


3rd Order PLL Design
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Introduction

The charge-pump-based third order PLL isthe most popular PLL architecture today. This report discusses
the design and andysis and the loop dynamics of 3rd order PLLs. Thisindudes phase margin Szing to minimize the
settling time of the PLL, and aanaylds of amodified loop filter. There are other PLL topologies, such asthose which
boost the current charge pump current initidly for faster settling, these will be discussed in alater report. Therearedso
op-amp based loop filter topologies as shown in the following figure.
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Fig. 3: 3rd-Order PLL w/ Current-M ode Phase Detector
and Extended Charge-Pump Output Swing w/Op-Amp.
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Fig. 3: 3rd-Order PLL with Voltage-M ode Phase-Detector

Opamp-based loop filter topologies have the advantage of alarger control voltage range for the VCO and
better UP/DN current matching. They have the disadvantage of higher noise and thus more current. The passive
component Szing is the same for opamp-based PLL asfor the passive only. Opamp PLLswill be discussed in a later

report as well.
Inputs
fstep = 25MHz Maximum output frequency step
fo:=1GHz Output Frequency
fr := IMHz Reference frequency
face := 1kHz Acceptable frequency error for settling
PM ges := 60deg Desired phase margin
| := 20mA Charge pump current
Ky = 2pr5e i VCO Gain
secx/olt
num:=100  i:=1.num Number of points for plotting
fu=10kHz - wy = 2pfy Desired unity gain bandwidth
Preliminary Calculations
N 1:% N=1" 10° Divider raio
K === Tri-state charge pump gain
2p



3rd Order PLL Design Procedure

Without aloop filter PLLsare atype | system asingle pole a DC from the VCO voltage to phase transfer
function The loop filter accumulates the average charge from the charge pump to generate a fixed voltage to set the
frequency of the VCO. This accumulation gives the loop another pole at DC. Thusthe loop starts with a phase of
-180 degrees. In order to insure stability and provide a smooth settling response the phase must be raised with azero
in the loop to provide a desired phase margin at the unity gain frequency of the open loop transfer function. Thiszerois
introduced by adding aresstor in series with the main loop filter capacitor.

To szethe loop filter to provide a desired phase margin we first start by finding the open-loop unity-gain
bandwidth. This requires the open-loop transfer function of the loop as shown in the following equation

S
—+1

RpCps + 1 K K XK w

G =K (c 10) : 1c>c x—vx%: — 2 Z
+ Co)>s s S
L + Rlxixs N>(C1 + C2)>S 1+ —

One design methodology is to place the zero below the unity gain bandwidth to increase the phase margin. The
poleis placed an equd factor above the unity gain bandwidth. Let's cal thisfactor wu_wz, then the transfer function

becomes: Wu_wz><i +1
Wu Kt Ky Wu
Wp = Wpwz_wu wy = GH(s) =
Wz NA{Cp + Cos” 14+ —
WWU_ Wz
The magnitude of this transfer function a w is given by the following equation
Kg XK
MagGH (wu) = #m\/u_wz

N>(C1 + C2) XV
Now by setting the loop gain equd to unity, the unity gain bandwidth can be solved for with the result given in
the following equetion
wu_wzXKs XKy
" _,} N{Cy + Cp)
We can now use the equation for the unity gain bandwidth to solve for the phase margin, which is plotted below
the equation as a function of the unity-gain bandwidth to zero ratio.

1 A
PM (wu_wz) := atan(wu_wz) - atan%e 0
ewu_wz g
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If phase margin is given, we can solve for the varidblewu wz  Thereis not closed form solution to this
expression, so we use aroot finder. Aninitid guessof 4 is used.
wu_wz(PM) := wu wz- 4 NU_WZ = wu_vvz(PI\/I d&g) wu_wz = 3.73
50, 180deg

p 1 <
root%tan(wu_wz) - atan%e 0 - PM ,wu_sz
& ewuwzgg pxad a
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Optimal Phase Margin for Minimum Settling

Part of the design processinvolves entering a desired vaue of phase margin. The phase margin can effect the
performance of severd parametersincluding phase noise, loop bandwidth, and settling time. It's effect on some
parametersis minor for typica vaues. Phase margin hasiit's biggest impact on settling time.  Thus, sattling timeis used
to optimized phase margin. The varidblewu_wz iseaser to work with than phase margin, so it will beused. Thereisa
direct relaionship between the two, which will be used to find the optimum phase margin.

?‘%\/u_wzxi + 1_9><N

W,
ClosedLoop(s) = € = 2

2
S A s A S
wu_wz>§-39—9 + ?e—(_) + wu wzx— + 1
. ?WU. g eWVug Wu
The trangent response of thiSsysgem is:

& 2% € 2 o umoshéé—x/ wu_wz + 1x/ wu_wz - 3t?- e Wm>(wu_wz -1Q
h(wut, wu_wz) = fstep>é_1 + ez 2 l;
e wu_wz - 3 1]
For the case where wu_wz=3 the response is
h(wut, wu_wz) = fstep>él + (Wut2 - wut - 1)>e_ Wt
We can write a Sngle expresson for the trandent response in both cases, whenwu wz isand isn't 3.
é . . é 2% € 2o umoshé*éix/b + 1x[b - 3wt?- e
hiin(wut,b) := if€b = 3, g€l + (wut2 - wut - 1)>e' M fepL + ez — g
e e -

It isinteresting to compare the settling to an ided linear settling response with a bandwidth of wu.
hidea (Wut) := fstep>(1' e WUt)
A plot of the transent response are given below
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We can aso find the frequency error response

e ab-19 N

é - C > =W R @- . _— L

é , 5 < Wt 2e € 2 >coshr\5>s/b + 1></b - 3>wu>t9- e >(b - )u

ferr(t.b) := fep#f€b = 3, Zwipt) - wyt - e - 3-b : ¢
€ B u

fa’r(srTS,3) =0Hz
And compareit to an ided error response

- wt
ferrideal (t, Wu_wz) = fstep’e

Notethat it is best to plot the error response on alogarithmic scae vs. time, because the loop settles
exponentialy.
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The following function caculates the settling time of the transent response by looking for the last time the error

crosses the acceptable erfor [imit.
tsettle(WU_WZ) = ItVd - lsec

| for i1 2..num

; tva 14 et w2 £ foocf en(t, 3, w02 > o) 1t

teettle(WU_Wz) = 0.382mS



Now to visudly find the optimum phase margin, we plot the settling time vs. phase margin. Thisis dso ussful

for addina marain due to nrocess variations
numMB ;=40 byin: =15 bmgk:=5

i:=1.numB
i-1
bj:=———Abmax- Pmin) + Pmi
i numB-1>( max mm) min
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The following function sweeps through vaues of wu wz to find the optimd vaue.
9

WU_WZgpt = | tsgtmin = 10 sec
WU_WZgt = 2.846
bopt = O —ont
for il 1..numB
i-

1
b= ————{bmax- bmin) + Pmi
UmB - l)( max mln) min

9
tsettle - tval - 10 sec
for il 2..num

tyg - Ifg( ‘feﬂ'(ti , b)‘ £ fECC)>( ‘ferr(ti_ 1’ b)‘ > fa)c) ,ti ,tvaIE

tval

bopt — if(tsettle < tsetminabybopt)

tsetmin — if(tsettle < tsetminv'[settle,tsetmin)

bopt

This corresponds to a phase margin of

PM gpt = PM (wu_wzopt) PM gpt = 51.282deg

We increase this phase margin dightly to account for loop gain variaions. Note that this vaue will change when
dewing effects are added.



Synthesis of Loop Filter Components
With given vauesfor wy, Ky, K,,, and N and now wu_wz, we can solve for the loop filter components. The
equations which must be solved smultaneoudy are given below:

_ wu_wzXKs XKy
M e+ o)

C+C 1
Wu =
RpCpCo wu_wz
wu_wz
Wu =
RpCp
The solution to these three equations are the following loop filter components
Ki Ky
G = 5 Cp =0.02nF
wy N>wu_wz
{wuwz? - 4
K KyAwu wz™ - 1
C = 5 Cq =0.263nF
wy AN\>wu_wz
Wu><N>‘Wu_W22
R = 225.64kW

Ry :=
K >KV>(WU_W22 - 1)
If these equations are plugged back into the origina transfer function, the expresson smplifiesto

S
Wu_wzx— + 1
1 Wy

GH(s) =

s 2 14
WU_WZ{?e— 9 W wWuU_Wz
eWug
We can use thisto plot the magnitude and phase response for different values of wu wz as shown in the

following plots normalized to 1Hz

ffu ¢
AngleGH (f_fu) := - 180deg + atan(wu_wzX fu) - atanéae—— 0
ewu wzg
2
1 " (wu wzx fu)" +1

MagGH (f_fu) :=

ewu Wz g

Wu_wz>(f_fu)2 1+ &8 f fu 02



Hereisalittle movie of the gain and phase plots changing with wu_wz
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The closed loop transfer function for the loop is
?':T\/\/u_wzxi + 19><N
e Wu g

fo_fi(s) =
s i s & S
Wu_wz>$e—9 + ?—9 + wu_wzx— + 1
. eVug  pWug Wy . . . .
To determine how much oF the reference spur getsfiltered by the loop it is useful to find the transfer function for

frequencies much higher than the loop bandwidth. Note that a 3rd order PLL has a second order roll-off, because of
the zero used for abilization

SpUrztten
0 =|foi(f)| = W“—WZ:\'
adr 0
cC—=
efug

From thiswe can seeit is desirable to make the wu_wz value smdler to reduce reference spurs, which
corresponds to smdler phase margins.



Integrated Loop Filters

For some gpplications, the loop filter components are smal enough to beintegrated. Theresistor arealis
usudly negligible, but the capacitor areacan be huge. For processes without specia high-density capacitors, the
highest dengity integration involves usng MOS capacitors and resitors for the loop filter. Thefollowing equation
illugtrates the effect of certain loop variables on capacitor area.

Kt >K\,>twu_wz2

Areacgp =

SPUrgtten
2
(2pt)0 *° scox
Without going into detail (aswill be donein alater report), the area of the capacitor equation will become the
following expression, when the effects of resstor noise are congdered for sizing the charge pump current:
25

kxTemp >‘f01'5>Q>KV2>HZ>‘WU_WZ

Spuraitenxl.5 - Lfiltwu
( 2’9) 3 )fr4.5 10 20 SCox X0 10
From this equation we can see the capacitor area can be strongly reduced by reducing K, (switched- capacitor
VCO, low temperature sengitivity VCO), increasing reference frequency (fractiona N, and operating VCO a multiples
of desired frequency, and dividing down after PLL), lower phase margin (careful with settling!), lower spur attenuation
(low spurious charge pump design), and higher budgeting of PLL phase noise a wu to the resstor. Thisisusudly
possible, because the wu is usualy lower than the toughest phase noise requirement frequency.

Areacgp =

10



Modified Loop Filter

Now lets find the component values for a dightly modified verson of the loop filter. Here the deglitching
capacitor, C,, is placed across the main loop filter resstor instead of from the contral lineto ground. The transfer
function is given in the following equation

_|_
(S ¥ K
R f v o
A %1%
2

zlr

Fig. 1: 3rd-Order PLL with Current-M ode Phase-Detector and Modified L oop Filter (Johns and Martin)

S S
1+— Wu_Wzx— + 1

R{CL+Co)s+1 Ky 1 KpKy w,  KeKy Wy
X—%— = =
N

Cro{RyCps + 1) s NCps? 1+ NxCps> 1+
Wp W Wu_wz
The open-loop unity-gain bandwidth and phase margin of the circuit are:

wu_wzXKs XKy

GH(s) = Ky

S

W, =
! N>Cy
1 A
PM (wu_wz) := atan(wu_wz) - atan?:"—g
ewu wzg

Now the three expressions to solve for the loop filter components are

wu_wzXKs XKy

Wu = -
N>Cqp

= WUz
u R1>(C1 + C2)
1

Wu =
wu_wzxR>Co

The solution to these three equations are the following loop filter components:.
wu_wzXKs XKy

Cim = f Cim =0.284nF
wy XN
' wu_wzxKs Ky _

Cm = ) 5 Com =0.022nF

(wu_wz - 1)>Wu s\l

(om0 )

wu_wz - 1w N 5
Rim = Rimv =194° 10W

WU_W22>Kf Ky

11



We can check the frequency response, but it should be identical to the standard loop filter.
R1M>(Cl|v| + CzM)>‘5 + 1)&)&

GH(s) =K
(=) f Cim >S>(R1M xCom s + 1) s N
10
8
2 T
=
g ! ——
z "1._‘\“-
0 N
1 Normalized Frequency (f/fu)
100 T -
Q
[e¢]
by
~—~ | — |
g 50 L = -‘H‘--‘H""--.
ﬁ 1 T
l‘-‘-‘""\
£ ~]

Normalized Frequency (f/fu)

For typica vaues we see that the modified loop filter has aout 10% more capacitance, and thusarea. The
origina structure is dlows the current return paths to be better contained as the layout of a grounded capacitor is easier.
Thusthe origina structure is preferred to the modified structure.
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PLL Design Function

The entire design procedure is placed into the following function below, which is more useful for iterative
caculations.

plI3rd(fr, fo. 1, fu, Ky, PM) = [x= 4

b - root%lan(x) - atan%‘:'ll 00. PM,
@ ex oo

o>c,

Kf = L
2p
Wu = 2>prad>fu

Ks Ky

G- 5
b >Nxwv,

2
(b - 1)>Kf>KV
2
wy AN\h
b
wyCy

C-

Ry -

21 0
c farad —
Cc ~
c farad _
¢ R~
@ ohm g _

Here the pll3rd tunction IS ran on some example parameters. Note the outputs are unitless, because Mathcad

requires dl the untis of amairix to be the same.

X= p”3rd(fr,f01 I !fU’ KV’ PNIdes)

Cp = xfarad Cy1 = 0.263nF Main Loop Filter Capacitor
Cp 1= xfarad Cp = 002nF Secondary Loop Filter Capacitor
Ry := xpohm Ry = 225.64kW Main Loop Resistor

Copyright and Trademark Notice
All software and other materias included in this document are protected by copyright, and are owned or

controlled by Circuit Sage.

The routines are protected by copyright as a collective work and/or compilation, pursuant to federa copyright
laws, internationa conventions, and other copyright laws. Any reproduction, modification, publication, transmission,
trandfer, sde, digtribution, performance, display or exploitation of any of the routines, whether in whole or in part,
without the express written permission of Circuit Sage is prohibited.
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