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Announcements

e HW1 due Sept 22, 11:59PM
e Turn in via Canvas

e HW2 due Oct 6

e Requires transistor-level design

e For 90nm CMOS device models, see
https://people.engr.tamu.edu/spalermo/ecen689/cadence 90nm_ 2021.pdf

e Can use other technology models if they are a
90nm or more advanced CMOS node




Reading/References

Chapter 2, 3, 5, & 12 of Phaselock Technigues, F. Gardner, John Wiley &
Sons, 2005.
e https://onlinelibrary.wiley.com/doi/book/10.1002/0471732699

Charge-Pump PLL Design Procedure Paper (OSU)

Chapter 1-3.4 of “Low-Power Low-Jitter On-Chip Clock Generation,” M.
Mansuri, Ph.D. thesis, UCLA, 2003.

e Posted on website

Other references
e M. Perrott, High Speed Communication Circuits and Systems Course, MIT
Open Courseware
o Chapter 2 of Phase-Locked Loops, 3rd Ed., R. Best, McGraw-Hill, 1997.

o Chapter 4 of Phase-Locked Loops for Wireless Communications, D. Stephens,
Kluwer, 2002.



Agenda

e PLL Overview

e PLL Linear Model

e PLL Stability

e Analog Charge Pump PLL Design Procedure
e PLL Noise Transfer Functions

e PLL Transient Behavior

e PLL Time Domain Modeling



PLL Block Diagram
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o A phase-locked loop (PLL) is a negative feedback
system where an oscillator-generated signal is
phase AND frequency locked to a reference signal



PLL Applications

e PLLs applications

* Frequency synthesis
 Multiplying a 100MHz reference clock to 10GHz

» Skew cancellation
 Phase aligning an internal clock to an I/O clock

* Clock recovery

 Extract from incoming data stream the clock frequency and
optimum phase of high-speed sampling clocks

« Modulation/De-modulation

* Wireless systems
» Spread-spectrum clocking



Embedded Clock (CDR) I/O Circuits

Multi-Channel Serial Link System

1
| : N
TX PLL ; RXPLL
SAEE AR N : | Embedded-Clock
! [

Systems

e TXPLL

e TX Clock Distribution

e CDR

e Per-channel PLL-based

e Dual

-loop w/ Global PLL &
Local DLL/PI
Local Phase-Rotator PLLs

Global PLL requires RX
clock distribution to
individual channels



Xilinx 0.5-32Gb/s Transceiver Clocking

Frac-N LC PLL,,, L Channels 14 Technology CMOS 16nm FinFET
' ' Power Supply (Vavee, Vavtt, Vaux) 09V,1.2V, 1.8V
A ) Transmitter Frequency range 500 Mb/s — 32.75 Gb/s
;)—* | DCC | Transceiver Quad area 2.625 mm x 2.218 mm
IVCO.: LC PLL range 8-16.375 GHz
|VCOHE Receiver Ring PLL range 2-6.25 GHz
TX PRBS7 jitter at 32.75Gb/s TJ: 5.39 ps, RJ: 190 fs
I > LP1(D.X,S) | 32.75Gb/s RX JTOL @ 30MHz 0.45 Ul
PPF| =2 ;>" [ 1QCAL | @ 100MHz 0.6 UI
[ bcc | Channel loss at 32.75Gb/s 30 dB
@ Measured BER at 32.75Gb/s <101
Ring PLL H Power at 32.75Gb/s with DFE 577TmW/ch (17.6pJ/b)
1, 1, -
X b = [Upadhyaya VLSI 2016]

Active Inductor based Clock Distribution

o LC-PLL with 2 LC-VCOs used to cover high data rates
(8-32Gb/s)
e Ring-PLL used for lower data rates

e CML clock distribution with active inductive loads used
for low jitter



Agenda

e PLL Overview

e PLL Linear Model

e PLL Stability

e Analog Charge Pump PLL Design Procedure
e PLL Noise Transfer Functions

e PLL Transient Behavior

e PLL Time Domain Modeling



Charge Pump PLL

PFD
Fin Tp UP é'cp Fout= N*F;,
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Charge pump PLL is a common implementation

Type-2 (2 integrators) allows for ideally zero phase error between
the input and feedback phase

Requires a stabilizing zero that is realized with the filter resistor

A secondary capacitor C, is often added for additional filtering to
reduce reference spurs

Modeled as a third-order system
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Linear PLL Model

,_I.D.r.'ja.ie..l?.e.tfft.?f.\ Loop Filter VCO
L+~ o 5 Vew
¢in_!_>@¢_. Keo [ F(s) —— K‘;CO ——— dout
¢fb
1 <€
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Divider

Phase is the key variable of interest
« QOutput phase response to a stimulus injected at a given point in the loop
« Phase error response is also informative

Linear “small-signal” analysis is useful for understand PLL dynamics if

* PLL is locked (or near lock)

« Input phase deviation amplitude is small enough to maintain operation in
lock range

11



Understanding PLL Frequency Response

Input phase response

(I)outA
(I)in

> f

e Frequency domain analysis can tell us how well the PLL

VCO output phase response

(I)outA
(I)vco

> f

tracks the input phase as it changes at a certain frequency

e PLL transfer function is different depending on which point

in the loop the output is responding to
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Phase Detector

,.'.D.'.‘.af.e..'?fff?.“:t.?f..\ Loop Filter IN_| _
: FB___ _
' Ve vc r
Kep —'—>; F(s) = *'A(I;
----------------------- ! an{ve (t)} — KPDACP
avg{ve(t)}

Detects phase difference between feedback clock
and reference clock

The loop filter will filter the phase detector output,
thus to characterize phase detector gain, extract
average output voltage

The Ky factor can change depending on the
specific phase detector circuit

K, units are V/rad when used with a dimension - less filter

K, units are rad ™" (averaged) or A/rad when combined with the charge - pump

when used with a impedance filter 13



Dimension-Less Loop Filter

Example: Passive Lag-Lead Loop Filter

. [F(jw)l dB [Allen]
1 4
0dB
o, O
Vv + -20 dB/decade

R>
Va Vr

C =~ 2

- T|+1T2 | >
° © 1 1 log ()
T|+T2 L)
l+s7,
F(s)=
14—5(714—72)

7, =RC 7,=RC
e | owpass filter extracts average of phase
detector signal

e No units for the dimension-less loop filter
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Averaged PFD Transfer Characteristic

UP=1 & DN=-1 aVQ{‘Ye(t)}
PFD 1-
TJp
Q—e—>UP

(I)in R |
47
bro P Ra DN

e Constant slope and polarity asymmetry about zero phase
allows for wide frequency range operation

-1

e The averaged PFD gain is 1/(2x) with units of rad!
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Charge Pump

e Converts PFD output
'CP signals to charge
U P Chargl ng :0 """"" \',' c.t;l\-
@Tscharg.ng R c, e Charge is proportional
- 5 3 7! to PFD pulse widths
:C; E

.. v F(s).

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

Un - Averaged Charge - Pump Gain =7, (Amps)
Ampsj

Averaged Charge - Pump Gain = Ler (
27 \ rad

Total PFD & Charge - Pump Gain = Loy (Amp Sj
27 \ rad

This gain can vary if a different phase detector 1s used
16



Loop Filter

w/o C,
ICP 1
R| s+
.............. ( RC)

argmg : Vetrl “: F(S): :

0 (] S
f:);charglng é E /C
: C, ] w/ G,
ol i
' S+

c, " RC

T F(s) ; F(s)= [Cz

............... Cl + C2
S| S+——=
RCC,

o | owpass filter extracts average of phase
detector error pulses

e The units of the filter are ohms
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Voltage-Controlled Oscillator

Ver() = VCO > douelt)

| > Vct ri

VctrIO
wout(t) = Wy + Awout(t) = Wo + KVCOvctrl (t)

e Time-domain phase relationship
Laplace Domain Model

¢out(t) = waout(t)dt — fKVCOvctrl (t)dt

K, ., units are rad KVCO
s-V Vctrl(t) (I)out(t)
27(1IMHz) 9 x10° rad S

\Y% s-V
18



Loop Divider

e Time-domain model

03 (0)= 0,0

03(0)= [~ 0 (Mt =4, )

e The loop divider is
dimension-less in the PLL
linear model
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Phase & Frequency Relationships

Angular Frequency is the first derivative (rate of change vs time) of phase

dg(t)
TR

t)= ja)(r)dr

Consider a sinusoid u,(t) with angular frequency @, (t)and phase ¢,(¢)

u,(t) =sin(a,(t)f +4,(¢))

e Phase Step T N
R VAV AvAvE:
ul(t) sm( ()+ACDu( ))

4
No change in frequency "A%E _.T._
1] A




Phase & Frequency Relationships

e Frequency Step 0,()=a,+ Ao

u,(¢)=sin(w,t + Aot ) = sin(a,t + ¢ (t))
where ¢ (¢)= Aot

A frequency step produces a ramp in phase

\N\N

Aw_

[Best]
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Phase & Frequency Relationships

e Frequency Ramp 4(0)=a,+dor

u,(t)= sin@(a)o +A c:)z')drj = sin[a)ot + Aza.)tzl =sin(aw,t + ¢,(¢))

where ¢ (¢)= Athz

Uy

[Best] - A frequency ramp produces a quadratic change in phase

\/\/\ \/[\Uﬂb i




Open-Loop PLL Transfer Function

Phase Detector L oop Filter

VctrI

VCO

KVCO

¢in'§—t_@¢_e' Kpp _i_’ F(s)

S

X =
N

Divider

Forward Path Gain: G(s) = q)c;“—zs(;’) _ KppKvcoF(s)

S

G(s) _ KppKycoF(s)

Open-Loop Response: v

e Open-loop response generally decreases with frequency



Closed-Loop PLL Transfer Function

Phase Detector

........................ Loop Filter VCO
¢in‘§j’-@¢—e' Kpp —E_’ F(s) Yetn > K\;CO 1> Dout
(i)fb .....................
1 <
N
| Divider
Forward Path Gain = G(s)
Loop Gain ) (S) G(S) K., K __F (S)
g : H §)= out — — PD~"VCO
h :_KPD[Z?F( ). G]E/) ( ) CDref(S) 1+ G(S) g+ KPDKVCOF(S)
Forward Path Determinant A, =1-0=1 N N

System Determinant A =1— (— G(S)j +0=1+ @
N N

e Low-pass response whose

overall order is set by F(s)




PLL Error Transfer Function

'_Iilj_a_g,_e__l?_e_tg_cit_c_)_r_\ Loop Filter VCO
é + e E VC r
¢in‘!—’@¢—' Kep —i_’ F(s) - > K\;CO > Dout

¢fb
1 <
N

. Divider
Forward Path Gain =1 5 ( ) 1
S S
Loop Gain Els)= e = —
p (s) () 1, G6) " KppKicoF(s)
] :_KPDKVCOF(S):_G(S) N N
1 sN N

Forward Path Determinant A, =1-0=1 ° Ideally, we want this to be zero

System Determinant A:I—(— G(s)jw:1+ G(s) o Phase error generall_y iqcreases with
N frequency due to this high-pass response
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PLL Order and Type

e The PLL order refers to the number of poles in the
closed-loop transfer function

 This is typically one greater than the number of loop
filter poles

e The PLL type refers to the number of integrators
within the loop

« A PLL is always at lease Type 1 due to the VCO
integrator

e Note, the order can never be less than the type

26



First-Order PLL

Phase Detector | ., Filter VCO
KPD E N F(s) Vctrl R K\;co N d)out
_______________________ l F(S) = Kl
: KonKy-nK; NK
1 | Forward Path Gam:G(s): PDVCO _ DC
N | S S
ivi : . . |sG KonKyrnK
Divider DC Loop Gain Magnitude : K j,~ = lim > ]\ES)} = —PD AI;CO L
s—0

e Simple first-order low-pass KppKycoKi _ Nangg — NKpc

Transfer Function : H (S) = = —

transfer function o1 KepKycoKi s+ oy s+Kpe

e Closed-loop bandwidth is AR
equa| to the DC |OO|3 gain Closed - Loop Bandwidth : @, ;5 = —£2 A’;CO L=Kpe
magnitude
a9 ud _ _ Error Function : £ (S) = > S
e Note, the “DC Loop Gain Magnitude” o KepKycoKy  s+amy s+ Kpe
is not simply the PLL open-loop gain N
evaluated at s=0. It is
Kpc = lin})ﬂ(s)

e This expression cancels the VCO DC pole and allows a comparison between PLLs of
different orders and types. It is useful to predict the steady-state phase error. See
Gardner 2.2.3 and 5.1.1. 27



First-Order PLL Tracking Response

The PLL’s tracking behavior, or how the phase error responds to an input
phase change, varies with the PLL type

Phase Step Response X [Best]
NN

)\

#(t)= Adu(r) \/ v \/\/ 4
J‘.vh

u,(¢)=sin(ew, (£)+ ADu(t))

AD_ bt
T - r

No change 1n frequency

The final value theorem can be used to find the steady-state phase error

lim(A—q))(sE(s)):lim ADs

s—0 S s—0 S + KDC

All PLLs should have no steady-state phase error with a phase step error

* Note, this assumes that the frequency of operation is the same as the VCO
center frequency (V,=0). Working at a frequency other than the VCO
center frequency is considered having a frequency offset (step).
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First-Order PLL Tracking Response

e Frequency Offset (Step) % [Best]
w,(t)= 0, +Aw \//\\A U/\U[\ e
u,(t)=sin(w,t + Aot ) = sin(a,t + ¢, (¢)) e
where ¢ (¢)= Aot = Iy
‘M‘ (t)=Aot
A frequency step produces a ramp in phase i Ht

e The final value theorem can be used to find the steady-
state phase error

lim(A—wj(sE(s))znm Aw  _ Ao

2
s—0 S s—0 S + KDC K

DC

o With a frequency offset (step), a first-order PLL will lock
with a steady-state phase error that is inversely
proportional to the loop gain

29



First-Order PLL Issues

e The DC loop gain directly sets the PLL bandwidth

« No degrees of freedom

e In order to have low phase error, a large loop gain is
necessary, which implies a wide bandwidth

« This may not be desired in applications where we would like to filter
input reference clock phase noise

o First-order PLLs offer no filtering of the phase detector
output

« Without this filtering, the PD may not be well approximated by a
simple K, factor
« Multiplier PDs have a “second-harmonic” term
« Digital PDs output square pulses that need to be filtered

30



Second-Order Type-1 PLL
w/ Passive Lag-Lead Filter

',_'.:'.'.‘E?E.'?SE?.‘EE‘.’F.-,‘ Loop Filter VCO
KPD E R F(s) Vctrl . K\;co N ¢out
1
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Divider
Passive Lag-Lead Loop Filter
[F(jw)l dB [Allen]
R A
0dB |
o o
W\, + -20 dB/decade
R>
Va Vr
C —~ 2
- e LT
o o >
| i 10g][}(0.))
T1+T2 T2
l+s7,
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Second-Order Type-1 PLL

w/ Passive Lag-Lead Filter

l+s7 VK o Y., 1
Fls)= 2 DC
( ) 1+ S(z'1 + z'z) Forward Path Gain : G(s) = KppKyco(l+szy) _ n+tn 7

= S(1+s(2'1+2'2)) - S(S-I—lj
7, =RC 17,=RC

DC Loop Gain Magnitude : K -~ = lim%

s—0 N N
KPDKVcofz(SJrlJ a)n(zéz_KNlaén}SJra)g
T +T T
Transfer Function : H(s)= 1772 2 - N . rpByco 2
2, [ 1+ KppKycota /N |, KppKyco s°+20w,s + o
i+ N(z; +75)

+
=N 0 %)

- 1+ KT K
24 Dpct2 |, ADC
Z-1+T2 T1+T2

KppKyco

Natural Frequency : @, = v ( )
7] + [5)

Damping Factor:{ = On T, + LJ
2 KppKyco

 No,
KppKyco

5%+ 2¢w,,s + a),f

S| s+

Error Function : £ (s) =

Note: C:i
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Second-Order Type-1 PLL Tracking Response

e Phase Step Response

2
A A(DS(S-I-KN[CZ" j
(_‘Dj(SE(s)):nm wkico)

lim 5 :
s 20 §°+ 20w s+ W,

s—0

Again, phase error should be zero with a phase step

e Frequency Offset (Step)

Nw?
A Aa)(S+K X j A
lim(—w)(sE(s)):lim Pveo ) o 29

2 2 2
s 20 s+ 20w s+, K,

s—0

o A second-order type-1 PLL will still lock with a phase error if
there is a frequency offset!
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Second-Order Type-1 PLL Properties

e While the second-order type-1 PLL will still lock
with a phase error with a frequency offset, it is
much more useful than a first-order PLL

e There are sufficient design parameters (degrees of
freedom) to independently set o, £, and Ky

e The loop filter conditions the phase detector
output for proper VCO control

e Loop stability needs to be considered for the
second-order system

34



Second-Order Type-2 PLL

w/ Passive Series-RC Lag-Lead Filter

Phase Detector

------------------- Loop Filter VCO
KPD > F(S) vctrl R K\;CO
1
N
Passive Series-RC Loop Filter Divider
VDD
______________
i\ VCO Control 1
‘ : Yolt;lg R o+
k 1C, L RC
R Discharging; ' | F ( ):
I/l : R % s mm
T ke
VSS T,

e Note, this type of loop filter is typically used with a charge-
pump driving it. Thus, the filter transfer function is equal
to the impedance.

35



Second-Order Type-2 PLL
w/ Passive Series-RC Lag-Lead Filter

KPDKVCOR(S + Rle
S2
sG(s)
N

S Forward Path Gain : G(s) =

DC Loop Gain Magnitude : K -~ = lim

s—0

1 0]
KonKynR| s +— N2lw, | s +—+
rpKyco ( RC) ) g n( 2§j

=— .
2. KPDKVCORJS+KPDKVCO s°+20w,s + o,
N NC

Transfer Function : H (S) =

KppK
Natural Frequency: @, = \/ PDN—CVCO

Damping Factor:{ = % RC

S2

2 2

s°+20w,s + w;,

Error Function : £ (S) =
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Second-Order Type-2 PLL Tracking Response

e Phase Step Response

2
1im(@j(sE(s))= lim 2Py
20\ s =20 57+ 20w s + W,

Again, phase error should be zero with a phase step

e Frequency Offset (Step)

lim(A—a)j(sE(s )=lim—— 2% _

2
>0\ g7 520 % + 20w 5+ )

e A second-order type-2 PLL will lock with no phase error with
a frequency offset!
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Second-Order Type-2 PLL Properties

e A big advantage of the type-2 PLL is that it has
zero phase error even with a frequency offset

 This is why type-2 PLLs are very popular

o A type-2 PLL requires a zero in the loop filter for
stability.
* Note, this is not required in a type-1 PLL

e This zero can cause extra peaking in the
frequency response

« Important to minimize this in some applications, such
as cascaded CDR systems
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Agenda

e PLL Overview

e PLL Linear Model

e PLL Stability

e Analog Charge Pump PLL Design Procedure
e PLL Noise Transfer Functions

e PLL Transient Behavior

e PLL Time Domain Modeling
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Feedback Configuration

[Karsilayan]

Ao
Vv, a(s) 1+ ayf
A = — = =
c.(s) 7 (s) 1+a(®)f 14 S
(1+aof)ps
: 1
If a,1slarge: A, (O) ~ 7 @, =a,p.f
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Magnitude & Phase T(s) = a(s)f

[TJw)[, dB  Note: a(s) can have higher-order poles _
A [Karsilayan]

20 log a,f; —__~20 dB/dec
) \\ ®1g0 [Pl ®
| | | lo .écale
20 log aqgpfy L Lsz “““ ~40 dB/dec ‘
' \.-60 dB/dec
log scale
B 1 R o= » ()
_90 _ T— o | I
=135 - TR |
~180 - L
L L L T
_270 | e R s O e T R s ] T o




Gain & Phase Margin

E— |
la(jo)|, dB [T(jw)|=0 dB _
A [Karsilayan]
20 log a i i
a1 L T
| ! : 5 f
| i . Gain margin
20 log a4gp - presses eascens . .
P1l @0 [P2| @180 |P3] N log scale
:.4_5__:_____'_'L';‘;':--.,:LE_%_H_ i i i i ©
-90 - e | |
=y |- I N . S
< U SRR, [T "":"""'J“H-R i
e Y clsuegne e S S R A R e S -:"_'H-.l_q____________
s 71 ) . S e ST

Y .
/a(jo),/T({jo) Phase margin



Stability Criteria

Nyquist:

| T(wi1go)| = a1g0f <1 = Stable

Gain Margin (GM):

1
GM = 20log : = —20109 | T (jw1go)|
| T (Jw1so)]

GM >0 = Stable

Phase Margin (PM):

PM = 180° + /T (jwo)

PM >0 = Stable

[Karsilayan]
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First-Order PLL

Phase Detector

st . Loop Filter VCO
KPD E . F(S) Vctrl R K\;CO N ¢out
1 F(s)=K,
N
. KonKy~nK;, NK

Divider Forward Path Galn:G(S): PDAVCOM _ DC
) S
sG(s)  KppKycokK,

DC Loop Gain Magnitude : K - = lim
s—0 N

K ppKycoK Ny~ NKpe

N

Transfer Function : H (S) = = —
o KppKycoKi  s+amyqp  s+Kpe

N

: KppKycoK
Closed - Loop Bandwidth : @ ;5 = —£2 AI;CO L=Kpe

Error Function : E(s)= S S o _ s

. KppKycoKi  s+ayp  s+Kpe
N

S
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First-Order PLL Stability

e Open-loop Bode  201og,

plots are useful for
checking stability via
the phase margin

o A first-order PLL is
inherently stable and
always has 90°
phase margin

(jw)‘ (dB)

N

— KPDKVCOKI — NKDC

Gls)

S S
Slope = — 6 dB/octave

Log w
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Second-Order Type-1 PLL

w/ Passive Lag-Lead Filter

T
l+s7 NKM{: I&+j
F (S ) = ? Forward Path Gain : G(s) = KppKyco(l+s7;) _ ath )
1+S(T1+Tz) s(1+5(z; +1,)) (o1
Tl +T2

7,=RC 17,=RC |
|

DC Loop Gain Magnitude : K j,~ = lim SG(S )§ - KppKyco

s—0 N N
Kepkycots (S +lj o, (25 _KN]a()'nJS +
T +7 T
Transfer Function : H (s)z 1772 2 - N - PDRVCO :
2, [ 1+ KppKycona/N | KppKyco s°+2Lw,s +w;
07 N(z; +15)

+
=N T %)

- 1+ K ot K
24 Dct2 |, BDC
Tl+1'2 T1+T2

KponK
Natural Frequency : w, = Nf(’D—VCO)
Tl + 1'2

Damping Factor:{ = On T, + L]
2 KppKyco

Na),%
Sls+—"F
KppKyco

Error Function : £ (S) =— 2
s°+2¢0w,s + w,
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Second-Order Type-1 PLL
w/ Lag-Lead Filter Stability

e Assuming a decade spacing between filter pole and zero
T 1
NK .| —— || s+—
G(s)= (71"'72)( sz

S(H -
TI+T2

Normalizing
Ko for =1

2010gmG(]<[w) (dB)
120 ‘

Norm. KDC Zeta PM
0.1 0.38 42.5

1 1 77
10 3.09 88.7

e A larger K, provide a more stable system
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Second-Order Type-1 PLL w/ Lag-Lead Filter
Output Response w/ Phase Step

" | | | | | | | | |

0.38 42.5
1 77
3.09 88.7

e Note, time axis is scaled by sqrt(Ky.) in order to view the
phase step plots on one graph 48



Root Locus

e A Root-Locus Plot is a plot of the closed-loop poles in the

complex s-plane as the loop gain changes from zero to
very large

e Useful in visualizing system stability and sensitivity to
variations in loop gain

o For stability, all poles should lie within the left-half plane,
i.e no poles should be in the right-half plane

e A good design ensures that the poles have sufficient
margin from the imaginary axis for proper stability,
damping, and acceptable gain peaking
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Second-Order Type-1 PLL

w/ Passive Lag-Lead Filter Root Locus

Open - Loop: =
p p N

1,=1, 1,=9

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

A

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

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

T 1 T 1
ool ) ) A CYY ey
L - Closed - Loop: H(s)= N L -

P 1+KDCTZ 5+ KDC
T,+7, T,+7,

e Initial pole values with

zero loop gain are the
open-loop poles

=0 p,=- 1 ==0.1
T,+7,

Final pole values with
infinite loop gain are the
open-loop zeros

1

p=——=-1 p,=—
£
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Second-Order Type-1 PLL

w/ Passive Lag-Lead Filter Root Locus

Gls) LT b Closed - Loop: H(s)= N Lt f2

Open -Loop: =
N S| s+ 1 st + 1K e, s+ Koc
T, +7, T, +7, T, +7,

,=1, 1,=9

10.1*K; — £=0.38

-///// For <1

cos ¢

Jor
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Second-Order Type-1 PLL w/ Passive Lag-Lead
Filter Closed-Loop Response

Gls) hrn b Closed - Loop: H(s)= N Lt b2

Open -Loop: =
N Jon 1 N 1+K,.7, ot K,
T,+7, T,+7,

20*logyo|H(jo)|

5 L R T T

Normalized Phase Step Response

1.4

1|:|- ..... ..... ..... _ 11 ¥ B S S SR ST ........ T TR i

RT-] WOREIR Rt NN NS STE SO AU AR TET WU AR ST SOUOENOE I E H NN -11 | OF SOOI RDOUNt SOUUPUOS SUPURORUIORPOPS SRR s SO
Do RS H A S : : EEE Zeta PM

DOF it R N . OO S TR 0.1 0.38 425 |
e S T : : : 1 1 77

25 bt I LN 2 b SO 09 BT

_3':' Lol 1 L1l i L1l T A R N
107 10" 10° 10 10° 10°

o/, t*sqrt(Kye)
e A larger K. provide a more stable system and wider loop bandwidth

i I i i i i I i i
0 5 10 15 20 29 30 35 40 45 a0
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Second-Order Type-2 PLL
w/ Passive Series-RC Lag-Lead Filter

1
R s+ —
F(s)= ( RC ) Define a loop gain factor K = KrpKycoR

1 1
K, K, R s+——| NK|s+
pp ™ yco ( RC _ ( j

2 2
A S

Forward Path Gain: G(S) =

1 ) 1

K K Rleg+ N2low | s+ NK| s+
ppfyco (S ch _ g n( 2Cj: (S RC)
S2+(KPDKVCORJS+KPDKVCO s*+2¢0,5 + 0, g2 +KS+£

Transfer Function : H (S) =

N NC

Natural Frequency: o, = KenKrco _ \/ ]i?

NC

O pe =L JKRC
2 2

Damping Factor: { =

2
S

s’ +2lw,s+

Error Function : £ (s) =
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Second-Order Type-2 PLL w/ Passive Series-RC
Lag-Lead Filter Root Locus

1

G(S) K(S—FRC’j NK(S‘FI;C)
Open - Loop: N Closed - Loop: H(s)=

2
S s’ +Ks+£
RC
R=1, C=1 » |
1 | | | | e Initial pole values with
08l e N R | zero loop gain are the
06L — S Y R ] open-loop poles
a 04k ................ ................ ............... ................ i p=0 p,=0
O o2 AT RO T AT i
£
o 0 e Final pole values with
E _|:'|2_ ................................................................................ in'ﬁnlte |Oop ga|n are the
— DAL Open'lOOp 7€r0S
COB R R S & PRI
i f é ; U S T
08L e R N e e ] Pi=" %0 P
-1
-4 3
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Second-Order Type-2 PLL w/ Passive Series-RC
Lag-Lead Filter Root Locus

1

Open - Loop: =

2
S

R=1, C=1

G(S) K(S—FRC’) NK(S‘FRIC)
N Closed - Loop: H(s)=

52+KS+£
RC

0.1%K, — £=0.38

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

>

-05* ....... > o S
08 ]'OKl_)C_30 ............... A S TR _

-1 i |
-4 -3 1
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Second-Order Type-2 PLL
w/ Passive Series-RC Lag-Lead Filter Stability

e
R R R R G(S)= RC

Normalizing K

for £=1
Norm. K. Zeta PM
0.1 0.38 35
1 1 76.2
10 3.09 88.6

e A larger K provide a more stable system
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Second-Order Type-2 PLL w/ Passive Series-RC
Lag-Lead Filter Closed-Loop Response

1

G(S) K(S+RC’j NK(S‘FI:C)
Open - Loop: N 5 Closed - Loop: H(s)=

S

s+ Ks+ £
RC
20*l0g;o|H(jo)|

10 5 0 e 04 I S S 2

Normalized Phase Step Response

1.5

Norm. K, Zeta PM

0.1 0.38 35

1 1 76.2

- 10 3.09 88.6

a0 Ll Ll i il L iiiis L i i I I i | i | |
1I:|-2 1|:|-1 1|:||:I 1|:|1 1|:|2 1|:|3 2 4 B o 10 12 14 16 18

e A larger K. provide a more stable system and wider loop bandwidth 57



Typical Charge-Pump PLL Loop Filter

w/o C,
I\v) = @ eFfeeceeee e ee—e—-- 1 R(S-F 1 J
oo l RC
W‘rgmg I VCO Control F (S): 1
: Voltage | S
L : S "G
C,=—= —/—C
v@arging: : 2 : (IJ(H 1 j
I [
WU b el
- ! +
I F | S S-l-lz]
vss S N (s)._ ( RCC,

e A secondary capacitor C2 is often added for
additional filtering to reduce reference spurs

e This introduces an extra pole and potential stability
concerns
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Third-Order Type-2 PLL w/ Passive Series-RC

Lag-Lead Filter & Additional Pole

i L Define a loop gain factor K = KppKycoR
S+ N
1\ G, RC,
F(S) B 1 1 1
C +C, K, Ko c St ze NK| s + 2C
S| S+~ ~ Forward Path Gain : G(S) = 2 1/ _ 1
RCC
12 2 C] + C2 2 Cl + C2
ST s+ RC’ic RCZS S+ RC’ic
1>2 1~2
e o
Transfer Function : H (S) = 2 1 - 1
S3+ % S2+ KPDKVCO S+KPDKVCO RC2S3+ % S2+KS+ K
RCC, NC, NRC.C, C |
Error Function : £ (s) = 172 — 1~2
s°+ G+G st + KppKyco S+KPDKVCO RC,s’ + G+G s*+ Ks + K
RC/C, NC, NRC,C, C |

If the third - pole is at a high frequency, can approximate as a second - order system with

KopKyco _ K
NC, RC,

Natural Frequency: o, = \/

Damping Factor: ¢ = C;”RCI = ;4 |KRC,
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Third-Order Type-2 PLL w/ Passive Series-RC

Lag-Lead Filter & Additional Pole Root Locus

1
NK(S+7ﬁz)
K

Ci+C
3 4 1 2) g2 4 + —

G(s) _ K(”R%)

RC,s (s + RC.C,

Open—Loop: Closed—Loop: H(s) =

R=1, C,=1, C,=0.1 N _
| e Initial pole values with

- S S S R S S S S ,
e zero loop gain are the
S (0 Rt S open-loop poles

; : : : : : : : ; : ; C +C
: : : : : : : : : : : : =0 =0 =——1 2=-11
SRUUE SRR SUUDUDSPUPRNS SURRESPRPROE SRPODNSS SOUE SOPRONY £ SOOI SO b P P RCC,

b
o

A e Final pole values with
L _______ ...... ...... ______ _______ ...... ..... ...... _____ ...... il infinitEIOOpgain

Imaginary
.

1
o
o

—

B O T P ...... ...... S I NG A 1 .
: : : : ; : : : : ; ; : plz—R—C:—l Dy =—5% joo

ABEi - o e LR ______ -

-9 i i i i i i i i i i i !
12-11-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1
Rea
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Third-Order Type-2 PLL w/ Passive Series-RC

Lag-Lead Filter & Additional Pole Root Locus

1
NK(S +R_C1)
K

Ci+C
3 4 1 2) g2 4 + —

G(s) _ K(”R%)

RC,s (s + RC.C,

Open—Loop: Closed—Loop: H(s) =

R=1, C,=1, C,=0.1

-4 0.1%K, — £=0.38
_/

*A third-order system
doesn’t formally have a ¢
A U I value. Here we are using
05h AN e AR the same loop parameter
S W B > values as the second-
Ak a N A A order type-2 PLL for a
: : : : : : : : : : . : given .

Imaginary

—

ABEi - o SR T S = SREPTE PSS T

-9 i i i i ; i ! i ; i !
12-11-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1
Rea
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Second-Order Type-2 PLL

w/ Passive Series-RC Lag-Lead Filter Stability

2010g,0G(]<[w) (dB)

e A larger K provide a more stable system

G(S) ) NK(S + Rle

Normalizing K

for £=1
Norm. K Zeta PM
0.1 0.38 35
1 1 76.2
10 3.09 88.6

62



Third-Order Type-2 PLL w/ Passive Series-RC
Lag-Lead Filter & Additional Pole Stability

1
s ] @0 6(s) s g
S)==
150 T T T T T 1T T T T T T 1T 17T T T T T 1T 17T T T 1T T T 17T ! ! !11!!| 2 C1+C2
RC,s"| s+—1—*
RCC,

Normalizing K

for {=1
Norm. K Zeta* PM
0.1 0.38 30
1 1 55
10 3.09 27

*A third-order system
doesn’t formally have a ¢
value. Here we are using
the same loop parameter
values as the second-
order type-2 PLL for a
given C.

e A larger K may not provide a more stable system
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Third-Order Type-2 PLL Closed-Loop Response

NK (s + )

RC,
C, + C,

1
6o K(s+ag)
)SZ+KS+L

1

I Closed—Loop: H(s) =

Open—Loop:

3
RC,s +< RC,

20*logyo|H(jo)|

L 1 4 0 341 M 445

Normalized Phase Step Response

1.5

|:|_.1:3::::3:

=20

ank O L Y N S S

8] AR 153::1535 RN RO RRE. | 1:3251:35 Do

.............. Norm. K Zeta*

: 0.1 0.38 30
1 1 55
10 3.09 27

anbohoniiE L i

-100

R B I B R R IR Y . | i .
10 10 10 10 10 10 10 0 ] 10 15 20

o/o, t*sqrt(Kpc)

e If Kis increased too high frequency peaking and transient ringing occurs!
64
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Instability and the Nyquist Criterion

[Karsilayan]

Transfer function of a 3-pole amplifier:
do

a(S)=(1_;)(1_DSQJ(1_DS3J

Nyquist criterion for stability of the amplifier:

Consider a feedback amplifier with a stable T(s). If the
Nyquist plot of T (Jw) encircles the point (-1,0), the feedback

amplifier is unstable.

Fora PLL T(s) is the forward gain G(s)multiplied by the feedback factor%
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‘ 7(s) 2 9)
Nyquist Plot ForaPLL :T(s)="¢

Frequency Sweep of Loop Gain, T(s)

Im
A

[Karsilayan]

m negative

aigoh 10 a,f; i
-} . e
(-1,0) ) -
W=Cx w=0
0=Wm1gp

® positive
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Agenda

e PLL Overview

e PLL Linear Model

e PLL Stability

e Analog Charge Pump PLL Design Procedure
e PLL Noise Transfer Functions

e PLL Transient Behavior

e PLL Time Domain Modeling
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Linear PLL Model

,.I.:.r.‘.aff.l?gt?ﬁt.?f..\ Loop Filter VCO

S

Vctrl cho

F(s)

\ 4

™ (I)out

[ 4

g

=
+

™M
<
o

A

U

o

\ 4

A

Divider

For Charge Pump PLL: Kpp =~

_ Gout(s) _ C,

 Pin(s) 3 (Cl+CZ) 2 (KPDKVCO) KppKyco
" s+ Rreg, )57 T S+ NRC,C,

H(s)
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14GHz PLL Closed-Loop Transfer Function

60
" Parameter |
Fref 156.25MHz
40
N 90 0
Fvco 14GHz )
C 20
f, 2MHz e
o, 60° G
S 0
faus 3.1MHz L
| -
Kvco 2m*1GHz/V ,_'cI_J
0 -20
R 4kQ c
(U
C, 74pF =
_4[} |
C, 5.8pF
leo 310uA
-60
10% 10° 10° 107 108 10°
Frequency (Hz)
KepKveo (1
®Din(s) §3 4+ €1+ C, 62 4 KppKyco S_|_KPDKVCO
RC,C, NC, NRC,C,
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PLL Loop Gain

Phase Detector

> (I)out

........................ . Loop Filter VCO
4~ 0 i Voo K
¢in'§"O¢—’ Krp T F(s) = > \;CO
|
X—+ |
N
Divider
Kpp K + L
LG (s) = KepF Kyeo _ TPPTVEO > T RiC
B Ns N 2 Cl + Cz
NC,s (s+ R1C1Cz>
1 Ci +C,
w, = ) Wp1 = Wpy = 0, Wp3 =
z R]_C]_ p R1C1C2
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Loop Gain Response

LG(s) =

KppKyco(s + wy) Wp1 = Wy = 0

NCZSZ(S + (Upg)

/LG
-135° -

-180°

1
“2 7RG
Ciy + Cy
> © Y3 TR C.C,

/1



Design Procedure for Max @,

LG(s) =

KppKyco(s + wy)

NCZSZ(S + Cl)pg)

/LG

135° f—mcme o

-180°

\ 4

PLL Specs
Fref 156.25MHz
N 90
Fvco 14GHz
f, 2MHz
D, 60°
Kvco 2m*1GHz/V
R ??
C, ??
C, ??

I ??

e Design procedure maximizes phase margin for a given f
and @, specification [Hanumolu TCAS1 2004]
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Design Procedure for Max @,

1. Set loop filter capacitor ratio based on @,

C
Ke=—=2

(;

(tcm2 (D) + tan(d,,)/tan?(d,,) + 1)

®,, = 60° > K, = 12.9
2. Set loop filter values based on o, & with R set for low noise

(4

Wz

Wy

JI+ K,

1 C,

w,R’ % K,

wy =2 *2MHz - w, = 2m * 536kHz
SetR = 4kQ) - C; = 74pF & (,= 5.8pF

3. Set I, to achieve required loop gain

Iep =

_ NGwf

2 2

KVCO

]

w2 + w2

Wp3 = 2T * 745MHz — I, = 310uA
73



Simulated Responses

KppKyco (s + L)

LG(s) = KppKvco(s + w;) Pour(s) G, RC;
NC,s%(s + w ®in(s) 3 <C1+Cz> 2 (KPDKVCO> KppKyco
. . . . 60 T T
E 50 -
O 40
g | : "
50t E l 20

Transfer Function (dB)

? :

(1)) '

o ' = '

8}-120 20

o

= -140

&, DO, 40

=l -160

o)

wn

M -180 -60

i 10° 10® 107 108 10* 10° 10° 107 108 10°
Frequency (Hz) Frequency (Hz)

e Design achieves f,=2MHz and ®_,=60°
e Closed loop response has f;z=3.1MHz
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Agenda

e PLL Overview

e PLL Linear Model

e PLL Stability

e Analog Charge Pump PLL Design Procedure
e PLL Noise Transfer Functions

e PLL Transient Behavior

e PLL Time Domain Modeling
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Common

PLL Noise Sources

Phase Detector

%)
=
=

S

(I)in

+ Y
E-.—
o

»
»

Oro

....................... . SicpLoop Filter gy, VCO spyco
o ] Fo [ e Ly e,
L
N
Divider
S(foi:ltt = Sp. INTFn(s)|?
SiF = SigpINTFcp(s)I?
Spr = Sy INTFR(s)|?
Scf:fto = SpycoNTFyco ()2
bovt = S+ S+ St St
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Noise Transfer Functions

NTFIN(S) — ¢out(s) . (N)LG(S) 150

bin(s)  1+LG(s) ' ' ' ' |
N
~ bt () ~ (K_) LG(s) 50 | \
NTFcp(s) = icp(s) 1P-|l—) LG(s) ' \

)
T 0 :
. . \
VCo Z | |
NTF (S) = ¢0ut(s) = S _-100— 1
. vR (S) 1 + LG(S) Reference
() . Chae Puro)
Dout (s veo
NTF,cn(s) = = _ | | . .
veo d)VCO (S) 1+ LG(S) S 102 10* 108 108
Frequency (Hz)

e Input reference and charge pump noise is low-pass filtered
o Loop filter noise (VCO input noise) is band-pass filtered
e VCO output phase noise is high-pass filtered
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PLL Phase Noise & Jitter

[Turker ISSCC 2018]

PPhase Nose 5.000d8/ Ref rno.odwu.; 13] [4] 5] 6] This Work

—— i3y SATEL6.249090776 GHe 16,4634 d8im [ | | | [
’ x -3i3. /M PLL Architecture Integer N FracN FracN Integer N Integer N,
2: 100 ki -120.0737 dBc/H| '
3 an"z 1232380 gagg | SSPDbased | SSPDDPLL | DPLL | SPDbased | CP based
: MMZ -123. BC/H VCO LC LC LC LC LC
5: 10 -134.6462 dBc/ . . . . " 1
>6: 100"::;: -147.8805 d:i/: Technology | 180nm 28nm 14nm FinFET | 16nm FinFET | 16nm FinFET
X: start 10 kuz Reference Freq (MHz) 5525 40 % 450 500
Stop 10 MHZ | | | |
S Coan 9.99 wiz | Frequency Range (GHz) | 221 27-43 538 9-18 74-14
=== NOTSe === + 4 4 l
Analysis mange X: Band marker Measurement Frequency 221 582 269 18 6.25
Regulator FET Ana];s‘i? Rage ¥: uang marker (GHz) | | | | |
filter bypassed e e atart TElINTET Phase Noise @100kHz -125 -1055 1136 -104.1 120

120. 563 mdeg (dBc/Hz) (@200kHz) (@200kHz)
RMS Jitter: 53.583 fsec

by \ Residual FM: 7.14611 khz Phase Noise @1MHz 425 | 1154 12245 A073 | 1232
] ] (dBcHz) (from figure)

-110.0

- Phase Noise @100kHz | -1318 | -1208 | 1222 | -1292 | -1359
2 / 3.5dB (normalized to 1GHz) (@200kHz) (@200kHz)

3 P 1 131 - - - A%
Regulator FET 7 nharse Nolse.;@“!le‘Hz 1319 1307 131 1324 139.1
filter enabled % [ 160 B9 | 137 6 | 536
(10k-100M) | (10k—40M) | (10k—10M) | (1k—100M) | (10k—10

- IE— -

Reference Spur (dBc) -56 -18 -876 NA -15.5*

6.25GHz (PLL at 12.5GHz) Power (W) T 75 83 | 14 | 22 | T3

53.6fs rms Area (mm?) [ 02 03 | 0257 | 038 | 035
(10kHz — 10MHz) FOM (dB) [T NA | 2434 | NA | 2393 | -2468

* including DAC, measured at 1.052GHz DAC output
e — T ] B - 7 ST ¥ : - , ﬂ" P L here TR = fmax = finin
| FOM; = 101og ( ) x— m) where TR ( — )

PLL time-domain jitter is obtained by ¢ We can model an individual
integrating the output phase noise noise source’s contribution

5 2 fsto Total 5 2 fstop 5
OjTotal = 3 Spoe (Af 0ii = Si(H)INTF,(f)|“df
Wo J forart Wo Jfotare

2 — 2
O-j,Total - O-]l

RMS Jitter g;
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Wireline Transceiver Jitter Modeling

P ~, g ™ 60
Device A Device B —
" Tx | Link R ) [ \
X W L
b L'?:.tCh.J Lartst:h.-' E — ”
f3 348 @ oy _
CDR E 20|
I J g -40
o) @ g‘,
(B | &«
y u 4 fa3ap) 80 -
NTFIN
-100 CDR b
[Reference Clock ] [ Reference ClﬂckJ Effective Jitter Filter
-120 ; :
= = 10? 10* 108 108
[Richmond SiLabs]

Frequency (Hz)

o Relative jitter (dynamic phase error) between the RX CDR-generated
sampling clock and input data sets the system timing margin

e This CDR high-pass response provides additional filtering

e Modeled as a 4MHz 1st-order response (IEEE 802.3 & OIF-CEI)
fo

Lk
orsi = 1z jo ’ Si(PINTE(F)RICDR(PPdf 9
7



Input Reference Noise

Silicon Labs Ultra Low -80
Jitter Crystal Oscillator

Phase Noise (dBc/Hz)

* Reference jitter o,

Phase Noise at 156.26MHz

-130 [

///// 3

10° 104

Frequency (Hz)

= 226fs, . (10kHz — 10MHz)
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Input Reference Noise

INTF | (dB)

50

-100

NTFIN(S) —

KPDKVCO

(;

(

1

S+ 57

RC,

C; + Gy

Frequency (Hz)

joof

Phase Noise (dBc/Hz)

-40

-60

-140

-
=)}
o

-180

-200

Kpp cho)
NC, s +

KPD KVCO
NRC,C,

oo
o
T

Input Ref Clk PN

After 4dMHz CDR

SN

10°

Frequency (Hz)

 After PLL: o;;, = 217fs . (10kHz — 10MHz)
e Including CDR: o;;, = 45fs,; (100Hz — 7GHz)
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Charge Pump Noise

-180

Tref
MP * >
— | ' | -190 |
VBPO_l In,vp IN J '
- e I e I

UP
j—}icp UP_I_I I_l 210 -
DN

DN _|_| [] 220
— > e :
VBNO_l In,MN Trst 230 |
MN icp
et iahets

-240

T,+=40ps, T,=6.4ns |

S.p (dB/H2)

T

rst

Sicp = (Sipap + Sivain) 250 - . 'a

cpP T n,MP nMN 10 10 10 10
ref Frequency (Hz)

e Charge pump noise current is injected into the loop filter
during the PFD reset time

e Trade-off between charge pump noise contribution and
deadzone robustness

e Transistor flicker noise can contribute significantly to PLL
in-band phase noise -




Charge Pump Noise

KVCO( n 1 )

C, RC,

NTF p(s) =

cp(s) 34 (Cl + Cz) §2 4 (KPDKVCO) - KppKyco
RC,C,

NC, NRC,C,

140

)

[=3]
o
T

= Charge Pump Noise
— After PLL

120 1

co
=]
T

After dMHz CDR i

100

=3 1
=]
o

[5s]
o
T
.y
M
o

2]
o
T

-160

INTF | (dB)

I
o

Noise/Phase Noise (dB/Hz, dBc/Hz

-200
-220
-240

-20

10° 10* 108 108 10° 10* 108 108

Frequency (Hz) Frequency (Hz)

o After PLL: o; p = 205fs, ;s (10kHz — 10MHz)
e Including CDR G cp = 52, (100Hz — 7GHz)



Loop Filter R Noise

150
@'cp
UP Chargmg COTTTTTTTN, T \ 156 1 W/ 4kQ Resistor |
' VctrI ' N
: f ¢ I S, =4kTR=-162dB/Hz |
‘Dlscharglng ; CAR |
E R ':[:'(::2 : X 162 |
' : 0
ICP (] ' -164 -
E (:;I E -166 |
“~.--.T.---.F.(§.)v' 168 |

-170
10° 10* 108 108

Frequency (Hz)

e Trade-off between resistor noise, loop filter
capacitor size, and charge pump noise

« Smaller resistor results in larger capacitors (higher area)

and larger charge pump current (higher S;)
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Loop Filter R Noise

Kycos (s + G + CZ)
NTFx(s) = RC1G
. 3 4 (M) 62 4 (KPDKVC0> s+ KppKyco
RC.C, NG, NRC,C,
60 T T T T ~— -100

N

Loop Filter R Noise
B M0 [ |—— After PLL
After AMHz CDR

50

40 r -120

30

'y
[#%]
=

20 1

I~
o
T

10F

INTF | (dB)

D_

-10 -

e
-J
=

-20 -

—a
2]
=

-30 -

-
w
o

Noise/Phase Noise (dB/Hz, dBc/H

-40

o
(=1
S

10? 10° 10° 10° 10° 10 10°
Frequency (Hz) Frequency (Hz)

e After PLL: o, = 128fs, s (10kHz — 10MHz)
e Including CDR. ojr = 81fs s (100Hz — 7GHz)



VCO Noise

LC-Oscillator 20
w/ Differential Tank & Noise Sources
-40
C,
|| N ool
= e
— o)
In,Rp @ -100
—000—— @)
L4 < 120
D
wn
4]
-
o

Vout
-140 |
inart |—’ ‘I o2 -160 T
M1 M2

-180
10"
Vbiaso_l |,1_M3
M3

e LC-VCO phase noise sources
* Finite tank quality factor
e Cross-coupled pair
e Tail current source

10°

108 107 108

Frequency (Hz)

10°
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VCO Noise

NTFyco (s) =

(s

_|_

C, + C2>
RC,C,

RN CEIAR

RC,C,

-90
10* 10° 10° 107 108

Frequency (Hz)

10°

Phase Noise (dBc/Hz)

-40

o)
<
T

-120

-140

-160

KPDKVCO> s + KPDKVCO
NRC,C,

NC,

VCO Phase Noise
— After PLL
After 4MHz CODR |

10* 10° 108 107 108 10°

Frequency (Hz)

e After PLL: o;\co = 257fS s (10kHz — 10MHz)
e Including CDR. cir = 125fs,,s (100Hz — 7GHz)
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Total Noise

-40

Total
Ref Clk

-60

Loop Filter R
VCO

Charge Pump| |

-120

-140

Phase Noise (dBc/Hz)

-160

10° 10* 10° 108

Frequency (Hz)

o After PLL: o, 1o = 414fs,; (10kHz — 10MHz)

Bc/Hz)

(d

iy
o
o

Phase Noise

A
o

D
<t
T

o
o
T

-120

-140

-160

-180

Variance

PLL Output
Ref Clk W 1
28% Total PLL Qutput
After 4MHz CDR | |

| .After CDR

10°

10* 10°

Frequency (Hz)

108

« Reference clock and charge pump noise dominates at low frequency

« VCO dominates near loop bandwidth and higher
e Including CDR: o 1oty = 164fs, . (100Hz — 7GHz)

* Now VCO noise clearly dominates total

» Loop resistor noise is a larger percentage
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PLL Noise Transfer Function Take-Away Points

e The way a PLL shapes phase noise depends
on where the noise is introduced in the loop

e Optimizing the loop bandwidth for one noise
source may enhance other noise sources

e Generally, the PLL low-pass shapes input
phase noise, band-pass shapes VCO input
voltage noise, and high-pass shapes
VCO/clock buffer output phase noise
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Agenda

e PLL Overview

e PLL Linear Model

e PLL Stability

e Analog Charge Pump PLL Design Procedure
e PLL Noise Transfer Functions

e PLL Transient Behavior

e PLL Time Domain Modeling
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Linear PLL Model

,_I.:.r.'jafﬁ.l?ftfﬁtf.r.-\ Loop Filter VCO
L+~ o 5 Vew
¢in—!—’@¢—' Kep ; > F(s) d > K\;CO 1> dout
(I)fb
_1 S
N
Divider

o If the phase input 5.(5) . .
ampl_itude is small, then () =5—5= 26O T KepKycoF )
the linear model can be N N
used to predict the
transient response

e Ideally, we want this to be zero

Phase error generally increases with
frequency due to this high-pass response
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First-Order PLL Tracking Response

s S K., K,.,K
Fls)=K,, E(s)= - . K. . =w,, = —rp2vco™

( ) 1 ( ) S_|_KPDKVCOK1 S+0)3d3 DC 3dB N

N
e Phase Step Response
2

Using the Final Value Theorem : lim(@j(sE(s)):lim A®Ds =0

A 5+ Ky

Phase error should be zero with a phase step

Transient Response: £ (A(D) i — A Koct
s Ns+K,.

Transient Response 1s an exponentialy decaying step
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First-Order PLL Tracking Response

S S K, K, K
— K — — PD""VCO~ ™1
+ KPDKVCOKI S+ a)3d3 , e a)3dB N
N
e Frequency Offset (Step) Response

F(s)=K,, E(s)=

A)

2
Using the Final Value Theorem : lim(%j(SE (s )) = lim Aws = Aw

2 2
s—0 Ky s—0 Ky (S+KDC) KDC

The phase error is inversely proporitional to the loop gain with a frequency offset

- A
Transient Response: £ (A?j o _Ae (1 _ e—KDct)
s Ns+K,. K

DC

Transient Response is an exponentialy rising step
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First-Order PLL Tracking Response

S S K, K, K
— L K, = — _>PD"ryCOT*1
n Kpp KooK, s+ s pe = Brap N
N
e Frequency Ramp Response

F(s)=K,, E(s)=

A)

Assume that the input frequency is changing linearly with time at a rate of A (rad/ secz)

At
t)=
¢ref( ) 2
: : . (A ] As’
Using the Final Value Theorem: lim| — (SE (S)) = lim— = 0
s—0 S s—0 S (S+KDC)

The phase error will grow to infinity if K. 1s finite

Transient Response: £ {( A j( - j} = L(K ool e et — 1)

3
SN\ s+ K,
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Second-Order Type-1 PLL Tracking Response

S| S+ —— 77— S| s+
F(S — 1+SZ'2 Els)= KPDKVCO _ Lt K = KPDKVCO
1+s(z, +1,) s’+2lw s+, [1+KDC72J K, N
§T | TR gy TDC
T,+7, T, +7,
e Phase Step Response
AD Aq)sz(s + 1 j
_|_
Using the Final Value Theorem : HIIOI(—j(SE (s))=1lim Wt =0
N d Ry

s—0
K s| 8%+ 1+ Kpety S+7KDC
T, +7, T, +7,

Phase error should be zero with a phase step

VT

: 1
Transient Response: £ 1

s| s+ 1
(ACI)) ( rl+z'2j
S ) 1+ K7, . K,
T, +7, T, +7, |

S

Try to compute this yourself
95



Second-Order Type-1 PLL Tracking Response

N’ 1
(+K1<j S(“HT] KK
F(S)= 1+57, . E(s)= povco ) _ 15 , K, =—rprco
1+5s(z, +7,) sS+2los+0° [1+KDCZ’2J K, N
N Il Ul i
T,t7, T,t7,
e Frequency Offset (Step) Response
Aa)sz(s+ : j
T, +7, Ao

Using the Final Value Theorem : lim(A—a)j(sE (s))=1lim

s—0 2

S

s—>02 5
SIS +

1+K,.7, o4 K Kpe
T, +7,

T,+7,

The phase error is inversely proporitional to the loop gain with a frequency offset

1
T, +7,

|

Transient Response : £'4

Try to compute this yourself

1+ K, .7
§P4| D2 g
T,+7,

DC

K

T, +7, )
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Second-Order Type-1 PLL Tracking Response

e I G
s|s+——"— S| s+
F(S — 1+SZ'2 . E(s)= ) KPDKVC02 _ Lt , KDC:KPDKVCO
1+s(z, +1,) s"+2lo s+w, [1+KDCTQJ K, N
R o B e
T, +7, T, +7,
e Frequency Ramp Response
ASZ(S+ 1 j
: : . (A : T,+7,
Using the Final Value Theorem : hn;l(—J(sE (s))=1lim
s=>0\ ¢

— o0
s—0 1+ K 1 K
s st 4| - pCt2 gy TEDC
T, +7, T, +7,

The phase error will grow to infinity if K. 1s finite

Transient Response: £

1
s| s+
(A) T, +1,
3
) N 1+ K7, . K,
T, +7, T,+7,

“

Try to compute this yourself
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Second-Order Type-2 PLL Tracking Response

R(S-l—lj ) > X K R
F(s)=—— R p(g)=——° 8 K =Beplico

s s’ +20w s+ @ ’ N

s+ Ks+——
RC

e Phase Step Response

3
Using the Final Value Theorem : lim(A—(D)(sE (s))=lim A®Ds =0

TS . S(Sz + Ks + Kj
RC

Phase error should be zero with a phase step

2
Transient Response : £'4 (A(Dj > = Ir
SN S+ Ks+
RC
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Second-Order Type-2 PLL
Phase Step Response

2
Transient Response: £ 1<(A(Dj o il

Phase Step, Af (rad)

<1 &9({:05 V1—% wpt

é- . I 2 — L gt
— j_ii_zsm-vl - m”r)e -

=1 AB(l — wpt)e '

Phase Error, 6,(t)/A0

=1 A6 (cosh-v’{z — 1 w,t

Ver—1

sinh /¢ — 1 .:u”r)e_'gw"’

Normalized Frequency, wpt

99



Second-Order Type-2 PLL Tracking Response

R(S—i_le 2 ) K K R
F(S)= , E(S)= S — 5 . K =2rplreo
s s’ +2lw s+ @) N

s*+ Ks + A
RC
e Frequency Offset (Step) Response

3

Using the Final Value Theorem : lim(A—?j(sE (s))=1lim Ads =0
s—0 s—0 2 2 K
s +Ks+——
( RC j

S

The phase error goes to zero with a Type -2 PLL

v

: A ?
Transient Response : £ 1{ goj[ > e }
s

s+ Ks+——
RC
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Second-Order Type-2 PLL

Frequency Step Response

Transient Response :

Frequency Step. Aw (rad/sec)

Aw I
T m Lyt
= SIN y, - wpt | e
Wy (V 1 — -

Aw

(cwnt)e™!
"

Aw ] - )
sinh /72 —1 w,t | e !
oy (VH—_CE _ ] A, E n )

Aw s°
1
Lr{ . >
S 2
s+ Ks+——
J
o, 1
¢ = 5 RC=—+VKRC
1
£=0.3
- 0.5
< o5t
3
3
5
3 0
& =
P
0 1 2

Normalized Frequency, et
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Second-Order Type-2 PLL Tracking Response

1
R(S+]€C’j % 5 KoK, oR
F(s)= , E(s)=— ~ = , K =—rp—rwo
s s*+2005+0, 2 g B N
RC
e Frequency Ramp Response
As’ A

2

o 53(52 + Ks + Kj @,
RC

s—0 3

Using the Final Value Theorem : lim(AJ(SE (s))=1lim =
s

A second - order type - 2 PLL can track a frequency ramp with a dynamic phase lag

2
Transient Response : £ 1{—) > vl
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Second-Order Type-2 PLL
Frequency Ramp Response

: A s’
Transient Response: £ (—3) il
SN P+ Ks+——
- % rc=LJkrC
Frequency Ramp, A (rad/sec?) &= D)
A A :
<1 —j——j(com‘,fl—r_:‘ Wyt
w; ]
+ L%in- 1 — 2 wyt Je ¢!
vV E,. 3
2
A A s
=1 — — — (1 + wut)e " =
(= - 2
n n LE
A A g
=1 —j——j(coxh«\fgz— 1 w,t -
w; ]
S 2 —_ J_';-w.liz
-V’Ji‘zi— sinh /¢ 1 m”r)r..

Normalized Frequency, w,t
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Ideal Phase Detector

Phase Detector

Loop Filter Ref E
Clock_; \

Vetrl FB
Clock | i \

- F(s)

e An ideal phase detector has the
same gain (slope) over a +2rx range

e This allows the linear PLL model to
be used for all phase relationships
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Real Phase Detectors

e Many phase detectors
are nonlinear and do . a
not display the same 7 el
gain for a given phase
relationship

/—d-ll—d—l-—

e This implies that the
PLL cannot be
described by the linear
model for large input
phase deviations
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PLL Frequency Step Response:
Linear vs Behavioral Model

T T 1
=~ Frequency Step Input: 6 _(s)= 29 = 4310 Mrad/sec 'g"zfag/sec Behavioral Macromodel of the PLL
_:/ \\; st s Frequency Step Input of 2.5MHz
[[:‘ SN b L VE0 Control Veltage
{ No dycl

i5- / o With Linear Model
2l .
3 >
S / =
9 1

0‘54 .

0 (=)

Time (sec)

e Due to non-linearities in loop components
(primarily the PD), a real PLL's response
can vary significantly from the linear model
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PLL Hold Range (Sinusoidal PD)

Since sine cannot exceed |1, the lock frequency is constrained to |Aw| < K ¢

A PLL Hold Range is the input frequency range over which the PLL can

maintain static lock

w/ Linear Model the Steady - State Phase Erroris ¢, = I?w
DC
First-Order: Kp- = KppKycoky
N
KppK
Second - Order Type-1: K- = %

Second - Order Type-2: K- =

With a sinusoidal phase detector, the phase error is
Aw

sing, =——
DC

Hold Range: |[Awy|=Kp¢ (rad/sec)

p———r
e
p

f‘/ Sequential
p /  phase/frequency

,/ }~ Sine

3
2
|

| 5

27

f]
P f—

C

T
Triangular

b/

| /

/Sawtuoth

———

Figure 5.13 Phase detector s-curves.

The hold range is finite for a type-1 PLL, and theoretically infinite for a
type-2 PLL. However in practice it will be limited by another PLL block,

such as the VCO tuning range.
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First-Order PLL Phaselock Acquisition
(Sinusoidal PD)

Phase Detector

........................ . Loop Filter VCO
E + ¢e KPD* E R VctrI R cho
D= singg [T 7 175 [T%
O
1 w

Assuming a simple first - order PLL with a sinusoidal PD
F(s)=K, =1
VCO Instantaneous Frequency : @, + K, .,V (¢)

Sinusoidal Phase Detector Output: K, sin(¢e)

Assume the input signal 1s at a frequency different from @, , such that the

input phaseis w .t and Aw=w._ , —
p p ref ref 0 108



First-Order PLL Phaselock Acquisition
(Sinusoidal PD)

Phase Detector

emmemmeiesatoeieeoan, . Loop Filter vCO
‘(i);.b- .................... !
1 <
The PLL output phase is

0= 0+ [ Kicgr (07 + 8, (0) = 0,1+ [ Ky Ko s (0 Wi +4,0)
The PLL phase error is
b0~ = (0 =0, )= [ KooK s, (D~ ,,0)
Differentiating this w.r.t. time yields the following nonlinear differential equation

do (¢ -
Z:Om_m(@(r» where K = K,c,K 1, 109



First-Order PLL Hold Range (Sinusoidal PD)

If the PLL 1s locked,
90 _ pop— K sin(p, (e)) =0

Ao

sinf,)=2¢

Since sine cannot exceed \1\, the lock frequency is constrained to Aw < K

Hold Range : |Aw,|< K (rad/sec)
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First-Order PLL Phaselock Acquisition

(Sinusoidal PD) L
fe

Normalizing the first - order PLL differential equation by K Normalized Frequency Error,

¢;Aa)

£ =———sin
K K (¢e ) /\
d ¢ | l
In the phase - plane plot, there are 2 nulls where 7; =0 —3r

. . . Phase Error, ¢,
Negative - slope nulls are stable lock points,

while positive - slope nulls are unstable w
Figure 8.1 Phase-plane plot of a first-order PLL (Aw/K = 0.5).

e Every cycle (2x interval) contains a stable null, thus ¢,
cannot change by more than one cycle before locking
e There is no cycle slipping in the locking process

e A cycle slip occurs when the phase error changes by more

than 2x without locking
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First-Order PLL Phaselock Acquisition Time

(Sinusoidal PD)

In order to find the phaselock acquistion time, we need to formally solve

4,(t)= Aot ~ j.KVCOKPD sin(¢,(r)dz - 4,,(0)

If Awis zero and ¢, (O)is small, such that sin(¢e ) =P,

the approximate solution is the linear model phase step response

4.(t)=—4,,(0)™

However, if ¢ (0)is large, the response will deviate

from this linear approximation and can increase significantly

First-Order PLL Phase-Plane Portrait

Here %=0

Normalized Frequency Error

-540 -SéO -1El§0 ('J 1é0 SéO 540
Phase Error (Degrees)

Phase error, 0, (t) (deg)

I ! !
8, (0) = 179.886°
160
120
80
40
0
0 1 2 < 4
Normalized time, Kt
Figure 8.2 Transient phase errors in a first-order PLL, illustrating hang-up. 112



First-Order PLL Lock Failure (Sinusoidal PD)

First-Order PLL Phase-Plane Portrait First-Order PLL VCO Control Voltage
§ : . 1 T
Gj 08 +
(_::;\ 06 +
55 04 -
> &
B gozg
Ij!.‘_f % 0 y + } } + i
8 g{)'z ) > Timeiorgs) 400 > *
N - 04 +
o 06 T
£ os |
5 -
2 a1

-540 -SéO -1El§0 [l] 12.30 3é0 540
Phase Error (Degrees)

Hold Range : |Aw,|< K (rad/sec)

o If the frequency offset exceeds the PLL hold
range, the phase error will oscillate
asymmetrically as the PLL undergoes cycle slips
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Second-Order Type-2 PLL Phaselock
Acquisition (Sinusoidal PD)

Phase Detector

........................ . Loop Filter VCO
E + ¢e KPD* E R VctrI R cho
D= singg [T 7 175 [T%

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

Assuming a second - order type - 2 PLL with a sinusoidal PD

F(S):T2S+1:T2 + 1

7,8 7, TS

The filter response in the time - domain can be expressed as

0= 20,0 L (e =K sinlg 0+ LK psinle (0o

1
The PLL output phase is

t

Do (t) =0+ jKVcovc (T}Z’T + 0 (O) =0l + KVCOKPD(J‘TZSin(¢e (T))dl’ T J.(

E j dfjdf]m )
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Second-Order Type-2 PLL Phaselock
Acquisition (Sinusoidal PD)

Phase Detector

........................ . Loop Filter VCO
E+ ¢e KPD* E R VctrI R cho
oD it [T F©) | =5 [T b
Oro
1 w
The PLL phase error 1s

0=~ b =0~ 0, ) - KVCOKPD[J—sm )dr+J( jsm )ded j—czﬁm(O)

1

Differentiating this twice w.r.t. time yields the following nonlinear differential equation

G - KVCOKPD[ cos(é )qi+lsin<¢e>j

4 4
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Second-Order Type-2 PLL Phaselock
Acquisition (Sinusoidal PD)

For this Second - Order Type - 2 PLL, the natural frequency and damping factor are

2
0)2 — KPDKVCO é’ — TZ KPDKVCO
n ’ -
T, 4,

Substituting this into the nonlinear differential equation yields the following

¢.5.e+ 26w, cos(q, )¢;e+ w’ sin(g,)=0

e No closed form solution exists, and numerical
techniques are required to solve
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Second-Order Type-2 PLL Phaselock
Acquisition (Sinusoidal PD)

¢°5;+ 2lw, cos(¢e)¢ze+ w’sin(g,)=0

Acquisition with a phase error

% of cycle ¢, and ¢ vstime Phase Plane Plot : ¢;e VS ¢,
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Second-Order PLL Phase Plane Plots
(Sinusoidal PD)

e An unstable singularity is

called a Saddle Point b+ 20w cos(p)d+ asin(g)=0

)

RSN

e A trajectory that terminateson .
a saddle point is called a
“Separatrix”

)
)

-»
0, /K

Equilibrium Saddle

4.

V7

o If a trajectory lies between the
2 separatrices, it will lock
without cycle slipping

<<<<<4

(

o If a trajectory lies outside the i L T R
2 separatrices, it will cycle e
slippling one or more times
before locking (if at all)

N
w
3
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Second-Order PLL Pull-Out Range and Lock
Time (Sinusoidal PD)

e The Pull-Out Range is the maximum frequency step that
can occur before the loop locks without cycle slipping

Aw,, ~1.8w,( +1)
for £ between 0.5and 1.4

If a frequency step is less than the pull - out range, the PLL acquistion time can be approximated as

4 42(Af)
4 =1 freq W Bs

acq phase +1

for phase error less than 10%

Here, B, is the PLL noise bandwidth

B, = [[H(fVar  (H2)

s+l 7, 1

Assuming F(s)= rs 1 s
1 1

‘;(g + gj (Hz)
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Second-Order PLL Locking Outside of the

Pull-Out Range (Sinusoidal PD)

1.5 Simulated Acquisition of the PLL

wnuwrf \
iy
mg i f 1Y 735:00 71000 71500 72000
I ——
i ' ” i
1.5 4

e Multiple cycle slips are observed before the loop locks
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Agenda

e PLL Overview

e PLL Linear Model

e PLL Stability

e Analog Charge Pump PLL Design Procedure
e PLL Noise Transfer Functions

e PLL Transient Behavior

e PLL Time Domain Modeling
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Time Domain Model

e Time domain models captures the discrete-time operation
of the PLL architectures

» Interaction between charge pump and loop filter
 Cycle slipping behavior

e Allows modeling of non-linear control systems
« Dynamic loop bandwidth control
« Automatic frequency band selection

e Potential implementation tools
« Matlab Simulink
« CppSim
« Cadence
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Simulink Model

PLL FREQUENCY SYNTHESIZER MODEL

J

v

» vetrl

£

divide #

»( )

PFD

clock divider

divide constant

P a »( 1)
Reference u
»{cik
ref
—pficlr '@ >
1 D Flip-Flop
<
D NAND
D Q ‘:2
(2 r— P CLK D
Variable
var
L plictr 1@ >

% — ref u w upP
out . »in Out COnﬁn\l]ng(J)S-Time
P var D DOWN
DN
D phaseffreq det. Charge Pump Loop Filter2 > C]
N )
VAV
=l

L

A

Loop Filter

—

-

num(s)

den(s)

Out
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Frequency Step w/ Simulink Model

o VCO control voltage response to input frequency step

Voltage (V)

Kyco=2n*1GHz/V (LC Osc)

0.6
Linear Model

— Time-Domain Model
0.5 ‘

Afou=468.75MHz
04 r .
0.3
0.2 Afou=156.25MHz
0.1

0 !

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (us)

1

Kvco=27*10GHz/V (Ring Osc)

|

Linear Model
Time-Domain Model

]
| [/ Cycle
\u"”‘ Slipping
iy

Af,.=1.5625GHz

A, =156.25MHz |

0.1

0.2 0.3 0.4 0.5 0.
Time (us)

6 07 08 09 1

e Voltage spikes due to charge pump current driving loop filter resistor
e Cycle slipping occurs during lock acquisition due to large initial

frequency difference
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CppSim Model

[Perrott/Meninger]

Ref

—»|PFD/DACF——»

l

Div T

l

\V4
Accumulator

Fraction

E Loop Vin _O’Ut
Filter
VCO
=N/N+1 |«
A
Carry out
R Digital B;} Thermom
residue YA Decode
Mismatch
Correct ul

https://cppsim.com/

C++ based allows for rapid

simulation of advanced architectures
Many useful building blocks included

= O/

Eile  Window Edit Tools

) Plot for CopSimView --- Library: WBSynth_Example, Cell: wh_synth CBex
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Cadence Verilog-A Model

VCO (Square Wave)
Verilog-A Code Snippet

module vcoiadvancedibackup(in, out) ;

input in;

output out;

wvoltage in, out;

parameter real Vamp = 0.425;

parameter Fmax = 14.3125G;

parameter Fmin = 13.5625G;

// ... (lines omitted)

real phase;

real ideal phase;

real dPhase ;

//... (lines omitted)

analog begin

if(V(in)<Vmin) inst_freqg = Fmin;

else if(V(in) > Vmax) inst fregq = Fmax;

else inst freg = ((V(in)-Vmin)* (Fmax-Fmin)/(Vmaz-Vmin)) + Fmin ;
ideal phase = 2* PI*idtmed(inst_freq, 0.0, 1.0, -0.5);
phase = ideal phase + dPhase;

// ... (lines omitted)

n = (phase »>= -"PI/2)s&s&(phase « "PI/2);

end

V(out) <+ transition(n?Vamp:0,0,tran_time);
end

endmoduld

o Oselllator

0.7 - - - : : - - - -
Linear Model
| — Cadence Verilog-A Model
06} (M 9
Il T
05}
Afy,=500MHz
04r
03
02r
0.1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Time (us)
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Conclusion

e The way a PLL shapes noise depends on
where the noise is introduced in the loop

e Optimizing the loop bandwidth for one noise
source may enhance other noise sources

e Time domain modeling captures loop
nonlinearities and allows for verification of
advanced control schemes
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Next Time

e Phase Detector Circuits
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