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A Self-Calibrate All-Digital 3Gbps STAT Driver Design

Student: Hsin-Wen Wang  Advisor: Chau-Chin Su

Institute of Electrical and Control Engineering

National Chiao Tung University

Abstract

Due to process technologies scale-down, the'operating frequency and circuit complexity of
CMOS VLSI increase. The growing:gap between on-chip gates and off-chip I/O bandwidth is
reaching the critical proportions. Therefore, the intéfconnections between chips often limit the
performance of a system in application such as network switches, routers, processor-memory
interfaces, and multi-processor interconnection. For this reason, to integrate high speed serial
links on chips can reduce the pin/wire count, and power budget of a system significantly.

There are two major topics in this thesis. First, we will focus on the study of signaling noise
sources and channel (PCB) modeling. Base on these considerations, we will propose the 2.5 Gbps
transmitter that conforms to the Low Voltage Differential Signal (LVDS) specifications and
Simultaneous switching noise (SSN) reduction. Second, we will propose a driver circuit design
which can auto calibration itself and apply to second generation SATA. So the driver can prevent
the output voltage error from process or temperature variation. This transmitter for the physical
layer of a serial link will have a data bandwidth of 3 Gbps. The circuit design and operational
concept for the transmitter will be described in the thesis.

In this thesis, a 2.5 Gbps transmitter has been implemented. It is compatible with the LVDS
standard. In a TSMC 0.18-um 1P6M CMOS technology, the transmitter circuit operates at 2.5
Gbps on a 1.8V power supply and occupies an area of 1500 x 860um’ . The technique to achieve
2.5 Gbps data rate is using point-to-point topology and the novel methodology that reduce the
SSN.

Keyword: High-speed serial link, LVDS, SSN-reduction, Self-Calibrate
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Motivation

The exponential growth in both speed and integration of digital integrated
circuits (ICs) has increased the demand for higher inter-chip communication
bandwidths to maximize overall system performance. Traditionally, most system
designers have satisfied this demand by increasing the number of links, leading to an
increase of cost, power consumption and complexity of the system. In order to solve
the problem, however, every single pin interconnection bandwidth has to scale with

the speed and integration level of the IC[1].

There are two dominant approaches to  high-speed signaling,
source-synchronous parallel channels and point-to-point links. First, in the
conventional shared bus model, many links are integrated with in a single system to

increase the total signaling bandwidth. The large number of such links makes the key

-1-



Chapter 1 Introduction

constraint (area, power, etc) more restrictive. However, the parallel buses have
typically been used for short-range interconnections within a single system. It usually
works at 100~400Mbps such as in multi-processor systems[2], processor-to-memory
interfaces[3], and network switches[4]. Second, in contrast, the goal in high-speed
point-to-point links is to maximize the communication bandwidth and distance on a
single cable. Point-to-point links offer an excellent solution that requires multi-gigabit
per second (multi-Gbps) rates. The distances of this serial links could be several
meters long such as computer-to-computer or computer-to-peripheral interconnection,

or several kilometers long such as SONET.

In this thesis, we will explore a system architecture which uses
non-return-to-zero (NRZ) signaling techniques. A 3 Gbps transmitter which uses
orderly turn-on technique and duty cycle modulation to reduce simultaneous
switching noise (SSN) has been designed and implemented. It is compatible with the
low voltage differential signaling, (IVDS) 'standard. The architecture of auto
self-calibration transmitter has been investigated. Both design feasibility and system

performance are studied and andlyzed: Thenjateasonable solution is proposed.

1.2 CMOS Serial Links

1.2.1 General Concept

Traditionally, high-speed links in Gbps range have been implemented in GaAs
or bipolar technologies. The primary advantage of those technologies is the faster
intrinsic device speed (higher f;). However, CMOS technology is more widely
available and allows higher integration than other technologies. Recently development

has shown that CMOS is capable of achieving Gbit/s data rate[5, 6].

Another motivation for CMOS implementation is the faster improvement of
CMOS speed than the speed of other technologies due to the rapid scaling of it feature
sizes. 0.18 um CMOS technologies have speed comparable to a 0.5um GaAs

technology. Although it is always possible to yield inherently better devices in
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non-transitional technologies, the momentum and investment in CMOS technology

development is progressing toward making CMOS the fastest technology[7].

There are two distinct communication channels for serial links: optical fibers
and cooper cables. Fist, optical fibers provide a large communication bandwidth over
very long distances. But, the fiber and necessary optical components and terminal
electronics makes this approach costly and area-inefficient[8, 9]. The optical links are
the only one solution for the gigabit/s communication over very long distances.
Cooper cables, on the other hand, are the much cheaper solution. But suffer from a
very limited data bandwidth that decreases with length. Hence, cooper link, which is
the focus of this thesis, are mostly used for short distance application, such as

system-to-system interconnections within the same room[10].

1.2.2 Basic Link Components

A typical link is compriseéd ,of ;three  primary components: a transmitter, a
channel, and a receiver. The transmitter converts digital bits into a signal stream that
is propagated on the channel to the ‘récerver-The receiver reverts this analog signal

back into binary data. Figure 1.1 shows these components.

’ \ ’ \ Transmitter Receiver
[ ]
[ ]

\ ’ \ ’ \ ’ Channel

Recovery
Figure 1.1 Basic link components: the transmitter, the wire, and the receiver

A transmitter sends the data as analog quantities. The analog values are simply
either a HIGH-level or LOW-level to represent a single bit, known as
non-return-to-zero (NRZ). For example, in an optical system, they are the levels of
different amounts of optical power. For electrical systems, these levels are of different

signal voltages.




Chapter 1 Introduction

The channel is the medium on which the data is propagated. This medium can
be a optical fiber, a coaxial transmission line, an unshielded twisted-pair, a
printed-circuit board (PCB) trace, or the chip package. Channels always attenuate or
filter the signals. So the difficulties in transceiver design are to overcome the
attenuation and noise induced from the channel. Also, we have to maintain the signal
clean while transmitting high data rate. To recovery the data from transmitter, the
analog waveform is amplified and sampled. In order to recovery the data, receiver
must be able to determine the high speed bits correctly. Finally, the timing recovery

circuit properly places the sampling strobe.
1.3 Thesis Organization

The choose of a suitable communication architectures is the first essential step
in the design of a high speed seriallink! We will discuss the trade-offs between
different modulation, equalization ,and detection: methods in chapter 2 as the
background study. We will also considetr “the specified transmission medium,
Printed-Circuit Board (PCB) trace, anddiscuss' the limits of data rates in the

transmitters and receivers.

After the introduction that how we can push the data bandwidth of a link.
Chapter 3 introduces the architecture which can reduce the simultaneous switching
noise (SSN). The novel approach to decrease the ground bounces can make the signal
integrity better. On the other hand, by the System on Chip (SOC) development, all
chips and systems share the same power and ground. The power supply noise will be
an important issue in the future. We will study the system architecture and circuit
level design with simulation results in this chapter. Further more, we will realize Low
Voltage Differential Signaling (LVDS) transmitter[11, 12]. The simulation results are
later verified by the measurement in chapter 5 from test chips implemented in TSMC

0.18-um CMOS 1P6M technology.

After we propose the novel technique that reduces the SSN in chapter 3, we will

enhance the transmitter more complete in chapter 4. Although the output can be

4.



Chapter 1 Introduction

compensated by the additional digital control, the transmitter can not self-calibration
by itself. We present a full integrated feedback compensation loop inside the
transmitter. The feedback can adjust its output voltage to the desired level
automatically. Not only the SSN being reduced, but also the digitized self-calibration
transmitter has many applications. We follow the LVDS design in Chapter 3, and this
chapter to design a novel high-speed serial link named, Serialized AT Attachment
(SATA). The Serial-ATA interface represents one of the greatest shifts in storage
technology to hit our industry over the past decade. We simulate the circuit design to

ensure the transmitter can conform the specification.

To validate the simulation data presented in the previous chapters, Chapter 5
discusses the measurement results from the implemented transmitter discussed in
Chapter 3. The chapter begins by characterizing the limitations of the test
environment to ensure that the environment’do not introduce excessive bandwidth
limitation or noise. Then, the performance results are presented that show a jitter of

less than 98ps from a test chip in a'0.18um €MOS technology.

Finally, Chapter 6 presents'the conclusions, discussion, and the future work.
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Chapter 2

Background Study

2.1 Signaling Techniques

This section describes two different approaches to high-speed signaling in
digital systems. The first method is traditional high-swing signaling, such as TTL or
CMOS. They have been used in most computer systems over the past several decades,
especially for chip-to-chip communication. These conventional methods limit the
speed to 100MHz. The frequencies have not scaled with improving process
technologies. As the speed in the modern digital system increases, the conventional

methods are therefore becoming a major bandwidth bottleneck.

The second method is discussed more in this thesis. The point-to-point
incident-wave signaling does not suffer from the limitations of the conventional
method. By the way, its data rate can scale with the process technology. Because of

the scaling, the new signaling technique is emerging in high-speed systems.

-6 -



Chapter 2 Background Study

2.1.1 Traditional Large-Swing Signaling

Traditional signaling systems are limited to data rate of about 100Mb/s per wire
and dissipate large amounts of energy per bit transmitted. Because of the limitations,
many modern microprocessors operate their external buses at a small fraction of the
internal clock rate. In traditional CMOS systems, a CMOS inverter is used as both
driver and receiver. The cable or PCB trace usually has characteristic impedance of
about 50Q to 100Q. These signaling systems are slow because the high impedance

driver is unable to switch the line voltage completely on the incident wave[13].

2.1.2 Point-to-Point Low-Swing Signaling

A signaling system that overcomes the limitations of traditional signaling is
shown in Figure 2.1. A current-source transmitter drives the line with currents that
typically range from a couple of milliamperes to tens of milliamperes, resulting in a
voltage swing range of 100mV to.about 1-V.-This line is terminated at both ends in its
characteristic impedance. The: receiver termination absorbs the incident wave,
preventing any reflections. The ‘source términation makes the systems more tolerant of

crosstalk and impedance discontinuities.

Figure 2.1 A point-to-point, low swing, incident-wave system

A high-gain clocked regenerative receiver amplifier can be both low offset
(~30-60mV) and high gain. With the improved receivers with low offset and high
sensitivity, this system can operate reliably using very small swings. Therefore this
signaling method also offers a considerable reduction in power dissipation of the
system. The system described can also operate at data rates independent of the line

length. A new symbol can be driven onto the line before the previous symbol arrives
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at the receiver. This results in a system whose data rate, to a first approximation,

scales linearly with the device speed[10].
2.2 Noise Source

A good design presents reasonable trade-offs among the performance metrics
and cost metrics. The performance metrics include bit rate, latency and bit error rate
(or robustness to be more general). The cost metrics include power, area, number of
pins, wires, and other electrical components. All of these metrics affect each other.
The most important source is the noise. Noise decreases the performance of systems
and bit error reduces the effective bandwidth of the links. Most digital transmission
systems have some mechanisms to handle or correct them. Therefore, reliability or
robustness of a link at the desired operating speed is an important consideration. This
is measured by the bit error rate (BER). Different applications have different BER
requirements. Bit errors are caused by two :main noise sources. One is voltage

(amplitude) and another is timing (phase) noise as pictured in Figure 2.2.

bit time

timing margin

ideal RxClk sampling position

Figure 2.2 Voltage noise and timing noise margin

2.2.1 Voltage Noise

Voltage noise directly reduces the signal voltage margin. It also reduces signal
timing margins by shifting signal transition edges. The major voltage noise sources
are channel attenuation and inter-symbol interference, fabrication offset, reflections,

and power supply noise[14].
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Channel Attenuation and Inter-Symbol Interference

The channel filters the transmitted signal and causes frequency-dependent
channel attenuation and signal distortion. It leads to the reduction in receiver signal
amplitude and inter-symbol interference (ISI). Channel attenuation and ISI effects are
presented in all links. Their magnitudes depend on the characteristics of the channel
and the signal frequencies relative to the channel bandwidth. The channel impedance
attenuates the traveling signal, and the conduction in the surrounding dielectric causes
further loss. Furthermore, high-frequency current flows closer to the conductor
surface resulting in higher series resistance (skin effect, we will describe later). As a
result, the channel reduces signal amplitude and adds residual error from previous bit

leading to ISI.

To solve the channel attenuation and ISI problem, equalization has been widely
used in communication systems. The basic 1dea is_ to insert filter in the signal path to
provide the inverse filtering effect of the channel:. However, with current technologies,
the complex equalization schemes used in-communication systems cannot operate at
the GHz frequency range and hence+cannot be msed in multi-Gigabit link design,
where only simple equalization schemes ‘Can be applied. Equalizers can be
implemented at transmitter or receiver, or at both. The easiest and most common
equalization technique used in Gigabit link is transmitter pre-emphasis. A short (finite
impulse response) FIR filter pre-distorts the transmit signal to boost the signal energy
of the high-frequency components. However, this method increase power
consumption and it amplifies the high-frequency noise at the same time. On the other

hand, the same architecture can be implemented at the receiver.

Transmitter [ W P Receiver
Pre-emphasis S / Equalizer

Copper cable

Figure 2.3 Two methods of compensated for channel response

We can also explored multi-level signaling, where the transmitter sends more

than one bit at a time. The simplest multi-level transmission scheme, called pulse

-9.
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amplitude modulation (PAM), is to encode N data bits into a symbol consisting of 2"
voltage levels. 4-PAM signaling has been demonstrated to increase the achievable

data rate over band-limited channels.

Offsets

Even in a carefully matched layout, transistor mismatches in the transmitter and
receiver can induce voltage offset. The amplitude of offset is independent of
transmission signal swing but rather are determined by the transistor size and process
parameter. Mismatches in transmitter cause the actual output signal swing different
from the nominal swing. Mismatches in receiver increase the minimum transmit
signal swing required for accurate signal detection. Offset-cancellation, commonly

used in op-amp design, can be applied to reduce the effects of circuit mismatches.
Reflections

Reflections can impact signal margins in two different ways. First, reflections at
mismatched terminations and impedance .discontinuities come back as noise signals
and add to future signal bits in the ling.-However, reflection noise is another type of
ISI noise, which is given by (1). Where [, the reflection coefficient is related to Z;,
the load impedance at the reflection point, and Z,, the characteristic impedance of the

line by (2). We will discuss the signal reflection in later sections.

Vreﬂected = F x Vincident s (1)
Z, -Z

r=-r2o )
ZL + Z()

Power Supply Noise

Power supply noise is reduced by switching large currents in short durations
across the parasitic inductance in power distribution network. It is therefore also
called LdI/dt noise. It is a problem in almost all digital systems. This issue becomes

more serious as modern chips integrate more gates that switch at high frequency. The

-10 -
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noise amplitude from digital logics is independent of the I/O driver output signal
swing. Therefore, the noise can be proportional to the output signal swing if the noise
is caused by the large output driver switching current. Although power supply noise
affects different systems by different degrees, its omnipresence in digital systems has
stimulated many researches in techniques to reduce dl/dt noise. Such techniques
include minimizing the inductance of power distribution networks, employing
constant current drivers or more generally keeping the total current drawn from each
supply constant, increasing bypass capacitance both on the chip and on the board,
using separate power supplies for noise-sensitive circuit blocks, using slew-rate
control, and using coding schemes that reduce switching frequency of signals. The
power supply noise is the most issue in this thesis. We will describe the method to

reducing SSN very detail in chapter 3.

2.2.2 Timing Noise

The data rate of a signaling system is_limited by both the electronics used to
generate and receive the medium over which the signal propagates. The following two
parts examine more detail these two limitations. As shown in Figure 2.4, limits on
signaling rate arise from rise time, aperture time, and timing uncertainly[13]. The time
for the bit cell, ty;;, must exceed t; (the time required for the signal to slew from one
logic level to another) summed with t (the time for the receiver to sample this signal
while stable) and t; (the jitter between the signal and sampling clock). This is the first

limitation.

-11 -
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Figure 2.4 Eye diagram showing limitations on signal rate

The second limitation is about the transmission medium. PC board traces and
coaxial and twisted-pair cables behave as transmission lines that store and propagate

signal energy. This part will be discussed in detail in the next section.
2.3 Channel Analysis

Concern about the performance of wires .in=scaled technologies has led to
research exploring other communication methods[15]. The relationship between wires
and gate delays has many interesting problems. So“understanding the wires is the first

course to research the high-speed links.

In our design, the system transmission line model is fixed. However, we must
account for its characteristics in our signaling system. The channel is the entire path
from the output of the transmitter circuit to the input of the receiver circuit. This
includes the connections from the die input and output pads to the package pin on
both sides and the PCB trace that connects them. The termination resistor which
matches the characteristic impedance of the channel is used to minimize the signal
reflection. After the transmitter circuit lunches a signal, the signal run through the pad,
bonding wire, package pin, PCB trace, and the receiver package. As we know, a signal
can continue to propagate along a transmission line as long as the impedance remains
constant. Changes in the impedance along the line will cause part of the signal energy

be reflected which then propagates in the opposite direction (back toward the

-12 -



Chapter 2 Background Study

transmitter). If the signal is reflected again, the second reflection would interfere with
the signal that is transmitted after the roundtrip propagation delay. It appears as signal
pattern-dependent noise. A common source of impedance mismatch is discontinuities

between the chip package and PCB trace.

Consequently, the package parasites should be taken into account in the design
of high speed interface circuits from very beginning. Thus, simulations must include a
reasonable circuit model of the package and the transmission line model of PCB trace.
Figure 2.5 illustrates the channel model that includes termination resistors and

packaging parasitic.

In the following sections, we will identify the parasitic parameters of the
package and build the equivalent transmission line model for the PCB trace between

chips.

Lbond

Rterm
Liond Welement
Tx LTI
C

IS
pad:l; l: pin

I

Lbond

Figure 2.5 The channel model that includes termination resistors and packaging

parasitic

2.3.1 Channel Medium

PC board traces and coaxial, twisted-pair cables behave as transmission lines
that store and propagate signal energy. These lines can be modeled by a series of
lumped LCRG elements as shown in Figure 2.6. The loss in transmission is primary
due to the series resistive component of the copper (R) and parallel conductive

component of the dielectric (G).

-13 -
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...........................
. 0
....

T I

N o
. .
---------------------------

Figure 2.6 Lumped LCRG model of a transmission line

The major frequency-dependent loss in many electrical link using conductors is
due to skin-effect resistance. This effect can be modeled as an increase in the series
resistance of the wire as shown in Figure 2.6. Higher frequency signals propagate
closer to the surface of the conductor. The resulting signal current conducts within a

limited depth, the skin depth, on the conductor surface, which is defined as [16] (3).

o= 1 ; 3)
X Wy x f
p

where p is the resistivity of the conductor, and f is the frequency of the signal.

Hence, the effective series resistance ( R

skin

)-of the cable corresponding to this depth

increase with square root frequency [17]:

Ry = 2 f 4)

for a round conductor with radius r. This relation shows a frequency dependent
resistive loss. Note that the above equation is valid only for frequencies well above

the skin frequency, f.

skin >

where the skin depth is smaller than the radius of the wire:

- P
fskin (71",Lt'l") : (5)

With some insulating materials, dielectric absorption also causes frequency
dependent attenuation. This loss can be modeled as a conductance G between the
signal wire and ground. This effect can be mitigated by using a low-loss dielectric
material. However, because of certain restrictions on PC board materials, the choice
of dielectric is limited. PCB trace usually demonstrates a considerably higher

dielectric loss compared to cables. Dielectric loss for each material is usually

-14 -
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expressed in terms of a parameter, called the loss tangent defined as (6).

G
tanc, = ——, 6
Op o C (6)

where C is the capacitance per unit length as shown in Figure 2.6. This quantity is
approximately constant with frequency. The dielectric loss, G, typically increases
linearly with frequency. Base on the above equations, the approximate cable
frequency response in dB accounting for both skin effect and dielectric loss is given
by[13] (7), where ¢ is the length of the cable, 4 and 4, are the skin effect and
dielectric loss coefficients respectively. /4 is usually larger than 4, , so dielectric loss
may be neglected. On the other hand, for the PCB trace, A  is marginally larger

than 7, , so it needs to be considered.

H(t)

w=-(hAF R 1)L (7

2.3.2 Characteristic Impedanee.,of the Channel

The characteristic impedance Z, of the transmission line is defined by the
ratio of the voltage and current waves at any point of the line; thus, V/I=Z,. Figure
2.7 shows the equivalent electric circuitof such a line segment. The quantities v(z,t)
and v(z + Az,t) denote the instantaneous voltages at z and z+ A4z respectively.
Similarly, i (z,t) and i (z + Az,t) denote the instantaneous currents at z and z + 4z,

respectively. Applying Kirchhoff’s voltage law, we obtain[18§]

V(Z,t)—RAZ~i(Z,t)—LAZ~ 815;” —v(z+Az,t) =0, (8)
on the limitas Az — 0, (8) becomes
_—8vgz,t) =R.i(z,z)+L—6l(;’t) . )

Similarly, applying Kirchhoff’s current law to the node N in Figure 2.7, we

have (10) by the same method above.
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8v(z,t)
0z

61'(2,1)
or

:R-i(z,t)-i-L

(10)

(9) and (10) are a pair of first-order partial differential equations in v(z,t) and
i(zt). They are the general transmission-line equation (PDE). For harmonic time
dependent, the use of phasors simplifies the transmission-line equations to ordinary

differential equations (ODE).

RA LAZ N
+ —4 +
vz, Y —— Wtk
GL<s CxL
- . -
B & |

Figure 2.7 Equivalent circuit of'a differential'length of a two-conductor T-line

For a cosine reference wewrite

v(z,t) =R [V(z)ej‘“t ] -

i(z,t) iR[l(z)ej“’t:l. (h

where phasors V(z) and I(z) are functions of the space coordinate z only and
both may be complex. Substitution of (11) in (9) and (10) yields the following

differential equations for phasors V(z) and 1(z):

4e) =(R+ joL)-1(z),
d;i(z) (12)
z .
-?:(G'F]COC)V(Z)

(12) are coupled time-harmonic transmission-line equation. They can be
combined to solve for V(z) and I(z). We obtain the following one-dimensional

second-order ordinary differential equations(13).
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% =9V (),
d’lz) (1
7 1(z).
where
y=atjp=\(R+joL)(G+joC) (m") (14)

is the propagation constant whose real and imaginary part ¢ and f, are the

attenuation constant (Np/m) and phase constant (rad/m) of the line, respectively.

We already derived the governing equations(13) for time harmonic V(z) and 1(z)
on a transmission line. Let us now examine their characteristic on an infinite line. The
solutions of (13) are

V@)=V (z)+V (z)=V,e"" +V,e",

(15)
I2)=1"(z)Bl(2)=Le"" +1,e"",

where the plus and minus Zsuperscripts .denote. waves traveling in the +z-
and —z-direction, respectively. Wave amplitude (V,,*,I()+ ) and (VO',I,;) are related by

(12), and we can verify that the relation
—_—=-t=—— (16)

For a infinite line (actually a semi-infinite line with the source at the left end)
the terms containing the e’* factor must vanish. If not, these terms would increase
indefinitely with z, a physical impossibility. There are no reflected waves; only the
waves traveling in the z+-direction exist. Thus[18, 19]

V)=V (@)=V,e",

17
Iz)=1"(z)=1,¢e"". (7

The ratio of the voltage and current at any z for an infinitely long line,
V'()/I'(z)=V, I, is independent of z and is called characteristic impedance of

the line.
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Z:R+ja)L: y _ |RtjoL (Q) (18)
0 y G+ joC \ G+ joC

Note that y and Z, are characteristic properties of a transmission line

whether or not the line is infinitely long. They depend on R, L, G, C and @ but not
on the length of the line. An infinite line simply implies that there are no reflected

waves[19].

2.3.3 SPICE Model of the Channel (PCB Trace)

In inter-chip communication system, the signaling media is usually the printed
circuit board (PCB) or multi-chip module (MCM) traces. In terms of circuit
simulations, the problem is how to model the traces for high speed transmission. The
response of any conductors to an incoming signal depends greatly on the effective
length of the fastest electrical feature in the signal. The effective length of the signal’s

rising edge 1s[16]

(19)

[
I
il

where /¢ is the effective length of the rising edge.in. 7 is the rise time of the signal

in ps, and D is the propagation delay of the conductors in ps/inch.

For example, in the 2.5 Gbps serial link, the rise time of the bit cell is often
100ps ~ 200ps. For transmitter design, the rise time is usually controlled to be around
1/4 ~ 1/2 of the bit time. Considering the worst case, when the rising edge propagates
along a microstrip of the FR4 board, it has an effective length of 0.56 inch. For our
system, the trace length is considered to less than 21 inch on the board. Evidently, the
potential of the signal pulse propagates along the trace is not uniform at all points.
This type of system is called a distributed system. A rule of thumb is that the circuit
behaves mostly in a distributed fashion when the wire is longer than one-sixth of the

effective length of the rising edges[16].

The metal in a typical PCB board is usually copper and the dielectric is FR4, a

type of fiberglass. The two most common types of transmission lines are micro-strips
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and strip-lines. In our design, we use the microstrip for simplicity. Its simple structure

is shown in Figure 2.8, and the corresponding formula is shown in (20)[18, 20].

z, 87 ; [ 5.98H

= n J (Ohms)
Je, +1.41 \0.8W+T (20)
(Valid when 0.1 <W/H <2and 1<e,  <15)

W

—

€y

v

Figure 2.8 Characteristic impedance approximations for microstrip line

The SPICE Devices Models Manual [20] presents the method to describe a
transmission line. After we run thesHSPICE, the.output shows six parameters, L, C,
Ry, Go, Rs, and Gp, which Rg is'the skin effect parameter in( Q/m\/E ), Go is the DC
conductance of the dielectric material in S/m, and Gp is the dielectric loss parameter

in(S/m- Hz).
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Chapter 3
2.5Gbps LVDS Transmitter with
SSN Reduction

3.1 Simultaneous Switching Noise Rejection

Simultaneous switching noise (SSN) or ground bounce caused by many
electrical and packaging properties. SSN become a major bottleneck in high speed
digital design. For future systems, modeling SSN can be complex due to the
thousands of interconnects that need to be analyzed [21, 22]. Today, many SSN

analyses are studied in different fields.

Output pad driver is the main source of the SSN because of the large transient
currents during switching. SSN may even appear at low operation frequency signal

that has sharp transition. The peak of SSN usually occurs in the beginning of
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transition. Different pad and package structures will have different value of parasitic

inductance and capacitance. Hence, the design must be careful here.

SSN or ground bounce depends on many electrical and packaging properties
relate to each other. In general, the same phenomenon applicable to power is called
Vpp bounce. Both ground bounce and Vpp bounce are important noise source. Since
devices near the high-voltage level tend to have more noise margin than those in the
low-voltage level. Therefore, ground bounce is considered more often. The SSN
might still be low if a large number of supply bonds are used. For low SSN digital
system designs, we must take all the relevant parameters into account and try to find
the most effective approaches to reduce the SSN. In this section, we will discuss some
techniques for the SSN reduction. Before that, we calculate the amounts of SSN noise

firstly.

VDD

CVdd

input signal

Figure 3.1 Simplified electrical model of chip-package interface

The last stage of output buffer is the main source to generate SSN during

transient because of its high driving capability. Therefore, we focus the analysis of
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SSN caused by the last stage of the buffer in this section. Conventionally, Shockley’s
square law model is used in the analysis of MOSFET circuits due to its simple
close-form equation. However, when excluding the velocity saturation effects in
sub-micron technologies, the Shockley model can not regenerate the voltage-current
characteristics of the short-channel MOSFET transistors. Therefore, alpha-power law
MOSFET model[23] that include the velocity saturation effects is used here. Using

alpha-power law MOSFET model, the drain current of MOSFET is given as

i, =0 , Vg £ Vo, cutoff
ip =K, (Vgs - Vi )2+ Vis » Vs < Vp, linear (21)
ip = kg (Vgs - Vig )OL , Vs > V,,,, saturation

where k is drivability factor, Vry is the threshold voltage, « is velocity saturation
index, and V’pg is the drain saturation voltage. Typical values of « range from 1.0

to 1.3 for NMOS transistor.

When the output changes from high tolow; because of the velocity saturation
effects, the NMOS transistors usually stays in the saturation region during the time of
input signal transient. It can be well.assumed that when the ramp input signal (Vi)
reaches Vpp, SSN reaches the maximum value. For n output drivers which share the
common ground line switches simultaneously, the discharging current flow through

the Lgng 1s given in[24]
i(t)=n-i,)=n-k, (V,)-V,-V,)", (22)

the switching noise (Vx) that is the voltage built up in node X in Figure 3.1 can be

written as

V0= Ly S = L SV, 01,07, ) 23)

gnd d t sn"~gnd

C . v
Vin which is a ramp input can be expressed as V, =S¢, where S, =-22.

Solving the nonlinear differential equation with an initial condition V, =0 at t=t,,

m

v .
t. =—", we obtain
DD r

where ¢ =
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[V 0-V0-V,) Voo ] Vop"™ _ 14,
V.(1) 2nk L

sn*"gnd

24)

Take the power series of [(Vm -V, -V,) / Voo ]a" and neglect terms with order

higher than two, we can obtain a close-form equation as follows

A(t-t 2 20 -a’
V (t): ] Vk + ( [)) sz-(ln (Z—JZ‘}‘ a}'t V(ln—] + a}'t OCn Vzan'zj (25)

a1t a(a,-1 Ait-t) " A-t )"
1
where V, =V, -V, and 4=——. (26)
2nksnLgnd

At t=t,, the maximum value of the SSN occurs,

V., -V At-t) 2, 2a, w1 20 -0’
Ve = —22— 10+ L (Vo V) | 1= 1=V -V, ) = (V-
n,max (Z" -I (Z" ((X” _1)( DD In) [ \/ A(t’ 'tt)( DD tn) Az(tr 'tt )2 ( DD n

)211,,—2 (27)

The Vimax estimated by (27) and other predict equations together with SPICE
simulation results are similar. The error as.compated with SPICE is below 5%. Note
that, due to the negative feedback.effect of Ling, theznoise is not a linear function of

the number of the drivers.

This is the analysis and calculation-of the SSN. Next, we discuss some

techniques that reduce SSN[24].

3.1.1 Optimal Rise/Fall Time

In the sub-nanosecond region, unnecessarily fast rise/fall edges of pulses should
be avoided in order to achieve low SSN. An optimal size of drivers can be estimated
in terms of required rise/fall time, loading, and pulse swing. Many semiconductor
foundries offer ASIC designers a variety of I/O buffer cells, from 2mA to 24mA in
both non-slew rates controlled and slew rate controlled for different requirements.

These bufters should be carefully chosen to be just enough for the specification.

It is the edge rate not the frequency that affects the ground bounce. The slew
rate dV/dt of the output significantly affects ground bounce more than any other

parameter. The slower the output slew, the lower the ground bounce will be. It
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becomes a trade off between performance and signal integrity. But this is not the best

way to solve the SSN problems.

3.1.2 Reducing Inductance

Zero inductance in the power supply network results in zero SSN. Since the
parasitic inductance is mainly related to packaging, e.g. wire-bonds, or package. It
leads using advanced packaging techniques, such as ball-grid arrays (BGA) packages
and multi-chip module (MCM) substrates with full supply planes, or flip-chip on a
MCM will certainly reduce SSN. In addition, the arrangement of supply paths has a
strong influence on SSN since switching noise is directly caused by the effective

inductance of the power supply networks.

3.1.3 Reducing Signal Swing and Use Differential Drivers

A small signal swing leads to-a low SSN:'Since a significant part of the SSN is
generated by large output buffers, the use'of LVDS outputs instead of full swing
CMOS outputs reduces SSN. The LVDS: technique has already been widely used in
many high-speed IC chips using BICMOS as well as CMOS technologies. The
drawback of reduced noise susceptibility with reduced swing signals is improved by
using differential signals, with which common mode noise is effectively rejected.
Moreover, differential outputs into impedance matched and coupled differential lines
result in reduced overall noise generation and increased noise immunity. However,
steady-state power consumption is the side effect because of the constant current sink

through the termination resistors.

3.1.4 Separate Power Supply Network

Since SSN is mainly generated by large bus/clock drivers and output buffers, it
should be regarded as a design rule to separate the supple for internal logics from the
supply for output drivers, especially when many of them switch simultaneously.
Power supply planes on an MCM substrate might be split into several parts in order to

eliminate noise coupling between different chips or different functional blocks.
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However, the potential stability problem at system level requires a common ground

plane on the PCB that supports chips and MCM modules.

3.1.5 Decoupling Capacitors

In MCM and advanced PCB designs, metal planes are used for the power
supply and ground. Although the inductance of these planes is small, the inductance
associated with vias and bonding leads (or wires) from an MCM substrate to a board
(or package) is often considerable. If meshed supply planes are used, the inductance is
not negligible, especially at high speeds. This is because the supply or return current
paths are strongly influenced by the meshed planes. To use decoupling capacitors
effectively, they have to be mounted with multiple-vias close to the chip being
concerned to reduce parasitic inductance. Surface-mounted capacitors with large
capacitance values (e.g. > 100nF) have large parasitic inductance. Therefore, it is
preferable to use medium valuescapacitors (~1-10nF) with a high self-resonance
frequency and a high Q value. /An_important note here is to distribute them over the
entire module. Capacitors formed between two closely placed power and ground
planes on an MCM or PCB provide high-quality decoupling with a very low parasitic

inductance.

Besides, varying the capacitive load has an effect on both the amplitude and the
width of the pulse. The amplitude tended to decrease with increasing capacitive load,
whereas the pulse width increases. The increased capacitive load tends to reduce the

slew rate on the outputs, thereby, reduce the amplitude.
3.2 Transmitter Architecture

The proposed transmitter overall architecture contains a single to differential
buffer, a controlled predriver module, a fixed LVDS driver, and a programmable
LVDS driver. In Figure 3.2, the first buffer converts the single ended data input to
differential. The upper signal path is for the fixed driver and the lower one is for the

programmable driver. The upper signals pass to the first six orderly turn-on buffers
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blocks. Note that, the signals are duty cycle controlled to reduce SSN as well. Besides,
because of the process variation or layout mismatch, the output level is not guaranteed
to have an expected voltage level. So the additional controllable LVDS drivers can
enhance the output driver current to compensate the output voltage swing through the

programmable LVDS driver as in Figure 3.2.

1F-- - -=-=-=-=-=-="=
. Duty cycle 11 Fixed :
Single to : Orderly . [
. o t Adjust 11 LVDS
Differential ll)mtl’fon bqufer I driver :
buffer I utier 11 I
1 11
| e > \ T \ : >
—_ 1 | ] output
input I - 11 —
[ i T |
1 11 I
| 11
I 1 T~ IR :
: Control I : [
I logic R TR ~ :
1 11
1
I T. . .T I. ) T Duty cycle : : programmable I
: pl p8 ni n8 Adjust 1 LVDS 1
I PMOS o buffer 11 driver :
: Control Control : : 1
L - - Sienal =8 SSigmal e I bm e e e e e !

Figure 3.2 The overall-transmitter architecture

The orderly turn-on block converts one differential pair signals to six. All the
six differential pairs go through the duty cycle modulation block independently.
Finally, the signals turn on the gate of the drivers “orderly”. On the other hand, the
control logic decides whether the signals pass or not. Base on the PMOS and NMOS
driver capability, the number of the compensated driver can determine by outside

control signals.
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3.3 System Components

3.3.1 Orderly Turn-On Buffer

The idea of the orderly turn-on buffer is shown in Figure 3.3. The conventional
driver has a current spike as shown in the figure. But by our orderly turn-on
architecture, the dI/dt is decrease a lot compare to conventional one. The big driver is
divided into several small drivers as the figure shows. All small drivers drive the load
one by one between a little time interval. The influence by this circuit is that the slew

rate is slowed down and the dl/dt curve also reduces.

conventional driving signal
] Driver di/dt curve

Vi .
conventional
8X Vout

Orderly turned-on

Orderly rising signal

Vi Vsz VSTCI
\ Vout

Figure 3.3 The idea of the orderly turn-on buufer

It is very difficult to generate a series of signals whose intervals are less than
ten picoseconds. For TSMC 0.18-um technology, the gate delay of the inverter is at
least 20 ~ 30 picoseconds. Even using differential pair inverter approach, we can just
suppress the gate delay to about 20 picoseconds. In the 2.5 Gbps transmitter design, to
maintain the stable quality of eye-diagram, the rising and falling time should not be

longer than 100 picoseconds. Since there are thirteen PMOS or NMOS need to be

-27 -



Chapter3 2.5G LVDS Tx with SSN Reduction

turned on in the worst case. The intervals between each signal can not be longer than

15 picoseconds. Therefore, how to design a small delay circuit is a very challenging

L

1Ssue.

loading

Figure 3.4 Orderly-turn-on buffers

Some technologies suppress the SSN by separating the gate signal[25]. But the
interval between the signal can be large than 100ps because of the delay circuit. They
delay each signals by inverters or buffers. It works if the bit rate is about several

hundred Mbps. When the bit rate reach giga bit per second, this approach is feasible.

We propose a new approach to generate the signals which separated by only
10~15ps. These signals will orderly turn-on the drivers to suppress the SSN effect.
The method is shown in the Figure 3.4. After the input passes the first two inverters, it
goes in several paths which has different loading. Because of the difference in the
loading effects, the signal V1, V2, etc, will rise at different time. We then add
waveform shaping buffers which included two inverters to shape the signal. So, the
signal will be have the same rising time with 10~15ps separated each other in Figure

3.5.
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B86.6n 86.8n

Figure 3.5 The signal after orderly turn-on buffers

3.3.2 Duty Cycle Adjust Buffer

The second block of the system is called “duty cycle adjust buffer”. Besides the
orderly turn-on buffers, the second .method to,reduce the SSN effect is duty cycle
modulation. This is an experienge fromyconventional I/O pad design for reducing the

SSN.

As shown in Figure 3.6, the normal operate mode of LVDS is: that (MP2, MN1)
and (MP1, MN2) are turned on and off alternately. It means that there appears a large
circuit current change when the signal is in transient. Therefore, we propose a new
method to reduce longer current change. When the signal changes, the turn off time of
MP2 and MNI1 is delayed. In other words, the four transistors of the driver will be
partially turned on at the same time driving the transient. MP1 and MN2 are turned on
gradually while MP2 and MNI1 are being turned off. In microcosmic, the current
through MP2 and MN1 will be conducted to MP1 and MN2 when signal changes.
After the input signal exceeds the threshold voltage, the current will be totally
switched. Hence, it minimizes the current charge to power and ground and reduces the

SSN.
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Vip-

Figure 3.6 Duty cycle adjust buffer design

We control the turn-on or turn-off delay by adjust the length and width of the
inverters in the predriver block. When a transistor’s‘changes, the charging ability also

changes. This modulation can génerate the signal as shown in Figure 3.6.

[So- Wi Vip01+
9 Lo

Vip01-

control

Figure 3.7 The circuit design of duty cycle control

As shown in Figure 3.7, the inverterl~inverter4 compose the duty cycle
modulation circuit. The driving ability will be weakened if we increase the length of
the inverter. As this method, we can adjust the time difference between VipO1+ and
Vip01- as small as 15~30ps. The control pin in Figure 3.7 is a tri-state switch. It
control the signal pass or not. When the driving MOS is PMOS (Vip), we use NAND

gate to control the tri-state switch. On the other hand, we use NOR gate if it drives
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NMOS (Vin).

The concept above is that when the PMOS have to turn-off, the control should
be LOW if we want to disable the path. It is because the output of NAND gate will be
HIGH if anyone NAND gate’s input is LOW. On the other hand, if we want to turn on
the path, the control pin should be HIGH. To sum up, a NAND gate operates like a
inverter when anyone input is high. At the same conception, we replace the NAND
gate with NOR gate. Base on this circuit design, the duty cycle buffer have two
functions. One is duty cycle modulation and the other is a switch. The switch decide

the signal pass this buffer or not.

3.3.3 Control Logic Circuit Design

In Figure 3.2, the lower path in the system can compensate the output by
control the number of driving MOS transistors. When the output level is too high or
too low, we turn-on more or turn-o0ff,some|to change the output voltage. So we need a
digital circuit to decide the number of compensation:transistors. We choose a simple
Programmable Logic Array (PLA) circuit-foritilike the one shown in Figure 3.8.

A B C

1
1
|
m) );__C: ! Control_07
] :I: I control_o8

- | ﬂ: : Control_13

Figure 3.8 The PLA circuit

The control signal (A B C)decode eight outputs which follow the function like
Table 3-1. The outputs connect to the control pins of the duty cycle adjust buffers. So
we can decide the number of the compensation drivers by input A B C. There are two

decoders for MOS and PMOS controls independently.
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Table 3-1 Function table of the PLA decoder

ABC |7 8 9 10 11 12 13
O 0O 0O|J]OOOOUOODO O
O 0 1|11 0 00O O0OO0ODO0
O 1 0|1 100 O0O00O0
01 1|11 11 00O00O0
1 00|12 1 11 000
10 1]12 1 1 1 100
11 0|1 111110
11 111 1 11 111

3.3.4 Driver Design

Finally, the predriver and compensation circuits are integrated to form the final
driver. The driver is studied in this section. The power supply and ground of an IC is
not ideal. It is combined with the equivalent inductance and capacitance of power
distribution networks as shown in:Figure 3.9. The load capacitor C; will be charged
and discharged when signal transient. The switching-noise increases as the frequency
increases. Conventionally, two-current sources are connecting to power and ground
respectively to minimize the current change henee reduces simultaneous switching

noise as shown in Figure 3.10.

VDD

Cdd

Vi

Cpad | C.

1
1 4
||Z\—£{— j;

CVSS VSS

Lo
Lagno A

Figure 3.9 Simplified electrical model of chip-package interface
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Unfortunately, these two current sources will create a large voltage drop and
limit the output voltage swing. In order to meet LVDS standard, the size of the four
switching transistors need to be increased significantly. Also the decreasing of the
VDS of the four switches. So, the sizes of the pre-drivers must also be increased very
much. This will increase the area and power of the pre-driver seriously. It is a
trade-off between the performance (noise) and the cost (area). Due to the rapid device
size scaled down, the power supply voltage decreases at the same rate. This problem

becomes a challenge for designers.

According to the description above, if the current sources connected to power
and ground are removed; the SSN effect will be much larger than the LVDS standard
requirement. So, we propose a novel architecture. It has no current source in power
supply or ground. As shown in Figure 3.10, in stead of using current source, it adds
the turn on spreading technique to reduice SSN. effect and avoid signal error. By the
way, the overall driver becomes an “all-digitized” edition compare to the LVDS

standard driver.

This methodology has some “advantages. First, the driver needs no current
source so that the output signal swing canibe enlarged. It also reduces the size of
switch transistor greatly. Therefore, the sizes of the pre-driver are reduce as well. It
reduces the overall chip area substantially. At the same time, it reduces the power
consumption. Further more, the driver architecture looks like two inverters connected
back to back, it makes the control and layout easier. Note that, the common-mode
voltage is lowered from 1.25V to 0.9V with a 1.8V supply environment technology.

The power supply is 2.5V in the IEEE standard.
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Figure 3.10 The traditional and proposed driver

3.4 Transmitter Simulation

3.4.1 The building blocKs simu‘lati‘(‘)n‘ X

In order to verify the circuit design,’'we use HSPICE to simulate the circuit. In
this section, we show the simulation results-of eVery building block in the transmitter.
The most important functional block is7the orderly turned-on buffer. The SSN

reduction is mainly achieved by this blocks

bad delay from 'system.sp’ by hwwang

= = = Equal delay
Unequal delay

st

400p s00p 200p 1in y v
Time (lin) (TIME) — T T T T 1

400p

the driver simulation netlist 'differential pre-driver’ simul: . .
Params (lin) (time_ml)

T i T T T i T
600p 800p in

Figure 3.11 Simulation of the orderly turn-on buffer
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In Figure 3.5, the orderly rising signal generator is working as the simulation
results show. The time interval between each rising signal is about 10~20ps. So, we
have a problem that if the process variation or parasitical effect occurs, the signal
would be not rising as desired. The time interval may be narrower or wider. In the
worst case, the signal may overlap. It may result in function incorrect or failure in
reducing SSN. In Figure 3.11, we test a case to check the circuit effect by process
variations. The two cases are the input time difference are unequal or not. We simulate
the unequal input time difference to be 8ps or 24ps. After simulation results, we
observe the output eye diagrams are the same. The right side in Figure 3.11 is the

output eye diagram comparison about the two cases.

According to the simulation results above, we can assume the process variation

will not affect the orderly turn-on buffer operation.

The orderly turn-on buffer cifeuit design has some advantages. First, the area is
small than other design or patent. The conventional method to generate signals with
close timing is to use the resistor and gate parasitic capacitance[26]. It uses the R-C
delay to generate the timing-close signal. But the resistor consumes a lot of chip area.
The inverter loading approach we proposediuses very small area. The whole circuit
only uses minimal CMOS inverters. The second advantage of this circuit is the power

consumption. The all-digital circuit design makes the average current very small.

—== tapecut first txd=—= by hwwang

500m T

T
In

Figure 3.12 Simulation of the duty cycle adjust buffer

After the simulation of delay buffer, we check the duty cycle modulation
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function. Figure 3.12 shows the simulation result. Like Figure 3.6, Vi, and Vj, have
a phase difference about 15ps~25ps, it is about 20ps in our SPICE simulation. We
notice that Vi, rises to turn-on the NMOS in Figure 3.6 and after 20 ps Vij,.rises to
turn-off the PMOS. This function minimizes the current change to power and ground

and reduces the SSN.

SSN effect

T T T T T T
0 10 20 30 40 50 60

—— posive voltage of SN different of duty cyde

negative voltage of SSN

Figure 3.13 The relation of SSN-and duty eycle phase difference

In Figure 3.13, we simulate the several phase difference case of duty cycle
circuit, e.g. 20ps in Figure 3.12. We ‘observe the SSN effect. We can obtain an
experience that when the phase difference is about 20~30ps, the SSN noise will be

minimal. So that is why we design the phase difference equal to 20ps.

3.4.2 The Driver and Noise Simulation

After the predriver simulation, the overall transmitter simulation will be discuss
in this section. The simulation environment is shown in Figure 3.14. The power and
ground include the inductance caused by bonding wires. The output pin also include a
2nH inductance. Output pads are replaced by IpF capacitance because of the
measurement probe. The internal resistors 100€2 is implement by poly silicon and the
far-end resistor is built inside the receiver. The input is a random data generated by C
language with bit rate of 2.5Gbps with a jitter of 20ps jitter. We can see the output eye

diagram have a jitter about 50ps.
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Figure 3.14 The overall transmitter SPICE simulation result

The differential output eye'diagramiheight fs +400mV~-400mV. It conforms to
the IEEE LVDS standard specification. Bﬁt we can not guarantee that the output will
be set to this value with processﬁ\‘/ariati‘on. If the outpﬁt differential swing is too high,
we can turn-off some programmable:drivers to decrease the driver current. We will

simulate the process variation consideration next section.

Besides the output eye diagram simulation, another important simulation is the
SSN effect. By SPICE tool, we can observe the power supply noise and the ground
bounce easily. In Figure 3.15, the power supply noise decrease 31% effectively and

ground bounce about 43%. The SSN noise is about 100mV due to our design.
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Figure 3.15 The SSN noise comparison

We have verified our design does dectease the SSN effect by SPICE simulation.
But we can not measure the power no%scf: effecfs directly. The only signal we can
measure is the output. So we can‘observe‘ the output eye diagram to analysis the result
of our proposed circuit design. As shown in-Figure 3.16, the upper eye diagram is our

proposed transmitter and the lower‘one.is the conventional one.

A0

200m

-200m

-400m

T
1.5n In 2.5m In
Paraims (in) (time_ml)

[
Ln
=
=24+
=
—_
=

Figure 3.16 The eye diagram comparison of proposed and conventional transmitter
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The obvious characteristic in above figure is that the slew rate is slower than the
conventional one. This is one expectated because of the orderly turn-on driver.
Although the slew rate slow down in this design, the signal integrity is better than
conventional one. The rising signal has a smooth curve when we operate at orderly
turn-on driver. Oppositely, the overshoot in conventional one makes the signal

integrity easily faulted due to the noise during transmits data.

3.4.3 Process Variation Simulation

Due to the process variation and temperature change, the transistor may work in
fast-fast or slow-slow situation. It may make the output or something in fault. In our
circuit design, we must have a rule to decide the size of the LVDS driver. This rule
will cover any process variation and condition change outside the chip. In our
transmitter design, there are a total of thirteen driving transistors. Six transistors are
always orderly turned-on all the time. The «remaining seven transistors can

compensate the output level by control pin outside the chip.

The Table 3-2 and Table 3-3 show:the:EV DS transmitter output swing and the
common-mode voltage with regard-to any-combination of PMOS and NMOS
situation. The typical-typical, fast-fast, and slow-slow cases are shown in Table 3-2. In
TT case, we turn on both four compensated transistors in PMOS and NMOS. The
transistors size is designed to have an output swing of 450mV and a common mode
voltage of 0.9V. By the way, we make the electrical specifications the same for all TT,
FF, and SS cases. The seven compensated transistors are all turned on when it operate
at slow-slow case. On the other hand, all compensated transistors are turned off when
the chip operates at fast-fast case. So we can guarantee to fit in with the electrical

specification (400mV swing and 0.9V common mode voltage) in any process corners.
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Table 3-2 The process consideration simulation result

TT
N To 1 ]2 3 45 6]
P : o 1| 2|3 : 4 | s |6 | 7
Veu : 920 | 925 | 915 | 895 : 900 | 888 | 875 | 880
Swing : 335 | 360 | 385 | 440 : 438 | 463 | 445 | 435
SS
N 14 s ] 6] 75r7 665
P ;4|56 776|756
Veu . 910 | 900 | 900 | 890 . 840 | 950 | 840 | 960
Swing . 370 | 390 | 415 | 435 . 430 | 420 | 410 | 397
i i
FF
N To 1 ]2 37 3221
P oo | 1| 233213 1| 2
Veu . 940 | 9207} 910_| 900 . 840 | 970 | 850 | 980
Swing . 390 |.:425 | 455" 470 : 470°| 460 | 445 | 425
; :

Table 3-3 The Fast=Slow and Slow-Fast case simulation

SF FS
TN ; 4 516 ] 6 ; Tl 212712
P : 1 2 3 4 : 4 5 4 6
Veu : 890 | 890 | 900 | 890 : 950 | 920 | 850 | 890
Swing : 390 | 420 | 445 | 445 : 400 | 420 | 420 | 445

Table 3-3 shows the other two process variation case, fast-slow and slow-fast.
In Table 3-2, because NMOS and PMOS drift at the same time, the transistors
additional turned on are usually the same. But in the two special cases, the number of
NMOS and PMOS are different. As shown in Table 3-3, in order to hold the swing

and common mode, the turn-on transistors combinations for different cases.

In Figure 3.17, we plot the data in Table 3-2 to observe the margin in this

design. The X axis indicates the number of the turn-on transistor. The common mode
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voltage is shown in the upper three lines in this figure. We can see that whatever
process situation, the common mode voltage can be 0.9V by our compensated circuit.
At the same way, the output swing can be 400mV in magnitude in TT, FF or SS cases.
This is the important guidelines that we design the transistor size of the compensated

circuit.

m
1000 —

900

800

FF

700} TT

4

600

500

400

300}

200

Figure 3.17 The process variation verification result

After the all simulation of the proposed transmitter, we can see the simulation
results show that the architecture work for LVDS. The layout of the circuit design and

chip measurement results are shown in Chapter 5.
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3.5 Summary

In this chapter, we introduce and derive the SSN effect in the first section and
compare the different techniques for reducing the power noise. In the second section,
we propose a LVDS transmitter with SSN reducing technique. We simulate all the
building blocks and verify them in order to apply in other high-speed links. Every
building block is simulated by SPICE in Section 3.3. In the last section, process
variation is considered in our design and the simulated eye diagram shows that it can

apply into the IEEE LVDS standard.
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Chapter 4
A Serial-ATA Driver with Output

Self-Calibration

4.1 Motivation

The output and common mode voltages in Chapter 3 are controlled by off-chip
control pins. In reality, the transmitter does not have any additional control pins when
it is integrated with other system blocks. So we have to make the output level self
adjustable to work under any process and temperature variations. We will realize this
notion with a high-speed serial link specification, Serialized AT Attachment (Serial

ATA).
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4.2 Overall Architecture

The transmitter architecture is based on the LVDS transmitter. In Figure 4.1, we
show all the building blocks of our proposed transmitter. The driver is the same as
LVDS driver we described in Chapter 3. But, the control logic is replaced by a finite
state machine (FSM). The FSM control the compensated driver by another digital
circuit (up-down counter). The inputs to the up-down blocks are from the output
detection circuit. It is composed of four simple comparators shown in the figure. Due
to this architecture, the output has a feedback to hold on the output within the desired
region. The self-calibration feedback will not work all the time. We add slow counter
to decide the time for the calibration feedbacks. When the transmitter is in the
calibration mode, the input is always connected to power supply, high level. When the
counter counts a period of time, the input multiplexer will switch the input to the

transmitter data. We will describe the function of €ach block in next sections.

r _________ 'I _______ |
pL20 6 Orderly Fixed I
Delay Buffer | Turn-on LVDS I
L o Buffer Driver
| Output
Data— 1 1
I | Programmable I
| 8 ! - |
| : | |
L R FSM s7u I |
I (Shifter) sod| 8 | I
l a1 I
| Ty e -l
reset
—380mV
Q A4 VHIGH
tx reset :
u
Counter P (@ ——370mV
clk —>ck
own — 130mV

— 120mV

Figure 4.1 The overall transmitter self-calibration architecture
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4.3 Building Blocks

4.3.1 Counter

The counter is the first simple block. The counter operation speed is as low as

kHz. So we choose the simple architecture shown in Figure 4.2. There are six JK

Flip-Flops and a NOR gate. All J and K are connected to power supply so the JK

Flip-Flops become T-Flip-Flops. When the clock trigger, S1~S6 trigger in sequence.

The Tx signal is LOW and S6 is HIGH initially. When the S5 trigger the NOR gate,

S6 fall to LOW and trigger the last JK Flip-Flop. The Tx signal rising and set the one

input (Tx signal) of the NOR gate to HIGH. So make the S6 always LOW (stable) to

hold the Tx signal steady until the reset signal.

VDD

I Q I Q I Q ] Q I Qf t ] Qle—Tx
k | k | k k k k
Clk—> reset > reset > reset > reset > reset _> reset
S1 S2 S3 S4
S5

T8

Figure 4.2 The architecture of the counter

Figure 4.3 shows the function verification of the counter above. After the reset,

S1~S5 begin to count until S6 changes. Tx signal rise from LOW to HIGH and hold

on until the next reset. We use this counter to decide when the transmitter to transmit

or do self-calibration. Tx signal presents the operation mode of the SATA transmitter.
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ﬁymmmmmmmmmmmmmmmmm
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S2

S3

S4
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stable

Figure 4.3 The function verification of the counter

4.3.2 Finite State Machine (FSM)

The finite state machine (FSM) decides the strength of the compensated output
drivers. The SO~S7 connect to the«gate of the driver to turn on or off the transistors.
The FSM function like a bidirectional shifter..When the up or down signal (the two
signal are always complementary) changes, SO~S7 will shift left or right depend on
the up signal is HIGH or LOW:The up signal decides the multiplexer and the shift
takes place when enable signal is triggered. ‘The enable signal is the AND of the clock,
txb and the EXOR of “up” and “down”. Therefore, we can ensure that the shifter

synchronizes with the clock and txb.

bl
N 1D = D i 0= v B v o B i 4 i e B IS
Dowr Q Q Q Q Q Q Q Q

GND

U Mux/e«§ AMUx/e de e \MUX/e ofe A\MUX /e oo e AMUX /o o0 o UXfepe UXfeefe N\MUXfeedecocnee
M1 M2 M3 M4 M5 M M7 M8 M9

Figure 4.4 The Finite State Machine (FSM) in our transmitter.
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We connect the first and last multiplexer to the power supply and ground
because we need the code shift like Table 4-1. For example, if the initial value of the
shifter outputs (S0~S7) are all zero, SO will be high when a right shift command occur.
On the other hand, when we shift left, the state value will be low from S; to Sy one by
one. If we continue shift right many times, all state value are high. But when a shift
left command occurs, S; must be zero. That is why we use the power supply and

ground to replace the vacant input of the first and last multiplexer.

Table 4-1 An example of the FSM code

So S;'S, S;S,Ss S¢S,
00000000
10000000
11000000

Shift 11100000 Shift

Right 1 1,4°177070,0 0 Left
1 4 1 Jmpl0 0. 0
151 1 19.1-0-0
18] A 180
19 Warrrh 51

The flip-flop of the finite state machine is of the static type. We can not use the
dynamic flip-flop, because after the self-calibration the output value of the D flip-flop

must hold on itself forever.
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4.3.3 Digital Control Circuit and Comparator

The digital control circuit and comparation circuit will be described in this
section. The source information of the FSM is from the comparators and the digital
control circuit. As shown in Figure 4.5, we use a simple two-stage operational
amplifier (OpAmp) to compare the output voltage and reference voltages. Because the
output is digital type, we neglect the stability of the OpAmp and add some inverters to

drive the signal to digital control block.

<
)
w)

] —¢

=

+—I [

Vi _d l: :l b— Vier

[ OUTPUT

i jk—ltl—|[

i )

Figure 4.5 The comparator circuit design in this application

After the comparison with output voltage level and reference voltage, we have
four digital outputs. In Figure 4.6, Vg and Vi ow connect to two comparators. The
outputs (A, B, C, D) will have nine cases instead of sixteen because the (A, B) and (C,
D) will not have “10” output. To use the four outputs to decide the FSM to shift left or
right, we follow the table (iii) in the figure. The minterm list can be achieved by a
circuit design. They are just inverter and transmission gate like (iv) in the figure.

Finally, the output Up/Down are the input of the FSMs.
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(i) (ii)

380m —

0000 0000 1111 1111
0000 1111 0000 1111
0011 0011 0011 0011

o
D

370m —

O 130m }—c 0101 0101 0101 0101
VLow b
o 1
120m ——
0 I 1
0 1 0 1
up/down=B/A
* ..............................
FSM —
up/down=C/D
............................... Up Stable X Down
(iv) (i)

Figure 4.6 Function and design flow. of the digital control circuit

4.3.4 SATA Driver

The transmitter in this chapterisfor-Serial ATA. The Serial ATA is established
by several companies such as Dell;.and Intel...etc. The SATA 1.0a specification
shows the reference transmitter circuit example as in Figure 4.7. Notice that pass gate
impedance plus resistor should be set to 50€Q2. We design the circuit level like the right
side of the figure. The four switches can be controlled to be 50Q by our digitized
driver. Due to the switches are all 50Q ideally, the output high would be 375mV and
output low be 125mV by voltage divider. So the differential output should be 250mV

as SATA specification provide.

Like the previous LVDS driver, because we removed the two current sources,
we will face the SSN consequences. So the SSN rejection circuit will be added in this
SATA driver. The duty cycle modulation must be modified because the switches are
all NMOS instead of CMOS in LVDS switches. The control signals have to be taken

care to avoid functional error.
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500mV

50Q 500mV

TX- 100Q 50Q

5 T
-~ —| —

_|  SATA 1.0a Specification

AAA

Figure 4.7 The transmitter circuit example in SATA 1.0a specification

4.4 Simulation Results

4.4.1 The Simulation of Counter

The simulation of the transmitter countet.is shown in Figure 4.8. We notice that
the second reset will reset all the counter andtx signals. If there is not the second reset,
the tx signal will hold on it value at high-devel-But we test the reset by add the second
reset. According to the simulation result, the tx Signal reset to zero and the counter
count again from the initial value. This simulation result confirms the function of the

counter and reset circuit.

reset a Istreset 4~ 2ndreset ‘

S2

S3

S4

S6 Sl

tx 4~ Tesettozero

Figure 4.8 The simulation of the transmitter counter
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4.4.2 FSM and Digital Control Circuit Simulation

To verify the design of FSM and digital control circuit, the spice simulation
results of the transmitter circuit are shown in this section. Figure 4.9 shows the
simulation of the FSM. When the up and down signal are both high, the FSM stop to
shift anymore. So the SO~S7 are stable until the up or down falls to zero. Due to the

static flip-flop in the FSM, S0~S7 will hold the value.

‘ “” reset

¥

SO

S1

[

S2

S3 ' : \ S0~S7 are stable
S4

S5

S6

S7

ck| | '

up

3 |

down ! \ up and down are both HIGH

Figure 4.9 Simulation of the FSM

The FSM outputs, S0~S7, will orderly rising to HIGH until the up and down are
both high. SO~S7 are connected to the gates of the SATA drivers. The input of the
transmitter is connected to power supply during self-calibration. So the output are
stable within the resistor divides level (Vimgu=375mV; Viow=125mV). Figure 4.10
shows the Viow output change situation by the FSM control signal change. We can
see that after the reset, the output is adjusted step by step with the control signal from

FSM.
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reset

Figure 4.10 Output.voltage change with FSM change

The difference between ‘each step|iis about 4mV, which is decided by the
transistor size of the output driver. But-how do we design the transistor size? What
conditions should we satisfy with? We will describe that design flow in the next

section.

4.4.3 SATA Driver Design

The turn-on transistors must have an equivalent resistance of 50€Q2 as described
in Figure 4.7. But how can we ensure the equivalent resistor will be 50Q2? We just
control the output voltage at the desired level, and then the resistor would be equal to
the needed 50 resistor value. If the output voltage is wrong, the detection circuit
(comparators) will call the digital control circuit and change the FSM output value.
The feedback forces the output level to the reference voltage being set up. The one
important design we should do is the size of the small drivers, how many drivers are

needed, what the voltage difference for an additional driver.

We design the SATA driver to work in any process variation as previous LVDS

driver design. So we simulate every process situation and ensure the output voltage
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contented with the SATA specification. Figure 4.11 is the typical-typical case we
simulated. We set up the initial value of the FSM is 11110000 (half turn-on). We
design the size of driver to ensure output level right when the number of compensated

driver is four. The output voltage should be 375mV at high and 125mV at low.

TT case
Current X=7.96e-009
Current ¥=3.75e-001
Derivative=5. 966+002\
/
l'-."“
[R—— Current X=8.10e-009
Current Y=1.25e-001
Derivative=-7.95e+00
- .ﬁ'
e )
tmmmmsnn= 4
emmmm———- .
]
Apmmmm

Figure 4.11 The typical=typical case-of driver design

When the other case occurs, we' tune 'the size to guarantee the output correct.
The extreme two cases are SS case and FF case. We have to design the circuit to
satisfy two conditions. All transistors must turn on in SS case and all turn off in FF
case. We arrange the simulation results in the Figure 4.12 below. The left figure is

Vuigu case and right side is Viow case.

Like the principle in last chapter, the simulation results above guarantee the
driver fit in every environment temperature variation. Whatever any case, we can
adjust the X-axis, turn-on MOSs, to change the Y-axis, output voltage in Figure 4.12.
At the same method, the SF and FS cases also be considered in our SATA driver

design.
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YWoltage

Turn On MOS Turn On MOS

Figure 4.12 The output voltage of the TT, SS and FF cases

But there is a problem may happen in this design. How can we guarantee the
driver will be stable if we change the equivalentiresistor of the switches? Consider the
Figure 4.13, we can not ensure;that Viow rémain unchanged while the value of Ry, is
modified. In reality, Viow will be influenced with Viigu by(28). But Ry, affects Viuign

for the most part and Ryown affects Viow very slight.

— Rdown + ] 00
VH[G o
Rup + Rdown + ]00
(28)
— Rdown
LOW
Rup + Rdown + ] 00

So when we change Ry, and Rgown, Viign and Viow are both influenced at the
same time. We consider that one interesting case because it may be happen. If Viign
is not large enough to be 375mV, we can reduce Ry, to raise it. But Viow rise, too.
Then the circuit detects Vi ow too high and reduces Ryown. At the same time, Vyigy is
influenced again. The cycle occurs again and again. This is the unstable situation in

this circuit. So we have to check the situation would not happen by simulation.
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4
0 Vig=375mV i?

2.5mA | % 100Q

¢ 0V ,y=125mV

Rdown

Figure 4.13 Consider the stability of the driver

We prove that the unstable case will not happen by SPICE simulation. As
shown in Figure 4.14, after SO~S3 turn-on, the Vg output voltage falls from 389mV
to 378mV. This is the first stable point. But the Viow is not stable yet and still
continue to calibrate. The calibration affects the:Viigu by a ImV. Finally, both the
high and low level voltage is stable because we fine tune the driver size. Although
Vg will be influenced when-Viow changes, the circuit is still stable in this case.

This is a special case.

If the rising voltage is SmV instead of small voltage drop above case, I1mV, the
calibration would work again until both the output voltage are stable. We show this
case simulation in Figure 4.15. When the calibration complete, the first stable point,
121mV, holds on but it is influenced by the Vygu. This is because the Vg continue
calibrating. So Vi ow drops 2mV from 121mV to 119mV during the effect. The sense
circuit detects the voltage and turn on the calibration circuit again. After the second
calibration, both the high and low voltage is stable. The calibration circuit turns off

finally.
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Figure 4.15 The stable consideration simulation of Vi ow
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4.4.4 Output Eye Diagram Simulation

After check the FSM, detect circuit and digital control circuit, we simulate the
output eye diagram of the SATA driver this section. In Figure 4.16, the data input is a
3.125Gbps random data by C language. Output jitter is about 40ps in post-simulation.
The height of the eye diagram is about £250mV. It equal to the value we design for
SATA. The eye-mask is provided from SATA specification. By the figure, we can
ensure that the circuit design can fit in the second generation SATA specification. Due
to the orderly turn-on buffer effect, the rising time and falling time are longer than
conventional transmitter design. The rising time is about 160ps and falling time is
150ps. However, the post-simulation output eye diagram of the driver fit with the
SATA eye mask at 3.125Gbps. It is sure that the simulation results can operate at
3Gbps.

3.125Gbps output eye diagram

100n

Figure 4.16 Eye diagram of proposed SATA transmitter
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4.5 Tape Out and Summary

4.5.1 Tape Out

The proposed SATA transmitter is implemented by National Chip Implement
Center (CIC) with T18-93B. The chip area is 0.6mm*0.6mm as shown in Figure 4.17.
Orderly turn-on buffer and duty cycle modulation circuit are in the middle of the chip.
The all-digital counter is in the top side and analog comparators are in the bottom side.
So it can avoid noise couple. Besides, the two FSMs are near the analog comparators,
so we add 15um guard ring outside the FSMs to isolate the pure digital circuit from

sensitive circuit. The chip will be implemented and send back in July, 2004.

600um

Figure 4.17 Layout of proposed SATA transmitter

The post-simulation of the SATA driver is shown in the Table 4-2. The extreme

low power is because of the all-digital design and low power of the driver, 500mV.
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Table 4-2 Summary of the SATA chip

Function 3Ghps SATA Driver
Technology 0.18um 1P6M CMOS
Supply Voltage 1.8V
Chip size 600*600 ( (L m?)
Transistor/Gate Count 2531/966
Power Dissipation ~10.8mW
Jitter (pk-pk) ~20p @3.125Gbps
Output Swing 250mV

4.5.2 Summary

In this chapter, we propose another driver that is compatible with SATA and
operate in 3Gbps. The driver has an additional circuit design that can adjust the output
voltage by itself. The chip can detect the Guitput.level and start the calibration by reset.
After several clock times, the calibration function is complete and the driver begins to
transmit the data. The output voltage we~want to Set in this driver can decide by
different application. Because of this.function, we can guarantee that the chip can

operate in the specification of SATA.
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Chapter 5

Measurement Results

5.1 Tape Out

We have described the implement and measurement of the chip in Chapter 3,
the LVDS transmitter with SSN rejection. First, we show the chip layout. Second, we
introduce the chip performance and show the performance table. Finally, we prepare
the measurement environment and discuss the test board considerations. We show the

chip eye diagram from the LVDS transmitter and a jitter of 98ps at 2.5Gbps operation.

5.1.1 Layout

Figure 5.1 shows the single transmitter layout. The Decoder and Pre-driver are
all digital circuit blocks. There are two power supplies, one for digital circuit and the
other for the transistors of the LVDS driver. The internal 100Q resistor is

implemented by poly silicon as shown in the left of the layout. The transmitter area is
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210um*210um. Because we design the driver in all-digital approach, there is no

current source in circuit design. So the area is very small.

=
i
i g
\ E

Figure 51 The single transmitter layout

We tape out the test chip by integrating four transmitters together in single chip.
As shown in Figure 5.2, four transmitter copies are placed in the left side. There are
two 100pF decouple capacitances in the chip for each power supply. The chip area is
1500um*860um and gate count is about 1316. The chip power consumption is about
78.8mW when the four transmitters operate at the same time. So one single
transmitter consumes less than 20mW when operate at 2.5Gbps. This is very small
with regard to other LVDS transmitter design. The chip summary is shown in Table
5-1.
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Figure 5:12 The,overall chip layout

Table 5-1 Chip summary of the propesed LVDS transmitter

Function Tx*4
Technology 0:18um 1P6M CMOS
Power Supply 1.8V
Chip size 1380*1500 (.2,
Transistor/Gate Count 5234/1316
Power Dissipation 78.8mW
Jitter (pk-pk) ~98p @2.5Gbps
Function Single Tx
Size 210*210 (umZ)
Power Dissipation 19.7mW

The chip was implemented by National Chip Implement Center (CIC) in
T18-92E 0.18um CMOS 1P6M technology. The chip photograph is shown in Figure
5.3.
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Figure 5.3 The overall chip photograph

5.1.2 Measurement

Figure 5.4 shows a picture of the test board and the test setup. A common FR-4
dielectric materiel with a loss tangw was used. The thickness of the line
n o \g@ LVDS differential signal line is
o a% a 100Q differential impedance.

adjusted to 75 mils such that t
The power supplies are heavil ip and off chip. Separate power
supplies are used for the I/O circui ..& = -driver and LVDS driver in order to
minimize noise coupling and ease the péwer measurement. Some off-chip SMD
capacitors of InF to 1000nF are used in the vicinity of the core of the chip. The SMD
capacitors bypass the differential outputs. The capacitor values are gradually
increased away from the chip. Big aluminum electrolytic capacitors are placed in the

vicinity of the power supply connectors.

Probe specifications for measuring LVDS signals are unique due to the low
driver level of LVDS (8mA in our work). Either a high impedance probe, 100kQ or
greater, or the differential probe, greater than 1 GHz bandwidth, must be used. The
capacitive loading of the probe should be kept in the low pF range and the bandwidth

of the probe should be at least 1 GHz, 4 GHz is preferable to acquire the waveform

properly.
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Figure 5.4 Experiment setup of the transmitter measurement prototype

Transmitter measurements are made using an Agilent 86100B wide-band
oscilloscope. The high impedance probe of the SD-14 head is used to measure the

LVDS signal. This probe offers_aiIOOkQ;-%lnd"Q‘.éle'_of loading and a bandwidth of 4

By

GHz. An Agilent 81300A pulse-data generatoris used to measure the test chip. It has a
measured differential output RMS jitijg of 14:25ps at 2.5Gbps (peak-to-peak jitter is

about 98ps).
1.25Gbps 2.5Gbps
11801C DIGITAL SAMPLING OSCILLOSCOPE 11801C DIGITAL SAMPLING OSCILLOSCOPE
date: 16-FEB-04 time: 18:39:07 date: 16-FEB-04 time: 18:34:52

2BBps-div 18B8pssdiv
Har

9.25m Color
=5.75m¥ R

22.93ns P
t 23.27ns

to
Enhanced
Accuracy

Infinite
Continuousl

Figure 5.5 The measurement eye diagram of single-ended output
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To compare the signaling technique between single-ended and differential, we
measure the output eye diagram in single-ended and differential. Figure 5.5shows the
single-ended output eye diagram. The RMS jitter is 18ps at 1.25Gbps and peak-to
peak jitter is 120ps. At 2.5Gbps, the jitter is about 220ps. When we measure the
output by differential mode, the jitter is decreased greatly to be 47ps as shown in
Figure 5.6. Thus it can be seen that the differential output decrease greatly the timing
noise. That’s why the differential signaling technique is widely used in modern
high-speed links design. Note that the height of the eye diagram is about 400mV. It

conform the LVDS specification.

./ Measure 4 Z s Measure . Eeessis i i~ R
current Minimn T total meas currant i fimun Wi total meas

A GEieic) Tiatims TAiWms  TITEiEs Sety Bit Rate(f4) 2.50 Ghps ? 2.50 Gops ? B9.1 Ghps ? 169 ]

ey Bisgiey GBge - TAEs  G8ge g injitter RS(T4) 14.25ps 7 3.75ps 7 14.57 ps 7 170 Y

litter p-p(f4) 47.8ps  35.8ps  AT.Bps 3 “==litter p-p(r4) 93.37 ps ? 13.02ps 7 93.37 ps 7 170 —

Figure 5.6 The comparison eye diagram of single-ended and differential output
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Chapter 6

Conclusion

6.1 Conclusion

In this thesis, we proposed a 2.5 Gbps transmitter architecture that uses novel
scheme with SSN reduction for inter-chip communication. Different from previous
researches that use other techniques that describe in Chapter 2 and Chapter 3, the
proposed orderly turned-on and duty cycle modulation method to reduce SSN is
effective in resolving the power noise and signal integrity problems. Furthermore, a
2.5Gbps transmitter that is compatible with LVDS standard and a 3 Gbps driver that is
compatible with SATA standard has been described in Chapter 3 and Chapter 4,
respectively. The corresponding transmitter has been implemented in TSMC digital
1P6M 0.18-pum CMOS technology through CIC. The measurement results show that
the first LVDS driver have a peak-to-peak jitter of about 98 ps from 1.8V power

supply. The second driver that conforms to the SATA specifications correctly has a
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peak-to-peak jitter less than 50ps in SPICE Post-simulation. The proposed SATA
driver can operate in 3.125 Gbps and the power is very low because the all-digital
driver designs. At the same way, the SATA driver can reduce the SSN effect by the
same method as the previous LVDS driver. It has an additional function. It can
calibrate the output level itself by the feedback loop inside the chip. So, a

self-calibrate, all-digital 3Gbps SATA driver is implemented in this thesis.
6.2 Future Work

Due to the digitized transmitter design, we separate the driver into several small
drivers. We can use the advantage of these separated transistors. We can control the
transistors by digital circuit. The digital circuit operate from the information by detect

circuit. So, we can realize all digital pre-emphasis circuit technique.

The speed in SATA will be;6Gbps in thé third generation in the future. The
speed between interconnection Of chip-isfaster.and faster, the equalized methods and
pre-emphasis techniques are the most popular design-method in the future. According
to our circuit technique in SSN effect reduction and'self-calibration, the pre-emphasis
technique can be realized in our driver design by control the number of turned-on

transistors.
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