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Overview

® Main Readings

O B. Razavi, Chapter 15 of Design of Analog CMOS Integrated Circuit,
2002.

O Cicero S. Vaucher, Chapter 2 of Architectures for RF Frequency
Synthesizers, 2002

O Dean Banerjee, PLL Performance, Simulation, and Design.

® Outline

Simple Phase-Locked Loops
Charge-Pump Phase-Locked Loops
Nonideal Effects in PLLs
Jitter/Noise in PLLs

Applications of PLLs

Behavior Simulation
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Simple Phase-Locked Loops

PLL ICs

Why phase-lock ?

- Jitter Supression

T T+t T+, Teat,

- Skew Reduction
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- Frequency Synthe5|s

434
fout 900 ~ 925 MHz
(in 30 Khz steps )

Micro-processor

- Clock Recovery
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Data
Recovered
clock
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PLL ICs
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What is PLL ?

Phase
Detector

Reference X(f)

signal

Loop Synchronized | Y (L Synchronized
Filter Oscillator signal

® Operates on excess phase of x(f) and y(t).
® Feedback system with PD as an error amplifier.

® “Locked” when phase difference between input and output is
constant with time.
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History of PLL

® First PLL: 1932 by de Bellesize, Coherent communication

® First PLL IC: 1965, purely analog (Linear PLL)

® First Digital PLL: around 1970 (using Digital Phase Detector)

® All Digital PLL: Digital Filters, NCO (Numerically Controlled
Oscillator), ...

® Software PLL: Using DSP

® 1990s: Most of the PLL is Charge Pump PLL
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Terminology

® Locking
When VCO output is in phase as well as in frequency with the reference
input signal
® Lock Range
Input frequency range over which the loop can maintain locking
® Capture Range
Input frequency range onto which the loop can lock
® Free Running Frequency
VCO running frequency when no input applied
® Acquisition Time: Pull-in time + Settling time
Time required for the PLL to lock itself on to the reference clock
® Phase Offset or Phase Error (Steady State)
When PLL is locked, the phase difference between input and output
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Phase detector

V(9 —
Phase Detector |—» V_ () > Ag

V2(t) —]

® A phase detector is a circuit whose average output, m , is linearly
proportional to the phase difference, Ag, between its two inputs.

® In the ideal case, the relationship between V_,
the origin for A¢ = 0.

® The operation of phase detectors is similar to that of differential amplifiers in
that both sense the difference between the two inputs, generating a
proportional output.

and Agis linear, crossing

® Gain K, : the slope of the line, is expressed in V/rad.
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Phase detector : Multiplier

® Phase Detector using Analog Multiplier

® Gilbert multiplier
O Output voltage dependent on the input signal amplitudes
O Narrow linear range (Narrow lock range)
O Cannot discriminate frequency difference
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Phase detector : XOR

40) |
v m e Ad Vo2, A0 V°A¢
1 @_u 14 out 0 2” n
V2 out V (l) . |

K. = 1) independent of the
PD T
0]

7 input frequency
/20 I I U I O O
v, 11 v LT LT
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Phase detector : XOR (cont’d)

® When locked, the phase difference is 90 degree

® Output voltage independent on the input signal amplitudes
® Output voltage dependent on the input duty cycles

® Narrow linear range (Narrow lock range) = + /2

® Cannot discriminate frequency difference

® Use for Data/Clock Recovery PLL: input noise dominant

- Hybrid PLL (Analog PLL + Digital PLL)

No Dead Zone
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Voltage-controlled oscillators (VCOs)

Voltage Controlled
cont Oscillator out

An ideal VCO is a circuit whose output frequency is a linear function of its
control voltage:

Oout = @0 + Kyco Veont
® () represents the intercept corresponding to V., = O.
® Ky co denotes the gain or sensitivity of the circuit (expressed in rad/s/V).
® The achievable range, w, — w1, is called the tuning range.
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Basic PLL topology

® Two waveforms with a skew
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® Discussion

O To vary the phase, we must vary the frequency and allow the integration
¢ = I(“)o + KVCOVcont )dt to take place.

= Phase alignment can be achieved only by a (temporary) frequency
change.
O The output phase of a VCO can be aligned with the phase of a reference if
» the frequency of the VCO is changed momentarily,
» aphase detector is used to determine when the VCO and reference
signals are aligned.
O Phase locking is a task of aligning the output phase of the VCO with the
phase of the reference.
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Basic PLL topology (cont’d)

® Feedback loop comparing input and output phases

PD »1 VCO av

out

O The PD compares the phases of V,,; and V;,, generating an error that
varies the VCO frequency until the phases are aligned, i.e., the loop is
locked.

O The topology must be modified because

» the PD output, Vpp, consists of a dc component (desirable) and high
frequency components (undesirable),

« the control voltage of the oscillator must remain quiet in the steady
state, i.e.,the PD output must be filtered.
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® Simple PLL
VinH VPD Loop Vcont
Pin | PD ™ Filter > VvCO B Vour
g ¢out
O A low-pass filter is interposed between the PD and the VCO, suppressing the high-
frequency components of the PD output and presenting the dc level to the oscillator.
O The feedback loop compares the phases of the input and output. If the loop gain is
large enough, the difference between the input phase, ¢,,, and the output phase, ¢,
falls to a small value in the steady state, providing phase alignment
O Phase lock condition: ¢, — ¢, is constant and preferably small.
d¢ou d¢in
e
When locked, a PLL produces an output that has a small phase error with respect to
the input but exactly the same frequency.
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PLL waveforms in locked condition Dout

v 2}
in
.
HH (o

Vour é. Vi Veont
vo JL L L L

<~

% Ag

® |f the input and output frequencies are equal to w4, then the required oscillator

control voltage is unique V. Since wyy = wy + KycoVeont @nd , we can write

- 1% -
V,= D1=®D b =1 = D — @y
Kyco Kpp KppKyco

® |t reveals two important points:
O as the input frequency of the PLL varies, so does the phase error,

O to minimize the phase error, KppKyco must be maximized.
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PLL waveforms in locked condition (cont’d)

® Nonlinear PD

Vo Doyt
If the frequency is high enough ( = @,)
to mandate V,,,; = V,, then the PD must % I27TN oy
operate at the peak of its characteristic. @
However, the PD gain drops to zero 7] 7 Ad
here and feedback loop fails. Thus, the < VZ Vo Ve
0

circuit cannot lock if @, = ,.

® Drift of data with respect to

. Dat. ! |

clock in the presence of e ﬂ—,_\_[—\_,—L

small frequency error _I_l_,_\_,_\_l_\_,_\_,_L
Clock

® Frequency-locked loop

v, o0—» v, v,
in D | Loop cont in
© FD Filtor vco av,, oV

in out
Dout

The frequency detector (FD) would suffer from a finite difference between «,;, and o, due
to various mismatches and other nonidealities.
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Response of a PLL to a phase step

av,, After the loop returns to lock, all of
2. the parameters, ¢, — dout, Veons

%a:  anda,, remain their original values.

Vel Ver ] voor | Yert] yeo
@, Filter
Pin

@y

P
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cont _/—\
a)out _/—\
t, t
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Response of a PLL to a frequency step
Z: o |5 Foop Yol veo av,,
¢ir1 Dout
Pour
, w, =0, + Ao
|/ S S S S oy 5
¢in
’T ¢out
we I LI LT LML LI LML LML
Vip | | N _n JfmnnnAmn
cont
wout
t, t
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Example of phase step response

NN RN R R RN AR EEERELE
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4 & &

® The control voltage of the oscillator can serve as a suitable test point in analysis of PLLs.
While it is difficult to measure the time variations of phase and frequency, V o ( = Vipe) can
be readily monitored in simulations and measurements.
® The state of the loop:
0O At t = t,, the output frequency is equal to its final value but the loop continues
the transient because the phase error deviates from the required value.
0O At t = t3, the phase error is equal to its final value but the output frequency is not.

For the loop to settle, both the phase and the frequency must settle to proper values.
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Linear model of type | PLL

PD LPF VCO
+ Kep 1 K
¢, o—-»@—D o s | fweo ° B
_ @ppp S
® The open-loop transfer function is given by ® The closed-loop transfer function can be written as
KoK,
H(shwﬂd =Kpp: ls Koo HO e =21 (9) = Keolvco P
¢"’ open 1+—— & ¢"" close s + 5+ KPD KVCO @y
Dy pp @ pp

revealing the poles at s = —@,prand s = 0. If s » 0, H(s) — 1 because the infinite loop gain.

Since the loop gain contains a pole at the origin, Since the loop gain contains a pole at the origin,

the system is called “type .” the system is called “type I.”

® Owing to the pole at the origin, the loop gain goes ® Since a change in w,, Must be accompanied by a

. v
to infinity as s approaches to zero. Thus, the PLL change in Vo, we have H(s)=Kyco- ;m ()

ensures that the change in ¢, is exactly equal
the change in ¢, as s goes to zero The response of V,,, to variations in w;, indeed

yields the response of the close-loop system.
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Linear model of type | PLL (cont’d)

® 2" order transfer function: H(s) w,Z,
S)=—"""5
s’ +2%w,s+ o}

n

1 (0]
where natural frequency @, = /@, pr K ppKyco and damping ratio & = 2 ﬁ
® The two poles of the closed-loop system are given by FDVCO

5, =—¢0,£({" - =(-+{" -,
> If { > 1, the system is overdamped.
» If { <1, the pole are complex, the system is underdamped and the response to an

input frequency step w;, = Aw u(t) is equal to

o, = {1 _ ﬁe’””’ sin (a) Wt + 6’)}Aa)u (1)

where @, denotes the change in the output frequency

and ¢=sin"1-¢?

The step response contains a sinusoidal component

with a frequency |12 that decays with a time
constant (¢ w,)™".
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Linear model of type | PLL (cont’d)

® Settling speed of PLLs: The exponential decay determines how fast the output

approaches its final value, implying that {w, must be maximized. For the type | PLL,

1
we have ¢, = EQLPF

O It reveals a critical trade-off between the settling speed and the ripple
on the VCO control line: the lower @, o the greater the suppression of
the high-frequency components produced by the PD but the longer the
settling time constant.
® Underdamped response: 00900 MHz PLL:
wLpr = 27-(20KHz),
fout = 901MHz — 901.2MHz,
how long does the PLL output frequency

take to settle within 100Hz of its final value?

In the worst case, we have
oS0t 100 Hz
t 200 KHz

= t;=0.12ms
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Linear model of type | PLL (cont’d)
® Bode plots

® Root locus
201loglH,,,.,|
A

jo
Wdec

\OdB/dec ! SN
.
0 > o P
@ppp N @ (log scale) * gl KN
) i @Oppp O
@ (log scale —=
0 Jog acale) Y 2
-90 °
-135°
-180°
ZH,,
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Charge-Pump Phase-Locked Loops

PLL ICs
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Conceptual operation of a phase-frequency detector (PFD)

o—1 —>
A PFD O

Bo— —>QB
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Phase detector : PFD — three-state PD

State diagram . LI e

Timing diagram
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- Implementation of PFD

PFD

T_D—Q o cK o Latch 1

T L s _[1LIT LI LI L o0
(I o LT

’ D_l—n Q aq, Oz | | |

Input-output characteristic:

_360° /I/I

\/IA +360°

Latch 2 o Reset

PFD followed by low-pass filters:

PFD

L
rst 1:

W
” =

PLL ICs

- Phase detector : PFD
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® When locked, the phase difference is 0 degree

® Output voltage independent on the input signal amplitudes

® Output voltage independent on the input duty cycles

® Wide linear range (Wide lock range) = + 2n

® Discriminate frequency difference

@ Use carefully for Data/Clock Recovery PLL

- Hybrid PLL (Analog PLL + Digital PLL)

® Dead Zone problem

O Due to finite gate delay

O Introduce large jitter or poor phase noise

PLL ICs
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- The width of the narrow reset pulses
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- Dynamic CMOS PFD

awen L L
Bveo) | L L
Qup _[ ] |
Q, (ON) | 11

—>0—0q, (UP)

A (REF)o

arer [ LT 1 [
>0, (DN) Bvco)_ | J LI L
Q. up) _| | |
Q, (ON) | [ |

Kim, JSSC, May 1997

B(VCO) o
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Charge-pump PLL

T petotor . Pump. ey veo
Vi ——|R U > .
Ip byl pe eyl gy > Vou
vV D >
Why charge pump PLL ?
® Advantages ® Disadvantages
O No active component for zero O Slow comparing with
steady state phase error analog PLL
O Large frequency and phase O May create dead
capture range zone problem
O Digital output (full CMOS swing) O Noisy
O Simple and robust design
O Discrete time analysis
PLL ICs 1-32 Ching-Yuan Yang / EE, NCHU

PFD with charge pump

PFD Allllllll
Voo I

A o—— Loop

; T

PLL ICs 1-33 Ching-Yuan Yang / EE, NCHU



Simple charge-pump PLL (Type Il PLL)

PFD Operation

T_D = B po © When the loop is turned on, w, , may

be far from o, and the PFD and the

charge pump vary the control voltage

such that o, approaches to @,,.

When w,, and o, are sufficiently close,
the PFD operates as a phase detector,
performing phase lock.

©® The loop locks when the phase difference drops to zero and the charge pump remains

relatively idle.

O If v, remains constant for a long time, the VCO frequency and phase begin to drift. The
PFD then detects the phase difference, producing a corrective pulse on up and dn that
adjusts the VCO frequency through the charge pump and the filter.

O Since phase comparison is performed in every cycle, the VCO phase and frequency
cannot drift substantially.

® In locked condition, the gain of the PFD/CP combination is infinite, i.e., a nonzero

(deterministic) difference between ¢, and ¢, leads to indefinite charge buildup on C;.
Therefore, the input phase error must be exactly zero.
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Linearity of PFD/CP/LPF combination

A A
B:l B

® The system is not linear in the strict sense.
We approximate a discrete-time system by

a continuous-time model.

T,
® Approximated by a ramp, Ag = gou(t)
A LT LT LT L
Ip
Vout(t) = 272’C1 t ¢0u(t)
= transfer function @(s)= I 1
Ag 27C, s

® |t contains a pole at the origin.
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Linear model of simple charge-pump PLL

20log|H,,, |
PFDICP Loop ~40d8/dec
vCco
. o 0 i @ (log Scale)
0d @ (log scale)
-180"
® Open-loop transfer function %(s) = IipKcho -
i 27C, s
open
Since the loop gain has two poles at the origin, this topology is called a “type 1I” PLL.
1Ky
27C
® Closed-loop transfer function H(s)=— L—
2, IpKyco
s+
27C,
It contains two imaginary poles at s, , =+ j,/1,Ky,/(27C;) and is unstable.
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Addition of zero to charge-pump PLL

PFD

D Q s,

vV, o—— Loop VvCO
rst Filter

HCH

rst

.,._D Q 2 IC'

® Open-loop transfer function @(s) = IJ(RI + LJM = a zero at s, = -1/(R,C)).
i lopen 2 Css) s
IeKyco (g cy541)
® Closed-loop transfer function H(s)= 1 7
sT+ iKVCOR1s+ 2TPCIKVC0

I,K R, |I,C,K, 1 4z
2 @ = £V , p-"1 [ZPTITVCO gnd decay time constant — —=————
" 272C, J 2 2 y o, R Ky
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Stability degradation of charge-pump PLL

20log |H,,,,|
A 40 dB/dec
Lower IK,, —20 dB/dec
» logw
o\ \
» logw -—
5 1 o
" RC R
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Stability limit and overload limit
In fact, the elegant way to determine the stability limit in the charge pump PLL is to
linearize a set of difference equations, to transform it into the z-domain, and to apply
the stability criterion on it.
® Normalize PLL parameters:
0 the normalized loop gain K, = I, R K, T/2n
® the normalized loop filter 7,,=R,C,/ T
© the normalized natural frequency F), =1, /f,= f,T

1 Ky Ky y
= Fy=o— % ¢ =VINaN
7\ TN 2 Fy
Stability limit condition: 1.0
2 1+.% - 08 Overload Limit
1+ V(2 0.6
27y mp 04 Stability Limit
VCO overload limit: 02
f, 0 > > ’ AIIolwed Alrea : : :
=t —_— 0.0 £
Veon K IpRy > Ky<1 = Fy< anl 00 02 04 06 08 1.0 ¢

Gardner, IEEE Trans. on Comm., Nov. 1980. Paemel, IEEE Trans. on Comm., Jul. 1994
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Compensated type Il PLL

PFD
I
Voo P
up
D Q s, .‘
Vo B—] Loop  yco e fe
rst i Filter
V. >
—HCE —ov,, ,
rst
> -1,
D a dn i
2 Ic1 Veont §
Voo L, =
>

Critical drawback :

® ince the charge pump drives the series combination of Rp and Cp, each time a
current is injected into the loop filter, the control voltage experiences a large jump.

® In lock condition, the mismatches between /; and I, and charge injection and clock
feedthrough of S; and S, introduce voltage jumps in V.

= The resulting ripple severely disturbs the VCO, corrupting the output phase.

PLL ICs 1-40 Ching-Yuan Yang / EE, NCHU

Design flow of 2"9-order PLLs

(-]

Determine Ko

® Choose the natural frequency w, to be about or less then one-tenth
of the input frequency.

© Select I,, to meet the reasonable trade-off between the value the
filter components (i.e., chip area) and the pump current.

Set the damping factor {'to be 0.707.
© Calculate Ry and C,..

(=)
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PLL frequency synthesizer using dividers

Phase Loop
Detector Filter veo
F
X +R % 4’@_‘» Fuco
TCXO
<N |=
Frequency
Tuning
TCXO: Temperature Compensated In the locked state:
Crystal Oscillator Fyco=NxFg, Ne N
VCO: Voltage Controlled Oscillator Fyco/ N=Fx I R=Fg
PLL ICs 1-42
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Linear model of 3"9-order PLLs with 2"9-order loop filter

PFD/CP Loop
Filter vco
¢rel ZLF(S) _> ¢o
Main
Divider
A
N

PLL phase transfer functions:

0, KppZ,:(9)K,,
Forward-loop gain G(s)= 9= %
. — 0div _ l
Reverse-loop gain B(s)= 9, N
0, KppZ,p(s)K
N . G — Zdiv _ 2 PDTLF veo
Open-loop gain  B(5)G(s) . Ns
0, __ G
Closed-loop gain b,y 1+ B(s)G(s)
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- 2nd.order passive filter

(Addition of C, to reduce ripple on the control line.)

B 1
cont
k 1+s7, k 1+s7
ZLF( s)=— : y
s 1+s1 s 1+s7,/b
1+ sR,C, 1+s7,
r— ZLFI() 2
..... = \ R,C1C2+s(C,+C2) s(C + Gy)(A +57,)
- . _>E ......................... y
Parameters | Loop Filter 1 Loop Filter 2 _L i Tcont
< ! R, C, i
% Ri Cy Ry (C1+Cy) \ :
ccC A
Tp I[C1+C2] t ; .......... ; ...........
; G T
b )G G 1+ 5R(C, +C,)
T C C Zipy(8)=—F 7 —
b=—% 1+t 1+t sC,(1+ sR,C,)
7, C, C,
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- Open-loop bandwidth @, and phase margin ¢,,

Open-loop gain

Gain

ﬂ(S)G(S)_ adw = KPDZLF(S)cho = IP 'cho k . 1+STz
o, Ns 2z-N-s* 1+s7,
1,-K, -k 1+ jor
2 $)G(s). . =-— P veo . z
PGS smjo 27-N -0’ 1+ jor,

$(@)=tan” (@-7,)-tan" (@-7,)+180°

Higher I, K,

0dB

Lower I, K,

Bode plot of open loop response

Phase

-180°

T

¢m,max: M= L TR 2 5=
do 1+(@-7,) 1+(@-7))
2 o= L
¢ Jr.T,

and &, max = ta“_l[

T

Tz— P -1 b—l]
—F—— |=tan"| ——
2 Tz'Tl,] (zﬁ

PLL ICs
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® If the loop bandwidth @, and the phase margin ¢,, are specified, we have

b= ! and 7 —ﬁ T,= 1
1 2 z w, p Vq;.a%
—tang,, + .
cosgd,, For loop filter 1:
I 2P vco b-1 IPKvw C
, b 1(5) o, = R, —— R,
¢ s‘" “ 22N ' b 22-N 'C+C,
200 2.04 1.42 2 - 2-N-w, b
3° | 300 | 173 ' I,-K,, b-
T T.T
400 4.59 2.14 ;=% and C=— -2
R R 7,-7,
450 5.82 2.41 1
w00 - 278 For loop filter 2:
i i 1 cho L_ IP veo ﬁ
550 | 1006 | 3.7 = g N po1 27N C,
60° 13.93 | 3.73 R 2z-N-w,b-1
700 | 3216 | 567 " I1,-K,, b
T,-7, Tp
80° | 130.64 | 11.43 C = and “2=
1 R,
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Active loop filter implementation

cont

The active loop filter is often used when the charge-pump output can not
directly provide the required voltage range for tuning of the VCO. Such
voltages are incompatible with charge-pumps built in standard IC
technologies, so that a (partly external) active loop filter is then used to
isolate the charge-pump output from the VCO tuning input, and to generate
the high tuning voltages.
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Multi-path charge-pump filter

[

_e

2z

Q=1 x2% i,=1,x
e V4 2” e P

The loop filter transfer function is

V. ,(S) Ipl 1 Ipl 1
con =K ,7 s)=—"/——+—"| R |—
Ve 6,(5) ™ )= C, i sC,

I
sC,,[C,, +C, "’J+1

O~ IPl .K"C" — chu T
c~ - p2
2z-N-C,rw, 27-N

R,

» log(w)
J. Craninckx, IEEE JSSC, Dec. 1998
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Nonideal Effects in PLLs
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PFD and charge-pump filter

v, = I Owing to the finite risetime and falltime
T_ — up_ resulting from the capacitance seen at the
Vo S nodes, the pulse may not find enough time
= i, to reach a logical high level, failing to turn
Q_G: on the charge pump switches.
V,,—> = an ® For |Ad| < ¢,, the charge pump injects
In DG > no current.
Voo I ® The loop gain drops to zero and the
_ output phase is not locked.
A ® The PFD/CP suffers from a dead
zone equal to +¢, around A¢ = 0.
= Jitter resulting from the dead zone
02
\DeadZone
PLL ICs 1-50 Ching-Yuan Yang / EE, NCHU

Reference spurs

PFD

v, I ® Periodic disturbance of VCO control line
T_ — w,_ due to charge pump actlviy:
e ,- i()=1,6,+ ZIPé'cpZ:lcos( 27nf 1)
Gl =N
e DC Spectral components
Va >D Q dn s ® Main effects which generate reference
JD-D_ 1 spurious breakthrough:
’ O leakage current in the loop filter,
O skew between up and down (dn)
Ve TLILILITL signals,
Voo LML L O mismatch in the charge up and down
current sources,
w | I I I O Charge sharing.
an | | 1 |
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- Effect of leakage current

— ® Sources of leakage currents:
O the capacitor of loop filter,
O the input of VCO,

_ Locking position O the charge-pump output,

fear .0 O the input biasing current of the op-amp,

o

ep e when active loop filter configuration is used.
® The duty cycle of the charge-pump output is

— 1
ie =1 Pacp =1 leak = 60[1 = ;ﬂﬂk
P

® The amplitude of charge-pump output:

i,(8)= Iy + 21100y D, cOS(270nf 1)

n=1
© The spectral component are twice the value of /.
® Not dependent on the nominal charge-pump current /..
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® Link the leakage current to the magnitude of the spurious components at the output of the

VCO: .
Vripple(n : fref) = 2Ileak ZLF (]szref )‘

K veo

® Phase deviation
Bp(n- fry) = Af(n: fro) _ Viippte (M frep) Ko _ 2 | Z p (J2rmf )
e Jrer e Jrer e Jrep
@ Each of baseband modulation frequencies n-f,.; generates two RF spurious signals at
offset frequencies tn-f,.. from the carrier f .
® The amplitude of each spurious signal

Op(n- fr0) Lieak|Z  p (J27mf o )\ K.
Asr(fz_oi”‘fref)=Aw ‘ 2 o =40 et AL A e

n- ref

N ASP(fLO tn- f;'ef) _ Ileak ZLF(jZ”nfref)cha
Ao n: Jref

O(n- 1L\ Z  p (j2mmf,, )| K,

= |:ASP] =20]0g ( fref):20]0g leak LF(.’ fref) co [dBC]
L0 lapc 2 1 Jref

The relative amplitude of the spurious signal is not dependent on the value of loop
bandwidth or on the nominal charge-pump current /5.
Theoretically, if Ilsa.ls = 0 there are no reference spurs in the output.
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- Effect of skew between up and down signals

PFD up |—|:
Voo le _ :
up up :
L -
Vo an _ [ L
rs
FCr =
Y
rst Idn
Vo =—P i
J._ D Q le 1
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- Effect of mismatch in the charge-pump current sources

PFD

up 1 I
dn, [ ]
Iup | |
Idn | |
ie
—
Veont x

t
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- Effect of mismatch in the charge-pump current sources

® For the loop to remain locked, the average value of V. must remain constant.
The PLL therefore creates a phase error between the input and the output such
that the net current injected by the charge pump in every cycle is zero.
= The control voltage still experiences a periodic ripple .
= Owing to the low output impedance of short-channel MOSFETS, the current
mismatch varies with the output voltage.
= The clock feedthrough and charge injection mismatch between M, and M,
further increases both the phase error and the ripple.
® The magnitude of the spectral components of the ripple voltage due to current-
source mismatch can be found

Vmismatch (l’l : -fref) = Iom (n ) fref) ’ ‘ZLF (jznnfref)

=3 |:Asp(n'f;‘ef)i| _2010g Iout(n'fref)ZLF(jszref)cho
Ao lupe Zn: fry
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- Effect of charge sharing

VDD
vaD-I M, G vaD-I
%
Y%
VCOnl
2>
Yy
>
Vot D'I

® Charge sharing between C, and capacitances at X and Y-
O S, and S, are off, allowing M, to discharge X to ground and M, to charge Y'to V.
O At the next phase comparison instant, both S, and S, turn on, V, rises, V. falls,
and Vy, =V, = V_ .

® |f the phase error is zero and I, = |/ 4|, does V. remain constant after the
switches turn on? Even if C, = C,, the change in V is not equal to that in V.
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- Effect of charge sharing

® Bootstrapping X and Y to minimize charge sharing:
O When S, and S, turn off, S; and S, turn on,
allowing the unity-gain amplifier to hold nodes X

and Y at a potential equal to V..

v O At the next phase comparison instant, S, and S,

cont

turn on, S; and S, turn off, and V, and V, begin

with a value equal to V..

® The ideal is to “pin” V,, and V, to V,, after phase
comparison is finished. Thus, no charge sharing occurs

between C, and the capacitances at X'and Y.
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Jitter/Noise in PLLs
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Jitter in PLLs

Ty

-

t
t

- — P

Ty AT,  Ty,AT,

o o ¢totl
Total 4
Phase \¢tot2
t
Excess 4
Phase % ext
t
\.—(¢
ex2
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Jitter in PLLs (cont’d) orss
Slow-jitter waveform _[l_||_||_l|_|1_]]_||_ll_jl_ll_lmL_| '

o O N, B s

Fast-jitter waveform | ) [ P | ) ] ) e P

® Effect of input jitter g $ot

¢out — 0)3 > 3

(S)_ 2 2 Doz

&, s*+2¢w,s + o,

Pout (s)= o?(1+st,)

¢m s + 24&) S+ a) __PRDCPLPE vco Pyeox

= Low-pass characteristic. Slow jitter at the ¢, ,_,@_.H‘c_‘. ,.1__ Kyeo l'.+ Bk

input propagates to the output unattenuated T _____ i :

but fast jitter does not. —
® Effect of VCO jitter

ot (s) = s’ FEVERREE e S .:,1

2 2 5 i
¢in ' S™ + 24’0),[3"" .a)n ) @i = Do—r :—(—rB~| ﬂ'm.nﬂ __ 'ﬁ:_u _:_G_)_,[ o Pou

= High-pass characteristic. Slow jitter

components generated by the VCO are ="
suppressed but fast jitter components are
not.
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Jitter in PLLs (cont’d)

Transfer functions of jitter from input and VCO to the output

Dou | 4 Dou
Din j dvco /'_
Rate of Change ' Rate of Change
of hin of dyco

® Effect of VCO jitter:

O If g, changes slowly (e.g., the oscillation period drifts with temperature), then
the comparison with ¢, = 0 (i.e., a perfectly periodic signal) generates a slowly
varying error that propagates through the LPF and adjusts the VCO frequency,
thereby counteracting the change in ¢,.

O If ¢, varies rapidly, (e.g., high-frequency noise modulates the oscillation
period), then the error produced by the phase detector is heavily attenuated by
the poles in the loop, failing to correct for the change.

® |n summary, depending on the application and environment, one or both sources may
be significant, requiring an optimum choice of the loop bandwidth.
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Noise in PLLs
® Phase noise ¢,(f) = x(t) = A cos(a t + ¢,(1)]

If the input signal or the building blocks of a PLL exhibit noise, then the
output signal will also suffer from noise.

> | veo |1

i)

® Phase noise at input

out|

(bln

log ‘

Low-pass filter
2

¢0ut (S)= wn(1+3/wz) 0

Pin 5%+ 2{w,s + o7

I g w; wpy ~
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Noise in PLLs (cont’d)

® Phase noise of VCO

Dyeo

2
¢out (s)= R b, = nn—b@—b LPF vco Dout
[

2 2
Prco 57+ 20w,s+ @,

" ®yco
The VCO phase noise experiences a i CR
high-pass transfer function as it appears 2
at the output of a PLL. Thus, increasing High-pass filter
the bandwidth of the PLL can lower the
contribution of the VCO phase noise.
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Noise sources of the PLL

g, =

phase _, s
noise VCO
.
N Loop
Main R Filter
Divider :

S KR "4
current "* voltage ™

1
R noise noise

: : Z,(s)
Reference : : : :
sy Divider b | ;

|||—||

¢ref ¢pd

The rms phase noise power density of the loop’s output signal is denoted ¢.(f.,).
The output phase noise power density: 2L = Bhp(f,)+ B2up(fi)
>

Low-pass transfer function High-pass transfer function
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- Phase noise

Power 4
Spectral | P
Density s
s(f)
\ P,
Frequenc,
";1 1Hz 9 v

w(t) =V, sin(2zf,t + 6, (1))

The phase noise ¢( f,,), usually in dBc, is the ratio of the single-sideband (SSB)
power in a 1-Hz band width f,, Hz away from the carrier to the total signal power,
i.e.,

b

ssb

Let S,,(f) be the power spectral density of g,( ¢) in frequency domain, it can be

shown that S, (f,)=2¢(f,) and 2= j:’ g, (f)df
PLL ICs 1-66

Ching-Yuan Yang / EE, NCHU

- Phase noise originated from dividers, PFD/CP and crystal reference sources

. G
L4 ¢d(fm)l ¢ref(fm) and ¢pd(fm) to ¢o(fm)' HLP(S) = N1+ g()s) =N- H(S) (Low pass)

with open-loop transfer function G(s)= I (5) =K Ky, 1
6, (5) N

and closed-loop transfer function  H(s) = () __G) _ KpaZir (Koo N
¢rcf(s) 1+G(S) s+KdeLF(s)Kvm/N

> Gup(f)=N’|H(j2Af,) [¢d(fm)+¢,e,(fm)+¢pd(f )+ "’;if) ¢§£ )]

where  #oy(fu) =01 (fu)+ b (Fu)+ Gra(fu) + npKEf) b (f)

pd R
= The equivalent synthesizer phase et ol
noise floor at the input of the 1
phase detector.
. 2 .
borr(f) = N*|H 27, 62, (S ) 1 18
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- Phase noise due to loop filter and free-running VCO phase noise

® Oscillator: _ FkyT Jreo : Ji 2
¢vw(fm)"’ P l1+[2Q1fm) ][1+fmj rad /Hz

f
where Fis a noise factor, kz=1.37 x 1023 JIK (Boltzmann constant),
T'is the absolute temperature, P, is the power of the oscillator signal,
J,eo 18 the output frequency of the oscillator,
Q,is the loaded quality factor of the tuning circuit,
/.. is the offset frequency from the frequency fvco, and
f is the offset frequency which delimits the 9dB/octave dependency of the
phase noise power density on the offset frequency ( = ¢, o« 1/ £,%).

FkgT 1 f,
4P, O fn

Assumef, ~0andf, issmall, @2 (f,)= rad’/ Hz

= —6dB/oct dependency on £,

= d.o2 (f,,) as a function of the phase noise power density at an offset

frequency f.: f,2 VCO noise floor power density

bro(f) = (f,) -

= Exact function:

2
B fo)=B20(f) j’ii (1 n j’::] o
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- Phase noise due to loop filter and free-running VCO phase noise

® Loop filter: Thermal noise voltage originated in the loop filter resistor causes
unintended phase modulation of the VCO.
2
)I;—z rad®/ Hz

m

S5 () =var(fon

® Influence of the loop: The influence of the feedback loop on the free-running
VCO phase noise power density ¢,.,2 ( f,,) and on the open-loop phase noise
power density generated by the loop filter elements ¢1f2 (f,) is expressed with the
transfer function T,5(s),

(High pass)  |1,,G2xf,/1)[

1
Tur ()= 1 6(s)

o Far(f)=[Tup G2 (020 (fo) + B2(f)

; 1.4,
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- Total phase noise at the output of the PLL

® Total phase noise noise power spectral density:

B2 fu) = NG (fo) HG2, Y+ (B0 fo) + B2 o)) Tuap (21, )} vad? ) H

(Low pass) (High pass)

Typical phase noise spectral plot for PLL:

S50l @) Power (dBm)
~ Phase noise of the
Phase Noi
oufput in dBelHz
) f P
VCOonly 7Y Loop *
Inputonly : Bandwidth
log (@)
@, \ Frequency
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- General bandwidth requirements

® Low PLL System Jitter
= Wide Loop Bandwidth
® Large Input Jitter Reduction
= Narrow Loop Bandwidth
® Fast Locking
= Wide Loop Bandwidth
® Phase Fluctuation Tracking
= Adaptive Loop Bandwidth Control

® There are Trade-offs: No single good solution for All
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Spectral purity & design of PLL loop filter

® Consideration:
O Decrease [, to acceptable level in order to decrease the power dissipation
and to simplify the design of the charge-pump circuitry.
O The impedance level of the loop filter should be maximized, for the chip-
area of fully integrated loop filters to be minimized.
Note: high impedance level = small C, and C,, large R,, and small /..
= a higher noise contribution from the filter.
® Spurious reference breakthrough:
OEffect of leakage currents

f Max .spurious
‘ZLF(jzdref)‘<7I ;,f 10 20 (the worst case situation)
leak veo
_ Max.spurious
1 I,, K — e
f, <<f, Zp(j2 S e = C, . =M10 20
(f. ref) ‘ rlJ 7”"9/ ‘ ZMefCZ 2,min 2r-n- ref
Max.spurious
@Etffect of charge-pump current mismatch  ~ =Iour(fref)'cho 100 2
2,min 4”'n'f,.if
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® Phase noise contribution from the loop filter resistor
b-1 4k, TR,
Var (fu) ( ) —
1+ ,2ﬂfmr,,\
KL, (b-1 4k TR, K
= Gy (fu)=var (f) ”;"=(—j RS
S 1+ j2af, 7, S
, $r(fu) _(b-1Y' 4k,TR K} 1 Iz
Define a, (f,,)= = — " where =
P b ) RS s e o) = o) 3
b—1\ 4k,TR K>
I:> (24 (fm)=a ,c‘i Wlth [24 ,c=( J ° B 1—veo
v " joafr ! b ) gL

Maximum value of Ry:

veo ()
Rimax = d‘(b 1] ik ;PK[

vco
A smaller value than Ry .., for the loop filter resistor obviously leads to a smaller
o4 Which is always an acceptable situation from the point of view of phase noise
performance.
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More attenuation of unwanted spurs with the 3th-order filter

P ——TT ; . 14se,

P i LF1 iR, : Zip()=—

S _L W _L Vo T S(C+ G+ s7))
R, Icz Ica Zm(S)(;J

: L L ZL,~(S)=731
IC1 B | Zip()+ Ry +—

3 g H sC,

= : i Assume C,>10C,, we have
_ 1
a)f (7, +rp3)

_ tang, (7, +7,3) 'N“’ (71:""’1:3)2"'71/’1:3 _1]

= 2
(T, +7,3) +7,7,3 (tangzﬁm~(1',,+1'[,3,))z

The added attenuation from T,
the low-pass filter:

ATTEN = 2010g[Q27f,,;7 ,3)* +1] @,

where 7,;=R;C;

1
K ,-K 2 .2 2
(low-pass pole) 2 C,= o Zr dz = 2(1 +2w° % )2 7

T, w,-N (+w; ~rp)(1+wc “Tp3)

ATTEN T
0 - and R =2+
I _\10 1 Clzcz,(fz_l] e
r3

zq;wf TP

PLL ICs 1-74 Ching-Yuan Yang / EE, NCHU

(similar to the 2"9-order filter)

- Derivation of w. )

SCJI and  Z(s)=
Zim(s)+ Ry +$
Knowing that C, > 10C;  and 7,5 = R;Cy °

Open-loop gain: K., K
BS)G(S) o j = =52 —=. = -
o -C-N 1+ jor, 7, 1+ jor,

#lo) =tan™(w-7,) - tan" (@ 7,) - tan™ (@ 7,5) +180° ... (A)

Zp(8) [

1+s7,

The impedance of the loop filter: z,.(s) = SC+C)irsr)
s(C, +C, s7,

1+ jor, 7, 1

Assume 0, < 0 < @, < @,3, We have
d¢ _ Ty _ Tp _ Tp3 -0
- 2 2 2
do 1+(w-7,) 1+(@-1,) 1+(0-7,)
1
e @)
@ (7, +7p3)

®-T,T 1
+

¢m,max'

T
=T, — Ty ~0 = T

2
(@-z,) F ’

p°p3
Ty +tT, @ (7, +7,3)

—0-(r,+7,3)—

Substituting (B) into (A) gives tang =
2-0°- TpTps
5 2tang 1

2 o'+ > - =
(7, +7p8) + 7,78 (7, +Tp3) +7,7p

. 2
Taking the negative root = @, = w, 1+ (Tp + Tps) +T,Tps 1
(rp + rp3) + 7,78 itan¢m -(rp + 2'1{]3))2
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PLL block diagram

0[1
+ K(0,-0) J
6, — R F©) e,
® Noise transfer function: 0, s
97“_s+27.sz

where the loop bandwidth f, is determined by K, K, and F(s).

® ¢, can be represented by integrated white noise giving a 1/ f2 power
spectral density (psd).
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PLL output phase noise psd

[H( )|

. —»®—» F(s) " 9,

e, _j
Jy log f

6

—0

0

n

= @, : open-loop phase noise psd (integrated white noise)
= 4, : closed-loop phase noise psd (lowpass due to shaping by loop)
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Measured phase noise: frequency domain

Sy ()
2 2
A : N s
fle sqy,()L(f) = 7; = f20
PLL RF IN
f
Spectrum VCO open-loop
Analyzer
s 2
W () N, Kz[ fo
2
f
N SoalN=—Tt = I
1+[ f ) 1+ (f]
e PLL RF IN _/_,&K ; L Ju
Spectrum VCO closed-loop
Analyzer
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Measured phase noise: time domain

p(1)

O-X:i Nl =K L
fo\aof,  \4of,

REF TRIG
PLL VERT ¢
CSA closed loop, input referenced
=1 7 &
O, o =KVAT
TRIG
PLL VERT Y AT
CSA open loop, self referenced
Ot
% Our.cr =20 \[1—exp(=27f,AT)
V2o |
TRIG
REF PLL VERT L AT
CSA closed loop, self referenced
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Design example

® A VCO with center frequency of f, = 622 MHz and phase noise —106 dBc at
a 1-MHz offset is to be used in a PLL. Assuming the VCO is the dominant

source of jitter, what is the required loop bandwidth f, to realize a jitter of o,
=10 ps rms?

B> Determine N;:
Phase noise @ f,; = 10 log (N,/f,2)
—106 dBc = 10 log (N,/(1MHz)?) = N, =25.1 Hz

> Find f;:
Jitter o, = 1N

fo \4f,
= f,=51.6 kHz
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Equivalent model for the phase noise of a VCO

SnO(w) Snl(w)
n 0/ 2 ‘ nl/ 2
a)l/fs
n,(s) n,(s)

S@ out( 0))
V

C

Pyu®)

® VCO acts as an ideal integrator.

® The input source, ny(s), has white and 1/f noise portions that will
generate the 1/f2 and 1/f 3 regions in the output spectrum. The output
source, n,(s), models the noise floor.
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Typical phase noise and timing jitter of a free running VCO

S ooyl @) log ()

H ]
@y og (@)

® Output power spectrum
2

L.
jo

SCh out (a)) =

2 287 © 2
where N 4/2 are the double-sideband power spectral densities of the input and
output white noise sources, ng ;(s), and o, /f3 is the 1/f noise corner of the input
behavior noise source, ny(s), that is equal to the 1/f noise corner of the VCO.

® In the time domain, the uncertainties in the transition times accumulate
continuously, increasing the timing jitter of the oscillator.

B> Uncorrelated part: o, =k+'7 where o, is the rms jitter T seconds after the
reference, and « is the proportionality constant.

B Correlated part: the magnitudes add directly resulting in an additional
region with a slope of one.

2 ") 5
S,,(aJ)+N1 - KNy [1+“’ j+N‘
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Phase noise and jitter in 1st order loops

® Assuming a noiseless input and assuming the VCO noise is dominated
by its 1/f2 noise

ny(s) n(s)=0

+
S poud®  Phase noise 2,(5)=0 % Flsy=t

Open loop VCO
1
f fr X>Phase noise
PLL output
In) lOg (&)) q)out(s) — KV S _ NO an
foop K.K =8, (@)= ———5—
my(s) pfy +§ 2 (KpK)) +o
log (o,) Jitter
Open |oop\:/co X Timing jitter
NK} 1 oy K2
Opi| 2 =L Al-e ””""”’)z Y.z forz <<z,
. 20, ® ’
. PLL output 0 loop 0
_Slope = 0.5:

log (?)
Tltmp &
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Phase noise and jitter in 1st order loops

® Ideal VCO and noisy input
ny(s)=0 n(s)=0
+ + +
7,0 —@ron|4& 1R+ 2t
2
@
Lo (5) - Joly _ 1 =8,,, (@)= i2 2 o 5 if S, (@)= %
(I)in (s) KDKV +s 1+ S/wlaup (2] a)lﬂll[l (2
S d,out(a)) Phase noise log (O-r) Jitter

Open loop input

Original phase
noise of the input
' :

<—— PLL output

log (7)

PLL output——»
/ Tlm)p

w[tl()p
Ching-Yuan Yang / EE, NCHU

PLL ICs

Phase noise and jitter in 1st order loops

® PLL with large VCO noise (e.g. clock generators, frequency synthesizers)
log (5,) Jitter

S o out(®@ Phase noise

Jitter of the output

Phase noise of the
output
slope = 0.5
X > OpLL| A
\ : I \t I
Input only . . nputonly
log (@) log (7)
a)lllllp\ & / Tlm)p &
® PLL with large input reference noise (e.g. clock recovery)
log (5,) Jitter

Spoud®@  Phase noise
slope = 0.5

Phase noise of the
Jitter of the output

output

log ()

log (@) =% -;l.
loop

M \
Do N
foop Input only

Input only
1-85 Ching-Yuan Yang / EE, NCHU
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Phase noise in higher-order loops

® Charge-pump PLL

5

S pou @) PLL with an ideal input reference S 5 out(® PLL with an ideal VCO and noisy
and noisy VCO (N =1) input (N = 1)
Open loop VCO

PLL output PLL output

. 1 R - 1
o og (@) o, @, @, \ Input noisoeg (@)
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Phase noise in higher-order loops

® PLLwithN=1

Sd7 out(w)
Output
phase noise

w‘pz Ref. noise only lOg (w)
® PLL with N S poul(®
) The effect of an ideal frequency
P divider is to increase the phase
output noise of the input by a factor of
\ phase noise 20Iog(N)
: Ref. noise only
log (@)

PLL ICs 1-87 Ching-Yuan Yang / EE, NCHU



Noise contribution of the frequency divider

® Equivalent model for frequency divider noise

D) S @ (@)

Crystal
Sndiv(w)

Divider's output noise

Crystal oscillator

ndiv(s)

log (®)

> The divider’'s noise usually appears as directly at the input of the PD and
experiences the same transfer function as the noise on the input terminal.

Digital dividers usually have a large white noise floor at their output. If the
divider is implemented using active devices with large 1/f noise, it may
even swamp the noise of the reference completely.

> Due to the resonant nature, analog regenerative and injection-locked
dividers are generally less noisy than the digital synchronous and
asynchronous counterparts.
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Applications of PLLs
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Delay-locked loops

mb_w-"‘[?_q%m
Veont OF

» Voltage-Controlled Delay Line 0 Vour
Y
Vin @ Phase [ ] Charge Low-Pass | Ve
| Detector || Pump Filter

® Delay line much less noisy than VCOs.
® First-order system (for first-order LPF), thus very stable.
® But input and output frequencies must be equal.
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Transfer function of DLL

Din W—Oqﬁam
=17

Transfer function of PD/CP/LPF

Vcont (S) — Ii RP + L
Ag 27 Cps

Close-loop transfer function
Pous

¢

1| I R,Cps+1
Cys| 27 (Rp,CpCys+Cp+C,)s

TeRvep, (RpCps+1)

_ 2r

closed RPCPC252 + |:CP +C,+ TpKyep ReCp }s + ToKyeps
27 2r

(s)

Discussion

® The closed-loop transfer can be used to determine how ¢, , settles if ¢,
experiences a change. = a,, {

® In practice R, may not be need because the loop contains only one pole at
the origin.
PLL ICs 1-91
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Skew reduction

® Skew between data and buffered clock

’E'Ei'éii;fc':'ﬁi}i"""""""""g Din_] l_I I
. EONITE-R e FETT LRI
CK'""E—DT | 3

CKg | i

(o CKBllllll[lllll
Buffer I t
AT

® Use of a PLL to eliminate skew

Buffer

Vvco
CK;,o—=| PFD |- CP/LPF |- vCO 4D_-[_4_OCKB
CL

L
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Data Recovery (Jitter reduction)

® Retiming data with D flipflop driven by a low-noise clock

Clock I”””l
Recovery

Circuit

O Random binary signals experience jitter because
+ crosstalk on the chip and in the package,
* package parasitics,
+ additive electronic noise of devices, etc.

O The idea is to resample the midpoint of each bit by a D flipflop that is
driven by a low-noise clock.

O Clock recovery circuit (CRC): The CRC produces the clock from the
data. Employing phase locking with a relatively narrow loop bandwidth,
the CRC minimizes the effect of the input jitter on the recovered clock.
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Frequency multiplication

in Loop
PD Filter

» VCO 0 o,

¥
1

oo
=

l|I AM

® When the loop is locked, @, = ®,,, and hence o,,, = M-®,,. The divide ratio
of Mis called the “modulus.”
® Frequency multiplication also amplifies the input phase noise. For example,

the magnitude of phase noise components within the —3dB bandwidth of the
PLL is multiplied by a factor of approximately M.
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Phase-Locked Loops
Behavior Simulation
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Linear model of 39-order PLLs

Loop Filter  Z, (s)

Phase Detector & Charge Pump _ip> Veont vco
TTSssssssssssee=- .

¢V('0

.
~ ¢
l+sz Divider
Loop filter: 7, (s)=———————*—— with = Rp-Cpand 7,= Rp-(Cp ' + C;')".
1 (5) $(Cp+Cy)(1+57,) pCrand = Rp(Cr s 7
L I, K 1+s7
Open-loop transfer function: GH (s)=-2—"<. Z

27-N  s*(Cp+C))-(1+57,)
= Crossover frequency «, ~ Ip-Rp-Kyco  Cp
2z-N Cp+C,
=_IPKVCO. (I+jot,)
27N 0> (Cp+Cy)-(1+ jor,)
Phase margin  ¢(w)=180° + tan"'(wr,) — tan ' (w7,)
PLL ICs

Gain margin  GH (s)

s=jo
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Linear model of 4"-order PLLs SRC+1

Loop Filter X " SRRGGG +IRG(G+C)+R(G+CIGI+5(G 4G +C)
Phase Detector & Charge Pump ip R, Veont veco

—
% | | K,
» VCo
s ¢VC ()

1

N

¢RE F

Iy

Assume C, >> C, >> C,,

l+sz Divider
Loop filter: Z,.(s)= —Z with 7,=Rp-Cp, 7, =RC, and 7,, = R,C;.

SCo(1+57p;)-(14+575,)

Open-loop transfer function: GH (s) ~ I;' K‘]’\?U e (1 +1 + S;Z i )
- $2Cp-(1+s57p)- (14575,

= Crossover frequency . = 1p-Rp-Kyep
27N
:_IPKVCO. 1+ jor,)
27N Q)ZCP '(1+jwrP1)‘(1+ja)TP2)

() =180° + tan ' (w7,) — tan " (w7,,) — tan" (@7;,)

Gain margin GH (s)

s=jo

Phase margin
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Linear model of 49-order PLLs

Loop Filter  Z(s)

Phase Detector & Charge Pump _i;; R, Veont vco
K,
vco
% I c I oM = $ico
T 2 T 3 l
1
~ <
Divider

Design the extra pole @,, on the top of @, by taking 7, = 7.
2 175 = Ry C3 =(AR3) -(C5 / A) with A > 10.

= Crossover frequency ¢, ~ Ip-Rp-Kyeo

27-N
N _IPKVCO ) 1+ jot,)

Gain margin GH(s)|,_,, =
sy 27N &°Cp-(1+ jor,)’
Phase margin #(0) =180° + tan " (w7,) — 2 tan " (w7 },)
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Bode diagram of 3-order and 4'9-order PLLs

o—=o  F-rd order PLL
o—=a 4tk order PLL

Magnitude (dB)

Phase (deg)

Frequency (rad/sec)
Choose w = 2nx200 Krad/s and y =5
= N =50, K, =50 MHz/V, I, = 100 uA, R, = 13.4 KQ, C, = 237 pF, C, = 16 pF, and A = 12.
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Simulink behavior simulation of 3'-order and 4"9-order PLLs

PLL ICs 1-100 Ching-Yuan Yang / EE, NCHU

Transient of 3"d-order and 4'9-order PLLs foer = 20 MHz
fco 900 — 1000 MHz

4rd-order-order PLL
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