EE 435
Lecture 43

Phased Locked Loops and VCOs
Over Sampled Data Converters



Final Exam:

Scheduled on Final Exam Schedule:

Wednesday May 8 7:30—-9:30 a.m.

Revised Final Exam:

* Take-home format — open book and open notes

* Will be posted on course WEB site by Tues morning May 7

 Due at 11:59 p.m. on Wednesday May 8: (Hard copy under office
door of instructor)

If anyone would prefer an in-class closed-notes exam during the 2-hour
scheduled period, arrangements will be made to accommodate those

preferences. Such preferences must be conveyed to the instructor by class on
Friday May 3



Injection Locking

https://www.youtube.com/watch?v=W1TMZASCR-|



https://www.youtube.com/watch?v=W1TMZASCR-I

Phase Locked Loops

Special case of injection-locked systems

In 1600’s pendulums and organ pipes were occasionally injection locked
In 1919 electronic oscillators were observed that lock or sychronize
For the subsequent several decades, a form of PLLs was used to build

radio and television receivers

In 1969 Signetics introduced the first integrated PLLs (NE 565 and NE 567)

In 1970’s RCA introduced the 4046 PLL e
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Phase Locked Loops

PLLs widely used throughout industry today

Easy to establish basic operation of a PLL

Highly nonlinear systems with seemingly simple operation but high-end
designs can become quite complicated and mathematical rigor is often
cumbersome and only approximate

Performance potential of most wireless communication systems and serial data
transmission networks strongly dependent upon the performance characteristics
of multiple embedded PLLs

Concepts of DLL and PLL are closely related



Basic PLL Architecture

Vin —> Phase
Detector

> (®p)

Loop
Filter (LF)

Frequency
Divider
+N

Voltage Controlled
Oscillator (VCO)

VOUT

Applications include:

Frequency Demodulation

Frequency Synthesis
Clock Synchronization

Noise filtering (extreme)

A

Tracking and calibrated filters

* One of the most widely used analog blocks
 Many SoC systems include multiple PLLs
* Closely related to Delay Locked Loop (DLL)



Basic PLL Architecture

Vv DPeT:;ir Loop Voltage Controlled Vour
> (®p) Filter (LF) Oscillator (VCO)
D
Frequency
Divider -
+N

Most basic structure actually uses phase/frequency detector but still termed PLL?

Vv — Phase/Frequency |, Loop Voltage Controlled|  Vour
Detector (®p) | Filter (LF) Oscillator (VCO)
Frequency
Divider -
=N

llan Collins, “Phase-Locked Loop (PLL) Fundamentals”, Analog Dialogue, July 2018.



Basis PLL Architecture

Vourt

Vin ' DPeT:st?)r Loop Voltage Controlled
. (Pp) Filter (LF) Oscillator (VCO)
D
Frequency
Divider -
+N

Applications by subcategory:
Clock and Data Recovery
Recovering signals when SNR <<<1
Timing generators in digital systems



Desired Operation of PLL

Viy —> Phase
Detector o F'Ilt_oopLF
, (®p) ilter (LF)
Frequency
Divider
+N

Voltage Controlled
Oscillator (VCO)

-

V=Vysin(w, t+d,y)

Desired output when locked:

Vour=Vysin(Nw t+dgoy1)

* Relationship between V,, and V, is of little concern

* Frequency relationship is critical

* &gyt is often critical too

* Waveshape of V,, and V; is often of little concern
May be highly distorted or even square waves

Vour



Desired Operation of PLL

Vin " DZTS;; ~ Loop Voltage Controlled|  Vour
. | Filter (LF) Oscillator (VCO)
g (Po)
Frequency
Divider <
=N
Vi =Vysin(w, t+ ¢y)
Desired output when locked:
Vour=Vysin(Nw t+dgoy1)
Some Terminology of PLLs
Locked / Unlocked Locked when V; assumes desired value
Lock Range fliow < fin <fumen  If locked, will remain locked for f,y in lock range
Capture Range feow < fin < feuign If unlocked, will lock for f,y in capture range

Free-running frequency  frequency of VCO when not locked
Harmonic/Subharmonic Lock



Desired Operation of PLL

Vi =Vysin(w, t+ ¢y) Vour=Vysin(Nw t+do 1)
Vin ' DZTS;; - Loop Voltage Controlled|  Vour
. | Filter (LF) Oscillator (VCO)
g (Po)
Frequency
Divider -
+~N

Capture range always less than lock range  fLiow < felow <ferien< fumen

Capture Range

Lock Range f
| | 9 | : >

fLLOW fCLOW fCHIGH fLHIGH

Loop filter controls capture and lock range

Jitter in VCO output strongly dependent upon lock range
(large lock range results in high jitter, low lock range in low jitter)

Loop filter is often dynamic with wide bandwidth prior to lock and narrow BW after lock



Desired Operation of PLL

Vi =Vysin(w, t+ ¢y)

Vour=Vysin(Nw t+do 1)

Vin ' DPeTSSt?)r _ Loop Voltage Controlled|  Vour
. | Filter (LF) Oscillator (VCO)
g (®p)
Frequency
Divider <
~N
Before Lock
Capture Range ¢
Lock Range
—— ——
flLow™.  fcLow fchicH //fLHIGH
\\\ //
\\ ///
\\ )
/
After Lock ‘& iLock e | » »f
fiow fLrich

Loop filter is often dynamic with wide bandwidth prior to lock and narrow BW after lock



Conceptual Operation of PLL

Consider a signal defined for —oo <t <o expressed as
V(t) = Vyysin((t))

If the signal is sinusoidal with frequency w, the argument ¢ can be expressed as
d(t)=wt+6

where ¢ is defined to be the phase of the signal and 0 is the phase offset on the time
axis from the time reference t=0

Taking the time derivative of ¢(t), we obtain

a9 _
dt

Taking the Laplace Transform, we have

w
¢S=

w
S

Is the second statement “If the signal is sinusoidal ....” redundant ?



Is the second statement “If the signal is sinusoidal ....” redundant ?

Consider a signal defined for —o0 <t<oo expressed as

V (t) =Vysin(d)

If the signal is sinusoidal with frequency w, the argument ¢ can be expressed as

Consider any signal f(t) defined for all time (not necessarily periodic but could be)

Define ¢(t) by the expression (I)(t) —sin™ (@}

M

It follows that V() = V,,sin(¢(t)) =V, sin(sin1 [f\gt)n =f(t)

M

Thus, the first statement gives NO information about the signal V(t)



Consider a VCO where the output is sinusoidal

Assume the output of interest is the phase ¢

\/, . — | Voltage Controlled| @
LF Oscillator (VCO) Vour

d(t)=wt+06
Vour = V,, sin(wt +6)

o=V oK,

d¢
E ==V K,

K
Taking Laplace Transform: S¢S = VLFSKVCO ) ¢S = VLFS %

ViFs

—> KVCO ¢S

Vour

S
VCO




Conceptual Operation of PLL

When locked, PLL can be modeled as a linear system
Small-signal s-domain analysis when PLL is locked

cho
S

Voltage Controlled
Oscillator (VCO)

CDSO uT

® KPD (q)sIN — Qg ) Tir (S)
IN
VIN S—> Phase LOOp VLFS
DEIEEtEr Filter (LF)
> (Pp)
Vs,ls
Frequency
Divider -
cl)sFB +N

Note: Dimensions of variables in loop are not the same

Vi =Kpp ((I)s] - sFB)
Vies =Tir (S)VS
Kyco

(I)SOUT = VLFS

¢ ¢SOUT

sFB
N

Solving, we obtain

Vour

T (S) — (I)SOUT — TLF (S)KPDKVCO
PLL q)slN S+T (S) KVCOKPD
LF N



Often the LF is low order

Example: Assume N=1 and Te(s) =

1+RCs
cho
® Koo (d)sIN - sFB) Te (S) S
sIN
Vin ' DPeT:c?tir - Loop ViFs Voltage Controlled| Psout
. (®p) Filter (LF) Oscillator (VCO) Vout
Vs,ls
Frequency
Divider -
(DsFB =N
T (S) . TLF (S)KPDKVCO . KPDKVCO
PLL _ _
S-l-TLF (S)KVCOKPD 8(1 +RCS)+KVCOKPD
KPDKVCO
_ RC
TPLL (S) _ 1 K K
32 +s 4+ _“VCO'PD

RC RC



Often the LF is low order

Example: Assume N=1 and

KPD (d)sm o sFB)
cl)sIN

ViN ——> Phase

Tr(s) =

Loop

Detector
(®Pp)

Y

Filter (LF)

VFs

cho
S

Vs,ls

Frequency

q)sFB

Divider
=N

Voltage Controlled
Oscillator (VCO)

CDSO uT

A

KPDKVCO

RC
T, (s)=
PLL( ) 2 1 +KVCOKPD

1 K,~~K 0
§°4+5—+VCO PD _g2 1 g 0

RC RC Q

S +S

RC

2
+a)0

RC

/P( K
@, = choC PD

0= \/RCKVCOKPD

Vour



Voltage Controlled Oscillators

Many different VCOs can be used

Assume |, is determined by a controlling voltage

I I I
0 0 0 X

Integrator-Based VCO

I
> — o > — b 0 Kout

Sto St+o

Lossy Integrator-Based VCO

Voltage Controlled
Oscillator (VCO)

A
_3 Im
n= X
% e
lo
X
A m n=3
X
Wo
X ze
lo/ ™~a
X X




Voltage Controlled Oscillators

N
IOd(S)—jgl
X
Emi
J = &ml
0 C,

Integrator for: Integrator-based VCO

Voltage Controlled
Oscillator (VCO)

|VDD
A
Vo_m Ve ot,n
Vi M1CX:L IR
VCTRﬁ E
N
Iog(s)= O

B SCyx+0mns3

I, = Eml o =&m
Cx Cx
Integrator for: Lossy Integrator-based VCO



Voltage Controlled Oscillators

Voltage Controlled

Oscillator (VCO)
Relaxation Oscillator Derived VCO (comparator not Op Amp)
Vz R R
AAAY AN
lc >__VOUT lc >__VOUT
R o
< R']i 2 < M. I LJI VOUT
'VX Vx
V2
Vsath T .
VX . - .. ’/_// ...................................... —
N AN pd ~
-Vx __/___\/___\/ ............ t
Vearl T . T — h

V, is approximately triangle wave, V1 is square wave

Can have either triangle wave or square wave ouputs




Phase Detectors

Phase
Detector
Many different Phase Detectors can be used (Pp)
Some Popular Phase Detector Circuits
Analog Multiplier
Exclusive OR Gate
Sample and Hold
Charge Pump
I
v cl)sIN
" Phase | louT
Detector 1 * —>
Pers Logic 12|
Voutov —— » L
Ix

Charge-pump based Phase Detector

Average |, is the average phase




Phase Detectors

Many different Phase Detectors can be used

Desired phase difference often 0° or 90°

‘VOUT

Could be simply

90° nominal phase diff /0° /(o 1eJo° Ao

Region of Operation

Vourt
i

Phase
Detector

(®Pp)

Phase
Detector

Ders Logic 2}

VO UUUUU — -

oy

or

lout
—_—

Average |y is the average phase

‘VOUT

N\

Region of Operation

Region of Operation



Phase Detectors

Phase
Detector
(®p)
q)sIN

Vin ” Phase
Detector l4 ‘

v Derp Logic
OUTDIV —-

I2¢

on

IOUT
—_

Average |, is the average phase

Adp=0

Ap>0

Ap<0




Phase Detectors

Phase
Detector
(®p)
chIN
Vin Phase I
Detector 1
Derp Logic

Voutpiv

I2¢

>

on

IOUT

Average |, is the average phase

| |

Vulnerable to dead zone problem




Loop Filters T.(s)

Many different Phase Detectors can be used Loop
Often the loop filter is first or second order :

. o ] Filter (LF)
Usually the loop filter circuit is very simple

In Vour

AY
/1
A

v R
e )= TiRes

INAVG

Basic first-order LF with average current difference as input




What is the phase of a signal?

V=V sin(wt+ ) — »

V,=V,,sin(w,t+ ¢,) =™

Phase
Detector

(®p)

KPD( ¢1'¢2)

—>

Assume W; = W,=W

If V, can be expressed as

V,=V,,sin(wt+ ¢,) the phaseis ¢,

But what is the phase if wis time varying? Or what is the “phase” if this
functional form does not really characterize V(t) ? Or what if w, # w,?

What does a phase detector do if the two inputs are not at the same frequency?



What is the phase of a signal?

ViVisin(oytr &) —— Phase/Frequency ool -2

Detector (Pp)

>

V=V ,sin(w,t+ ¢,) —*

Most Phase Detectors are actually Phase/Frequency Detectors

e Large output when frequency difference exists
* Also provides output when phase difference exists after frequencies are matched



Stay Safe and Stay Healthy |
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