(Zdlff)
real(Zdl-ff)

Here,
Zaiff
imag

- differential impedance f
- imaginary part real

(3.1)
(3.2)
(3.3)
: frequency
- real part
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3.4 Measurement Results

3.4.1 Inductance, Quality Factor and Resistance
Fig. 3.8 shows the photograph of the fabricated proposed 8-shaped differential
inductor and measurement configurations. The proposed inductor is measured using 50
probe station and Keysight 8722C network analyzer. Fig. 3.9 shows the comparison
results of L, Q, R between measurement and EM simulation. The measurement results

showed good match with EM-simulation results.

Keysight 8722C
Network Analyzer

SMA
cable

Fig. 3.8 Photograph of the proposed 8-shaped differential inductor and measurement

configurations
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3.4.2 Coupling Coefficient

Fig. 3.10 shows the photograph of fabricated four pair of 8-shaped differential
inductor and measurement configurations. Each inductor is isolated by 20.5-um spacing.
S-parameter is measured using Keysight E5071 4-port network analyzer. The coupling
coefficient of mutual inductance (K) can be obtained by transformer basics as shown in
Fig. 3.11. In Fig. 3.11, the voltage of port-1 and port-2 are defined as (3.4) and (3.5). In
this configuration, if port-1 is input and port-2 is open, then i = 0 and vi, v2 can be
expressed as (3.6), (3.7) respectively. Since v. and i1 are known values, we can get
mutual inductance M from (3.7). We can use the same manner in the case of port-1 is
open, port-2 is input. Therefore, the coupling coefficient K can be defined as (3.8). Table
3.2 shows the number of combinations of K in this measurement setup. In Table 3.2,
suffix of K represents labels of inductor. For instance, K12 represents K between IND-1
and IND-2. For EM-simulation, we used Integrand Software Inc. EMX. Fig. 3.12 shows
comparison results of K between measurement and Electro-Magnetic (EM) simulation.
From Fig. 3.12 (a), the maximum K is as low as 0.03 and measurement result showed
good match with EM-simulation at Ax=20.5um. Fig. 3.12 (b) shows the Ax dependency
which is interpolated by EM-simulation. This result shows that far-field magnetic
coupling is canceled out as we expected and AXx=60um is sufficient enough for better
isolation. However, there is an error at Ax=261.5um. We believe this error is caused by

accuracy of EM-simulation.

di di
di di

szLz'd—tz‘FM'd—tl (3.5)
di

V1 = Ll ' d_; (36)
di

v, = M- ﬁ 3.7)

M
K= (3.8)
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Keysight E5071C
Network Analyzer

GSGSG
probe

500pm

Fig. 3.10 Photograph of the four pair of 8-shaped differential inductor and measurement
configurations
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Fig. 3.11 Mutual inductance of transformer

Table 3.2 Combinations of aggressor and victim in four pair of inductor

Parameters Aggressor Victim
K, IND-1 IND-2
K3 IND-1 IND-3
K4 IND-1 IND-4
K,3 IND-2 IND-3
K, IND-2 IND-4
Ky, IND-3 IND-4
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Fig. 3.12 Comparison of K between EM-simulation and measurement results
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3.5 Chapter Summary

In this chapter, we proposed a high-fsr, symmetrical and low-coupling 8-shaped
differential inductor with PGS for differential LC oscillators. The 8-shaped structure
organized by two single inductors in stepping order realizes a high-fsr same as single
inductors and the symmetry same as differential inductors. Hence, the proposed inductor
makes full use of both single and differential inductor’s features. In addition, the
proposed inductor can mitigate the far-field magnetic coupling owing to the 8-shaped
current distribution. This feature not only improves the interference problems such as
injection locking but also contributes to area-saving owing to the compact spacing. A
PGS structure can maximize the Q-factor while improving the computational time and
accuracy of EM-simulation due to the reduced elements. The measurement results

showed good agreement with EM simulation.
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Chapter 4

On-chip Transmission Line Modeling and Optimization

With the increases of frequency and chip area in recent digital VLSI systems, the
design methodologies for on-chip clock distribution lines have been changing from an
RC-model to an RLC-model. Hence, they must be treated as transmission lines. However,
an on-chip transmission line design needs time-consuming Electro-Magnetic (EM)
simulation which is not suitable for recursive optimizations such as metal width, space,
length, thickness and the number of layers etc. within the practical time range. Therefore,
a new design methodology without using EM-simulation is necessary. In this chapter,
we introduce a fully calculation-based on-chip transmission line modeling and
optimization methodology. The proposed methodology has been verified using a 9-mm
on-chip clock distribution line at 3-GHz in the TSMC 0.18-pum 1-poly 6-metal CMOS
process. The proposed fully calculation-based model showed good agreement with both
EM-simulation and experimental results. We also show that the proposed optimization
methodology can find the smallest physical structure while achieving the lowest power

consumption from the given target specifications such as delay and output swing.
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4.1 Introduction

4.1.1 Background

An on-chip clock distribution system is becoming one of the most power-hungry
block in recent digital VVLSI systems such as microprocessors, memories. For instance, a
huge amount of power (from 25% to 70% in the chip) can be dissipated in the case of
microprocessors [1], [2], [3]. As the frequencies and chip area increase, the effects of
parasitic inductance have been prominent for the following reasons. First, a high signal
slew rate makes the reactive impedance (jwL) higher than the resistive impedance (R).
Second, the reflection effects must be taken into consideration due to the relationship
between the wavelength (1) and the length of the clock distribution line as shown in Fig.

4.1. Hence, on-chip clock distribution design must be treated as a transmission line.

100

T ', lineof A/20
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Frequency [GHz]

Fig. 4.1 Border line between RC and RLC-model

However, an on-chip transmission line design has many practical difficulties as
follows. (1) Time consuming EM-simulation is required for parasitic inductance
extraction. EM-simulation extracts the s-parameter based on the given physical structure.
Therefore, every time we try to run EM-simulation in different conditions, we must
prepare different layouts. This recursive process is not suitable for optimization process

despite recent improvements in computer processing. In addition, EM-simulators are
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usually expensive. (2) Some convergence problems from the extracted s-parameter to
the time-domain exist in the convolution process for SPICE simulation. Since these
problems are strongly dependent on the SPICE simulator, sometimes we misunderstand
the results. (3) There are many parameters such as width, space, length, the number of
layers and combinations for optimization. For these reasons, an accurate, simplified
RLC-model and optimization methodology have been desirable for circuit designers to
estimate the best physical structure and parameters from the given target conditions

without any EM-simulations.

4.1.2 Previous Work

Many works have been investigated on RLC-modeling and optimization. For
RLC-models, some efficient and precise models have been reported [4] — [12]. However,
most models use in part either EM or SPICE simulations. In addition, a research of
interest is limited to a thick metal layer only even though multiple layers are available in
the actual fabrication processes. Thus, there are currently no fully calculation-based
RLC-models for multiple layers. For optimization methodologies, most of existing
researches optimizes the delay and power consumption only although actual designs also
need the large output swing [13] — [18]. The reason for the importance of large output
swing is because receivers on the clock distribution line dissipate huge amounts of
power to amplify the received signal from small swing to Vpp at level shift stages. Thus,
no optimization methodologies exist to handle the delay, power and output swing at the

same time.
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4.1.3 Objectives and Scope of This Study

The goals of this research is to develop the following two features: (1) to derive
an accurate and simplified RLC-model for multiple interconnect layers (6 metal layers
for this process) without any EM-simulations; (2) to derive an optimization methodology
that can handle following three parameters at the same time using the proposed RLC-
model. Namely, delay, power and output swing.

The conditions for this research are as follows. A differential signaling with a
five-wire GSGSG configuration in a 9-mm straight line, as shown in Fig. 4.2 is used as a
clock distribution structure. This structure is commonly used in high-speed serial links
which require the highest frequency in the chip due to the parallel to serial conversion.
The length of 9-mm covers existing large chips and allows us to consider the
transmission line effects. For the fabrication process, TSMC 0.18-um 1-poly 6-metal
CMOS is used due to limited available options in our laboratory. For the target
frequency, we chose around 3-GHz because the estimated maximum frequency in the
worst condition at Fan Out (FO) = 4 is around 3~4 GHz under this 0.18-um process.
Although both frequency and process are not the most up to date, they can easily be
applicable to different specifications since this research is about RLC-modeling and
optimization methodology. In addition, the relationship between this target frequency
and length is within the RLC region, as shown in Fig. 4.1. Therefore, we can discuss

transmission line effects. Table 4.1 summarizes the design parameters.
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Fig. 4.2 High-speed 1/O clock distribution without repeaters
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Table 4.1 Design parameters

Parameters Value
Structure 5-wire GSGSG, 6-metal layers
Width 3-um
Space 3-um
Length 9-mm
Frequency 3-GHz
Signaling mode Differential
Driver Z, 500
Termination R; 50Q

4.2 A Simplified, Fully Calculation-based RLC-model

4.2.1 Capacitance Estimation

Many works have been developed for calculating the line capacitance [19], [20].

Sakurai et al. gave a general capacitance formulae (4.1) - (4.2) for a parallel 3-lines

with 1-GND assuming same dielectric and wire thickness as shown in Fig. 4.3 (a) [8].

The effective dielectric constant eert for N-stacked layer as shown in Fig. 4.3 (b) can be

expressed as (4.3) and the total capacitance is expressed as (4.4). The impact of

dielectric-loss can be negligible under the condition of wo = 0.15um-15um, frequency

of several dozens of GHz in ULSI interconnects [21]. Therefore, we will ignore

dielectric-loss in this modeling.
c {1 15 (W") +2.80 (t‘))om}
= €& . -_— . —_—
gnd hO ho
Corns = 003<W0)+083(t0> 007(
side = €7U. hO . ho . ho

N N
Seff_zdn/an (Dn_£_>
n=1 n=1 n

Can = and + 2Csiq0 + Ctap

Here
wWo - width of wire
to : thickness of wire
En - dielectric constant for Nth layer
Canl : total cap.

Csiqe - total wire cap. coupled to side wire

o))

Ctap

(4.1)
Z—‘;)_m (4.2)
(4.3)
(4.4)

: space of wire

- height from wire to GND

- height from wire to wire

: total wire cap. coupled to GND
- total wire-tap cap.
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Fig. 4.3 Capacitance model

4.2.2 Resistance Estimation
DC resistance can be calculated by (4.5). Since the skin depth is longer than the
thickest metal layer, we will ignore high frequency physical effects called skin effect

and proximity effect in this modeling [21] — [24].

Lo lo

R,=—_ =R, — 45
all oWoto sh wo ( )
Here
Wo - width of wire to : thickness of wire
lo - length of wire o : conductivity of wire
Rgp : sheet resistance of wire R,; :total resistance

4.2.3 Inductance Estimation
As for self and mutual inductance, accurate empirical equations (4.6) - (4.7) are

reported [25], [26]. A coupling coefficient K is defined as (4.8).

(4.6)

Molo{ 21, 1 2 (WO + to)}
Ly = l s
O 2n nW0+t0+2+9 ly

Holo Lo loz doz dg
Mo=="qln| —+ [1+- = [1+——+ = 4.7
0= {ln <d0 +j +d02 + L2 + L (dg = wy + sp) 4.7

-

K (4.8)
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Here
Wy : width of wire to : thickness of wire
lo - length of wire Uo . permeability
Lo - self-inductance M, : mutual-inductance
dg > wire pitch K : coupling coefficient

4.2.4 Simplification Methodology

In this section, we will explain the conversion methodology from a five-wire
GSGSG physical model to an equivalent single-ended RLC-model. For capacitance
effects, we will consider only two adjacent traces since the capacitance coupling is
“short-range” effect. For inductance effects, we will consider any traces since inductive
coupling is a “long-range” effect [27]. For resistance effects, we only consider DC
resistance as we explained in Section 4.2.2. Therefore, we begin the simplification
process with RL-model at first. Finally, we will make RLC-model by adding the
capacitance to RL-model. Fig. 4.4 shows the conversion process for an RL-model.

First, a five-wire GSGSG physical model, as shown in Fig. 4.4 (a), is converted
to a five-wire equivalent circuit model shown in Fig. 4.4 (b). Here, R, L and K represent
the total resistance, the total self-inductance and the coupling coefficient of mutual
inductance, respectively. Second, Fig. 4.4 (b) is converted to a five-wire calculation
model as shown in Fig. 4.4 (c). Here | and Ix represent the input current and the induced
current, respectively. V1 to V7 represent the induced voltages. For instance, Vi is the
induced voltage from line 2 to line 1. Vg represents the voltage caused by self-inductance.
Vg and V1o represent the voltage drop due to the resistive loss of wire. Vi is the generated
voltage at line 2 which is the signal source of this model. In these equations, *“S”

represents Laplace operator.
As for line 1 in Fig. 4.4 (c), we get (4.9) — (4.11).

_V4_V9 + V3 - VZ + V1 = 0 (49)
—sLI, — RI, + sKysLL, — sKy4LI + sKy,LI = 0 (4.10)

_ SL(Ki2 — Ki4)
¥ R4sL(1-Kis)

(4.11)
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As for line 2 in Fig. 4.4 (c), we get (4.12) — (4.13).

Vi+V5_V6+V7_V10_V8:0 (4.12)
Vi = SLIX(KZS - KlZ) + I{R + SL(]. - K24)} (4.13)

Solving (4.13), the total effective inductance Lest on line 2 can be obtained by (4.14)
where “imag” and “f” represent taking the imaginary part and frequency, respectively.

Less = imag (?) /(2wf) (4.14)

Third, thanks to the simplification process above, Fig. 4.4 (c) can be simplified to
an equivalent differential model as shown in Fig. 4.4 (d). Forth, Fig. 4.4 (d) can be
further simplified to single-ended model as shown in Fig. 4.4 (e) owing to the

symmetrical structure.

In summary, a five-wire GSGSG physical model shown in Fig. 4.4 (a) can be
simplified to an equivalent single-ended model shown in Fig. 4.4 (e). Note that the total
number of elements is reduced from 20 [Fig. 4.4 (b)] to only 2 [Fig. 4.4 (e)]. This
significant reduction not only shortens the computational time but also allows us to use
basic transmission line theory and gives intuitive insight. Fig. 4.5 shows the comparison
result of effective inductance obtained by SPICE simulation between Fig. 4.4 (b) and Fig.

4.4 (e) under a certain condition. The comparison result exactly matched each other.

Thus, the validity of the proposed simplification methodology has been proved.
Finally, a single-ended distributed RLC-model can be obtained by adding the wire
capacitance to Fig. 4.4 (e) as shown in Fig. 4.6.
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Fig. 4.4 Conversion process from a 5-wire GSGSG physical model to an equivalent

single-ended model
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Here,
Vl = SKlzLI VZ = SK14LI V3 = SKlsle V4 = SLIx
V5 = SK24LI V6 = SK25LIX V7 = SKlZLIx Vg = SLI
Vg = RIX V10 = RI

=== Not-simplifed @ == Simplified
_ 072
I
<070
=
_ example:
g 068 I r=1s0
C —
% 066 - L—E.933n_H _ _
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Fig. 4.5 Comparison results between Fig. 4.4 (b) and Fig. 4.4 (e)
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Fig. 4.6 Proposed equivalent distributed RLC-model

4.2.5 Calculation of Transmission Line Model

Thanks to the simplification in section 4.2.4, we can easily apply a basic
transmission line theory. It is important to note that the accuracy is limited by equations
(4.1) — (4.8), and this is outside the scope of this study.

A. Characteristic impedance Z,
Z, defined in (4.15) is called characteristic impedance and 7, Leff, Cqy, S represent total

resistance, total effective inductance, total capacitance, Laplace operator respectively.
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r+ SLeff
= |— =) 4.15
%o ,} sCan (4.15)

B. Propagation delay T4, propagation constant y
T,q defined in (4.16) is called propagation delay and it is expressed by propagation

constant y defined in (4.17) where [, represents length of transmission line.

imag(yly)
Tpa = Tfo ~ 2nf /Leff “Can (4.16)

y = J(T + sLegy) - (sCan) (4.17)

I

C. Input impedance Z;,
Zin defined in (4.18) is called input impedance where Z, and x represent termination

impedance and x-coordinate respectively. In this case, x becomes .

(4.18)

in

Zt+ZO Zt_ZO Zt+ZO Zt_ZO }
= VX4 - VX —_ VX 7YX
{ 7 7 ¢ }/ { 27, © 27, ¢

D. Current consumption I,

I.. defined in (4.19) means current consumption where Z,- represents driver impedance.

lee = VOO/(Zdr + Zin) (419)

E. Voltage swing V;(x)

V;(x) defined in (4.20) is called standing wave which is addition of forward wave and
backward wave. V,; defined in (4.21) represents the divided voltage of input signal V,
by driver impedance Z4- and input impedance Z;, . p defined in (4.22) is called

reflection coefficient. x; and x; defined in (4.23) and (4.24) mean x-coordinate of
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forward wave and backward wave respectively and these are used in (4.20) to calculate

the voltage at arbitrary point. M,,,, and N represent tap location and the number of units.

e_yxf + pe_y(10+xb)

Vs(x) = Vo1 - 1+ pe-21k (4.20)
_ Zin

Vo1 = Voo Zor + 7o (4.21)
_Zy—Zy

p= 7, 7 2, (4.22)
_ lo(Meap —1) (4.23)

Xp = T .

IJIN+1—M
5, = o - tap) (4.24)

4.3  Model Accuracy

4.3.1 Test Bench Setup

Fig. 4.7 shows the test bench to verify the characteristics of transmission line
between calculation and EM-simulation. The test bench assumes 9-mm length, 3-GHz
frequency, 1Vop input with a 50 Q driver and 50 Q termination as shown in Table 4.1.
We applied this configuration to 15 different physical structures (Case 00 to Case 14) as
shown in Table 4.2. As for calculation-based model, we will directly evaluate the
equations presented in section 3.2 based on the Fig. 4.6 model. As for EM-simulation-
based model, we will use Keysight Technologies ‘“Momentum-RF” and then the
generated s-parameters are verified by AC analysis at Fig. 4.7 condition. Note that the

total length is divided into 1.5-mm unit to minimize the EM-simulation time.
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Table 4.2 Physical structures

Parameters

Value

Side wire
Shielding
Case 00
Case 01
Case 02
Case 03
Case 04
Case 05
Case 06
Case 07
Case 08
Case 09
Case 10
Case 11
Case 12
Case 13
Case 14

5-wire (GSGSQG)
Top: No Bottom: M1
M6

M6//M5
M6//M5//M4
M6//M5//M4//M3
M6//M5//M4//M3//M2
M5

MS5//M4
M5//M4//M3
MS5//M4//M3//M2
M4

M4//M3
M4//M3//M2

M3

M3//M2

M2

- “M” represents Metal layer.

“/I” represents short by vias. It makes the effective resistance lower.

“M6” is thick metal layer. Others are intermediate layer.

V00= 1V0p f=36HZ

N Vor N=1 N =2 N=6 Vay
< - —>
<A —>
~ <A - —>
' Z, =50Q
Zgr =500 1.5mm 1.5mm 1.5mm t—

i S-parameter
i (EM-simulation) |

Fig. 4.7 Test bench for characterization of transmission line
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4.3.2 Results of Comparison and Analysis

Fig. 4.8 shows comparison results for total resistance Ran, total effective
inductance Les, total capacitance Can, propagation delay time Toq, imput impedance Zin,
power consumption of 50Q driver lc, near-end voltage swing Vo1 and far-end voltage
swing Va1. The x and left, right y-coordinate represent case number and absolute value,
error against EM-simulation respectively. To obtain a better insight, we divided the Fig.
4.8 into four groups (“Low-R”, “Low-R, Low-C”, “High-R, Low-C”, “High-R, High-C”)
as shown in Table 4.3. The reason of these RC-based separations are because L does not
change much under the constant length condition. Note that L is mainly determined by
the length as we can see from (4.6). Therefore, errors on calculation-based model should

be caused by either R or C.

Table 4.3 (a) shows the accuracy of a fully calculation-based model against EM-
simulation; the maximum error is 28.3%. Table 4.3 (b) shows the case when RLC errors
of empirical equations are removed from Table 4.3 (a). We used extracted RLC instead
of equation-based RLC. In this case, the maximum error has been reduced from 28.3% to
17.7%. Therefore, an error of 10.6% comes from the accuracy of empirical equations.
Table 4.3 (c) shows the case when we take the resistive loss of shielding layer M1 into
consideration. The maximum error has been reduced from 17.7% to 8.3%. In addition, if
we avoid M2 layer (i.e. avoid “High-C” cases), the maximum error is reduced from
8.3% to 4.4%. This is because the real part of propagation constant increases at high

frequency due to LC resonance.

To summarize, it has revealed that the following two considerations are
important for better accuracy. First, avoid high capacitance case such as M2 as a signal,
M1 as a shielding layer. This condition improves the accuracy significantly to ~15%
which is accurate enough for the early design estimation purposes. Second, consider the

resistive loss of the shielding layer to the unit model for further improvement.
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Table 4.3 Summary of absolute error of Fig. 4.8 (d) — (h)

(a) Calculation / EM-simulation (Proposed model)

Parameters Low-R Low-R, Low-C | High-R, Low-C | High-R, High-C
Tpa 6.0% 6.0% 13.4% 7.7%
Zin 4.4% 4.4% 11.6% 4.5%
I 2.3% 2.3% 8.5% 3.5%
Vo1 2.2% 2.2% 3.1% 1.4%
V31 21.6% 12.1% 16.0% 28.3%

(b) Calculation / EM-simulation (Removed RLC error of empirical equations from (a))

Parameters Low-R Low-R, Low-C | High-R, Low-C | High-R, High-C
Tpa 0.8% 0.8% 0.6% 0.6%
Zin 5.9% 4.0% 1.9% 3.5%
I 0.9% 0.7% 1.9% 1.1%
Vo1 5.1% 3.3% 1.5% 3.2%
V31 16.3% 9.5% 8.0% 17.7%

(c) Calculation / EM-simulation (Added resistive-loss of shielding layer M1 to (b))

Parameters Low-R Low-R, Low-C | High-R, Low-C | High-R, High-C
Tpa 2.6% 1.7% 1.9% 2.4%
Zin 2.0% 2.0% 2.6% 2.5%
I.. 1.6% 0.9% 2.6% 2.9%
Vo1 2.6% 2.6% 1.4% 1.4%
V3, 8.3% 4.4% 3.2% 8.0%
Definition of each group
Group Case number Comment
Low-R Case 00-04 M6 is included.
Low-R, Low-C Case 00-03 M2 is not included from Low-R.
High-R, Low-C Case 05-07, 09-10, 12 M6 and M2 are not included.

High-R, High-C

Case 08, 11, 13, 14

M2 is included.

Meaning of each parameter is as follows:

T

pa- Propagation delay

Zin: Characteristic impedance
I..: Current consumption
Vo1: Near-end output voltage
V3,: Far-end output voltage
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4.3.3 Application to Advanced Processes and Higher Frequencies

Since this research assumed a specific condition such as Table 4.1, we must
consider whether or not the proposed model can be applicable to advanced processes and
much higher frequencies. The proposed model generates the transmission line model
based on the physical information. Thus, it can be applicable to any process once
process parameters are provided. In addition, since the empirical equations introduced in
Section 4.2 are composed of the relative geometries such as wo/So, the same accuracy
should be obtained under process scaling. Next, as for even higher frequencies, skin,
proximity effect and dielectric loss would not be significant problems even at 30-GHz
according to [21]. Thus, the proposed model can be widely applicable to both advanced

processes and even higher frequencies.
4.4  Optimization Methodology

4.4.1 Optimization

In this section, we will introduce an optimization methodology that can treat the
propagation delay, power consumption and output voltage swing at the same time using
the proposed RLC-model. Fig. 4.9 shows the proposed optimization flowchart. This
algorithm tries to seek for the smallest metal width, space and structure that can achieve
the lowest power consumption within the given target specifications. It works as follows.
(1) The designers set some target specifications and constraints as shown in Table 4.4. In
this example, the target specifications are allowable propagation delay and output
voltage swing. The fixed constraints are input voltage swing, length, frequency, driver
and termination impedance. The variable constraints are the range of metal width, space
and physical structures. (2) The absolute value of each RLC is calculated based on the
equations introduced in Section 4.2.1 to 4.2.3 (3) Calculate the transmission line
parameters such as Tpd, Vout and lcc using the proposed model introduced in Section 4.2.4
to 4.2.5. (4) Verify if Tpg, Vo1 and V31 can meet the target specifications. If one of them is
outside of the target specifications, go back to (2) and calculate RLC with different wo
and so. (5) If both are inside of the target specifications, verify if the power consumption
is lower than before. If No, go back to (2) and calculate RLC with different wo and So. (6)

If Yes, overwrite wo and So information in the memory, then go back to (2). (7) Iterate (2)
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— (6) process until the final values of wo and so are verified in the sweeping range. After
this recursive process, the final wo and so in the memory will be the optimized values

that can achieve the lowest power consumption within the given target specifications.

Fig. 4.10 shows the optimization result. According to Excel-VBA-based
calculation tool, it has computed the optimized result within 1 minute which is much
faster than the conventional EM-simulation-based design methodologies. In Fig. 4.10, “0”
means none of the cases achieved the target specifications. In this case, the proposed
fully calculation-based optimization methodology anticipated that Case 00 with width =
4um, space = 4um can achieve the lowest power consumption. To justify this
optimization result, we swept wo and so for Case 00 (the best structure that the
calculation expected) and Case 05 (no solution that the calculation expected) with EM-
simulation at Fig. 4.7 configuration. Fig. 4.11 shows the EM-simulation results for
propagation delay T4, far-end voltage swing Va1 and power consumption lec. For Tpg, it
meets the target specifications for both Case 00 and Case 05 as shown in Fig. 4.11 (a).
For V31, Case 00 meets the target specifications if width is larger than 2.0um whereas
Case 05 has no solution. For lec, smaller width and wider space are preferable. Therefore,
the optimized result becomes width = 4um and space = 4um in Case 00. This is exactly

what the optimization algorithm expected.

Table 4.4 Target specifications and constraints

Parameters Value
Propagation delay (T,4) < 167ps (1/2 cycle time)
Target . .
. . Min. output swing (Vo1,V31) | > 0.3Vgp
specifications > .
Current consumption (I..) As small as possible
Signaling mode Differential
Input voltage (V) 1.0V,
Constraints Length ({y) 9mm
(fixed) Frequency (f) 3GHz
Driver (Z4,) 50Q
Termination (R;) 50Q
Physical structures Table 4.2 (totally 15)
Constraints Width range (w) 2um—10pum, 2um step (totally 5)
(sweep) Space range (sg) 2um—4pm, 2pum step (totally 2)
# of combinations 150 (=15*5%*2)
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Specs. & Constraints Process param.
(Table V) (Fig.3)
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Fig. 4.9 Optimization flowchart
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Fig. 4.10 Optimization result calculated by VBA programming
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Fig. 4.11 EM-simulation results in Case00 and Case05
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4.4.2 Transient Analysis

We assumed an ideal sinusoidal wave with 50 Q driver impedance for
transmission line modeling. However, the actual driver may have some non-linear
characteristics. Hence, we compared the far-end voltage swing Va1 for the following
three cases between calculation-based model and EM-simulation-based model. For ideal
linear 50Q impedance with sinusoidal wave (Fig. 4.12 (a)), shows a good match. For
ideal linear 50Q impedance with a pulse wave (Fig. 4.12 (b)), shows some high
frequency ripples. However, these would not be a serious problem for early design
estimation purposes. For non-linear impedance with a pulse wave (Fig. 4.12 (c)), no
significant differences are observed compared to Fig. 4.12 (b). Thus, the proposed fully

calculation-based transmission line model can be applicable for transient analysis as well.

----- Proposed model — EM-simulation
800 B00:

Food 7004
00 6004
5004 500
40 4004
E 2004

=

2004

¥ (mv)

W imv)

200 2004

1004 100
N ]
o = 0

1003 time (ns) 104

time (ns)
T T -2004 =200 T T
10 1z 15 1o 1.2 15 10 12 15

time (ns)

=200

(@) ideal 50Q Z,4,-+ sinwave (b) ideal 50Q Z,4,-+ pulse (c) inverter 50Q Z,,-+ pulse

Fig. 4.12 Transient analysis for Vs,

45  Measurement Results

Fig. 4.13 shows the photograph of the fabricated test chip. For the physical
structures, we selected Case 00 (M6) and Case 08 (M5//M4//M3//M2) from Table 4.2.
Also, we set width = 4um, space = 4um to compare with the optimized result shown in
section 4.4.1. The reasons for the selection of Case 00 and Case 08 are as follows. (1)
Case 00 is to justify the optimized result in Fig. 4.10. (2) Case 08 is to verify the effects
of large RC case. Note that large RC cases are likely to cause calculation error against

EM-simulation as we stated in section 4.3. The measurements from the implemented on-
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chip transmission line are recorded using a 502 GSGSG probe station and Keysight
technologies 4-port network analyzer as shown in Fig. 4.14. We simulated the generated
s-parameter with Keysight technologies ADS to get transmission line parameters such as
input impedance Zo, current consumption I, etc. Table 4.5 shows the evaluated results.
From Table 4.5 (a) and (b), the measurement results for Case 00 showed good match
with EM-simulation. From Table 4.5 (a) and (b), the comparison between calculation
and measurement results for Case 08 showed large error for Va1 however, this is same

trend with Fig. 4.8. Therefore, the validity of our proposed model is proved.

(11111 1
P— ARRNA e s

5mm

—tE A MmN minnn AR

Case00
M6
Wo=4um, Sy=4um

Case08
M5//M4//IM3//M2
Wo=4um, Sy=4um

Fig. 4.14 Measurement setup
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Table 4.5 Measurement results of Case 00 and Case 08

(a) Case 00
Absolute value
Parameters Measurement EM-simulation Calculation
Tpa [ps] 40.7 38.0 36.9
Zin [Q] 63.7 63.2 70.1
I.. [mA] 8.9 8.7 8.3
Error against measurement results
Parameters Measurement EM-simulation Calculation
Tha 0.0% -6.5% -9.3%
Zin 0.0% -0.8% 10.1%
Icc 0.0% -1.6% -5.9%
Vo1 0.0% 1.0% 3.1%
V3q 0.0% 3.3% 6.7%
(b) Case 08
Absolute value
Parameters Measurement EM-simulation Calculation
Tpa [ps] 65.2 60.3 58.2
Zin [Q] 36.3 37.2 41.5
I.. [mA] 12.0 11.6 11.2
V31 [Vop] 0.27 0.30 0.37
Error against measurement results
Parameters Measurement EM-simulation Calculation
Tha 0.0% -7.4% -10.7%
Zin 0.0% 2.5% 14.4%
I.. 0.0% -3.5% -6.8%
Vo1 0.0% 4.6% 6.7%
V31 0.0% 11.8% 38.6%
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46  Chapter Summary

In this chapter, we have introduced a novel on-chip transmission line modeling
and optimization methodology for high-speed serial links. For transmission line
modeling, we derived a fully calculation-based, simplified RLC-model for multiple
interconnect layers. A five-wire GSGSG physical structure is converted to a simplified,
equivalent single-ended RLC-model. Thanks to this simplification, a basic transmission
line theory can be easily adopted. In addition, this simplified model not only shortens the
computational time but also provide us intuitive insight. The maximum error of the
proposed model is about 13.5% for propagation delay, 11.5% for input impedance, 8.5%
for current consumption, 3% for near-end voltage swing and about 28% for far-end
voltage swing at 9-mm length, 3-GHz frequency in TSMC 0.18-um 1-poly 6-metal
CMOS fabrication process. The large error (28%) of far-end voltage swing is comprised
of empirical equations (10.5%), resistive-loss of shielding layer (9.5%) and LC
resonance effect caused by large capacitance (4%). The remaining errors (4%) are due to
accumulation of small effects such as skin, proximity, dielectric-loss and the limited
number of components in our model etc. The easiest way to improve the accuracy is to
avoid high capacitance cases. This condition improves the accuracy from 28% to 15%.
This is accurate enough for early design estimation purposes. As for the optimization
methodology, the proposed algorithm can seek for the smallest physical parameters such
as metal width, space and structure while achieving the lowest power consumption from
the given target specifications and constraints. These two novelty allow us to design
high-speed clock distribution line instantaneously without using EM-simulations. As a
result, the proposed on-chip transmission line modeling and optimization methodology

can contribute to dramatic cost reduction and improvement of design quality.
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Chapter 5

Design of LC Oscillator

A conventional LC oscillator-based on-chip clock distribution design requires a
buffer stage due to the high frequency sensitivity. Therefore, the power consumption and
jitter performance are limited by the buffer and repeater stages. In this section, we
introduce a theory of low-frequency sensitivity bufferless LC oscillator that is directly
able to drive a 10-mm on-chip clock distribution line in the TSMC 0.18-um 1-Poly 6-
Metal CMQOS fabrication process.

51 Introduction

5.1.1 Background

High-speed clock distribution design is one of the most difficult and challenging
task in recent digital VLSI systems. A huge amount of power can be dissipated in
microprocessors, memories etc. due to the high swing rate and large capacitance with the
increase of system frequency and chip size [1], [2], [3]. There are two different types of
clock distribution structures. A global tree structure determines the system frequency. A
differential signaling structure determines the bandwidth of high-speed serial links
which generally require the highest frequency in the chip due to parallel to serial
conversion [4] - [7] as shown in Fig. 5.1. In this research, we focus on Fig. 5.1 structure.
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With the increasing frequencies and chip area in recent VVLSI systems, the effects
of inverter-based repeaters on the clock distribution line have been critical due to the
following reasons. First, the power consumption is fundamentally high due to the large
voltage swing (usually 0 to Vaq). Second, a slew rate limitation due to the large swing
makes the high-frequency operation difficult. Third, the high Vaq sensitivity make the
jitter performance worse. A bufferless clock distribution architecture as shown in Fig.
5.2 can be one of the attractive solutions for the above stated problems. However, a
theoretical tradeoff between the power consumption and oscillation frequencies defined
as Eqg. (5.1) - (5.4), makes such a bufferless structure difficult if a conventional LC
oscillators are used to drive a large capacitive load. In Eg. (5.1) - (5.4), f, Cp, Ls, Rs, and
Rp represent the oscillation frequency, frequency tuning capacitor, series inductance,
series resistance, and equivalent parallel resistance, respectively. Fig. 5.3 shows the
image of this serial to parallel conversion methodology. Note that this approximations

are allowed in the limited narrow bandwidth only.
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Fig. 5.1 Conventional repeater-based clock distribution
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Fig. 5.2 Proposed directly driving (i.e. bufferless) clock distribution
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Fig. 5.3 Series to parallel conversion of inductor

5.1.2 Previous Work

Many low-power and high-speed resonant clock distribution structures have been
investigated as shown in [8] - [17]. For instance, a 1.5-GHz bufferless LC oscillator
introduced by Mesgarzadeh et al [8], [9] achieved an ~57% lower power consumption as
compared to a conventional repeater-based clock distribution architectures. However,
the theoretical tradeoff between the power consumption and the oscillation frequencies
explained in section 5.1.1 have not been solved as the circuit topology is based on the

conventional LC oscillator shown in Fig. 5.3.

5.1.3 Objectives and Scope of This Study

The goal of this study is to develop a low-frequency sensitivity LC oscillator to
overcome the tradeoff between the oscillation frequency and power consumption. In this
section, we propose a theory of novel low frequency sensitivity bufferless LC oscillator
with the following conditions. A 10-mm differential signaling configuration is used for
the clock distribution line structure as shown in Fig. 5.2. However, the 10-mm line has
been designed as a meander line due to the limited chip area. The TSMC 0.18-um 1-poly,
6-metal CMOS process is used for the simulation environment due to the limited
fabrication options available in our laboratory. We choose a target frequency 3-GHz
since the maximum frequency in the worst case simulation condition at FO = 4 (Fan

Out) is ~3-GHz for this fabrication process.
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5.2  Circuit Descriptions and Characteristics

5.2.1 Theory of Proposed LC Oscillator

Fig. 5.4 (a) shows the proposed bufferless LC oscillator. The LC tank is shared
between the frequency tuning capacitor Cp and the load capacitance C. by the inductor
tap as it is drawn with red arrow. Fig. 5.4 (b) and Fig. 5.4 (c) show the equivalent half
circuit model to calculate the resonant frequency and output voltage swing. In Fig. 5.4
(b), the parasitic resistance and the mutual inductance are excluded to make equations
simpler. In Fig. 5.4 (c), serial to parallel conversion methodology shown in Fig. 5.3 is
applied to make calculation intuitive. From Fig. 5.4 (b), the impedance from LC
oscillator side can be expressed as (5.5). The solutions of Eq. (5.5) for a numerator and
denominator equal to O are the series resonant frequency fs and the two parallel
resonant frequency f,1 and fo2 respectively. From Fig. 5.4 (c), we get the equivalent
parallel resistance and Q using the same manner as (5.3) - (5.4). The output voltage
swing Vout is reduced due to the ratio of Rpan and Rp1. Table 5.1 shows the summary of

theoretical differences between the conventional and proposed topology.

;o jow(Ly + Ly — w%L,L,C)
PO ™9 —w2L,C¢, — w2Cp(Ly + Ly — w2L,L,C))

Ve QReciever

(5.5)
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(a) Proposed LC oscillator
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(b) Equivalent half circuit model for oscillation frequency calculation
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(c) Equivalnet half circuit model for Q and Vot calculation

Fig. 5.4 Proposed bufferless LC oscillator

Table 5.1 Theoretical differences between proposed and conventional

Parameters Conventional Proposed
fs - Vs fO
fo1 Yp1“fo Yp1'fo
fpz - Y2 " fo
1 1
f F— —
° 21/Lqa;Cp 21\/Lan Cp
1
y -
° \/aTAP(l —arap) " C/Cp
1 1
VYp1 c C
P 1 + C_g 1 + aTAp " C_;
. _ %
P2 fp1
27t fp1 Lay 2”fp1{Lall — Cr(arapRan)?}
Qall R R
all all
Rp.au Qan” " Rau Qau’ * Raul
Vout =1 Rp.all E I Rp.all " ATap
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Here,
Loy =1Ly + L, Ly = arap Lan
L, =1 —arap) Lan Rau = Ri + R,
Ry = arap " Ran Ry = (1 —arap) " Rau

5.2.2 Oscillation Frequency

Fig. 5.5 shows the simulation and calculation results of fs, f1, fo2 under C.=370fF,
Co=1.57pF, Lani=2.73nH, atap=0.5 at Fig. 5.4 (b) condition. The comparison result
between calculation and simulation showed good agreement each other. Note that the
oscillation frequency is determined by fy1 since impedance of fp1 is much higher than fp,
in this example.
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pl
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1.00E+00 '
1.00E+09 1.00E+10 1.00E+11

Frequency [Hz] log-scale

fs fpl fp2
Simulation 10.0-GHz 2.36-GHz 10.4-GHz
Theory 10.0-GHz 2.30-GHz 10.6-GHz

Fig. 5.5 Simulation result of oscillation frequency at Fig. 5.4 (b) condition

5.2.3 Frequency Sensitivity and Voltage Swing

Fig. 5.6 shows the test circuit to compare the frequency sensitivity and the
voltage swing between the conventional and proposed LC oscillator. In Fig. 5.6, Cp and
Cv are adjusted such that Fig. 5.6 (a) and Fig. 5.6 (b) have the same oscillation frequency
at AC_=0. As for inductance model, we used s-parameter model which is extracted by

Keysight technologies “Momentum-RF”.
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Fig. 5.6 Test circuit to compare conventional and proposed structure

Here,

QArap : TAP ratio =0.5 Ioc : fixed current source of 2mA
L :2.73nH at single-ended  Cp : 1pFin (a), 1.26pF in (b)

Mn : 60um/0.18um CL : 370fF (fixed)

ACL - variable output loading 0 ~ 2.5pF, 0.5pF step size

Fig. 5.7 and Fig. 5.8 show the comparison results between theory and simulation
of fp1 and Vout when we sweep ACL from O to 2.5pF by 0.5pF step. From Fig. 5.7, the
proposed structure maintains higher frequency than conventional one. Obviously, it
means the frequency sensitivity of the proposed structure is lower than conventional one.
From Fig. 5.8 (a), the proposed structure has higher Vout than conventional one when
ACL is more than 2.5pF. This is because the proposed structure can gain higher Q due to
the low frequency sensitivity of fp1 although Vout is divided by inductor tap ratio arap as
shown in Table 5.1. Fig. 5.8 (b) shows the normalized Vout to confirm this effect. The
loss of voltage swing of the proposed structure at AC. = 2.5pF is only 40% whereas the
conventional one is 75%. This means as ACL becomes higher, the proposed structure
shows the higher voltage swing than conventional one and divided voltage caused by

atap Will be no longer a drawback.
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Fig. 5.9 shows arap dependency derived from equations in Table 5.1. From Fig. 5.9 (a),
as arap gets larger, fo1 gets lower whereas Vout gets larger. Therefore, fundamental
tradeoff exists between fp1 and Vout. From Fig. 5.9 (b), the sensitivity of fs and fy2 seems
weak since these are always higher frequencies than fp1. However, the magnitude of
Zpco at 2 must be taken care of thoroughly. For instance, in case of atap=0.7, Zpco at
foo exceeds that of arap=0.5 as shown in Fig. 5.9 (c). This indicates that the oscillation
frequency is determined by fy,» rather than fp1 and we may have undesired oscillation
mode. In practical design, arap should be as big as possible such that the level shifting
operation at receiver stages operate in reasonable power consumption while taking

above tradeoffs into account.
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Fig. 5.9 arap dependency at ACL =2.0pF

5.2.4 Phase Noise

1.00E+11

Fig. 5.10 shows the phase noise result simulated by Cadence spectre-RF under

the condition of Fig. 5.6, AC.=2pF. The proposed structure achieved ~2dB better phase

noise than conventional one at 1MHz offset frequency. This is because the proposed

structure can gain higher Q due to the low frequency sensitivity as shown in Table 5.1.

The proposed structure can achieve another ~2dB better phase noise if the frequency

difference is taken into consideration. The total improvement can be ~4dB at 1MHz

offset.
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53  Test Chip Implementation

Fig. 5.11 shows the block diagram of the test chip. It is comprised of two blocks,
the LC oscillator core and the output buffer stage. The purpose of the output buffer stage
is to check the power consumption of level shifting stages. The LC oscillator core
directly drives a 10-mm on-chip clock distribution line. Since the generated differential
output swing is severely reduced due to the resistive loss, it is amplified from a few
hundred mVp, to Vop=1.8V by level shift (LS) stage. After that, the differential signal is
converted to single-ended signal and eventually drives output loading by 50Q-buffer
(BUF) stage. Fig. 5.12 shows the core circuit of proposed LC oscillator. It is comprised
of cross-coupled NMOS, 720fF MIM-capacitor, 40uA-step current DAC and 5.7nH 8-
shaped differential inductor introduced in Chapter-3. Note that capacitor tuning function
has not been implemented since the main purpose of this study is to investigate the
drivability of the proposed bufferless LC oscillator. Fig. 5.13, Fig. 5.14 and Fig. 5.15
show LS, BUF and the chip layout respectively. The 10-mm on-chip clock distribution
line is organized as meander line due to the limited chip area. The core area of LC

oscillator is only 270 x 280 um?. The detailed design parameters are shown in Table 5.2.

i Vourni i i - m I r i
! L 1 Vourn:z Vourps i
| K il Voura !
: | ¥ L BUF >—PAD :
! Py, J v, c z,!
! Vourp1 x 2T 10 mm on-chip ouTN3 ? “
] ¥ clock distribution line i
LC-DCO core Output Buffer stage

Fig. 5.11 Block diagram of the test chip
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Fig. 5.14 50Q-buffer (BUF) circuit
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i e e 3 |
clock distribution: |
(meander line) | |

Fig. 5.15 Chip layout

Table 5.2 Design parameters

LC oscillator core :

Mn1 : 2um/0.72pm Mn2 : 2um/0.72pm *15LSB
Mn3 :60um/0.18pum Mna : 60pm/0.18um

Mp1 : 6um/0.36pm Mp2 : 36um/0.36pum

R1 : 27kQ R2 : 0.1kQ

L : 5.7nH (diff.) Cb : MIM-capacitor 720fF
Clock distribution line :

length : 10-mm layer : Metal-6 (top metal)
width : 2um space : 2um

R : 890 C . 2.36pF (extracted)
Level shift stage (LS) :

Mp1 : 16pm/0.18um Mp2 : 16pum/0.18um

Mna : 8um/0.18pum Mhn2 : 8um/0.18pum
50Q-buffer stage (BUF) :

Mp1 : 280um/0.18um Mn1 : 180um/0.18um
Mp2 : 224pm/0.18um Mn2 : 112um/0.18um
Mp3 : 120pm/0.18um Mns : 60um/0.18um

Mps : 64um/0.18um Mna : 32um/0.18pum

Mps :32um/0.18um Mns : 16um/0.18um

Mpsg : 16um/0.18um Mne : 8um/0.18pum

Mp7 : 16pm/0.18um Mn7 : 8um/0.18pum

Rp1 :20Q Rn1 :20Q

Output loading :

Zi [:50Q | Co | : 2pF
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54 Post Simulation Results

5.4.1 Summary of Post-Layout Simulation Results
The full-chip post layout simulation is performed based on Fig. 5.15
configurations by Cadence Spectre-RF. Table 5.3 and Fig. 5.16 show the summary of

simulation results and transient waveforms.

Table 5.3 Summary of simulation results

Process TSMC 1-Poly, 6-Metal CMOS
Area 270 x 280 um?

Vbp 1.8V

Frequency 2.54 GHz

Phase noise -123 dBc/Hz at 4f'=1 MHz
Current I-DAC =9d

LC-DCO core 2.2 mA

LS 5.4 mA

BUF 26.3 mA

Output voltage I-DAC =9d

Vourz 0.31 Vpp.single

Vour2 0.20 Vpp.single

Vourp1 2.54 GHz

T T T T T
19.0 19.2 19.3 195 19.7 128 20,0

v ()

(b) Vour2 outputs (TAP outputs)
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(c) Vours outputs (LS outputs)
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1.4
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SLo]

> sl 0.97 V;,,

0.0 T T T T T
19.0 192 183 19.5 19.7 18.8 20,0

(d) Vours output (BUF output)

Fig. 5.16 Transient waveforms

5.4.2 Considerations on Post-Layout Simulation

This section discusses the accuracy of the simulation results. Firstly, we believe
the accuracy of RC extraction is relatively accurate since it was performed in full-chip
layout. However, the transient simulation results on Fig. 5.16 and phase noise results on
Table 5.3 may have some errors due to the following reasons. As for transient simulation
results, the convolution process from s-parameter to time-domain is strongly dependent
on simulator. This effect may cause the output swing error of LC oscillator and affect to
the level shift operation. As for phase noise analysis, transient-based periodic analysis is
performed before it goes into noise analysis. Therefore, the same problem exists on
convolution process and it may cause a phase noise error. These two concerns must be

investigated in experimental results which will be discussed in Chapter-6.
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55  System Comparison

From Section 5.2 to Section 5.4, we have characterized the proposed bufferless
clock distribution system. However, the superiority from the system point of view has
not been clear yet. Hence, we will compare the overall characteristics such as current,
jitter and area between conventional (Fig. 5.1) and proposed (Fig. 5.2) structure. In this
study, we set the following assumptions. For LC oscillator, clock distribution line and
level shift, we use same condition as Table 5.2 and Table 5.3. For 10 pitch, we set
500um, so totally it will be 20-10s in a 10-mm length. For the number of repeaters, we
design FO = 2 inverter chain based on the process parameters shown in Table 5.4 which
Is extracted by 9-stage ring oscillator. Fig. 5.17 shows the example when we divide the
10-mm on-chip clock distribution line by Ngiv = 4. We will compare the the overall
performance between Fig. 5.17 (a) and Fig. 5.17 (b) while sweeping Naiv. For jitter
analysis, we assumed 10-mVrms Vpp noise. Table 5.5 shows the comparison results. For
the number of repeaters, the proposed structure not only requires no repeater, but also
gives us layout design flexibility. For the current consumption and area, the
conventional structure shows 13.1% and 6.7% better than the proposed one respectively.
For deterministic jitter, the proposed structure shows 13 times better than conventional
one when Ngiv = 4. Although jitter performance of the proposed structure is much better
than the conventional one, the absolute value of conventional structure is not a
significant problem at this frequency. Therefore, the proposed bufferless structure does
not have a strong superiority in this 0.18um process unless current consumption of level
shift is reduced. This situation will be changed under the much higher frequency and
sub-micron process as follows. If the operating frequency becomes higher, Q becomes
higher owing to (5.2) - (5.4). As a result, the voltage swing of LC oscillator outputs
becomes higher which reduces the current consumption at level shifting stages. Also, if
submicron process is used, the current consumption at level shifting stages can be
reduced by a process scaling factor. For instance, 90nm technology can achieve almost
half the current of 0.18um technology. As a reference, paper [4] achieved 1.75mW for
the level converters and buffers under 3.125 GHz, 0.6 Vpp.single in 90nm technology.
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Table 5.4 Process parameters extracted by ring-oscillator

Cqgum : 1.74 fF/um Gate capacitance per 1um/0.18um
Crnum :0.20 fF/um wire capacitance per 1um/0.18um
Thaitg : 42.7 ps/gate | Propagation delay of 1-inverter
Tyavop : 23.1 psiV Vpp sensitivity of 1-inverter
lIO
TX RX TX RX TX RX TX RX
o000 oo ooOo0 oood
i X5 i X5 PoiXx5 X5
R
H + A * A [ [
LS > > > >
"I___C_-_E_J_C_C_)"' Repeater Repeater Repeater Repeater
Nrpt.Llobal N
| ><1| >0 e O
\ Y D J
Nrpt.local
(@) Conventional repeater based structure (Ngiv=4)
TX RX T Rx TX RXx TX Rx
oodood O El oo El oOooo
gXS 5 A X5 X5
UL 5 A
: ' + 'y * A [ A A
{ L0 |
(b) Proposed bufferless structure
Fig. 5.17 Test circuits for system comparison
Here,
Ny : the number of division for clock distribution line
Nyptgiopar : the number of global repeaters
Nyptiocar - the number of local repeaters
Nypttotar - the total number of repeaters (Nyp¢.giobar * Nrpt.iocar *2)
Nistotal : the total number of LS
lio : 10-pitch distance [um]
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Table 5.5 System comparison results

(@) The number of repeaters

Chapter 5

Conventional repeater based Proposed
Ndlv 2 3 4 =
NLS.total 1 1 1 20
Nrpt.global 2 3 4 0
Nrpt.local 7 6 6 0
Nypttotal 28 36 48 0
(b) Current consumption [mA]
Conventional repeater based Proposed
LC oscillator 2.2 2.2 2.2 2.2
LS 54 54 54 108.2
Repeater 66.7 66.7 66.7 0
Clock line 21.6 21.6 21.6 0
Total 95.9 95.9 95.9 110.4
(c) Deterministic jitter when A7pp=10mVrms [ps]
Conventional repeater based Proposed
LS 0.462 0.462 0.462 0.462
Repeater 3.234 4.158 5.544 0
Total 3.696 4.620 6.006 0.462
U.l. ratio 0.019 0.023 0.031 0.002
LS 0.462 0.462 0.462 0.462
U.L.: Unit Interval 1 / (2fo)
(d) Area [pm?]
Conventional repeater based Proposed
LC oscillator 75600 75600 75600 75600
LS 999 999 999 19980
Repeater 12689 12589 12589 0
Total 89288 89188 89188 95580

Area is estimated based on actual layout.
LS (Fig. 5.13): 37 x 27 [um?]
Repeater (48pum/0.18pum): 13.5 x 13.5 [um?]

77



Chapter 5

56  Chapter Summary

In this chapter, we introduced a theory of novel bufferless LC oscillator directly
driving a 10-mm on-chip clock distribution line for high-speed serial links. The shared
LC tank between the frequency tuning capacitor and the capacitive load of the clock
distribution line can mitigate the frequency sensitivity. This feature makes a bufferless
configuration possible. The layout is implemented under TSMC 0.18um, 1-poly, 6-metal
CMOS process and core area of LC oscillator is only 270 x 280 um?. The full-chip post
layout simulation showed 2.54-GHz oscillation frequency, 2.2-mA current consumption
and -123 dBc/Hz phase noise at 1IMHz offset. We also showed that GHz-band with
advanced fabrication process at least 90nm are preferable to make full use of the

proposed bufferless structure to reduce the current consumption at level shifting stages.
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Chapter 6

A Low-Power, High-Speed Bufferless Clock Distribution
System

We have discussed some key designs such as inductor, on-chip transmission line
and LC oscillator to realize a low-power, high-speed on-chip bufferless clock
distribution system in the previous chapters. In this section, we present an experimental
implementation of these integrated system. A low-frequency sensitivity bufferless LC
oscillator that is directly connected to a 10-mm on-chip clock distribution line is
fabricated in TSMC 0.18-um 1-Poly 6-Metal CMOS technology. The core area of the
LC oscillator is only 270 x 280 um2. The measurement results show that a 2.8-GHz
oscillation frequency, 3.3-mA current consumption, and -112.8 dBc /Hz phase noise at 1

MHz offset can be achieved.

6.1  Objectives and Scope of This Study

To realize a low-power, high-frequency bufferless clock distribution system, we
have discussed following three key features. (1) A high-frequency, low-coupling 8-
shaped differential inductor with PGS in chapter-2 [1]. (2) A simple methodology for
on-chip transmission line modeling and optimization in chapter-3 [2], [3]. (3) A theory
of low-frequency sensitivity LC oscillator in chapter-4 [4]. In this section, we will
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present an experimental implementation of these integrated system with following

conditions.

A differential signaling configuration in a 10-mm meander line is used for the
clock distribution line due to the limited chip area. A length of 10-mm allows the
evaluation of the transmission line effects. Note that the proposed optimization
methodology is not applied to this transmission line this time since our modeling
methodology is based on straight line. The test chip is fabricated in TSMC 0.18-pum 1-
poly, 6-metal CMOS process due to the limited options available in our laboratory. A
2.8-GHz target frequency was selected as the maximum frequency in the worst case
simulation condition at FO = 4 is around 3-GHz for this fabrication process. This
experimental results will not only prove the low-frequency sensitivity features but also
reveal the effects of the transmission line on the LC oscillator [5]. In addition,
convolution problems caused by s-parameter to time-domain introduced in section 5.4.2
can be clarified.

6.2  Test Chip Implementation

Fig. 6.1 and Fig. 6.2 show the structure of the fabricated circuit and photograph
of the chip. The circuit directly drives a 10-mm on-chip clock distribution line with the
proposed low frequency sensitivity LC oscillator introduced in Chapter-5. The LC
oscillator uses the 8-shaped differential inductor introduced in Chapter-3 with L=2.86
nH (at single-ended value), arap=0.5. The core area of LC oscillator is only 270 x 280
um?. The 10-mm on-chip transmission line is designed as the meander line using a thick
metal layer (M6). The metal width and space of 2-um each has been selected due to the
limited chip area and resistive loss point of view. The far-end differential signal is
amplified and buffered using a 5-stage FO = 2 (Fan Out) current mode logic (CML) and

finally output with an impedance of 502 to the PAD for the purposes of measurement.
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Fig. 6.2 Photograph of the test chip

6.3  Measurement Results and Analysis

6.3.1 Measurement Setup

Fig. 6.3 shows the measurement setup. The measurements of the proposed
bufferless LC oscillator are recorded using a 50 Q probe station (Fig. 6.4) and signal
source analyzer (SSA) via semi-rigid cables. The gain-loss of this measurement setup is
mainly from the cable-loss (2.6-dB) since the open-circuit input capacitance for GSGSG
probe is only 5.4-fF. Note that we used a 39.5-dB Low Noise Amplifier (LNA) to for the
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phase noise measurements as the output level was not as high as expected. This problem

will be further discussed in Section 6.3.3.

Power Supply

| @
PGPPGP &~ m—

pPGPFGP

Signal Source Analyzer

_____ Power Supply

- -

Fig. 6.3 Measurement setup

-

Fig. 6.4 Probe station
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6.3.2 Measurement and Simulation Results

Table 6.1 shows a comparison between the simulation and measurement results
for the oscillation frequency f,1 and single-ended output swing Voute. We compared the
measurement with simulation results with both RC and RLC models to investigate
whether the effects of the transmission line should be taken into account. In this research,
we used the Cadence Assura-RCX and Integrand Software, Inc. EMX for the RC and

RLC extraction, respectively. Fig. 6.5 shows the output spectrum and phase noise of

Vourtp.
Table 6.1 Comparison between measurement and simulation results
Parameters Measurement Simulation(RC) Simulation(RLC)
fp1 2.83 GHz 2.54 GHz 2.74 GHz
Vourp -61.7 dBm 3.7.dBm -20.6 dBm
Condition: V4, = Vg4, = 1.8V
Gain of LNA (39.5 dB) has been deducted from Voure.
==283GHz |
f-222dBm | ¢
|
" -112.8 dBc/Hz @1IMHz

10k 100 ke 1MH 10 MHe

Fig. 6.5 Plots of the output spectrum and phase noise with LNA
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6.3.3 Analysis

This section analyzes the measurement and simulation results. First, the
oscillation frequency of the RLC model shows a better match compared to the RC model.
This indicates that the transmission line effects must be considered under this frequency
and length. The RLC model shows a higher oscillation frequency as compared to the RC
model since the parasitic capacitances have been canceled out to a certain extent by LC
resonance mechanism. Second, the RLC model shows a better match for the output
swing as compared to the RC model. This indicates that the transmission line effects
should be taken into account as also seen in the case of the oscillation frequency [6], [7],
[8]. The difference of the output swing between the RLC and the RC model can be
intuitively explained as follows. A reflection wave is produced as the far end is not
terminated (=open) under the condition of 3-GHz oscillation frequency and 10-mm
length. There is a phase shift of ~144 degrees when the reflection-wave returns to the
near end if a relative dielectric constant & = 4. This intuitive insight can also been
understood by the S11 Smith chart of the 10-mm transmission line as shown in Fig. 6.6.
Thus, the swing of the RLC model becomes much smaller than that of the RC model in
this condition. This synthesized waveform by the forward and backward (reflection)
wave is called standing-wave. However, even a RLC-based model, there is a significant
error compared with the measurement results. We believe that the convolution process
from the s-parameter (frequency-domain) to the time-domain is the source of this error
as this is strongly dependent on the simulator. Next, we evaluate the figure-of-merit
(FoM) expressed by Eq. (6.1) - (6.2). Table 6.2 shows the comparison results. FOMa of
[9] and FoM of [11] have much better performance as compared to the results from our
research, which might be due to the following reasons. First, the major difference with
respect to the FoMa of [9] results from the inductor area. We use a simple 2D structure
whereas [9] has a stacked 3D structure. Second, there are two major differences with
respect to the FoM of [11], namely the circuit structure and capacitive load. The
proposed LC oscillator only has Nch for the negative trans-conductance generation
whereas [11] has both the Pch and Nch which will cause 3-dB improved trans-
conductance. This results in 3-dB improved power consumption. Next, the capacitive

load in our research is around 2.5-pF while [11] has only 0.5-pF, which results in an
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oscillation frequency difference of ~6-dB. Thus, the FoM of [11] is fundamentally 9-dB
better than that seen in our research. However, a further improvement (minimum 10-dB)
is necessary for the proposed structure to be comparable with other state-of-the-art
structures. Some solutions to achieve this are as follows: (1) The use of both the Pch and
Nch for the improved trans-conductance. (2) The selection of an appropriate
transmission line length and frequency to have a higher output swing (3) The selection
of even higher frequencies to improve the quality factor of inductor. However, this may
also need advanced technologies at least 90nm for the improvement of operating speed

of internal logic circuits.

P
FoM = L(Af) — 20log (K—;) + 10log (117?1;/) (6.1)
A
FoM, = FoM + 10log (111;5:2) (6.2)
Here,
fo - oscillation frequency Af . offset frequency

Pac . power consumption L(Af) :phase noise at Af

Table 6.2 Comparison results for the FoM and FoMa from various studies

[9] [10] [11] [12] This work

Tech [nm] 65 180 130 90 180
Area [um?] 484 1260460 695520 1739 75600
L(Af) [dBc/Hz] -110 -116 -120.6 -93 -123
fo [GHZ] 21 5.32 5.29 5.35 2.54
Af [MHz] 10 1 1 1 1
Current [mA] 3.20 3.17 1.32 1.00 2.21
Voo [V] 0.6 1.8 1.5 1.0 1.8
Pac [MW] 1.92 571 1.98 1.00 3.98
FoM[dBc/Hz] -173.6 -183.0 -192.1 -167.6 -185.1
FoMa [dBc/HZ] -206.8 -181.9 -193.7 -195.2 -196.3
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A 1MHZ -5 I 26 44 10 21 \
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Fig. 6.6 The S11 smith chart of the 10-mm transmission line (input: 50 Q, output: open)

6.4  Chapter Summary

In this chapter, we have introduced a low-frequency sensitivity bufferless LC
oscillator that is directly connected to a 10-mm on-chip clock distribution line which is
fabricated using the TSMC 1-poly, 6-metal CMOS technology. The core area of LC
oscillator is only 270 x 280 um?. The measurement results showed the relatively good
agreement with simulation results except for the output swing. The source of output
swing error might be caused by the convolution process which is strongly dependent on
the simulation tools. This experimental results not only prove the low-frequency
sensitivity features but also reveal the effects of the transmission line on the LC
oscillator. The standing wave mode happens in this open termination architecture. Hence,
appropriate selections between transmission line length and frequency are vital to have
high output swing. The measurement results showed that a 2.83-GHz frequency, 3.3-mA
current consumption, and -112.8 dBc/Hz phase noise at 1-MHz offset which is
comparable to other state-of-the-art LC oscillators.
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Chapter 7

Chapter 7
Conclusions and Future Works

7.1  Conclusions

This dissertation presents a development of low-power, high-frequency on-chip
clock distribution system for high-speed serial links. The proposed architecture can
directly drive a 10-mm on-chip transmission line using a novel shared LC resonance
mode without any buffers and repeaters. This simplified and highly efficient design
makes low-power, high-frequency and area-saving operation possible compared with the
other state-of-the-art structures. The significant contributions of this dissertation can be

summarized as follows:

A. A high-frequency, low-coupling 8-shaped differential inductor with patterned ground
shield

Inductors are one of the most important parts to determine the performance of LC
oscillators. The proposed inductor can achieve almost twice higher self-resonant
frequency compared to conventional differential inductors while keeping the high-
symmetry and low-coupling. The PGS structure maximizes Q-factor and improves EM-
simulation time owing to the reduced components. The experimental results showed

good match with EM-simulation.
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B. A simple methodology for on-chip transmission line modeling and optimization for
high-speed clock distribution

The clock distribution line of the proposed architecture must be treated as a
transmission line due to the long wire length caused by the absence of buffers and
repeaters. The proposed fully calculation-based design methodology of on-chip
transmission line converts a five-wire of GSGSG physical model to a single-ended RLC-
distributed model. Thanks to this simplification, a general transmission line theory can
be easily adopted. The experimental results of this proposed model showed good match
with both calculation and EM-simulation. The proposed optimization algorithm can find
the smallest metal width, space and structure while achieving the lowest power
consumption from the given target specifications such as propagation delay and output

swing which significantly improves design time and quality.

C. A theory of low-frequency sensitivity LC oscillator

The frequency sensitivity of LC oscillators must be reduced to realize the
proposed bufferless on-chip clock distribution line system. The proposed LC oscillator is
able to achieve a low frequency sensitivity due to the unique shared LC tank structure.
The proposed theory showed good match with SPICE simulation. The system
comparison between the conventional repeater-based and the proposed structure was
also discussed. Advanced processes at least 90nm are preferable for the proposed

bufferless structure to reduce the power consumption at the level shift stages.
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D. A low-power, high-speed on-chip clock distribution line system

The test chip of the proposed bufferless on-chip clock distribution line system
was implemented under TSMC 1-poly 6-metal CMOS fabrication process. The
measurement results showed a 2.8-GHz oscillation frequency, 3.3-mA current
consumption and -112.8 dBc/Hz phase noise at 1IMHz which is comparable to the other

state-of-the-art systems.

7.2 Future Works

In this dissertation, the on-chip clock distribution line was designed as meander
line due to the limited chip area. For this reason, the optimization methodology of on-
chip transmission line is not applied to the test chip design. The following works will

improve the power-efficiency even better:

(1) To incorporate the optimization methodology for on-chip clock distribution line

design

By selecting an appropriate frequency and length of transmission line, low-power

operation can be possible.
(2) The study of standing wave mode signaling

As the length of transmission line becomes longer, the output voltage swing
becomes smaller due to the resistive-loss of wire. By placing some inductors to

appropriate locations, it is possible to mitigate this degradation.
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