A TUTORIAL APPROACH
TO ANALOG PHASE-

LOCKED LOOPS




PRESENTATION OUTLINE

Introduction and Terminology
Analog PLLs

Phase Detector (Mixer)
Voltage-Controlled Oscillator
Low-Pass Filter and Damping

Applications
Frequency Synthesis
FM Demodulation



Reference
Signal

INTRODUCTION

Phase
Detector

Lon-Pass VCO
Filter

T

Basic Structure of a PLL

> Output Signal



TERMINOLOGY

* Multiplying circuit (mixer) used for
Analog PLL phase detector

(APLL) e Other components are analog

. = * Mixer replaced with XOR gate or
Dlgltal PLL phase frequency detector (PFD)

(DPLL) * Other components are unchanged

All Digital * XOR Gate or PFD
PLL (AD * Other components are digital or
( PLL) numerically controlled.



WHY ANALOG PLLS?

Used for RF  Wide Tuning

Circuits Range
Many
Low Noise Adjustable

Parameters



APLL BLOCK DIAGRAM

Mixer

Reference Low-Pass
Signal Filter

—> VCO > Output Signal

Basic Structure of a PLL



WHAT IS A MIXER?

A mixer takes two input frequencies and outputs their sum and difference from the
process of multiplication.

Mixer

F1 F1+F2

F1-F2

F2

F1-F2 F1 F2 FI+F2 F




V1 (t) = A1 * Siﬂ(Zﬂ.'fj_ " t)
Vz(t) = Az ' Sin(Zﬂ'fz . t)
Vi(t) - Vo(t) = sin(2nf; - t) - sin(2rf; - £)

1
Trigonometric Identity: sin(a) - sin(b) = 2 [cos(a — b) — cos(a + b)]

V(0) - Va(t) = 5 (s Aq)* [eos(2nF; = f2)8) = cos2n(fy + £)0)]

L L

Difference Sum




CONCEPTUAL DIAGRAM
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MIXER DESIGN:4 QUADRANT MULTIPLIER
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4 QUADRANT MULTIPLIER DEVICE SIZES

1.8u/0.6u T

min size devices

\>|—

NMOS NMOS

R2
iF1
l iF2
for speed 3 Mg s M
zwl t}ﬂuh{?i‘mos Nmog}'}l o1
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NMOS
,___-./
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I
20p

6u/0.6u for current
sinking ability



4 QUADRANT MULTIPLIER GAIN

(m]

e 2
R1 R2
Output voltage is i
developed across I IF2

these resistors
A T
— NMOS NMOS' 4 — NMOS NMOS' o1

LO2

— 1 M —
RF14, :j-ﬁNIIMOS NMO?: |_

RF2
I
20p




AC OPERATION OF THE MIXER

8 8
> > o

R1 R2 _

100k 100k L

IF1 Eq
VDD *
@ J 2 1
5 |—< |—<
3 Mq '_[ys Mcq

,_‘ NMOS NMOS ’_| o

|_‘ NMOS NMOS |_|

= o™
Q Q

LO2

P

F2

V_LO1 V_LO2

— —
V_RF1 V_RF2 1 M
— - |I-=$‘ a-c-I| SINE(0 0.1 10MEG]T SINE(0 0.1 10HIEG 0 0 180)
RF1 — NMOS NMOS'
SINE(0 0.1 100MEST” SINE(0 0. 100MEG 0 0 180) Vbias2
1

RF2

"1
.include C5_models.txt
20p
.tran 100u \

Differential sine input with bias voltage _
represents RF input of 100 MHz Same, but LO input of 10 MHz

Vbias1




TIME DOMAIN VIEW OF INPUTS/OUTPUT

120mV-
80mV—

V(ifl i£f2)

a0mva PN

—-40mV—
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24.99us 25.02ps 25.05ps 25.08ps 25.11ps 25.14ps 25.17us 25.20ps 25.23ps 25.26us 25.29us 25.32ps



FFT OF IF OUTPUT

Difference frequency: 90 MHz Sum frequency: 110 MHz
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GAIN AND NOISE
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4 QUADRANT MULTIPLIER GAIN

Q
[=]
-
VDD T
1
5

R1
100k

R2
100k

F1_IF2
m

IF1

| o

L
|JW_._FL[J7_._F

|l— 1 M —
RF1 :.SNIMOS NMOSQ-::I_

RF2

.include C5_models.txt
.dcV_RF-11 V. LO-11.5

Network to allow for sweeping \
differential voltages while keeping a dcV_RF-11V_LO-110.5
fixed bias.




4 QUADRANT MULTIPLIER GAIN

V(ifl if2)

Linear only for small signals




4 QUADRANT MULTIPLIER GAIN

Changed sweep and step settings to show linear region better

V(ifl if2)
150mV- =

120mv S rrrrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrr ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, V_Lo=0.2

S0 [N """"""" *Check polarity of sources """"""""""""" A
ﬁo,nv_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, andchangelfneeded* ,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,, 0.1
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LET'S MULTIPLY

150mV-

120mV—

90mvV-]

60mV-

30mv—

V(1fl 1£2)

20mV

-50mV

-15mV

T j T T T T T
-150mV -100mV -50mVv OmV 50mV 100mVv 150mv

Point A: K*(0.1V * 0.1V) = 0.02V 2> K=2
Point A: K*(0.1V * -0.2V) =-0.05V > K=2.5
Point C: K*(0.15V * -0.2V) =-0.075V >K=2.5



INCREASING GAIN

E1
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NMOS NMOS
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Increasing the value of these resistors increases gain but reduces load driving ability.

vV LO

)

LO2

I
RF1 —

Hﬂy1

NMOS

o

0s

[

RF2
Vbias1

1

LO2
R5
20k

N

R6
20k

:

T

Vhias2

1

Increasing the bias voltage increases gain and allows for variable gain.



REPLACING RESISTORS

1.8u/18u

— - — -
3 . | |J|_|NMOS NMOS|_||TL_|NMOS NMOS|_|

LO2

LO2

e el =) ]
RF1 — NMOS NMOS — — NMOS NMOS
2 kF2>

RF2
- "
Resistors can be replaced ,,p
20y with long L MOSFETs %




MIXER AS PHASE DETECTOR

When both RF and LO frequencies
are the same, the mixer operates as
a phase detector.

@V Db RF1 ST
> RF2

V_RF1 V_RF2

——F2

RF1
RF2

V_Lo1 V_LO2

—@—L01
—@—LOZ

SINE(0 0.1 10MEG) T SINE(0 0.1 10MEG 0 0 180)

PULSE(0 0.2 0 1p 1p 50n 100n) PULSE(0.20 0 1p 1p 50n 100n)

Vbias1 Vbias2

.include C5_models.txt 1
.tran 1000u

1

Simulation test set-up



NO PHASE DIFFERENCE

IF output is rectified at twice the RF/LO frequency.
Averaging this will result in some DC value.

700mV- : : : | vufl}—\r(k

>

315mV-

-70mV-
250mV-

Vi{lol)-V(lo2)

ISUmV— : R R .............

50mV- ___________ _____ | ______________ LO

= 50mV—

G T 0 T O IS— ................... ........... A : _ S| |

-250mV-
200mV-
1 60mV— 1
120mVe] oo

N 2N 7.

-80mV—
-120mV—
-160mvV—
2 00m: T T T T T T T
1.66ps 1.68ps 1.70nps 1.72ps 1.74ps 1.76ns 1.78us 1.80ps 1.82ps 1.84ps 1.86pus 1.88us 1.90pns 1.92ps




90 DEGREE PHASE DIFFERENCE

IF output appears to have zero average value. \

500mYV: __V(ifl) V(if2)

~150mV-

IF

Vi{lol)-V(1lo2)

V(rfl) —.V (rf2)

RF

~250mV- T T T T T T 1 T | | T | T
12 . 74ps 12.76ps 12.78ps 12.80ps 12 .82ps 12 .84ps 12.86ps 12 .88ps 12.90ps 12.92ps 12 .94ps 12.96ps 12 .98ps 13.00ps 13.02ps

There is a relationship between average IF voltage and phase between
LO and RF.




FILTERING THE IF OUTPUT

L] Capacitor to filter IF output
GND VDD
RF1 RF'H IF1 /
RF2 ! 3
RF2 IF2
LO1 LO2

IF output is now a DC value

-
o o
- |

— V(ifl) ~V(i£2)




IF OUTPUT AS A FUNCTION OF PHASE

Output Voltage as a Function of Phase 100 MHz RF/LO
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ZOOMED IN
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VCO DESIGN

Many options to choose from
Ring oscillators
Relaxation oscillators
Varactor-tuned LC oscillators

Requirements are
Relatively linear
Has the tuning range needed for the intended application



DIFFERENTIAL RING OSCILLATOR

Same idea as a ring oscillator made from inverters
but with differential amplifiers.
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B1 '—l—I—,_'
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BREAKING IT DOWN

Current mirror loads (3.6u/0.6u)

Current sets delay

Output

1 puos PMQSE meos Pmosl: JPMOS Pmos!: JPMOS PMOS
=t =\PR .X%Pj j:_“ﬁ?ﬁ ;EEP‘j _i:"ﬂ?é éf??j _|:‘£?£4 .Y?s?‘_!"/ v
——— U U \T Diff pairs
O N 1 e R S i o O 1 o | S S 1.8u/0.6u
i PLI jmsewig dmmiy el e AP( /0.6u)
e8'Hime))*0.01 ,/
/
/ / \\
el | e e . e it
- o - L -
\

White noise source for simulation

\ Current mirrors (3.6u/0.6u)



OUTPUT

Problem: Odd
output waveform
shape

I I N

nnnnnnn

Problem: Output
does not swing
to full logic levels

Solution

W Need to shift 0 Inverter string
£ the center of ‘s is needed to
< theoutputto2 & provide full
9 VDD so ¢ logic levels and
O inverters ¥ sharpen the
9 switch in the E pulses.

middle of the

waveform.




LEVEL-SHIFTING

Level shifter with long L MOSFETs Can also use resistors

o
(]
>
i
1MEG

VDD

VDD

VvDD

10
Out

Current_In

Current Controlled Oscillator

GND .
1.8u/24u -
s

VD

A4

R2
0s 1MEG



INVERTER STRING

Small inverter for
low capacitive loading

Inverter sizes are
PMOS Width/NMOS Width

fa
~
— pmos

YRR

1

=

|?7NMOS

12/6

n

Big inverter for
load driving ability




RESULT

300 MHz

-0

. BV

WV (output)

_

3.080ps

T i i T T
3.081ps 3.082ps 3.083ps 3.084ps 3.08bps 3.086pns 3.087ps 3.088ps 3.089s 3.090ps 3.091ps 3.092ps

Sharp transitions with 50% duty cycle




450

400

350

300

N
o
o

N
o
o

Frequency in MHz

150

100

50

FREQUENCY TESTING

Frequency as a Function of Current
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VOLTAGE TO CURRENT CONVERTER

a
g
a — pmos Q
= =P =
vDD
VDD
Cc1
Input ing Output——{output>
Current_In Out ” npu Inverter String Outpu [Qutput >
1
Current Controlled Oscillator P GND
GND

J:f L

This MOSFET and resistor serves
as a rudimentary voltage to current converter.
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FREQUENCY TESTING

Frequency as a Function of Voltage

e Frequency

v

1.4151.61.71.819 2 2.12.22.32.42.52.62.72.82.9 3 3.13.23.33.43.53.63.73.83.9 4 414.2434.4454.64.74849 5
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INTERFACING MIXER TO VCO

Active load for differential to
single ended conversion.

Mixer output is differential
while VCO input is
single-ended.

:

;

o il e e

LO2
- e
— NMOS NMOS
|RF2>

|

Single ended mixer



CLOSING THE LOOP

Loop filter with buffer to isolate effects from
mixer output impedance.

=]

;7
J
VDD

GND VDD

RF1 IF1
NS
C5 Mixer
- VAN
= RF2
V_RF1 v RF2 LO1 LO2

SINE(0 0.1 300MEG 0 0 0) SINE(0 (] 1 300MEG 0 0 180)

3 ‘ =

N

|Vin_VCO Complete VCO Output| & vout

GND

v

RF2

Mixer needs proper blasmg and input levels.
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Edges line up



USEFUL EQUATIONS

1 —_—
Krp = 1+ sRC Loop filter transfer function (simple 15t order lowpass)
1 —
@LO KppKyco "T¥sRC
H(s) = @RF = 1 1 System transfer function (2"9 order)
s +§KroKveo' T 5RT

——

’KPDKVCO
= |—_—— Natural frequenc
Wn N RC q y

—

] —
‘= 2RCw,

Damping ratio

N is for the divider ratio in
frequency synthesis examples. If
there is no divider use N=1.




OVERDAMPED CASE

g V (vinvco) -V (vdd) +5
‘,321:'
o
OQeP;dar-r:;oed-I:LL ﬁ;t Ioé};ing;n az-shil;gI::rqul::nc;a
e o

FFT of output shows two
peaks

at 300 MHz and a noisy
one at 291 MHz.

The difference is the natural
frequency.




UNDERDAMPED CASE
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VinVCO voltage shows some
oscillation and ripple voltage.

FFT of output shows the

—__ correct peak at 300 MHz but

there is significant phase
noise.



CRITICALLY DAMPED CASE

VinVCO voltage settles and
- — looks fairly random.

] <«

- — FFT of output shows the

o <« correct peak at 300 MHz
o with less noise.




APPLICATION: FREQUENCY SYNTHESIS

Stable oscillator topologies don’t scale well to high
frequencies.

Quartz (32 KHz-160 MHz)

Rubidium (typically 10 MHz)

Silicon MEMS (1 MHz-140 MHz)
A PLL locked to a stable reference can generate a stable high
frequency oscillator.

Quartz (10 PPM)

Silicon MEMS (100 PPM)

Rubidium (0.0001 PPM or 0.1 PPB)



FREQUENCY DIVIDER

Each stage divides by 2
o
[m] [m] (]
> g gl
VDD VDD VDD
D Qi—m D Qi D Qi—m
Clk Clk Clk
|InEut> l

it [ et [ e o [
=go0nw=3u | P li=etonw=au | "i=800n w=du T:"& ooooo 'Tﬂgonwwu
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Jiuces | nnnnnnnnnnn ll:'w ‘p_w
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FREQUENCY MULTIPLIER SCHEMATIC

VDD

<
o
o

| Vin_VCO Complete VCO Outputl g y/out

GND

1l

RF1
RF2

V_RF1 V_RF2

SINE(0 0.1 32MEG 0 0 0) SINE(0 0.1 32MEG 0 0 180)
Vbias1

o
[=)
>

) VDD
Div_8 Div_8 Input




OUTPUT

256 MHz Output

V (vout)
. OV- -

Uiy uuyuyyuaguuyuyyyuyyyyyl

V(div 8)

.OV-

|
©C O R RPN WWMABUGODONBO OO R RENWWRARBOO O
2

|
o

- 6V- T T T i i i i i T T T I T T
2.64ps 2.65us 2.66ps 2.67ps 2.68ps 2.691s 2.70ps 2.71ps 2.72ps 2.73ps 2.74ps 2.75ps 2.76ps 2.77ps 2.78Bps

32 MHz Input




APPLICATIONS: FM DEMODULATION

Q
(a1
>
VDD
Rl Vinvco
-~ sk | Vin_VCO Complete VCO Outputl—g—vout
mark=300MEG space=305MEG - c1

1 yp Gln

c4 R2 R3

|—| _Demoy
100p 10k |C2 10k JC3
Jg

.Include C5_models.txt

VDD
.tran 0 100u 10u
PULSE(0 5 0 1u) .options plotwinsize=0

S Additional
FM Modulator rovides filtering to

SlCIE filter out VCO
input at correct .
ripple

amplitude



INPUTS AND OUTPUTS

V(v _demod)

Filtered
VCO
1 input

| vCO input

| Original
| signal
\ &

1l
l6ps 18ps

I I
Ops 2us 4ps



APPLICATIONS: FSK DEMODULATION

Ops

18pus

27ns

T
36pus

1
A5ps

Sdps

T
63pus

T
T2ps

8lps

90ns

Filtered
VCO
input

VCO input

Original
Input to
FSK
Modulator
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