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What i1s an ADPLL?

e In abroad sense

— ADPLL consists of digital components and
digital equivalents

— Building blocks have input/output levels are
defined in digital domain
* In a strict sense

— A PLL exclusively built from digital function
blocks and contains no passive component

— All components are synthesizable
(Cell-based ADPLL)
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Classification of PLL Types

 Analog PLL

— Analog PD (multiplier), LF built from passive or
active RC filter, VCO

« Digital PLL
— Digital PD, charge-pump PLL
« All-Digital PLL
— Built from digital function blocks
— All components provide digital interfaces only

[1] R. E. Best 2003
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ADPLL Block Diagram

* Digital loop filter

 Time-to-digital converter (TDC)
— Linear
— Bang-bang
* Digitally controlled oscillator (DCO)
— Explicit DAC + VCO
— Embedded DAC

| TDC DLF DCO [—1
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Advantages of ADPLL

 No analog tuning voltage
— Suitable for deep-submicron tech using low supply voltage

 PVT variation can be compensated more easily
— Stable transfer characteristic
« Digital filter
— Passive components are not necessary
— Less sensitive to gate leakage
— Easily benefit from technology shrink
— Small area = cost reduction
« Information can be processed more flexibly

— More portability and testability
— Most function blocks are synthesizable
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Advantages of Digital Loop Filter

« Small area
 No leakage current
« PVT independent

 Easy to design

— DLF can be constructed simply by transformation from
s-domain to z-domain

— DLF can be expanded to higher-order filter readily

« Coefficients can be changed adaptively
— Preset initialization on power-up
— Adaptation during operation for fast locking or low jitter
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Comparison with Typical DPLL

as a charge-pump PLL
— PFD & CP > TDC

— VCO - DCO
Phase error Pump Quantized
information Current digital
Loop filter (ng?\llfro ; Digital filter
P bass (IIR or FIR)
active)
Oscillator Analog Digital code

(voltage or  (binary or

control current)  thermometer)
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Outline

« ADPLL Building Blocks
— Digital Loop Filter
— Digitally Controlled Oscillator
— Time-to-Digital Converter
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DLF Examples

 Simple z-domain IIR filters
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Higher Order DLF Example

 Cascaded IIR low pass filter
— Easily expanded to higher order

-

Integrated Systems Design Laboratory, SNU

-20

-40

-60

Magnitude (dB)

-80

-100

11

:\\\ T

.
N

™~

NS First order

Second order AN

10° 10° 10"
Normalized Frequency (xm rad/sample)

10°

D.K.Jeong



Analogy to Analog Filter (1)

« 1storder passive loop filter

_._

1 (s/w, +1)
R § Proportional term H(s) = (R + SC] - sC

C $ Integral term w, =——

e z-domain model

S o Integral gain
B/ H(z) =
T § el
%% Proportional gain
Z—l
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Analogy to Analog Filter (2)

« 2nd order passive loop filter

_L (s/w, +1) 1
H(s) = -
R § CZI ) (C,+C,)s (s/w,+1)
C,= 0= o =tC
I RC,’"® RCC,

e z-domain model
1

<|::> »(T >i j> H(Z) (IB_F -z j.l—yzl
Z-l . . ; .

With gain normalization

>
7! Additional H(z) = (,34— j (1 7)

low pass filter 1-yz™

Integrated Systems Design Laboratory, SNU 13 D.K.Jeong



Adaptive Digital Loop Filter

* Lock-time control, frequency locking range
enhancement

* Find the optimum performance point
— Input noise filtering vs. lock-time

 Utilize software or hardware
— Gain estimation
— Noise cancellation

Adaptive
control
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TDC Classification

 Linear TDC
— Delay line based
— Fine resolution
— Consumes large hardware and power
— Process dependent and less reusable

« Bang-bang TDC
— Simple structure
— Highly nonlinear but can be controlled
— More reusable

Integrated Systems Design Laboratory, SNU 15 D.K.Jeong



Linear TDC

e Converts time difference
to digital value

 Important design factors:

resolution, linearity,
power, area

 Conventional TDC
— Delay chain and samplers
— Minimum delay is
restricted by intrinsic gate

delay = Vernier TDC,
Interpolative TDC

— Large size, small dynamic
range

Integrated Systems Design Laboratory, SNU
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Linear TDC

« To increase dynamic
range
— Ring oscillator-based TDC
— Large power consumption
due to the free running
oscillator
« Stochastic TDC

— Exploits mismatch
between samplers and
random variation of the
offset voltage

— Very fine resolution
— Narrow range

Integrated Systems Design Laboratory, SNU
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Bang-Bang TDC

« Easily achievable and suitable for digital
Implementation

— e.g. bang-bang PFD

17— » Up

DEE Ref —D Up
Ref —p

reset

t — Conventional
t ( — PFD

Div —p

DFF Div —b Down
1 — » Down

Conventional PFD Bang-bang PFD

[6] T. Olsson JSSC 2004
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Digitally Controlled Oscillator

« Most Critical component Digial

input i

in ADPLL implementation —* |
- Digital-to-frequency e

conversion
— Underlying functionality is [ 5co T
analo Digital . Clock
g — Inp4Ut i' D d Switch
— Supports digital interface M el HEN B
— Analog nature doesn’t T Tolsonas |
propagate Embedded DAC
* Implementation method L J
— Explicit DAC + VCO e.g.ring DCO pf>o—-P>or0 - >0
— Embedded DAC (turning >0 >0 >0 - >0
on/off each unit cell) oo | ew | e e

en[(m-1)n] en[mn-1]
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Problem of Limited DCO Resolution

Frequency
Frequency

Voltagé Digital code

 Quantized frequency control causes a limit cycle —
cycling around the intended frequency
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Typical Locked Behavior of ADPLL

Phase error DCO control code

Phase error
Control code

Time Time

* Periodic or pseudo-periodic (peak-to-peak jitter is
bounded)

« AX-modulator can be used to alleviate this problem

Integrated Systems Design Laboratory, SNU 21 D.K.Jeong



ADPLL Architecture

« A2-modulator (AX) is used to increase the
effective resolution of the DCO

* Fractional spur can be reduced by using
cancellation techniques

—> Error
TDC |— —| DLF —| AZ }—| DCO >
—> canceller A
A L
—p AX M j——
A 4
= N/N+1 |«

[7] C.-M. Hsu JSSC 2008
[8] R. B. Staszewski JSSC 2005

Integrated Systems Design Laboratory, SNU D.K.Jeong

22



Low Jitter DCO Using A2-Modulator

« Effective frequency resolution is improved by high-
speed AZ-dithering
« Higher update rate of DCO is important

— Phase error accumulates for dithering cycles
— Peak-to-peak jitter is inversely proportional to update

frequency
fu ae:fe~~ fu ae:fu/M»fe..

Ref pdat Ref o -, Ref pdat Out Ref .\“
— 4 Out — X Out

TDC DLF DCO > TDC DLF — —» DCO >

L - M
+N +N
<Casel> <Case?2>
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Analysis methods

« z-domain analysis
— Models discrete-time behavior
— Can exploit intuitive CPPLL analogy
— Quick and simple

* s-domain analysis

— z-to-s domain transformation
« Simple approximation (z -> 1+sT)
« Bilinear-z transformation (z -> (1+sT/2)/(1-sT/2))

— CPPLL analogy can be used

— Many s-domain analysis techniques reused
* Phase Margin
« Bandwidth

Integrated Systems Design Laboratory, SNU 25 D.K.Jeong



Simple z-domain Model

TDC DLF DCO
+_ Koo @ zP —>D——>
.
F
e [LSB/rad] my )

T

Krpc =

vy = 2mAfT[rad/LSB]

L(z) = Kioe - Hoir (2)- HDCO(Z) = Kipe .('B_Fl—azl).z_[) ( ; j

1-z7

C(2) = L(z) _ Kipc (@ + B)72 — Kipe By
= ~ b D, D1
1+L(z) 277 -22"+727" +Kpc(a+B)7z — Ko By

« Stability check in z-domain
— Unit circle criterion: all poles should be inside the unit circle
— Jury’s stability criterion
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Steady-State Phase Error

» Step input: PO=pxut)>P()=7 p1=(zp_zl)

e Error function:

E_(2) = P(2)~ P(2)C(2) = lf(LZ()Z)
pz 2°*(z-1)°

T (2-1) 2% (2 -1+ Krpe (@ + )12 — Kroe By

« Using final value theorem:
ep(oo):lzigil (z-1E,(2)

—lim 2. 2 (2l =0
-1 (z-1) z2°M(z-1)° + Kroe (@ + B)72 = Kipe By
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Steady-State Freqguency Error

+ Ramp input: f(t)=wt><u(t)—>F(z)=(ZW_Ti)2
 Error function:
_ B _ F(®)
E.(2)=F(2) |:(Z)C(Z)—H L)
WTz 2°*(z-1)°

T (217 22N (2-1) + Koo (@ + B)72 — Koo By

« Using final value theorem:
e, () =lim (2-DE, (2)

im VT2 2 (z-1)° ~0
-1 (z-1)* z2°M(z-1)° + Kipc (@ + B)yz —Kipe By
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Analysis Using CPPLL Analogy

« DLF coefficients selection

— Apply bilinear transform to s-domain filter
« T, : sampling time of digital system

=
I
N
iR

2
AN € a v
H(s):(R+ j » H(z)= =
S —_

— Compare coefficients

TS
H(Z):(ﬂ+ a_lj:(aJr,B)—_lﬂZl > “Tc
1-z 1-2 ,B:R—TS

2C

[10] V. Kratyuk TCASII 2007
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Analysis Using CPPLL Analogy

« Use stability analysis method of CPPLL

T . Atrpe =N ) wSGBW
Teer Koeo \/1+ tan®(PM)

ﬂ:a( tan(PM) _1]

o =

T - yew 2
— Tq . Sampling period [S]
— Teer  : Reference period (usually Tree = T))

— Kpeo 1 DCO gain [Hz/LSB]

— At ;- : Resolutions of TDC [s/LSB]
— PM . Phase Margin

— Wygew . Unit gain bandwidth [rad/s]

[10] V. Kratyuk TCASII 2007
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Analysis Using CPPLL Analogy

« Use stability analysis using simple approximation (z -> 1+sT)

_ . e T(Jjw)
T(s) = Koo (ﬁ+sT) z T(jo)

o = o
Kioc Y
Dyecew — T?l.c

PM = ZT (jaygey ) +180°
_ tan‘l[ KTDCﬁzyj

o
T
a = T .a)'jGBW _ a)SGBW 'AtTDc KTDC — o7 At [LSB/ rad]
tan(PM )- K- - tan(PM ) K TDC
) ( ) TDC 7/At ( ) VCO y=2m- AT
= e < o e =27 Kpeo - T [rad/LSB]

Koo 7 T-K
TDC VCO
Koo - [HZ/LSB]
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PD Gain In Presence of Jitter

 PD inputs contain jitter from input and VCO

One Bit Unit-Interval(UI)

Eye Diagram

s A 8

0 y Jitter PDF

General phase detector gain curve.

)=z | +Oof(¢—y)g(y>dy:a-1f " rao-dy

—00 —0C

[}

L}

Virtual edge E
sampling clock |

|
Incoming !
o data edge X
P=0Lock |

Ol e (O
Kep(#)lp—gy.., = 2

[TCASII_YDCHOI - Jitter transfer analysis of tracked oversampling
techniques for multigigabit clock and data recovery]
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BBPD Gain in Presence of Jitter

« Highly nonlinear characteristics of BBPD (one-bit TDC)

+oo +oo
flo=ng)dy=cr|  f(y)g(d—y)dy

PDout
A

() =ar |

—00

up
1

@e 0
PD e (9e) = j fO) 1y +ar | [0 (-Ddy

[0)
DoWN —arp1- (2 - j F)dy - 1)

BBPD gain curve

N /

PDout
A

® (convolution) UP
I
: >
/ ¢e
-1

DOWN

o,

[TCASII_YDCHOI - Jitter transfer analysis of tracked oversampling
techniques for multigigabit clock and data recovery]
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ADPLL with BBPD (1)

— DLF
BBPD |— »[} .
_>>
DCO
+
>> z*
=N

 Loop dynamic of ADPLL with BBPD

— Highly nonlinear characteristics of BBPD (one-bit TDC)
Described by time-domain difference equation

— Refer to [11]-[15] for more details

Integrated Systems Design Laboratory, SNU 34
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Nonlinear Loop Dynamics

 Nonlinear dynamics are illustrated by trajectories in
the phase space

« Behavior: equilibrium point or periodic orbit

Unstable (diverge) Stable (converge)
\\\\ \\\

N ‘ N /\\\/\

o \ © /' \

Q Q

© i

© + @ 3

> N\ > \\

3 & 3

2 ©

) 7y
\4\\\\ : \\

State variable 1 State variable 1
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ADPLL with BBPD (2)

« Stability condition: Existence of limit-cycle

— Phase and frequency errors never converge to zero
concurrently

 Long pipeline stages increase loop latency

— Enlarge the size of orbit Dynamics of ADPLL with BBPD
— Degrade jitter performance ‘

« Small loop latency is
Important

Frequency error

Phase error

Integrated Systems Design Laboratory, SNU 36 D.K.Jeong



ADPLL with BBPD (3)

« 1storder BBPLL loop dynamics (initial error = 0)
— Peak-to-peak jitter is directly proportional to loop latency

Latency =0, Jpp = A
Phase Po Po—=A Py Po—A Po
PDour DN UlP DlN upP DN
DCOi, DN UP DN UlP DlN
Latency =1, Jpp, = 3A
Phase p, Pot+A Po Po=A Po=2A  Po—A Po Po+A
PDout DKDN DN UP uP UP DN DN
DCO;, UP DN\ADN\ADN\UP\AUP\UP\DN

Integrated Systems Design Laboratory, SNU 37
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ADPLL with BBPD (4)

« 1storder BBPLL loop dynamics o (1+ D)?

= A*
— Initial error # 0, J, = 2(1+D)A : 3
— For uniform distribution o} = Jitter variance
D = Delay

A = Quantized Step of DCO

« 2" order BBPLL loop dynamics
{Tk+1 =7, —R-¢_p —son(7, ;)
P = P T590(7y)
— Size of orbit (stability) depends on D and R=a(int)/B(prop)
— Forsmall R, J,, = 2(1+D)A
— For uniform distribution and small orbit

, (1+D)?

o] = 2 A

[11] N. D. Dalt TCASI 2005
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General Linearized s-domain Model

@ 1DC D ax ®npco

() T 1 K ()
REF REF HLF(Z) \DCO ouT
21 Atpc Jf
CT-DT
1 1
N TREF
Total noise Total noise
A = === TDC noise £ = === TDC noise
S(f) +=+= DCO noise S(f) =-+=+= DCO noise

- - - —-— -y,

Low bandwidth PLL High bandwidth PLL
A(f)=—REE- Toee 1 H(f)- ( Dcoj (i) DCO gain =
2 A'[TDC N ’Y_l 2nAfT K?CO (rad/s/LSB]
&(f) = A(f) 1-z J2refT if
1+ A(f)

[16] M. H. Perrott JSSC 2002
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Spectral Density Conversion

X(t)

CT->CT —»

x[K]

DT - DT —»

X[K]
DT>CT —»

y(t) ,
Hf) [ S, (f)=[H(f)["S,(f)
_ y[K] | e
H(ei2nT) —» S, (") =|H(e*™)|'s, (")
y(t) 1 |
HE) > S,()=Z[H(H)'s, (™)
[16] M. H. Perrott JSSC 2002
41 D.K.Jeong
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Quantization Noise of TDC

e Modeled as an additive random variable with white
spectral density

o (Atgy)’
(Dn,TDC o 12
2
(Mroe)” 1

O
Sq)n’TDC (.I:) _ @ e _

fREF 12 fREF

* Qutput noise is low pass filtered by the loop

— Small At and large frr IS advantageous
2

2
Pour,Toc ( ): N G(f) ) Sq)n,TDC (f)
REF
2
:(272')2 ,(AtTDCj . 1 ‘G(f)‘z
12 TOUT fREF

[17] R. B. Staszewski JSSC 2005

Integrated Systems Design Laboratory, SNU 42 D.K.Jeong



Noises In Oscillator

 FM noise

— Up-converted flicker T
noise (1/f3) PN

_ Up-Converted thermal _100_ _

« PM noise O

— Thermal electronic e
noise added from ol
outside of the oscillator ..
core (e.g. output buffer) 170F’Mnonse-170dBc/Hz-—>

— High pass filtered by SIS 1L (S IS S U 1 TN S U NI

10 10 10 107 10 10

th e | (0]0) p Freguency (Hz)

(f)=-G(f)"- (f)

Power Spectral Density Estimate

L{rw) (dBcfHz)

-140}

(DOUT DCO D, pco
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Quantization Noise of DCO (1)

« Modeled as an additive random variable with white
spectral density accounting for the effect of zero-

order hold ) 1
O'q)nq :E
in(AT...)) 1 £
S, (ejzﬂfT):Gén [Sm( REF)] :—[sinc J
i i AT e 12 frer

« Qutput noise is high pass filtered by the loop
— Small Afy; and large free IS advantageous

2
TREF 'Acho i 24T,
1-G(f)) -S, (e
( T (1-G(f)) -S4, ( )

1
Trer

2 2
Af
:1( Dco] 1 (Sinc f j n-G(h?
12 f fREF fREF

[8] R. B. Staszewski JSSC 2005

SCDOUT,q (f) -
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DCO Dithering

« Discrete frequency level
— Frequency error always occurs

— DCO resolution is the limiting factor of the
phase noise performance

— Dithering by using AZ modulation to enhance
resolution

— Dithering noise should be less than the natural
phase noise of the oscillator

— Caution: dithering increases high frequency
noise

Integrated Systems Design Laboratory, SNU 45 D.K.Jeong



Quantization Noise of DCO (2)

« Power spectral density of quantization noise of nth
order Az dithering (fg, = M-Trer)

— High frequency noise increases

- 0_2 T n 2n
Sy, . (8177T) = — 25in7Z=f we | _ L1 [ogin A
s M M 12M MF

« Qutput noise is high pass filtered by the loop

2
(TREF '.Acho )(1_ G( f ))< . SCDn,Az (eJZﬂfTREF )

oors (1)
Pour Trer

Jf

2 2n
_ 1 (Acho] 1 -(ZSin f ] -‘l—G(f)‘Z
12 f Fotn Fotn

[8] R. B. Staszewski JSSC 2005
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Quantization Noise of DCO (3)

* Noise shaping
— Performance bottleneck in some RF application
— Fine resolution is important even if dithering is used

o P eak V a_l u e _ - Pc?wer .S‘pectral Der!sit.y Fstimate .

-80

max{S,,. _(f)}=

—100f e

12 f f.. L(rn)?+1

T I

L{aw) (dBciHz)

| | . | Afoco =554.4
RTINSO U0 00 O WO 0 01 OO :.i_,”..._.gi;ﬁi

tanr
'Mrn:———amjrzfi—

r dth Do Y
T R NN

- For 2" order dithering ML Wi N

(f)}:: 4m__?3mééumm”€;mm__%%m:9§§@PmQ;;

-180

max{S

CI)OUT JAS

H HE Tl L I I | i I i [
) 10° 10° 10’ 10 10

2 10
AfDCO 1 . fdth Frequency (Hz)
0'95( f j E for f 27 2"d order dithering,

fo = 4GHz, f,, = 500 MHz
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Time-Domain Noise (Jitter)

o Jitter

— Uncertainty or randomness in the timing of events
 Phase modulation jitter (PM jitter)
— Non-accumulative jitter

— Random fluctuation in the delay between input and output
event with zero mean and bounded variation

 Frequency modulation jitter (FM jitter)
— Accumulative jitter

— Uncertainty of when a transition occurs accumulates with
every transition

— Modeled as a random walk that is not bounded

[18] K. Kundert 2001
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Time-domain Simulation Method

« Oversampling simulation
— Spice, Simulink (matlab), etc.
— Transverse all the equally spaced time-stamps
— Inefficient due to the high oversampling ratio

« Event-driven simulation
— VHDL or Verilog

— Proceed to the time-stamp at which the next event
occurs

— Fast and efficient
— More useful in ADPLL design

Integrated Systems Design Laboratory, SNU 49 D.K.Jeong



Basic Time-Domain Equation

 For nominal frequency f, and nominal period T,

f, + Af = L
To—AT
* For small AT/T,
AT o AT
Af = fo—= AT ==
If T T2

« Timing deviation (TDEV)
— The difference between actual and ideal timing

TDEV [i]:iAT[I]ziAI ]

=1 0

[19] R. B. Staszewski TCASI 2005
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Oscillator PM Jitter

Jk Jk N

Aty

: : » Actual time-stamps
: : : : » |dea time-stamps
To 2To 3To 4Ty

O a4 -

* Non accumulative addictive random error

 Timing errors do not influence one another
TDEV,,, [i1=t[i]—i-T, = (i- T, + At[i]) =i -T, = At[i]
 Relation between time and frequency domains

—1/L f, (L:noise floor)

[19] R. B. Staszewski TCASI 2005
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Oscillator FM Jitter

: » Actual time-stamps

: » |dea time-stamps

T
0 To T
AT AT, AT3 AT4
> <~ >
0 To 2Ty 3Ty 4T,

« Accumulative jitter
« Each transition depends on all previous deviation

TDEV,,, [i]=t[i]-i-T,

=(1-T, +ZI:AT[I])—i T, = ZI:AT[I]

* Relation between time and frequency domains

Af
0 = T ToJHATY
0

Integrated Systems Design Laboratory, SNU
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Jitter and Phase Noise

 Convert phase noise specification into
time-domain constraints

 FM jitter

Af
0 = To LAY
0

— e.g. to meet =153 dBc/Hz @ 20 MHz for 1.9 GHz
20 MHz/1.9 GHz x (0.53 ns x 10153 /Hz)05 = 5.4 fs ¢

* PM jitter GM:;’_O T

— e.g. to meet =170 dBc/Hz for 1.9 GHz
* 0.53ns x (1.9 GHz x 1017 /HZz)%> / 2 = 11.6 fSgyg

[22] http://lwww jittertime.com/resources/pncalc.shtml
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Summary

« ADPLLs are similar to DSP systems

 ADPLL will be dominantly used in deep-
submicron technology

 DLF offers more flexibility in design
« TDC and DCO dominate overall performance

« Various techniques can be exploited to
analyze the ADPLL in both frequency and
time domain

Integrated Systems Design Laboratory, SNU 54 D.K.Jeong
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Basic Operation (1)

« A digital controlled oscillator (DCO) is the
digital counterpart of voltage controlled

oscillator (VCO) in an all digital phase locked
loop (ADPLL).

« Z-domain modeling

Integrated Systems Design Laboratory, SNU 3 D.K.Jeong



Basic Operation (2)

Frequncy
A

fmax é Kbco

1:min

> Control
0 2N-1 code

* Input : N-bit digital code

* Output : periodic clock signal with
frequency range (fin ~ frax)

* Kpeo @ Af (Hz/bit)

Integrated Systems Design Laboratory, SNU 4

D.K.Jeong
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DCO Requirements

Fine frequency resolution (low Kyep)

Wide range
— (Fine resolution + wide range) require larger N

* Linearity (constant Af/f)
 Low phase noise

 Low power consumption
Small active area

Integrated Systems Design Laboratory, SNU 6 D.K.Jeong



DCO Classification (1)

 Analog approach
— DAC + VCO
— DAC + I1CO
— DAC + Varactor in LC tank

« Digital approach
— Control the number of inverter stages

— Control the number of drivers(variable inverter
strength)

— Control the C value in LC tank
— Control the divider with high freq. oscillator

Integrated Systems Design Laboratory, SNU 7 D.K.Jeong



DCO Classification (2)

* Ring oscillator
— Simple to design, small area
— Relatively low maximum frequency
— Poor phase noise
— Control # of stages, strength, supply voltage,
load capacitor.
« LC oscillator
— Large area due to an inductor
— Relatively high maximum frequency
— Good phase noise, fine resolution
— Control C value

Integrated Systems Design Laboratory, SNU 8 D.K.Jeong
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Analog approach (1)

 IDAC + analog VCO
— Control the R value

s

voltage

outm outp

IDAC inﬁ-{ }Thn1
T

CoyVoi
Td _ IoadI swing _ ReqC

load

[1] V. Kratyuk, SOVC, 2006

Integrated Systems Design Laboratory, SNU 10
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Analog approach (2)

 IDAC + analog VCO
— Control the current

-
Ft»[’ E——d

Analog
current

IDAC

CioadV.

__ load "swing
Td T T Reqcload

Integrated Systems Design Laboratory, SNU 11

D.K.Jeong



Analog approach (3)

« DAC + analog VCO
— Control the voltage

P cac ety

® Supply

! ! voltage
C..V

Td _ load ™ swing R C

load
I

[2] D.Oh, ISSCC, 2007

Integrated Systems Design Laboratory, SNU 12

D.K.Jeong



Digital approach (1)

« Stage selection + strength control

I—FD]—D‘—D‘[ ©coo ]’D—l A1 B A2B2
MUX / Fine control :
Combination delay path
I I |
Coarse control : | | >
stage selection | | Output |~
| | EN[1]
|
Out

®
°
®
N

Eua

[3] T.-Y.Hsu, TCAS II, 2001
Fine control :

[4] Ching-Che Chung, JSSC, 2003 < .
_ rength selection
Integrated Systems Design Laboratory, SNU 13 | D.K.Jeong
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|
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|

|

|

|

|

|

|
| Fine control | In_I_
Rt

>

|

|

|

I
|
|
I
I
|
|
I
I
ENIO] |
I
|
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Digital approach (2)

e Strength control

RUN—

Integrated Systems Design Laboratory, SNU

ENIO]

ENI6]

l [EN[lzo]I [EN[121]|

[5] T. Olsson, JSSC, 2004

14

EN[1]

EN[7]

[ !EN[12] [ !EN[13]

Yy

EN[5]

EN[11]

Y

EN[17]

N[127]

i
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Digital approach (3)

« 2-phase selection + phase interpolating
— Control logic includes a FSM

L e e

N:2 MUX
N

o
Coarse control /TJ Output

Fine control

[6] S. Sidiropoulos, JSSC, 1997
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Digital approach (4)

 High freq. oscillator + integer freq. divider
— Low resolution
— Used for wide-range applications

@—> IN divider ——> Clock output
Fixed high freq.
oscillator

N control code

Integrated Systems Design Laboratory, SNU 16 D.K.Jeong



LC DCOs (1)

 Frequency tuning scheme
Capacitor bank

1
e

— Capacitance tuning

« MOS capacitance tuning 0000 0000 0000
L__|
-

* For coarse/fine control

. Ctrl
— Inductance tuning

- - —0000—10000 — 0000 —
« Self/mutual inductance tuning .
. — 0000 —

* For band selection or coarse

control L_J

_ T

 Suitable for dual mode Crl

operation

Integrated Systems Design Laboratory, SNU 17 D.K.Jeong



LC DCOs (2)

« Segmented LC-VCO

— Change frequency by turning on/off binary- or
equally-weighted small capacitances

C A
1
C, |G |G |G Cut UL I
e oo I Negative
/ ! | Resistance
: :
( | ‘
I >
do d, d, d; dy.1 V
C-V curve of MOS capacitor
. = 1 in deep-submicron process
y = ——
vV LC

[7] R. B. Staszewski, TMTT, 2003

Integrated Systems Design Laboratory, SNU 18 D.K.Jeong
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Trade-offs in LCDCOs

+ Capacitive tuning: Af_leﬁ

— To enhance frequency resolution
* Increase capacitance
 Low LC-tank Q due to the parasitic capacitance
 Phase noise performance degradation

* Increased power consumption due to large load
capacitance

— Trade-off between frequency resolution, output

frequency, tuning range, and power
consumption

Integrated Systems Design Laboratory, SNU 20 D.K.Jeong



Design Issues (1)

 Reducing switching noise
— Minimizing on/off switching
— Only one column bit state changes

Control
code
X Column Decoder

col row colb row

\ A S
* * * * * * * * * * * * \J
Y Y ¥ ¥ ¥ ¥ v v v Y Y Y Y

a'a'a'a'a'sa'a'a'sa’sa'sa's’s
W W W, W W, W,
.’.’.’."’-’-’-’-’-’-’-’-‘- Next row Next row,
POVOGwewwwwwwww.

00000000000000 SW SW
4 4 4 4 4 4 4 4 4 4 4 4 4

00000000000000 row row

AP = P = = 0 00— 0= 00— 0

==~~~ OO~~~ O~~~
(I XXX XXX XX XX XX ) —I I —| "
CcO CcO

A\ VOV

Row Decoder

00000000000000

AP = P = P 0 00— 00— 00—/

@ @ Even row cell Odd row cell

[2] D. Oh, ISSCC, 2007
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Design Issues (2)

 Frequency resolution
— Quantization noise due to

. . . Dithering of the DCO tracking bank varactors
Un|f0rm dltherlng -60 S S O 5+ S S 52 . . . .2 S 2.1
R . |=—®—GSM900 spec
2 2 | © | © Natural DCO phase noise |
1 Af 1 . f 80 D D D TA quantization

S(D ( f ) =—": res . -1 SINC—— S L e Resolution quantization after A
12 f f ~100}g; . -} | e Total ZA noise |

dth dth ‘Dx L |- — - —White dither at f,/8

_120 — — -White dither at f_

— Quantization noise due to
2A modulation

2 2n
S%(f):i.[Afr%J A (ZSinij
12 f fdth fdth

N
D
=]

Phase noise spectrum [dBc/Hz]

L
[0e]
o

—200
— Directly affect phase a0l b i AR
nOISe performan Ce 0 " Frequen::;)offsetfromlﬁe carrier [H;]O °

— Performance bottleneck
In some application

[9] R. B. Staszewski, JSSC, 2005
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Design Issues (3)

* Choice for negative g,, device

— NMOS

« Smallest parasitic capacitance for same g,,
« Output swing exceeds the supply voltage

— PMOS

 Lower 1/f noise in most process(not always)

— CMOS

« Large parasitic capacitance
* Low signal distortion
« Min. & Max. output voltage is fixed

Integrated Systems Design Laboratory, SNU 23 D.K.Jeong



Design Issues (4)

 Noise on current source

— The drain node of the current source has a
ripple of 2x output frequency

— Additional LC for high Z to the current source

1
)y = ——
L _Lc High Z [> 20) ﬁl
2 2 o 0~
L2C2
Bias [9] R. B. Staszewski, JSSC, 2005

Integrated Systems Design LaboratoFy, SNU 24 D.K.Jeong
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Design Issues (5)

« Current source sizing

— According to the operating frequency, the
optimum size changes

— Digital code controls the current source

L, ‘ La

[8] R. B. Staszewski, JSSC, 2005
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Outline

« Basic Operation
 Requirements

* Classification

* Design Example

* Issues on DCO design
« Case Studies

Integrated Systems Design Laboratory, SNU 26 D.K.Jeong



Monotonic DCO (1)

integral word<10:0>

+ /
A

+/

+ ¥ .+
Caypass =

N

N
+
p ¢ p ¢ b ¢
P Level Level Level Level
—Tg Converter | | Converter COIVirtef Converter

4-phase clock ( mclk<3:0>)

proportional

gain<3:0>
dnb

 Core oscillator : inverter-based 4-stage delay element
— Integral word = control supply of the core oscillator

— PD outputs = altering load capacitor
[16] H. Song, JSSC

Integrated Systems Design Laboratory, SNU 27 D.K.Jeong



Monotonic DCO (2)

* Digitally controlled
resistor (DCR)

— Stacked row cells of PMOS
array

— monotonic characteristics
 Linear characteristics by
non-uniformly sizing of

Wp1, Wpoy =ax 5 Wpgg

Integrated Systems Design Laboratory, SNU 28

Ws

N

St

s
]

on<0>  on<1> on<31>

La
]

ISR

onl<32> on<33> on<63>

IR

s
]

on<992> on<993>

on<1023>
J

[16] H. Song, JSSC

D.K.Jeong



Monotonic DCO (3)

« Simulation results of the DCR with non-uniformly

sized parallel PMOSs

— Resistance range : 330 Q ~ 3.3 kQ

integral word=2>*N+M (N,M=0~ 31)

{(31-N)xRs

: i Reouv=Rrop // Ryar*+(31-N)*Rs

Integrated Systems Design Laboratory, SNU

RVARFRPO//RP1// hiad

Il Rpm

normalized differential resistance

0><10
"""" width
= non-un iform sizin, g
-0.5
-15 w
2
2.5
0 100 200 300 400 500 600 700 800 920 1000
code
same Wldth RSOZRS’ RPO:RPl: :RPBl
[16] H. Song, JSSC
29 D.K.Jeong



Monotonic DCO (4)

 Implementation of the DCR

integral word<6:1>

LI
(|

Column decoder

CCCCCC

CCCCCCC

| g Foed

| Jh e

integral word<10:6>,

| o Fae

Row decoder

rrrrrrr

Tb, Th e,

rrrrrrr

1k, T,

integral word<0>

Y|

Vvdddco

Integrated Systems Design Laboratory, SNU

wn nr

30

[16] H. Song, JSSC
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V-Tolerant DCO (1)

« Supply-compensated delay cell
— Coarse : stage selector
— Fine : phase interpolator

Odd Branch Mux (Coarse Tuning)
%8 odO-Z E od1i E odz-Z E od3z S
CK <{H Interpolator
unit SCDO SCD1 SCD1 SCD1 SCD1 SCD1 SCD1 SCD1 SCD1
CKB {J{(Fine Tuning) ||
evOS ? ev1x ? eVZS ? ev3& ?

Even Branch Mux (Coarse Tuning)

[14] B. M. Moon, TCAS II, 2008
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V-Tolerant DCO (2)

« Supply-compensated delay cell

— The strength of the latch is controlled by V,,
(PMOS) and Vyp — V,, (NMOS).
L PT0)
JE Hv“";:f P1 P2 Pi;':s"” -\

RiE=il

P+ = +@ oB
i %{} DSF DSFB |_‘_\_,
o7 Iy TN weak t
4 Vaswi 1 Vosnz | N1_MOS - o
T—{ P[1:0]

[14] B. M. Moon, TCAS II, 2008
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V-Tolerant DCO (3)

« Supply-compensated delay cell
— Delay time is insensitive to the supply voltage.

T

450

-NMOS/PMOS=Fast/Fast
400} £2-NMOS/PMOS=Typical/Typical

pamy 2 NMOS/PMOS=Slow/Slow
)
e
= 300f
~ A
> A
% 250__ ""[;,\.‘/ ; : — ; g -
(=) 0. B o g s R -
B‘- P?.r——gf_ ---------- -_#::?-
3-- ol - ot - i
200} L Rl = ST, WS X gy = (s --é
s
150 :
09 1 14 12 13 14 15 16
Voo [V]

[14] B. M. Moon, TCAS IlI, 2008
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Fast locking ADPLL (1)

 DCO code prediction for fast locking

— Using reference clock, PVT sensor detects
current condition.

— DCO code prediction makes a fast locking

( MUX J_}Do-—n)co CLK
nRST
Digital Codeword
(a) DCO
L|>‘ e _|>_|>°_}—-I>o——>PVT Sensor CLK

Integrated Systems Design Laboratory, SNU

nRST

(b) PVT sensor

34

[15] H. S. Jeon, ISCAS, 2008

D.K.Jeong



Fast locking ADPLL (2)

 DCO code prediction for fast locking
— By normalizing, PVT variation can be cancelled

4.42ns

L, O e o o R e R e = (PT F 8V 27—
’ —=~(TT, 1.8V -407)
-+ (TT,.1.8V85C)
——(FF, 1.8V 27C)
—+—(FF. 1.8V -40°C)
----—-=9=(FF, 1.8V-85T)
——(SS.1.8V 277)
—(8S, 1.8V -40T)
S T B AV R
~+(TT,1.71V27C)

4.02ns 3.54ns
2 >
B ’ _3.38ns
- 10 st i =g 38708
=
=
- [
= 8 - -
2 ~
&
5 ¢
9]
]
4

3 {nind I
; S T |

0 5 10 15 20
DCO Codeword (Coarse Codeword)

(a) DCO period

Predicted codeword for 6ns period

Integrated Systems Design Laboratory, SNU

30

35

Normalized DCO Period (ns)

10

—~(FF, 1.8V 27TC)
~~(FF. 1.8V -40°C)

————————————————————————————————————————————————————————————— =#=(FE- 1.8V 857C) ...

—+(SS,1.8V277)
—(SS, 1.8V -40T)
—(S$,1.8V 8517)
- (TT, 1.71V 27C)

10 15 20 25 30
DCO Codeword (Coarse Codeword)

(b) DCO normalized period

T =T, x (T /Ty )

DCO D
[15] H. S. Jeon, ISCAS, 2008

D.K.Jeong



Fast locking ADPLL (3)

« DCO code calculation
— DCO code predictor

"

Predicted

PVT Sensor CLK = Counter Codeword

TDR(’:gaX X (F . / |:SCe:n) _Tdesired

Sen

Toee < (Fe I Fn) —Toeo" < (Fa, 1 Fe)

Sen Sen

R,Max R
— TDCO ) . TSen ><-I- % FC
T R,Max _T R,Min T R,Max _T R,Min desired Sen
DCO DCO DCO DCO
_ C
- A_(BX FSen) Precalculated in simulation

[15] H. S. Jeon, ISCAS, 2008

codeword =
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Fine-Resolution DCO (1)

« Hysteresis delay cell
— Coarse stage : selecting delay path
— Fine stage : hysteresis delay cell

PP
(\ MOX 7

Coarse control :
stage selection

Fine delay
path

—— Out

[13] D. Sheng, TCAS Il, 2007
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Fine-Resolution DCO (2)

« Hysteresis delay cell

L g _
L ) o> L ) :h FION 5
_N* ® 0 09
F1ON
A FlON—l v L
« CIoad
N]_ -e

ﬁ — Nl_l =

"--, High for a

L whie

Is =11 - 1>

[13] D. Sheng, TCAS Il, 2007
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Frequency Resolution

 Phase noise of LC DCO is affected by the
frequency resolution

« Afis linearly proportional to AC

« Output frequency: ~ GHz
— Required Af: ~ kHz
— Required minimum AC: ~ aF

— Minimum AC depends on the minimum feature
size of the process

— Various studies focus on AC minimization

Integrated Systems Design Laboratory, SNU 39 D.K.Jeong



Capacitance Minimization Techniques

« Capacitors in series

MN MN

S

Control

.. .. [17] X. Dai, ISIC, 2009
« Capacitive divider network

2C, 2C, C 2
AC., [ : J AC
C,+C, +C,
2C, 2C,
Out+ [ % N [ Out

| |

Swe Sre

il L [18] Y. Chen, A-SSCC, 2007

* Vulnerable to process variation, parasitic,
and mismaitch

Integrated Systems Design Laboratory, SNU 40 D.K.Jeong



Fine-Resolution LC-DCO (1)

« NMOS-PMQOS varactor bank

1 I d
J— AR l | | | o
H . | . I ! I-
£ || L -
E E ,+) B w | - »#'
\, e CHaAC || zcedacy|||| aicrdan [Zied, a0
waractor

AC

Ca

1 1 -_
0 VDD Vetd 0 vboD  Veir

[11] J. H. Han, EL, 2008
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Fine-Resolution LC-DCO (2)

« NMOS-PMOS varactor bank
— Capacitance of MOSFET in various process

C,, C,x AC C,, Cx AC C,, C,x AC
65nm 200a 104a 96a 183a 94a 89a 294a 287a Ta
90nm 253a 143a 110a 266a 159a 107a 413a 409a 4a

130nm  3.7f 2.0f 1.7f 3.4f 1.6f 1.8 52f 54f -0.2f
180nm  4.2f 22f 20f 46f 25 21f 6.7f 6.8f -0.1f

[11] J. H. Han, EL, 2008
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Fine-Resolution LC-DCO (3)

« NMOS-PMOS varactor bank
— Quality factors of the varactors

42 - PMOS
| NMOS
07| =t N-PMOS

38

36

quality factor

34

32

30 [ e AL A B S e —
0 0.2 0.4 0.6 08 1.0 1.2
input, V

[11] J. H. Han, EL, 2008
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Fine-Resolution LC-DCO (4)

* Source degeneration capacitor

— Capacitance shrinking factor = 500 (@ C=5pF)

Ltank
Coarse . /r
Tuning
9 Ctank
—

Fine .__/H
Tuning @ C @
o2
g1 .
Y=-—-10C —/—= —m
(20q ()

Integrated Systems DeS|gn Laboratory, SNU

Negative Conductance

-1mS

-2mS

-3ms

-4ms

Admittance Y vs. C

-5ms

Re(Y)=-gm/2

| 1 I 1

44

1pF 2pF 3pF  4pF
Capacitance C

(em=10mS, f=3.6GHz)

-30fF

- -60fF

-90fF

-
o
o
=
M

-150fF

oueypeder Jusjeainby

[12] L. Fanori, ISSCC, 2010

D.K.Jeong



Fine-Resolution LC-DCO (5)

* Source degeneration capacitor

i

Coarse Ltank

tuning .
clﬂ - |'f/ Iﬂl \:
Cy Cta

/

bo

e WMW 3

{ il
bis-

Id@ Crixed

o

Negatwe resistance +
Shrunk capacitance

Integrated Systems Design Laboratory, SNU

45

éw

Negatwe resistance

3/

[12] L. Fanori, ISSCC, 2010
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Fine-Resolution LC-DCO (6)

* Source degeneration capacitor
— Adding 4-bit DAC for higher resolution

bs b? bg b5
I 1 1 1 @ Connected to Vdd
lumn decod O Connected to Gnd
coimn feeote \ W Connected to Vpac

e
be | & : -

Em_ : 3854 bn @ 3.3GHz with shrinking factor of 150
11— T mpugm "b4 _

ba & 3 Af = 300Hz

d

Gr‘l_d Vose  Vdd

-
I 11 g IO
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Dual-LC Tank DCO (1)

* Dual-LC tank DCO

— Only one -gm cell is intended to be enabled

VDDA VDDA

¢ 1 VDDA
% S CML
TANK1_O ANK2_ON A to
Rbia5'1 I'(12 Rbiasz
o ¥ o CMOS
pcap1<0:3>) L, L, A pcap2<0:3>

OUT1P,
dither1, icap1<0:47> _||-_—:|I II-_- -_-"_

\(ﬂlerZ, icap2<0:47>

s

IgUT1 N OUTEIE IEUTZN

coarse1<0:3> _|E]| |E ]I_ Coarcer<o:d TANKI_ON
ouTiP | — b= — _||..’_\_.|[‘ l_ﬂ.ounp TANK2_ON
= })}T | OUT2N OUTPUT
><C <G
v T

L,=2.05nH, L,=1.28nH, k,,=0.3
[19] A. Goel, SOVC, 2010
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Dual-LC Tank DCO (2)

« Coupled inductors
— Behavior of active tank is influenced by the inactive tank

— Adjusting the resonance frequency of inactive tank
results in three modes

ki TANK2
c —"i(_|
Lo "7 —o
“Active
mg‘gg Cuart FEATURES
Newral Cra High Q, Gc.»od Phase
Noise
Push C.. Tuning R‘.ange
Extention
Ultra-fine C, +C-AC Ultra-fine frgquency
Tune resolution
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TANK2

(L2,C2)
'"R2max
NORMAL :
1Z2| MODE 5
f
TANK2
(L2,C2)
|Z2| }k
PUSH /i
MODE i
fZ 'ZPUSH
TANK2
: (L2,C2)
7 ULTRA-FINE
|Z2| TUNE MODE

—é’g;Af’«Af
fa

[19] A. Goel, SOVC, 2010
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Dual-LC Tank DCO (3)

 Performance summary

DPLL with Dual LC Tank DCO
Technology 45 nm SOl CMOS
Core Area 0.111 mm?
TANK1 active TANK2 active
Digital Core Power 25mA(1.0V,586 GHz) | 42mA (1.0V, 10.86 GHz)
Oscillator Core Power | 29 mA (1.0V, 5.86 GHz) | 3.8 mA (1.0 V, 10.86 GHz)
(gtre":;a?g?;:m) 7.0 mA (1.1V, 5.86 GHz) |11.7 mA (1.1V, 10.86 GHz)
Frequency Range 5.85-8.86 GHz 7.89-11.64 GHz
Push Mode Extension 5.67-8.86 GHz 7.89-12.09 GHz
218 fs (5.78 GHz) * 227 fs (8 GHz)
RMS Jitter * 274 1s (5.98 GHz) 295 fs (11.65 GHz)
267 fs (8.3 GHz) 362fs (12GHz) *
Phase Noise for Free —108.8 dBc/Hz (5.78 GHz) *
Running Oscillations -110.2 dBc/Hz (5.98 GHz)
(TANK1, 1 MHz offset) -103 dBc/Hz (8.3 GHz)
o oot o
Ultra-fine Tune Mode
Resolution 0.7 MHz
(TANK2 in Band 16)

* RMS Jitter is integrated from /1667 to f /2
# In Push Mode operation
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Low Phase Noise LCVCO Comparisons

VDD power Pnoise Calculation
Year Publish Title @20M, 0.9G
% (W]
2006 1SSCC A phase noise reduction technique f_or quadrature LC-VCO with phase to amplitude 18 2 77E-02 1737
noise conversion
2010 EL [22]Low-phase-noise LC-VCO using high-Q 8-shaped inductor 1.8(Reg) 1.35E-02 -171.9
2009 IEEE MW A CMOS backgate coupfled Qvco based on Back?to—Back series Varactor configuration 10 4.40E-03 -1703
or minimal AM-to-PM noise conversion
2008 ISSCC A 28GHz Low phase Noise CMOS VCO using and amplitude redistribution Technique. 2.5 6.70E-03 -168.8
2001 Jssc A filtering Technique to lower LC oscillator Phase Noise 2.5 9.25E-03 -166.2
2003 JSSC A low phase noise 5GHz CMOS quadrature VCO using superharmonic coupling 1.8 2.20E-02 -165.7
2001 1SSC low-power Low phase Noise Differentiag),/vltouged quadrature VCO design in standard o5 2 00E-02 -1655
2001 1SSC Low power low phase noise differentiallcy'\;gr;ed quadrature VCO design in standard 25 2 00E-02 -165.5
2010 IEEE MW [21]An UMTS and GSM Low Phase Noise Inductively Tuned LC VCO 1.8 1.35E-02 -165.0
2007 IEEE [18]A Low Phase Noise Quad-Band CMOS VCO with Minimized Gain 2.6 4.42E-02 -164.8
2002 JSSC Analysis and design of a 1.8 GHz CMOS LC quadrature VCO 2 5.00E-02 -162.5
2002 INYe Analysis and design of a 1.8 GHz CMOS LC quadrature VCO 2 5.00E-02 -162.5
2007 JSSC A 1-V 17GHz 5mW CMOS quadrature VCO based on tranformer coupling 1 5.00E-03 -161.5
2002 INYe A Noise shifting Differential Colpitts VCO 25 1.00E-02 -161.5
2009 RFIC Low phase noise gm-boosted differgg;i\a/(larcsgﬁitts VCO with suppressed AM-to-FM 0.9V 1.62E-03 -160.2
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Wide Tuning Ranges LCVCO Comparisons

Truning Freq [Hz] VDD power Pnoise
) ) Inductor Iy Calculation
Year Publish Title ; Process
Tuning method max/min @20M,0.9G
%100 min center max V] W
Switched resonator and Their Application in a dual band Self
2006 MTT monolithic CMOS LC-Tuned VCO 7.9n/3.2n 110.6 | 1.64E+09 | 1.73E+09 | 1.81E+09 0.18u 3.3~3.6 | 16E-02 -159.5
Design of wide Tuning-Range CMOS VCOs using switched :
2008 Jssc coupled-inductors Mutual 160.1 | 7.34E+09 | 9.55E+09 | 1.18E+10 90n 1.2 7.7E-03 -154.3
2009 jssc | L€ PLL with 1.2-Octave Locking Range based on mutual- t/l—ugﬁsl 2397 | 7.30E+09 | 1.24E+10 | 175410 |  45n 1 14802 | -1417
inductance switching in 45nm SOI CMOS o . ’ ' ’ ’ :
0.1n/0.2n
2005 Rrr | Multi-mode wide-band 130 nm CMOS WLAN and GSM-| a1 334.8 | 3.426+09 | 7446409 | 1.15E+10 | 0.13u 15 | 30603 | -163.9
New Frequency Plan and Reconfigurable 6.6- 7.128 GHz :
2007 MTT | CMOS Quadrature VCO for ME OFDM UWB Application Self 108.0 | 6.60E+09 | 6.86E+09 | 7.13E+09 | 0.18u 2 20602 | -159.3
A new approach to fully integrated CMOS LC-oscillators .
2000 cice with 2 very large tuning range Self 159.7 | 1.34E+09 | 1.74E+09 | 2.14E+09 | 0.35u 3 -1325
Wide tuning range LC-oscillator in 65nm SOI CMOS, Mutual :
2007 EL based on switchable secondary inductor 0.6n/0.3n 176.6 | 6.40E+09 | 8.85E+09 | 1.13E+10 |  65n 1 45603 | -143.8
2007 Jssc A Magnetically Tuned Quadrature Oscillator Mﬁguni'r(; K1 2281 | 3206409 | 5256409 | 7.30E+09 |  65n 1.2 24E-02 | -150.1
1.1 to 1.9GHz CMOS VCO for Tuner Application with
2009 RFIC Resistively Tuned Variable Inductor Mutual + R | 177.4 | 1.06E+09 | 1.47E+09 | 1.88E+09 | 0.25u 3 206-02 | -1484
2005 | Asscc | ATV DualBand VCO Using an Integrated Variable Mutual + C | 513.6 | 220E+09 | 6756409 | 1.13E+10 | 0.18u 1 50603 | -1545
2009 cicc  |ACMOS 3.3-84 GHz W'dfct‘\‘/ré'gg range, low phase noise Self 254.5 | 3.30E+09 | 5.85E+09 | 840E+09 | 0.13u 1.6 156-02 | -162.4
ESSCIRC A CMOS fully integrated 1 GHz and 2 GHz dual
2002 | ESSCIRC band VCO with a voltage controlled inductor Self 200.0 | 1.00E+09 | 1.50E+09 | 2.00E+09 | 0.25u 15 14E-02 | -1554
A Dual Band CMOS Quadrature VCO for Low Power and
2007 RFIT Low Phase Noise Application Self 272.2 | 1.80E+09 | 3.35E+09 | 490E+09 | 0.18u 1.7 6.8E-03 | -155.0
€ None can meet GSM spec.(-165dBc/Hz @ 900MHz freq, 20MHz offset).
®There is trade-off between tuning range and phase noise.
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3.3. Time-to-Digital
Converter
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Outline

Introduction
Basic Operation
TDC Requirements

TDC Classification

— Short time interval generation
— Time stretching

— Etc
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Introduction

 Time-to-digital converter(TDC) is a device
for converting a time difference between
two events into a digital representation of
their time indices.

— Time-of-fight(TOF) measurement in high energy
particle physics, laser range finding and positive
electron tomography(PET) medical imaging
technology

— On-chip timing and jitter measurements

— Phase difference measurement in All-digital PLL
and All-digital DLL

Integrated Systems Design Laboratory, SNU 3 D.K.Jeong



Basic Operation(1)

Tin

- -
Start \
Stop ,
| Ta,i
Reference ‘ ‘ ‘ \ J L ‘ \ ‘
_"'é E'-_ Terr, start Terr,ston _bi E‘_
T Tin — T
TDCOUT — oul = — = T = Terr,stup _ Terr,start

T ! err

T q

q
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Basic Operation(2)

« TDC transfer curve

A
TDC output

>
TDC input
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TDC Requirements

High resolution
Wide range
Linearity(INL, DNL)
Low power

Small area
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Outline

* Introduction
« Basic Operation
 TDC Requirements

« TDC Classification
— Short time interval generation
— Time stretching
— Etc
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TDC Classification

« Short time interval generation
* Time Stretching
* EtcC

— Gated ring oscillator TDC

— Pulse shrinking TDC

— Stochastic TDC
— Utilizing ADC

Integrated Systems Design Laboratory, SNU 8 D.K.Jeong



Short Time Interval Generation

Generation of the more fine timing signal
to enable the more accurate translation of
time interval to digital code

— Delay chain TDC

— Differential delay chain TDC

— Vernier TDC

— Interpolation TDC

Integrated Systems Design Laboratory, SNU 9 D.K.Jeong



Delay Chain TDC

 Two-inverter delay resolution

I ———
- .
S -
- =
Fl L
# 9
¥ s
4 (]
H 1
[]
' !
Y #
% o
o
-

Start _ ND(1) D(2) >D(_3) B(n-i)~

—i1D Qp —D Qp+ —D Q- —D Qp D Qp+
—D —D —p —
Stop
& & ® e —@
Q(0) y Q(1) y Q(2) y Q(n-2)y Q(n-1)y

Pseudo Thermometer Code Edge Detector

[1] Rahkonen,Ciruit and Systems,1989
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Delay Chain TDC

q—r- Tq=2%inverter delay

Start

D(1)
D(2)

D(3)

D(4)

D(5)

Stop

Integrated Systems Design Laboratory, SNU
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Differential Delay Chain TDC

* One-inverter delay resolution
* Different setup time for data ‘1’ and ‘0’

Start D(1) D(2) D(3) [> D(n-1) |
—D Qf+ D Q —D Qf- D Q D Q-
—+ Q@ o ~ g | O P Qa
Stop | |
Q(0) y Q1) y Q(2) y Q(n-2)y Q(n-1)y

Pseudo Thermometer Code Edge Detector

Integrated Systems Design Laboratory, SNU 12
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Differential Delay Chain TDC

* One-inverter delay resolution

Using symmetric DFF

Stai-—>o—o[>o—o[>o— -[>c
—1D Qp —D Q- —D Q= —D —D
—D —D —D Mo —D
Stop | §— i i i l
sirw Lo ) .P(:zn Q(n-1)

|,
—

=
—
-

Q1) y

Q(2)

Y

y

Pseudo Thermometer Code Edge Detector

Integrated Systems Design Laboratory, SNU
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Differential Delay Chain TDC

« Symmetric DFF
— Same setup time for data ‘1’ and ‘0’

clk
o g e
)
3
1 S
_ X
Do |6 3
Clko——ldl
i Data to CLK delay >
Slave Latch

[3]Nikolic,JSSC,2000
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Vernier TDC

 Sub-gate-delay resolution
« TDC resolution =t,—t; (t;#t;)

Ds(1 Ds(2 Ds(3 Ds(n-1
Start | [NDs() | [NDs@ | [NDs@) ._>s(n1
—D Q- —{D Q= —D Q- —{D Q= —D Q=
— — — B —
Stop Df(1] Df(2] Df(3] Df(n{1)
_.—tf —-—}——-—}—- 1L .?
Q(0) y Q(1) y Q(2) y (n-2)y  Q(n-1)y

Pseudo Thermometer Code Edge Detector

[4]Dudek,JSSC,2000
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Vernier TDC

Ds() S T = Q1
Ds(2)

Ds@3) [ = Q@
Ds(4) Y e

Start = Q(O

Stop | Tg=ts-t
Df(t) | b —
Df?) |
Df(3)
Df(4)
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Interpolation TDC

* Divide the buffer delay into two or more
smaller intervals

Start D(.1 ) N DLZ) “es
Di(12)
¢ * MV
— D
—

Di(01)

I
O
9]

|

I
]
o)

|

I
]
9]

|
W

|
w

|
w

Stop

QO)y Qi(01)y Q(1)y Qi(12)y Q(2)y Qi(23)y
Pseudo Thermometer Code Edge Detector

[5]Henzler,JSSC,2008
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Interpolation TDC

-q—-- Tq=buffer delay / 2

Start : —=>  Q(0)=1
Di(01) ) 4 = Qi(01)=1
D(1) = Q(1)=1
Di(12) = Qi(12)=1
D) /T = Q@0
Di(23) . /7 = Qi(23)=0
Stop f

Integrated Systems Design Laboratory, SNU 18
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Wide Range TDC

 TDC range = # of delay cell x resolution

 For wide range and high resolution, too
many delay cells are needed.

=> large area and poor linearity.

e Solutions:
— Two-step TDC
— Logarithmic TDC
— Ring TDC

Integrated Systems Design Laboratory, SNU 19 D.K.Jeong



Two-Step TDC

* Incorporates both the delay chain TDC and

Vernier TDC
- gl

ts - tf

M
U
X

Start D(1) D(2) D(3) Ds(1) Ds(2) Ds(3)

—i—] tS tS tS T - tS tS tS em

—1D Q —D Q- —D Qp
— — —
Stop
. ® 4
Qc(0)y Qc(1)y Qc(2)y
Logic & Coarse Output Fine Output

[6]Ramakrishnan,VLSI Design,2006
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Two-Step TDC (1)

* Incorporates both the delay chain TDC and

Vernier TDC

S D(1 D(2
tart D (1) }()

N

DO

1%

—p

'+%

5

FCLK2

D Q5 —D Q= —D Q —D Q
Stop —‘
. L 2 &
: Q(0) QL)% Q(2) J,
0 anm
FCLK1
Vernier TDC
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Two-Step TDC (2)

Stop f

Start 1 : ta1 : ' => Q(0)=0

b(1) T = Q(1)=0

b(2) ' = Q(2)=0

D(3) => Q(3)=0

D(4) | = Q(4)=1
FCLK1 I o residue goes

el T to vernier TDC
FCLK2 - f
[7]Tokairin,ISSCC,2010
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Two-Step TDC (3)

 SEL=high => measures t,, for normalization

« SEL=low => measures residue from delay chain

TDC

FCLK1

b
w

L=y [y
i

SEL
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Logarithmic TDC

 Widerange is achieved through logarithmic

Inverter delay

« Additional logic is required for linearization

tm-1 < tm
Start . D) B D(1) >t D(2) y&) y-n
1 2 3 91 A '
—D Qp —D Q- —D Qp+ — D Q- —D Q-
—b —D — —P —P
Stop ® ® ® e —@
QO)y Q)y  Q@)y Q(n-2)y  Q(n-1)y

Pseudo Thermometer Code Edge Detector

v

Linearization LUT
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Logarithmic TDC

Staﬁ_ i ::> Q(O)=‘|
D(1) _ =>Q(1)=
D(2) = Q(2)=1
D(3) =>Q(3)=1
D(4) =>Q(4)=0
Stop f
’ A

% Logarithmic

O

()]

|_

Transfer curve / Linear

/

-
TDC input
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Cyclic TDC

 Reuses the delay elements and increases the
detection range

« Better linearity than delay chain TDC

St > Double-edge-trlggered D- Flllp-Flop(DFF) arrays
p A A A A

Inconsistency may occur
during transition

Counter
AV

<t
i) b

> Double- edge trlggered D-Filip-Flop(DFF) arrays

Stop

[9]Chang,|SSCC,2008
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Vernier Ring TDC

b

| Rsti >< Rst_e

| ’:] GND l:‘ /
"\\\-‘ ‘/Ill."

Type A arbiter

[10]Yu,JSSC,2010
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Vernier Ring TDC

Read register Control Read register & reset
reset logic 4
Reset
st [ et . —
) F
Pre-logic S15 R Co;nter , -
_ Stop | Lag signal T B
Fast ring — 3
$ | Counter £ Nc =
Latch Nc N ) =
) 1_~c g
-to-bi ’ E
Thermometer-to-binary TH 3
encoder 7
Sign bit
(N
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Time Stretching TDC

 Opposite approach to get high resolution
IS time stretching

 Amplifies input time difference and uses
simple delay chain TDC

 Amplification greatly relaxes the
requirement on device matching in delay
line
— Time amplifying TDC
— Sub-exponent TDC

Integrated Systems Design Laboratory, SNU 29 D.K.Jeong



Time Amplifying TDC (1)

« Time residue is amplified by TA(Time Amplifier)
and resolved by fine TDC

...................................

--------------------------------------------------------------------------------- #~ D(n)
Start D(1) D(2) D(3) ND@4) : : Stop
. > >—°—>—- s /_\ |_| vdd H
, Coarse “JArbi| T Arbi| T ] Arbi Arbi| T~ -
TDC i : : Fu
stop| 20 o i la l_ (3 _E ; Outb Out
.............. Ittt 1 l ' T
R“’I v R“I VR R“°’I v | D(ny+—T £—3ystop
Detector | T /A
' ! — % = )
AN MUX p—
Fine , , . .
TDC _|Arbi| [Arbi| |Arbi| |Arbi
.................... St
[13]Lee, JSSC 2008
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Time Amplifying TDC (2)

Start ‘ R(0) | => Q(0)=1

D(1) R = Q(1)=1
< — ‘-Q:\

D(2) [RQ): = Q(2)=1

D(3) = Q(3)=0

Stop -

R(2) is amplified using TA

_f

[13]Lee, JSSC 2008
Integrated Systems Design Laboratory, SNU 31 D.K.Jeong



Time Amplifying TDC (3)

 In SR latch followed by an XOR, the propagation delay
varies as an even-symmetric logarithmic function versus
iInput time difference.

s S So iC
R 1 #E Y
Y — R .
u—— Ro ¥
- AT,
ATsr ourtr
(a) SR latch followed by an XOR
ATour,
‘_
|
|
|
|
L J
t 0 ATsp

(c) Relationship between the
regeration time and the initial time

difference
[13]Lee, JSSC 2008
Integrated Systems Design Laboratory, SNU 32 D.K.Jeong

(b) Regeneration process
In SR latch



Time Amplifying TDC (4)

——7, T
# l c .
Tn :ijD—» °
1L I Tout
1
)Dad '
5 “loff ’ Tot ATSR
______ —|Ton T
I'" ‘\1".— B
. ] (a) Concept of TA (b) Shifted RS latch delay characteristics
Tour

T controls the linear range

Ar is a gain of TA around zero input
AT=2(C/gm) T off

Om : transconductance of the NAND
in metastability

(c) TA characteristics

[13]Lee, JSSC 2008
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Sub-Exponent TDC (1)

« Scaling of resolution according to input time difference

REF - 5 (MSB)

f PFD Integer TDC Px—>
FBE =
7 (LSB)
Sub-Exponent F~—>
TDC UP/DN
(a)
A
—— Sub-exp. TDC
... |nteger TDC
Q
S
Q
o
e
S
g
S
O
le——l
integer 1(=T)
0 T 2T 3T
Input time diff.

()

[14]Lee, JSSC 2010
Integrated Systems Design Laboratory, SNU 34 D.K.Jeong



Sub-Exponent TDC (1)

I/ J A I A

tin 2"':in 22"tin 23'tin

a }} T T T OO .
B BB T T

Integer Integer Integer Integer | = g
Checker Checker Checker Checker | i

e S

JU YU

Q(0) Q1) Q(2) Q@) W7

{>2‘1'td} (>2‘2'td) (:’z-s'td) (>2-4'td) Output is 1 when time
differenceis > td

[14]Lee, JSSC 2010
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Sub-Exponent TDC (2)

« Firstdischarging is performed by two identical path
« Second discharging is perform by only one path
=> The gain of TA roughly is twice of the small signal input gain.

Out+ Out-

r o K e
o
" F "
¥ % ¥
\ ¢
/ ] ; s

i
[ h
[ .
[} .

In+

. -
\.L / Dependerit * _L :
“~“discharging paths ™=~

Simplified 2x TA

[14]Lee, JSSC 2010
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Sub-Exponent TDC (3)

« With large input time diff, output saturated. To get accurate
2x time amplification, TA calibration is necessary

OuUT+ OUT-
200 _
- w/ cal. -—‘
G150 1| wio cal.(Fig.3) ——
o 1)) S R o i
-3l T Y
IN- ‘5 50 .
O ........
0 A
PMOS diodes: 0 25 50 75 100
Slow discharge Input diff. [ps]
onC&D
3~0 Ll L)
M1 and M3 not ;Tal —
completely { ' == calibration |
turned off 2.5 | wio cal.(Fig-3) ——| point
: T -
. Calibration 1P i 820 \—/'“J\
Counter [ DN | .
SR 1| S-S — ]
| CAL_ON T i s 2
T T | 1.0 L " .
| B L ub ad 0 25 50 75 100

Input diff. [ps]

[14]Lee, JSSC 2010
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Other TDCs

* Etc
— Gated ring oscillator TDC
— Pulse shrinking TDC
— Stochastic TDC
— Time-to-Voltage followed by ADC

Integrated Systems Design Laboratory, SNU 38 D.K.Jeong



Oscillator-Based TDC

 Counters operate when enable signal is high

« Oscillator runs freely regardless of input
=> Large power consumption

oo Do e

Enable

w

N
Counters

Start

Logic

Stop

\

Count

-

Integrated Systems Design Laboratory, SNU

»> Registor |—» Out

39
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Oscillator-Based TDC

Enable

Ten

ctos]2]

P1
P2
P3

L Tenslt]
Count

| I 'Terr,stal't[1] i
Out 5
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To =T T

err— !err,stop” ! err,start

An oscillator-based
TDC’s T, 1o IS random,

having uniform density
on the interval [0, T,].

D.K.Jeong



Gated Ring Oscillator TDC (1)

* Oscillator operates only when the enable is high
« When the enable is low, it holds the state

Enable

Start

Logic

léeset\

Y

4
Counters

E
$ ”|[l

Stop
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Count
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Gated Ring Oscillator TDC (2)

« When the enable is low, the time residue Is stored
In V5 node

Vdd

Rsv:%_ Enable '| [ '| [

Enable Vdp

Cadp
VO[.1 I_| I Vo,
L %
Van "

Enable chn
stn

VSS
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Gated Ring Oscillator TDC (3)

Tin ' Tin
LT L e » S BOCTEEEEECTRRPPRS >
Enable ] |
o Terr,stop[k'l] :Terr,start [k]
P2 Terr:Terr,stop[k] 'Terr,stop[k'l]
P3

First order noise shapinq
of the quantization error

Tensopl1] | Tembool2] ]

Count
'Terr,starl[1 ] ; Terr,start[2] E

Out : 5 : § 6
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Pulse Shrinking TDC (1)

« Width of the input pulse shrinks in each element
by a fixed amount, until the pulse entirely
disappears.

Start o—{ Control - {3 - - s

Stop o— Logic - —R Q —HR Q —R Q" _R Q
reset _‘ —‘ _L
L L L nnn i

Decoding

[17] Karadamoglou,JSSC,2004
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Pulse Shrinking TDC (2)

« The propagation of the rising edge of the input
pulse is slowed down by the current starving
transistor.

" In il \l_ "~ Out \
_“; _Il'_’ Out |

Vbias o—|E T

Integrated Systems Design Laboratory, SNU 45 D.K.Jeong



Stochastic TDC

« Using random sampling offset mismatch

Vost
OF s *
Start ) 0 PDE
0
1
[ ]
: 0 Encoder
1
Vosn 0
Sto _]_(} D Q
P D 1 -
Vos
(a) STDC architecture (b) PDF of Vos

[18]Kratyuk, TCASI,2009
Integrated Systems Design Laboratory, SNU 46 D.K.Jeong



Stochastic TDC

e Behavioral simulations of 100 STDCs

40 15 ' :
:| ——sTDC
---Li_nsarF'lt
@
u ﬂ}
8 g
: -
O -1or 3
=20+ . . . . . -
=30+
_40 L L I i A _15 Il Il 1 L L 1
=60 =40 =20 0 20 40 60 -3 -6 =4 -2 0 2 4 6 8
Input time difference (ps) Input time difference (ps)
(a) STDC simulation result (b) STDC transfer curve
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Time-to-Voltage followed by ADC

« The time interval is first converted into a voltage

and then the voltage is converted into a digital
value by ADC

Ry
1

ADC }—o Out
Plrgset

BuU !BJE Yyos P

charging (hold!

-

: .
Tin

- L
TADC Tmsnt

(a) Simplified schematic

(b) V¢ vs time
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Outline

* Introduction
 Recently Published Frequency Synthesizers
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PLL applications

Jitter reduction

Skew suppression (zero delay buffer)

Frequency synthesis

— Clock multiplication and carrier generation in
wireline and wireless communication systems

— Multiple PLLs in a chip
— Integer-N or fractional-N frequency synthesis

 Clock and data recovery

Integrated Systems Design Laboratory, SNU 3 D.K.Jeong



ADPLL Fractional-N FS Architecture

« A2-modulator (AX) is used to increase the
effective resolution of the DCO

* Fractional spur can be reduced by using
cancellation techniques

—

TDC |— — DLF — — DCO >

—>

+ N/N+1 |

[1] C.-M. Hsu JSSC 2008
[2] R. B. Staszewski JSSC 2005
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DCO Resolution Enhancement Using Az-Modulator

« We can’t reduce DCO resolution which is determined by
physical characteristics.

« However we can improve effective resolution of DCO by
averaging a modulated signals.

« AX-dithering means to change frequency with high modulation

frequency.

« Dithering prevents a jitter being accumulated. There only
short-term jitter. (In other word, high frequency noise
component)

|deal

No dithering

Y

v

With dithering

Integrated Systems Design Laboratory, SNU

D.K.Jeong



High Resolution DCO Using Az-Modulator

« Effective frequency resolution is improved by high-
speed AZ-dithering

« Higher update rate of DCO is important

— Phase error accumulates for dithering cycles

— Peak-to-peak jitter is inversely proportional to update
frequency

Ref

fupdate = fRref ..

—»

TDC

DCO

Out

<Casel>

Integrated Systems Design Laboratory, SNU

Ref

fupdate = fout!/M» fre

TDC

e
~§
-

b Out
DLF |—» —» DCO >
L - M
=N
< Case?2>
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Low Jitter DCO Using AZ-Modulator

« Peak-to-peak jitter reduction

Ref

Div

Out

Ref

—]

——

Tax Taks

1

<Casel>

fupdale = fRef Seel

TDC

| DLF |

DCO

]
! / f
/
/
,’l Ate'pp =N x Kp
/
/

Lock point

Ou}

-

+N

<Casel>
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Atem
Td,k = KDX DCOinyk
Kp: DCO resolution
Ate,pp =Mx Kp
M = fou/fas
Lock point
< Case 2>

Ref fupdate = fout!M» frer ..

— b Out
TDC |— DLF |— —{ DCO >
Lo
+N
<Case2>
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Low Jitter DCO Using Az-Modulator

 Design issue

— Synchronization between lower and higher frequency
clock domain

— Fast AZ-dithering speed for low jitter generation
— Noise shaping due to A

* High frequency noise increases

« Performance bottleneck in some RF applications

> Out
TDC DLF — DCO >

» Synchronization
A

A

v

=N <

High frequency region

Integrated Systems Design Laboratory, SNU 8 D.K.Jeong



Frequency Multiplication

« General fractional-N operation

— Divider dithering using A

 Phase-domain operation

— Accumulate frequency
control word (FCW)

Integrated Systems Design Laboratory, SNU

Ref
—> Out
TDC DLF DCO .
o> AF
7
= N/N+1
N.F \
=) 5 | S@—| DLF pco U
Ref b3 4_1
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Integer Frequency Multiplication

« Phase-domain operation

N U

\

A

Ref

+

Out
LF —» DCO [—+>

»>M

— Long term average: fges X N =f5, X 1
— Reference and output clock domains are not

synchronous
— Spurious tones occur

Integrated Systems Design Laboratory, SNU
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Integer Frequency Multiplication

N:3 Out
DCO —+
1
4_
Ref
—
A
0 1 2 3 4 5 6 7 8 9 10 11 12
Out {1 I I LT | I I I I I I L1
Ref f ' '
CKR f ) ! Y.
Sy 0 1 2 3 4 5 6 7 8 9 10 11 12
Sg O 3 6 9 12
Se 0 3 6 9 12
E 0 0 0 0 0
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Fractional Error

Out
1

2 [——
Ref L
—>

A
0 1 2 3 4 5 6 7 9 10 11 12
Out {1 I I LT | I I I I L1
Ref f | '
CKR ) £
Sy 0 1 2 3 4 5 6 7 9 10 11 12
Sjg O 3 5 7 9 12
Sk 0 2.25 4.5 6.75 9 11.25
E 0) -0.75 -0.5 -0.25 0) -0.75
Integrated Systems Design Laboratory, SNU 12
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Fractional Error Correction

Inconsistency \ j *

may occur

N=2.25 Out
> 2 —» DCO |
N\
A
1
2 [——
D\ JAN
Ref CKR
e Sync ) A I
\4
Out §f f Lf Lf Lf L+ Lt Lt Lt 1 L
Ref § | |
> > > >
€=0.75 €=05 €=0.25 €=0 €=0.75
[3] R. B. Staszewski TCASII 2005
Integrated Systems Design Laboratory, SNU 13 D.K.Jeong



Outline

* Introduction
 Recently Published ADPLLs
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ADPLL Example -1 (1)

« Multipath gated ring oscillator TDC (GRO-TDC)
« Digital fractional noise cancellation
 Achieve low noise and wide bandwidth

50-MHz

o> GRO
hnwrapping

— Divider and| —fq[k]

Digital Noise
Cancellation

_________

Fine-Tune
Filter

|

Filter

Coarse-Tune] !

@1— Correlation ,
Loop '

Digital

—————————

N I

AY |

fik]

div <

Integrated Systems Design Laboratory, SNU
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[1] C.-M. Hsu JSSC 2008
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ADPLL Example -1 (2)

Multipath GRO-TDC

Phase Error[1] Phase Error{2]
< i — — >
O, kb L
g Enable ' : : .
: | E E E © Osc(t) : : ]

'
.

Reset
ref(t) r’f Counter

| Count[k] ‘,53 '
1

Quant. \:} qm‘;,;; \:} qmi

Logic Count[k
Error[k] ~ 87T T | P e
e +-al0] ; -a[1]
el i 3 : 4
GRO-TDC

Delay Element
Enable

Raw
Resolution

A ‘
B

> «

| W

c/ /[
D\ \H_L

Multipath implementation
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Digital noise cancellation

1 1

5 P [ [

[ [

[ [

(1 2:1 [

X [ Scale A\ I

Sl I Factor 1.1-MHz !
x[K] I\ 1st-order )

16

Deal with the quantization noise
directly in the digital domain

Scale factor is easily computed

[1] C.-M. Hsu JSSC 2008
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ADPLL Example — 1 (3)

Passive DAC
clky clkz
% vl
Ry X (32-M) . VH
Cy XN
c|k1 C"(z :
RuXM - g Cload Ry = 550hm ,/’
i T Cy=30fF
= Cu X (32-N) ’

Step 1: unit capacitor charged . ) ]
 b5-bit resistor ladder & 5-bit

clkq clk; . )
switch-capacitor array

 Minimize active circuitry and no
transistor bias current

2  Achieve monotonic DAC output

RUXM{. & s R, = 550nm with first-order filtering
Cy = 30fF

[ ]
RuX (32-M){ e

= Cu X (32-N)

Step 2: charge redistributed and filtered [1] C.-M. Hsu JSSC 2008

Integrated Systems Design Laboratory, SNU 17 D.K.Jeong



ADPLL Example -2 (1)

 Fractional ADPLL without feedback divider
([9] R. B. Staszewski TCASII 2005)

« Simplifies synthesizer core

 Requires more accurate TDC calibration to ensure
the ratio between F, , and F,

FCW ¢

INTEGRATOR

ram o

DIGITAL
LPF

DCO

INTEGER

COUNTER

FRACTIONAL

COUNTER

Integrated Systems Design Laboratory, SNU

(Ciln])

Integer Count

REF

Fractoal ount
(Ce[n-1])

Fractional Count

(Ce[n])
[4] E. Temporiti ISSC 2009
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ADPLL Example — 2 (2)

* Fractional counter should meet N-T ,,=M-T4../2
M and N are relatively prime

* In this implementation, 21-T,,=5-T4.,/2

DCO
4 4 5 4 4 4
—_—t | || | — | —A—
SampingEdges |} PP Pt t PP M PP QP L EEIEELEIMELS
SampleValues 0 0 0 0 1 1 1100000 11110000111 1
[4] E. Temporiti JSSC 2009
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ADPLL Example — 2 (3)

foco

Fractional counter calibration

— Monitor the number of group of 5 identical bits
To ADPLL Loop

5 Semi-periods

Calibration Loop

Sampling Edges

DCO
IR TN IR TRl NRRINNRIIE
21 Delay Elements (too slow)

(11t

—

titty

IENR

Sampling Edges

Integrated Systems Design Laboratory, SNU

5 15
21 Delay Elements (too fast)

20

[4] E. Temporiti JSSC 2009
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ADPLL Example — 2 (4)

 Fractional counter mismatch correction

— Reference clock rate is doubled

— Generate pseudo random jitter injected ‘dirty edge’ only for
calibration and correction
(‘dirty edges’ are not used by the main loop)

— Monitor the histogram of fractional counter

Joco To ADPLL Loop

Histogram of output samples

_______________________

P - ———— —

Wider quantization step
results in more occurrences
in the histogram

Pseudorandom
Number
Generator Uniformly Distributed Input

[4] E. Temporiti ISSC 2009

Correction Loop
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ADPLL Example — 3 (1)

* Fractional-N PLL with phase-interpolation divider
« TDC using dynamic element matching (DEM)
« Digital fractional noise cancellation (as [7])
 Phase interpolator mismatch cancellation
DCO
r—-—= - - = = 1
40MHz X0 [— > x8 =>1$t'_f\’;der !—WMHZ I
@ r\'9=>4b LU u(k) eM | Fiter | := 6b :
dw=>ﬂic (;\fantization ‘Phase I — |'| [l-ﬂ-l :
DEM Spur_ Intgrpolator : coarse P‘T'\"l |
Cancellation Mismatch out
Iy Cancellation | ——
q(k) a(k) I _ _ _ _ _ _l
Fr_ ?_ e |
| AZ '
I Ngg Npi | — N\fiv Y :
| I:tglgg?;eor - Divider <}
I

. . _ _____ [5] M. Zanuso ISSCC 2010

Fractional Divider
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ADPLL Example — 3 (2)

- Division factor: Ng;, + (N,; + Ngq/21°)/16
« All digital bang-bang servo loop forces multi-phases
to be equally spaced

s(k a(k
—>?—>( ) Accum. (k)
Npi carry " Phase Interpolator | _
I | div
—_ — = MUX
Ndiv | |:>0 |
L o
U l b(k P4 P2 T I
»p Divider —H—+{0 o—{S a}—+ Filter |
I I—>> R I
___________________ |
. NaivTveo . o (NawvtDTweo
] 1 ] 1
POI P[]I POI POI
{5 455 55
time

(Nc{i\f""l’f1 6)Tvco
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ADPLL Example — 3 (3)

TDC using DEM

I"e_f.—> start ~
v(k) + A~~~ u(k) = v(k) - v(k)
TDC @ —
—[>stop
div
9
(%) | Quantization
Spur
| Cancellation
D, e gle
start I~ 1 ]
L L L 0a __E_‘
05
Decoder
(16)
2 o G = C
L L L oa Ql | v
05 3 g
Decoder w
16
D16 C(116) C'EIS) ﬁ
> ..t 04 —
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Phase interpolator
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L
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Spur
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® ADPLL Block Diagram and Noise Sources

® OQOutput Noise
= Calculation of Power Spectral Density
= Verilog Simulation
® Phase Noise and Jitter
= RMS Jitter Calculation from Phase Noise
= Verilog simulation
® Simulation Guide
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ISDL I

ADPLL Block Diagram and Noise Sources

@ q)anEF @(Dn]TDCq @ D ax1 @ @, pco+ q)n,DCOq@

igi FCw l l ouUT
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oL |
Output Noise

® Power spectral density of output noise

StIJOUT ( f ) = S(I)OUT,TDCq ( f ) + S(I)OUT, DCOq ( f ) + S(I)OUT,AEl( f ) + SCI)OUT,AZZ( f ) + S(I)OUT, REF ( f ) + S(I)OUT, DCO( f )

@ ©) ® @ ® ®
(27f) [Atmc 2

1 2
Q, TDC @ S(DOUT TDCq( )= j : '|N'G(f)|
Teer free

1 (Moo ) 1 (. £
Q, DCO @ SGJOUT,DCOq(f):E'( D;O'ﬁJ 'f—(SIHCf—j -|:|.—G(f)|2

AT AT

pco dither ) 5¢OUT,A21(f)=%-(AfD;°’B“ T fi (25 nf—AJ ’ -G(f) NTF1 is applied to ©,®,®
FOVIDER ) 5,0, (1) (212)2 (zs. ;,f jzn_z'fl . NTF2 is applied to ®,®,®
REF REF
REF @ StDOUT,REF(f)zzFl)::-lr' 1+ [ﬁf}.{l+ fl”:C'REFJ.|N.G(f)|2
0c0 @) Suou ool D=7 “(zq?%ﬂ(“ f“‘}°°°}~|1—e<f)|2
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Output Noise

® Plot of Power spectral density of output noise

StDOUT ( f ) = SQDOUT,TDCq ( f ) + S(I)OUT, DCOq ( f ) + S(I)OUT,AEl( f ) + S(I)OUT,AZZ( f ) + S(I)OUT, REF ( f ) + S(I)OUT, DCO( f )

@ @ ® @ ® ®

0.00 LI B e s e
1/E+00 1.E+01 1.E+02 1.E+03 LEVO4f  1E+05 1.E+06 1.E+07 1.E+08
1
1
1
-50.00 :
1
1
(5 '
A o
/ 1
1 o
1

e Sout, TDC

m— SOUL,Q

e Sout,2A1

—— e Sout,2A2

== == Sout,REF
[ — = Sout,DCO
Sout, TOTAL
-300.00 3
In this case, DCO guantization noise is dominant !!
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Phase Noise and Jitter

® RMS lJitter calculation from phase noise

¢¢¢¢¢

. : B o(t)
C(t) = Asin(2Af .t + O(t)) = Asin(2Af,. (t . _ YU
() Sln( C + ()) Sl ( C( —I_{\Z\ﬂfc )?/ > PER Zﬂfc
A T g, A
n(t) = 0() S,(f)=[n(t)e dt==-5,(f)
4 ¢ 4 H)
Sg(f):?_[on(t)e Z”ftdt:?Sn(f):lO 10

L(T)

[6°(1)) = 2T S, (f)df = 2]0225n (£)df = leow df

L(f)

1 1 Tan 1o
Jous == [{O°()) = 2110 1 df
™2, < ( )> 27 f, \/ -([

Integrated Systems
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ISDL I

Phase Noise and Jitter

® Verilog simulation (calculation and simulation result comparison)

Phase Noise « 1077 RMS Jitter
-50 T T 1 4 T T T
: : |Stdeq(f)| ——djitter
|Sdeoq(f)] ijitter
——|Sdsmdco(f)] :
—:gdsm;fiﬁ(fn S N S W A L of
- |Stota f Integral of RMS jitter, 3.7717ps
Simulation| ; ~—7 g J ’ P
: 3l _ |
l’g N
] 1
By
% - ;/\J Rela'Five RMS jitter with fr.’eqL.lency
S. @ : 1 - Jitter from TDC quantization
8 £ /Y ; noise
= e : . . . .
S NI ; 2 - Jitter from divider DSM noise
= 151 xsl i 3 - Jitter from DCO DSM noise
8 : : ‘
: : : 11 BNV G T o N
o 8 U 1 11 1| I | RMS Jitter of calculation and that
| | | | of verilog simulation are almost
; eer n i same!
300 i i i 0 | | i
10° 10° 10° 10" 10° 10° 10° 10° 10"
Frequency [Hz] Frequency [Hz]
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