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Delay-Locked Loop (DLL)

JInsert desired delay in between the input and output signals where the output
“is equal to” input.
JAlign the output with the input in phase, magnitude and duty cycle.

JThe output remains unchanged (zero-jitter) after reaching steady state until the DLL is
disabled.

JUseful for clock synchronization in high speed design.
(JDDR SDRAM (Double Data Rate Synchronous Dynamic Random-Access Memory (RAM))
JOther high speed I/0 interfaces
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DLL for SDRAM

JWhat is SDRAM and its operations?
JWhy is the DLL needed for SDRAM?




RH

Colle ge of

UNLYV |#seineere
DRAM to SDRAM

_JRefer DRAM basics in textbook.

IDRAM operations
JCommands: Read, Write and Refresh.

IRefresh/Self Refresh: charge/discharge all the capacitive cells every once in a while
to keep the contents staying at full logic level.
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DRAM Read Cycle

JTiming requirements

I Starting Sequence:
RAS+Row Addr. > delay (=
WE - delay)—> CAS+Col
Addr. = CAS latency (= OE
+ delay, may be always low)
—>Valid Data Out

I Finishing Sequence: RAS -
CAS = WE - Data Out Hi-Z

tre
tras ' trp
Vii— 3\ . B
Vie - L @ \
o V- r
CAS \ \ tca [ /
ViL - ® 4 ®
'ASR—- -— tASC—- _-—
RAHM— "'[CAH"_
Vii - m -
X Rfc{w Column K X
Address ViL — L 4 B @ 5
— treH
|——tRcs-

ViL — ®
L teac lOFF—-{ -~
Vor- ; Valid Data Out ;
DOUT Hi-Z , }— Hi-Z ————
VOL__ - @
trac

Figure 1: Simplified Read Cycle [1]
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DRAM to SDRAM
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Figure 2: 2 Meg x4 Functional Block Diagram[2]
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Commands in SDRAM

Function CS# RAS# CAS# WE# Address
DESELECT H X X X X
NO OPERATION (NOP) L H H H X
ACTIVE (select bank and activate row) L L H H Bank/row
READ (select bank and column and start READ burst) T H L H Bank/col
WRITE (select bank and column and start WRITE burst) L H L L Bank/col
BURST TERMINATE L H H I X
PRECHARGE (deactivate row in bank or banks) L L H L Code
AUTO REFRESH or SELF REFRESH L L L H X
(enter self refresh mode)

LOAD MODE REGISTER L L L L Op-code

Table 1: Truth table for commands in SDRAM [3]
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Bank Read without Auto
Precharge (AP)

z /////////////////////(/////////// ///////////////////»@g

J The command must be present at K I Vil . /W%L ks)(//'////////////////////////%_t)@
the rising edge of CK. o o w0 i i
| an = O D samsx//////////////////////////)(s T3/
J The signals for the commands can be i | a2 . ,
applied at the same time without SN § § i‘““sj f S I f s — |
| . . - : : : ;
sequence. |
G rast ) N, o ////////////////// ////////////////////////////////////////////////////// //////////// //////////// /////////// VI,
| Sequence: ACTIVE (open rgw)é .......... ,...I...E...r...!...é...:. ..... e 'E ...... , ...... i...:,...
delay 9 READ (COI addr) 9 CAS CAS# ;;;;;X /;;;;; |case1 tac( MIN)and"DOSCK(MlN]' : : : : : tRpng “‘noscx:(mm)} A :Lm. ' ;
Latency - Valid Data Out (two wee T O A T S R S B tm@m;lll ’f JF 4
words every cycle of DQS) \ WS SN N NN NS B SE Reh - (& X
ress i (o] : : : i : : : : : Yz lMw)_} .
) Requirement: DQS must matches DQ e ////%CIW//// ....... ......;(
and DQS matches CK (ideal). a0 777 [erncmmomomamn] | P rone
Unmatched DQS and DQ will shrink ///X X//// R I\ IJ{
the data valid window. — VA///XB‘*"“)(///// m z |<@ .
m I ' : : : : : | : ' [ 'ACl( nax) (HZI(MAX)_)

1
1 1
Transitioning Data Don't Care

Figure 3 & 4: Read command and complete read operation [3] ’
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Why is the DLL needed for SDRAM?

ISynchronize the system clock
with DQ and DQS.

(dSynchronized clock and data will oo — - B
result in maximum data valid o0 st e — g  om——
window size. o5 — — 7 g
ot i Vs
- oot — — Z
(dWhen the edge of DQS is at the o — | /I =D | :
center of data valid window: 5 o Tee ] Teel
' ' ' : | ey
window size cut in half. o0 va ana ety ; (e | K
DQ (first data no longer valid) — . 'TZ N _— |
; ' ——
DTranSitioning data region Size All DQ and DQS collectively® T':“’"s"i""i"g[;;r <Tz>
depends on Size Of the data Word Earliest signal transition — I ‘
(x8 shown). o B o i

Figure 5: Data Output Timing and Data Valid Window [3]
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Why is the DLL needed for SDRAM?

1DQ and DQS Synchronization Alternative Methods?

(dConnect DQS directly with system clock?
U Delay in the input buffer

) System clock comes from the memory controller goes into the input buffer.
Ul Delay in the output drivers
(] Output from the memory goes into output buffer and becomes DQ.
(JAdd a passive (static) delay to model the delay difference between system clock and DQ?
U Delays in I/0O buffer may change with PVT variation.

(Variable delays insertion based on the delay difference
L1 SMD (Synchronous mirror delay)
L PLL (Phase-Locked Loop)
(U DLL (Delay-Locked Loop)




All-Digital DLL
(JEasy to design

(Discrete delay line
LAl digital components

J1Good portability
(Standard-sized static logic gates

IStable over time
CLow jitter

(ASimple linear transfer function
Loop filter is a simple counter or shift register
IDQS = 0 (external clock) + ty, + ty + tp,
ity = Ke * Kp,

U where K. is an integer ranging from 0 to the number of delay

stages and Kp,, is the unit delay for each delay element.

N™ -
fou x—forton) i Path e R
External . \ 0 st v e+ e \ .................. Synchronous
Clock Clock

Figure 6: Digital DLL Block Diagram [4]
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Basic Digital DLL Components

(JPhase Detector

Delay insertion
(Variable delay line (DL) with multiple stages of delay elements
Ll Delay elements
(IDelay stage selector

U Shift register (SR)
U Counter

JInput and Output buffer replica
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DLL Operation

(DQS = 0 (external clock) + tp, + tp + tp,

Clk_in: External clock + D1

dClk_out: Clk_in + t; and DQS = Clk_out + D2
JFed_clk: Clk_out + D1’ + D2’ = Clk_in + t, + D1’ + D2’

D1’ + D2’: Feedback delay replica to model the total delays ty; + tp,

(JPhase Detector (PD) detects the phase difference between Clk_in and Fed_clk and reports leading or
lagging.

ISR or counter to increase or decrease the delay in the delay line until Clk_in = Fed_clk (PD in lock).
(dWhen the clocks are locked, PD will output 0 and the SR will stop shifting to keep the current outputs.
d€lk—in = Fed_clk =€k +t,+ D1’ + D2’ =0 > t; =0— (D1’ + D2’), t; > 0= N*T, — (D1" + D2’)

I Ty + Tpy =Ty + Ty, DQS = N*T - (Tpyr + Tpy) + Tpy + Ty = N*¥Tg,.
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Phase Detector

(JArbiter based PD

Can c)jetect very tiny phase difference (zero dead
zone

(JOutl and Out2 oscillating when the phase
difference can’t get tighter

() Occurs when fed_clk + unit delay > clk_in and fed_clk — unit
delay < clk_in

L) Discrete delay line = finite resolution

(Simple filter (counter) to filter the oscillation and
decide the lock condition

(JCertain amount of dead zone (hysteresis) needed to
prevent PD output oscillating

U Unit delay

_IDFF based PD
PFD

L) Decreasing output pulse width as phase difference decreases

PD with delayed output
(PD with hysteresis

Inl ﬁ Outl
X1 ! T Only one output can

be high at a time. The
output that goes high is
determined by which

input goes high first.
| Out2

In2 B : ]

Figure 13.15 An arbiter made using NAND gates.

Figure 7 (Figure 13.15 in textbook): a tightly locked
PD using an arbiter [5]
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[CLKOut 5 @
[CLKIn

Unit Del ayT

EEbRES

— TR 3

) Q (td shift register)

DFF Based Phase Detector R

) The PD topology shown in Figure 8 will only
output once in two clock cycles to give enough
time for the SR to adjust the delay.

) Potential false lock when the phase difference
in time is within (%2 *t,, ;, — unit delay) to %2
*t, . (simulation shown next slide).

) The PD topology shown in Figure 9 has the
potential metastability that both Outl and
Out2 are high when phase difference is m.

J The PD will lock when @1 is within 2 + %:*t,,.

- ®1> O2 + %*tD: Outl high; ®2 > O1 + %A*tD
or ®1 < ®2 - %*tD, Out2 high

) Solution: combine the two topologies and
obtain a PD without false lock and with
clocked output.

Phase Detector
R Divide-by-two

CLKIn _!_ _,_ J—‘
CLKOut _L/— _ﬂ_ _ﬁl_
wan 1/

Faster, shift right ~ Slower, shittleft  Adjusted

Figure 8: PD with delayed and clocked output [6]

bl |
Yotp
(2 > Dl D * Q Outl @2 I
) " o) Plp sty |
CLR ¢2—|—
Votp Outl
I[> D2 D ¥ Q Out?
bl |
> R 6 D2 ' Vot |
Out?

Figure 9: PD with hysteresis of %2 *t [7]
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False Lock in PD with Delayed Output

Vishift_I) V{shift_r)+1.25 V(gl)+2.5 V(g2)+2.5
a
o > a & \‘
a o o o |
e > > »
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out|——|B GND Qi I ot it
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oo ) VoD [A VoD — — — — — —
Out GND a a e o -
clock—B GND g ) L o Viow)#1.25 Viclock)
PR \‘\’}' 8
Y e a2 AW \R -
P\ o B out—— C—shtR o |
[ ! c GND
mLsaoﬁm 10p 10p n 2n) - - 1.6v-
. 7 . 4 i
) ] il 1.4
fo ] o |
) 2 g 1.2v
j:' . Velock H >
Ry | AV 1.0V-
oy clock_d—A VoD .
PULSE(0 1 0 10p 10p 1n 2 :
{ pé)p ) Q3 8 aND Out
\/ H 0.6
tran 0400 1n uic clock—{ck  ai— % v -
.include cmosedu_models.txt
0.2v-
v 0.0V — T — - — T —
0.0ns 0.9ns 1.8ns 2.7ns 3.6ns 4.5ns 5.4ns 6.3ns 1.2ns B.1ns 9.0ns

Figure 10: Schematics and simulation of false lock
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. —— i —
T m m | 1] [
8 il . . | o .
] | | I
E 8 | 8 8 1 ] ;L b L) -
‘ VD vl T 4
n o5 A VoD dkbd In a ol A VDD J\ ‘ ‘H f * |
out| B out > —e——{Shift_L ‘ \ J
cli_fb’ B e O L L) clk_in—clk  Qi—Qfi c GND & v L LA )
% GND 8 ‘ i ‘
g | £ ]
p |
g Uit delays g L i | | ““ / ‘
] e TR o = B e S| S -
i vn‘n i D DFFs § AND gates g oRE out—1ok SR
out |
: oo O B GND ‘ 3 g R
> > =
» i cli_SR=SLOR SR
- % & clk_in_d D al Q2 A VDD
3 g| cko—ck a9 ’—IB wo i
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L

2 v
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Figure 11: Schematics and Simulation of the modified PD
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Shift Register and Delay line

) The delay elements in Figure 12 are 2 NAND Vi

- 1 CLKOU

gates. I
] Coarse Delay elements in digital DLL can be cikin | |a f
almost any digital logics with finite delays. @ :
) Inverter based g l
] Shifi-Left T L
) NAND + inverter (AND) ol =] o roa oo
] NAND based Defector ===
1 Smaller unit delay = higher resolution Figure 12: Shift register and delay insertion [6]
- Shift Register with set and clear S
. Set certain DFF (Qi) to high to set the , <
point of entry into the delay line
) Only one Q will be high at a time
) Fast-locking DLL Dﬂ: Dﬂz DMZ sz

Inpt'n data

Figure 13: Bidirectional Shift Registers [8]
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VDD VDD Input connected to B with A high.
Delay Line Design .
inputB }MZ
CINAND-NAND delay stage v
tpy = toy, =2 50% duty cycle A ]Ml
(JAverage of 76 ps delay for the number of stages

ranging from 2 to 9. Q7
Minimum number of stages is 2

U Clk_in goes into the delay line from a NAND gate with the SR output. . . ) .

(] Output of the delay line is the delayed and inverted clk_in. Flgure 14 (Fligure 18'15)' skew in NAND output [5]

) A NAND can be used at the end of delay line to invert the output . . ﬁ
and remain 50% duty cycles. | 4 o Iy

(ISkew in output caused by different inputs (changing) /] ;/ [ /ﬁ Vo | | | | |||

/ | f
LA W s \
L When the clk_in comes into the delay stage from different inputs I ,j ;’ % T .
(e.g., clk_in to A and NAND out to B), the final output will have a ) [ ‘ 'L ' | - \
duty cycle > 50% or < 50%. ‘

| 1 | | ‘ |

. - ‘ \ Vol ‘ \; ‘\} “ ‘

(] Use the same inputs for delayed clk_in in the delay stage path [ ] f 1*\ l “ \ i b b I‘
/ [ \ ) ‘ T T

() The output using input B has a larger delay by 8 ps. / ff | JJ . | \ | |1 | [‘
' ‘ - \ ‘ T R

U Input A is used for delayed clk_in across the delay line. & f ‘ BEEE \ . Vo | |

U Clk_in goes into the entry point must use input B to obtain 50% / f
duty cycle. /

Input connected to A with B high.

Figure 18.15 The skew introduced by using different inputs.

1430 23] viary

Figure 15: Simulation of 9-stage delay line

T
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Input and Output Buffer Replica

IModeling of the input driver and output
driver in practical SDRAM design can be FP
difficult since they are complicated.

VDD
(1Copy the exact same design V’”’JH;{ hﬂnp ﬁ
. iati L{ Out

) Matching delay over PVT variation |
U Larger layout area }—»—{
JTo simplify the design, a simple self-biased
differential amplifier from the textbook is used e e
for input buffer. —Epdhqg
Vinp |
JFor output buffer, even number of inverters is #,j 1 . o™ O
used. L —1=
‘{ schematic symbol

IDelay Replica contains the exact same
designs of input buffer and output buffer.

Figure 18.23 A rail-to-rail input buffer based on the topologies in Figs. 18.17 and 18.21.

Figure 16 (Figure 18.23): input buffer with logic level outputs [5]




550 MHz Digital DLL Design

x a 9 9 24+1 Stages Delay Line and 24-bit Shift Registor a
: i ; i ;
5
IVDBDf ict VDD—{d_in VDD GND CLKout d_in VDD GND CLKout d_in VDD GND CLKout—
n Buf . CIK_1 =] P k= . =
g M e E RSB AL BR §Y BR80T |F BERESEAEEYsE B3 B BEHE 3% 50 85 o5 wle
(=}
7 <
| al 8 (5 |8 |2 [ |g|¢e o I T I 1 R Y I of ol |3l [ |al |5 4
VDD <} i o o o o o o o Q15—.—| o o <} o o 4 o Q7_._] <} <} <4 <4 <} <] <4 8
In Buf ; ;
clk_ex GND clk_in[—clk in2 ~k ©©® LD TFT OO NN == OO I~ ©®© DL TIT OO NN == 90O Nk ©©® VB TIXT OO NN == OO
S g Cc ®c ®c ®c %c ©5 Co o 0 ®o C0o C¢g Cc %0 C0 Og o o 90 ®c 0 9c ¢
a %7 SL SR clock set b RS_b Q7_in Q0_in VDD GND SL SR clock set b RS_b Q7_in QO_in VDD GND SL SR clock set b RS_b Q7_in QO_in VDD GND
i 3 e 2L o B L il FI TR P = il I YR S . e &
O Phase Detector =] » = (<} a »w » £ o =] = =) w » =] I N (<} =)
L ek ex MBuf ¢ in > Ol e > o UQ > 2] o g = > 2 o a >
= GND s | R g s a
$ 2 clkin VDD  Shift L— >l >|
! Shift R
X ok fb GND clk SR - L] clk_out mp A
Ik_fb p 1k_out Out
clk_SR [—c i o clk_ou - 7= ] = Y GND B[—VDD
Input Buffer clk_fb °, = 3 =
(multiple copies for lowering stress of clk_in) 47 = a s T I 47
Input and Output Buffer Replica i g VDD i Vreset VDD The extra delay stage and invert clk_bar
Velock Yoot clk out OutBuf  pasl  pas
GND
.tran 50n uic 1
.include cmosedu_models.txt PULSE(1 00 1p 1p 0.9n) Output Buffer

PULSE(0 10 1p 1p 0.9n 1.8n)  PULSE(1 0 1.8n 1p 1p 0.9n)

Figure 17: Schematics of a 550 MHz 25 stages Digital DLL SIMULATION
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A 550 MHz Digital DLL Design

V[s)+3.75 V(sn)+2.5 Viclk_in1) Viclk_fb)+1.25

5.0V

o A L
::wmmmwmwﬂmmmwm

v ‘ «:‘wak ““\?‘"““\
B ‘ “w “a,f LA R4 f U YR Ry ‘\)‘ ‘U “um‘ “-w‘ “‘w “ "x‘ T } ‘r' \’ "‘w‘ L/ ’ \ | ‘w‘ H

YO SO0 e S N S ) S 0 (O W L R A WL WO Y T

V(clk_ex) V(dgs)+1.25

Hgﬂégéﬂééﬁeeeﬁﬁﬁf

1.4V

J L%;q%g@Jﬁp%JngJ%_

‘, - - S_— - - L I (S I S D S N _— L
25  3hs  35ns 40ns 45ns 50ns

Flgure 18 Slmulatlon of the DLL design
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To Improve Performance...

Duty cycle corrector
(JEnsure the output clock has 50 % duty cycle even when reference external clock doesn’t have 50% duty cycle.

(JFine delay line
(ASmaller unit delay than coarse delay line
(JTotal delay must greater or equal to the unit delay of the coarse delay line
(JHigher resolution = locks the external clock tighter
LiIncreasing locking time

L May be used at the same time with coarse delay line

JFast-Locking DLL (Initial delay monitor)

(JUse multiple phase comparator to measure the initial phase difference between the external clock and output
clock.

(JUsing the measured phase, set the corresponding initial point of entry into the delay line so the clocks are
almost in phase which saves the time for coarse delay shifting.
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To Improve Performance...

Tdelay Tek/2

Tnn

out

|n [ 4
=
et L

Tdelay

Figure 19: Conventional Duty Cycle Corrector [9] Figure 20: Alternative Fine Delay Elements [10]
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To Improve Performance...

(Inftlal Monitor ) Initial

H Code Generator )— Codes
iclk 1 ; - (Tout Tiowk
L > Fine | _ SW—— A e A
'I‘EI" Mixer
UD: Unit Delay L PD E PD ...L_: PD PD

- - —
Int [nth ~
fedclk eoe Fine out1
| Mixer [
5 o T . T T
relk — ~Shift Reglster
? g ; [ Initial Lock J
[ % : f : Code (TowL)
Dual Delay Line

Figure 21: Block diagram of proposed RCDLL with initial delay monitor [9]
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Design Considerations

IDuty cycle matching
(150% duty cycle ensures consistent data valid window width at both edges of DQS

(JPhase difference minimization
(JFine delay line

JFalse lock

(JPhase detector output oscillating
Filter (counter)

(dIncrease the hysteresis

Shift register clock strength in higher frequency design
(JEnough time to drive the DFF
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