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DLL vs PLL

o PLL e DLL
- VCO +VCDL
v jitter accumulation v’ no jitter accumulation
= higher order system + 1st order system
v/ can be unstable v always stable
- slow locking time + fast locking time
- hard to integrate LF +easy to integrate LF
- hard to design + easier to design
+ less ref. signal dependent - ref. signal dependent
+ freq. multiplication - no freq. multiplication
+ no limited locking range - limited locking range
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Jitter Accumulation Comparison

e PLL-based clock generator e DLL-based clock generator

Vo
Freq. Multiplier - Vo
Vo [LTLILILIL
Vo

Closed loop Open loop
- jitter accumulation - No jitter accumulation
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Basic DLL Architectures

e Delay-locked Loop (Delay line based first order PLL)
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e Phase-Locked Loop (VCO based second order)
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DLL Locking Process
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Frequency Response
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Frequency Response(cnt’d)

e Closed loop response

Dois) = H(s) - (D{5) - Dgls))

Dols) 1
D,(s) 1
! 1 +%
Dols) .
D(s) 1+ 5-C

'r-l:'.'.-‘H ) J:Ir:l'.'.i'i_ ) FHEF

Dols) 4
D{s) 1+5/my

where loop bandwidth is

wy = loy Koy - FreeC
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Delay Cell

e Single-ended delay cell

- Simple

- Dynamic power only (no static current)
e Differential delay cell

- Complex biasing

- Static power consumption

= Immune to supply noise and thus smaller jitter
e Variables for delay control

= Current

- Capacitance

- Resistance

- Voltage swing
e Fine delay generation

- Phase interpolation

- Vernier delay line
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Single-Ended Delay Cell

e Current-starved inverter delay line
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Single-Ended Delay Cell(cnt’'d)

e Capacitor-loaded inverter delay line
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Single-Ended Delay Cell(cnt’'d)

e Inverters with regulated supply voltage

[S. Sidiropoulos, SOVCO00]
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Differential Delay Cell

e Differential delay element with resistive loads

R R ;;}

Dn | Dntl Dn+2

rl
Dn | [Dn+1 L “-Dn+2’
Voo —1 |

Wiy K

- High power supply rejection ratio
- Requirements

v' Adjustable loads to control the delay and resistive loads to
reject power supply noise
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Differential Delay Cell(cnt’d)

e Voltage-controlled two-element PFET “Resistor”

_ 05 i ?

g 04 "‘f FE{E‘#

2 4 i
= 02 -"’f —<1-Ve =10 volt Spm/0.35um _{

0 025 05 075 1 125 1.5
Vop —Vigaa (volts)

- Adjustable load : 1,,4=B,(V.-V,,)?
- Resistive load : S-shaped, nearly resistive
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Differential Delay Cell(cnt’d)

e Replica-biased differential delay line circuitry

| | alps
Vrep) T Dn+t
V T[S, Dn [ | Dnsi
Dr' i
1l'ﬁ,hll Tm T

- K K

- The low end of the signal swing can be set by controlling the bias
current with a replica bias circuit
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Differential Delay Cell(cnt’d)

e Replica-biased delay line

700 —
8. 600 — 300 =
w2 500
200 — =22
E 400 Stage Delay Vpp=2.25
E 300 {T[I! PS) 100 =
w 200 Vbp=2.75
Bl _ =41
= 100 - : AT ITTTT ] 0 DP T T | T
@ y ALY TIPTPT TrTIYF Trroor 06 08 1 12 14 16 I8
06 08 1 12 14 16 18 Vop — Vi (volts)

Voo = Ve (volts)

(a) Delay adjustment range for replica- (b) Static supply sensitivity for replica-

biased delay element biased delay element
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Phase Interpolation

e Can interpolate between two edges through a weighted sum
- Control over delay is guaranteed to be monotonic,
but not necessarily linear
v'Resolution can be arbitrarily high
v Precision is limited by linearity
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Delay Line Vernier

" f&:tﬂ-nnrm
B> :
(OB e
\_E;’_/J_B:’_'J‘I_B}iﬂm

Delay=n-t;- (1 +1N)+ (N-n) - t;=(N+n/N) - t;

e Can use two delay lines with switches to use part of one and

remainder of the other with fractionally larger delays (1 + 1/N)
- Delay resolution is a buffer delay / N
- Relative precision is limited by control over tx / ty
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Phase Detector

e Output describes phase

difference between two
Inputs

- may be analog or digital

- may linearly cover a wide
range, or just a narrow phase
difference

0C

/

Ap

/

- “Dead zone” may occur / |
0 a2 = 32 2n
AISL
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Phase-Frequency Detector
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Dead-Zone in PFD

e “Dead-zone” occurs when the loop doesn’t respond
to small phase errors - e.g. 10 ps phase error at PFD
inputs:
- Solution: delay reset to guarantee min. pulse width (typically > 100 ps)

Remove dead zone

D

E._l_:}— =
% }@i AD
V_J '[j: Ly dead zone
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Charge Pump

e Converts PFD digital UP/DN signals into
charge

e Charge is proportional to duration of UP/DN lup
signals

* Qcp = lup*tup — Ion*ton e

e The LPF converts integrates currents

e Charge pump requirements:

DN
- Match currents IUP and IDN LPE
- Reduce control voltage coupling

- Supply noise rejection, PVT insensitivity Ion

(Simple or bandgap biased)
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Charge Pump: Better Switches

e Unity-gain buffer controls the voltage over switches
e Current mirrored into I, /ly,

N1 |
UP —™, 51 TP —™ 52

Young, JSSC 12/92

* Transmission gate
DN ._..\ g9 ﬁ_}\ 84 _— Switches
i
N2

Q.

% Korea University 23 AISL




Charge Pump: Zero-Offset

ST

| v
D—C b—C E-[! '-'—l:l

e

: —
- -

e Up and down nodes track with each other thanks to the self-
bias scheme.
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Charge Pump : Reversed Switches

Vg

ﬂ_"f

Ingino, JSSC 11/01
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2"d Order Charge-Pump Scheme :
Mismatch Cancellation

Znd order charge pump block

P i [K. Kim, ISSCC 04]
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Design Issues

e Bandwidth

e Limited lock range

e Lockintime

e Static phase offset

e Power dissipation limits
e Arealimits

e Peak output jitter
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Bandwidth

e Bandwidth
- A wider loop bandwidth
v' Fast acquisition time but degraded jitter performance
oy _len Kp _m
Frer ¢ 5 [A. Chandrakasan, IEEE Press, 2001]
- Iy Kp., and C are process technology dependent.
- According to the design target, the loop bandwidth varies.
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Adaptive Bandwidth

e Self-biased DLL [J. Maneatis,JSSC 96]
I:REF U VBp *
— | Phase —™|Charge Cl—'l'_v Bias [ ™ VCDL D (S
—p| Comp D. Pump T “cre | Gen VB* oS

D/(S)
» o
Current and gain of VCDL 1 1
° I = D|CH DKDLDFREFD_
k ) CB O REr @ ReE C,
ID:E.(\/CTRL -V;) KDL :E 1 1
D = —l .y UK 5 UF ggp L—
27 C
Current of Charge pump 1
| _ S| :LDXD(ZDID)D Cq Dl
CH _X.( ¢ D) 27 4l C,
_ 1. Ce
dr C,

@ Korea Hniversity 29 AISL



Locking Range

e Locking range

- TRef
Ref | L_K 11
S L |'| ] Delay min
- I r 1 Lock
Ani 71 I_I_._I_I Delay max
: I-—-I

~,| Locking range
v L LI L_ False lock

O'SX TCLK < TVCDLDmln < TCLK

Tork < Toeotma <LO% T

I\/Ia‘X(TVCDLDmin J 2/ 3)( TVCDLDmax) < TCLK < MI n(2 X TVCDLDmin ’TVCDLDmax)
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Harmonic Lock Problem

e Correct and false locking

Comparison point

ckref | | | L [

L] | | |_

o2 7| \#L | —

vientl o3 | 1 \"l | r
ckref Correct locking

¢1 62 93 chref | N I [ I [

e e 4 N 1 —

oz ] ]\ |

o3 | I [ >

False locking
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DLL Locking Using Inversion

External clock I | I | ‘ |

Initial internal
clock

} (tCK-tDM)
Inversion of
External clock

o tDM % :
Initial internal E :
clock

—-a- (0.5*tCK-tDM) delay only

Internal clock
after locking
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Wide Range DLL

e Overcome the false locking problem
- Rotating phase DLL
- Phase detector which can detect harmonic locking
- Initial locking starts within delay range

e Widen operating frequency
- Using multiple phases

@ Korea Hniversity 33 AISL



Rotating Phase DLL

f—— Clock Period ————

1-W

e Uses N-stage VCDL or VCO phase-locked to clock period
as timing reference to supply output phases that are uniformly
distributed over clock period

e Selects or interpolates output phases from delay reference

e Unlimited output phase range (modulo clock period)
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Rotating Phase DLL (cnt’d)

Semi-digital DLL [S. Sidiropoulos, JSSC97]
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Self-Correction DLL

[D.J.Foley, JSSCO01]
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Correct locking False locking

e Phase detector gains the control of loop according to release,
under and over
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DLL Using A Replica Delay Line

[Y.Moon, JSSCO00]

== Replica Delay Line "-E
' |

CSPD [ LPF H {LVer_to core
| 1 DLL
E..ﬂ!?,'ﬂﬂ-'ﬂﬁfﬂ!_ﬂf?cp} Ref-CLK
Ver
C . 3
PD [—{CP | LF J'U’np

e The control voltage of RDL protect false locking
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DLL Using Multiple Phases

[B.Kim, CICC04]

MUX /’
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Lock Time

e Lock time limits (< 100 cycles for DDR)
= Need high tracking bandwidth ( self-biased DLLS)
- Digital DLLs can use “non-linear” techniques
- Open loop
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Digital Delay Line DLL

-
o A
T,

RS St

e Uses digital delay line with fixed delay as timing reference
e Selects output phases from delay reference (digital control)

e Correction step size is typically fixed
- Large locking time (clock cycle - number of steps)
- Can use exponentially decreasing steps (SADLL)

e Digital delay control provides more flexibility
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Digital Delay Line DLL with SAR

e Successive Approximation Register DLL [M.Hasegawa, ISSCC98]

DOLK2

|

—+ COmMparstor

CLK1

I Burnmy dalay |

| Dummy dalay f

Exct-CLIK —

Mode
selector

CEn| n=7-0)

Yariable
‘dalay

¥ At= 128 B4 . 04n=

{CB7, CBS, - CBY)

Max delay: 26.5 ns

Fast-lock by successive
approximation < 64 cycles

Counter-mode operation during
normal cycle

After lock-in
—PHASE SAR et LELL -
cr : Mode
- M ; selecior
————|Counier
CBn| in=7-8)
1 *L3E [CBD)

Variable

= delay [—
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Digital Delay Line DLL with SAR(cnt’d)

Successive approximation mode «—1—» Counter mode
1 ]

Ext-CLK
I
CLK2
T
PHASE _slow] [ , !
i
DCLK2
1 .
CBn CB7 set | CBBset [({ | CBOset | [ +Lse
t MSB 2 ) LSB !
Int-CLK AL
I

WA
' Hll.':}fl:lEE * 8 bits = 64 cycles

. A
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All-Digital DLL Using a TDC

e DCOL [C.Chung, JSSC04]
R R
+ ¢ —I—!W*'MW-M-‘“’]M*"' | Overall architecture
iy m— f ADMCG |
|__ PD LOCK Controller

Architecture of the
time-to-digital
converter (TDC)

Reference [ [
Clock :

puse v _f b |

range{M-1:0]
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Schematic of Dual Coarse Delay Line

[J. Kwak, SOVCO03]
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Compensation of Static Phase Offset

[B.Kim, CICCO04]

Pulse reshaper

REF reshaped UP
ouT P inverter with low slew rate
reshaped DN # 4 (Delay : Tm)
R T e TR v
Clkont _ [ L I 1 T
UP = M l_lf'" -~ _,Static Phase Error
DN I n n

Tm (masking mnd ow)

—p i

T T e T
Clkowt [ | _f L_
i I i

reshaped UP
reshaped DN
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Power Dissipation and Area

e Power dissipation limits
- QOperating power
v Analog DLLs can use less power than digital DLLs
- Stand-by power

v' Analog DLLS cannot be turned off for long without relocking
(charge in loop filter cap. Will leak away)

v Digital DLLs store locked state in registers
e Arealimits
- Analog DLLs can have smaller area than digital DLLs

v' Digital delay line DLLs that support low operating frequencies
can be very large

@ Korea Hniversity 46 AISL



Register Controlled DLL

[A.Hatakeyama, ISSCC97]

Sub delay line td+ A Sub delay line

IN 1.2t 1 Etcl 1.2td 1.2td EDD*D#L:)D—D:D-

FO. =2

swulswi }wZ\m swdw ouT MQ[_:H[W‘I} ?_EJ{H}
Hy D ]
P d e M}—w

Main delay line Pt
Main dalay lina

e Locking information is stored as a digital code.
e High resolution because of vernier type delay line.
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Portable DLL

[B.W.Garlepp, JSSC99]

Clack Amp Clkln
ExtClk —= Dalay Line w/ EOC Datactor
& Spitter  |"Cikinp

™ T Tn Tn T16 T16
EOC Code 4 16
L ] [ N I
] . y
-/—-I 321 Duty-cycle Comecling Multiplaxers Iﬁ_ Duty-cycle
e | E
Control [ frar
Detecior
Logic By | | Pg
| 2:16 Phass Blander |
B
T sen Ty
Digital Duty-cycla
Fifter 16:1 Duty-cycle Correcting Multiplexer [+ Error
Datacior
Phase Clock
e
Datactor

I 1

RafCik

ClkOut

e Phase information is stored in control logic.
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Multiplying DLL

e Avoid jitter accumulation problem of PLL without VCO

e 1st-order system
- Stable and easier to design

e Block diagram

Loop filter

up
H-Ef_"'“ Phase F:‘ Charge‘ ‘ :IT: ‘
] Detector Pump
An DN

-

Frequency
Multiplier
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Multiplying DLL With LC tank

Delay-Locked Loop

>|Feedback‘4—

l Vm-.’

ﬁef Voltage Controlled Delay Line

IEI_+ D_I_D_II_DHID IUD V

Edge Combiner p—

[G. Chien, JSSC 2000]
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Multiplying DLL With LC tank (cnt’'d)

L lc 7 L
OUT+ GUT

/\%QH% s
T

1P IN 2P 2N TN 8P 3N 9F ON

e Diff. pair modulates tail currents into LC-tank circuit

e LC-Tank enhances load impedance : large area & fixed
multiplication ratio

e Large current necessary for large voltage swing
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Multiplying DLL With AND/OR Gate

[D.J.Foley, JSSC 2001]

&1 &d DT " x“f-““h“é*.:A E-q o1 ] |

1| HE . I
= &7 I [

_: Mt_;_[}.,_ » . +— out ki _E_I_I___-I_l_l_
» a0
3 I e . L I I 1 I

= ey = . MLrUrurorruror
C q v LML LML LT LT

e AND/OR gate: 9 times freq. multiplication
e Need analog OR I/O buffer & 50 Q pull-up resistor: off-chip
clock signal
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Multiplying DLL With Digital Controls

[C.Kim, JSSC 2002]

er
abd —[P1 . @ 1245 T125
11z 13 . . A‘I _[—I_'—]_
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PC2 e .
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. . PCa | | p
e Easier to Integrate BN EY !
o . Pca| 1\ [ 1 .
e Multiplication factor can be easily YR
programmable Ck LT I LT 1
v
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Multiplying DLL for Low-jitter Clock

Generation
[R. Farjad-Rad, JSSC 2002]

Unlocked
Vet > Vet ioek
¢g§3
BisEy
g
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it
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- F
Locked
Ve = Ve ook
g
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Conclusions

e As datarates increase, DLLs will become essential to relax
system timing constraints in each direction of data transfer.

e DLL consists of phase detector, voltage controlled delay cell,
loop filter and charge pump.

e DLL should be designed as considering below issues.

Bandwidth

Limited lock range
Lock in time

Power dissipation limits
Area limits

Peak output jitter
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