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ABSTRACT

Low cost, high performance clock generators are required in high speed 1/0 interface and
wireless communication receivers. The conventional clock generation is based on
Phase-Locked Loop (PLL). The Oscillator in a PLL by using LC-tank, which achieves high
phase noise performance is needed in high-quality wireless communication systems, but it
comes with the cost of area and power consumption and the frequency multiplication factor
cannot be changed once the LC-tank value is chosen. The ring oscillator for integrated PLLS
has the advantages of less complexity and easiness to integrate, and thus becomes one of the

most popular oscillators. Unfortunately, the phase noise of ring oscillators is inferior,



impeding its use in high-quality communication systems..

Clock generation by Delay-Locked Loop (DLL) is adopted to achieve lower clock jitter
than PLL because of no jitter accumulation. Furthermore, it occupies smaller area due to a
simpler loop filter. Recently, DLL-based clock generators and a local oscillator have been
proposed to overcome the difficulty of frequency multiplication which utilize the several
inherent advantages of DLLs over PLLs. We design and analyze a DL L-based clock generator
that achieves a 0.5X-based frequency multiplication factor up to 4X and provides the output
clock frequency operating range from 150MHz to 1200MHz. Furthermore, the clock
generator achieves fast clock frequency scaling in one clock cycle under the situation: the
multiplication factors of 0.5X, 1X, 2X, 4X or 1.5X, 3X are chosen. The chip has been

fabricated with TSMC 0.18um 1P6M CMOS technology.
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Chapter 1
| ntroduction

1.1 Motivation

Integrated circuit technology has been developeddueral decades and widely used to
a variety of applications. The development of indégd circuit technology aims to save the
cost, ie, area. This is an era of VLSI. Especidly]OS integrated circuit technology has a
benefit of power saving, and is sduited for semicmor integrated circuit process scaling,
thus becomes the most popular process-nowadayfogaad digital circuit design based on
CMOS technology is the main‘stream.

The clock generator is required for wireless: comication systems, microprocessors,
and other clocked control circuits. The clock gatien based on DLL is proved to achieve
better jitter performance in [1][2]. In this thesige developed a kind of DLL-based clock
generator with dynamic frequency scaling abilithhieih can be applied to the circuit system
with programmable clock frequency domain. Recenslgme works in microprocessor
system [3][4] have been adopted with dynamic vdtamd frequency scaling (DVFS)
technique to effectively achieve low power unddfedent operation conditions, and our
work can be directly apply to these systems. Mogedlvan other clock generators, our work
achieves fast clock frequency scaling with one eyatency, which is a better choice for
some clock and data recovery applications and dim&mquency scalers for low-power

microprocessors.



1.2 Thesis Organization

This Thesis introduces the basics of DLL and teaiof clock frequency multiplication.
Finally, a DLL-based clock generation for dynanrequency scaling is implemented in detalil.
The thesis is organized as follows:

Chapter 2 begins with the brief introduction ofetltlock generation between
PLL/DLL-based methods from the system view. We atiscuss the applications of
DLL-based clock generation. Finally we introduce thasic building blocks of the clock
generator.

In chapter 3, we describe the mathematic equaitnahlinear model of DLL. We discuss
the open loop as well as close loop characterifticsletermine the system parameters, and
we build a behavior model. Jitter analysis is'dised. Finally, the implementation of DLL is
present.

In chapter 4, we discuss-the multiplication- metlaodi a 150MHz~1200MHz clock
generator for dynamic frequency.scaling is desdrilb@nally, the simulation result is shown.

Chapter 5 begins with the I/O".consideration. Thiea layout consideration for the
minimization of mismatch is discussed. The expenimesults and the test setup are shown.
Finally, we sum up the reason of the chip failurd propose the solution.

Chapter 6 gives the conclusions to this work, molw the DLL-based clock generator is

designed. Suggestions for future works are recomdetkat the ending of the thesis.



Chapter 2
Clock Generator Overview

2.1 Clock Generation Specification Parameters

In this section will introduce the specificationrganeters for the clock generator.

&€ Timing jitter: A measure of the clock generatorfpanance. The rising and falling edge
departure of the clock from its ideal position.

& Multiplication factor: The frequency multiplyinggability for the clock multiplier.

€ Tuning range: A wireless transceiver uses predeffreguency bands to transmit and
receive. The tuning range is.a measure of the &ecyisynthesis capability.

& Integratability: A measure of how well the circaén be intergrated. The bottleneck in
high-quality PLL/DLL synthesizer design'is the hi@hinductor and the loop filter
capacitance.

€ Power consumption: The power consumption is asaswossible especially for portable

telecommunication systems.

2.2 Clock Generation

2.2.1 PLL-based Clock Generation
The general architecture of PLL is illustratedrig.2.2.1. The reference signal compares

with the frequency divided signal of VCO.



Reference | Phase | control
g & "| Generation
_|Frequency
" Detection .
Output Clock
VCO — >
Divider |«
Fig.2.2.1 PLL

2.2.2 DLL-based Clock Generation

The DLL can be generally categorized by two typesording to their jitter transfer
characteristics [5] (see Fig.2.2.2). In a Type ILDthe signal is compared with its delayed
version. This architecture is widely used in DLLsbd frequency synthesizers, multi-phase
clock generators, and clock deskewing'circuitsa Ifype Il DLL, the signal is compared with
the delayed version of another elock source. Tiohitecture is widely used in DLL-based

clock recovery circuits.

Type I
P »| Phase | Control
»| Detection "| Generation
L 4
Reference Output Clock
® »| Variable Delay p—a@ >
Type 11
Reference »| Phase .| Control
»| Detection "1 Generation
L 4
Clock source Output Clock
»| Variable Delay e >

Fig.2.2.2 Type | and Type |l DLLs.



2.2.3 Comparison of PLL/DLL-based Clock Generation
The comparison of PLL and DLL are listed below:
& PLL
- VCO has jitter accumulation.
- Higher order system, can be stable and haresmd.
- Costly to integrate loop filter.
- Performance is less reference signal dependent.
- Easy frequency multiplication.
¢ DLL
- VCDL has no jitter accumulation.
- 1% order system, always stable and_easier to de@iggeneral case)
- Easier to integrate loop filter:
- Performance is referencesignal dependent.
- Difficult frequency multiplication.

- Limited locking range. (Harmonic locking)

2.3 DLL-based Clock Generator in Different Applications

The PLL-based clock generation is not the onlytoh for the low cost and high
performance LO in the communication systems. Thé-Dased clock generator is developed
to achieve better phase noise. In addition, the dbaked clock generator for frequency
scaling goes along with energy-efficiency. The @reacy scaling scheme is applied to
different operate mode for more power-efficiencynagement. In this section will introduce
recent DLL-based clock generation applications.

2.3.1 A 900-MHzlocal oscillator using a DL L -based frequency multiplier technique for
PCS applications[2]

In this work, the idea of utilizing the DLL-bas@tbck generation to synthesize the



carrier frequency for a monolithic CMOS local okxtir is proposed. An edge combination
technique is first introduced in the DLL. The exp®nt results show that a level of phase

noise performance with the DLL-based approach @nded for the difficult AMPS/TDMA

standard.
RF Filter
I e i 88""" 1 @ @ [ Channel Select
=5 DI 10Q ---l—-b- ® @ [ Filteringat
Baseband
I Q
L] L]
H Fixed- ‘ Variable-
E Frequency | 3 Frequency
' LO, ’ LO,
(R

Fig.2.3.1 DLL-based frequency multiplier for PC$bqations
2.3.2A0.2-2 GHz 12 mW multiplying DL L.for.low-jitter clock synthesisin

highly-integrated data communication chips [6]

N & N\ g N
<= i TS XXX X T >
4 4
Ref _— Clock Ref _— Clock Multiplier <
Clock Multiplier Clock and Recovery

Fig.2.3.2 Basic components of a high-speed sefal |
High-speed serial 1/0 links are replacing tradhfb parallel buses as the bandwidth
demand of computer and digital communications camepts continues to grow. The jitter
performance of the clock generator directly infloes the data transmission. A multiplying
DLL architecture with programmable frequency muditigtion is first proposed. The
experiment results show that the excellent jitenfgrmance in a quad SerDes block.
2.3.3A 2.4-Gsample/sDVFS FFT Processor for MIMO OFDM Communication Systems

6



[4]

Since in a system point of view full MIMO streanm® anot always need depending on
the channel condition and data rate, the FFT pemceer MIMO OFDM systems is desired
to optimize the power consumption for all operatioodes. The dynamic voltage and
frequency scaling (DVES) is an effective technigumescaling both voltage and frequency to
optimal values depending on the processing needsoW using PLL-based clock generation

scheme, the divider based clock generation is &ligito satisfy the fast response time

requirement when the operation mode changes. $nvtbik, %fdk, %fc,k, %fdk, and fg,

is required. If the jitter performance is critical, DLL-based clock generator for dynamic
frequency scaling that achieves the requiremenesgponse time, frequency multiplication,

and better jitter performance will be a-solution:

1 RF » ADC || Filter | >
E' RF » ADC “|| Filter | —>
E' RF [—> ADC || Filter [ —
» [\
T 20 | 4
> o) =3
| RF » ADC Prier—= & P O
=} O ||epskis-Qam| ] FEC
I > = @ De-modulation Decoder
RF » ADC | Filter = = | 8
> S S
T 30| e
I > . — =
RF » ADC > Filter [ —>
T N
1 RF »| ADC _;-» Filter | —
Z. Wideband _ | wideband > . Clock
RF » ADC > Fllter =] gen. =]
r Model:1~8 stream MIMO
(from ADC)
»| DEMUX Mode2:High speed
(from DEMUX)

Fig.2.3.3 Block diagram of multi-mode MIMO OFDM seer.



2.4 Introduction to Clock Generator building blocks

2.4.1 Phase Detector

The phase detector is used to generate the piféeyente message of the input signals.
Basically, three flavors of phase detection exstalog phase detector of multiplier performs
a mixing operation on its input signals and theitesy DC output is a measure for the phase
error. The second type is digital phase detectns;ch are implemented using XOR gates or
Flip-flops in a sequential way. The third type isape-frequency detector, which provides
both phase and frequency differences information.
2.4.1.1 Analog Phase Detectors

As shown in Fig.2.4.1, the two sinusoidal inputé, -cos@t+¢(t)) and

A, -cos,t +8,(t)) are multiplied resulting in outpuv,, :

Voo = 2% (cos{(c - ,)t + 6,0 - 6,01 4098[(@ #@.)t + 6,0+ 6,(0)

= App * (COS[(@); - wy )t + G(1) - G, (D)] + Cos[(ey + w))t + 6,(t) + 6,(1)]) (2.4.1)
When both signals are in the same frequenty, in Eq. (2.4.1) is reduced to

A, cos@,(t) - 6,(t)), where the sinuseidal-term indicates the phaderdiices, and the
unwanted sum-component is filtered out by the l@asspresponse.

The analog phase detector is especially usefudgplications where the reference
frequency is too high for other circuits and whitre loop bandwidth is sufficiently narrow to

effectively suppress the unwanted signals.

N - > .
v, )

LP

V2

Fig.2.4.1 Analog Phase Detector

2.4.1.2 XOR Phase Detector



An XOR gate can be used as a phase detector amshoFig.2.4.2, where ¥ is
donated as the average value of output, whichap@tional to the phase differenég and

can be written as

Y, =K,6, (2.4.2)
K, =Y (2.4.3)
T

where Ky is PD gain and Y is the supply voltage.

The linear operating range is radians. The problem arises when both inputs are
asymmetrical (see Fig.2.4.3); In that case theuwwtjgnal gets clipped aroune/2 andn/2,
reducing the loop gain of the PLL and DLL and thues locking capabilities. The poor phase

detection range is also a limitation to the appidces.

Fig.2.4.2 XOR PD

YErr A — Ideal
— Asymmetric

4
(K4

L] L] ,:;' = > ed
8:0.51 . 1.5m .5 21

B Linear

______ ... e i >

Fig.2.4.3 XOR PD with asymmetric input & Transfeur@e

2.4.1.3 Flip-flop Phase Detector
A phase detector using a JK flip-flop is showirig.2.4.4. J set Q to high, and K reset Q

to low. The relation of ¥ to 64 is given by Eq. (2.4.4-5). The linear operatingg® of this

9



phase detector is a full reference cycle and iseced aroundtn radians, which is doubled
compared to the XOR PD. Also, SR flip-flop can abtdhe same phase characteristic. The

flip-flops are sensitive to reference spurs.

Yy =K., (2.4.4)
Y

K, =— 2.4.5

Y (2.4.5)

>] Qp—

|~ I~

FF
(a)

le— Lingar range —»

(d)

Fig.2.4.4 (a) JK-FF. ()4=0. (c)64>0. (d) Transfer curve.
2.4.1.4 Phase-Frequency Detector
Typically, the phase-frequency detector is a setiglelogic with phase and frequency
detection abilities. The operation of PFD is shawrFig.2.4.5. The relation of ¢ to 64 is
given by Eq. (2.4.6-7)Up andDn control the charge pump operation. The linear ey
range of this PFD is®radians. However the PFD suffers from a dead poolelem near zero
phase difference resulting in wrong function. Tledagt buffer is inserted in the reset signal

path to eliminate the dead zone with trade-ofh@rieduced operating range.

Y, =K,6, (2.4.6)
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K,=— (2.4.7)

Up state

Initial state

Up=0

B G
n=

B
= >Clk Dn i/_ Down state A_/_

|<7 Linear range ==y
(c)

Fig.2.4.5 (a) PFD. (b) State diagram. (c) Transteve.
2.4.2 Charge Pump
The basic concept of the charge pump is to chargdischarge its output load (see
Fig.2.4.6). The current mismatch phenomenon is oidable, and is induced by charge
sharing caused by the parasitic capacitance insnpdaend n, leakage currengs turrent

variation due to changes ofiy/process variation.
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Fig.2.4.6 Charge pump

2.4.3TheLoop Filter

The proper order of the loop filter is chosen ep@ess the noise of the control signal
and to ensure the loop stability.’Fot-drder. DLL, & simple on-chip passive capacitor is
chosen to implement.
2.4.4 The Voltage Controlled Delay Line

The voltage controlled delay line (VCDL). offersetilesired delay range for different
clock frequency applications. Unlike ring VCO, VCDloesn't have jitter accumulation
problem since there is no feedback path to enhtrecgtter. Multi-identical stages are usually
for multi-phase generation, and the delay mismataach stage degrades the phase precision.
The differential delay cell (see Fig.2.4.7) in [Bps high linearity, and the swing is
well-controlled by using replica-bias control scheemvhile achieving process-independent

bandwidth tracking. However, this differential detzell consumes static power.
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Fig.2.4.7 differential delay cell

2.4.5 The Edge Combiner

The edge combiner is triggered by the multi-preigeals and then generates the signal
with frequency multiplication of-reference| clockarge internal parasitic capacitance limits
the speed of the edge combiner, which confinesntgimum operation frequency of the

clock generator.
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Chapter 3
An Adaptive-bandwidth Mixed-mode

Delay-L ocked L oop

3.1 Delay-L ocked L oop Fundamentals

In order to observe the loop dynamics, the DLL d¢@nanalyzed by mathematical
equation, linear model, and behavior model.

3.1.1 Mathematical Basis and.Linear.Modé€
PD+ CP -lLioop Filter VCDL

(DIN >

E

The f'order DLL block diagram is illustrated in Fig.3l1Based on the control theory, a

[p/21 == “1/sCEF—> Kvcpr > Oour

Fig.3.1.1 Basic DLL block diagram.

DLL can be written as eq. (3.1).

Poor .1 _ 1 (3.1)
cDIN 1+; 1+i
| cp KyeoL Wy
2rrC

where v, corresponds to the close loop 3dB cut-off freqyeoicDLL. This is a one pole

system, thus always stable.

3.1.2 Behavior Model

Using Matlab Simulink to build behavior model (déig.3.1.2) can help us to handle

14



truly situations of circuits, and the non-ideabtisuch as PD switching timing mismatch, CP

current mismatch, delay cell mismatch, and so on.

B an
ML i
Ref Osc ref u
300 MHz e
dnb
uph
ICLR

P
wetd
wss

t l‘F‘F
=

Scopel = fbe Charge pump
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Scope?
— Gz @
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-
4
|
Ll
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Spectrum Analyzer fbe " ¥ Ramp
Fe= 0.00 MHz ™ pectral "EF P
Bhy=3200.00 MHz pel Sz 0%
RF Spectum Analyzer(lmage Reject) ‘l:l . I" L et g
}47 elay
Celay Display WCDL
This model d strates that chaotic behavior can occurin DLL

Fig.3.1,£rﬁt'ordgf;ﬁ[-_t.'ﬁl;§;he{’vjor model.
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=

Fig.3.1.3 Loop dynamics of DLL.
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The simulation results show that the loop is &ahlthe time domain of view at the
target reference clock frequency 300MHz.
3.1.3 Jitter Analysis
& DLL output jitter dueto delay cell mismatch [8]

The delay of the individual stage is given by:

d; = {1+ (Vo )} i rinsic (3.2)
where ¢ is the delay of delay cell number i(\gy) is a random variable,iginsic is the
intrinsic delay of each delay cell. The variableissassumed to have zero mean. This is
reasonable since any common change of delay icdligeis removed by the loop.

When the DLL is in the lock state the delay ofagetell number i is given by:
l+e

di = Tref Nl (33)
M+> e
i=1
where T is the reference clock*period, and M‘denotes ey stages.
The systematic jitter on thrath tap.can be expressed by:
. m+> g
Atm = Z di _%Tref = Tref (—T/::. _%) (34)
i=1 M + Z q
i=1
The variance is given by:
m(M —m
o, =E{(At,)7} =Tz MMM 5o 35)

M 3 q
The highest variance aft,, appears for m=M/2. This is reasonable becausdirie
error is zero on the first and last taps by theloontrols. Therefore, the highest uncertainty
appears in the middle stage of VCDL (see Fig.3a))4(

& DLL output jitter dueto delay cell noise

The jitter due to delay cell noise is a randomritigtion with an arbitray variance of

O, - The DLL output jitter due to delay cell noiseagproximately equal to the stochastic

16



jitter of the uncontrolled VCDL [9]. The jitter viance of the on theth tap is given by:
Oy, =Nmo,, (3.6)
The result shows that delay cell noise is highastthe last tap of VCDL (see

Fig.3.1.4(b)).

A

Ot

O At

1 234567 - 1 23456 7 8

(a) m (b) m

Fig.3.1.4 The histogram of DLL outputjitter indukcky (a) delay cell mismatch, (b) delay

cell noise.

3.2 Implementation

In this section we discuss the implementation bl Building blocks.
3.2.1 Phase Detector

As shown in Fig.3.2.1, this is a conventional PBDt{ with the modified pre-charge
circuitry, the linear range is extended fromt2 3t. The linear range of this PFD is less than
the PFD we introduced in previous chapter. Why hweose this PFD? We should notice that
the phase of CLKgr always leads CL¥p. in DLL, so lies in the negative linear range ¢ th
transfer curve won't happen, and the effectivedmeegion of PFD in Fig.2.4.5 is reduced
from 4x to 2t, which is smaller than the modified conventionBDPH andL represent the
logic levels to be initialized at a certain nodéeTPMOS transistors are used to pre-charge
the nodes to “High” while the NMOS transistors ased to pre-discharge the nodes to “Low”.
To minimize the phase offset of the PD, the pregbd and pre-discharged nodes must be

balance, and therefore, dummy NMOS transistors aalded to the nodes using PMOS
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switches. Similarly, adding dummy PMOS transistorsNMOS switches to keep the nodes
in symmetry hence minimize the phase offset. Allke,symmetrical layout should be done to

minimize of phase offset.

CLKggy D % U"
=

§:>0—1 Reset ‘2(1 I;l-

CLKvcor @ : )O | >O .
1]
[ : Pre-charge to high
¥ : Pre-discharge to low
(a)
Linear
Y
Yerr I‘_ range _’l
Original
curve
Modified
curve

|<_ Linear range _.l

(b)
Fig.3.2.1 (a) Modified conventional PFD. (b) Trasrsturve.

3.2.2 Charge Pump

The charge pump (see Fig.3.2.2) is similar to fheuits proposed in [10]. M5 and M8
form a current mirror and replicate the currentgeto M8. Since |, is designed equals tgn|
the current mismatch can be minimized. The voltddierence between vcp and nl still
introduce some current mismatch. With the long clehiNMOS devices, the problem can be
improved. The simulation results show that the enirrmismatch is small enough to be

neglected. To compensate the change wpK a programmable current mirror is used and
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the complete charge pump circuit is as shown in3RE2g3.

Control v Lan v by

DI(;IEl IE’“ le |PON U°P—| IE/I

15§
RE
on

—=o vcp

e a0 GE ar

Fig.3.2.2 Charge pump circuit

3 %ﬁﬁﬁb —

T
\ /7,
— rﬁE: bR

Fig.3.2.3 Complete charge pump circuit

3.2.3 Loop Filter

The loop filter is designed using MOS capacitehit3digital code is implemented to
adapt with change in VCDL gain and CP current. &fae, the loop bandwidth can be
optimized.
3.2.4 Voltage Controlled Delay Line

Inverter-based delay cell is chosen to implem&hts is because it has the following
benefits: Robust, high-speed operation, adaptivieowo supply voltage. The inverter-based

delay cell only consumes dynamic power.
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The delay range of the implementation is desigmedover the target reference clock
period (see Table 3.1, Table 3.2). Finally, thetamrvoltage is chosen from 1.4~3.3V. In the
worst case, the maximum operation frequency isdgecby the SS corner when Vctrl=3.3V.
In the best case, the minimum operation frequesi@yithe TT corner when Vctrl=1.4V.

Table 3.1 Delay range (B5~B8)

Final feedback stage Delay range

Vctrl=3.3V | Vctrl=1.4V | Vctri=1V
B8 2.11ns 7.64ns 28ns
B7 1.85ns 6.69ns 24.5ns
B6 1.58ns 5.73ns 21ns
B5 1.32ns 4.78ns 17.5ns

Table 3.2 Delay range (B8 versus corner)

Final feedback stage Delay range

B8 sSa | TT |FF
Vctrl=1Vv >40ns |-28ns 12.7n4
Vctrl=1.4V 12.2ns| 7.64ns] 5.34ns
Vctr|=3.3V 2/52ns| 2.11ns] 1.9ns

3.2.5 Voltage buffer
A voltage buffer in unit gain configuration (seig.B.2.4) is used to isolate the controlled
supply node of VCDL from the loop filter. The lodandwidth of the buffer must be higher

than the DLL loop bandwidth to ensure no stabjpitgblem.

g

Fig.3.2.4 \oltage Buffer
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3.2.6 Level Shifter
Conventional low to high level shifter is implented. As shown in Fig.3.2.5, the
cross-coupled configuration enhances the level emmn speed.

VDDy

P

= VDD_ -

Fig.3.2.5 Level Shifter

3.2.7 Multiplexer

The widely used transmission gate multiplexerghiswn in Fig.3.2.6. The time constant
of the multiplexing node is determined by the eglgnt resistance of transmission gategs R
and the capacitance at the multiplexing node. Heweit was pointed out in [11] that
transmission-gate multiplexers are not suitableafgplications where the symbol time is less
than 4FO4. Multiplexing speed can be improved byngisthe pseudo-nMOS based
multiplexers. A 4:1 serializer (see Fig.3.2.7)ngplemented to multiplex the feedback clock

D5 to D8.
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Fig.3.2.7 A 4:1 serializer
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Chapter 4
A 150MHz~1200M Hz Clock Generator For

Dynamic Frequency Scaling

4.1 Frequency multiplication

Fig.4.1.1 shows a method for high-speed clock ggae A frequency multiplier (see
Fig.4.1.2) proposed in [13] is programmable, areldperation is as follows. When the signal
Qb="1". Node Y is discharged to “Lowthrough NMQf&nsistor M3, and node X keeps the
previous “High” data value. At the rising edge bétAl signal, both transistors M1 and M2
are turned on for a short time duration of tpl ttadsfer data between nodes X and Y. When
Qb is “High”, node X is discharged. to “gnd” througlnsistors M1-M3. For “Low” X, MP2
charges output node Q to “High”. After three ineertlelay (Inv4-Inv6), Qb becomes “Low”
and node X is charged to “High” through MP1, andleney keeps the previous “Low” data
value. At the rising edge of the A2 signal, theadatinsfer from node X to node Y can be
explained in a similar manner. After data trangfede Y drives M4 to discharge output node
Q to “Low”. Thus, output clock signal toggles ateey rising edge of the “Ai” signal. The

multiplication can be programmable with MUXs.
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Fig.4.1.1 High-speed clock generation
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Fig.4.1.2 A Programmable Frequency Multiplier [13]

4.2 | mplementation

4.2.1 Frequency Multiplier

The frequency multiplier in the last section'stdférom large parasitic capacitance on
the internal node X and Y with the increasing ofltiplication factor. Another frequency
multiplier architecture is illustrated in Fig:4.2.The drawback of large internal parasitic

capacitance is overcome. The blocks of the frequemdtiplier are described as follows.

b1~b8

TPL CLKoy

Fig.4.2.1 A Programmable Frequency Multiplier
€ Transition detector
A single transition detector cell consists of aBut NAND and an inverter. Eight cells
are chosen for programmable frequency multiplicativat is controlled by the select signal
Si.
€ AND logic
The AND logic “AND”s Eight signals. Using a fan-oof eight logic gate to implement

is impossible because to balance the RC delayarpthl-down path (i.e. NMOS in series)
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against the pull-up path (i.e. PMOS in parallelnat a wise choice. Besides, the improper
arrangement of the signal affect the “AND” resukége Fig.4.2.2). The 2-input symmetric

NAND in accompany with the arrangement of the digieasure the correct function.

kl — '
' X a2 k1l —
o 1 LK
k3 —

D2 5=
k6 —

k7 — k4 —
k8 —D_E) kg —

Voltage[V]
ORANW CANW OANW 0SNG
T T T

E { i iiitd jiagis: ) i
Y

M.}\/\M | MM;

0 1 2 3 4 5 [ 7

Time[ns]

(c)
Fig.4.2.2 (a) AND logic with straight forward sigraarangement. (b) AND logic with
alternative signal arrangement. (c) The schemésonal propagation failure [14].
€ Toggle-pulsed latch (TPL)

The operation of TPL (see Fig.4.2.3) is as folloWse short pulse signal A is fed to TPL
and Ab is the inverted signal of A. M1 is used teyent the node X from voltage drop of Vth
and enhances the setup time when the node X chémgesiow” to “high”. The maximum
speed of TPL is limited by the total delay of thiaeerters (Invl-Inv3). The delay of the
signal path can be characterized by a logic etguation (eq. (4.1)). For simplicity, the
maximum operation frequency can be roughly estichég eq. (4.2) while neglecting the
delay of M2 and Invl~Inv3 can be treated as aosgllator suppose M2 always turned on.

d=gb+p (4.1)
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1
fo=———7— 4.2
° de2N-td (4-2)
where d is total delay, g is logic effort, b is tmember of branch, p is the parasitic delay, N

is the number of stage, and td is the delay timenahverter.

1

d =11+1=2, fQ =W 021GHz.
+3-40ps
et —]
B 0L| ™3
u E'
|:| ™4
LS U
Invi Inv2
Fig.4.2.3 TPL

4.2.2 Encoder

The multiplication factor is decided by encodirg tdigital bit. Encoders for MUXs,
charge pump bias circuits, transition-detector iamplemented using combinational logic
circuitry. Table 4.1 lists the finalresults.

Table 4.1 Encoding table of multiplication factor

Multiplication Final
factor M=n/2 | k1 | k2 | k3 | k4 | k5 | k6 | k7 | k8 | Feedback
stage

4X (111) B1|B2|B3|B4|B5|B6|B7| B8] B8
3.5X (110) B1| B2 | B3| B4 | B5 | B6 | B7 B7

3X (101) B1| B2 | B3| B4 | B5| B6 B6
2.5X (100) Bl B2 | B3| B4 | B5 B5

2X (011) B2 B4 B6 B8 | B8
1.5X (010) B2 B4 B6 B6

1X (001) B4 B8 | B8
0.5X (000) B8 | B8
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4.2.3 Timing match
The ideal multi-phase distribution is illustrated~ig.4.2.4(a). Total delay of the delay
path is given by eq. (4.3).
o = N = Tyop, = ek (4.3)
The final feedback stage of VCDL is changed fofedént frequency multiplications.
Therefore, a MUX is added in the delay path, ardttital delay is given by eq. (4.4) resulting
in the timing offset every N cycles (see Fig.4.B)%(

tor =N * o T Tuux = Lo (4.4)

The extra delay cell and MUX are added to carfeeltiming offset problem (see

Fig.4.2.4(c)).
S I s B
S0 e I D R Mo [ L

To
PFD

BS . i — : EED
_I_—:—g—l_| :I—
Be PP i i
i aBEEN punnBEE
B8 [ H i L
NIUXnut)‘CDLé §| ; H s_l_l |;§, g él 5—;_5 -«
(©)

Fig.4.2.4 (a) Ideal (b) Mux is added (c) Timings#t is cancelled.
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4.3 Simulation results

& Fig.4.3.1 PFD operation when the reference signdlfeedback signal are in phase
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€ Fig.4.3.3 PFD operation when the reference silgugl feedback signal @ 300MHz
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€ Fig.4.3.5 Charge pump current versus output veltag
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€ Fig.4.3.6 VCDL delay time versus control voltagessp
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- Fig.4.3.8(b) Locking process overview

Panel 1
WD0:00 fvep)
WD0:100 2 (oeL el
WD0:60 2 (>c1 18]

4 LI_‘ 2000 4000 600n 8000 1n 12un 14un 160 18un 2u 22u 24u 26 ZBu 2 3Zu
|4 — Time (lan) (TIME)

- Fig.4.3.9 Initial state

Panel 1

E

WD0:t0:v (vep)
WD0:0 (el relD)
WD0:0 (L 11)

H an
|« | — Time (ln) (TIME}

- Fig.4.3.10 Locked state

Panel 1

WD0:trlv (rep)

D0ty (1 ef0)
WD0:t) v (<1 £hE)

500m
1}

| ki

e
e
e o I

[
1
i
|
1
1

|

~ ~ ~ ~ ~ ~

; ; ; ; ; ; ; ; ; ; ;
7 5 3l8u 31820 3184u 3186 31880 319 31920 31940, 3196u 3190 320 32020
L« | —— 3178 Timme (in) ¢TTHE]

32




€ Fig.4.3.11 Transition detector and AND logic opesaat 300MHz
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& Jitter smulation measurement by eye diagram

The jitter of multiplied output can be observedtiwncating the signal every N clock
cycle. The method is shown in Fig.4.3.12 to cleablgerve the timing width of the clock

jitter.
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Fig.4.3.12 Jitter measurement by eye diagram
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& Fig.4.3.13 Eye diagram of the output clock opeyaite1200MHz (4X)
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Fig.4.3.16 Output clock jitter due to DLL phasesetfof Fig.4.3.15 @ 1200MHz (4X)
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Table 4.2 Perfor mance Summary

Performance Table

Process

TSMC 0.18um;EMOS Mixed 1P6M 1.8&3.3V

Power supply

1.8v & 3.3v(far'CP; PD, and \oltage buffer)

Operating frequency

Min= 150MHz (fref=8300MHz, multiplication factor=029

Max= 1.2GHz (fref=300MHz, multiplication factor=4X

Peak to peak jitter

(Simulation result)

<3ps @ 1.2GHz (TT)
< 20ps @ 1.2GHz (FF)

<20ps @ 1.2GHz (SS)

Duty cycleratio

~50+ 1.1% (TT)
~50 £ 6% (FF)

~ 50+ 7.59% (SS)

Diearea

0.85 x 0.61mm

Power consumption

28.3mW
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Chapter 5
Experimental Results

5.1 Input Clock Consideration

Because DLL has no immunity against the inputiclitter, two strategies of low jitter
clock generation are developed to offer a clearnutirgdock (see Fig.5.1.1-2). Strategy |,
instead of using square wave, employs the diffakrsinusoidal wave from the signal
generator and a regulated input® buffer to achieigh rsupply noise immunity. The
cross-coupled topology in accompany with:the fewenter chain buffer stages convert the
sinusoidal wave to square wave fed to DLL: Stratégynploys a crystal oscillator and a PLL
to generate the input signal. The crystal oscitl&i@s very high quality so as to generate a
clean clock signal with the fixed resonance freqyesround hundreds of kHz up to several

decade of MHz, then followed by a PLL to generatedreds of MHz clock for DLL usage.

—[, I

Sinusoidal
differential input J__
»

P>

Fig.5.1.1 Low jitter clock generation - Strategy I.
Xtal Osc.

| D = PLL |—{ DLL

Fig.5.1.2 Low jitter clock generation - Strategy Il
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5.2 Output Buffer Design

Taper buffer (see Fig.5.2.1) is chosen as theubutpffer for the output clock. The
physical size between the successive taper buffeges are gradually enlarged by the

calculation of logic effort to obtain the optimaiwng ability.

e

Fig.5.2.1 Taper buffer

5.3 Layout Consideration

The variance of the performance of the DLL-badedkcgenerator is extremely affected
by layout. To minimize the phase offset due to layahe following part should notice
Dummy cell insertion to ensure thé same loadingveen different clock stages in VCDL,
isolation buffers, transition detector, and ANDitd-or higher current mirror precision, long
channel devices are chosen and common-centroiduiagoemployed. Separation of the
analog and digital supply voltages can reduce thigenof sensitive circuits. Double guard
ring should be inserted surrounding and betweersfieeial devices such as charge pump,
power regulator, high noise or high power circuitt]. Capacitor matching is violated by
overetching (see Fig.5.3.1) when the capacitorsnateunit-sized. Skills against process
variation are employed [16] by realizing a nonwited capacitor with a specific
perimeter-to-area ratio. The ideal and the trueaciéq sizes are given by eq. (5.1) and eq.

(5.2) separately. The error in the true capacitas@pproximated by eq. (5.3) assuming the

error is small.
&
C, =—2%A=CyxYy, (5.1)
tox
CT = Cox YT = Cox (X1 - ZAe)(yl - ZAe) (5-2)
ACT = Cox XrYir — Cox XY, = Cox [_ZAe(X1 + yl) + 4Ae2] O _ZAe(X1 + yl)COX (5-3)
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The relative errok; in the capacitor is given by eq. (5.4). The raifotwo capacitors is
determined by eq. (5.5). The result shows that th#go K is constant when their

perimeter-to-area ratios are kept the same §j:es,,).

gr - ACT D _ ZAe(Xl + yl) (54)
G xY;
_ Gy _CA+e)

S L (5.5)
CZT C2 (1+ £r2)
X
——
(—X]-2A6+
y1-2Ae Yi
I !
Ae _;
True.capacitor size Cy

Ae . .
Idealcapacitor size C,

Fig.5.3.1-Capacitor errors due to overetching.

5.4 Experimental Results

The proposed DLL-based clock generator for dyndnequency scaling has been
integrated in a 0.18n 1P6M CMOS process. The die microphotograph isveha Fig.5.4.1.

The total die area of the chip is 0.85 x 0.619nm
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SUEsmlien Output Buffers

5.5 Test Setup

€ PCB Design
The maximum frequency of a FR4 double-side priritedrd can up to 3GHz is chosen.
To reduce the power supply noise, LM317 is used thedSMD capacitors are placed as

closed as possible. The regulated supply voltage/en by eq. (5.4).

LM317

9V . Vreg
6 Vin Vout o

Adjust +
J_ T2sv="
0.1pF | -

/%’omlr :|:1uF
<

Fig.5.5.1 LM317.
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Vo = 125(1+ %) (5.4)

In advance, by adding the bypass filter networkh® regulator output can attenuate both
low-frequency noise with large amplitudes and Higdnuency noise with small amplitudes
[17]. The analog and digital grounds are in spbpmer planes and joined with a short

segment of trace to give a common reference palenti

JFlgE_S ﬂ @;S:Frg

.-'_.- .i'

o
_.1

€ Measurement Equipment ': : R ﬂ’ ,f | =
|.- Ijr'" _;l
The measurement setup of t{;e dmxjmdﬂ@t (q;ilgsbown in Fig.5.5.2.
¥
H' -
Agilent E3610A power supply I m{f

Agilent E8257D 250kHz to 40GHz PSA analog signalegator
Agilent 54832D Mixed-signal Oscilloscope

Power supply

1.8V] 3.3V Mixed-signal
Oscilloscope

Fig.5.5.3 Measurement setup
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5.6 Error-shooting

The improper layout of the taper buffer leads ® diegradation of the driving capability
due to too large parasitic resistance in the oupythe way, the post-simulation of the clock
generator should contain the parasitic resistarttaaion from the taper buffer and the PAD.
We should note that the simulation result becomespexted once exceeding the effective
operating range of the model that is offered fréva foundry. Especially in the dual supply
design, the interface of 3.3V and 1.8V devices meageed the operating range and is

suggested to configure as shown in Fig.5.6.1.

3V device 2V device

Fig.5.6.1 Interface of VCDL and isolation buffer.

To eliminate the body effect, the bulk 'of the deta}l is tied to the source. However,
large current consumption of the chip is suspettethtch-up problem. Unfortunately, the
latch-up phenomenon cannot be detected in the atronl

We can prevent latch-up by layout according totdohnology documents:

- Any NW without direct connection to VDD and witiot OD inside it should be surrounded

by double guard ring.
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Table 5.1 Performance Comparison (continued)

JSSC, ISCAS, JSSC, | SSCC, JSSC,2002
2000, 2001[19] 2001 2002 Chulwoo Kim,
Paul .R Michael Ramin Sung-Mo
Gray[2] P. Flynn[20] Farjad-rad | (Steve)
[6] Kang[13]
Technology | 0.35um 0.8um 0.5um 0.18um 0.35um
Input clock | 100MHz | 100MHz N/A N/A N/A
Frequeny
range
Operating | 900MHz | 200MHz~ | .2V:600MHz~ | 200MHz~ | 120MHz~
frequency 800MHz 1GHz 2GHz 1.1GHz
range (Max:1GHz) | 3.3V:900MHz~
1.6GHz
Multiplication | 9X 2X~8X N/A 4X,5X, 0.5X~4X
factor 8X,10X
Peak to peak | N/A N/A <20ps 15.6ps 17.28ps
jitter
Diearea 1.2x1 N/A 0.6 0.05 0.07
mm?
Power 130mwW | N/A 138mwW 12mw 42.9mW
consumption
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(Continued)

JSSC, VLS JSSC, Master Thiswork
2004 Systems 2006 Thesis, 2005
R. Farjad-rad | ,2004[22] Chulwoo | [23]
[21] Kim[14]
Technology | 0.13um 0.25um 0.35um 0.18um 0.18um
Input clock | N/A 120MHz 240MHz~ | 220MHz 200MHz
Frequeny (100MHz~ | 450MHz | ~320MHz ~330MHz
range 150MHz) (300MH2z)
Operating | N/A(2GHz) | 1.2GHz 120MHz~| 1.16GHz 150MHz~
frequency 1.8GHz 220~320MHz | 1.2GHz
range 440~660MHz
880~1.28MHz
Multiplication | 1X~10X 1X~10X 0:5X~+4X | 1X,2X,4X 0.5X~4X
factor
Peak to peak | 15ps N/A 16.6ps <58.4ps N/A
jitter
Diearea N/A 1.06x1 0.07 0.86x0.79 0.85x0.61
mm?
Power N/A 52.2mW 86.6mwW 50.4mW 28.3mW
consumption
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Chapter 6

Conclusions

6.1 Final Discussion

In this section, we discuss the internal co-refas a whole for the final look of this
work.

The programmable multiplication factor using prexadrequency multiplication method
gains 0.5X-based resolution of.%frequency  multiglma factor and the frequency
multiplication factor up to 4X 4n this-work. Some®may try to promote the operation
frequency of output clock by increasing the totanter of delay stages and it seems work in
this mechanism. However, the maximum operationueegy is also limited by the frequency
multiplier itself whatever we increase the"mulipaliion factor as analyzed before. Also, in
increasing of delay stages degrades the jitteropednce of DLL and the jitter must be
estimated and controlled under an acceptable raogarding to their applications. The input
clock range is limited by the building blocks in DLsuch as the linear range of PD, and the
delay range of VCDL. The former is mainly decidsdtbe circuit architecture, and the latter
is the trade-off between delay range and noiseragtation. The settling behavior is decided
by the loop bandwidth of DLL and the choice of thep bandwidth also affects the phase

noise performance, area, and power dissipation.
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6.2 Epilogue and Future Work

A wide frequency operating range clock generator dynamic frequency scaling is
presented and achieves 0.5X-based frequency nicdtijpin factors. This work is devoted to
reach the compromise between the trade-off of rdittiensional parameters, such as
bandwidth, operating range, stability, noise, spsagply voltage, etc. The dominant problem
of each building block is taken into consideratenmd has tackled by the system analysis,
circuit design techniques, and layout skills.

For low supply voltage operation in deep submicmocess, the low jitter clock
generator with wide frequency operating range Wwél more challenged. There are some
suggestions for the future development. Since roless is the best advantage of the digital
circuit, all digital DLL-based clock generator wittiighly noise immunity and area-efficient
will be the next star as long=as;the timing. resoiutcan be promoted. Recently, a
programmable duty cycle correction loopis a popuksearch topic. To combine clock
generation with duty cycle adjustment can be amathiection. Finally, also the most difficult

issue is to generate much higher fractional-N wgswi of frequency multiplication factor.
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