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What is a Phase-Locked Loop (PLL)?
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" VCO efficiently provides oscillating waveform with
variable frequency

" PLL synchronizes VCO frequency to input reference
frequency through feedback
= Key block is phase detector

» Realized as digital gates that create pulsed signals



Integer-N Frequency Synthesizers
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" Use digital counter structure to divide VCO frequency
= Constraint: must divide by integer values

" Use PLL to synchronize reference and divider output

Output frequency is digitally controlled




Fractional-N Frequency Synthesizers
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" Dither divide value to achieve fractional divide values
= PLL loop filter smooths the resulting variations

| Very high frequency re

solution 1s achieved




The Issue of Quantization Noise
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® Limits PLL bandwidth

" |ncreases linearity requirements of
phase detector




Analog Phase Detection
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" Phase detector varies pulse width with phase error
" Loop filter smooths pulses to extract average value



Issues with Analog Loop Filter
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" Charge pump: output resistance, mismatch, noise, leakage
= Analog design requires significant effort, hard to port

" RC Network: large area




Should We Go All Digital ?
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" Digital loop filter: compact area, digital flow

" |ssue: difficult to achieve low area and power in older
processes such as 0.18u CMOS

= May not be worth the effort unless advanced CMOS available



Can We Achieve an Analog PLL with Lower Design
Complexity and Adequate Performance?



Outline

" Background information on traditional analog PLL
Implementations and analysis
" Moving away from the traditional approach
= XOR-based phase detection
= Switched resistor loop filter
= Switched capacitor frequency detection

" MEMS oscillator example
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Key Characteristics of a Phase Detector
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" Adequate phase detection range
= Fractional-N PLLs need more range than Integer-N PLLSs

" Linearity across operating range of phase detector
= Fractional-N PLLs have issues with noise folding



XOR Phase Detector

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

" Creates pulse widths |_D—Q
that vary according to AU W N .
the phase difference ; 20 D e )
between reference and |  [5—H ; Dviz()
divider output signals al —p Q[ '

" Simple implementation IBI\}.'d'é'tS;'éE
" Divide-by-2 is used to

eliminate impact of Ref(t)_III
falling edges 5 :  —
Di E E E
= Duty cycle of Ref(t) and VO : IJI

Div(t) signals is no Ref/2(t)

longer of concern — . T S —
Div/2(t) : : :

e(t)
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Modeling of XOR Phase Detector

" Average value of pulses is extracted by loop filter
= Look at detector output over one cycle:

W

" Equation:
%4

1T

avg{e(t)} = -1+ 2

Notice that the average error is a linear function
of the pulse width W regardless of mismatch
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Overall XOR Phase Detector Characteristic

avgie(t)}

o L FLALLE

Div/2(t)

Ref/2(t) R _f _I_
__I_

e(t) _I

Gain flips in sign according to phase error
region of phase detector




Modeling of XOR Phase Detector

" Assume phase difference is confined to same slope region
= XOR PD model becomes a highly linear gain element

avgie(t);

ain =-1/n gain = 1/n

g 1+
N N T
o - W\Vn o Drer(t) - Dgiy(t)
A

phase detector ’
range = 2w

" Corresponding frequency-domain model

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

Ref(t) e(t) L D (t) :
»| PD > i Pref : 1 e(t) :

T - I@ (g

Div(t) - ¢ P".V.(.Q.T ..... F.) Dgam
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Overall PLL Model with XOR Phase Detector
1

XOR PD: Kpq= =
---------------- J Loop Filter VCO
Drer(t) E : e(t) v(t) K Dout(t)
; Koal o H) F—— — —>
4 . Jf
1 — 4 |
D, () Divider
1 <
N

" Define A(f) as open loop response

Ky\ 1
A(f) = KpaH (D) (j f) K

= Where K4 Is defined as PD gain (1/x for XOR PD)

" Define G(f) as a parameterizing closed loop function

A(S)

=140
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Key Properties of G(f) Function

1
XOR PD: Koq= —

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

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

Ky

1

A(f) =
(f) = KpaH(f) (jf

|

N

" G(f) always has a DC gain of 1
= True since A(f) goes to infinity as f goes to 0

" G(f) 1Is lowpass in nature

Loop Filter VCO
v(t) K Dout(t)
H(f) f——| —X —>
Jf
Divider
1 <
N
A(f)
G —
D) [0 = 1347

= True since A(f) goes to 0 as f goes to infinity
" G(f) has bandwidth close to unity gain frequency of A(f)
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Closed Loop Response From Ref to PLL Output

1

XOR PD: Kpg= —
---------------- \ Loop Filter VCO
CI)ref(t) : E e(t) V(t) K CI)out(t)

..O_.Kpd ; o Hif) b—s] — —>

4 . Jf

. —4 !

Dy (t) Divider
1 <
N
d)out de(f)K’U/(Jf)

cbr(f 1+ (1/N)K dH () Ku/(5F)
(1/N)KpgH(f) Ko/ (5 f)

1+ (L/N)KpgH(f) Ko /(G )
AW

1+ A(f)

=|NG(f)

Lowpass with DC gain of N ‘
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Closed Loop Response From PD to PLL Output

1

XORPDKDd:E enit) Loop Filter VCO
D, oe(t) | ! e(t) v(t) Dyilt)
(D)o H | S
:+ - ; _]f
Dy (t) Div;der
N A
D ot o H(f)K’U/(]f)

en 14 (Kpg/NVH(F)K0o/GF)
_ N Kpa/NH(DE/G)
Kpa 1 + (Kpa/NYH() Ko/ G)
_N A [N
B Kpdl + A(f) KpdG(f)

Lowpass with DC gain of N/K 4 ‘
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Closed Loop Response From VCO to PLL Output
1

XOR PD - t<-p-d- =~E Loop Filter VCO CD\in(t)
Orer(t) et) v(t) Doye(t)

_;O—» Koal o 1 —— % (D

(Ddiv(t) Divi1der
N <4
cbout — 1
Pyn 1+ (Kpg/N)H(f)Ko/(Gf)
1 A(f)
— =1- =l1-G
1+ A(f) T+ A(f) ()

Highpass with high frequency gain of 1‘
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Consider A First Order Loop Filter

XOR PD: Ky = 1
A J Loop Filter VCO
(Dref(t) ; E e(t) V(t) K CI)out(t)
E»O—~Kpd ; o| H) f——] = —>
v+ : jf
ot —. '
Dy (t) Divider
1 ey
N
" First order loop filter
e(t) R, v(t)
BD—AW——
~ H(f) = ——
——C — :
1 L+35f/fp
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Closed Loop Poles Versus Open Loop Gain

Evaluation of Closed Loop Pole
Phase Margin Locations of G(f)
' Im{s
Open loop 4. [20l0g|A(f)| N CX ts)
gain ﬂ '
increased
Dominant '
pole pair B X
0dB ;
A X
Re{s}
0
-90°- .
A X
-120°- '
B X
-150°4 :
-180° — Vv oe X

" Higher open loop gain leads to an increase in bandwidth
but decrease in phase margin

= Closed loop poles start exhibiting higher Q



Corresponding Closed Loop Response

5dB T

Frequency Response of G(f) Step Response of G(f)

C
B

0dB

-5dB T

fo

" Decrease in phase margin leads to

= Peaking in closed loop frequency response
= Ringing in closed loop step response

Design of PLL dynamics is similar to
opamps and other classical feedback systems
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The Problem with a First Order Loop Filter

Open loop 4, [2010g|A(f)] Ky 1
_ v
incgr]earl\gedﬂ gggyugﬁg; A(f) = KpgH(f) (Jf) N
—A— i
0dB NN f
nE A(f)
RN G(f) =
L 14+ A(f)
00° angle(A(f)) o
: O ® Recall that bandwidth of G(f)
-120°- is roughly the same as unity
-150°-

-180°

gain frequency of A(f)

" To achieve good phase margin, f, >> unity gain frequency
= Implies that H(f) = 1 at unity gain frequency
= Bandwidth of G(f) purely set by K4, K,, and N

Limited freedom to choose desired closed loop bandwidth

24




Inclusion of a Charge Pump

" Charge pump current adds a new parameter that allows
more freedom in choosing the PLL bandwidth

" |Lead/lag filter is a common loop filter with charge pump
= Current into a capacitor forms integrator
= Add extra pole/zero using resistor and additional capacitor

. Icp 1+ Jf/fz
J(t) _ @Icp H(f) - (Scsum) 1+ Jf/fp
e
— ° clj |()t) . \ﬁ) " Where:
Down\ - Csum = 01 -+ 02
é T | fz= .
lep —_—C, 2mR1C5

_ Gi+0o
2mnR1C1C5

Tp

| Forms a Type |l PLL




Type | versus Type Il PLL Implementations

1
XOR PD: K= —

R L CE D J Loop Filter VCO
Drer(t) : : e(t) v(t) K Dout(t)
- Koo |5 ol Hip) f— = —>
'+ . Jf
1 — 4 |
D, () Divider
1 <
N

" Type |: one integrator in PLL open loop transfer
function A(f)
= VCO adds one integrator
= Loop filter, H(f), has no integrators
" Type ll: two integrators in PLL open loop transfer
function A(f)
= Loop filter, H(f), has one integrator
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VCO Input Range Issue for Type | PLL Implementations

" DC output range of gain block versus integrator

Gain Block

—_—)]

K

—

Integrator /

—»%—»

" |ssue: often need to provide attenuation through loop
filter to achieve a desired closed loop bandwidth

= Loop filter output fails to cover full input range of VCO

ref(t)

PFD

No
Integrator

¥

Loop

VDD —

Output Range
- of Loop Filter

Gnd —

Filter

t(t

Divider

7

N[k] I
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Options for Achieving Full Range Span of VCO

" Typel
= Add a D/A converter to provide coarse tuning
= Adds power and complexity
» Steady-state phase error inconsistently set
" Type ll
= Integrator automatically provides DC level shifting
= Low power and simple implementation
» Steady-state phase error always set to zero

Type | ; Type I
Output Range Output Range
Course of Loop Filter . of Loop Filter
Tune —>| D/A
Voo — : VoD —
No Contains
Integrator ond : Integrator
' nad — ! ' Gnd —
e(t) ~ V() 5 e(t) v(t)
AR .| Loop g E | Loop
P Fitter _’Q_' P Fiter [




Design of Type Il, Charge Pump PLL

Evaluation of Closed Loop Pole
Phase Margin Locations of G(f)
o I Im{s}
pen loop 20|l A(f .
gain 'W OloglA(f)] CX
increased '
: Dominant
BX pole pair
0dB : : f :
f, T : A
\C Non-dominant i -
o B pole \ R
e 8 e o i Rels)
angle(A(f)) Lo A : " BCo 40
120% <ol S ; . %
[ — PM =54° for B H ey
i N = PM = 53° for A ! N
0 = PM = 55° for C
-140°
B X
-160°) :'
-180°, 3 CX

" Placef, and f, based on phase margin, and open loop gain
based on desired PLL bandwidth

= Charge pump offers high flexibility in choosing PLL bandwidth



Negative Issues For Type Il PLL Implementations

Peaking caused by Step Responses for a Second Order
|G(f)] undesired pole/zero pair G(f) implemented as a Bessel Filter
\/ @ 147 Type ll: fffo=1/3
> . —
pr/fZ c:_l Type II: fz/fo=1/8
c 1+ 1/ .--=%
<
©
o
N 0.6
®
=
@)
Z
0 | | f 0 | : | |
f, f 1 2 3 4
Frequency (Hz) Normalized time: t*fo

" Parasitic pole/zero pair causes
= Peaking in the closed loop frequency response
* |ncreases PLL phase noise
= Extended settling time due to parasitic “tail” response
= Bad for applications demanding fast settling time
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The Need for Frequency Detection



Response of PLL to Divide Value Changes

jemmmmmmmmmmmaas N Loop Filter VCO
D ef(t) ! | e v(t) K Dout(t)
: el | H() | — >
L+ il I Jf
1 — 4 ]
Oy (1) Divider
1 A
N
N+1 ‘
N— ,;

Change output frequency by changing the divide value
Classical approach provides no direct model of impact of
divide value variations

= Treat divide value variation as a perturbation to a linear system
and use the PLL closed loop response

More advanced PLL models include divide value variations

= M.H. Perrott, M.D. Trott, C.G. Sodini, "A modeling approach for 2-A
fractional-N frequency synthesizers allowing straightforward noise
analysis,” JSSC, vol. 37, pp. 1028-1038, Aug. 2002.



Response of an Actual PLL to Divide Value Change

" Example: Change divide value by one

Synthesizer Response To Divider Step

© © ©

N

P o o W
T T T T
| | |

N (Divide Value)
[{e]
[N

(o]
N
|

91.8 I I I I I I I I I I I
40 60 80 100 120 140 160 180 200 220 240

=
0]
byl

[N
(o)
D
T

[N
o
N
1

Output Frequency (GHz)

I L I I I 1 I I 1 I I
40 60 80 100 120 140 160 180 200 220 240

Time (microseconds)

=
oe]
@

" PLL responds according to linear model of closed loop response!
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What Happens with Large Divide Value Variations?

" PLL response does not fit [inear model

N (Divide Value)
8 f® & 8

©
N

=
©
N

=
©

=
o)
)

Output Frequency (GHz)
b b
N 0

Synthesizer Response To Divider Step

40 60 80 100 120 140 160 180 200 220 240

40 60 80 100 120 140 160 180 200 220 240
Time (microseconds)

= What is happening here?
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Recall Phase Detector Characteristic

avgie(t);

ain = -1/n =1/n

g 14 gain
N i
-2|7I -ﬂ\yﬂ' 2ch (Dref(t) - (Ddiv(t)
-1

) phase detector ’
range = 2n
" To simplify modeling, we assumed that we always
operated in a confined phase range (0 to 2n)

= Led to a simple PD model

" |Large perturbations knock us out of that confined
phase range

= PD behavior varies depending on the phase range it
happens to be in
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Cycle Slipping

" Consider the case where there is a frequency offset
between divider output and reference

= We know that phase difference will accumulate

ref(t)

\ \ N N NS

div(t)

® Resulting ramp in phase causes PD characteristic to
be swept across its different regions (cycle slipping)

avg{e(t)}

gain=-1/x 414 gain=1/n

/\ y N /\
I l q)ref(t) - CI)div(t)
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Impact of Cycle Slipping

" Loop filter averages out phase detector output

" Severe cycle slipping causes phase detector to
alternate between regions very quickly

= Average value of XOR characteristic can be close to
Zero

= PLL frequency oscillates according to cycle slipping
= In severe cases, PLL will not re-lock
= PLL has finite frequency lock-in range!

XOR DC characteristic
cycle slipping

>

5 \//4;\\” //2\ e

O

ref =

(Ddiv
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Back to PLL Response Shown Previously

" PLL output frequency indeed oscillates
= Eventually locks when frequency difference is small enough

Synthesizer Response To Divider Step

©
o
T

©
(63}
T

N (Divide Value)
8 R
I I

©
N

| | i I I I L |
40 60 80 100 120 140 160 180 200 220 240

=

©

N
\

=
©
\

=

©

o
T

=
®
N

Output Frequency (GHz)
8

I I I I I I I I I I I
40 60 80 100 120 140 160 180 200 220 240

Time (microseconds)

= How do we extend the frequency lock-in range?
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Phase Frequency Detectors (PFD)

" Example: Tristate PFD

14D Q
ref(t) m——p

Div(t) _+: I
Vo 5
Down(t) ﬂ
Et) (1):

U
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Tristate PFD Characteristic

® Calculate using similar approach as used for XOR
phase detector
avg{e(t)}

1__
gain = 1/(2m) /
—27 \)
/ . (I)ref - (Ddiv
1__

A 4

phase detector
range = 4n

" Note that phase error characteristic iIs asymmetric
about zero phase

= Key attribute for enabling frequency detection
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PFD Enables PLL to Always Regain Frequency Lock

" Asymmetric phase error characteristic allows positive
frequency differences to be distinguished from
negative frequency differences

= Average value is now positive or negative according to
sign of frequency offset

= PLL will always relock for type Il PLL

Tristate DC characteristic

cycle slipping

|
|
I
/I/V/I/
|
|
|
|
R L’ ' q)ref' cI)div
O’ "
4 .

1 lock
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The Issue of Noise

Reference Reference Charge Pump VCO Noise
Jitter Feedthrough Noise
| ‘ ‘ | |Vo dB/dec
f f f f

‘ T 1/T
nnr innn J e I
ref(t) e(t) Charge Loop vy
A’H_’ Pump Filter |_>6\1>—_>
nnrt |

div(t) | Divider |<
Divider

Jitter t T

;

®" Each PLL component contributes noise that impacts
overall PLL output phase noise

" Achievement of adequately low PLL phase noiseis a
key issue when designing a PLL
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Modeling the Impact of Noise on Output Phase of PLL

Divider/Reference Reference Charge Pump :
Jitter Feedthrough Noise VCO Noise
S (f
(Djlt(f espur cpn (Dvn( )
l | I l WB/dec
T 0 f
jit[k] espur(t) cpn(t) q)vn(t)
Dylk] ¢ b AN\e) V) 7K o)
= Koa [ = 20 ———— T
'\__—_ _____________ 2 Charge Loop Filter
PFD Pump Impedance VCO
(Ddiv[k] 1
<
N
Divider

" Determine impact on output phase by deriving
transfer function from each noise source to PLL
output phase

= There are a lot of transfer functions to keep track of!
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Simplified Noise Model

PFD-referred VCO-referred
Noise Noise
Se, () S, ()
l | WB/deC
o AT : f
DjilK] e, (t) H(f) Dyn(t)
Okl AN : ) T T w 0,(t)
ref . . | e v KV | out
m Kpd —-> i > Icp > Z(f) > r | —
[ 2 Charge  Loop Filter
PFD Pump Impedance VCO
P4, K] 1
<
N
Divider

" Refer all non-VCO PLL noise sources to the PFD output

= PFD-referred noise corresponds to the sum of these noise
sources referred to the PFD output

= Typically, charge pump noise dominates PFD-referred noise
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Leverage Previous Transfer Function Analysis

PFD-referred VCO-referred
Noise Noise
Se () Sy, (f)
l | WB/deC
3 T ; f
Dji[ K] en(t) H(f) D, ()
o Kl AN k t T T D, (1)
re . : e v K ou
| mn Kpa [T | " lep " Z(f) > jfv | —
'\__—_ _____________ ; Charge Loop Filter
PFD Pump Impedance veo
g K] 1
<
N
Divider
PFD-referred noise ® VCO-referred noise
= Lowpass with DC gain of N/K 4 = Highpass with gain of 1
P N D
out — G(f) out — 1 . G(f)

en K pd Doyn



Transfer Function View of PLL Phase Noise

PFD-referred VCO-referred poTTTTITTITIII T T, .
Noise Noise N !
Sen(f) Sq)vn(f) E NE i
[ (72} i

l | WB/dec | | & |
1 | O "

| Q) H

T f T f : DC :
0 1T 0 E |
en(t) (Dvn(t) i E

: l s s

|

. N . T ‘

| —-— | 1-G(f & '
AN oL VA U S E
e |

V|8 !

CI)npfd(t) (Dnvco(t) | 1 !
! |

! 1

\ [

CI)out(t) ............................. 4

" PFD-referred noise dominates at low frequencies
= Corresponds to close-in phase noise of synthesizer

" VCO-referred noise dominates at high frequencies
= Corresponds to far-away phase noise of synthesizer
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Spectral Density of PLL Phase Noise Components

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

PFD-referred VCO-referred I
Noise Noise I N
S, (f) S, (f) P T
l | 2
wwdec | .S
' ©
| 0
f | P
0 1T 0 f i
en(t) D,,(t) |
} } ;
. N . I
| —G(f : 1-G(f S
AN o N VA (" %
R
|3
CI)npfd(t) (Dnvco(t) | 1
|
|
CI)out(t) M

" PFED-referred noise: " VCO-referred noise:

N
Scb'npfd(f) — —G(f)

Kpqg
" Overall: So,,(f) =Se, ,(f) + Sw,,,(f)

2

p

e ————————

So, () S (f) =11 = G(HI? S, (f)
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Take a Closer Look at Charge Pump Noise

-

C{r' M

current
bias

/ PR
Wp
iz w
M, | L
current

source

" Spectral density of charge pump noise is a function of
device noise and pulse width

= Short pulse widths reduce effective charge pump noise

Tristate PFD has an advantage of allowing short pulse
widths (i.e., lower noise) during steady-state operation
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Impact of Transistor Current Magnitude on Noise

oo
Iblas C /
_2 I

@
=
Q—,'\,|
—|=

current __Cbig current
bias i source
" Charge pump noise will be related to the current it
creates as 72

Icp
Sfcpn(f) X A—f = 4kTv94,

" Recall that g4, Is the channel resistance at zero V4
= At afixed current density, we have

ng X ICPW X ICP = ‘ S.[(j})’n‘(f) X ICp

= Therefore, charge pump noise is proportional to I,
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Analysis of Charge Pump Noise Impact

Chalr\lg;SPeump VCO Noise
s, (f) Saoyn(f)
cpn
meeC
PFD-Referred
Noise 0 f 0 f
CI)jit[k] en(t) Icpn(t) CI)vn(t)
K] ¢ T ANe Vi) K (1)
5+<f>-‘ Koc ?é o leo 260 —|—— (1
N I 2 Charge Loop Filter
PFD Pump Impedance Veo
CI)div[k] 1
<
N
Divider

" Transfer function from charge pump noise to PLL output
Is found by referring noise to PFD output by factor 1/l

(Dout — ( 1 ) (bout — ( 1 ) N G(f)
1 cpn 1 Cp €n 1 cp Kpd
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Increasing I, Leads to Reduced Noise at PLL Output

Ch P .
a[r\lggseump VCO Noise
1.0 Saoyn(f)
meeC
PFD-Referred
Noise 0 f 0 f
CI)jit[k] en(t) Icpn(t) CI)vn(t)
DKl ¢ Tt AN el v R Py (1)
5+<f>-‘ Koc ?é o leo 260 —|—— (1
N I 2 Charge Loop Filter
PFD Pump Impedance VCOo
CI)div[k] 1
<
N
Divider
" Qutput phase noise due to charge pump:
2 2
1 N 1 1
S, (f) = ( ) G(f)| Stpn(f) o< |— Iep | ox —
out I(jp Kpd Cpn. I(jp I(Zp
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Issue: Increasing |, Leads to Larger Loop Filter

Charge Pump

Noise VCO Noise
S'cpn(f) Sq)vn(f)
wwdec
PFD-Rfeferred | . Z|(S) | f
Noise 0 S(C1C,) 0
CI)jit[k] en(t) Icpn(t) ' q)vn(t)
DIl § T ANe v R o)
5+><f>-‘ Kod T»é = 2) |——— (1
N I 2 Charge Loop Filter
PFD Pump Impedance Veo
CI)div[k] 1
<
N
Divider

" To keep PLL BW unchanged, assume I.,/(C;+C,) is held
constant (to maintain open loop gain)

Area gets larger since increasing |, leads to
Increased loop filter capacitance (C,+C,)
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Better Approach: Increase PD Gain to Lower Noise

Charge Pum :
Ngoise P VCO Noise
S,...(f) Soyn(f)
wwdec
PFD-Referred
Noise 0 f 0 f
(Djit[k] en(t) Icpn(t) O, (1)

D, ,[K] .’ \‘. é e(t) v(t) K é@out(t)
: Koy > | v | .
5+’<>—~ pa - - Cp—%i>—> 2() ——= (1
R E 2 Charge Loop Filter

PFD Pump Impedance Veo
PaylK :
<
N
Divider

" To keep PLL BW unchanged, assume I ,,K 4 held constant
= Loop filter can remain unchanged as K, Is increased

2
1 N 1
SCDOwg(f) — (Icp) KpdG(f) Sfcpn(f) X Iep | —Kpd
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Can We Increase PD Galin for a Charge Pump PLL?

Charge Pum :
Ngoise P VCO Noise
S,...(f) Soyn(f)
wwdec
PFD-Referred
Noise 0 f 0 f
(Djit[k] en(t) Icpn(t) O, (1)

D, ,[K] .’ .“. é e(t) v(t) K »écbout(t)
: Koy > | v | .
5+><>—~ pa - - cp—%i>—~ 20) —|—= (1
R E 2 Charge Loop Filter

PFD Pump Impedance Veo
PaylK :
<
N
Divider

® XOR-based PD provides factor of two higher gain than a
tristate PFD

= Key issue: carries an overall noise penalty since the charge
pump is never gated off (i.e., generates long pulses)

= XOR PD rarely used due to its noise penalty
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Key Issue of Tristate PFD: Charge Pump Mismatch

14D Up(t) @I‘:p"‘g
Ref(t) —p & _T >

RC
—» | Network

1dp a _l Down(t) R lin
Div(t) —p
Reg lcp

PD & Charge Pump Characteristic
— avg{lin(t)}
Ref(t) .| | leptet  Gai lepte

Uelt) J_ [ I I— Gain = |2c_p b \ 2

Down(t) I I " |_| T ¥ HleoT  [Nonlinearity

" Mismatch of charge pump Up/Down currents leads to
nonlinearity in the PLL phase comparison path when
tristate PFD used



Nonlinearity Causes Noise Folding with Frac-N PLLs

avg{ln}
1-81 T

2

5 = Dref(t) - Dan()

Tristate PFD ‘ Nonlinearity
at origin

VCO

Out(t)
O

i Divider |<
>—A Quantization Noise

f
|("“ N[k] HIRHAHEH m.F
f

" Significant analog design effort is often required to avoid this issue
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Summary of Charge Pump PLL Issues

=Divider|<
" Tristate PFD has issues with
= Low PD gain — leads to increased loop filter for given PLL noise
= Charge pump nonlinearity — causes guantization noise folding
" Charge Pump has issues with

= Nontrivial analog design effort for wide range, high output
Impedance, low leakage, reasonable matching, low noise

Are there alternative analog PLL architectures?
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How Do We Achieve Higher PD Gain?

F

Ref(t) —p J >

RC

Network

115 _1 Down(t)
. Q >
Div(t) —D
Reg lpump

Phase Detector Characteristic

avg{U
1

p(t)-Down(t)}

Down(t) I I " |_|_

" Use tristate PD as our starting point

Up(t) J_ [ iI ? I_ PD Gain = %‘r E

cberror

= Range of detector spans 2 Reference periods (i.e., 4n radians)

= PD gain is 2/(PD range) = 2/(4n) = 1/(2n)
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Sampled PD Achieves Much Higher PD Gain

Ref(t) Sampling PD

LI L L =3Py veo
+ v corrar—] Viune(t) Out(t)
MMMMMMW _/—I/l— Loop Filter —>

C C.

pe . 1
P .
P .
P .
P .

1+ *
-1 —\/W\ Gao, Klumperink, Bohsali, Nauta, JSSC, Dec 2009

PD Range = n/N
" Directly sample VCO signal at reference edges
= PD gain becomes 2/(n/N) = 2N/t assuming
= N =VCO Frequency)/(Ref Frequency)
= PD output voltage range assumed to be -1 to 1

Yields much lower in-band PLL noise, but constrained
to integer-N PLL structures
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Achieving Higher PD Gain for a Fractional-N PLL

«— 21 —>

Ref(t) | avg{\{c_n(t)}
Div_4x(t) |I ” ” ” ” | ” ” ” ” ” ”
: — b Derror
vp(t) f : ] PD Gain = o— & |
Down(t) J- |_ |_

Up(t)
Gain
PD Down(t) +

> / C1== Ve (t)

Div(t) —p

i A4

" Develop a PD with reduced phase error range in which
Up/Down pulses vary in width in opposite directions

= Need an appropriate loop filter topology that properly leverages
the reduced PD range for higher PD gain



Key Implementation Detail:

Use Switched Resistor

< 21T —>
Ref(t)
Div_4x(t) |I ” ” ” ” | ” ” |'| I‘l " |'|
Up(t) ([] I 1
Down(t) j |_ |_
See also: Ref(t) —p High
Hedayati, Bakkaloglu Gain
RFIC 2009 PD

Div(t) —p

avg{Vc1(t)}

cbe rror

" Switching to voltage Supply/Gnd causes V_,(t) to reflect the
average of the Up/Down pulses within the reduced PD range

= PD gain is increased since full voltage range at V_, achieved
across areduced phase error range
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Implementation of High Gain Phase Detector

Delay Buffer For Non-Overlapping Up/Down PulseS\
Down(t)

v

/
o _)D > [>— ety
40 aH-+{D a Q D Q D Q
Ref)Y — aoH » Q| @ > Q |-> QH
Div_4x(t) & & l-
> — “> Phase Detector Characteristic
Ref{(t)
—Tror— avg{Up(t) - Down(t)}
Div 4x(t)J'|L'| " ”_ﬂ Lﬂ H_” ] " ”_
Up(t) | — B /' cIDerror
Down(t)_l- |_ |_ 4_
> €
Tdiv
= Use 4X higher divider frequency 1 I:iz %

= Simple digital implementation
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Multi-Phase Pulse Generation (We'll Use it Later...)

E\)! > Mid(t)
> [ _\)’ ) Down(t)
\
[ ) o— > > [>— ety
[ L — Last(t)
D QD QfF—D Q—eD QpF—¢|D QY Short Pulse
Reft)Y—s aH o a|l » a| » a|l » a} |_ Generator
DiV_4X(t) ® ® ® ®
Ref{(t) ‘B T CE Phase Detector Characteristic
Tt — — i avg{Up(t) - Down(t))
Div_4x(t)J'I"n""""""""n : /1
P T ! == - -

Up(t)f I I 7 /' Perror
o | : Vil o

Down(t) ' i
- . - Tdiv 2Tr'<—
Mid(t) Tdiv 0 Tref
. PDGain=Jefp=8
LaSt(t)J-l n " :. 21 Tgiv 27 ‘




What If We Use A Charge Pump with the High Gain PD?

Up(t) @ lpump
>

Gain *
PD  |Down(t) Network

Div(t) —p >
lpump

Phase Detector Characteristic

— 27T —>
Ref(t) | B avg{:lf(t)-Down(t)}
Div_4x(t) " ” ” ” ” ” ” ” ” ” ” ” o
= M ' h — : Derror
wo FL__ | Pocain= 2% 71 ¥
Down(t) | 1 M T4l

" PD Gain increased by 2 compared to tristate PFD
= Reduced phase error range and max/min current occurs
" High linearity despite charge pump current mismatch
= Similar to XOR PD, but noise is reduced



Increasing Feedforward Gain While Utilizing Charge Pump

T~ Vdd PD Supply RC
Ref(t) Up(t)\ Vi,no(t) &t Gain Gain Network
_> une
Hig!h (Low Ky) ref( ) i > \@ > 1 >
Div_4x(t) GPa[l)n Down(t) R 2 27 2 1+SR1_efC1
. 7/ Ci— Dy (t) PD Charge Integration
1 gnd L - div Gain  Pump Cap
2 1
| > 2 Bl - b
See also: C-@ PP Viine(t) 27 sC>
i —> (High Ky)
Craninckx, + iy
JSSC,Dec L
1998 @I o
pump

" We can use the high gain PD in
a dual-path loop filter topology

= But we want a simple design!

Can we remove the charge pump to reduce
the analog design effort?
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Passive RC Network Offers a Simpler Implementation

=T~ Regulated Vygq Rs
Ref{(t) High Up(t) > \ R R YWy Viune(t)
| Gain M A—t T t_>
Div_4x(t) | Phase | Down(t) + 3
——>| Detector [— / Vei(t) == C = R o
Lend L L L
> e > ‘
Ref(t)
oiv_axt) [0 Jd 0 0 {0 e camn =
up(t) [ 1 |7 [Hw)|
Down(t)J_ M N Cs

" Capacitive feedforward path
provides stabilizing zero

" Design effort is simply choosing
switch sizes and RC values
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The Issue of Reference Spurs

=T~ Regulated V4q Rs
il High aldl > \ R R MWW Viune(t)
Gain L e —3 1 t_>
Div_ax(t) | Phase | Down(t) + A
—| Detector [—» 7/ Vc1(t) - C1 Co f — C3
4 G6nd L .
> > >
Ref(t) |
oiviaxt) [ L L L] " Ripple from Up/Down
up(t) | [l N n pulses passes through
Down(t)J_ — — to VCO tuning input
Vc1(t)—\/ \/ \/
Is there an easy way to
reduce reference spurs?
Viune(t) ™~ N NS



Leverage Multi-Phase Pulsing

— Regulated Vg4

R2/2

Mid(t) l
Rs/2
l —AWW~"

Last(t)

R3/2

Vtune(t)
| }
i1

= C;

" Ripple from Up/Down pulses

Div 4x(t)J|_J| | | ||_J| | 1 ||_|| [ blocked before reaching VCO

= Reference spurs reduced!

= Similar to sample-and-hold

technique (such as Zhang et.
al., JSSC, 2003)

Ref(t) . Up(t)
(H;'g.h >\ R Ro/2
ain ! AV
Div_4x(t) | Phase | Down(t) -
—| Detector p—>» / Vc1(t) == Cq
4 G6nd 4L
> > >
Ref(t) |
Up(t) .
Down(t)J_ ] ]
Ve~ \/ \/
Mid(t)
Last(t)

Vtune(t)

There is a nice side benefit
to pulsing resistors...




Pulsing Resistor Multiplies Resistance!

Igr; J. A. Kaehler, JSSC, Aug. 1969
and
P. Kurahashi, P. K. Hanumolu,
— ; > G. C. Temes, and U.-K. Moon,
& Pene JSSC, Aug. 2007
Pulse_On(t)
¢ R eff = TperiOdR
R/2 R/2 - - Ton
O—AW~" AW —0 O——AWW——0

" Resistor only passes current when pulsed on

= Average current through resistance is reduced according
to ratio of On time, T, versus pulsing Period, T, o

= Effective resistance is actual resistance multiplied by ratio
Tperiod/Ton

Resistor multiplication allows a large RC time constant

to be implemented with smaller area
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Parasitic Capacitance Reduces Effective Resistance

Ton
<+
< >
& Tperiod
Pulse _On(t) Toariog
R < perio R
R/4 R/4 < Ton
p . Cr Cp
= Parasmc capamtance stores charge during the pulse
“On” time
= Leads to non-zero current through resistor during pulse
Off time

= Effective resistance reduced

Spice simulation and measured results reveal that
>10X resistor multiplication can easily be achieved
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Multi-Modulus Divider Allows Short Pulse Generation
UL r
out(t) — R S gTTTTTRRT oot s
out(t) ) o E Latch Latch out E
- )y D Q D Q
pulse_width_2x = 05 |[: l: ck ck

pulse_width_2x =1

E conr rmodout
Ve *':: ------------------------------------------
pulse_width_2x Divide-By-2/3 Stage | Divide-By-2/3 Stage *~. Divide-By-2/3 Stage _,.-**""
in(t) | clk out I clk out »| clk out| Y99
modout modin modout modin |« modout modin j¢—
con con con
CONg con1 cona

" Creates well controlled pulse widths corresponding to
multiples of the period of its high speed input

= Standard circuit used in many fractional-N PLL structures
= Pulse width can be changed by tapping off different stages

))ﬂ"t(t) E clk E
: Latch Latch
: QD QD modin ;
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Utilize Short Pulses from Divider in the High Gain PD

Ref(t)—

F’D Mid(t)
{ _\)D Down(t)
) > > [>— iy
[ Q Q Q al—p a Short Pulse [ -2St®)
a a a a B akH |_ Generator
<

Div_4x(t)

<=

Ref(t)

Div_4x(t)

Up(t) : [

Down(t) |

Mid(t)

Last(t)J]

" Short pulses from divider
output are used to clock
the PD registers

" PD state is used to gate
divider output every 4
cycles to form Last pulse

= Lower pulse frequencies

can also be implemented
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Switched Resistor Achieves PLL Zero with Low Area

Last(t) T
. period
Regulated Vgq Mid(t) o Ra/2
3 3
Uplt) | Ton
— AV —— W~ —¢
Down(t) +
— Vc1(t) == C1 = C>
Gnd - —

" For robust stability, PLL zero
should be set << PLL BW

= Example: PLL BW = 30kHz

= Assume desired w, = 4 kHz

= Set C; = 2.5pF (for low area)

= Required R; = 16 MegaOhms
= Large area

Example: Proper choice of T, and T,.,4 allows
R; o = 16 MegaOhms to be achieved with R; = 500 kOhms!




Overall Design of Loop Filter

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

R3_eff
: MWW :
Vi(t)  Ri_eff R2_eff . Viune(t)
. MWWy MWW ¢ 1] *—> :
C
I Ciq T Co f T C;
PD Suppli{“\ ‘
Gain Gain ‘., H(s) VCO
CDref(t) a. N Vad Vlf(t)» 1+ siw, Vtune(tl 21-K, cI)out(t)
+ 21 2 (1 + siwpg)(1 + siwpz) (1 + s/wp3) s
chiV(t) \ 1
<
Nnom
P A
: ‘= 21R3_ffCs P2~ 21B1R1_effC1
1 foe ] ;
P2 2nBaR1_effC1 |

______________________________________

Examples: (assume Cq = C>)
R2_eff = R1_eff = $1=0.38, $2=2.62
f  Ra_eff = 2Rq_eff = p1=0.29, B2=1.7

Overall PLL Unity Gain

Crossover Region
1 1

1 1
1 1
for f, fo2  fp3

" Apply standard transfer function analysis to achieve desired PLL
bandwidth and phase margin




Noise Analysis (Ignore Parasitic Capacitance of Resistors)

Supply 4kTR1q e

(Dref(t) ( )
+

PD

Gain Gain
8 L) Vad
2T 2

cI)div(t)

L R1_eff L
\ — C;

Voltage
Signal -

4kTR2_eff

R2 eff

4kTR3 eff

R3 eff

_Q_M_ilt:ne
|1
11

== C, Ct = C;

" Assumption: switched resistor time constants are

much longer than “on time” of switches

= Single-sided voltage noise contributed by each resistor
IS simply modeled as 4kTR_; (same as for a resistor of
the equivalent value)

® Note: If switched resistor time constants are shorter
than “on time” of switches
= Resistors contribute KT/C noise instead of 4kTR

= We would not want to operate switched resistor filter in
this domain since time constants would not be boosted
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Issue: Nonlinearity in Switched Resistor Loop Filter

Vdd 1T~

Ref(t) Up

> Phase ——3 "\ R, Ry/2

Detector
® YWW —WW—"e 0o
Div_4x(t) & Down +

_ ) Pulse Gen ——p / Ve C1

Gnd - -
> > > . . .
Ref{(t) — " Nonlinearity is caused by

— = Exponential response of

Div_4x(t) J_:_U_M:-U_M _|_ RC filter to pulse width

Up ! modulation
=% i ‘ = Variation of T,..,, due to
D : ) mm _
own J_ ; |_ [ Sigma-Delta dithering of
—p ¢, . .
' Ton Thold | divide value
< P . . .
Tperiod ® Note: to avoid additional

Vet NV Vakal VValk \/Valk#1] nonlinearity, design divide
value control logic to keep

T,, a constant value



Nonlinearity Due to Pulse Width Modulation
Ref(t) Up Vaa T
—_— Phase >\ R R./2
Detector . ! 2
[ 2 WW/ (X X
Div_4x(t) & Down + . .
——»| PulseGen [———» / Ve =C1+ ® Pylse width modulation
— endL nonlinearity is reduced as
Ref(t) B ratio AT/(R,C,) is reduced
Div_4x(t) i = If AT/(R,C,) Is small:
w [T e 1
: i : : eRchAT ~ 14 AT
Down : | Rlcl
< > < g
Thold E Ton i . . . . .
“—— = This implies nonlinearity
Ton/ZEAT Topl2-AT is reduced with lower
Ve ’ ' .
t N Valk] N Valk PLL bandwidth

L iy

1L Lo 1 Ap
te MV [k-1]4+Vyy,

Ve lk] = —Vyze FiC1 2 eFaCh




Key Design Issue: Folded Noise versus Other Noise

L{f) (dBc/Hz)

-100

-110

120 F--

130 ---

-140

-150

-160

-170

-180

-180

Folded Slgma Delta Sy
Quant N0|se

i | Phasenoisereferredto | | i ]i:

VCO carrier frequency SRR

UIU1 ;1|:1|1 P .....1| E1iD

Freguency Offset from Carrier (MHz)

ue to nonlinearity is reasonably

" Folded guantization noise
below other noise sources for this example

= However, could be an issue for wide bandwidth PLLs

" Use (CppSim) behavioral simulation to evaluate this issue

N
N
[N

—-92

+-102

—_
—_
N

Spurs (dBc)

—-132

+-142

—-152

—-162

/8



The Issue of Initial Frequency Acquisition

Regulated Vgq

Up(t
Plt) .
Down(t) ! W -+
—> V=
L Gnd -

R2/2

=C1

R3 eff= 16MegaOhms

R2/2

—WW—~" W —

““WW—

— C2

Ct

? >Vtune(t)
— C3=35pF

" During initial frequency acquisition, V,,..(t) must be
charged to proper bias point

= Following through on previous example:
= Large 16 MegaOhm resistance of R; 4 prevents fast

settling of the voltage across C,
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Capacitive Divider Sets Instantaneous Voltage Range

Pulse_Last
Pulse_Mid l
Vad T
Ref(t) U Rs/2 ¥ Ra/2
— Phase _p} \ l s out
Detector R1 R2/2 R2/2
& Down ¢ WW ““W\—»
Div_4x(t) +
— 3| PulseGen F——» / Vi == C; L, Cs c
Gnd - e = 1
Phase Detector and Supply Gain Characteristic
E avg{V(t)} ain = - Vad . AC (ci:aln
: 9aIn = o1 72 G
: Vda - : C3+Cs  Vdd
: Instantaneous
: ‘ mm Outrange
: C
l ' = Vyd —r
: : C3+Cs
Gnd Dref-Ddiy Gnd

1
L}
L}
A\ J

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

How do we quickly charge capacitor C; to its correct
DC operating point during initial frequency acquisition?
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Utilize Switched Capacitor Charging Technique

T~ Regulated Vg4q R3/2  R3/2

Up(t) A Viine(t)
> R R22  Ryl2 "w"'_i_”;'e ———Vqd
—— AW —— AW~ W —9 | {—+—(—+6Gnd

Down(t) -+
— >/ Vea(t) 5= C1

Gnd L L L L
LCounter —»| ACount>4p»| Charge Low
ACount < 4| Charge High

Ref(t) [’ S

|1
1
Q)
N
(@)
o
O
o
|1
1

Div_4x(t) . Connect
ACountI —’_,_ Reft)_ LSSJ
| Charge Low(t)
R _ 5§
Tdiv_4x Charge High(t) SS—I_—
< Trer g Connect(t) 5§ L

" Charge C; high or low only when frequency error is detected
= No steady-state noise penalty, minimal power consumption 81



CppSim Behavioral Simulation of Frequency Locking

1

VVVVV | | | | [ | | | ]

vtune _

| I . L N

!, [ | VVVVVVV I, - [ ,,I VVVVVVVV e I,,,, ]

*********** charge_high |
ililinnn. . 1 . . . .

***** ~ chargelow |
; | | | | | | |

10 30 40 50 60 70 80 90 100

Time (microseconds)

fast frequency

Switched capacitor technique allows relatively

locking
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PLL Application: A MEMS-based Programmable Oscillator

Quartz Oscillators MEMS-based Oscillator

source: www.ecliptek.com \/ -
" A part for each frequency " Same part for all frequencies
and non-plastic packaging and plastic packaging
= Non-typical frequencies = Pick any frequency you want
require long lead times without extra lead time

We can achieve high volumes at low cost using IC fabrication
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Architecture of MEMS-Based Programmable Oscillator

5 MHz 750-900 MHz 1 to 115 MHz

Oscilla_tor _Sustaining J_J- Fractional-N ,|,|,|‘ Prlc:)grammable ”—”—”J
Circuit and Synthesizer requency |
Charge Pump Divider Continuously

Programmable

MEMS
Resonator

Digital
Frequency Setting

" MEMS device provides high Q resonance at 5 MHz
= CMOQOS circuits provide DC bias and sustaining amplifier

" Fractional-N synthesizer multiplies 5 MHz MEMS
reference to a programmable range of 750 to 900 MHz

" Programmable frequency divider enables 1 to 115 MHz
OUtpUt 84



Compensation of Temperature Variation

Freq Error (ppm) Freq Error (ppm)

|
\~\ Temp 5 MHz 250-900 MHz | Temp
Oscillator Sustaining J_ Fractional-N ,|,|,|, Programmable J-|-|-|-|-|-[

Circuit and Synthesizer Fre_ql,.lency |
Charge Pump Divider Continuously

Programmable
1 to 115 MHz

Freq Compensation (ppm)

MEMS
Resonator

Temperature Digital
Sensor Logic
Digital
Frequency Setting
" High resolution control of fractional-N synthesizer allows
simple method of compensating for MEMS frequency
variation with temperature

= Simply add temperature sensor and digital compensation logic ..




Why Use An Alternative Fractional-N PLL Structure?

Freq Error (ppm) Freq Error (ppm)

|
%Temp 5 MHz 250-900 MHz | Temp
Oscillator Sustaining J- Fractional-N ,|,|,|, Programmable J-|-|-|-|-|-[

Cgiar:;”;tpau"r:p Synthesizer F"Sio\ll‘:g::y Continuously
Programmable
1 to 115 MHz

Freq Compensation (ppm)

Resonator

Temperature Digital
Sensor Logic

Digital
Frequency Setting

Want to achieve low area, low power, and low design complexity

Switched resistor PLL provides a nice solution
for this application space
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CMOS and MEMS Die Photos Show Low Area of PLL

-
-’

llllllllll IlII

/ﬁ’\

-

—_—!
IIIIIIIII J
T

E
£ |
0

® Active area:

= VCO & bhuffer &
bias: 0.25mm?

= PLL (PFD, Loop
Filter, divider):
0.09 mm?

= OQutput divider:
0.02 mm?

B External supply

= 1.8/3.3V

Ml current (20 MHz

output, no load)
= ALL: 3.2/3.7mA
= VCO: 1.3mA

= PLL & Output

Divider: 0.7mA 87



Measured Phase Noise (100 MHz output)

Agilent E5052B Signal Source Analyzer 8| x|
pPhase Noise 10.00dBf Ref -20.00dBc/Hz 5
-20.00 r Carrier 99.999117 MHz 7.5536 dBmy Marker Function

>1: 1 kHz | -84.2907 dBc/Hz
Xz S;gro'; 10'(352 Band Marker X
Center 20.0005 MHZz
Span 39.999 MHz
-40.00 === _NO1s5& ===
Analysis range x: Band Marker
Anallysis rRange Y: Full Range
000 Intg Noise: -42.5997 dBc / 40 MHz
LU RMS Noise: 10.4841 mrad

600. 692 mdeg Analysis Range (Y)

RMS Jitter: 16.686 psec

:::: Residual FM: 33,9454 kHz - Ref Spur -65 dBC

|me

-140 dBc/Hz \\M
Integrated Phase Noise:

17 ps (rms) from 1 kHz to 40 MHz

100 Hz I 30 kHz . 40 MHz

Stop 40 MHz | |

Phase Noise: Meas ctrl oV ExtRefi]|ExtRef2 <vc|2009-09-03 10:20

" Suitable for most serial applications, embedded systems and
FPGASs, audio, USB 1.1 and 2.0, cameras, TVS, etc.
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Calculated Phase Noise Profile of Overall PLL

-60 T LA i | il il T T
: Integrated Phase N0|se—166ps (rms) (1kHzto 40 MHz) -
0 N o e A S o
SO0 b r NI -
= SO0 F o ———— s e _
I
&
3 SP00 o T T INQU N e e e
()]
L0 [t NGO NN .
o
Z
% 120
©
i L Y AR
30 oo NG NN _
-140 0utput~-
_ Buffer:
50 e N e

-160

Note that loop filter noise is well below other PLL noise sources

Calculated Phase N0|se (100 MHz carrler)

100 1k 10k 100k 1M 10M 40M

Frequency Offset from Carrier (Hz)
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Simulated Impact of Switched Resistor Nonlinearity

Simulated Phase Noise Impact of S-D Noise Folding (100 MHz carrier)

90 T :
Overall Phase Noise

AQD |t NG

aol AN

420 |- oy 4 -------- 5..ﬂ.f..fffﬂf ...... RN .
s|mu|ated ' o b SO :
/ simulated

Phase Noise (dBc/Hz)

A30 F .

lauisa /TSN

-150

1k 10k 100k 1M 3M
Frequency Offset from Carrier (Hz)

" Noise folding below other PLL noise sources
= More significant for third order Sigma-Delta



Frequency Variation After Single-Temperature Calibration

50
40/

30

20

10/

0_,,, ‘

10F |

201

Frequency V ariation (PPM)

300

40

.50 | ;
-50 0 50 100
Temperature (degC)

< +/-30 ppm across industrial temperature range
with single-temperature calibration

91



Conclusion

" We took acloser look at the classical charge pump PLL

= Very versatile structure
= Requires a fair amount of analog design effort
" Alternative PLL structures can provide low area, low
power, and reduced analog design effort
= High gain phase detector lowers impact of loop filter noise

= Switched resistor technique eliminates the charge pump
and reduces area through resistor multiplication

= Switched capacitor frequency detection enables reasonable
frequency acquisition time with no noise penalty

Application specific PLL structures can provide
worthwhile benefits over a classical analog PLL structure
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