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Outline

e Principle of phase locked loops

e Key building block exam

nles

e PLL as a frequency synthesizer

e The linear model

— Open and closed loop equations

— Transfer function

e Frequency ranges of interest

Yann DEVAL - IN2P3 - Tutorial on PLL

2/29



Principle

Reference Error
A.cos(me) — 1 Phase Ve LPF
—>| comparator
VCO
Copy DC error
B.cos(myt) Ve

e Copying the reference frequency with the
VCO frequency — thanks to phase lock
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Outline

Key building block exam

The linear model

Principle of phase locked loops

nles

PLL as a frequency synthesizer

— Open and closed loop equations

— Transfer function

Freguency ranges of interest
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Phase detector

e Transfer function (theoretical)

D min D max
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Phase frequency detector

> I

w{ellw)iw

o
=D a
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Charge pump

1

!




Voltage controlled oscillator

e Transfer function (theoretical)

fvco

f —f_
fvc:o = fo +Vmax m_m (Vc _Vo)

-V

max m
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Outline

Key building block exam

The linear model

Principle of phase locked loops

nles

PLL as a frequency synthesizer

— Open and closed loop equations

— Transfer function

Freguency ranges of interest
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PLL : application to
frequency synthesis

1:ref
PFD LPF
=N VCO
fVCO
When locked : fvco =N - fiy
fOl — K 1:ref — f02 (K +1) f — K ) 1:ref + 1:ref — fOl + 1:ref

f . is the frequency step of the synthesizer !
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Outline

e The linear model
— Open and closed loop equations
— Transfer function
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Linear modelisation (phase)

-------------------------------------------- 5 LPF
V,(s) V(s)
Kq i » F(s)
-N - Ko
OvcolS) S
VCO

Dyco (t) = : Hvdcf © Oyco (1) = I Do (D)dt 8, (S) = %C(S) (s)
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Some equations

LPF
V(s)
F(s)
I<O
" Ns
VCO
ee (S) = Href (S) — 62 (S) Vp (S) = Kd . He (S)
V,(s)=F(s)-V,(s) 0,(s) = NK.O -V, (s)
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Transfer function

LPF
V(s)
F(s)
Ko
" Ns
VCO
6,(s H (s K -K -F(s
G(s) = 92((3)) :1+|—(I()s) with H(s) = ——° ©
(CL) ref (OL) N -sS
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Transfer function - OL

Magnitude

| \ frec

> freg

-90 / \
-180
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Transfer function (cont’)

LPF
V(s)
F(s)
Ko
" Ns
VCO
K, K, - F(s) l+s-1,
G(s) = F(s) =
N-s+K K -F(s) S-7,
Z Yann DEVAL - IN2P3 - Tutorial on PLL
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Transfer function (cont’)

LPF
V(s)
F(s)
KO
NS
VCO
K -K -7 K -K
0 a2 o0 d
N-rl N T,
G(s) =
s? 4 Ko'Kd 7, st Ko Kd
N T, N T,
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Transfer function (cont’)

LPF

F(s)

Ve(s)

Ko

NS
VCO

2
n

2ndorder: s*+2-§-o S+ o

/ \

Damping factor Natural frequency
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Transfer function (cont’)

LPF
F(s)

Ve(s)
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Transfer function (cont’)

LPF

F(s)

V(9)

Ko

NS
VCO
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Closed loop bandwidth

LPF
V(s)
F(s)
Ko
Ns
VCO
0] 0]
_ n 2 2 2 N n
s ‘/25 +1+\/(2§ +1) +1 = _
[r‘ns Yann DEVAL - IN2P3 - Tutorial on PLL
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Closed loop bandwidth (cont’)

LPF
Ve(8)
F(s)
KO
~Ns
VCO
) 1 K,K
Byys < = [ =2
3dB ﬂ\/ﬁ Tl n
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Closed loop bandwidth

LPF

V(s)

A

* V, includes not only a DC value (of interest) but also an unwanted

component at f..; (among others)

The loop filter (LPF) has to attenuate as much as possible this component :

typically t, is set one decade away from 1/ f
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Outline

e Principle of phase locked loops
e Key building block examples
e PLL as a frequency synthesizer

e The linear model
— Open and closed loop equations
— Transfer function

e Frequency ranges of interest
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Freqguency ranges of interest

Ay,

Awp,

Ao, : Lock range

PLL is always locked, and quickly react
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Freguency ranges of interest (cont’)

Aoy

A
v

A
v

v

Dynamic stability

Awpg : Pull-Out range
PLL reacts a bit more slowly, though it still relocks quickly.
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Freguency ranges of interest (cont’)

Ay,

Awp,

Awpg

Yo

P .
< >

.
| »

)

Awp, : Pull-In range
A signal within this range will allow the PLL to lock — but it may

be a long process to do so
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Frequency ranges of interest (end)

Aoy,

Awp,

Awpg

Yo

P .
< >

.
| »

)

Aw,, : Hold range
An already locked signal can be hold within this range
but if there is any variation the system will collapse
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Summarize - PLL and synthesizer

e A complex system to deal with...

e A 2"d order system (or even more) in which
the stablility Is a matter of concern

e As the divider Is Integer, the frequency step
yields the reference, which determines the
bandwidth in return

e A linear model used to define a sampled
system is a bit non rigorous — but there’s no
way do avoid the liar...
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Outline

e Phase noise In oscillators
e Noise shaping in PLL
e PLL architectures
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Phase noise

%} .

g_
KTB R, KTB*G*F
AM
noise
Phasor
«

Instantaneous
phasor
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Phase noise : NCR calculation

KTBGF
Pon ==

- I

KTGF

2P,

NCR =

Ppn

30 dB/dec -
20 dB/dec W

| | |
(fo-Tyr)  To  (fo+ Tup)

fo/ Q

freq.




NCR

. effect of Q

Quartz
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Outline

e Noise shaping in PLL

- 9090z >09090m00000000m0m000——mmmm 000 0m OO0 OB O OO O 1
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PLL noise shaping

- = = N X reference
PN — = VVCO free running
— VCO locked

>
fre
f, g
< > '
Q) @
/i;ns Yann DEVAL - IN2P3 - Tutorial on PLL

7/13



Limited PLL bandwidth

- = = N X Reference
PN — = VVCO free running
—— VCO locked

f, freq.
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Outline

e PLL architectures
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Integer-N PLL

frer i PED Charge .
5 N Pump
= X
) m X
Y,
/P T l vCO LPF

fVCO

\ Pre-divider used for very high frequencies

Cowe
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Integer-N & dual-modulus

Tref | PED Charge s
. .| pump
u <
Y
/M /P
) /P+1
LPF
9 C
N T fyco
/A
] N=AP+1)+(M-AP=MP+A
Channel
(ms Yann DEVAL - IN2P3 - Tutorial on PLL
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Fract-N

Y

synthesizers

fref Charge
PFD Sump
\ 4
/(P+1) U K periods at the input yield
Clock  Modulus (K is the accumulator lenght,so K > M)
control
M= overflow M(P+1)+(K-M)P=M +KP:K(P+MJ
4 1:VCO K
periods at the output.
Thus, N :(P+M]
K
N goes from P to (P +1) when M goes from 0 to K.
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Offset synthesizer

f > —>
refl PED Cgirrgiej )
X >

_ Y,
(b]
(-
c ) < VCo LPF
g - /N l

fuco
fVCO =N '(frefl o 1:refZ): N - 1:ref

Comparison is still preformed at 7,/ !
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Conclusion

o Integrated VCO present strong limitations

due

to silicon technologies (low resistivity

substrate)

¥ Low cost technologies for high volume
production will not solve the problems

@ Im

orovement of frequency generation

relies on novel synthesizer characteristics

g ot toplic
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Outline

e Dual loop synthesizers
— The Injection locked oscillator

e DLL-based synthesizers
— Classical DLL
— Factorial DLL

e All Digital PLL
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Wide bandwidth synthesizer

e Swallow counter synthesizer
— Channel spacing limitations

e QOffset synthesizer

— Several oscillators : coupling & pulling
e Fractional synthesizer

— Spurious
e Multi-loop synthesizer

— Complexity
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Double-Loop Synthesizer

PFD + CcP _ LPF
I:ref %/ L f
@ X ow frequency
- loop
+ M1 LFVCO
)
PFD + CP il
+
R
Y
N\
+ M2 RFVCO RF IOOP
Fre
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Double-loop synthesizer :
bandwidth improvement

B... :?—;-\/252 +1+\/(252 +1f +1 ~ i’z

Natural frequency :
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. K
F >Smg+leNLoop F > BBdB:W

=\ LF Loop -\ RF Loop §>1 B, ~

provement

i
 —

N=M1-M2 = By, VM2

V 2 BSLoop

Double-loop synthesizer :

- = ML Y = M2
- :
% BLF _ K BRF _ K
§ 3dB lil\/ll 3dB lil\/IZ
©

-

©

O

) 2

\F
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Double-loop synthesizer :

the drawbacks

e Complexity
— Silicon & power consumption
— Coupling effects
e High frequency RF loop reference

— PFD dead zone
— Charge pump bandwidth
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7/25



The ILO-based synthesizer

PFD + CP nid
+
|:ref %
% W,
+ M1 LFVCO
Fo i’—b:

|:RF
Sync >

Injection locked Oscillator
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The ILO as the RF loop

Input signal _
(synchro) — ILO > | Output signal

Synchronization
network

" Oscillator

e "'sub-harmenic’ ILO principle

o Yann DEVAL - IN2P3 - Tutorial on PLL
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The ILO theory

Huntoon & Weiss (1947) and Badets (1999)

AF=2. [yl \/F 2F 2

Vol

Wideband
synthesizer

synchronization
range ILO
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Differential current generator

25V 25V

25V

»

-

o Yann DEVAL - IN2P3 - Tutorial on PLL
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5.4 GHz SO test chip
(6M 0.25um VLSI CMOS)

Lateral [~ moms il i
capacitors £ B 50 o i Bl '_
Buffer il :

é%- \-\ 1] % ;' s ( .:' @ ‘ Cj

Oscillator |
core Synchronization

network
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The CMOS version

MKR —18 . 33dBm
5.405136GH=z

ATTEN 10dB
RL ©dBm 10dB/

MK R |
5.4Pp513 GHZ /

—-—18(. 33 |[dBm

L
j ATTEN 10dB
jl RL OdBm 10d8/

MKR —17 .67dBm
S.398996826Hz

MK R
5.3B99S9682 |GH=

—17|.67 [dBm !

CENTER §5.40508GHz SPAN 10 .COMHZ

RBW 100KkH=Z vBW 10C0CkH=Z SWF 50 .0ms

e el e e — e ]

SR =150 MHz
125 mW INEERAL

T

CENTER 5.39959682G6Hz=z
RBW 100H=z vB8Ww 10CH=z
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Summarize - ILO

e |LO as a frequency generation device
— Easy to use - thanks to the theory

e |LO-based synthesizer
— Wideband
— Low-power
— Low-complexity
— Low silicon area
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Outline

e DLL-based synthesizers
— Classical DLL
— Factorial DLL
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The DLL-based synthesizer

LPF

PFD + CP

F .. X,
g Y

+ M1 LFVCO

DLL frequency
multiplier

RF loop
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Delay Locked Loop

|Phase-frequencyl,

detector

Charge pump

Loop filter

Voltage controlled delay line

Yann DEVAL - IN2P3 - Tutorial on PLL
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Delay Locked Loop / Phase Locked Loop

,| Phase-frequency |, Phase-frequency |,

Vin —

detector detector
Charge pump Charge pump

IN

Loop filter Loop filter

Voltage controlled delay line
v A—>D > - - >
No VCO means 1st order system ! }
\V/

out

 Stability is guaranteed (theoretically)
e High bandwidth is feasible

Yann DEVAL - IN2P3 - Tutorial on PLL
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The Factorial DLL

Clock i o Vi—sr—

Reference | : Detector

Charge Loop Vetrl
Pump Filter _[:

V2 \down'

N —J Counter N

Mode
.......................................................... VAT e : 1
oscillator | ckout — ckdl: Decision
oscillatr | e T
................................................................................. Quadrature
_ OUTPUT?
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Outline

e All Digital PLL
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PLL : from analog to digital

ref(t) Phase Analog out(t) .".".".I-
Detect Loop Filter
VCO

D|V|der

lv

out(t) _”_"_l-“-

Digital
Loop Filter

Divider |<

Digital
DCO

From M. PERROTT
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Time-to-Digital Converter (TDC)

E . Delay Delay Delay = & Delay E
S div(t) _f - :
; 1 = 1 E
E D qf- DQ|_ D g, ®®® — I =1 ek
: — = 0 :
! Reg Reg Reg -l e[K] I =» 0 |
E ref(t) > reft) i

..
L ]
-
Ll
-
L}
..
L ]

L]

Time Digital
> -to- _’lLoop Filter
DCO

Digital

div(t) [

- ==
- -
m= =
-------
==
L
- =

| Divider |<

e Time resolution is fixed by the delay line and its delay cell
e Similar to a flash converter
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Digitally Controlled Oscillator (DCO)

----------------------------------------------------------

oo :|: Control

11 1+

----------------------------

A}

E

H

b

Digital ! &
oo

oo

! 0

[

[

T
X
T3t

Cr -
--.-.- .-¢
......
[ ™ -
LA ™ -
[ -
LI I .-a
" . -
-
--------

TUUL rerr [Time Digital out() [|[[1]
»| -to- [™|Loop Filter| >
Digital hyerd
div(t) & Divider |<

» Frequency resolution is fixed by the unit capacitor
e Flat C(V) zones are targeted to add noise margin .o, M. perroTT
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AD-PLL Issues

 Time resolution adds quantification
noise from the TDC

e Frequency resolution generates spurs

Dithering iIs mandatory (AX modulator)
to achieve proper accuracy and purity

» Complexity dramatically increased

o Yann DEVAL - IN2P3 - Tutorial on PLL
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Conclusion

 Not only PLL are of interest whenever one
wants to deal with frequency generation

e New architectures are still to be find

e The more digital the approach, the better
for flexibility

e \Wideband topologies are required to deal
with noisy (fully integrated) oscillators

e Accuracy Yyields complexity
e CAD tools are not an option
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