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Abstract

The performance of high-speed wire-line data links depend crucially on the quality and
precision of their clocking infrastructure. with aggressive scaling of device susceptibility of
signal to process, voltage, and temperature variation increase tremendously. because of high
speed and low power design timing and voltage margin reduce respectively. For future ap-
plications, such as microprocessor systems that require terabytes/s of aggregate bandwidth,
signaling system designers will have to become even more aware of detailed clock design
trade offs in order to jointly optimize I/O power, bandwidth, reliability, silicon area and
testability. Digital communications technology as well as integrated circuit scaling trends
has enabled the industry to dramatically scale the bandwidth of high-loss networks such as
DSL and Ethernet. Many of these networks are channel bandwidth limited and have had
to leverage sophisticated equalization techniques to push well beyond the uncompensated
channel bandwidth. Proper clocking architecture dramatically reduce burden on sophisti-
cated equalization technique for generating a high bandwidth on and off chip link .so trade
off between power, performance and area (complexity) can solve by proper handling of clock
through distribution. Delay locked looped provide easy means of phase synchronization of
sampling clock and data. Due to optimum sampling point in time-domain decision threshold
get extra tolerance against noise, inter symbol interferences, jitter, and skew. All digital
delay locked is presented here with wide frequency range, small locking time, less jitter and
stable phase of delayed clock. two types of delay line coarse delay unit and fine delay unit
together provide a wide delay regulation range and finer delay resolution. bang-bang phase
detector with delay less than clock period enable us to update delay value at each clock

cycle hence time to lock improved.
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Chapter 1
Introduction

Demand for multi Gb/s serial I/O has placed a great challenge to clock and data recovery
architecture and circuit design. Due to great improvement in semiconductor technology
along with device scaling has created high speed interface capability in microprocessor and
memory. All high speed and performance benefits are enjoyable in high bandwidth com-
munication link but scenario in low bandwidth communication is slight different. Various
additional factor came into picture when we switch from on chip to off chip communication.
Some of them are link bandwidth, jitter, noise and skew. This factor are limiting factor
for off chip serial link’s power, performance and complexity. Its demand extra functionality
and novel design for clock and data recovery circuit to mitigate an additional challenges
specifically imposed by off chip communication application. Various additional effort made
in section of channel equalization, channel coding, proper link termination has improved off
chip communication capacity very far from link bandwidth. But by doing so the tradeoffs
triangle has not optimize. Calculated approach toward high speed I/O should include each
and every possible optimization to improve a tradeoff triangle which is power, performance
(speed) and area (complexity). So novel clock distribution is critical for further capacity
improvements. Improved clocking methods have played a central role in the widespread

adoption of multi-gigabit data links.

1.1 Challenges for high speed clock and data recovery
circuit

In high speed transceiver system clock and data recovery (CDR) is a critical function. Op-
tical communication, backplane routing, and chip-to-chip interconnects are the main appli-
cation area of CDR. Due to high speed operation allowed by asynchronous communication,
clock must be recovered from noisy data to allow a synchronous operation to reduce a bit
error rate in communication. Data retiming is necessary to remove jitter which is accumu-

lated during transmission to allow a high timing margin. Clock get extracted from noisy



Chapter 1. Introduction 14MECV25

data by clock recovery circuit and data retiming operation is performed by data recovery

circuit.

Communication standard impose a stringent specification on CDR which it must satisfy.
To design a CDR within communication standard boundary create a difficult challenges to
circuit designer and system designer. Figure show clock recovery circuit, clock is require to
perform a synchronous operation such as data retiming and de-multiplexing of random data,
receiver must generate a clock. Clock recovery circuit generate a periodic clock from noisy
data. This recovered periodic clock then drive a D-flip-flops to retime a data. D-flip-flop

here act as a sampler so we can called it a decision circuit.

Clock generated by this circuit must satisfy below three condition for proper operation of

CDR.

1. Frequency of extracted clock must be equal to the incoming data rate. For example,
clock frequency of 10 GHz (with a period of 100 ps) must be extracted from data rate
of 10 GB/s (each bit 100 ps wide).

2. Received data possess a significant amount of noise because of transmission loss and
noise coupling. So clock recovered from this noisy data should replicate all noise
component of data onto itself. If it happens then clock always bear phase relationship
with data, and it can achieve an optimum sampling point in decision circuit. If
sampling occur at midpoint of data valid window then we can achieve a maximum
timing and voltage merging for jitter and other uncertainty in time domain as well as

in voltage domain.

3. It can add a jitter to extracted clock, this jitter directly reflect on re-timed data jitter
because very high speed operation small amount of jitter can introduce a high degra-
dation in timing and voltage margin. So we can define it as a primary jitter source
within a receiver circuit. Jitter can introduced because of power supply variation
or modulation occurred because of inter-symbol interference (low channel bandwidth.
jitter may be random or deterministic. To counter jitter we should design an optimum
channel coding technique, equalization and very precise supply references. This com-
pensation technique limits random jitter within acceptable range.clock is extracted
from data itself so all high frequency jitter get tracked by clock it self.so data recovery
circuit bandwidth to track a high frequency jitter is actually no more required. so it
can operate at much less bandwidth. so it will reduce jitter which is introduced by

clock recovery circuit.
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Figure 1.2: a) The role of a CDR circuit in re-timing data; b) an example of CDR imple-
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1.2  Jitter

Jitter is a major disturbance parameter in any clock path circuit including DLL and
PLL.Jitter is random in nature. Maximum value of jitter determines a final timing and
voltage budget margin and eventually define the speed and performance of circuit. Jitter
generated from different types of sources land themselves as different type jitter as random
jitter, deterministic jitter, data dependent jitter etc. so nature of jitter completely depend
on nature of its source. We will analyses jitter in analog delay locked loop and digital delay
locked loop separately.

Advanced equalization and precise clocking are integral part of well-designed multi GB/s
data link architecture. Proper combination of above two factor can optimize the design
triangle performance, power efficiency and cost. Data link design which are over emphasis
on advanced equalization may meet the performance goal but with increased complexity
and resources power dissipation and cost become worst. Which is not acceptable. So low
jitter clock path design should be major design goal while design multi GB/s serial 1/O to

optimize the design triangle.

_ — RX Jitter
20abis [ 16 tap DFE Iy
LT itter
15Gb/s |- g

10Gb/s | ) \

3 tap pre-emphasis
5Gb/s |-

0.0 0.01 0.02 0.03 0.04 0.05 0.06
Jitter (Ul rms)

Figure 1.3: Maximum data rate as a function of TX jitter magnitude for a data link with
varying amounts of equalization complexity. Baseline parameters for link simulation include:
Channel loss 15 dB@Q5 GHz, BER= 1le-12. 16 tap DFE link includes 3 tap TX pre-emphasis.
Rx input-referred noise 1 mV rms. TX jitter 1/2 ps rms, RX jitter 1ps rms unless otherwise
specified. Jitter is normally distributed
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In data communication link we broadly categorized jitter in two category based on
their source as channel induced jitter and circuit induced jitter. Inter-symbol interference
(ISI) and co-channel interferences are two major souses for channel induced jitter. Inter-
symbol interference (ISI) comes from electromagnetic coupling within channel (low pass
nature) and co-channel interference (CCI) comes from an electromagnetic coupling with
another channel. Channel induced jitter is deterministic clock and data recovery for high
speed interface is affected by it. Due to deterministic it can be model effectively as far
as channel characteristics are known. Various equalization technique can be adopted to
mitigate channel induced jitter. Circuit induced jitter are much diverse and modeling of it
is very complex as compared to channel induced jitter. Various sources for circuit induced
jitter are thermal and flicker noise which can deviate a normal circuit operation and generate
voltage induced timing noise. Power supply noise and substrate noise are another sources
of jitter which can inject a timing noise and create a delay variation in clock circuit. Circuit
design defects such as layout mismatch, locked loop update glitch, coupling effect also inject
a timing noise in clock path.

As shown in figure with rise in data rate to achieve a low jitter in communication link with
equalization required a large resources compare to slow communication link. As we switch
from 10GHz to 15 GHz for same level of jitter in both speed link the equalization resources
approximately rising 5 times in high speed link. So we can compensate TX and RX jitter
by designing a low jitter clock path to maintain a timing budget. Which eventually lower
load on equalization and reduce equalization complexity and resources optimizing design

triangle.

1.2.1 Jitter peaking by channel

S,, (dB)

(=]
[T
Y

6 8 10 12 14
Frequency (GHz)

Figure 1.4: Channel Response[3]
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Figure 1.5: Jitter Transfer/Amplification[3]
Low-pass frequency response (buffer, distribution interconnect) is similar to a high-pass

jitter filter.
Finite bandwidth of DLL can amplify clock jitter.

k
Jitter sequence = Z M, k>0
1

Ju even /uodd

Duty-Cycle Error =

2u
U Jitter (1-UT Jitter) =l = ﬁ
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Period Jitter 2-UlJitter) = Ly + My, — 21

k4+N-1
N-UI Jitter _ Z(ﬂz _!_4) k>0
k
: L(Af)
A
N-UI Jitter (rms)* = {/ -10 20, /N
f‘ 72
Differential Jitter _ -
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Figure 1.6: Jitter representation



Chapter 1. Introduction 14MECV25

1.2.2 Jitter analysis in analog delay locked loop

7} » Qutput CLK

Phase Loop
Reference Detector Filter

Figure 1.7: simplified type-1 analog DLL

Figure 1.8: S-domain model for Analog DLL

e Kcp—gain of charge pump and loop filter.
e Wp-loop filter pole.

e Kdl-delay line gain.

Generally loop filter is integrator but to account second order effects we set pole at Wp.

Kep=1Iep/2PixWp

where Icp is charge pump current.

';bcrut L 1

y 2 )
din LA S
wpKpLKcp KpLKcp

Figure 1.9: jitter transfer function for Analog DLL
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If we assume a loop filter as an ideal integrator then Wp=0 and jitter transfer function
left with single pole at KdI*Kcp. There would not be jitter peaking. Jitter transfer function
is second order system so jitter peaking is possible. With making it over damped we can

achieve jitter attenuation.

o1 81 + 62
Ideal Clock | | : é
Reference | E | é ; ==
Output | é ; l_l

[p—

Figure 1.10: Timing diagram illustration of jitter peaking

one zero at

1/ +Kep*Kdl one pole at
B . w=1-Kcp*Kdl

Magnitude(DB)

Frequency

Figure 1.11: Bode plot for jitter transfer characteristics of first order analog DLL

1.2.3 Jitter analysis in digital delay locked loop

Power supply noise and substrate bias noise can alter the delay of delay elements. We can
adopt a various circuit design technique to mitigate effect of noise of power distribution
networks on delay amount of delay line. Supply voltage from constant reference to delay
elements to avoid power supply noise. Use local current mirror to mitigate locally gener-
ated and distributed power distribution network noise. Current starve delay elements and

differential delay elements are less prone to power supply and power distribution noise.
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Figure 1.12: phase detector and probability distribution function of reference clock

Generally digital DLL exhibit all pass jitter transfer characteristics.so in forwarded clock

serial I/O architecture DLL is very efficient.

2-way Interleaved RX front-end

CTLE Sampler Pre-amp Sense-amps

Sync
Il'ﬁlit - = k [-[: 9 Latch I g
Q &
%1 1
. I
: Margin n Offset ctrl | =3 : l
: I

v

| 0°,180° !

| CMOS 6-stage |o | CML buffers |_|_F0r‘w'arded
! | buffers @ DLL wi DCC 1~ RX Clock
! 1

: » Duty cycle detector Vem :

! |

Figure 1.13: DLL based forwarded clock architecture
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some advantage of DLL over PLL in clock and data recovery circuit are mentioned below.

e DLL displays an all-pass jitter transfer characteristics.

All-pass jitter transfer characteristics is Desired for correlated jitter.

It is not desired for uncorrelated jitter.

No jitter accumulation.

Inherently stable.

Simpler and less area than PLL.

Finite bandwidth of DLL delay line can result in jitter amplification

Ring oscillator

Bk

Vou

Vo LI [

Figure 1.14: Jitter in PLL and DLL
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1.3 Application of delay locked loop

delay locked loop has wide range of application.

e clock tree synthesis in multi-voltage domain.
e frequency multiplier.
e DDR-DRAM

e Delay compensation and multiphase clock generation

1.3.1 clock tree synthesis in multi-voltage domain

Today in very high density VLSI chip operating at GHz frequency must have a low power
design. Multi voltage domain (MVD) design is one of the most common technique for low
power design in today’s integrated circuit design. Due to frequent transition of clocks from
one domain to another domain via level shifter create a relative phase difference between the
clocks in clock tree reducing the data valid window and eventually reducing the speed.By
using simplified version of DLL in each domain we can achieve a controlled (adaptive) skew
in clock path by which we can achieve a phase synchronization between clocks from different

voltage domain.

Fixed Delay Inserted to L WS B s ¥ volapeseling
synchonize clocks from —*LS Logic )\7 D Q[*LSH*
both voltage domain §» U e FF
| =
|
Clock Tree
-
[ DELAY |—]
— Fixed Voltage
Logic >——{p o—
- S e ________/ FF
— €

System Clock E

Figure 1.15: pseudo synchronization at voltage scaling domain boundary

:

Clock Tree
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Here a fixed amount constant delays are inserted in clock tree. Delay is independent of
actual skew between clocks and change with variation in process, voltage, and temperature.
So sufficient margin must require in timing budget to compensate an uncertainty create by
PVT variation. So achievable speed down comparatively.

To design a clock trees in multi voltage domain(MVD) with optimum timing budget and get
maximum throughput possible in given technology, skew between clocks must be adaptable
to the PVT variation.to full fill this requirements we can use simple version of DLL in clock

tree synthesis of multy voltage domain (MVD) .

o —__ Voltage Scaling

L'f_j oge T
e el

.

Clock Tree

s
B «

” = Fixed Voltage

System Clock
—

DLL

=
C

?

Clock Tree

A+——

Figure 1.16: DLL synchronization at voltage scaling domain boundary

here once delay locked loop enters in locked state all clocks in all domain get synchro-
nize.so clock edge at all sampler (D-flops) fall somewhere in data valid window and no
shrink in timing and voltage margin. that ensure expected bit error rate within multi-
voltage inter-domain communication.it ensure a highest possible performance of system but
it add an extra design complexity and increase area and power requirements. compare to
PLL and other for clock synchronization across multi-voltage domain DLL is still a very

good solution for this particular application.
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1.3.2 Frequency multiplication

+ ¥

N
—— b

Senalizer
Deseralizer

Reference 1 Reference

C_"IOGk \C]DC}\' Multiplier C—lﬂrck Clack "u1u]tlp]1cr
- and Recovery

Figure 1.17: Basic block diagram of high speed serial 1/0O

As shown in figure for high speed serial I/O high precision clock multiplier required for clock
generation. Precision timing circuits and clock generator are designed using phase-locked
loops (PLLs) or delay locked loop (DLL). Due to higher order system PLL based clock
multiplier are very hard to design. There are so many advantage of using DLL based clock
multiplier over PLL based clock multiplier. Voltage controlled oscillator design in PLL is
difficult to achieve a low jitter level compare to a delay line and edge combiner design in
DLL.

Typical clock multiplier circuit design with DLL is shown in figure.

Fref-
Fref+
UP ‘ll‘;f | w
» 3 oltage
Phase Charge & L‘.:mp wtr:I Controlled Delay
»| Detector |1 Pump Filter Line
> vi oo
D1- i+ @ o s DO+
2x (I+,1-,Q+, Q-)«==1 Duty Cycle [* Edge
4x (0+,0-) «— Corrector [e Combiner

Figure 1.18: basic DLL based clock multiplier
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In high speed serial interface major noise contributor is frequency multiplier. Generally
frequency multiplier takes a low frequency clean clock as a reference clocks and then it
multiplies reference clocks by PLL and DLL to get a high frequency clocks. PLL or DLL
contain VCO (PLL), VCD (DLL), charge pumps and phase detector. All this modules of
clock multiplier are very noisy and create a maximum amount of jitter in high speed serial

I/O application.

REF
CLK | I

PHOUT(0]

PHOUTI(1]

PHOUT(2]

PHOUT(3] !
[ ]

PHOUT(4]

i

PHOUTIS] |

PHOUT(S]

PHOUT(?]

Ll 2

Figure 1.19: frequency multiplication by processing the output phases of DLL

1.3.3 DDR-DRAM

In double data rate (DDR) DRAM controller design bidirectional data strobe (DQS) signal
control the data transfer. Bidirectional data strobe signal transmitted with output data
signal (DQ) .fig giving an approximation of timing budget while read operation. Phase of
DQS and DQ should be ideally aligned. But pin-o-pin mismatch between the DQS and DQ
and skew induced due to PCB phase difference exist between DQS and DQ when they reach

14



Chapter 1. Introduction 14MECV25

at controller. Which left data valid window very narrow reducing the timing margin. If we
delay DQS with 90 degree phase shift to center of the data window we get a wide a wide data
valid window and eventually an enough timing margin. To achieve a 90 degree phase shift we
can use a simple buffer chain for delay. But this open loop arrangement have disadvantage
of variation in skew with variation in process, voltage and temperature. Digital delay locked
loops are preferred for this application because of its various characteristics which best suit
for this application such as it has a fast locking time and ease of migration over different

processes with interface of high speed DDR memory.
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Figure 1.20: All digital high performance DDR PHY/DLL implementation

At low signaling speeds, the data valid window (the time over which data can be sampled
reliably by the receiver) can be large. Even in the presence of a substantial shift in the data
valid window across operational extremes, the resulting data valid window can still be large
enough to transmit and receive data reliably. This is the case for DRAM technologies such
as SDRAM. However, for higher-speed DRAM technologies such as RDRAM and DDR,
variations in process, voltage, and temperature can result in the loss of the data valid

window.
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1.3.4 Delay compensation and multiphase clock generation

Delay_Controll_bit

Cliin Delay line
CLK_out
CIK_rout

Replica_buffer Clock_tree

Figure 1.21: delay compensation by DLL

Design of clock distribution network must me very aware to PV'T variation effect on that
and mitigation of that. As shown in figure if common data line is sampled by clk_in and
clk_out then phase of both clocks must be match. Due to inherent delay of clock tree and
it variation due to pvt variation needs a continuous calibration and same is achieve by DLL

as sown in figure.

Figure 1.22: Multi phase clock generation

Multiphase clocks are useful in many application belongs to various domain. In high
speed serial interface multi-phase clocks process data streams with a speed much higher
than internal clock frequency.multiphase clocks are combined to produce the desire output
frequency for the synthesizer in clock multiplier. clock constraint can be ease in per-charge
logic in microprocessor. multi phase clock can be use to find better sampling point for
analog-to-digital converter in wireless LAN base band design to improve overall system

performance.
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Chapter 2

Literature Review

2.1 Types of DLL

Mainly we can define a two types of delay locked loop based on nature of operation
e digital delay locked loop.

e analog delay locked loop.

Both digital delay locked loop and analog delay locked loop have their own merits
and demerits. What kind of dll to be used is decided by application and performance
expectation from dll. We can compare both type of dll by their various performance
parameter. Those performance parameters are calibration range, delay regulation
nature, power consumption, jitter level, I/O characteristics nature.

Combination of one or two above parameter decide what kind of operation nature
require for given application. In some cases we can use function of both types dll
to meet an application requirements and that form a hybrid configuration of dll.
For better control and precision we should use either digital or analog configuration

entirely.

2.1.1 digital delay locked loop-performance parameters

1-regulation range:

regulation range for all digital delay locked loop is very high. Factor behind the very
high regulation range is digital nature of delay line. Generally digital delay line com-
posed of coarse and fine delay elements. Coarse delay elements generally provide a

large time step in initial phase of adaptation and then fine delay elements do fine
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tuning of phase with comparatively small time step. So with coarse time step we can
achieve wide time range under a reach of calibration and eventually we end up with
a wide regulation range. So this is an advantage of using a digital delay line over
analog delay line where a high uncertainty of relative phase exist. With wide range of

regulation dll never goes in inoperable region.
2- Delay regulation characteristic:

delay regulation characteristic for digital delay locked is very linear. Because of dis-
crete digital delay elements control by monotonic code gives a uniform delay step size
which eventually leads characteristics into linear in nature. For linear delay charac-
teristics across all operating condition (process, voltage, and temperature) individual
delay elements must be immune enough to PV'T variation.

Sum of delay_inout_rise

BA 90 1 TT_TTT_PR-TT_TTT_PR- 90

SE-10

4E-10

)
asem B
A
3E-10
Corner X
25E-10 kti_toplevel.scs bt
temperature 'Y

~—e==B4_90_1_TT_TTT_PR - TT_TTT_PR - 90

—

Uniform step size across rang_lead to liner characteristics

0 1 2 3 4 5 6 7 B8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

seencserm - NoO. of delay elements in delay path

Figure 2.1: Linear delay characteristics

3-power consumption:

digital delay locked loop generally consume low power relative to analog delay locked
loop. In digital delay locked loop operation of delay elements are majority c-mos. So
it provide a very low statics power dissipation. Number of caps and is lumped value is

very low in digital delay locked loop leading to very low switching power dissipation.
4-jitter:

- jitter level in digital delay locked loop is comparatively high due to coarse regula-

tion. There is a high correlation coefficient between power supply and delay of delay

18
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elements. So power supply noise create a high jitter in coarse regulation unit.
5-phase resolution:

due to discrete (digital) phase control phase resolution of digital delay locked loop is

very poor. Phase resolution depends on fine delay line delay step size.
SE-10

4.5E-10

4E-10

3.5E-10

Delay

Available phases for digital delay li

3620

25€-10
2620

15610
1610

In between phases are not Available

5E-11

0

0 1 2 3 4 5 6 7 B 9% 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

seincsetim > No. of delay elements 1n delay path

Figure 2.2: delay resolution for digital delay line

2.1.2 analog delay locked loop-performance parameters

1-regulation range:

for analog delay locked loop delay regulation is small compare to digital delay locked
loop. In analog delay locked loop delay lines are voltage control delay line. Where
delay is control by modulating a load cap value. Generally they use MOS-cap for load
cap in delay elements. And hence Range of load cap value is limited by power and area
limit of design. For stringent power requirements load cap range reduce to very narrow
range which leads to a very small regulation range. Because of very narrow regulation
range it cannot control an operation with highly uncertain relative phase difference.
Analog delay line has very narrow clock-decked capability compare to digital delay
locked loop. So application where a large difference between clock paths exist there

we should use digital delay locked loop instead of analog delay locked loop.
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2- Delay regulation characteristic:

delay regulation characteristics for analog delay locked loop is highly nonlinear. We
can reduce an analog voltage control delay line by following model.

Vetrl=1/¢c*nt(A 1.dt) 2

| -
V1 ™ lup
CKI il | g
' Alp=lyp-lpnN
Af PD
1I"‘!IIT:I.I'I
e N1 = i
CKO DN Rt
Vbz—i lpN

Figure 2.3: Vctrl generation in analog delay locked loop

Vsupply(V)

Vetrl(V)

time(t)

Figure 2.4: nonlinear characteristics of Vctrl VS relative phase difference between two clocks
3-power consumption :

power consumption for analog delay locked loop is generally very high compared to

digital delay locked loop. Generally voltage control delay line in analog delay locked
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loop adopt a cstrv delay elements. Large value of load capacitance create a large

switching power dissipation.

}_’51:1 Vud

—

in —C —<C

J_UO—- ] L 4 » ] L Géjjm:

I 'N[s__

s

—MOS-cap_controlled by Vectrl

Figure 2.5: power dissipation in voltage control delay in analog delay locked loop.

4-jitter :

jitter level in analog delay locked loop is comparatively low compared to coarse con-
trolled delay locked loop. Delay control in voltage control delay lines are very smooth
and continues random switching in signal path does not exist in case of analog delay

line which leads to a low jitter accumulation in analog delay locked loop.

5-delay resolution :

delay resolution for analog delay line is very good. All possible phase can be generate

by voltage controlled delay line.
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within range

Relative phase of clock_out

All phase can be produce by analog DLL

. Vetrl{V)

Figure 2.6: Delay resolution for analog delay locked loop

2.1.3 performance summary

Sr_no Digital DLL Analog DLL Hybrid DLL
1 wide regulation range | narrow regulation wide regulation
range range
2 linear delay regulation | nonlinear delay fine regulation
characteristic Regulation
3 low power larger power larger power
consumption consumption consumption
4 discrete characteristic | Continual & complicated
fine delay regulation control
5 coarse regulation simple realization complex
high jitter level resistant to realization
interference

Figure 2.7: SUMMARY OF PERFORMANCE PARAMETER FOR DIFFERENT DLL
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2.2 Analog delay locked loop

The key component in designing an analog delay locked loop are mentioned below

— voltage control delay line.
— charge pump
— phase detector.

We will discuss each component and its parameter affecting the performance of
DLL individually.

2.2.1 Voltage control delay line

There are different types of configuration available for voltage controlled delay

line. We will go through all relevant configuration to explore their advantage and
disadvantage.

current starved delay elements

We can abstract operation of current starve delay elements as Vctrl controlling
reference current of current mirror to control the speed of subsequent inverter.
Due to mirror controlled delay power supply variation induced jitter is very less.
So supply independent operation is great advantage for current starved delay
elements. Delay control is independent of load cap value so switching power

dissipation is less. It required two more transistor for each delay elements.
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Figure 2.8: current starve delay elements
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Capacitive load Delay elements

Due to large load capacitance switching power dissipation of capacitive load delay
elements is very high. Highly nonlinear delay characteristics. Delay is directly

proportional to supply voltage so supply noise create a high jitter.

Vg Vud
i ol
n. W out
Tle—s ¢ — ¢ +—o I
M, 1 M; 1
= MJ 2 = M.?
I/T:n-f 4 il —
& Y 1

— Cload Mﬂ
| Z0 controlled by Vetrl

and eventually it contrsl RC load value

Figure 2.9: capacitive load delay elements

delay elements with differential Input/output

Good resistance on interference and compliance of rising and falling edge delay
Differential delay elements are design such that it use limited charge/discharge
current and parasite output capacitance to obtain delay. Which leads us to a
very small amount of switching power dissipation.

delay resolution of differential delay elements is very good.power supply jitter of
differential delay elements is relatively low.better common mode noise rejection
and less duty cycle distortion.it required level transition . It remove any skew
between differential signal . It has least dependency on PVT variation on delay

among all analog delay elements.
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Figure 2.10: delay elements with differential Input/output

Relative delay transfer characteristics

current starved

Differential_delay_elements

Delay

apacitive load delay elements

Control voltage_Vetrl(V)

Figure 2.11: relative delay transfer characteristics

As we can see from Figure differential delay elements has very finer delay transfer
characteristics among all delay unit. current starve delay elements has better
control one delay. capacitive load delay elements are very non-linear and very

susceptible to noise.
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2.2.2 charge pump

The conventional charge pump has a problem of current mismatch as shown
in fig current mismatch generates due to variation in drain and source voltage
(VDS) of transistor P1 and N1. To eliminate this current mismatch charge pump
output voltage should be exactly half of supply voltage which is not in case
of conventional charge pumps. Process variation is another factor which can
generate current mismatch. Phase error of get generated due to current mismatch
at output of DLL. Charge injection into charge pump capacitor at each clock cycle

under mismatch condition is
Q = ICP*.

Where Icp is the charge pump current IUP or IDN, is phase error of phase
detector CKI and CKO. The amount of charge in capacitor when DLL is locked

is given by
Q = ton*Id

Ton is turn on time of phase detector and Id is current mismatch between IUP
and IDN. So phase detector uncertainty and charge pumps current mismatch
induce a phase error at output of delay elements. Static phase error generated

due to current mismatch at output of DLL between CKI and CKO is given by
= Id*ton /ICP

Current mismatch in charge pumps can create a static phase error at output of

delay locked loop so we have to include some technique to mitigate this problems.
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All digital delay locked loop

As we have seen in chapter 2 there are two major category of delay locked loop
and we have also seen merits and demerits of each type of DLL implementation.

I this section we will explore architecture of proposed digital delay locked loop.

3.1 Architecture of all digital delay locked loop

Major component of proposed delay locked loop are

Frequency divider
Coarse delay line
Fine delay line
Phase detector
Control logic

Phy Clock distribution network

N T W e

Node controller clock distribution network

Above block diagram giving us a glance of top level functional and signal flow
information. We will look into individual component in detail in subsequent
section. Here coarse delay line and fine delay line operation is controlled by a
thermal code generated by digital control logic blocks to control the delay of it.
No analog controlled voltage used for delay control that’s why above configuration
is an all-digital delay locked loop configuration. Because of digital nature of
operation no charge pump and loop filter to generate an analog control voltage.so

little clock path jitter generated due to DLL operation.
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Figure 3.1: Block diagram of proposed digital delay locked loop

3.1.1 frequency divider

We used to scale down frequency of source for which we required a phase syn-
chronization by factor of 4. For this purpose frequency divider of d-flip-flops and
delay buffer and inverter are shown in fig.

Delay value of buffer and inverter is decided by value of setup time of d-flip-flops
and clock frequency. Basic idea here is that when inverted value of Q valued
reached to D then it should be at its valid logic level not at an intermediate value
between two valid logic level. If we connect an inverted QQ net directly to the D
net then operation becomes oscillatory with high frequency of oscillation around
the mid-logic level and structure stuck in metastability state. So some amount of
delay between QQ and D is required to allow a D-value to be settle at valid logic
level and hence a QQ value. What is the minimum amount of delay required to
avoid metastability is depend on setup time of d-flip-flops, and maximum limit

of delay is limited by clock frequency and hold time of d-flops.
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CLOCK_out_1.4GHz{8U!)

CLOCK_5.6GHz(2Ul
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Figure 3.2: basic block diagram of frequency divider

First consider a minimum required delay value evaluation. If d-flop has setup

time=Tse_up. Then Tdeay; T'set_up.

CLOCK

Figure 3.3: delay adjustment in frequency divider

Maximum allowable delay Tdelay (max) =T(clock_period)-Thold. As clock fre-
quency increase max limit of delay decrease so we left with a very small valid
delay range and margin also decrease. To count a valid operation across PVT
variation of frequency divider we should have an enough valid delay range. De-

crease setup and hold time to increase a valid delay range of frequency divider.
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Flop 1 has a stringent spec regarding setup and hold than flop 2 because oper-
ating frequency for flop 1 is 2X higher than flop 2. All timings and simulation

results are presented in chapter-4.

3.1.2 Coarse delay line

As we have seen in chapter 2 that DLL resolution depends on minimum de-
lay value of single delay elements of delay line, adaptation speed and delay range
depends on size of delay step and maximum achievable delay by delay line respec-
tively. Coarse delay line take care of later two performance parameter adaptation
speed and delay range. Generally delay step size in coarse delay line is very high
comparatively fine delay line step size. Delay step size means amount of incre-
ments in delay by increasing one code value. By increasing one code value we
actually adding one more delay elements in delay line. Actually delay step size is
equal to delay of single delay elements. Because of large delay step size in coarse
delay line by increasing small number of code we get a sufficient amount delay
and hence phase shift. Each code increments takes some time and next code
value can be applied after some time decided by DLL closed loop bandwidth.
Actually after updating a code value delay line take some time get settle down
and reflect its effect as a phase shift at input of phase detector. Phase detector
output value get sampled by speed of closed loop bandwidth of DLL so value
taken at optimum timing threshold is finally applied to the control of delay line.
So as number of code update increase it increase time to lock and adaptation
speed decrease. With large step size of coarse delay line with small number of
code update we get a significance amount of delay to synchronize the phase of
clocks. Also with large delay by small number of delay elements we can get a
large delay range which can handle a large amount of uncertainty.

In proposed all digital delay locked loop coarse delay line is CMOS inverter based
delay line as shown figure. for less duty cycle distortion delay elements should
provide an equal amount of delay for both rising edge and falling edge.In CMOS
inverter rising edge delay is controlled by PMOS transistor and falling edge delay
is controlled by NMOS transistor individually. for equal rising edge and falling
edge delay proper sizing of NMOS and PMOS required. Also this two should

maintain equality across all possible PVT variation.
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Figure 3.4: top level block diagram of coarse delay line

Tunable range of coarse delay line can increase by cascading more number of
coarse delay unit as shown shown in figure. In proposed DLL four basic delay
unit each contain 8 intrinsic delay elements are cascaded.As we have shown earlier
that operating frequency of DLL is limited by a maximum intrinsic delay value
of individual Daley elements. So while cascading more number of delay elements
care must be taken that intrinsic delay of basic elements should not increase. so

maximum operating frequency put a restriction on maximum cascading.
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Figure 3.5: coarse delay line

As shown in figure coarse delay line control by thermal code so digital nature of
operation.Cin is an input clock and Cout is a delay version of Cin. Consider a

case when below code is given as a control of delay line.

Co C1 C2 C3 Ca

1 0 0 0 0
Cbar0 C_barl C.bar2 Cbard Cbard ......................
0 1 1 1 1

For this thermal code condition clock get a smallest possible path and get delay
equal to delay of one delay elements.

Digital controlled delay line is a vital component of digital delay locked loop
because ultimately it only defines frequency range, linearity of delay, and delay
resolution. For extend the tunable range as we discussed earlier delay of each
coarse delay elements should high enough. But to track PVT variation and fine
tuning of phase we should have a very granular delay line. We have used 32 block
of delay for coarse delay line. Each block count delay of 3-inverter.Timing data

and simulation results for coarse delay line are present in chapter-4.
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Figure 3.6: mapping of thermal code in coarse delay line

3.1.3 Fine delay line

As we have seen in chapter-2 that delay resolution of DLL is very important
performance parameter in application where we need a very precise phase syn-
chronization and tracking across PVT variation. Delay resolution can be define
by minimum delay provide by delay line. Delay fine delay element is compara-
tively very low compare to coarse delay line. High delay resolution is provided
by fine delay line. In calibration process first coarse calibration enable us a fast
phase shifting. Once phase difference becomes small than coarse delay resolution
disable the coarse adaptation and enable fine delay line for further fine tuning.
Simplified block diagram for fine delay is shown in figure.

We use four such fine delay cells to construct a fine delay line. Total of 64 code
and 16 for each block thermal code required for fine delay control. Due to large
fine delay line range any worst case PVT variation cannot switch operation from

fine tuning to coarse tuning and hence jitter component eventually get vanished.
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Figure 3.7: - basic block diagram of fine delay line

Maintain a delay line uniform delay granularity is main concern while designing
the delay line. So sizing tuning of the transistor in fine delay unit (FDU) need
to be tuned carefully. We can analyze fine delay line delay as follow. Transistor
biased with a Pbias and Nbias are the biasing transistor which supply a predefine
amount of current to inverter. Transistor which gates are controlled by Nctrl and
Pctrl are switching transistor which control the amount current to pass to inverter

from bias transistor and hence the speed of inverter and delay through inverter.

Figure 3.8: Binary weighted delay relation
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Conventional relation between two consecutive (W//L) differences is given by
above equation but with large number of biasing transistor to maintain a linear
delay by above relationship is not possible. We have a three separate group which
are individually following above relation. But as we are moving for higher code

we are injecting more and more current into inverter to make it faster.

Clock_in Delayed_Clock

Fi"e_mermal‘53:4a>U Fine_thermal<47:32> U Fine_lhermal<31:16>U Fine_thermal<15:0> U

Figure 3.9: Top level block diagram of fine delay line

As shown in each fine delay unit (FDU) contain a four lags fine delay elements
structure. When all switched disable then we get a minimum current in inverter
and maximum amount of delay from in to out. We configured basic fine delay
unit such that for one group of 20 code only one branch of switch can alter the
delay. Consider a one example that we are operating in code range [19:0]. When
this code applied to delay line in incremental order then for code [4:0] code first
branch of switch from first FDU get controlled, for [9:5] first branch of switch
from second FDU get controlled and so on for remaining code. We have three
individual switch groups with having an identical size of switch within the group.
First and second group has 5 switch for each FDU and at top level that is 20,
and third group has 6 switch for each FDU and at top level that is 24. So we
have 64 possible discrete delay value. Which is a very large number and give us
a very high delay resolution.

In sub-micron technology intrinsic delay of inverter is order of tens of micro second
but major contributor delay is interconnect lumped RC parasitic. estimation of
delay caused by parasitic RC component is very hard and less accurate. Here in
proposed fine delay unit have used inverter based delay model without considering
the parasitic. Reason of validity of proposed delay model is that it is taking a
relative delay count instead of actually delay.so every time incremental delay will
add up in parasitic generated delay plus intrinsic delay of inverter to give FDU
a incremental delay. so fixed offset of parasitic RC generated delay will add up

for each update.
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Figure 3.10: Propagation delay model of cmos inverter

As time taken by signal to switch state from low to high and high to low are
controlled by PMOS and NMOS separately. switch sizing for equal delay is a
major concern hare. duty cycle of clock propagating through this delay elements
are very sensitive to delay difference between high to low and low to high state
switch. it will add a cycle to cycle jitter to clock and eventually reduce timing
margin.so proper sizing of PMOS and NMOS for every switching condition is

major design challenge.
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Figure 3.11: W/L vs Propagation delay[10]
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Figure 3.12: inverter delay model

3.1.4 Phase Detector

Fig show a three state bang-bang phase detector with lock state window. Up

and down states are used for either increments or decrements of delay of delay

line. When DLL get locked means both clk_ref and clk_out phases get completely

synchronize then neither up nor down signal should affect the delay. But up

and down store a previous state and act according it. Continuous up and down

control for delay move phase of clk_out back and forth across clk_ref phase and

cycle to cycle jitter of value equal to delay resolution of fine delay line getting

added into a clk_out. So when phase of clk_out comes in close vicinity of clk_ref
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we should disable the up and down delay control. In this condition state of delay
line is called a locked state and no delay update happen in this state. When DLL
operate in locked state phase of clk_out remain constant and it changes with PV'T
variation. When PVT variation sweep clk_out phase enough that it goes out of
locked window then low locked state signal asserted and DLL operate in normal

condition to trap clk_out phase in locked window again.

[ > ]
==

CLK REF UP
D_
= C DOWN
CLK OUT
S

Y

Figure 3.13: block diagram of two state bang-bang phase detector

When phase of CLK_REF and CLK_OUT comes in close vicinity than output of
lower side latch may go in metastability state. which make value of reset pin of
output flop uncertain. this uncertainty cause a toggling of output state UP and
DOWN and operation of phase detector becomes unstable.To avoid metastability
for any combination of clock phase proper NAND gate design is required to give
optimum delay for signal.upper most flip flop used to store a previous state from
down side latches. when phase of CLK_REF and CLK_OUT comes in close
vicinity to each other. momentary glitch occur at output of middle latch.If this
glitch duration will be more than setup time of upper most latch than it will
store it as a previous state value and reflects it as a valid output. this create a
momentary transition on UP and DOWN state that can alter operation of DLL.
In some case momentary glitch put DLL in never lock condition or long time to
lock.
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Figure 3.14: block diagram of three state bang-bang phase detector

Locked state window width is equal to 2t, where t is a delay difference between
delay elements D1 and D2. Locked window width is depend on delay resolution
of delay line, locked window width must be higher than delay resolution of DLL
so it can accommodate minimum one step sweep variation in locked range. For
delay locked window width less than delay resolution of DLL, DLL never goes in
locked state. Phase detector shown in fig is two state bang-bang phase detector
based on RS latch. It change UP/DOWN signal by detecting phase difference
between clk_ref and clk_out. Second figure shows a three state bang-bang phase
detector. First two state phase detector compare the phase of clk_ref and clk_out
and second two state phase detector compare delay version clk_ref and clk_out
to generate a lock state signal. As shown in figure width of locked window is
decided by delay difference between D1 and D2.main challenge here is two main-
tain a constant width of lock window across the process, voltage and temperature
variation. Because with PVT variation delay value of D1 and D2 varies signifi-
cantly changing t and hence locked window width. Here we have designed delay
elements which delay value is relatively constant across PVT variation. Various
problem coming from high frequency operation of above configuration is discussed

in subsequent section.
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Figure 3.15: locked window of phase detector

Because of separate delay given to both two state phase detector for lock state

generation sometimes we get a glitch on lock signal because of up and down signal

are not synchronize. Which can false locking of DLL at half clock period to avoid

this condition we required a rising edge synchronize.

CLOCK_OuUT

CLOCK_REF

CLOCK_OUT_D

CLOCK_REF_D

CLOCK_OouT

at

Figure 3.16: pre lock signal of phase detector
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Figure 3.18: Rising edge synchronizer to avoid glitches on LOCK signal
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3.1.5 Digital control logic (FSM)

As we have discussed as earlier that closed loop bandwidth of DLL is importance
performance parameter. From flow chart we can say that this is a best possible
method to increase a closed loop bandwidth. On reset FSM first check for LOCK
signal if LOCK=1 then it preserve the state of coarse delay line and fine delay
line code value and hence delay value. If LOCK=0 then it look for half lock
signal state. Half lock signal state goes high when two clocks are out of phase in
range of half lock window. Half lock window width is equal to lock window width.
When it found high half lock signal then it delay clock by 180 degree to make
both clock in phase this action get complete in one calibration cycle. So clock
loop bandwidth increased significantly in this particular case. After accessing half
lock state if it found half lock state low then it move to initialize the coarse delay
unit. Coarse delay unit get initialize at mid code value so adding an inherent
delay equal to half of its delay range. If up is asserted high then coarse code is
increment by 1 otherwise it is decrement by 1. Coarse code update accrued only
if coarse state is low otherwise it move to fine code update bypassing coarse code
update. Coarse state is suggesting that initial adaptation occurred and DLL got
locked state once. But due to PVT variation phase get changed frequently and
DLL moved away from locked state. By in scenario the relative phase difference
is very small and it can be handle by only fine delay unit. We use fine delay unit
for phase synchronization after a one time locked because due to small step size
we can get a higher delay resolution. Initial coarse code update provide us a fast

adaptation and closed loop bandwidth.
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Figure 3.19: Digital control flow chart of DLL
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Chapter 4
Results and Observations

simulation results for proposed all digital delay locked loop are presented here. All
simulation results are derived from pre-layout netlist.operating frequency range
of DLL is 9.6 GHz to 11.2 GHz.closed loop bandwidth of All digital delay locked
loop is 1.4GHz.

4.1 Delay line

delay line composed of two types of delay elements.

« Coarse Delay Line

* Fine Delay Line
Important parameters needs to consider here are

* delay range
* delay resolution

* linearity
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4.1.1 Coarse delay line

TE-10
—a—FF_FFF_PO-0-0925
—a—FF_FFF_PO-0- 105
BT —o=FF_FFF_PO-110-0.925
—e—FF_FFF_PO-110-105
—a—55 555_PO-0-0.925
REIn 55 555_PO-D- 105 —
—e—55 555_PO-110-0.925
& —e—55 555_PO-110-1.05
E’ 4E-10 TR0 L = _—
g e
—
/
§ 3E-10 — 2
& =
2E-10 346 pS.
1E-10 :
0
2 3 1 5 5 7 8 3 0w 1 1 13 14 15 16 17 18 19 20

Input Code

No. of coarse delay elements added mto clock path
Min_range = 260.6ps

Figure 4.1: Coarse delay line range across PVT

Min_step size =9.2ps max_step size=20ps

Figure 4.2: Coarse delay step size
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Figure 4.3: Coarse delay line output duty cycle
Matching rising edge and falling edge delay ensure less duty cycle degradation.
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Figure 4.4: Differential non-linearity of coarse delay line

Differencial non-linearity is a measure for linearity of delay transfer characteris-
tics. As we can see here maximum DNL observed here is 6.2ps in fast process
corner and minimum value is 1.6ps in typical corner. so relative small DNL proves

linearity of delay transfer characteristics.

46



Chapter 4. Results and Observations 14AMECV25

4.1.2 Fine delay line
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Figure 4.5: Fine delay line range across PVT

Figure 4.5 shows a delay range of fine delay unit as we can see it is relatively non-
linear compare to coarse delay line especially for lower code value. By combining

delay of both coarse and fine delay unit it can accommodate any phase variation.
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Figure 4.6: Fine delay line step size across PVT

step size is higher in higher code range compare to lower code range.
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Figure 4.7: Differential non-linearity of fine delay line

As we can see from figure for small delay renge DNL is very good for FDU. But
as we move for higher delay value DLL become worst. so it is mendatory to

operate DLL at low delay value of FDU.
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Figure 4.8: Jitter contribution by individual fine delay elements

Jitter measured at each stage of FDU at 199MHz and noise level of 15mv and
25mv. Nose amplitude is not critical for each individual stage in terms of jitter.

But combining all stage jitter difference for different noise amplitude is significant.

48



Chapter 4. Results and Observations

14AMECV25

4.2 Jitter
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4.9: Jitter number for different architecture

Valuas

DLL_TOP C2C Jitter Worst case jitter across PVT
ARCH Res_based cstrv_based
capsel=2 freq _div_out | coarse delay out | fine delay out freq div_out | coarse delay out | fine delay out| units
dll_dig_8ui_clkout_50mVp-p 3.9 6.68 28.9 39 6.6 24 e
dll_dig_8ui_clkout_30mVp-p 2.26 3.84 16 27 3.8 13 ps
FINE Delay C2C Jitter Worst case jitter across PVT ' '
ARCH Res_based cstrv_based
capsel=1 clk_delay01 clk_delay02 clk_delay03 |clk_out| clk_delay0l clk_delay02 clk_delay03 [clk_out| units
dil_dig_8ui_clkout_50mVp-p 24 2.99 6.52 6.64 1.5 2.28 4.66 5.35 ps
dil_dig_8ui_clkout_30mVp-p 138 1.94 4.00 4.2 0.921 1.42 291 328 | ps
ARCH Res_based cstrv_based
capsel=2 clk_delay01 clk_delay02 clk_delayD3 | clk out| clk delay01 clk_delay02 clk_delayD3 |[clk out| units
dll_dig_8ui_clkout_50mVp-p 3.86 7.14 L 16.2 2.3 3.01 6.02 7.12 ps
dll_dig_8ui_clkout_30mVp-p 399 5.74 5.95 12.9 1.09 1.88 3.8 1.48 ps
ARCH Res_based cstrv_based
capsel=3 clk_delay01 clk_delay02 clk_delay03 |clk out| clk_delayO1 clk_delay02 clk_delay03 [clk _out| units
dil_dig_8ui_clkout_50mVp-p 421 14.9 ps
dil_dig_8ui_clkout_30mVp-p 2616 121 bs
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Figure 4.10: DLL TOP stage wise C-C Jitter across PVT
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4.3 Settling time

Setup condition to measure settling time.

x dig_dll_fine_dec - 32
x Clk_freq - 1.4G

% decin_crsetrim - transition from 7 to 8

*

Settling time is measured as a delay difference

*

Delay at decin_crsetrim=8 and delay at decin_crsetrim transition from 7 to
8.

1

TT_TTT 90 1 8 159 262.9 103.9 ps
FF_FFF 0 0.925 8 142.3 226.96 84.66 ps
FF_FFF 110 0.925 8 148.6 240.7 921 ps
FF_FFF 0 1.025 8 121.7 206.6 84.9 ps
FF_FFF 110 1.025 8 130.9 222.73 91.83 ps
S5_SSS 0 0.925 8 220.2 340.35 120.15 ps
SS_S8S5 110 0.925 8 216.7 3439 1272 ps
SS_S85 0 1.025 8 170.7 SO 121.2 ps
SS_S85 110 1.025 8 176.9 304.4 127.5 ps,

Figure 4.11: Settling time summary

settling time define here as time taken by delay elements to settle at valid logic
level from time of switching it state. i.e delay line operating with 5 delay elements
in clock path and if we insert an extra delay elements in clock path then definitely
that will add up in delay value but that delay value will be much higher than
intrinsic delay value. time difference between total increments in clock path delay
to intrinsic delay of delay elements we can define it as an settling time in case
of closed loop control delay line. It will add a switching jitter in clock path.
some time high settling time move phase of delay clock back and forth across the
reference clock and DLL never goes locked. this create a cycle to cycle jitter in

clock path.

50



Chapter 4. Results and Observations 14AMECV25

i e e e G SR e e g e e e e g s e g e e e e e e g e e e s S e e g e
10

AV B iz © BA

& 89900403 5002741V

. 07
Clock_in 2

>03
A0k Bu_ers2ne @ BA fido |
S e 5 0T rsatin St il
Delay_Clock z
3 350.0
> s
500 5 TELOSHV,
| fcoarsetimeT> © B4, 1-9
5 Delay = 340.52ps Step_size=18ps
; S0/
1 > 03 Settling_time=340.52ps - 205.7ps - 18ps = 116.82ps

1 01

| rowetincts o84 12 |
s07

>

T T LA LU L L R R | D T R L R it B! L
66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 100 102 104 106 10
fime: (ngh

Figure 4.12: Delay decin crsetrim transition 7to8

Figure shows us how duty cycle distortion occurring while switching delay line
configuration. so clock must not be used when coarse adaptation happening to
sample the data. once lock acquire, only fine delay control the delay with very
small settling time. If settling time exceed the clock period false locking can

occur in DLL.
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Figure 4.13: Settling time fine delay line

Delay increasing from 95.36ps to 97.38 while inserting one extra delay elements
in fine delay line. Delay step size for that range of code is 2ps.No settling time
issue in FDU so it can trace PVT variation induced phase shift at every clock
cycle. basic delay elements of FDU is current starved delay elements connecting
in parallel. when switch from lower delay to higher delay value, basically we are
disabling the one leg of FDU. when disabling of FDU leg and rising edge of input

clock occur simultaneously then only settling time comes into picture.
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4.4 Phase detector

Phase of delayed clock is swipe across phase of reference clock to measure locked
window width.

1 step on x-axis = 2ps.
Sum of locked_window

2ps step_size 16ps
i P

ol I Min_width=14ps

=
|
08

Phase difference=0 —— | "
|

Max_width=18ps — |

3 4 5 6 7 B 9 10 11 12 13 14 15 1 37 18 19 20 21 2

Figure 4.14: LOCK window across fast corner

Figure shows relative clock difference between delayed clock and reference clock
for which DLL remain in locked state. In locked state DLL freezes both FDU and
CDU, clock get constant delay, no switching, less duty cycle distortion. Maximum
width occurring in slow corner of 20ps. Relative phase difference of 20ps will not
be corrected by DLL in this specific corner and DLL remain in locked state. In
fast corner minimum value of locked window is 14ps. Maximum locked window
difference is 6ps which is hardly three time than FDU resolution in middle code

range.
Sum of locked window

W— Phase difference=0
Max_width=18p -

Max_width=16p

temperature =
kti_toplevel.scs k4

—a—0-55 555 PR-0

Figure 4.15: LOCK window across slow corner
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Figure 4.16: Half cycle locked window across pvt

Half cycle locked window suggest that both clocks are out of phase by 180 degree.
The benefit of detecting clocks for 180 degree phase shift is that we can easily
delay clock by 1 UI by sampling the 2UI clock with 1UI clock. This operation
occur in only one clock cycle improving the lock time of DLL. To compensate
the delay of 180 degree which is the maximum possible delay that can occur in
delay line by CDU and FDU it may take 64 to 96 clock cycle. Half cycle locked
window is not symmetric around half cycle phase i.e 180 degree phase. It cover
more range of 16ps while delayed clock lead reference clock and cover less range of
4ps while delayed clock lag reference clock. Width variation of half cycle locked
window across PVT is 4ps. ideally half cycle locked window width should be one
forth of clock period. If this happen then actual delay tracking range reduced to

half.
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Figure 4.17: Clock to locked delay typical
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Figure 4.18: Clock to locked delay fast
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Figure 4.19: Clock to locked delay slow

figure-4.20 shows a clock to lock delay. this is a delay between actual phase
comparison happening at phase detector to locked signal goes high. dominantly
it is a phase comparator intrinsic delay. To generate locked window and half
cycle locked window we have added two discrete delay on complimentary phase
skew. it will access close vicinity of reference phase to identify its locked state.
As we have seen that this processes add maximum delay of 20ps. When phase
of both CLK_REF and CLK_DELAYED into setup uncertainty phase detector
flops tends to move in metastability state. To avoid metastability flops gates
are designed with optimum delay of 18ps to each. Which eventually add up in
total clock to locked delay. When CLK_REF and CLK_DELAY becomes out of
phase by 180 degree along with half lock detect signal, locked detect signal also
get glitch to overcome this glitch added circuitry add more 48ps delay to clock
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to locked delay timing budget. Maximum clock to locked delay is 309ps in slow
corner.Which is far less than 714ps clock period so while operating DLL in closed

loop configuration we can update delay value at end of each clock cycle.
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Figure 4.20: Clock to locked delay

clock to lock delay across PVT variation. it is varying from max value 354ps in
slow corner to minimum value of 240ps in fast corner. As clock period is 714ps

this number are under the range and we can update code at every cycle.

4.5 Closed loop calibration
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Figure 4.21: Closed loop calibration
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Figure 4.22: Lock time for different phase skew

figure shows a time taken by DLL to lock phase of clock with that of reference
clock for different initial relative phase difference for fast process corner.in-term
of lock time fast process corner is worst because of its relative small delay step

size it take more time to get locked.
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Figure 4.23: Settling time compensation by fine tuning

coarse code is updating at every clock cycle(4UI). clock delay elements has set-
tling time which is more than a locked window of dll. after getting locked DLL
frequently move to unlocked state after coarse calibration. phase usually deviate
from sync with reference clock phase. fine tuning of phase is again carried out by
fine delay elements.due to small settling time of fine delay elements every clock

cycle update of fine code can not unlock DLL.
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Figure 4.24: Duty cycle variation across PVT
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Chapter 5
Conclusion

DLL operating on clocks with frequency range of 1.4GHz. Closed loop operating
frequency of DLL is 1.4GHz. As we have seen in chapter 4 that because of coarse
delay proposed DLL getting large delay range very less time to locked which
provide a capability of fast tracking of PVT variation to DLL. Also with wide
delay regulation range it can track any worst case PV'T variation. Fine delay unit
is responsible for delay resolution because of its finer delay transfer characteristics
it can produce large number of phase. once the relative phase difference comes
under coarse delay step size, coarse delay unit get shutdown, other wise clock
phase will move back and forth to the reference clock. Locked signal generated
from phase detector generate stable phase. Without DLL locked delayed clock
get extra 4ps cycle to cycle jitter which is comparatively high. fine delay unit
is current starved based delay elements, power supply variation doesn’t make
much difference on delay value. jitter generated due to power supply variation
in FDU is 7.12ps in worst case while it was 16.2ps in resistive-capacitive based
delay elements. some times load capacitor value set at higher value can degrade
jitter number. Worst case jitter of overall all digital delay locked loop with
clock distribution network is 26ps. Major component of jitter comes from clock
distribution network which is nearly 11ps in worst case. Jitter introduced by
coarse delay line is 6ps in worst case. other components of DLL as frequency
divider and UI delay unit add remaining portion of delay. Due to each cycle

delay update worst case locked time is 96 clock cycle of 8UI clocks.
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