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What is PLL?

O A negative feedback system where an oscillator-generated
signal is frequency and phase locked to a reference signal
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PLL Applications (1)

O On-chip clock generator with reduced skew — Zero delay buffer
L Resolves skew problem due to on-chip clock tree

Chip boundary

_ Data ~
Aligned C Aligned (4
Clock Phase Loop Voltage-Controlled
Detector Filter Oscillator
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PLL Applications (2)

O Clock frequency multiplication — On-chip clock generation
O Frequency synthesizer — Many RF applications

f Frequency
Divider
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PLL Applications (3)

O Jitter reduction
O PLL filters out low frequency jitter of input clock

Ck,,—— Phase Loop Voltage-Controlled Ck
Detector Filter Oscillator out
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O Multi-phase clock generation

PLL Applications (4)

O Multi-phase clock is very useful in many applications

Ck,,— Phase Loop Voltage-Controlled[— Ck[0:3]
Detector Filter Oscillator outt™
Ckin —/ \ / \ / \ / \ / \ / \
Ckout[o] —/ \ / \ / > / \ / h / :
Y Y N AN N A N A N ;
Ckou1] 90° shifted

Chkoql2l / /7 _/ _/ /[ /S 4-phase clock
Ckof3] /7 /" _/ _ /S /S S \__
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d Clock and data recovery

PLL Applications (5)

O Extracts timing information from NRZ data pattern

NRZ

out

Data(D,,)

NRZ Phase
Detector

Loop

Filter

Voltage-Controlled
Oscillator
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PLL Building Blocks

O Voltage controlled oscillator (VCO)
1 Phase detector (PD)

4 Charge pump (CP)

O Loop filter (LF)

O Frequency divider
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Charge-Pump PLL

O Most of recent PLLs are of the charge-pump type

4 PFD + CP — Converts digital phase-error signal to analog
current

O 4 essential building blocks — VCO, PFD, CP, and loop filter
O 1 optional building block — Frequency divider

Ck;
= Phase-frequency |2—{ Charge Qer | Loop [Ver VCOo Coyt
Detector Pump Filter
Frequency
Divider
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VCO

O Self-resonating clock generator
O LC tank, ring oscillator, relaxation oscillator ...
O Performance parameters

v

AR NE NI IR
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VCO

d VCO gain — Ko (Hz/V or rad/s/V)

v Large gain means wide tuning range, but more sensitive to control line
noise in PLL

(J Phase noise of VCO

v If input clock is clean, VCO is a dominant noise source in PLL
v" White noise is modulated by VCO as a “skirt-like shape”

Clock spectrum Clock spectrum Due to supply noise, device noise, efc...

- Ideal - With noise /
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VCO Phase Noise Model

J Leeson’s model

L(Aw)

White noise modulated by VCO + flicker noise

White noise modulated by VCO

/ White noise floor

2F kT)

Leeson A{log(
\l\ - P sig

L{Aw} = 10log
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Low Noise VCO

O Use high-Q resonator

L Maximize signal swing — May result in more power dissipation
U Fast slew rate — Reduces signal transition time

0 Symmetrical waveform

U Robustness against flicker noise
O Reduces low frequency phase noise
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LC-Tank Oscillator

4 LC resonator as VCO
© Low noise
© Insensitive to PVT variation
© High-frequency
@® Narrow tuning range
® Requires additional fabrication steps for spiral inductor — Thick top metal

T~
/ | L
0
Negative resistance to compensate LC tank | ooorrrrrreeeeeeeee,
loss due to finite metal conductance | “_T_" - MOS varactor for frequency control : C,,
\ ......... VeTRL, ] i 1
f =
L >< /
| | 2r I—Cvar
C ]
-
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Ring Oscillator

O Chain of variable delay elements
© Easy to implement
© Low cost
© Wide range
® Very sensitive to PVT variation
® Noisier than LC-tank

Pp. Ppo coe %@— Odd number of inversions

\ //
M stages
1
f=—"
2MT,
CAV _ | _
T 4= —y  Single stage delay: Delay is controlled by varying C or AV or |
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Delay Element Examples

>

V,
VCOﬂt % | out

L [ Seeedup :||—‘ 5|—><—| Slow down

= In

(a) Capacitive tuning El
v"ET §

S

(c) Delay variation by positive feedback

:
I B N IR

(b) Starved inverter
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Multipath Oscillator

O When oscillation frequency is low. Extend the frequency by 30%.

L One input of the delay inverter comes from the previous delay
stage

A Extra input comes early from the 2" previous delay stage
O Must be careful about the false mode.

O Check with various initial conditions

» TF i > T F >— > F < > ) /‘
> > _ g / o
S= slow path F = fast path

© 2020 DK Jeong PLL - DKJEONG




Design Tips on Ring Oscillator

O

RO phase noise is too large for high precision PLL applications -
the main source of PLL output jitter

Differential structure for less supply sensitivity

Latch added at the output for faster rise/fall times

Too many stages can cause harmonic lock

Symmetric rise/fall times for less phase noise against flicker noise
Multipath RO for higher frequency

PVT variation can cause 1:3 oscillating frequency

Possible use of LD regulator for less variation and less jitter

Use of supply as the control voltage
O Level translation is required
O Less swing might increase jitter

o000 00O
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Phase Detector

O Definition _
VOUt A
V1—> Phase Vout .
vV Detector A

1 XOR gate as phase detector

V1 Vout
vV,

A
out

“ |

vV,

VA | | I
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Phase Frequency Detector

l— o dn

avg(up - dn)
clk—p & A
_C -2z
ref b R o Af
| —P_0Q up
Different frequency (Frequency detection) Same frequency (Phase detection)
ref J ref J

clk J_l_l—J_l_I_I__I__I__l_l_l_l— clk J
dn _I_J |.| dn 5 |_ |_ |_ |_
up .l- up

—
—
—
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PFD Non-ideality

O Dead zone — Occurs when PFD doesn’t respond to small phase
errors

1)large phase difference

y o
R 1
2)small phase difference ! !
—————————— ~S-5-54 8 FEEEE - :L‘——Pi
i deadzone

DN pulse is too narrow - ignored by charge pump

J Phase offset — Due to circuit or device mismatch

V

out

Offset 9

i
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Design Tips on PFD

O Intentionally introduce delay by adding delay on reset path

O Identical wide pulses on up and dn in the locked state must be cancelled in
the charge pump

/
l—p o T dn
N //

clk |,
FC
ref b R
| =—D up

1 Reduce delay offset in up and dn path to the charge pump

U Reference spur appears at PLL output
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Reference Spur

d In the frequency multiplier

Ck;
— | Phase-frequency d‘;’:y - Charge Q.. Loop Vi Veo CK,yt
Detector Pump Filter
Frequency
Divider (/N)
Clock power spectrum
_Reference spur
__--=>*" (PM modulated)
0 foer N*frer f
(input) (output)
Vcntl M\
(=frer) | |
| TREF
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Charge Pump

O Converts PFD phase error(digital) to charge(analog)

O Issues
v Equal up/down current over entire V., range
v Minimum coupling between switching signals & V.
v' PVT insensitive pumping current
v" Charge sharing between loop filter cap & CP internal nodes
v" Output resistance of the transistors

Ip
@ v'\"’Tp bias _C

uvp———*

Parasitic cap

UP —

v
I

ctrl ctrl

Vv
DOWN —— I DOWN ———
1E""}'n. bias™
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Design tips on Charge Pump

O A differential charge pump is more accurate
O Equalize up/down current over the entire voltage range
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Loop Filter

O Low pass filter composed in passive RC network
d Type

v Capacitor only — Unstable
v Resistor only — Stable, but lock range is very narrow

v’ 2" order — Integral path (Set average VCO frequency) + proportional path

(Instantaneous phase correction)

v 3" order — 2" order LF + additional cap to smooth large IR ripple on Vctrl

c== &+ RE O RE

C,

:CZ

Unstable 1st order 2nd grder 3rd order

~— _
T~

Impractical
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Design tips on Loop Filter

O Main source of reference spur in the frequency multiplier

J Beware the leakage current of the capacitor made with thin
oxide of the MOS - Causes spur

Due to leakage

I

cntl

(=frer)

v
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Frequency Divider

d Type

v' Cascade of div-2 — Divide by powers of 2 only
v Integer-N divider — Counter-based FSM

v Fractional-N divider — Alternates div-N & div-N+1 operation to generate
fractional frequency using sigma-delta modulator

v Sigma-delta modulator
v Keeps the average by dithering
v Noise shaping operation moves noise to higher frequency (easily

removed)

v Prevents spur (only fractional spur present)
v Third-order SDM can fully remove fractional spur as well

Ref —»|PFD }—p Iﬁ?lfepr
(20 MHz)

Fractional bits —/

K-bits

Digital Z- A
Modulator
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Filter

Xz |J‘~ X3

Integrator

Xs 3

L »

mmmmmmm
(1-bit ADC)

2

{1-bit DAC)
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Design tips on Frequency Divider

O Divider operating frequency range > entire VCO oscillation
frequency range under PVT variation (NOT functional operating

oscillation frequency)
0 Use dual-modulus prescaler for high frequency division

O Minimum delay — Logic delay degrades PLL loop stability
O Try to reduce jitter with supply variation
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PLL Dynamics

0 PLL s-domain model

O PLL dynamics analysis using Bode plot
O Jitter in PLL

O PLL design procedure

© 2020 DK Jeong PLL - DKJEONG
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PLL s-domain model

O Assumption — PLL operation frequency is much higher than PLL
loop responding speed
v' Loop bandwidth >> f, by the factor of > 10

v' Can ignore sampling nature of PLL, and consequently, can be modeled in s-
domain, not in z-domain

O PLL can be viewed as a linear system with phase-input &
phase-output

fdli(";f_. Phase % [ Charge Loop | Vet VCO Clkyco
in Detector Pump Filter (Poud)
)
0, — Ho) o, H(s)=_

n
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VCO Model

O Beware the unit —rad/s/V
v' Multiply by 27 when unit is [Hz/V]

Veont VCO b— yt Doy = Wy + KVCO "Veont (t)

y(t) — AO COS(&)Ot + KVCOJ‘Vcont (t)dt)

a
(=2af) Excess phase : g (t) = Kyco [ Voo (D)t
d . K
o, Kveo (Hzl) Transfer function : o (s) = X2
cont S
v

cont
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PFD and Charge Pump Model

CP Ierr

Ref > 31 Ierr djref + @ d)err
PFD —}—-I—cvom =) o270
VCO -
S, C (0]

(Derr
vo 1L I T LI |err=2ﬂ><|p
ret LI LI LT LI L
w _J1__ I LI |
dn _I ' I I

tr
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Loop Filter Model

c,=— c,..- TG = 2,45

vcont
2nd order 3rd order
1 s/w,+1
2nd order ZLF(S)=(R+SCJ: iC,
rdorder 7 _(s)=| R+ 1 1 _ R2C15+1 _ 1 s/lw,+1
sC, JIsC, RCC,s"+(C +C,)s (C +C,)ss/w,+1

1 o _C,+C,

' =RC, p—Rclcz) Usually C, > 10C,
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Loop Filter Model

O Second order loop filter causes ripple on the Vcont

||

B

(@
N

3rd order

© 2020 DK Jeong

up

dn

Vcont
(2" order)

Piroportional term

Vcont
(3 order)

Up/dn current cancelled
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Bode Plot Premier — 2"d Order PLL

Ul
-40dB/dec T(S) — K S/a)z +1 K _ KVCOI p
s> 27C,
0dB “ > T(jo,)|=1 =
@ : Wec ‘ (] C)‘
I KyeoR .
w0, =" if w, <<,
271
H] Jitter peéking : Due to low frequency zero
S3AB D
-20dB/dec
LT
2O [
0 TC 13 T e Y  , SR ]
Phase margin (PM)
-180
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Bode Plot Premier — 39 Order PLL

Tl 1

0dB

-40dB/dec

Kycol
-20dB/dec s°s/ @, +1 27Z'(C1 + Cz)
@, @, .

|H| A

| KyeoR
\ T(jw )=l = o =-——=

. -40dB/dec 27 (1+C,/C))

-3dB

-135
-180

-40dB/dec

To maximize PM, @, must be located at
geometric mean of @, and @, , i.e.,
o= (@,0,)"
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Tuning Design Parameters

O Tuning of R
1 1Ko
s 2aC 11pR-Kyeo
|T| A g
a)c — cholPR
2r
1 \ largeR  logw
IH| 1 small R

larger IR noise (reference spur)

\\\ logw
Higher bandwidth, larger PM, >
\ \

large R

small R
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Tuning Design Parameters

O Tuning of C
T 1
\nallc
wz:’i \ Iaga)
RC
|H| A

N N log

HighWh, aller PM (Unstable)
large C small C
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Tuning Design Parameters

d Tuning of I,
|T| A

large Ip
|H| A

small Ip

\ \ . |Oga)
Higher bandwidth, larger PM, \ \

larger IR noise (reference spur) | |
arge Ip

small Ip
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PLL Linear Model

d PLL linear model in s-domain

PFD
djin +® d)err CP Ierr LF Vctrl VCO d)out

_\]/ I/27 Z, £(s) Kycols
djin +fz\djerr d)OUt

= \‘r T(s)

d Open loop transfer function T(s) = @,/ @,,,

I K
T(s)=—"-Z,(s)—*=
(8)=7 2ie(8)—
d Closed loop transfer function H(s) = @,/ @,
__T(s)
1+T(s)

H(s)
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PLL Transfer Function of 2"d-order PLL

O Closed loop transfer function H(s)

SIpKVCOR+IpKVCO 20w S+a)2

H(S)= 27 27C _ n n
2, < oKveoR | ToKueo 32+2§a) S+ @
S°+5S + n n

27 27C
\/IpKVCO JTpKvcoCR
o = é’:
n 27C 2\ 27
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Open-loop Transfer Function

* Open-loop unit gain frequency
=~ Closed-loop bandwidth

“kJi 101og,0[¢q?+4w3§2}
h 2 / 4 i
a)ﬁ B {Z)H \]25 + 44’ + 1 -12 dB/octave
E -
= 2 a) 3 | -6 dB/octave
é’ " & L 40log,, ( .384’/)\'
§ _ i = i i ——
. N
« Phase Margin? ‘\\\
il N\ N
0dB \ -
’ 2 3 5 7 1o 2 30, s
@, Frequency,rad/sec
20

[Crawford - Advanced Phase-Lock Techniques]
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PLL Jitter

a All the loop components may contribute jitter
v PLL output jitter can be reduced through proper bandwidth selection

O Two important cases
v When input noise is dominant
v" When VCO noise is dominant

© 2020 DK Jeong PLL - DKJEONG
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PLL Jitter Transfer

O Input noise
v ®y/D, = H(s) — Low pass filter!!
v Bandwidth should be lower for noise rejection

|Hio)| |

@N
) 0dB
@’Hé)_' PD L1 pr Eslveo 0 3B

A 4

A 4

\/
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Closed-Loop Transfer Function

20w S+a)2
H(s) = L
32+2§a) s+a)2
n n
_ IpKVCO _\/'pKVCOCR
n \ 2zC ¢ = 227

1

E, :Eg}g J1+807 —1 Hz

|
Fop :_‘/Ewn Hz
27

_ %

F \/1+2§2+2\/§”‘+§2+l Hz
2 2

3dB —

8¢
8L — A — 1441487

Gp, =10logy,

dB
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H1 Closed-Loop Gain

Frequency, Hz
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47



PLL Jitter Transfer

O VCO noise
v D/D, = 1-H(s) — High pass filter!!
v Bandwidth should be higher for noise rejection
v’ Same o,

|1-H(jc) |

A 4

A 4

@ PD é@N D, a8
I—> 9 -3dB
8 CP LPF VCO —
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Closed-Loop Transfer Function

« VCO jitter transfer function

S2
H,(s) =1-H(s) = — 5 oo
S +2lw S+ w Pop i LG,
n n _
5 1/2
- o, 207 -1+
H,-3dB —E \ﬁ—4§2+4§4 % RER
= =04
Gy, ., =—10logy (4C ) F =10 Hz
2
o If (< T,peaklng OCCurs |
_ 1 a)n Frequency, Hz o

GHg_max - _IOIOgIO (452 - 454)

[Crawford - Advanced Phase-Lock Techniques]
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PLL Linear Model with FB Divider

d PLL linear model in s-domain

PFD
djin +® d)err CP Ierr LF Vctrl VCO d)out

_\]/ I/27 Z, £(s) Kycols
1M

d Open loop transfer function T(s) = @,/ @,,,

| Ky 1
T(s) =—P-Z, _(5)-—¥eO..
(s) > . (S) Y

d Closed loop transfer function H(s) = @,/ @,

T(s)
All the stability analysis is on the modified T(s)
1+7 (S) Loop gain is reduced by M
Phase is multiplied by M - Frequency as well

H(s)=M-
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PLL Design Procedure

O Determine PLL spec
v Operation range, bandwidth, power budget, jitter peaking ...

4 Design VCO

v" Should have the proper operation range over PVT variation

v' Determine Kcg
L Design loop filter

v Determine proper pole-zero location

v Determine RC values — Should be practical (R=100 ~ 10kQ, C
U Determine charge pump current

v PM should be considered — More than 60°
v Several pA~ 1mA

© 2020 DK Jeong PLL - DKJEONG
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Issues

O Background

O Architecture

O Spurious Tone

O SDM and Dithering

O Quantization Noise Analysis
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Background

O Integer PLL gives integer * fo¢

d Frequency resolution = fze too coarse.

d What if we want to have 1 MHz resolution when fz=20 MHz?
U Fractional divide factor is required.

Loop Filter
/T Bandwidth << 1/T
IHI

UL e MW

ref(t)y —|PFD|—> tﬁt"eﬁ out(t)

(1/T = 20 MHz) [
Uy Divider |«

N[] L)

[MIT Courseware: Perrott]
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Fractional-N PLL Architecture

O Alternating divide factors are used

Loop Filter
/T Bandwidth << 1/T
IHI

UL e MW

ref(t) —|PFD}—> ﬁfp out(t)
(1/T = 20 MHz) LSl

91 —

oo AMLLLTUTFTRLAL Divider |«
Dithering A
Modulator

Ngglk]
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Fractional-N PLL Architecture

O Accumulator is used for generating alternating divide factors
O Accumulator adds a fraction every cycle and carry overflow is the

output

f e(®) [ Loop
ref(t) —|PFDI——> v N\ = out(t)

div(t) =N/N+1 |
clk(t)

fraclK] Vv 1-bit l M-bit

—| Accumulator fraclk] , I Accumu?a/tor —/—> residue(k]

carry_outfk] M-bit —rA—> carry_out[k]

poTTTTEmE e EE e Y 1-bit
i Neg[K] = N + frac[K] | |

___________________________
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Timing Diagram

O For fractional divide of 4.25, divide value = 4, 3 times and divide
value = 5, 1 time.

carry_out(t) +—+—+— ' * ¢ | 4_¢_¢_ -—4»
out(t) mmmﬂ"ﬂﬂﬂﬂmmmmﬂ"ﬂ”ﬂﬂﬂﬂmﬂmmmmﬂﬂﬂﬂmﬂmmw
vy LU LU UL UUUY
e [N Uy
BRI EEEE RN

phase error(t)
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Timing Diagram (corrected)

d In fact, in steady state, average value of e(t)=0.
O All signals except ref(t) must be shifted.

LSRR i SRS R

outt) A
divi(t) _M |

L1 L1 LN
et || I I |
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Spurious Tone

O Periodic phase error appears if averaging is not perfect.
d The spurious tone frequency is about fygr and free * fract

Tree * (1/fract)

P

v

Average phase error

‘TREF
AN i ' i j i i j / i j i i
phase error(t) P L e .

) — I

These edges move periodically
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Reducing Spurious Tone

O Instead of periodically alternating at 3:1 ratio, dither the ratio at
random, with long-term average of 3:1.

O Fractional spur is spread (fgee * fract)

0 How? Use the Sigma-Delta Modulator

O Accumulator is the 15t order SDM

O Output (carry) is periodically generated, no dithering (10001000100010001...)

O What is the 2" order SDM?

QO Outputis dithered. (100100001000100001 ...)

© 2020 DK Jeong PLL - DKJEONG 9



1st Order SDM

Same as accumulator

A 4

\]\Cout + >
> .

/ Z +

7-1
1st order DSM Model

Digital Implementation

Quantization Noise (White, 6% = 1—12)

Hn'(z) Noise Transfer Function

!

— Hs(2) >

v

v

v

Signal Transfer Function

© 2020 DK Jeong PLL - DKJEONG
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2nd Order SDM

 Noise is shaped
« Dithering added

7-1
ji C,

1}_)?_—\ :
C,

\ 4

© 2020 DK Jeong

2nd order DSM Model
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Noise Shaping

« Signal Transfer function Hs(z) = 1
* Noise Transfer Function Hn(z)=(1-zY)™, m = order of DSM

Magnitude
I

| | | | | | | |
0 1/(2T)
Frequency (Hz)
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2nd Order SDM

 Noise is shaped
« Dithering added

7-1
ji C,

1}_)?_—\ :
C,

\ 4

© 2020 DK Jeong

2nd order DSM Model
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DSM Outputs

i : : 2
 For sinusoidal input =[] = 0.5+ 0.25sin (%k)

£ 1A
1t order = AR e
<< A OV R R
o S LLAUUILL, S
2 1
1 | |
L ‘ L

2nd order

3rd order

© 2020 DK Jeong PLL - DKJEONG
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Quantization Noise in F-N FS

 Phase Noise injected at input of PFD

e(t
ref(t) —»|PFD AN tﬁfeﬁ —>®——> out(t)

div(t) =N/N+1 |«
2,
frac[k] \V4 1-bit
—| Accumulator D
carry_out[k] ref PFD | LpF =lveo
Neslk] =N + frac(i] | A
1IN.F

1 (2m)? . [ f m—
Sq(f) = 12 (N.F)2- fRy; [2sin (fREF>]2( Y

Sqour(f) = Sq(f) - | HG2nf)|?
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Sfrac(f)

Phase Noise in Fractional-N FS

O Quantization noise is shaped.

© 2020 DK Jeong
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Background

O Electromagnetic Interference
O Many standards to comply

U FCC Class A, Class B

4d CISPR
30
70 - 40
60 ' [ - 60
) e A w1 R prreer mer e I ——
E ] =
= anl  mmmsmss P e E
3 3 o
§" g
20 —— FCC Class A OPK 20
— FCC Class B OPK ~ FCCClass AMVG
10 - - CISPR 22 Class A QPK — FCCClassBAVG ||
- - CISPR 22 Class B OPK 10 - - CISPR 22 Class A AVG
. e - = CISPR 22 Class B AVG
|
10 100 1x10° oy 10 100
Frequency (MHz) Frequency (GHz)
[TI: Overview of Radiated EMI]
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Background

1 Shield Room Test

Measuring |
Receiver I n

Plan view:

Absorber lined shielded enclosure

7

Ground
plane
bonded to
enclosure

absorber
material

O ;

Front view: Side view: Rod
Load EUT P antenna
simulator g8

. ) I
] 12 ',l
i

[TI: Overview of Radiated EMI]
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EMI Reduction Techniques

O Shielding
L Edge rate reduction
O Low voltage differential signaling

O Spread-spectrum clocking

U FM modulation of clock with triangular/Hersey-Kiss waveform
0 30-33kHz (inaudible to human ear)
0 Down spread not to shorten clock period

Wkrl 1SEAEA GHz Mkl 149275 GHz
Fef @ dBm *Atten 18 dB -£.553 dBm fref B dEm #Heten 16 dB -18.36 dBm
Pegk Faak
Log Log
1o 18

164 dR/ dB
16.2 [—
A A A
A\ hY
g::z il PR Marker Marker T_ﬂ
g/ \\ / —\7 il \ 1500000000 6Hz | | 1.4927}000@ GHz

'S 152 -8.553 dBm 'Lw -18.8 dBm
- \ / ’7'v77" s M’(. W s
it Vo el S P
6 — T aA A
14.4 ‘
0 500 1000 1500 2000
Clock count
Center 1.5 GHz Span 20 MHz Center 1.5 GHz Span 25 MHz
“Res BN 108 kHe YEK 106 kHz Swesp 5.25 ms (401 pts? #Res BH 188 kHz VEH 168 kHz Swesp B.25 ms (A1 pts)
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Spectral Peak Reduction

O Spectral peak is reduced by 5.9dB

65 MHz

Titie: Neomagic MP-2 D% Horizontal Title: Maomagic MP-2 2% Horizontal
PefLevel 97 dBuv¥ ATTEM 0 dB Hurkl]r §5.6MHz 957 dBuV Rl Level 97 dBuv ATTEN § dfi Marker 65 1MH: B30 dBuV
10d8; | 10 4B}

| 1

=

LN e

v 'W

i
!il
I
I
I

P

— T it
L—-J!BL - hWL‘II %L ur-uhtﬂl iuh!u'l A W

521 T
dBsY

ERENNIIE

Smtlrrnq Camer Freg Stop Freg Start Freq Center Fraq Stop Freg
30.0MHz 165.0MHz J00. DMKz 30 DMHz 1E5.0MHE J00.0MHz
RES BW 1.0MHz WD BW 1. 0MHz SWP 02 RES BW 1.0MHz WID W 1.0MHz SWP 02
unmodulated +/- 1 % modulation

[Li: ISSCC 1999: Dual-Loop SSCG]
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Spectral Peak Reduction

O Spectral peak is reduced by 11.2dB

65 MHz

Tile: Neomagic MP-2 0% (Second Scas) Horironatal Tifle: Meomagic  MP-Z  10% Horizontal
Rel Level 97 dBu¥ ATTEM 0 dB_ Marker E5.6MHz 563 dBuV Ref Level 97 dBuV_ATTEN 0 dB_Murker 66.2MHz 851 dBuV
10 08/ | li 1048/ T ]I |
SO SR e L AT N
L] ' v I I | '_.-HH 'IFL" I L] W’
o, B | } oL N — {
v j}, 1 i N S il —
| F ] Ik i
f | i |
. | ' |
f|— | ! i — ; .
I II | '
| |
L [ ] i ] r
Start Freq : Center Freq . S;;lp Freq Stan Freq Center Frag Siop Freq
30 OMHz 165 0MHz I00.0MHz 30 OHz 165.0MHz 300.0MHz
RES BW 1.0MHz VID BW 1.0MHz ) RES BW 1.0MHz VID BW 1.0MHz SWP 02
unmodulated +/- 5 % modulation

[Li: ISSCC 1999: Dual-Loop SSCG]
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Spectral Peak Reduction

O Peak reduction factor
4 10 log [(Frequency Spread )/(Resolution Bandwidth, 100kHz)]

Modulation Period (30ms-33ms)
1/Period (before Spread) — - - - - g -=-=---=-=-=-=---Sg-~=-=-=-"=-=—"-""="=-"—"=—"-="-—5; g-~"-"---

Frequency
Spread
[Downward]

1/Period (after spread)

<— Before Spread

1 s

v

|
1
1
Modulation Frequency 30k|-|z-33kHz
|
|
1
1
1

<>
A A A A
FM spectrum ‘

7

Frequency Spread
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Spectral Peak Reduction

d Peak EMI reduction [dB] =
10 log [(Frequency Spread )/(Resolution Bandwidth, 100kHz)]

Modulation Period (30ms-33ms)

P
<«

1/Period (before Spread) — - - - - g -=-=---=-=-=-=---Sg-~=-=-=-"=-=—"-""="=-"—"=—"-="-—5; g-~"-"---

Frequency
Spread
[Downward]

1/Period (after spread)

<— Before Spread

1 s

v

|
1
1
<—> | Modulation Frequency 30k|-|z-33kHz
|
|
1
1
1

A A A A
FM spectrum ‘ |

Frequency Spread

7
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SSCG Architectures

 Dual Loop
F_OUT
MASTER a
e O e
PHASE-LOCKED LOOP
V_CTL
PLL TIMING V_MOD PLL
¥ FIN: V_SUM 'E OUT
: o| PHASE | V_CTL L
SLAVE -, |COMP & SUM VCO -
MODULATION-VOLTAGE-LOCKED LOOP § FILTER :
3.0
25 R IR
V_CTL i
= 2.0 )
3 [ PHASE
' COMP &
0s —>! FILTER
" 0 50 100 150 200 250 .
Time(us) L LR R R L L

[Li: ISSCC 1999: Dual-Loop SSCG]
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SSCG Architectures

O Integer feedback factor modulation

1 Conflict;

O Low bandwidth to filter quantization noise
O Harmonic tones of the triangular will be filtered

NT _, (N+1)T—s

B L

1 T quantization error

-+

K PFD CHP

VCOCLK

FBCLK

LPF I vCO
Fractional
Divider
/\/\ FCW Up
Down
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SSCG Architectures

O Feedback factor modulation with fractional phase

© 2020 DK Jeong

Reference |— 10 ToTX & RX
PFD LPF —
25MHz —
mp<0:9>
/60 fe—yp —2
1 CLK MUX
Modulation profile MUX
AVANE B I 1
contro CLK MUX and
control logic
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SSCG Architectures

 Two-point modulation

D—-ﬂgf BB |err [}}».,_ “IF,—

= .
PED [ T2~ Pk 1 DSM

" tDirect DCO
modulation ol

div Division ratio [y v

H modulation a

Srﬂw .-.--I..-.-I..---I.‘ -

melk | espG - psm

[2015_SOVC_SCJANG - An All-Digital Bang-Bang PLL Using
Two-Point Modulation and Background Gain Calibration for
Spread Spectrum Clock Generation]
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Modulation Waveform

« Triangular vs Hersey-Kiss

Figure 1. Linear Profile (MDA plot) Figure 2. Hershey Kiss Profile (MDA Plot)

Figure 3. Linear Profile (Spectrum Plot) Figure 4. Hershey Kiss Profile (Spectrum Plot)
[ON semiconductor: A solution]
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EMI Reduction at Harmonics

 EMI Reduction is larger with harmonics

20

Total Peak EMI Reduction Vs Harmonics

18 +

=
L]

=
f=y

=
Pk
1

—
]

10log7=8.4dB
10log13=11.1dB

e

Deviation=13%

L]

Total Peak EMi Reduction{dB)

Deviation=+2%

Deviation=10.5

0 T
1 3 3 7 9 11 13 15
Odd Harmaonics
[ON semiconductor: A solution]
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