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An Referenceless All-Digital Fast Frequency
Acquisition Full-Rate Continuous Rate CDR Circuit

for USB2.0 in 65nm Technology

Student: Wei-Cheng Dai Adpvisor: Dr. Ching-Che Chung
Department of Computer Science and Information Engineering,

National Chung Cheng University

Abstract

The conventional USB2.0 transceiver usually needs the external reference clock
and multi-phase scheme for over—sampl}l’g Ia 1tecture and causes the additional cost.
To solve this problem, an all d}gl’f*'l fast -frequency@hcqulsmon full-rate continuous

_.u-_,-

rate clock and data recove‘hy (CIIDR) Trcult fo’r USB“Z 0 applications without a
reference clock is presented 1;1 "ﬁhls theSTS rLo'ckr-ln t/r'ne is constrained by the short
USB 2.0 packet synchronlzat10n|pa’fite1;n s spemfisg\tlons (32bit for high speed mode
and 7bit for full/slow speed mod;j)J.;Therefore we propose a wide range time-to-digital
converter (TDC) embedded digital control oscillator (DCO) to achieve fast frequency
acquisition so that the lock-in time can be reduced to satisfy the length of
synchronization pattern. A dual mode phase and frequency detector (PFD) is proposed

to perform two operating modes in the frequency tracking in the sync pattern region

and the phase aligning in the random data pattern region.

In order to support all USB 2.0 speed modes: high speed mode (480MHz), full
speed mode (12MHz) and slow speed mode (1.5MHz), the low frequency clock

synthesizer is proposed in this thesis. It can achieve the wide range continuous rate



clock and data recovery with reduced area cost and cover all the operation modes of

USB 2.0.

The proposed ADCDR is implemented on standard performance 65nm CMOS
process. The operating range of proposed ADCDR circuit is from 700kHz to SO00MHz
which covers all speed modes of USB 2.0. The chip size is 644um” and the core size

is 150um?. The power consumption is 2.63 mW at 500MHz.
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Chapter 1 Introduction
1.1 Conventional CDR circuit survey

1.1.1 Basic concept of CDR circuit

1.1.1.1 Sample CDR Circuit

Transmitter Receiver
o
i Ii \"
o o e Recovered
Encoder T — Data
F .| CDR
Data ——» & — " Circuit Recovered
Serializer i Clock
b
7 .
I =
I"". o - S o ;
Fig 1.1 The role of (Epr circgit in a‘(}qlhmunication system
L et N

Clock and data recovery circuit [8][9] is widely used in high speed serial data
link communication system. In Fig. 1.1, the transceiver transmits the encoded serial
data to the receiver. The CDR circuit in the receiver recovers the synchronization
clock of the incoming serial data and then uses the recovered clock to retime the

receive data pattern to as the recovered data.

Recovered
NRZ_Data L » D Q" Data
PD » LF »  VCO T
I" Recovered
Clock

Fig 1.2 Basic example of PLL type CDR circuit
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Conventionally, PLL architecture is usually used to construct the CDR circuit.
Fig. 1.2 shows the basic architecture of PLL type CDR circuit. The PLL loop is
proposed of a phase detector (PD), a loop filter (LP), and the voltage controlled
oscillator (VCO) to synchronize the VCO clock rate with the input data rate. The
VCO clock triggers the D Flip/Flop (DFF) to sample the NRZ data and the input data
is retimed as the recovered data. Fig. 1.3 shows the concept of the PLL type CDR
circuit. The recovered clock’s rising edge should be aligned with the input data

transition and then we can sample the input data with its falling edge.

Rising edge aligned
s ~with data transition

-l

NRZ_Data

Recovered -IﬂT I
ClOCk - ':..... r

Recovered | |/ ;
Data t '

]

N
R
f

_

FalJing edge for k. T !
retiming the data Q}\ i

pattern {j?;'; S ,___::,;.-.;;

Fig 1.3 Waveform of basic PLL type CDR circuit

1.1.1.2 Phase Detector in CDR circuit

In order to make the CDR circuit is able to track the random data pattern,
several phase detectors (PDs) for random data tracking are published. The linear type
Hogge PD [30] and the bang bang type Alexander PD [31] is well-known. Other
works like the PD for 3X over-sampling Eye-Tracking [7] or the half rate PD [18] for

reduced-rate CDR circuit are proposed to achieve the novel CDR circuit.

12



1.1.2 Multiphase Scheme for CDR circuit

The traditional PLL type CDR circuit suffers the speed limitation of high speed
data rate. In order to track the full rate data, the VCO clock frequency should be
operated at a high data rate. Thus the power consumption and design complexity of
VCO are increased. In addition, the traditional PLL type CDR circuit has the
disadvantage of requiring a 50 % duty-cycle VCO output clock. If the VCO output

clock is not the 50% duty cycle the performance of the CDR circuit will be degraded.

In order to overcome these problems and achieve the better performance of clock
and data recovery, the multiphase over-sampling scheme is published [19][10]. There
are two popular architectures with the rﬁn|ht\1phase scheme. One is the reduced rate

oversampling CDR circuit which hag the advantage of the reduced rate of VCO clock
_ .
to save the power and ach(\\re-.the mglz-data rate m:IIGEl easier. The other is blind

oversampling architecture Whlqh has thb advantage oj?’ all digital nature and the fast
I

lock-in time due to no phase ahg‘qmept is requIregl. !
I = '

{JE’; el n._j:,;.aﬁ';
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1.1.2.1 Reduced-rate oversampling CDR circuit

Ckout[n:0]
____________ £ __PLL Loop
I—, UP V, |
| FD CP 1 [——¢¢ T Multi-Phase VCOR |
| r DN %I |
I f\- I
/N
e e |- _
______________ CDR Loop
- B
Data_"'r. Over-sampling up2 cp2 I
Ckout[n:0] —l—|-> PD D |
= _R_eco_ve?ecT Clock

—» Recovered Data

A
Fig 1.4 Architecturef)"f ltthQed rate CDR circuit

i
Fig. 1.4 shows the exar_r_lple of the_ -reduced ate over-samphng CDR circuit.

_.u-_,-

There is a multi-phase VCG. osc1l|lqtes"fhe refluéed cl;@'bk rate (usually half rate or
quarter rate) by locking with tl:e 1d1v1ded|‘VCrO Cloék a;rﬁi the data rate in the PLL Loop
and generates the multi-phase clpcks (Ckout[n Oﬁ\’fzhe multi-phase clock is used to
trigger the Multi-phase PD to ;e%grate the up/down pulse to charge/discharge the
charge pump to adjust the multi-phase VCO output clock frequency and then output

recovered data and recovered clock.

The advantage of this architecture is that the VCO clock is reduced to half or
quarter of data rate to save the power consumption from the VCO. However, it suffers
the problem of design complexity from multi-phase clock generation and

over-sampling circuit.

14



1.1.2.2 Blind oversampling type CDR circuit

Blind Oversampling Sampler

I'LI
4

Majority-voting Recovered
Circuit Data

Yy

NRZ Data—» | | ----e- D

Reference
Clock

Multi-Phase clock generator

Fig 1.5 Architecture of blind oversampling circuit

Fig. 1.5 shows the example of the blind over-sampling circuit. The multi-phase
clock generator’s central clock is synchronized with the reference clock which relative
to the input data. The multi-phase clogié 4r1g%er the blind over-sampling sampler to

sample the input data (NRZ Da}aﬁ "The nmlu-phasex.g}ock sample rate usually is 2X,

_.u-_,-

3X or 4X higher than data rﬁ‘te The dat_” sampled‘by the"'DFFs in the sampler will be
\. [ & - e’

sent to the decision circuit (Majﬁrlty Votmg Crrcult) {0 pick up which data should be

H - t’
the recovered data. i j, N

{"‘.l:;"" e . "‘"-._\:}."'I?'
The blind over-sampling architecture has the advantage of the all-digital nature

and the short lock-in time, but it suffers the extra power consumption of multi-phase
clock generator and usually needs the off-chip reference clock to generate the

multi-phase clocks which the central frequency is close to the data rate.

15



1.1.3 Modern implementation of CDR circuit

1.1.3.1 Single rate CDR circuit

There are three modern implementation of CDR circuit. They are single rate,
multi-rate and continuous rate CDR circuit. The single rate CDR circuit is designed
for the single data rate. It is used for the specific application which operation speed is
specified [2][6][7]. Because of the narrow operation range, the cost of the circuit and
design complexity can be reduced. Besides, because of the specified operation speed,

the external reference clock is usually u}&d Ifqr frequency acquisition [1][3].
| SN

-'-rll“{’-. I‘I
AT TN e
£ Farts s )
e e
\. R .I- P \. - Illf
1.1.3.2 Multi-rate CDR circuit ' - ©
o 4R

| L T 1

The multi-rate CDR cir(:l}ilt has fniﬂﬁble ';Q.P\e{ation speed. It’s target for the
{".';j o . W

application with multiple operation modes. The implementation of multi-rate CDR

|

circuit by using multiple reference clocks with automatic bit rate selection is
published [12]. However, the cost of multiple reference clock is large, so the
architecture of a single external clock and multiple reference generation scheme is
proposed in [13]. The other work which do not need a reference clock is presented

[14].
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1.1.3.3 Continuous rate CDR circuit

The nature of a continuous rate CDR circuit has a wide operation range. The

input data rate can be any speed within the operation range [15][16][17][27].

Frequency Band

Selector l

FD FD CP VCO

NRZ Data —

PD PD CP

I—» Recovered Clock

— Recovered Data

Yarial

15 ]

A

Fig 1.6 Example gf contln?J‘GuS rate CDR circui

e s T

Fig. 1.6 shows the exa(?‘q‘a-ie of. the contrnuaus ra&:—CDR circuit. The continuous
rate CDR circuit usually has ’tl}e frequd:ncy band selgctor to select which the VCO
frequency band is close to the nqput data rate to spepd up the frequency acquisition.

7z
The FD is used for frequency trﬁ‘@,‘fcfng. 'fhé"FD"oéIﬁpares the VCO clock and input
data rate then adjusts the high gain charge pump to adjust the VCO clock frequency
coarsely and achieves the frequency acquisition. The PD is used to compare the VCO

phase is leading or lagging to the data transition and adjust the lower gain charge

pump to fine tune the VCO and maintain the phase alignment.

17



1.1.4 Referenceless issue of CDR circuit

An external off-chip reference clock is often needed in a PLL. Therefore, the
PLL based CDR circuit [29] is often need the external reference clock. However, the
off-chip reference clock increases the deign complexity of the system integration.
Besides, the external reference clock has the cost of area occupation and power
consumption. To overcome the problem of an external reference clock, the

referenceless architecture is more attractive in today’s system-on-a-chip era.

However, the referenceless design is usually suffered from the narrow operation

range [21] and long lock-in time [22]. In this thesis, the proposed ADCDR can solve

these problems. /J L
i Ii \"
i )
o - - = \\..
) ¥rF %
R "
Y ': : | — !
b Sl 4
[ " 1
b . w £
Vi ‘%
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1.2 Introduction to USB 2.0

1.2.1 USB 2.0 overview

Universal serial bus (USB) is the industrial standard for the communication
between computer and electronic device. The USB 2.0 specification [5] is released in
April 2000, and it defines the data transfer rate of “Low Speed” (1.5MHz), “Full

Speed” (12MHz) and “High Speed” (480MHz).

As shown in Fig 1.7, the USB system specifications define the communication
between USB host and USB device (function). There is only one USB host at any

USB system. The USB host is used to control the whole communication flow. USB

I

y

\
device could have hubs which provig,e add ti%hql attachment point to the USB or the

e - -

- ol s . .
functions which provide cap@biiffies to the system suclrassa joystick or speakers.
Bmiee, e P== TR R e

—_— " , I)«""'
TP1 TP2 11, LIr Iy K_;’ TP3 TP4
| 0 g
L NS
{L f}{; = “\% |
Frt” L e
Data+H
> >
UBS Cable
N\ ALN
7/ 7
Connector Data- Connector
Tansceiver Tansceiver
Host Circuit Board Device Circuit Board

Fig 1.7 USB 2.0 interconnection between host and device
The data is transmitted on the USB cable by the differential signals (Data+ and

Data-.) There are difference eye patterns (TP1 to TP4) defined by the USB 2.0

specification. The receiver sensitivity is defined as TP4 which is shown in Fig 1.9.
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Ref. CI Multi-phase
et ) Clock Generator
—> HS l
< CDR U NRZ-1 _ Bit
X Decoder " |Unstuffer
Datart =] L Fs RX | RX
Analog .| CDR Shift | Hold Parallel
Data- «»{Front End Reg Reg ’ RX Data
i IX X Parallel
« NRZ-L ) Bit | | Shift | Hold |«
Encoder Stuffer Reg Reg TX Data

Fig 1.8 System diagram of UTMI

Fig. 1.8 shows the block diagram of the USB 2.0 Transceiver Macrocell
Interface (UTMI) [4][23]. UTMI is a transceiver interface of the USB system shown
|
in Fig. 1.7. The Datat+ and Data- agga*ﬁ:e' iffer\ential signals on the serial bus. The
T e b T,
analog front end (Analog Frggt"énd) is used. to exchange:the differential signals with

[ S W e '
CC I _—_— I)«.*"'

digital signals. v e

b . 4 [ s s
ORI
o R 8

In the transmitter path, thel;,,‘ho}s;} ﬁa;ﬁIIéi: d;l‘ga (I?;Iarallel TX Data) is serialized by
the shift register and after bit stu'{fg;;g and NRZ—T'éJiéoding, then is transmitted to the
bus. In the receiver path, there are two CDR circuits in the UTMI, HS CDR is for the
high speed mode (480MHz) and FS CDR is for the full speed mode (12MHz). Both
CDR circuits are locking with the multi-phase reference clock and recover the data.
After the NRZ-I decoding and bit unstuffing, the recovered data is sent to the shift

register and outputted as the parallel data (Parallel RX Data).
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Fig 1.9 Receiver sensitivity rgﬁljlrk‘rient of USB 2.0 specification

."
Fig. 1.9 shows the eye pattern qf recelver sensmVlty in USB 2.0 high speed

to peak input data jitter) and recon‘lmenfi the B'ER of r /écovered data can be less than
12 . .
G | N

] f: - »:';\ r
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1.2.2 USB 2.0 protocol layer

In USB 2.0 protocol layer, there are tree types packets: token packet, data packet
and handshake packet. Each transaction must be contained with these three types

packet. The format of these packets is shown in Fig. 1.10

Token Packet
PID ADDR ENDP CRC5
SYNC 8bit Thit 4bit Shit
Data Packet
PID Data CRC16
SYNC 8bit 0-8192 bit 16bit
i o
Handshake Packet. <~ === = ™
PD |-
SYNC 1 it )
= Co .

;S T

I Lo 1
Fig 1.10 Packet format of USB 2.0

Each packet has the SYNChfi';gl-d, t};e lenét};(.;%k;he SYNC field is 32 bit for high
speed mode and 7 bit for full/slow speed mode. The PID filed is used to define each
packet meaning. Table 1.1 shows PID types and detail functions. The Data filed is the
transmit data. The ADDR and ENDP field is used to address the device number. The
CRC field is for error detection within the transaction. The example of the USB 2.0

transaction is shown in Fig. 1.11.
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Table 1.1 PID Types

ouT 0001B host-to-function transaction.
IN 1001B function-to-host transaction.
Token
SOF 0101B Start-of-Frame marker and frame number.
SETUP 1101B host-to-function transaction for SETUP to a
control pipe.
DATA 0 0011B Data packet PID even.
DATA 1 1011B Data packet PID odd.
Data DATA2 0111B ata packet PID high-speed, high bandwidth isochronous
)
P i_a}rsa\ction in a microframe.
i ' 1
o ey N
MDATA fi—.1111B <] Data’packet PID-high-speed for split and high bandwidth
g 1T A Sy R
\ |I i isochrdn@us trap');actions.
ACK 'ﬂpl(]B o Rleceu'*v:t:afécqieﬁts error-free data packet.
i > ol |
v o f
NAK 13}6’]3 ml@eceivi?bgé_avice cannot accept data or transmitting
J";r device ;é:r?'not send data.
Handshake
STALL 1110B Endpoint is halted or a control pipe request is not
supported.
NYET 0110B No response yet from receiver.
PRE 1100B Host-issued preamble. Enables downstream bus
traffic to low-speed devices.
ERR 1100B Split Transaction Error Handshake (reuses
PRE value).
Special SPLIT 1000B High-speed Split Transaction Token.
PING 0100B High-speed flow control probe for a bulk/control
Endpoint.
Reserved 0000B Reserved PID.
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Token Packet

IN
Data Packet
DATA

Host / Function

Handshake Packet
ACK

\

£ |5
Figl.11 Examgje’é)ﬂ |_US.B2.0 transaction

The Fig. 1.11 shows the—sample example -of USB“Z 0 transaction. The host sends
Erean e S
3 .
a token packet IN to request the datzi Tlhe ftm‘qtlon recgives the token packet and the
;

‘h -

function is now ready to do the data transmlssmn Then the function starts to transmit
the data packet. When the data pg%gt is t;;an,s_mlté\%__yylthout error, the host will send a

handshake packet ACK to the function and whole transmission is complete

successfully.
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1.3 Design challenges of CDR circuit in
USB2.0

As the former description, before the packet transmit to the bus, the packet will
be bit stuffed in any six consecutive “1” (Consecutive Identical Digit) to avoid a long
period without data transition, then each bit is encoded with non-return to zero,
inverted (NRZI) encoder. The NRZI signal has a transition if the bit being transmitted
is “0”, and does not have a transition if the bit being transmitted is “1”. Finally, the

packet is transmitted on the bus.

PN
i Y
Raw Data T P K R Stuffed Bit |_
T ——a — . __:;‘_'_L} /
Bit Stuffed Data L S U L L
T w = e S;ﬁ{( Ones
NRZI Encoded ' A |
o B By N o EE | B
“ {Jé‘, S 342 >
Sync Pattern Packet Data

Fig 1.12 Waveform of USB 2.0 packet

Fig. 1.12 shows the encoded NRZI waveform of USB 2.0 packet, the first 32 bit
is the SYNC field and after NRZI encoding, there are 31 continuous data transition in
the SYNC pattern. That means the frequency and phase acquisition should be

completed within the 31 cycles.

However, the conventional analog approaches have difficulty to satisfy this fast
lock-in requirement. Because the charge pump type VCO loop suffers the problem of

long unilateral frequency acquisition time. The Fig. 1.13 shows the locking procedure
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of conventional analog approach frequency tracking. In the beginning, the VCO is
discharged to the minimum frequency. In the coarse-tuning phase, the VCO would be
charged with high gain charge pump to speed up the frequency acquisition. After
frequency acquisition is completed. In the fine tuning phase the VCO is charged with
low gain charge pump for the finer tracking, and then it achieves the phase acquisition.
The lock-in time from the minimum frequency to the target frequency usually takes

several micro seconds.

Frequency of VCO (100MHz)
5 \ . .

45+ -

Target Frequency |

—

35 —] R

al

3L 4

251 B

Coarse tuning Fine tuning

I I 1 I I L L I I
0 10 20 30 40 50 60 70 80 90 100

- Acquisition time ( &S )
{ié‘,- el n._j:,;.aﬁ';
Fig 1.13 Tracking time of charge pump VCO loop
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1.4 Summary

Due to the additional cost with an external reference clock and the multi-phase
clock generation of over-sampling architecture, in this thesis, we design an ADCDR
circuit without an external reference clock and over-sampling scheme. Thus the
off-chip crystal and the multi-phase generator shown in Fig. 1.8 can be eliminated to

save the power consumption and the area occupation.

In order to support three speed modes of USB 2.0 specification, we design an
ADCDR circuit to the wide range continuous rate type CDR circuit. Therefore,
instead of using multiple CDR circuits to support the multi speed modes of USB 2.0,

our ADCDR circuit can support the mul}ffsglpée‘g»modes with reduced hardware costs.
.* Y

To satisfy the fast lock=in Tequlreméﬁts\W4th the "s‘hoﬁ SYNC pattern of USB 2.0,

Erea M

Y e‘
the fast lock-in feature in the pgoposed AlDCBR| c1rcu1t 16 necessary.
S = _{x"
N
] ;f:’ = "‘:\ I
Vi o
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Chapter 2 Referenceless CDR

Circuit for USB2.0 High Speed

Mode

2.1 System Architecture Overview

> State Machine
Track_Mode| [Ctrl rst TDC_Lock
Data_ T a1
Data M il N
> Al TDC Code
A 4 _ﬂ{]: y y L 2R |
—»{ Dual Mode — Ty TDC-
DFF = | Controller S
DCO_CIk—p PFD o DCO_Code embedded
oo z "-._'_- .“ - " ___,.::'__,-'-"
Phase | I % ;"F DCO
Recovered Drift [——— r -
Data Detector W.?mlhg—Blt = '{;
I . . '.\. ) & i I
Y
e} f_} e In.
LA N

o

]
.

» DCO_Clk

T‘F-'.. » ALY
Fig 2.1 The block diagram of proposed ADCDR Circuit architecture

Fig. 2.1 shows the block diagram of proposed ADCDR Circuit architecture. The

proposed ADCDR Circuit is composed of a dual mode phase frequency detector

(PFD), a TDC-embedded digitally controlled oscillator (DCO), a phase drift detector,

a CDR Controller (Controller), and a lock-in procedure control state machine (State

Machine).

The data transition (Data T) is extracted from the delayed input data and

exclusive-OR with the original input data. Every data transition of input data would

generate a small pulse shown as Fig. 2.2.

28



Input_Data J L

Input Data \\
Delayed

ot | (L] LI

Fig 2.2 The waveform of data transition extraction

The lock-in procedure control state machine triggered by the Data T is used to

control the whole lock-in procedure.

The whole lock-in procedure has tree phase: TDC-locking phase, coarse-tuning
phase and fine-tuning phase. In the TDC-locking phase, the period of the first two
data transition (Data T) will be meas }frefliw TDC-embedded DCO and then it
generates the TDC_Code. The_TﬁC’ Code-ls encod‘ed_\as the Initial DCO_Code in the

_.u-_,-

Controller. After this phase\the DCO T)Tltput fre“quencyP (DCO Clk) would be very
) L i - :
0 ) |

close to the input data rate. Tt o Ao

I Nt
After TDC-locking phase tl_;lgr‘rftfate ma(;_hilne&:yld turn off the TDC function to
save power by setting the TDC lock signal to “1”. Then it enters the coarse-tuning
phase within the SYNC patterns. In coarse-tuning phase, state machine sets the
operating mode of dual mode PFD by setting signal Track Mode to “1”. In this mode,
the dual mode PFD works as the common PFD. In this mode, the PFD compares the
frequency between DCO output clock (DCO_CIk) and data transition signal (Data_T)
which is the input data rate. When DCO output clock (DCO_CLK) is faster than input
data rate, the UP signal is generated. Then the controller reduces the DCO Code to

slow down the DCO output clock. Otherwise, if DCO output clock is slower than

input data rate, the DN signal is generated. Then the controller would increases the
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DCO_Code to speed up the DCO output clock. In coarse-tuning phase the DCO

output clock is adjusted with the coarse-tuning cells to speed up the lock-in time.

After two phase polarity changes of UP and DN signals in the coarse-tuning
phase, the state machine switches the CDR circuit to the fine-tuning phase. In this
phase, the dual mode PFD is switched to the PD mode by setting the Track Mode
signal to “0”. The dual mode PFD can generate the correct UP/DN signals to tracking
the random data. In addition, the DCO output clock would be adjusted with
fine-tuning cells to achieve finer tuning. So that the CDR circuit can keep the phase

alignment between the DCO output clock and the data transition until the end of

packet.
/; !\»
i Ii
i b
- o , ----.1.-. “ \\.__
aT 4 '-;- \'. “.. 1-"‘_,:-'-.
il .
Y ': : | — !
v L L ./f
0 S &
[ n 1
b - !
.‘;’; o ;
I s - ‘:":.\\
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2.2 Dual Mode Phase and Frequency
Detector

QUl OUTU
VDb Pulse

Data_T — > amplifier —UupP

PFD_rst Mask
Pulse DN
VDD — . |
DCO_Clk DFF QD OUTD amplifier

Track_Mode

Fig 2.3 Proposed dual mode PFD architecture

/,i|,\\

Fig. 2.3 shows the proposed idual ﬁlodé‘.FPfD architecture. It supports two
o = -,

. g -
tracking mode to achieve ’Eﬁ;&-.frequeﬁﬁ_'aEd‘j_ansg-:%ﬁuisition with the USB 2.0
packet format. '”--,k ! ' ¥ _'__ /';

I L T 1
When the Track Mode is sﬁét}fjﬁg t?) :1“, .thé:x\,p\rlt{posed dual mode PFD is in the
PFD mode. In this mode it worrgust l..ikeh.ol[heﬁrwc:mmon conventional Bang-Bang
PFDs to achieve frequency tracking within the SYNC pattern. If frequency of the
DCO output clock (DCO_CIk) is faster/slower than the input data rate, then the
proposed dual mode PFD outputs the UP/DN signal to the CDR controller to adjust

the frequency of the DCO output clock. The waveform of PFD mode is shown in the

left side of Fig 2.4

When the Track Mode is setting to “0”, the proposed dual mode PFD is
switched to the PD mode. In this mode, it can be used to achieve the phase acquisition

with the random data pattern of the USB2.0 packet.
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PFD Mode PD Mode

Data - L Dpata | |
Data T | [] _ -] Data T | [] k]
DCO_Clk _m DCO_Clk _,—\_,—L_,—\_‘/—
Q | T ] QU | H
QD | 1510 N | o [
outu | ] L[
outu | |J
ourp [T [ [
OUTD I—, Mask _|_| ”
up L P Im
DN LI b~

Fig 2.4 Waveform of t L _]I)iﬂoposed dual mode PFD
{,"

In the right side of F1g 245 Q'D reset» by fhe“tkgatlve edge of DCO_CIk, that

l!"' " _.u-_,-

means if there is no data traﬁsltlon Iz:u:HVes W1th}n the het’lrfﬂ period of the DCO_CIk, the
comparison of this time is dlsc;rded Fi ufmeir‘mOrn;" .beg:ﬁ'use of the reset of QD, there is
an irregular down pulse of OU"}D;’ks gene\rated “Q{lé thus if constructs the irregular
UP/DN signals. The mask signalhigw(q:reated by th; h/lND operation between QU and
QD. So that the irregular down pulse of OUTD can be masked by the AND operation,

and PFD can remain output the correct UP/DN signal.
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2.3 Time-to-Digital Converter
Embedded DCO

2.3.1 Structure

code[0] code[l] code[125] code[126] code[127]

Data_T
TDC_Lock —
Fine_code[6:0]

(]

DCO Clk Fine Tune
- Delay Line
DCO_rst

Sel[0]

Al
4

I

Coarse_code[6:0] ~-»] Encoder [ Sel[127:0]
T
E y
code[127:0] +>| Decoder |Av> TDC_code[6:0]
Fig 2.5 The TD'C'-elrrbedded DCO i,fchltecture
':a

As shown in Fig. 2.5 is sho'wn the‘TDC embedded DCO is constructed by DCO
s

part and TDC part. The DCO pa’il‘tr’j-s" a rihg ’E'}'/pe DE‘O constructed by a coarse-tuning
delay line and the fine-tuning delay line. The coarse-tuning delay line composed with
the chain of 2-tol multiplexers (MUXs). The fine-tuning delay line which is
composed with the digital-controlled varactors (DCV) [11][20][24][26] to achieve the
finer resolution. The TDC part is constructed by deploying the D-Flip/Flops (DFFs)
on every node between any two MUXs. The Decoder decodes the 128-bit thermal
meter code to the 7-bit binary TDC code and outputs to the CDR controller. The

Encoder encodes the input 7-bit code from the CDR controller’s 7-bit control code to

the 128 bit DCO code (Sel[127:0]) to adjust the DCO output clock (DCO_CIk).
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23.2 MUX Type DCO structure

code[0] code[l] code[125] code[126] code[127]

Data_T
TDC_Lock j:
Fine_code[6:0]

¥

DCO Clk Fine Tune
- Delay Line
DCO_rst

Coarse_code[6:0] +>| Encoder |+> Sel[127:0]

code[127:0] | Decoder P TDC_code[6:0]

Fig 2.6 DCO part of proposed TDC-embedded DCO

The gray region in Fig. 2.6 is thy’fq}éﬂpart of the proposed TDC-embedded

i
DCO. In the proposed ADCD,R 01rcu1t- «-there W127 cascaded MUXs as the

coarse-tuning delay line. Th\a Coarse C_O‘deu)] 1‘s the dlgltal dco code output from
\. [ & el !
CDR controller. After encodlng"p CGarseTod'e['é 0] 1s.,”éncoded to Sel[127:0] to select

the delay path to control the DéOfﬂutput clock ‘Q?éO CIk). As shown in Fig. 2.7,
. .L;

after encoding the Coarse code “65”, the Sel[12 ] is setting to “0”, the others are

setting to “1”, then the delay path is passing through 125 MUXSs. The resolution of the

coarse-tuning delay line is about 34ps.
= = ="

“qn “n “m “o" “m “m
Sel[O] Sel[l] Sel[2] Sel[125] ISel[126] Sel[127]

DCO Clk Fine Tune
B Delay Line I 0 0
DCO_rst

Fig 2.7 Delay path selection of proposed MUX Type DCO
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2.3.3 DCV fine-tune delay line

Fine[0] |
Fine[1] F1ne[4]

Fine|[2] Fine|[5]
Fine[3] Fine[6]

Fig 2.8 The fine-tune delay line of proposed MUX Type DCO

Fig. 2.8 shows the architecture of fine-tuning delay line of the proposed MUX
Type DCO. To achieve a finer resolution, the digital-controlled varactors (DCVs) [11]
are used. In proposed ADCDR circuit, the thermal meter code Fine[6:0] controls the

nodal capacitance between each two buff to adjust the delay timing on the delay

S
line. This architecture can achieve @ hlgh resolutlon to about 8ps, and total delay
T gy, .
range is about 56ps that cane: g?ver the- onc step of coarse'ﬁcmmg delay line.
"'. I-. I-_ | :-_l i e’
R y
N
i ;{f}* o “_}\I
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2.3.4 Time-to-Digital Converter

code[0] code[l] code[125] code[126] code[127]

Data_T
TDC_ Lock :dg

DCO CIlk Fine Tune
B Delay Line
DCO_rst

Coarse_code[6:0] -‘v>| Encoder |+> Sel[127:0]

code[127:0] +>| Decoder |—‘r> TDC_code[6:0]

Fig 2.9 The TDC part of proposed TDC-embedded DCO

The gray region of Fig. 2.9 is the TDC part of proposed TDC-embedded DCO.

I

\
When TDC Lock is setting to “0” I‘E S afl\pylse (Data_T) which generated from

- = Ny
data transition would triggen_:[_he"f)FFs deployed on th?D@O delay line to quantize the
E.‘-.:_':_'l:_....,_ _':- . L " _._.-::'_5'-""!-

data rate of input data to a digital code to achiieve the fast frequency acquisition.

| /
, - .- -
e o )
| Lo et e L., o oy «py
H | ) ". - 1 ; 17 eeeens 0 0 0
i f_} ¥ I..
{;_:_,, ?-"ﬂ'"- . T:‘:t\“ Sample T T
— code[0] code[l} code[126] code[127]

Data T
TDC_Lock —>

DCO Clk Fine Tune
B Delay Line
DCO_rst

Fig 2.10 Operation of TDC-embedded DCO

Fig. 2.10 shows the operation of proposed TDC-embedded DCO. When the
CDR is reset, DCO _rst is “0”. In addition, in the beginning, the coarse-tuning code is
set to the maximum value to select the longest delay path of the delay line in the

beginning. Then, when the first positive edge of the small pulse of the data transition
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arrives, the DCO _rst is setting to “1” by the state machine. Then the “0” is beginning
pass through the delay line. When the second positive edge of the small pulse of the
data transition arrives, the DFFs are triggered to sample the value on the delay line.
The number of “0” which the DFFs sampled is the number of the MUXs that the “0”
pass through during the period of one bit time. After encoding the TDC code, the
value would be the initial value of DCO_code so that the initial DCO clock frequency
could be very close to the input data rate to speed up the frequency acquisition within
the short SYNC pattern in USB 2.0. Finally, when the TDC measurement is finish, the

TDC lock is setting to “1” to turn off the TDC to save power.
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2.4 Adaptive Gain in Consecutive
Identical Digit

In the region of Consecutive identical digit (CID) the PD is not operating. Thus,
there is no frequency adjustment in this region. The frequency error between DCO
output clock (DCO_ClIk) and input data rate (Data_T) will accumulate phase error and
causing the phase drift and the data recovery error. The Fig. 2.11 shows the example.
If the initial frequency is APl and the period difference between data transition
(Data_T) and DCO output clock (DCO_CIk) is X. In the right side of Fig. 2.11, we

turn off the frequency tracking. The phase error is accumulated with period difference

-'

X in each cycle. After 3 cycles, the ph sé\e.rror is increase to AP1 + 3X. In 3

consecutive identical digits xfegion thefqirantlty of ph\ése £Iror is the same as turn off

-.-....

Ir
the frequency tracking for 3 cycles |s}i0wn aS'l'h'¢ left s1d§ of Fig. 2.11

. . " |
Input_Data | | | ‘fr Input_Dz;\g
I I I

|
SR N 1 0 OO I 11

|
| |
| |
| [
+X AP1+2X AP1+3X A

1 A 3X
Turn off frequency tracking for 3 Consecutive Identical Digits
3 cycles

Fig 2.11 Phase error accumulation

To solve the problem of data recovery error from phase error accumulation, we
proposed a tracking scheme of adaptive gain in consecutive identical digit (AGCID)

in the CDR controller. We count the number of negative edge between any data
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transition. The value of the counter will be used to increase the gain of the DCO clock
frequency adjustment. As shown in Fig. 2.12, in the first of comparison between
Data T and DCO_Clk, Data T is leading DCO_Clk and DCO_code is reduced with
one step. Then, after the 3 consecutive identical digits, the Data T is still leading

DCO_Clk and DCO_code is reduced with a increased gain of 3*step.

Input_Data u
Data_T j I

DCO_Clk w

/* | |‘{‘;\‘\ ____________ |
| |
Fa |
__,r"" " DCE_Q._t.af)d_e{ stelp “-\_& DCO code - 3 *step
L F % et
Bp o TF N e
Fig 2.12 Increaséd gain in the 3 consecutive identical digit
b Salalan®
-
/e N
T}l"" o . e

39



Chapter 3 Wide Range
Improvement of Supporting
USB2.0 Full/Low Speed Mode

3.1 System Architecture with Wide

Operating Range Improvement

o
/.I |x\\.
|
i i »
—>| State Machine |--\
- — S
€l 'rst . [TDC_Lock it
B = )

o & £ - I)«
e ] | /
=1 |

y i
gP
+—s= Dual Mode Controller TDC-

b PFD 4?7\? : v . embedded || LFCS » Recovered_Clk
Phase i o T ?ﬁ? Y
Recovered Drift QJ

Wasning, Bit . "= Counter
Data Detector @%7 : N ounter

DEC” Code

Fig 3.1 System architecture of wide operation range improvement

Fig. 3.1 shows the system architecture of the second version of CDR circuit
proposed in this thesis. The CDR circuit of previous version only supports the single
operating rate of USB 2.0 at high speed mode. In the second version, it has the
improvement of wide operating range from 700kHz to 500MHz that can cover all
speed mode (High Speed, Full Speed and Low Speed mode) of the USB 2.0

specification.
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There are two added components in 2™ version of proposed ADCDR circuit, the
low frequency clock synthesizer (LFCS) to achieve the low area cost and wide
operation range, and the TDC Counter combined with the TDC-embedded DCO to

achieve the wide range TDC measurement.
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3.2 Wide Range Cyclic TDC-embedded
DCO

code[0] code[l1] code[61] code[62] code[63]

J

Data_T
TDC_Lock :3
Fine_code[3:0]

1

DCO Clk Fine Tune
B Delay Line
DCO_rst

DFF DFF

DFF

Sel[0]| Sel[1]] Sel[2] Sel[61 Sel[62] | Sel[63]
— U_‘ I\
0 0 0 0—1

—><» Cyclic_Count

TDC
> Counter

Coarse_code[5:0] ] Encoder [ Sel[63:0]
Al
code[63:0] +>| Decoder H" TDC_code[5:0]
Y .

lq_ o "'-\.- T o u- _,-

Fig 3.2 Proposed w1<\ﬂ: range Cychc "LD.F embec}(fed DCO architecture

‘;.

The proposed wide range c:irchc TDC el‘nbedde& DCO architecture is almost the
. |47 g
same with the former version exqs;gtr the number §§¥1UXS and DFFs is reduced to 63

to save the chip area occupation, and there is an additional counter (TDC Counter)

connected on the DCO, and it is used to achieve the wide range TDC measurement.

The difficulty of wide range TDC implementation is the number of DFFs is not
enough to quantize the long pulse width. To achieve the wide range TDC, the cyclic
concept is combined into the original TDC-embedded DCO. The TDC measurement
is completed within the first two data transition (Data_T). When the first positive edge
comes, the “0” beginning pass through the delay. If the input data rate is slower than
the minimum DCO frequency, then the “0” will pass through the entire delay line and
DCO begin oscillating. The TDC Counter deployed on the DCO is trigger by the

negative edge. Then, when the second positive edge arrives, DFFs samples the
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remained digit on the delay line which can not reach to trigger the TDC Counter. Then
TDC measurement is completed. The TDC measurement result is separated to two
parts, Cyclic_Count which output from TDC Counter and TDC code which encoded

from DFFs’ value (code[63:0]).

Assume that “K” is the value of Cyclic_Count, “M” is the value of the TDC code,
Tf is the delay of fine-tuning delay line (Fine Tune Delay Line), and 7Tmux is a delay

time of unit MUX. The input data rate can be quantized to two cases:
If LSB of code[63:0] is “0”

DataRate = (K —1)*(128Tmux + 2Tf )+ (64Tmux + Tf )+ M *Tmux  (3.1)

If LSB of code[63:0] is “1” yo "a\

Fig. 3.3 shows the example pfﬁne of the ca&:&?fg TDC measurement. In this case
‘i‘f’
the LSB of code is “0” and K is 10 and M is 39, 50 the proposed TDC quantize the

period of two data transition to the delay of
9*(128 +2Tf)+ 2*(64Tmux+Tf) + 39Tmux.

Fig. 3.4 shows the other case of TDC measurement. In this case the LSB of code
is “1” and the K is still 10 and M is 52. That the proposed TDC quantize the period of

two data transition to the delay of

9*(128+2Tf)+ 64Tmux+Tf + 52Tmux.

43



Data_T
DCO_CIk
Cyeclic_count[7:0]
TDC_code[5:0]1]
TDC_Lock

Fig 3.3 Operation waveform of proposed cyclic TDC-embedded DCO
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Period (ns)
6
— TT]

1 40 107 160 213 285 319 372 425 478 531 384 537 690 43 95 B40 O 955 1R
DCO Control Code

Fig 3.5 DCO delay line simulation with PVT variations

Table 3.1 Coarse/Fine stage range and step in PVT variations

i | &
a
i A
PVT Slow Case | .« Typical Case . Fast Case
corner e _\- ‘j_-x — =)
Step Rangé‘-.,l ] Slté 4—Range Step Range
Coarse T SE R 4
68 ps | 4854 ps | S52psi [+3665p§ | 57 ps 2850 ps
tune stage \ i !
— —t
Fine ,;:I,f}"; N Q“\-.;-;
7.6 ps | 124 ps 6.8 ps 103ps 59ps| 89ps
tune stage

Fig. 3.5 shows the DCO delay line of the Cyclic TDC-embedded DCO’s control

code versus period simulation with PVT variations, and the range and step of each

stage is shown in Table 3.1.
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3.3 Low Frequency Clock Synthesizer

3.3.1 Cyclic Delay of low frequency clock

synthesization

rst

Cyclic Delay
Counter

DCO Clk —»

DCO_rst

Cyclic_Count —>]

Path
Selector

% delay_

Cyclic

Cyclic_Count

Coarse Tuning
Delay Line

!

Coarse_Tuning_Code
[127: 0]

15
-'

DCO_Clk —™

| .| Fine Tuning

Delay Line

%

Fine_Tuning_Code
[3:0]

OUT_Clk

Fig 3.6 The proposed low flx/ quenc;/\Tock synthesizer architecture

ST

N

Fig. 3.6 shows the prag‘?éed low frequency cloclessynthesmer (LFCS). There is a

Cyclic Delay Counter trlggereq by IbC(D Clk as the gzychc delay cell and output the

Cyclic_delay signal. The Cyc1110,, df,lay passes throug'h the Coarse Tuning Delay Line

r

and Fine Tuning Delay Line and géhératé's the 'ompﬁ.‘t‘clock (OUT _CIKk). Therefore, by

combining the delay of the cyclic delay and the coarse and fine delay line’s delay, the
low frequency clock can be synthesized. The Path Selector can choose which path
should be select to be a recovery clock (Recovery Clk). Because if the input data rate

which is faster than the minimum frequency of the DCO_CIk, that the LFCS is not

necessary. Then the DCO_Clk is output as the recovery clock directly.
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The proposed LFCS can use the TDC measurement result to set the initialization
output clock (Recovery Clk) which is very close to the target data rate and can
achieve the fast frequency acquisition. As the former description, the input data rate is

quantized as the (3.1) and (3.2). So the recovery clock period should be:

Recovered Clock =(K —1)*(64Tmux +Tf )+ 32Tmux+Tf /2)+ M *Tmux/2 (3.3)

or

Recovered Clock= (K —1)*(64Tmux+Tf)+2*(32Tmux+Tf/2)+ M *Tmux/2 (3.4)

/|\

Fig. 3.7 shows the waveform of/ on freque.ncy clock synthesization. The Cyclic
Delay Counter generates ﬁ:b:e -;tran51t101r o‘f Cychc d&lay for X delay time. The
DCO_rst which is constructed"qy tfle opbration XN OR;‘:)etween Cyclic_delay, and the
low pulse of the DCO rst can",,reset and restart the DCO within several periods.

; ¢
Assume Y is the low pulse of D’é’@:rst, 'fﬁa’t'vve"céﬁ}‘adjust the Coarse Tuning Code
and Fine Tuning Code to adjust its width and adjust the OUT_Clk period. Then the

period of OUT CIlk can be synthesized to X+Y.

X X
Cyclic_delay
X+Y X+Y
OUT_CIk [ - |
DCO_rst -
y Y
\
v
Restart DCO

Fig 3.7 Waveform of low frequency clock synthesize
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Assume that the Cyclic TDC-embedded DCO output value Cyclic_count is K
and TDC code is M , Tmux is the unit delay of MUX, and 7f is the delay of
fine-tuning delay line. In the operation of low frequency clock synthesis, the period of
DCO_CIk is setting to half of the maximum period. Therefore, when the Cyclic
Delay Counter is counting to K, a transition of Cyclic_delay signal is generated, then

the delay time of X can be:

X = (k=1)*(64Tmux + T )+ 32Tmux+Tf /2 (3.5)

Then the value of the M/2 or M/2+32 is used to be the Coarse_Tuning Code, and the

delay time of Y can be:

Y:M*Tmux/2+f17! (3.6)
PN
Y =327 mux +M * T/ 2+If& (3.7)
ol i )
The period of OUT_Clk (X+X) canber— % *~
| ! = o .l-- ../;
IfLSB of code[63:0] is “0”: 7 "o wow o0

| L 1

NS
i N
X +Y = (K =1)* (64Tmux +Tf)+32Fimux +®-&Tmux/z +1.5%Tf (3.8)

If LSB of code[63:0] is “1”:

X +Y = (K =1)*(64Tmux + Tf ) + 64Tmux + M * Tmux /2 +1.5*Tf (3.9)

Finally, the OUT _CIk initial output clock frequency can be close to the input data rate
to achieve the fast frequency acquisition. In addition, there is a little mismatch
between (3.8) and (3.3). The mismatch also appears between (3.9) and (3.4). However,
the mismatch is quite small enough that can be eliminated with the flowing frequency

tracking of the lock-in procedure easily.
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3.3.2 Fast Reset Scheme on DCO

___________ |
Sel[O Sel[l] Sel[2] Sel[61] Sel Sel[63] |
|
DCO_Clk <— Hﬂ :
0 I
|
DCO _rst ! f
+_ _____________________ |
“o"

Fig 3.8 Long reset time for original DCO architecture

Because the proposed LFCS has the requirement of short reset time for the DCO.
So the DCO with fast reset scheme is proposed, and it will not to worsen the
resolution of delay line. This architecture is combined into the Cyclic TDC-embedded

DCO.
/ | S

The conventional work 1_1_159 is shown ~1n Flg 3.8 shows When the DCO _rst is

_.u-_,-

setting to “0”, the reset tlme\ﬁthat Value““l” reach‘ DCO #‘Clk is the half of the period
\. L i — '
I
relative with current control code It sp'éhd a 'Iot of t/ ime to wait the value “1” pass

H .
through the delay line in the coannﬂonal archltet.‘;qi{re

{;{F, i

Sel[O] Sel[l Sel[2 Sel[61] Sel[62] Sel[63]

DCO_Clk «—¢y 1
H_‘

DCO_rst

Fig 3.9 Fast Reset DCO architecture

Therefore, in this paper we proposed a fast reset scheme that is not need waiting
for the reset signal pass through the delay line. Fig. 3.9 shows the proposed fast reset

scheme implemented on the DCO part of TDC-embedded DCO.
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Sel[O] Sel[1] Se1[2] Sel[ 61] Se1[62 Sel[63]
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DCO_rst
“1" "1" "1"
\

“0”

Fig 3.10 Operation of fast reset scheme

Fig. 3.10 shows the operation of the fast reset scheme. When the reset signal
(DCO _rst) is setting to “0”, then the output node of the NAND gate is setting to “1”.
In addition, the MUXs are enforced to select the path which the value “1” can pass
through to their output. So that the fast reset scheme can reset the DCO entire delay

line very quickly. Because of the fas{ rdsé\&\cheme, the proposed LFCS can be

. - -,
achieved. il ¥F % . ]
Ere it e SR T Tl
R R '
'y [ i I !
", |_ ] _ ix"
7 . 5
[ L 1
I"". o - o .;
| )_{ﬁ’-.:" H\_t\\ [
2 & 9 '
{"‘.l:;"" _..-4"\..._ . "‘"-._\:}."'?'
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Chapter 4 Experimental Results

4.1 Test Chip Implementation
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=) S g2 2 > = > 3
13 VDDPAD_3
> VSSP.6 4
14 STATE[0] T
CDR_Circuit <1 TEST_MODE 3
15 VDDP_2 [ K1 VDDP_5 2
16 CLK_GEN_OUT [ RECOVERY_CLK 1
17 VSSP_3 < 1VSS_7 32
Pattern_Generator Clock_Generator
8 DIV > RESET 31
19 STATE[1] LFSR DCO < JVSSp_2 30
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Fig 4.1 Test chip floorplaning and I/O planning

Fig. 4.1 shows the proposed ADCDR circuit floorplaning and I/O planning,
There are 14 1/O PADs and 18 power PADs. The detail I/O description is shown in
Table 4.1. The test chip contains the first version of the proposed ADCDR circuit and
there is a on-chip clock generator (Clock Generator) to generate the 480MHz clock to

trigger the pattern generator (Pattern_Generator) and output the USB 2.0 format data
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pattern to the proposed ADCDR circuit. The clock generator which implemented with
the DCO has the rage of 300MHz to 500MHz to cover the USB2.0 high speed mode
operation frequency (480MHz), and the DCO is controlled by the off-chip input
(CLK_GEN_CODE]J3:0]) that can adjust the clock generator output clock coarsely.
The pattern generator (Pattern Generator) generates the 32 bit SYNC pattern and data
pattern with stuff bit in every 6 consecutive identical digits data by using the linear

feedback shift register (LFSR) with 2’-1 pseudo random binary sequence (PRBS).

Table 4.1 I/O PADs discription

CLK GEN OUT 1 bit Clock of USB 2.0 data pattern generator
RECOVERY CLK 1 bit CDR Circuit recovery clock
STATE 2 bit Stageof Circuit Condition

/GERF(}ifquit’s input data generated by USB 2.0

TARGET DATA 1 bit ,
- ~| data-pattern generator

-‘_'fAdjusrt-the"__o'p chip clock generator to 480MHz
CLK_GEN CODE 4bit - fcll_ock'grqj\é.ide tp"U SB 2.0 data pattern

L 1
L, | gencrator ¢

LFSR_MODE 1 bit 0 Normal Case
Worst Case
0 Output the CLK GEN OUT and
- RECOVERY CLK
TEST MODE 1 bit =
- { Output the RECOVERY CLK and
TARGET DATA
) 0 Output normal RECOVERY CLK
DIV 1bit
Output RECOVERY CLK/8
RESET 1 bit System reset
CLK _GEN_RESET 1 bit On chip clock generator reset
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Fig 4.2 microphotograph G’Trthe test chip ofbproposed ADCDR circuit

Fig. 4.2 shows the microphotograph of the test chip. The test chip is fabricated
on the standard performance 65nm CMOS process. The chip size is 644um”and the
core size is 150um®. Whole chip is composed of the testing part and proposed
ADCDR part. The testing part contains the Pattern Generator and the Clock Generator.
The ADCDR part contains TDC-embedded DCO, Dual Mode PFD, Controller, State

Machine and Loop Filter [28].
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4.2 Test Chip Measurement Result

File Control Setup Measure analyze Utilities Help 12:56 AM

1,00 kpts

o
i BN
(a) Jitter histogram of the recovéted cloek in 526MHz and output is divided by 8
o . A
Erellime. w0t Tmm R e LaeZhe
File Confral Setup Measure Analyze Utilities Help 1:17 &M

Peak 1.8

(b) Jitter histogram of the on-chip clock generator clock at 5>26MHz and output is

divided by 8

Fig 4.3 The jitter histogram of proposed ADCDR circuit
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Fig. 4.3 (a) show the jitter measurement result of recovered clock of proposed
ADCDR circuit recovered clock at 526MHz. Because of the speed limitation of I/O
PADs, so the recovered clock is divided by 8 then outputs. The rms jitter is 15.13ps,
and the peak to peak jitter is 101.82ps. Fig. 4.3 (b) is the jitter measurement result of
on-chip clock generator, and it’s also divided by 8. The rms jitter is 7.47ps and peak to
peak jitter is 63.64ps. The proposed ADCDR circuit can tolerance for input jitters and

still operates correctly.

Because of the divider would influence the jitter performance, so the jitter
performance of recovered clock and on-chip clock generator in 325MHz which is
without the clock divider is tested, and :ch? result is shown in Fig 4.4. Fig 4.4 (a)
shows the rms jitter of proposed AD(}Dﬂ Jlﬂl\i‘&lﬁ recovered clock is 12.41ps and peak
to peak jitter is 90.91ps. F 1g;-4 4/ (b) s]:mws {he on- cﬁfp ¢lock generator output clock

B R .r*“*
rms jitter is 7.57ps and peak tohpeak ]1tte|r is '5'(')'91ps '
\ Py

-.-....

The divider influence is §hown'*iﬁ"F.i-g. 44 jc) and (d). The case of jitter
4 '

performance of the 325MHz A{I]'if?DR “Circuit Teﬁt;i/ered clock and on-chip clock

generator output clock divided by 8 is tested. Fig. 4.4 (¢) shows the recovered clock

with rms jitter is increased to 25.25ps and peak to peak jitter is increased to 167.27ps.

Fig. 4.4 (d) shows the on-chip clock generator output clock, the rms jitter is increased

to 10.6ps and peak to peak jitter is increased to 80ps.

As the measurement result is shown, the operation range of proposed ADCDR
circuit is 325MHz to 526MHz, and its cover the operating frequency of the USB2.0

high speed mode at 48§0MHz.
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(a) Jitter histogram of the recovered J&Q*RQ 325MHz without the output divider
i 5

File  Contral 1:46 AM

(b) Jitter histogram of the on-chip clock generator output clock 325MHz without the

output divider
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(d) Jitter histogram of on-chip clock generator output clock 325MHz and output is

divided by 8

Fig 4.4 The jitter histogram of proposed ADCDR circuit
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Fig 4.5 Wa%xe‘fof'm of recavery clack and}data pattern

e

'\_ || '_l_

Fig. 4.5 shows the waveform of reclmery tlock qﬁ'd data pattern in 325MHz
H e
The 325MHz recovery clock 1§‘ f,dlrectlyxputpﬁ:tt\from I/O PADs directly. In the

proposed ADCDR, the negative edge of recovery clock is used to trigger the DFF to
retime the input data as the recovery data. In Fig. 4.5, the arrow is point out the

sample node of input data that the negative edge of recovery clock sampled.
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4.3 Final Chip Implementation
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Fig 4.6 second version chip floorplaning and I/O planning
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Fig. 4.6 shows the floorplaning and 1/O planning of final chip of 2™ proposed

ADCDR circuit. There is an additional programmable divider to supply the low

frequency clock to achieve the wide range testing. The DCO will supply the 1GHz

clock and divided by the programmable divider to generate the SOOMHz, 100MHz,

10MHz, 1MHz clocks. The programmable divider supply the mode for divide by 2,

10, 100 or 1000 controlled by the off-chip input DIV_CODEJ1:0]. The other detail

I/O PADs descriptions are shown in Table 4.2.

59



Table 4.2 1/0 PADs description of 2nd chip

DIV_CODE

CLK _GEN _OUT 1 bit | Clock of USB 2.0 data pattern generator
RECOVERY _CLK | I bit | CDR Circuit recovery clock
LOCK 1 bit | System lock in
.| CDR Circuit’s input data generated by USB 2.0 data
TARGET DATA 1 bit

2 bit

pattern generator

Adjust the on chip clock generator frequency for
500MHz to 1MHz by adjusting the divider counter.

CLK_GEN_CODE

4bit

Control code of on-chip clock generator

0 R‘a11tlom Mode
15N

TEST MODE 1 bit E
“ ~ | Worst césewgB Test Mode (SPEED_MODE
b =-'1)\ N e
T 4
N )
0| SYNC Pajiern= 7
SYNC MODE 1 bit
%15 | SYNC Patter = 32
s " ]
i Y
0 Gated TARGET _DATA
OUTPUT _TYPE 1 bit
1 Gated CLK_GEN_OUT
.| Turn on the divider for RECOVERED CLK/8 and
OuUT DIV 1 bit .
- CLK _GEN_OUT/8 for high speed mode measurement
RESET 1 bit | System reset
CLK _GEN_RESET | 1 bit | On chip clock generator reset




4.4 Full Chip Overall Simulation
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Fig 4.7 System simulation of 1}0}1(&\(1 ADCDR circuit in 480MHz

Fig. 4.7 shows the post _le}y-oﬁ’f 51m1_11-a¢10n Wavgform of the proposed ADCDR
circuit in operation speed G‘f USII32 O‘f:ﬁgh sli)eéd moft‘e Because of the data rate
(480MHz) is faster than the n;lmmum tlmquent:y of C§chc TDC-embedded DCO, so
the Cyclic_Count is 0 and the LFl’ﬁS’,ds not operatt;}g {so the synthesizer code[10:0] is
11°b0) and the TDC-embedded {]SJEO clock is output as the recovery clock directly.
The TDC_Value is 56 and after encoding and sending to the ADCDR controller as the
dco code initial value 281. The UP/DN pulse is sending to the ADCDR controller to
adjust the dco code and adjust the TDC-embedded DCO clock frequency for
frequency tracking in the 32 continuous data transitions (data_t) of the USB2.0 SYNC

pattern. Finally, the frequency and phase acquisition is completed and lock-in within

40ns.
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Fig 4.8 System simulation of proposed ADCDR circuit in I00MHz

Fig. 4.8 shows the post layout simulation waveform of proposed ADCDR circuit
in operation speed of 100MHz. After the TDC measurement the Cyclic_count is 2,

A
greater than 0. That means the LFC?A{usJ b‘e\u\sed to synthesize the recovery clock.

e

Then, the dco_code is reduo@,cil-t'(‘;/:the

[

L= e T T
half.of the maxiniunyand the synthesizer code is

__...:'_:.,'-o-:_"':-

a ——

-

used to control the LFCS to adjust the relcov'_ery| clock. Einally whole system is lock-in

within 310ns. - L W
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Fig 4.9 System simulation of proposed ADCDR circuit in 12MHz

Fig. 4.9 shows the post layout simulation waveform of proposed ADCDR circuit
in operation speed of USB2.0 full speed mode. The Cyclic_count is 15 measured by

TDC and the lock-in time is 2.4us.

62



4.5 Bit Error Rate measurement in RTL

Behavior Model Simulation

BER Bit Error Rate Measurement
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(b) BER performance of AGCID in 12MHZ
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Bit Error Rate Measurement
BER ________________ T T T

IMH -6- AGCID on |
(IMHz) | s aaciDoit

102}

<1072 : - .
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pk-pk Input Jitter (ns)

(c) BER perfo;ﬁﬁaflv}aq)f AGCID in IMHZ

."
Fig 4.10 Input jitter tplerarflce of BER performance Wlth AGCID scheme

E"- T . _,-o-"

As shown in Fig. 4. 10\(@) whi:n the proposed ADCDR circuit operates in the
USB2.0 high speed mode, and the AGCID sche’me 1S ;:rurned off, BER (Bit Error Rate)
is less than 107" until the input éﬂﬁ jitter-is. llarg_%__:c;han 100ps. When the input data
jitter is larger than 100ps, BER performance is beginning get worse. However, when
the proposed ADCDR turns on the AGCID scheme, the jitter tolerance is improved,
when the input jitter is 150ps, and the BER is still less than 10™'2. The Fig. 4.10 (b)
shows the proposed ADCDR circuit operates in the operation speed of USB2.0 full
speed mode of 12MHz. The input jitter tolerance of BER performance is improved
from input jitter 8ns to input jitter 9ns by turning on the AGCID. The Fig. 4.10 (c)
shows the proposed ADCDR circuit at IMHz achieves the input jitter 11ns and the
BER is less than 102, The AGCID scheme turns on and the input jitter is improved to

12ns and the BER is still less than 1072,
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4.6 Chip Summary and Comparison
Table

664 m

Fig 4.11 Layout of 2" version of proposed ADCDR circuit

Fig. 4.11 shows the layout of the 2" version of proposed ADCDR circuit. The
chip is implemented on standard performance 65nm CMOS process. The chip size is
644pum” and the core size is 150um®. Except the proposed ADCDR, there are
additional testing circuits in this circuit. The pattern generator (Pattern Generator)
occupies 1479um’ and the clock generator (Clock Generator) occupies 230pm?,
respectively. In addition, the power consumption of the testing circuit by the pattern

generator is 0.213mW in 500MHz, and the clock generator is 0.155mW in S00MHz.
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The operation range of proposed ADCDR is from 700kHz to 500MHz, that can

cover all speed modes of USB 2.0 specification.

The lock-in time of proposed CDR is less than 32 cycles in 480MHz that means
the lock-in procedure can be completed within the SYNC pattern of USB 2.0 packet
in high speed mode. In addition, the resolution of the wide range cyclic TDC is small
enough to the USB 2.0 full speed mode (12MHz) and slow speed mode (1.5MHz) that
the initial phase error between data transition and recovered clock is less than 90°,
thus the proposed ADCDR circuit can recover data correctly within the short SYNC

pattern in full speed mode and slow speed mode of USB 2.0.

The input jitter tolerance of proposed ADCDR is already achieved the pk-pk
150ps (86% UI), in USB 2.0 high sp,ee/ r\lohb,\ 9ns (80% UI) in USB 2.0 full speed

mode and 12ns (96% UI) m—UgB 2 Of slow\ S]geed m\bdeﬂ The component inside the

Erea M
e .

transceiver analog front shown in |Fig |1 .8 'S'u'qh ltke eguahzer can be used with the
e ix"
proposed ADCDR and achieve the recerver Sen31t1V1:t'y requirement of input data eye

pattern of 70% UI which is showéj;n Fig. 1:7. :‘_\:%__L-_;

The performance of proposed ADCDR and comparison with related works of

clock and data recovery circuits are shown in Table 4.3.
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Table 4.3 Comparison table

[16] [17] [26] [15] (2] [25] .
Version 2.
ASSCC’07 | TCAS-I'06 JSSC’06 TCAS-II’09 | TCAS-II’08 | Version 1.
Process 0.13-um 0.35-um 0.18-um 0.25-um 0.18-um 65nm 65nm
180Mb/s~ 200Mb/s~ 155Mb/s~ 140Mb/s~ 700Kb/s~
DataRate| 3 5Gpys 2Gbs 3Gbrs 1.8Gbs 480MHz | 480MHz | 56001/
Operation| Continuous | Continuous | Continuous | Continuous Single Single Continuous
Rate Rate Rate Rate Rate Rate Rate Rate
CDR 4X 4X 4X 14X Blind Full Full
Type Multi-phase | Multi-phase | Multi-phase | Multi-phase |Over-sampling Rate Rate
Area 0.55mm’ 0.4mm’ 0.88mm? 2mm? 0.185mm* | 0.0255mm” | 0.0255mm?
Supply 1.2V 3.3V 1.8V 2.5V 1.8V 1.0V 1.0V
2.63 mW
140 mW L’ (500MHz)
» (3:2Gb/8) 1 170 mw 9{ mWs| 3425mwW | 8$2mW | 1L73mW | 173mW
ower 75 W (2Gbs) | § (3Gb/s) . (Receiver) | (480MHz) | (480MHz) | (150MHz)
i P T,
(180Mb/s) - Lt ;\ 9 '&._”3 0.54 mW
Eriiae S, gt (1MHz)
— o P
14 ps 586 ps. 64 ps . ;; 15 ps
3. 2Gb/s) (2Gb/s)'? (3Gb/s) 1 4{96 S (526MHz)
Jitter rms _ a iGbI/)s) N/A N/A
138 ps 18.8 s"x E §ops [ (F 12.41 ps
(180MHz) (200Mb/s)| 3 (155Mb/s) ":';\ . (325MHz)
{..-i_l: -\..__‘Ei.'r-
116 ps 41.8 ps 48.9 ps 101 ps
Jitter (3.2Gb/s) (2Gb/s) (3Gb/s) (526MHz)
N/A N/A N/A
pk-pk 700 ps 120 ps 467 ps 90.91 ps
(180Mb/s) (200Mb/s) (155Mb/s) (325MHz)
40 ns
(500Mb/s)
12 ps 7.5us 310 ns
Lock-in (3.2Gb/s) 30 us 50 s (1.8Gb/s) Zero 40 1s (100Mb/s)
Time 9.5 us (1Gb/s) (3Gb/s) 8 pis lock time (500Mb/s) 2.4 us
(200Mb/s) (140Mb/s) (12Mb/s)
25 us
(1Mb/s)
Reference
No No No No Yes No No
Clock
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Chapter 5 Conclusion and Future

Works

In this thesis, the referenceless continuous rate ADCDR with the short lock-in

time and wide operation range is proposed

The Cyclic TDC-embedded DCO is used to measure the input data rate that the
initial recovered clock frequency can be close to the target data rate to achieve the fast

frequency acquisition within the SYNC pattern of USB 2.0 packet.

The proposed cyclic concept of thpﬁ’f:]]TI)!\C\makes the DFFs on the delay line can
be reused and achieve the w1deﬂran;e TDC measm@lent Besides, the cyclic delay
concept of the low freque;ﬁcy cl?ck _r'};r-lthes}s “mak%r‘:[he wide operation can be
achieved and not increasing th; area occupatrl'oﬂ y )

TR I
LN :
A ] .
The proposed ADCDR doe@g’t; need ,t~hc__ muﬁ%gpase over-sampling scheme. The

design complexity and the cost are both reduced.

The dual mode phase detector achieve both of the SYNC pattern phase and
frequency tracking and random data pattern phase tracking. The scheme of adaptive
gain in consecutive identical digit improves the input jitter tolerance and the bit error

rate performance.

For this ADCDR, the test chip of version 1 is taped out to verify the proposed
methods. This version is designed only for the operation speed of USB2.0 High Speed
Mode (480MHz). The test chip is fabricated in UMC 65nm standard performance

CMOS process and the core area is 150um> 150um.
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CDR circuit is widely used in the high speed serial data link. However, there is a
problem of Electromagnetic Interference (EMI) exist. The EMI would cause the
disturbance of the transmission data. The conventional solution is the metal shielding,
but this solution is requires a high cost. Therefore the technique of spread spectrum is

proposed [32] for the EMI reduction.

Therefore, if the transmitter uses the triangle modulation to generate the spread
spectrum clock, the output data rate would be continuous changed with a regularly
pattern. The tracking ability of CDR circuit must be enhanced to tracking the
changing data rate and keep the robustness and the bit error rate performance. At the
present stage the proposed AGCID scheme can be used to enhance the CDR circuit
tracking ability, but it’s still encounter tbéililr!h@tion on the high modulation frequency.

{,"
l“ I‘I . .
We hope to find the novel methed to increase the>CDR circuit performance on the
Lo o e

E_:::_':_-:-... Lt TEmmR R -';-F':"r
spread spectrum issue in the future. 7= % I.a*‘*
Vool r P f
“-Ip o - . o : A
[ o ]
vV o
-i,le_:f{; S Q}i I
fr . A e
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