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Abstract

As the IC fabrication technology. advances, the need for high-bandwidth and
low-latency inter-chip data transfer has also increased. Most of time, the key
limitation of a whole system is the maximum data amounts of the transmission
interface circuit transmitted in each unit time.

This thesis describes the design of a high-speed serial link I/O interface. We have
devoted to design two types of the transceiver at 1.6Gbps.The difference between
Type 1 transceiver and Type 2 transceiver is the frequency of the output clock. Type 1
transceiver transfers 100MHz clock; Type 2 transceiver transfers 800MHz clock.

The transmitter is composed of a eight-phase PLL, PRBS circuits, 4-1
multiplexers, clock process circuit and an output data and clock driver. Among these
devices, the input frequency of the eight-phase PLL is 100MHz, and it outputs eight

uniformly distributed clocks with 400 GHz frequency. The PLL consists of a

I



Phase/Frequency Detector, a Charge Pump, a Loop Filter, a four-stage differential
VCO and a divided-by-four divider. It offers the PRBS and the 4-1 multiplexer with
four uniformly distributed clocks to convert parallel pseudo-data into serial stream.
Then, the serial data is transmitted by an output data driver. In the end, the transmitter
drives the serial data and clock onto the transmission bus.

The receiver uses the comparator with hysteresis to amplify the incoming data
and clock to full swing. Then, Type 1 receiver uses 100MHz clock to generate four
uniformly distributed clocks with 400 GHz frequency to sample data. Type 2 receiver
uses 800MHz
operating at half of the input data rate Finally, the de-multiplexer converts the serial

outputs to four parallel data channels.
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Chapter 1
Introduction

1.1 MOTIVATION

As the IC fabrication technolegyadvanees, the internal clock frequency in
microprocessors is up to gigabits-per-second tange."However, unlike internal clocks,
chip-to-chip or chip-to-board ‘signaling-“gains little’ benefit in terms of operating
frequency from the increased silicon integration.: These advancements have led to

some chips being limited by the chip-to-chip data communication bandwidth.

Because of the performance of many digital systems is limited by the
interconnection bandwidth between different modules and chips, high-speed data

links play a key role of the whole system.

In the last decade, high-speed I/O interfaces were achieved by massive
parallelism with the disadvantages of increased complexity and cost for the IC
package and the printed circuit board (PCB). However, such method also consumes
huge power and induces unavoidable electro-magnetic interference (EMI) during

signal transmission.



In order to save power, area and cost, the number of I/O pads in systems should
be reduced. Therefore, parallel-based technologies need to be changed to serial-based
technologies. The serial link technology can lower the numbers of transmission lines
to decrease power, volumes, cost and EMI. The population applications are optical

communication, USB, IEEE-1394, TMDS, PECL, LVDS and RSDS.

1.2 Thesis Organization

The thesis is organized into six chapters. Chapter 1 introduces the motivation and
the organization of this thesis. Chapter 2 describes the background behind this thesis
research. It also discusses the reduced-swing.differential signaling (RSDS) standard.
The detail DC specifications and applications, of both standards are presented. In
Chapter 3, the conception and architecture -of Phase-Locked Loop (PLL) will be
described. Chapter 4 shows the whole architecture of the transmitter including the
simulation results. Chapter 5 presents the building block of receiver. Chapter is the

conclusion of this thesis and shows the future work.



Chapter 2
Background

2.1 BASIC SERIAL-LINK
TRANSCEIVER

2.1.1 ARCHITECTURE

The components of basic serial-link transceiver architecture are a parallel-to-serial
conversion circuit, a transmitter, a channel; sa ‘receiver, and a serial-to-parallel
conversion circuit, as shown in Fig. 2-1. The data before transmitted are usually
parallel data stream in order to-increase the bandwidth of the link. Therefore, a
parallel-to-serial conversion circuit is needed before sending data to the transmitter.
The transmitter converts digital information to analog signal on the transmission
medium. This medium which signals travel on is commonly called the communication
channel such as the coaxial cable or the twisted pair cable. The receiver on the other
end of the channel recovers the signal to the original digital information by amplifying
and sampling the signal. The termination resistors which match the impedance of
the channel can minimize signal reflection in order to have better signal quality. The
clock circuit at the receiver is used to adjust the receiver clock based on the received
clock to let the sampling point at the middle of the received data. Then, a
serial-to-parallel conversion circuit is used to convert the serial data back to N parallel

bits in order to be processed by following digital circuits.



N |Parallel Channel Serial | N
—p to to — >
Serial —_— REGHS parallel
Pre- clock
emphasis recovery

Fig. 2-1 Block diagram of the basic serial link

2.1.2 HIGH-SPEED AND LOW-POWER
TRANSCEIVER CIRCUITS DESIGN

A high performance transceiver-Circuit must consider speed, power consumption, cost
and noise. However, the four factors.are-trade-off to each other. On balance, the low
output signal swing and differential.data transmission are the good choice for
designing a high performance transceiver circuit. Signals transmitted with low voltage
swing can minimize power dissipation and enable operation at very high speed. The
differential transmission can provide adequate noise margin in practical systems since
signals are transmitted with low voltage swing.

The controversial point is to use the differential transmission. It costs twice of
connectors and transmission lines. However, reliable single-ended signals require
many ground pins (many high-speed chips provide one ground pin for every two
signal pins) and run significantly slower. And for noise concern, any noise that is
coupled into both transmission lines of the signal path will be rejected at node 1 and
node 2 in receiver, as shown in Fig. 2-2, due to the common-mode rejection of the

differential amplifier. Besides, for EMI aspect, differential signals tend to radiate less
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EMI than single-ended signals due to the canceling of magnetic fields.
There are currently many different transmission technologies that are applied for
different I/O interfaces. The comparison between these different transmission

technologies is shown in Table 1.2.

Transmitter Transmission Line Receiver

6
¢

Termination Transmission Line Termination
Resistor Resistor

o

2

Fig. 2-2 Reduce noise and suppress.EMI. effect by using the differential

transmission technology.

2.2 Signaling Circuits

The transmitter drives a HIGH or LOW analog voltage onto the channel and is
designed for a particular output-voltage swing based on the system specification. The
design issues are to maintain small voltage noise and timing noise on the signal. There
are two types of output drivers to drive the output: voltage-mode drivers and
current-mode drivers. Voltage-mode drivers, as shown in Fig. 2-3 (a), are switches
that switch the line voltage. Because the switches are implemented with transistors,
the driver appears as a switched resistance. To switch the voltage fully, a small

resistance is needed which typically requires a large switching device. In contrast,



current-mode drivers, as illustrated in Fig 2-3 (b), are switching current sources. The
output impedance of the driver is much higher than the line impedance. It is also
called high impedance signaling. Therefore, the transmitter bandwidth is typically not
an issue even with significant output capacitance. The voltage to be transmitted on the
line is determined by the switched current and the line impedance or an explicit load
resistor. The driver can be simply implemented by biasing the MOS transistor in its
saturation region. Current-mode drivers are slightly better in terms of insensitivity to
supply-power noise because they have high output impedance and hence the signal is
tightly coupled only to Vo, the signal return path. The output current does not vary
with ground noise as long as the current source bias signal is tightly coupled to the
ground signal. The disadvantage with current-mode drivers is that, in order to keep the
current sources in saturation, the transmitted voltage range must be well above ground

that increases power dissipations

Vou Vou Vou Vou
% Vo Vo bary Vo
Vi
| Vo Vi bar Vi Vi_bar
Vi_bar
Vou — _—

(a) (b) (c)

Fig. 2-3 Transmitter with different transmitter architectures: voltage-mode (a),

current-mode (b), and differential (c)
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For better supply-noise rejection, the differential mode can be adopted, as shown
in Fig. 2-3 (c), because the supply noise is now common-mode. Since the current
remains roughly constant, the transmitter induces less switching noise on the supply
voltage that could benefit other transmitted or received signals on the same die. To
reduce reflections at the end of the transmission line, the transmitter needs to be
terminated. An off-chip termination resistor could introduce significant impedance
mismatches because of the package parasitic components. To incorporate the resistor,
with current-mode drivers, an explicit on-chip resistor at the driver can act as the
termination resistor. If a resistive layer is not available, a transistor in its linear region
can be used as the resistor. With voltage-mode drivers, the design is slightly more
complex because the switch resistaneé should match the line impedance Zy. This may
be done either through proper $sizing of the driver-or by over-sizing the driver and

compensating with an external series resistor, as shown in the Fig. 2-3 (a).

2.3 INTRODUCTION'TO RSDS

2.3.1 Scope

Reduced Swing Differential Signaling (RSDS) is a signaling standard that
defines the output characteristics of a transmitter and inputs of a receiver along with
the protocol for a chip-to-chip interface between flat panel timing controllers and flat
panel column drivers. RSDS technology is originated from the LVDS technology .The
RSDS interfaces tend to be used in flat panel display applications with resolutions
between VGA (600 x 480 pixels) and UXGA (1600 x 1200 pixels). The RSDS
technology provides many benefits to flat panel display applications which include

following items:



® Reduced bus width — enables smaller and thinner flat panel column driver

boards.
® [ow power dissipation — extends system run time.
® [ ow EMI generation — eliminates EMI suppression components and shielding.
® High noise rejection — maintains signal image.
® High throughput — enables high resolution flat panel displays.

RSDS is a differential interface with a nominal signal swing of 200 mV. It
retains the many benefits of the LVDS interface which is commonly used between the
host and the panel for a high bandwidth, robust digital interface. The RSDS
applications are within a sub-system, the signal swing is reduced further from LVDS

to lower power even further.

2.3.2 Electrical Specifications:and Bus Configurations

T T 13

Fig. 2.4 The RSDS interface configuration. The interface contains three parts: a



transmitter, receivers and a balanced interconnecting medium with a

termination.

An RSDS interface circuit is shown in Fig. 2.4. The interface contains three parts:

a transmitter, receivers and a balanced interconnecting medium with a termination.

The transmitter and receiver are defined in terms of direct electrical measurements in

Table 2.1. The RSDS is a versatile interface that may be configured differently

depending upon the end application requirements.

Electrical specifications of RSDS transmitter and receiver

TX/RX | Parameter Definition Conditions | MIN | TYP | MAX | Umts
X Vop Differential Bp=100Q | 100 | 200 | 400 | jmV]|
Output Voltage
X Vos Offset Voltage | Vop=02V | 1.1 13 1.5 v
TX t/ te Transition Time 2 ns
RX Vi Differential +100 | mV
Threshold
RX Vi Input Range | Vp=02V | 0.1 14 \'
— Rr Termination 95 | 100 | 105 Q
- Zo Dafferential 90 | 100 | 110 Q
impedance of
mnterconnect
Table 2.1

Considerations include the location of the timing controller (TCON), the

resolution and the color depth of the flat panel displays.

The common implementations include the following bus types:

® Type 1 — Multi-drop bus with double terminations.

® Type 2 — Multi-drop bus with single end termination.




® Type 3 — Double multi-drop bus with single termination.

In a type 1 configuration, the source (TCON) is located in the middle of the bus
via a short stub as shown in Fig. 2.5. The bus is terminated at both ends with a
nominal termination of 100 Q. The interconnecting medium is a balanced coupled
pair with nominal differential impedance of 100 Q. The number of RSDS data pairs
is 9 or 12 depending upon the color depth supported. In this configuration, the RSDS
driver which is at the output part of the TCON will see a DC load of 50 Q instead of
100 Q .For this case, output drives of the RSDS driver must be adjusted to comply to

the Vob specification with the 50 Q load presented by the type 1 configuration.

Terminati Timing RSDS
ermination Controller Signals
% * * 0—1 —i * * %
S
RSOSCO REDS Ch RECECD RE0S L0 IE0S CD REDS GO

Fig. 2.5 Type 1 bus configuration of RSDS.

In a type 2 configuration, as shown in Fig. 2.6, the source (TCON) is located at
one end of the bus. The bus is terminated at the far end with a nominal termination of
100 Q. The interconnecting medium is a balanced coupled pair with nominal
differential impedance of 100 Q. The bus may be a single or dual bus depending

upon the resolution of flat panel displays. The number of RSDS data pairs is 9 or 12

10



depending upon the color depth supported for a single bus. Or the number of RSDS

data pairs is 18 or 24 depending upon the color depth supported for a dual bus.

Timing
Controller

RSDS
Signals Termination

/ \

T 1T T3

REDS COr

REDECOD

R3CE CD

REDGE C REDS COr REDS L0

Fig. 2.6 Type 2 bus configuration of RSDS.

In a Type 3 configuration, the:source-(FCON) is located in the center of the

application. There are two buses out-of the  TCON that run to the right and left

respectively. Each bus is terminated at the far end with a nominal termination of 100

Q. The interconnecting medium is a balanced coupled pair with nominal differential

impedance of 100 Q. The number of RSDS data pairs is 9 or 12 depending upon the

color depth supported for a single bus for each bus. The connection of the TCON to

the main line is not a stub in this configuration, but rather is part of the main line. This

helps to improve signal quality as shown in Fig. 2.7.
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Terminati Timing RSDS
ermination Controller Signals
L L »— . L L
T
=
RS0E SO0 RSO3 SO RSOE SO RS0E GO RS0E GO RS0E GO

Fig. 2.7 Type 3 bus configuration of RSDS.
From Fig. 2.5 to Fig. 2.7, the complete bus is not illustrated, only a single
RSDS pair is shown. The number .of column drivers on the bus is also application

specific and depends upon the resolution of flat panel displays

2.3.3 Applications

RSDS like its predecessor LVDS, originated from the unique need of the LCD
manufacturers for on glass interface with higher speeds, reduced interconnects, lower
power, and lower EMI. As shown in Fig. 2.8, the RSDS drivers are embedded at the
output of the flat panel timing controller and the RSDS input buffers are at the input
of the flat panel column drivers. Since this new technology also uses a low voltage
differential swing (+/- 200 mV), lower EMI and lower power consumption can also be
realized. Also due to its low voltage swing (versus TTL), faster clock rates can be
achieved and thereby enabling higher resolution of FPDs in the future. At present

clock rates of 65 MHz have been EMI qualified in pre-production TFT LCD modules
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with relative ease when compared to their TTL counter parts. In the near future,
higher clock rates in excess of 85 MHz or even 100 MHz plus can be expected. Since
this interface is a serial interface, overall bus width is also reduced by half of the
conventional TTL bus architecture. In a TTL 6 bit/color dual bus architecture, a total
of 36 data lines plus 2 clock signals are required, for a total of 38 conductors. In an
equivalent RSDS architecture, only one bus consisting of a total of 9 differential pairs
of data lines plus a differential clock pair are required, for a total of 20 conductors.

When implementing the same system with RSDS, an overall reduction of 47 % in bus

conductors are achieved thereby enabling a small outline PCBs.

GF&}I‘ Scale Gray Sxole Yolage Hoforonon EUE
Rﬂfﬂm Lina Tranehar Signsl Musrslon Caatral
9 ciafa pairs + 1 clock palr, 505 BILS }
¥4 [ XY
Skt Pules ..I

x ¥ r
REDS GO | -| RSDE SO | -

3
-|RSDGCEI | >| REDS CO |

3
Gtart Fule
ulee .t_i" AR ] t--j_n i] .in
Tt -
7 Litk _— RSO
e a -% 5 Pang : :
e E Timing g :
ZLink GLE o Cantrallar i | I |
cplinnal = |
e o | TFT - LCD Panel |
o l I I
-]
& I | |
I
|

Fig. 2.8 The RSDS interface utilized in the flat panel display systems.
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2.4 Basic Link Design

A general serial link is composed of three primary components : a transmitter,
channels, and a receiver, as shown in Fig. 2-7. The data before transmission are
usually arranged in parallel form in order to increase the bandwidth of the link. The
transmitter has to convert the parallel data into serial stream before the output driver

S™ yuses differential data transmission to

drives signals onto the channels. RSD
deliver the serial data stream and the transmitter is configured as a switched-polarity
current generator. A differential load resister at the receiver end provides
current-to-voltage conversion. For operation in the Gbps range, an additional
termination resistor is usually placed at the source (transmitter) end to suppress
reflected waves caused by crosstalk or,by, imperfect termination, due to package

parasitic effect and component tolerancesMoreover, RSDS™

uses a lower voltage
swing to achieve further advantages in terms of reduced crosstalk and radiated EMI.

Therefore, the double termination scheme-is-used -and the termination resistors are

integrated in the transmitter (Rr.r) and m the receiver cell (Rrr) [5].

channel

Parallel
to
Serial

Serial
to
Parallel

-N'=p

Fig. 2.9 Block diagram of the basic serial link

After the data are transmitted onto the channels successfully, the receiver
amplifies and samples the received bit stream. The clock recovery circuit restores the
clock of transmitter by detecting the transition edge of received data. Eventually, the
receiver gets back the correct data by sampling the center point of the received bit

stream at each transition edge of the recovered clock.
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Chapter 3
Phase-Locked Loop

3.1 Introduction

Phase-locked loop (PLL) is an analog building block used extensively in many
analog, digital and communication systems. PLL causes a particular feedback system
to track with another one. Mor¢ precisely, @ PLL is a circuit synchronizing an output
signal with a reference or an input signal in ffequency as well as in phase. It is
undoubted to say that PLL has become an important building block in many electronic
systems. This chapter will introduce the architecture of the PLL .It needs a reference
input clock signal at 100 MHz, and then produces a output clock signal at 400 MHz.
By adopting four differential stages in voltage controlled oscillator, it generates eight
clock phases for the use of the multiplexer in transmitter and sampling clock phases
for the samplers in receiver.

In the following section, we consider the linear model, the noise and the stability.
In order to design a PLL quickly, the design flow and the way to decide the loop
parameter are described in the next section. In the end, we show the simulation results

as an ending of this chapter.
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3.2 Architecture of PLL

A phase-locked loop (PLL) is basically an oscillator whose phase and frequency
is locked to those of the input signal. This is done by using a negative feedback
control loop, as shown in Fig. 3-1, which includes a phase/frequency detector (PFD),
a charge pump circuit (CP), a loop filter (LF), a voltage controlled oscillator (VCO),
and a frequency divider (divided by N). The PFD is used to compare the feedback
signal (Fback) from the output signal of divider with the input reference signal (Ref),
and generates the Up and Downb signal to the following charge pump circuit. Based
on Up and Downb input signals, the charge pump begins to charge or discharge the
loop filter to change the input-control veltage (V.ctrl) of the VCO which varies the
frequency of the output signal (€Clk).‘Theloop-filter 1s basically a low pass filter used
to filter out the high frequency component coming from the PFD and charge pump. In
this way, the frequency of the feedback signal can be adjusted to be the same with the
reference signal through the feedback control loop. In steady state, the frequency of
the output signal will be N-times of the input signal. Moreover, the input reference

signal (Ref) and the feedback signal (Fback) are phase-aligned.

up
Fref —p Phase/Frequency |—— | Charge ) Loop

Detector ——p | Pump Filter
down
Control
Fback voltage(Vctrl)
Frequency Voltage Control |
Divider < Oscillator

Fig 3-1 Basic PLL Architecture
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3.3 Circuit Implementation

3.3.1 Phase-Frequency Detector

The phase frequency detector (PFD) is a digital sequential circuit which employs
a tri-state operation. It is triggered by the two positive clock edges of the reference
(Ref) and the feedback signals. Fig 3-2 shows its behavior. If the reference clock leads
the feedback clock, the UP signal will be set from low to high. This will in turn
increase the frequency of the voltageé controlled oscillator output signal. When the
feedback signal’s rising edge arrives, the reset signal'will be high to reset UP signal to
the low. In contrast, if there reference clock lags the feedback clock, the Down signal
will be set to high, until the reference signal triggers the reset signal. This Down
signal, on the contrary, is used to decrease the frequency of the voltage controlled

oscillator output signal.

Fig 3-2 State Machine of PFD
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This three-state operation has a linear range of 12 77 radians and can act as both
phase detector and frequency detector. This property will greatly enhance the
locking-time. As shown in Fig. 3-3, the PFD could be implemented simply by two
dynamic D flip-flops and one AND gate. The D flip-flop schematic is shown in Fig.

3-4.
VDD

Fref

reset

-I: p reset
Fback —> Q —D‘ ‘—D"—;

own

T e e

Fig-3-3 PED Implementdtion

<
o
o

VDD

E VDD

CLK E E

reset 5- E

Fig 3-4 TSPC D-FF in PFD
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Ideally, the PFD should have the ability to distinguish any phase error between
reference and feedback signals. In practical, when the phase error is too small, the
reset signal is so fast that the following charge pump circuit will not be activated. This
will result in dead zone region (undetectable phase difference range). A low precision
PFD has a wide dead zone as shown in Fig. 3-5, which results in increased jitter. The
dead zone is highly undesirable because it allows the VCO to accumulate as much
random phase error as the phase difference with respect to the input while receiving

no corrective feedback.

Detected I;hase Error

>
Phase Difference

Fig 3-5 Dead Zone of PFD

Equal and short duration pulses at the UP and DOWN outputs of the PFD are
needed for in-phase inputs in order to eliminate a dead zone region in the PFD as seen
by the charge pump. The dead zone region could be eliminated by adding extra delay
buffers in the reset path to ensure that when both reference and feedback signals are at
the same phase, there would be equal and activated pulses at the output. The

elimination of the dead zone region results in overall linear operating characteristics
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for the PFD, especially for input signals with small but finite phase difference.
However, inserting the delay buffers will limit the maximum operation frequency that
is in inverse proportion to the total reset path delay. Fig 3-6 shows the SPICE

simulation result of the proposed PFD circuit.

Up and Downb Pulse Width(ps) 200
150
100

50 * -
P Phase Difference (ps)

*6

i} 50 100 150

150 -100 o450
S00F

»

1000+

Fig 3-6 simulation result of PFD without dead zone

3.3.2 Charge Pump

The schematic of the charge pump circuit is shown in Fig 3-7. The two switch
devices are separated from the output voltage. Therefore, the output voltage is now
isolated from the switching noise resulting from the overlap capacitance of the two
switch devices. In addition, the intermediate node between the current source and
switch devices will charge to the output voltage only by the gate overdrive of the
current source devices, Vgs — Vt, an amount independent of the output voltage.

Moreover, since both the NMOS and PMOS current sources always turn on in each
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cycle, any charge injection will cancel out to first order with equal current source

device sizes.

VDD VDD vDD vDD VDD

- ) Iref

aF

A
|
[

Fig 3-7 Schematicof the Charge Pump

3.3.3 Loop Filter

The loop filter used in the charge pump PLL is shown in Fig 3-8. It has a
lead-network consisting of a resistor R1 in series with capacitor C1 and a capacitor C2
in parallel. The lead-network filter provides a pole in the original to provide an
infinite DC gain to get the zero static phase error, and a zero in the open loop response
in order to improve the phase margin to ensure overall stability of the loop. The

transfer function of the filter is given by

Kh=(S+a_)

F(s)= 5

Where
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Il?__:]..R]_CI_ Kh = ‘Rl

Capacitance C2 is used to provide higher-order roll off for reducing the ripple noise to

mitigate frequency jump. The total transfer function of the loop filter is

Fls)= Kh=(8 —:m_-)
S*(1+5/wp)
Where
_ —w x(1+c2/cn) kh=22XC
@ =1/RC,. Wp=a_*( 2/C1), R

But the adding of the capacitance C2 will make the overall PLL system become
third-order one and affect the stability of the loop. In general, by setting C1>20xC2,

the third-order can be approximated to second-order loop.

C1- —C2
R1

Vetrl

Fig 3-8 Loop Filter

3.3.4 Voltage Controlled Oscillator

In order to have the low jitter characteristics of the output clock, the delay buffer
used in voltage controlled oscillator (VCO) should have low sensitivity and high noise
rejection capability of the supply and substrate voltage. The basic building block of
the VCO used in this thesis is based on the differential delay stages with symmetric
loads and replica-feedback biasing. The building blocks of the VCO include a four

stages ring oscillator and a self-biased replica-feedback bias generator. Fig 3-9 shows
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VCO delay cell.

vDD VDD

.cl

oscvo-

b

oscvot

I— oscvi-

| Vbp |
oscvi+ -I
Vbn .I 'E[
Fig 3-9 Schematic of the four stages VCO and the delay cell
As shown in Fig. 3-9, the bufferistage. contains a source-coupled pair with
diode-connected PMOS devices as resistive loads in shunt with an equally sized
PMOS device. The control voltage, Vbp, is-the-bias voltage for the PMOS device. It is
also used to generate the bias voltage for the NMOS current source and provides the
control over the delay of the buffer stage. In order to provide a bias current that is
independent of the supply and substrate noise, the bias voltage of the NMOS current

source, Vbn, will be continuously adjusted. Fig.3-10 shows the I-V characteristics of

the symmetric load.

Veirl(Vbp) ¥

-
1/2 Vertl Vetrl V

Fig 3-10 I-V curve of the symmetric load
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Basically, to get the high noise rejection capability over the supply and substrate
noise, the load of the differential pair should have a linear I-V characteristic. In
practice, this is difficult to use MOS device to achieve it. But the symmetric load can
cancel the first order of the common mode voltage noise. Therefore, the symmetric
load here, though nonlinear, could be used to have high dynamic supply noise
immunity. The control voltage, Vbp, is the bias voltage for the PMOS device. In order
to provide a bias current that is independent of the static supply noise, the bias voltage
of the NMOS current source, Vbn, will be continuously adjusted. As the supply
voltage changes, the drain voltage of the NMOS current source also changes.
However, the gate bias is adjusted by the replica-feedback bias generator to keep the
output current constant. It seems;that it makes the output resistance of the NMOS
current source higher. Hence the static supply.noise is greatly improved.

Based on the analysis of-the [I-V._curve; it /can be shown that the effective
resistance of a symmetric load (Reff).is directly proportional to the small signal
resistance at the ends of the swing range which is just one over the transconductance
(gm) for one of the two equally sized PMOS biased at Vctrl. Therefore, the buffer

delay is

C

1
te =Ry C of (3-1)

of ey T
g m

where C is the effective buffer output capacitance. The drain current for one of the

two equally sized devices biased at Vctrl is

K
1, =2V, -v..)- o] (3-2)

Taking derivative with respect to Vctrl, the transconductance gm is given by
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gn = kp[(VDD Vo )- \th\] (3-3)

The buffer delay is then given by

l _ kp [(VDD - Vctrl )_ |le |]

osc = 3_4
Joe =7, 2NC G=)
The gain of the VCO is given by
d osc — kp
cho = f = (3-5)
chtrl 2 NC eff

As a result, Kvco is independent of the buffer bias current and the VCO has first

order tuning linearity.

g
kp |_(VDD — Vctrl )_ |th |J

t, =

(3-6)

The bias generator of the VCO"delay-cell is:'shown in Fig 3-11. It provides the
output bias voltage Vbp and Vbn from input signal Vctrl. The primary function is to
continuously adjust the VCO delay buffer bias current to provide the correct lower
swing limit Vctrl for the VCO delay buffer stages. As a result, it builds up a current
that is held constant and independent of supply voltage. The bias generator consists of
a PMOS source coupled differential pair, a half-buffer replica, and a control voltage
buffer. The differential amplifier is actually a unity-gain buffer which forces the
voltage of node Va in Fig 3-11 equal to Vctrl, a condition required for correct
symmetric load swing limits, and provide the bias voltage Vbn for the NMOS current
source. Besides, the bias voltage, Vbn,is dynamically adjusted by the differential
amplifier to increase the supply noise immunity. With the half-buffer replica, the net

result is that the output current of the NMOS current source is established by the load
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element and is independent of the supply voltage. If the supply voltage changes, the
amplifier will adjust to keep the swing and the bias current constant. Because the
differential amplifier utilizes the self-biased architecture, there are two stable states,
one of which is unbiased. As a result, an initial circuit is needed to bias the amplifier

when power-up.

VDD vDD

ID_' VDD VDD
Vbn | IS j |— —I I:

=

-4 - - - - -

Start-up Ckt. Amplifier Bias Differential Amplifier Half-Buffer Replica Control Voltage
Buffer

Fig 3-11 Schematic of self-biased replica-feedback bias generator

Because the differential amplifier and the half-buffer replica form a two-stage
negative feedback loop, frequency response issue must be taken into consideration.
Basically, there are two poles in the loop. One is at amplifier output, and the other is
at the half-buffer replica output. Since the pole at the amplifier output is the dominant
one, it can be moved toward origin to increase the phase margin of the loop by the
capacitive load of the NMOS current source gates in the VCO buffer chain. Moreover,
in order to track any supply and substrate noise that affect the VCO jitter performance,

the bandwidth of the self-biased circuit is usually set equal to the operation frequency
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of the VCO. The bias circuit also provides a buffered version of control voltage Vctrl
using an extra control voltage buffer. This can isolate the control voltage Vctrl from
capacitive coupling in the VCO buffer chain.

The PLL used in this thesis needs to generate four phases for the transmitter
multiplexer and for the receiver samplers. Therefore, the VCO uses four delay buffer
stages with the output frequency at 400MHz. The transfer curve simulation result of
the VCO is shown in Fig. 3-12. The supply voltage is 3.3V. For Vctrl between 0.8V

to 2.4V, the gain of the VCO is 457MHz.

800
700 |
600 |
500 | ——T1T
400 —=—FF
300 SS
200 |
100 ¢

0

0 0.5 1 1.5 2 2.5 3

Fig 3-12 Transfer Curve of the VCO

The differential oscillator output is converted to the 50% duty cycle single-ended
signal used as input to the phase-frequency detector with the
differential-to-single-ended converter shown in Fig. 3-13 and the feed forward type
duty-cycle corrector shown in Fig. 3-14. The two differential amplifiers of the
differential-to-single-ended converter use the same current source bias voltage, Vbn,
generated by the self-biased replica-feedback bias generator for the VCO. According
to Vbn, the circuit corrects the input common-mode voltage level and provides signal

amplification.
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Fig 3-13 Schematic of differential-to-single-ended converter

vDD VDD

P+ o——l M1 M2 P+ P-

Fig. 3-14 Schematic of feed forward type duty-cycle corrector and its timing

diagram
The duty-cycle corrector is connected behind the differential-to-single-ended
converter to ensure that the duty-cycle of the VCO will be 50%. The signal P+
selected from the multiphase signals turn on M1 and M2, and charges the output node

clk+ of the duty-cycle corrector almost instantaneously. Because the discharge path of
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the node clk+ is already off due to the signal P-. The signal P-, which is also
selected from the multiphase signals, is the one whose rising edge is shifted by 180°
in phase from that of P+. Similarly, the signal P- rapidly discharges the node clk+ and
delivers the desired 50% duty-cycle signal. Since this duty-cycle correction circuit
consists of only two transmission gates and two inverters, the area is minimal and the
power consumption is negligible. In order to drive next stages, digital buffers are

added at the output to improve the driving ability.

3.3.5 Divider

Because the output frequency of the VCO is 400 MHz and the input reference
frequency is 100MHz. Hence a divided-by-four circuit is used. The TSPC D Flip-Flop
connected its inverted output toD input is used as ‘a‘divided-by-two circuit, as shown
in Fig. 3-15. In this circuit we ‘heed to check input clock driving capability to assure
correct operation. Then, two “divided-by-two' Circuits are cascaded to get a
divided-by-four circuit. Unfortunately, asynchronous counter will accumulate jitter
stage by stage. A synchronous counter is used at the last stage to re-sample the clock,

and it will eliminate the jitter accumulated in asynchronous counter, as shown in Fig.

3-16.

29



vDD VDD VDD

T

| Qb D Q
el | C

T L4 —

[

Fig. 3-15 Schematic of TSPC Asynchronous Divided-by-two circuit

I-D Qb

Fin = Q
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Fig. 3-16 Divider composed of asynchronous and synchronous counters

and its timing diagram
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3.4 PLL Parameter Design

Because the charge pump has switching characteristics, the PLL is generally a
discrete-time domain operation. It is difficult to use continuous time-domain analysis.
However, if under some condition, the s-domain model could also be used to get a

thorough understanding of the negative feedback loop. Fig. 3-17 shows the linear

model of the PLL.
—_—— e ———————— -
1G(S) |
Vi Oout
Gml | Ip > | F(s) = Kveco| | ou
+ | 2n S |
| L g J
Oback
[ 7 —|
i 1 e

Fig. 3-17 Linear Model of PLL

Assume the PLL is in lock state. The PFD and CP have a current change of Ip/2n
(A/rad), the LF has a transfer function F(s) (V/A), the VCO has a gain of Kvco (Hz/v),
and the feedback factor is 1/N. The conversion gain of the VCO should be changed to
2nKvco/s (rad/sec-V), because phase is the integral of the frequency. Based on the
above definitions and PLL linear model, the open loop gain of the PLL can be

represented as

G(s)x B(s) = ggack(g;) _ 1, XIiVjO]\;< F(s)

(3-7)
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The closed loop transfer function of the PLL is given by

0 (s G(s NxG(s) NxK
H(S): ()ut( ): ( ) — ( ) = (3_8)
0,(s) 1+G(s)xf(s) N+G(s) s+K
Therefore, the 3-dB bandwidth is
Ip x Kvcox F(s)
w3 =K =——— (3-9)

From analysis of LF, we know that the shunt capacitance C, is typically much
smaller than C,. Therefore, we can neglect the capacitor C, and using classical
two-pole system and second-order linear model of PLL to analyze the characteristic of
transient response. With F(s) = R; + (1/sC,), the closed loop transfer function can be
derived as

]P X chn d (1 i SRICI)
C] SZ 8 ‘IPchoRl S+ IPKVCD (3‘10)
NC,

H(s) =

Equation above can be compared ‘to-the classical two-pole system transfer

function

2{ % w, +con2

S2+20xw, xS +w,>

H(s) (3-11)

Therefore, the natural frequency ®,, and damping factor { can be derived as

% =\"ne, (3-12)
a)n
¢ = o (3-13)

In the case of the PLL design, the frequency noise of the VCO could be the

dominant noise source to influence the phase noise performance. As will be seen in

32



later section, the noise of the VCO has the high pass characteristics. Therefore, a large
loop bandwidth for the PLL feedback system is better because it can enhance the
tracking ability. The choice of the damping factor ( is a trade off between acquisition
time and step response stability. If larger { is chosen, the system could have longer
acquisition time. On the other hand, if smaller C is chosen, the system may be ringing
for step response or become unstable.

Then, we use the loop bandwidth and the phase margin to determine the

component values of the loop filter. We can get

I, xKvco R C,
N C +C,

Loop BW = (3-14)

The phase term will be determined based on the pole and zero of the loop filter

such that the phase margin is calculated as

Py S ] (3-15)
@ o,

By setting the derivative of the'phase margin equal to zero, the phase margin is

maximum when the loop bandwidth is set to the average of pole and zero.

BW =.lo.w (3-16)

zp
We can define a new parameter, vy, as
y=——=—-—- (3-17)

The capacitance ration of C; and C, can be represented by

G

2
_— = —1 -
o7 (3-18)

The loop bandwidth (BW) now can be written as
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I xK 1
BszTm-Rl[l—y—zj (3-19)

The design flow of a third-order PLL can be derived from equations above. The

design flow can be summarized as follows:

1.

7.

8.

Determine Kveo by measuring VCO test keys or simulating a VCO using in
the design or referring to the data sheets of the employed commercial VCO.
Depending on the desired noise and transient performance, determine the
loop bandwidth BW. Usually, the BW is less than 1/10 of the reference
clock.

If the filter is off-chip, set Ipto be around 100pA to ImA. If an on-chip filter
is employed, decrease the value of Ip so that the reasonable trade off
between chip area and charge pump curtrent could be reached.

Determine the nominal value of N according to the system to be applied to.
Selecting the required’PM specification.

With BW, I, PM, N, and Kycodetermined, Ri1 can be calculated.

Calculate the value of Ci1 with Ci=1/Riw-.

Calculate the value of C2.

The parameters used in the PLL are listed in Table. 3-1. Fig.3-18 shows the

curve for the open loop PLL frequency response. This curve gives the phade margin

of approximately 70°. Fig. 3-19 shows the eight even-spaced phases of frequency

400MHz. Fig. 3-20 shows the simulation of the eight output clock signals of the PLL.
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Technology TSMC 0.35um 2P4M CMOS
Function PLL
Supply voltage 3.3v
Input Frequency 100 MHz
Output Frequency 400 MHz
Charge Pump Current(Icp) 100 pA
Loop Filter -Cl 59.86 pF
R1 3kO
-2 1.92 pF
VCOgain(Kvco) 430 MHz/V
Divider (N) 4
Loop Bandwidth 5 MHz
Phase Margin 70 degrees
Power 23mW@400MHz

Table 3-1 Parameters.of the PLL
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Fig. 3-18 Open Loop gain simulation of the PLL
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Fig. 3-19 Simulation of the four output clock signals of the PLL
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Fig. 3-20 Simulation of the eight output clock signals of the PLL

3.5 PLL Noise Analysis and Stability

The timing jitter could affect the maximum timing margin of the transmitter and
the performance of the high speed serial link. The output jitter of the PLL is
contributed by many different noise sources as shown in Fig. 3-21, where 0;,(s) is the

reference noise, iy(s) is the PFD and CP noise, V,(s) is the LF noise and 0,(s) is the

VCO noise.

Fig. 3-21 Linear model of PLL with different noise sources
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These noises introduce the phase fluctuations or timing jitter in time domain.

Using closed loop analysis, the transfer functions with different noise sources can be

derived as
H(s) = Out(s) NxK
6,.(s) s+K
[(S) N K
ou 2 .
Ifd( s)= pfd ) T I, s+K
0 (s) K.
H = Q. Vo
y (5) 0,(5) | s+K
HVCO(S) OMZ(S) S H(S)
0.0 s+K N
where

_ IpXchoXF(S) _ Ipcho 9 1+ sRiCh
N N sCi

(When C2 is neglected)

The noise transfer functions,have different characteristics. The Hin(s) and
Hpar cp(s) are low pass functions;the Hig(s) 15 ‘a band:pass function and the Hyco(s) is a
high pass function. Based on the analysis, the loop bandwidth of the PLL should be
maximized to meet the high pass function of the VCO to filter the timing jitter caused
by the VCO. The maximum nature frequency o, of the PLL is restricted to the input
reference clock frequency wi,. Using the analysis from the PLL, the criteria of the

stability limit can be derived as

2
2 Win

<
7T (RiCi\@in+ 77)

As a rule of thumb, stability can be assumed by keeping ®, < 1/10 o;,. Choosing
larger loop bandwidth indicates that more phase noise from the input clock will
transfer to the output with larger loop bandwidth. However, it does not cause a

problem when the input is a clean clock source.
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Chapter 4

Transmitter

4.1 Architectureof Transmitter

Clk
Process
delay

—

100MHZ
Clk
Process

Data > P TxD+
Driver _g:_p TxD-

Clk > » TxC+
Driver Q—}—E:—b TxC-

Fig. 4-1. Block diagram of type 1Transmitter

PRBS Data [~ > 4:1 >
process MUX
71
—> MUux >
PLL
delay
PRBS Data [~ > 4:1 >
process MUX
| : T
P MUX >
PLL
—p| delay

Clk
Process
delay

800MHZ
Clk
Process

Data > P TxD+
Driver _E;_p TxD-

Clk > P TxC+
Driver Q—}—g;—b TxC-

Fig. 4-2. Block diagram of type 2Transmitter
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The data input is from PRBS (Pseudo Random bit sequence). The data process
circuit pre-skew the data before feeding them into the multiplexer. The pre-skew of
parallel data are shown in Fig. 4-3. Fig. 4-1 and Fig. 4-2 show the block diagrams of
the transmitter architecture with type 1 and type2. The differences between type 1 and
type 2 are clock process circuit and clock process delay circuit. Type 1 transmitter
transfer 100MHz clock as Fig. 4-4 for receiver. Type 2 transmitter transfer 800MHz

clock as Fig. 4-5 for receiver.

( DO ) ( DO )
D, o
= =
C ) ( D

Fig. 4-3 pre-skew of parallel data

100 MHz Clk

{  XpoXD1rXD2)XD3XDoX D1 XD2XD3 X Do)

Fig 4-4 Type 1 clock (100 MHz)
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Clk I 800 Mhz

Fig 4-5 Type 2 clock (800 MHz)

The transmitter is built up by a PRBS circuit, a PLL, a 4 to 1 multiplexer,
clock process circuit, and data and clock circuit. The transmitter consists of a PLL
proposed in the chapter 3 to produce, the, clock signals at 400 MHz with eight
even-spaced phases. By using 4: IMinput-multiplexet; we can serializes low-speed four
channels parallel data on four even-spaced phases of 400MHz which gives a bit rate
1.6Gbps, and we can reduce the frequency-requirement of the timing circuits and the
digital logic. Only four even-spaced phase‘1s utilized for 4:1 MUX. The other is
utilized for transferring 800MHz clock and using data pre-skew.

For testing, the Pseudo Random Bit Sequence (PRBS) is utilized to generate data
pattern. Through the data and clock driver, the data stream is transmitted out with a
nominal swing of 200mV. In the following section, we will describe the detail circuits

of the function blocks in the transmitter architecture.
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4.2 Pseudo Random Bit Sequence (PRBS)

\ 1
D D LD II—DQD D LD
o ey ey I %LL%>

Fig. 4-6 block diagram of Pseudo Random Bit Sequence (PRBS)

e
| —

Fig. 4-7 PRBS delay cell circuit

As shown in Fig.4-6, The Pseudo random bit sequence (PRBS) is widely used
for testing communication systems. Fig. 4-7 shows the circuit implementation of the
D-flip flop delay cell used in the PRBS circuit. With a series delay cell, each delay
cell can offer a signal for next delay cell. The output of the XOR gate can generate the

new data. The pattern repeats every 2’-1=127 clock cycles. We also note that if the

42



initial condition is zero, the delay cells remain in a degenerate state. Therefore, the
SET signal must be used to solve this problem. And the XOR logic is the
speed-critical part in the circuit. Then, we can use the outputs as 4-parallel data inputs

of transmitter.

4.3 Four-to-One Multiplexer

' Output Data Stream |0:3] x

T —a

Clk2

cii I
cik I I
Clk5 _—I _
Ci —
cw ——L| ——

Do DI D2 D3

Fig. 4-8 Timing diagram of 4:1 multiplexer
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The multiplexer is used to serialize the parallel data channels DO~D3.When the
transmitter transfers the data stream with 1.6Gbps, the PLL must produce four-phases
with 400MHz. It generates the required phases of clk0, clk2, clk4, and clk6. The other
phases of clock are utilized to generate 800M Hz clock for TYPE 2 transmitter. The
relationship between input data, DO~D3, and clock (clk0, clk2, clk4, andclk6) is
shown in Fig.4-8. For example, at the timing interval between the rising edge of clk0
and the falling edge of clk6, the input signal DO starts driving the multiplexer output.
In order to achieve this algorithm, the multiplexer, as shown in Fig.4-9, is used to serialize the
parallel eight data channel input DO~D3. High multiplexer fan-in may become the bottleneck and the
achievable speed gradually decreases. This speed limitation is not an inherent property of the process
technology but of the circuit topology. Then 2-1 MUX is utilized, such as Fig. 4-10 and Fig. 4-11. The

Mux delay buffer is introduced in section4.3.2.

DO = D2 DI D3

clkO =1 D_] | clké—91 2-1 |

it —p] MUX k0] MUX

MUX

2= telay |—»| 2-1

clk6 —pp] MUX |__p| MUX
delay

Fig.4-9 Block Diagram of 4-1 Multiplexer
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Inl Inlb In2 In2b
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2-1
MUX

clk ——

kb —— ]

Fig. 4-10 Block of 2-1 MUX

B i
Ini- ﬂi—ﬁ—l I S |

out
Inlb] =n2b

ol el o TJhe
. -| outb |-In2

Fig. 4-11 Schematic of 2-1 MUX
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4.3.1 Data Pre- skew to 4:1 Multiplexer

i X X

ED X
Xi 2 X X

S

clkl

clkD | E '
_]

clk3

TR T e TN ey I

clk4

s T 1 L

clk6

clk7

Fig. 4-12 Timing diagram of Pre-skew

In order to ensure that each multiplexer of first level can select input data at the
stable and correct state, the pre-skew parallel data channel DO~D3 is utilized for the
multiplexer. If the transient edges of clock and input data rise approximately at the
same time, the selected data is confused and costs some time to be stable. Thus, the
output data jitter of the transmitter. Fig. 4-12 shows the timing diagram of pre-skew.
In order to achieve the target, some input data must be shifted before given in 2-level

multiplexer.
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4.3.2 Mux Delay

As showed in Fig. 4-1 and Fig. 4-2, clocks are transferred with data pattern. The
delay of data pattern and the clock must be the same and hence the clock is reliable.
With the same circuit architecture, the delay of these two circuits are the same. Then
the path of clock is designed as long as the path of data pattern. The multiplexer is
used to serialize the parallel data channels DO~D3. Data is passed through 2-levels
type MUX, and hence two stage of MUX delay buffer is added in clock path, as Fig.

4-13.

vdd Clkb_(% vdd clk _(1
clk clkb ]

S -
clkb-I

out Outb

¢

Fig. 4-13 schematic of MUX delay

4.4 Clock Process Circuit

Because code modulation is usually used for data pattern, we usually don’t need
such high speed to match spectrum for channel. In TYPE 1 transmitter, 100 MHz
clock is transferred, as Fig. 4-4. For a critical case, a 1.6Gbps data pattern transfers a
one followed by azero (010101 ....),and it is equal to 800MHZ clock actually.
Then 800MHz is the fastest clock to transfer 1.6Gbps data pattern. In TYPE 2

transmitter, 800 MHz clock is transferred, as Fig. 4-5.
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TYPE 1 Transmitter:

In TYPE 1 transmitter, 100MHz clock is utilized to give information about phase
between clock and data, as Fig. 4-4. CIk0 in Fig.4-8 is used to generate 100Mhz clock
for receiver. Because clk0 is 400MHz and the clock for receiver is 100MHz. Hence a
divided-by-four circuit is used. The TSPC D Flip-Flop connected its inverted output
to D input is used as a divided-by-two circuit, as shown in Fig. 3-15. Two
divided-by-two circuits are cascaded to get a divided-by-four circuit. A synchronous
counter is used at the last stage to re-sample the clock, and it will eliminate the jitter
accumulated in asynchronous counter, as shown in Fig. 3-16.

Because clock passed through a divided-by-four circuit suffers delay. In order to
ensure the phase between data and the clock is correct. A delay is added to data path.
Fig.4-1 shows the data path whichtincludes clock.process delay. Fig. 4-14 shows the

TSPC D Flip-Flop and its delay-cell.

:

>

1
i
S . S S

Fig. 4-14 TSPC delay cell
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TYPE 2 Transmitter:

In TYPE 2 transmitter, the edge of 800MHz clock edge will be located at the
midpoint of each bit by clock process. It needs clkl and clk3 in Fig. 4-8 to generate
800MHz clock for receiver by using XOR, as Fig. 4-15.

The receiver overcomes device limitations by using both rising and falling clock
edges, as shown in Fig. 4-5. The clock is able to operate at half the speed of the data

rate.
Clk1 800MHz
CIk3 Clk

x Output Data Stream [0:3] x

Clkl

CIk3

800MHz
Clk

Fig. 4-15  Timing diagram of clk and data
Because clock which pass through a XOR gate suffers delay. In order to ensure
the phase between data and the clock is correct. A delay is added to data path. Fig.4-2
shows the data path which includes clock process delay. A XOR gate is added to data

path for being clock process delay.

4.5 Data driver

The basic receiver has high DC input impedance, the majority of driver current
flows across the termination resistor generating about 200mV across the receiver

inputs. The simplified RSDS outputs consist of a current source which drives the
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differential pair line. When the driver switches, it changes the direction of current
flow across the resistor, hence creating a valid “one” or “zero” logic state. A
differential load resistor at the receiver end provides current-to-voltage conversion
and optimum line matching at the same time. An additional termination resistor is
usually placed at the source end to suppress reflected waves caused by crosstalk or by
imperfect termination. The implemented transmitter data driver shown in Fig.4-16
uses the typical configurations with four MOS switches in bridge configuration. In
order to obtain the correct output offset voltage of the RSDS™ Spec, a feedback loop
across a replica of the transmitter circuit is used, but in this case the effect of

component mismatches between the transmitters and replica should be carefully taken

into account.

Fig.4-16 (a) Schematic diagram of the RSDS transmitter data driver. (b) Common
mode feedback circuit.

Fig.4-16(b) shows that a simple low-power common-mode feedback control was

implemented in the transmitter to achieve higher precision and lower circuit

complexity. The common-mode output voltage is sensed by means of a high resistive
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divider Ra and R (=50kQ) and compared with a 1.25V reference by the differential
amplifier. The fraction of the tail current louwr flowing across M1 and M2 is mirrored to
Mu and ML, respectively, thus forcing Vem~1.25V. Usually, the large gain of device
size My and My is used in order to make negligible the power consumption of the
common-feedback circuit. To develop the correct voltage swing on the 50Q load

resistance (Rt 1//Rt r), the amount of current should be designed properly.

4.6 Transmitter Simulation Result

4.6.1 Simulation Environment

\ 5nH
I, .) PCB MODEL_) l
: I3
= T
) PCB MODEL ) i ’
3pF 10 pF

Fig. 4-17 testing environment on board

In real IC, the DIE will be packaged and we should take it into consideration.
After transmitted from the transmitter data driver, the data output goes through the
internal bonding pad, external bonding wire and the PCB circuit. The thin bonding
wire can be inductive and the pad is inductive and capacitive. Finally, the output
signal arrives at the receiver termination resistor Rt g. During simulation the package
effects are added in vdd, gnd, and I/O node. Besides, the output loading of the data
driver should be considered. The simulation environment is implemented as shown in
Fig. 4-17. In the following sections, the simulation results are respectively

demonstrated.
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4.6.2 Simulation Result of PLL

Fig. 4-18 shows the waveform of eight-phase clock signal with 400MHz clock
of the PLL. Fig. 4-19 shows the eye-diagram of the clock by the PLL. The jitter is

about 33 ps.

[=J'%) [= T R R N R S R = ] (=TS = %)

__._L__._LL_._LJ_;_L__._LJ__._L__._L__._L
—
S
—

Voltage: Voltage: Voltage: Voltage: Voltage: Voltage: Voltage: Voltage:

/ \ /

=11

Yoltages (ln)
&

T T T T T
0 S00p In 1.5m 250 3n
Params (in) (tme_ml)

Fig.4-19 eye diagram of the transmitter output waveform
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4.6.3 Simulation Result of Transmitter

® Without Data Pre-skew
Fig. 4-20 shows the simulation result with 2-levels multiplexer. The width of the
eye-diagram is about 538 ps with 87 ps jiter.

200m

-100m

-200m

T
0 500p 1n 1.5n
Paraums (lin) (tme_ml)

Fig.4-20 eye diagram of output (Without data preskew)

® \With Data Pre-skew

With pre-skew circuit, we can avoid the condition that the clock edge falls on the
data transient state. This makes eye-diagram more open. Fig.4-20 shows the
simulation result. The amplitude”of data eye-diagram is increased to about 200 mV
and the width of the eye-diagram is about 547 ps with 78 ps jitter. Fig.4-21 shows the

waveform of proposed transmitter outputs.

200m

100m

Params (lin)

-100m

-200m |

T
I} S00p In 15n
Params (in) (ime_ml)

Fig.4-21 eye diagram of output (Without data preskew)
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Fig.4-21 Simulation result of the transmitter output waveform
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Chapter 5
Receiver

5.1 Architectureof Receiver

This chapter presents the receiver designiFig. 5-1 and Fig. 5-2 show the block
diagrams of the receiver architecture with: Type 1*and Type2. The purpose of the
receiver is to recovery the received signal to the original data by amplifying and
sampling the signal. Then, the de-multiplexer makes recovered serial data become
four parallel data.

Fig. 5-1 and Fig. 5-2 show the block diagrams of the receiver architecture with
Type 1 and Type2. Type 1 receiver receives 100MHz clock as Fig. 4-4 for receiver.
Type 2 receiver receives 800MHz clock as Fig. 4-5 for receiver.

The Type 1 receiver consists of a PLL proposed in the chapter 3 to produce the
clock signals at 400 MHz with eight even-spaced phases. By using 4:1 de-multiplexer
to parallelize a 1.6Gbps data into low-speed four channels parallel data, we can reduce
the frequency requirement of the timing circuits and the digital logic. Only four
even-spaced phase is utilized for 4:1 MUX. The other is utilized for transferring

800MHz clock.
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— TxD+ : i
SLICER| | 1:4 >Retlmed

—p TxD- DEMUX Data

1.6 Gbps Data

Divider
Delay
400 MHz
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TxC SLICER—» | pIL
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Fig. 5-1 Block diagram of: I'ype 1 receiver
—» TxD+ : i

SLICER > 1:4 >Re:tlrned

—Pp TxD- DEMUX Data

1.6 Gbps Data f

800 MHz Clk

+

> TxCH g1 1cER

—p TxC-

Fig. 5-2 Block diagram of Type 2 receiver
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5.2 Slicer

Fig. 5-3 shows the schematic of the slicer. The differential data will be distorted
because of the inductance and capacitance resonance caused by bonding wire and pad
when they enter the receiver chip. It plays a key role to sense received signals, either
from system clocks or input data stream, therefore input sensitivity, symmetry and
bandwidth are major concerns. It is an open-loop comparator in the receiver circuit.
To meet the common mode voltage range, the circuit is implemented with PMOS
input differential pairs with a constant current source and using NMOS

crossed-coupled pairs as the load.

S

Fig. 5-3 Schematic of slicer

The gain and bandwidth of the slicer should be carefully designed to meet the
requirement, because the slicer needs to be able to detect the received signals that
were noisy and swing limited and amplify the signal to get the nearly full swing

CMOS level at the output. Moreover, the offset voltage of the slicer also affects the
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correct operation of the receiver. The offset voltage is not only due to the mismatches
in the input devices but also mismatches (both device and capacitance mismatch)
within the positive-feedback structure. These errors are referred back to the input as
the input-offset voltage.

Fig. 5-4 is the frequency response of the slicer. Fig. 5-5 shows the hysteresis
window of the slicer. The advantage of this hysteresis comparator is noise immunity.

The data or clock stream sends to the following PLL or demux to get the data value.

9 .Jmnni.ﬂlt-ﬂii,ﬁl
a0
- A1 6, 1wl
30 )
= FL
o
= -
¥
g Jp
1w 7]
o]
10 ]
[ T I I B o I 1
Lodk ix 10 1d0x ig
10K
Praguancy (logl (HERTZ)
Demign Typs Wanns Fymbal
Do SLICER AT 0y AT el ) _—
Do SLICER A Dz a6l ) G—

Fig. 5-4 Frequency response of slicer
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i1in}
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Fig. 5-5 Hysteresis window of the slicer
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5.3 Circuit Implementation

5.3.1 Type 1 receiver

Fig. 5-1 shows the block diagram of Type 1 receiver. When the Type 1 receiver
receives the 100MHZ clock by Type 1 transmitter proposed in chapter 4, the PLL
proposed in Chapter 3 must produce four-phases with 400MHz. It generates the
required phases of clk0, clkl, clk2, and clk3. The relationship between output data,
DO0~D3, and clock (cIkO, clk1, clk2,.andelk3) is shown in Fig. 5-7. For example, at the
timing interval between the rising edge of clk0 and the falling edge of clk3, the input

signal DO starts driving the de-multiplexer output.

up
Fref —p Phase/Frequency |— | Charge ) Loop

> Detector ——p | Pump Filter
down
Control
Fback voltage(Vctrl)
Frequency Voltage Control |
Divider < Oscillator

Fig 5-6 Basic PLL Architecture
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Output Data Stream [(:3]

Clk2

CIk3

i DO g D1 i D2 g D3 l

Fig. 5-7 Timing diagram of data stream and clock

As showed in Fig. 5-6, the clockythat, V€O generates passed through the
divided-by-four divider compares with the reference clock Fref. Hence the phases of
the clocks leads the phase of“the 'data.--Because-the Fref (100MHz clock) form
transmitter is utilized to give information ‘about phase between clock and data. In
order to ensure the phase between data and the clock is correct. A delay is added to
clock path. Fig.5-1 shows the clock path which includes delay circuit. Fig. 4-14
shows TSPC D- flip-flop circuit and its delay cell.

In order to achieve this algorithm, the de-multiplexer, as shown in Fig. 5-8, is
used to parallelize the serial data stream with 1.6Gbps into four parallel data channels
DO0~D3. High de-multiplexer fan-out may become the bottleneck and the achievable

speed gradually decreases.
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Fig. 5-8 Block Diagram of 1-4 De-multiplexer

5.3.2 Type 2 receiver

Fig. 5-2 shows the block diagram of Type 2 receiver. When the Type 2 receiver
receives the 800MHZ clock by Type 2 transmitter proposed in chapter 4. The
relationship between input data stream and 800 MHz reference clock is shown in
Fig.4-5. The edge of 800MHz clock edge will be located at the midpoint of each bit
by clock process. Then, the de-multiplexer makes recovered serial data become four
parallel data.

The asynchronous tree-type de-multiplexer architecture overcomes device
limitations by using both rising and falling clock edges, as shown in Fig. 5-9. As a
result, a tree-type de-multiplexer is able to operate at half the speed of the data rate.

The small numbers of high-speed-operated devices in the tree-type architecture do
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make it more suitable for high speed operation with low power consumption.

800 Mb/s Data ] DO » D0
———p] DiN Dl jep
] Clk Clk/2

DO
1.6 Gbps Datomm—ppy Din D1
800 MHZ CloCkmmppf Clk Clk/2 f

D0 jupp D1
| Din Dl j==—pp D3
——p| C|k Clk/2
400 MHz Clock

Fig. 5-9 Asynchronous tree-type 1:4 de-multiplexer
As shown in Fig. 5-10 (a), @ 1:2 DEMUX module does not require precisely
controlled clock distribution; Fig. 5-10 (b) is.its timing diagram. It not only generates
the output data but also an optimized.clock-for the next stage. An asynchronous
tree-type 1:4 de-multiplexer is obtained simply by connecting such 1:2 DEMUX
modules.

MSM-F/F

_Latch_Latch_;,Do Din< Xdox:ﬁx x x >
I E Clk
: = K I e B

Din JLatch e D1 DO X

L Delay | Cik/2 N
Clk—e—dC Qb |

(a) (b)
Fig. 5-10 (a) 1:2 DEMUX module and (b) timing diagram
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The module contains a clock divider for the next stage, as well as a D-flip-flop
(D-F/F) and a master-slave-master type flip-flop (MSM-F/F) for data. The module
operates at half the clock speed of the input data rate. This is because this module
operates using both rising and falling clock edges. Fig. 5-11 shows Schematic of
positive latch. These latched data are output at rising edges of the clock by the second
master latch in the MSM-F/F. In this way, two bit output data DO and D1 are
synchronized with the rising edges of the input clock. A divided clock CIk/2 is
generated at the falling edges of the input clock. With the delay circuit, which adjusts
the timing between D0O/D1 and Clk/2, the timing of the Clk/2 for each next stage is set
at the precise center of each DO/DI1 eye. That is to say, the 1:2 DEMUX module
generates optimized timing between the divided clock and the data for the next stage

DEMUX modules.

clkb clk

. 0
in—— Latch out 10 _E :[__E —

-— Y 4&

clk clk clkh

% out

5.4 Receiver Simulation Result

Fig. 5-11 Schematic of positive latch

The circuit level simulations of the tracking receiver are made in order to ensure
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the proper operation under a specified skew amount between data and clock channels.
Fig. 5-12 top graph is the time domain front-end received signal with transmitter and
the differential swing is about 400 mV and down graph shows the corresponding

output signal of the slicer, the limited received signals are being amplified to the full

scale.

T T T T T T T T T T T T T
1624u 1.626u 16280 1.63u 16320 16340 16360 16380 1.64u 1.644u 1.644u 1.646m 1 648u
Time (lin} (TIME}

Fig. 5-12 Time domain of the received signal and output of the slicer

5.4.1 Type 1 receiver

Fig. 5-13 shows the timing diagram of the received data and clock, and the clock
which the PLL generate for de-multiplexer. Since the ripple on the control voltage is
the source of the jitter, reducing the amplitude of the control voltage in the lock state
is necessary. In this work, the ripple control voltage is about 4mV, as Fig. 5-14. After
the PLL is locked with the reference 100 MHz clock, the input serial data stream with
1.6 Gbps is divided into four parallel channels with 400 Mbps, as shown in Fig.4-27.
It shows the data input (din) and four parallel data outputs of the de-multiplexer

(Dout0~Dout3).
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Fig. 5-15 Four parallel data outputs of the Type 1 receiver

5.4.2 Type 2 receiver

Fig. 5-15 top graph is received data 'signal passed through the slicer and down
graph shows the corresponding: ¢clk isignal-passed through the slicer. The 800 MHz
reference clock is almost located at the-midpoint of the input data. Fig. 5-16 shows the
outcome of the receiver. Din is the input data of the receiver and DoutO~Dout3 are the
four parallel output.

For testing the tracking ability of the receiver, we change the input data and
clock by 90° when the PLL is locked already. As shown in Fig. 5-17,the phase of data
Is changed at XX, the control voltage ripples and it take the PLL about XX to regain

the lock state.
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Fig. 5-16 Timing diagram of the received data and clock
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Fig. 5-17 Four parallel data outputs of the Type 2 receiver
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Chapter 6

Conclusion and Future work

6.1 Conclusions

In this thesis, we had completed the design of the transceiver based on RSDS
interface including two types of transceiver. It is a way to communicate data using a
very low voltage swing (about 200mV) differentially over two printed circuit board
(PCB) traces or a balanced cable. We have devoted to design two types transceiver
with the data rate at 1.6Gbps.ZAnd, the transceiver is fabricated in 0.35um 2P4M
process. Transmitter is composed of PRBS, eight-phases PLL, 4-to-1 multiplexer,
clock process circuit, clock driver and data driver. The first block we discussed is the
phase-locked loop (PLL). The main issue of the PLL is to generate the required
phases used for the 4:1 multiplexer of the transmitter while making the timing jitter as
small as possible. This may be done from system level to circuit level, including
parameter design. The input reference of eight phases PLL is 100 MHz; it outputs a
uniformly distributed 400 MHz clock. The PLL is composed of Phase Detector,
Charge Pump, Loop Filter, Voltage Control Oscillator and a divided-by-two. Eight
phases PLL output a uniform distributed clock for multiplexer to convert parallel data
to serial data and for clock process circuit to transfer information about data and clock
In order to ensure the phase between clock and data, a clock process delay circuit is

added to increase the current during the data transition..
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The transmitter drives the serial data and clock on to the bus. Receiver is
composed of a comparator with hysteresis and a clock recovery system to sample data.
It uses the comparator to amplify incoming small signal to full swing, and clock
recovery system to sample data correctly. Finally, the receiver converts serial data to
four parallel data channel. Whole design issues of the receiver are described in chapter

5.

6.2 Future Works

The increasing demand for data bandwidth in networking has driven the
development of high-speed and lows¢ost serial link technology. In order to achieve
higher data rate, the serial interfaces must recover clock and data reliably and reduce
transmitter jitter and open its data eye, increase recetiver jitter tolerance, reduce clock
data skew. For the transmittef; to increase.‘even higher data bandwidth, the
bandwidth-limited channels effect should be carefully treated. The PLL output jitter
must be reduced and multiphase generation can be more uniform by using average
resistors. For the receiver, the phase detector of the PLL can use current mode logic to
reduce the switching noise and the power consumption. The retimed clock output

jitter also must be reduced.
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