


2nd Order PLL Design and Analysis
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Fig. 1: 2nd Order PLL with Current-M ode Phase Detector
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Introduction

Although the emphasis of PLL designison 3rd-order PLLS, the settling time of second order PLLsis
important, especidly for boosted PLLS. In boost mode the transfer function of athird-order PLL sometimes revertsto
a second order expression. Aswith 3rd-order PLL's there are different implementations, including voltage mode and
those with operational-amplifier based phase detectors. This report will talk about the most popular, which usesa
current-mode phase detector and a passive loop filter.
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Fig. 2: 2nd-order PLL with voltage-mode phase detector Fig. 3: 2nd-order PLL with voltage-mode phase detector
and activefilter and passivefilter
Inputs
fy := 10MHz Reference oscillator frequency and period
fo:= DGHz Output frequency
face 1= 1kHz Acceptable Frequency Error
fstep = 25MHz Maximum Frequency Step (output referred)
| := 50nA Charge Pump Current
f = DhkHz Unity Gain Frequency
Ky = 2p4040°—20 VCO Gain
secx/olt

PM ges := 70deg Phase Margin (70 degrees recommended,

50 degrees if dewing is consdered)

Initial Calculations

T:= - T=01n8 Reference Period
r
Wy = 2py wy = 6.283" 103 Unity Gain Frequency
sec
f y .
N = f—o N = 100 Loop divider ratio
r
K¢ = —— K¢ = 7958 ™ Phase Detector Gain
2p rad



Loop Filter Design Procedure
The open-loop transfer functionsfor the PLL are:

GH(S) S Kf——————%—%— = Kf¥———%—x%—
Crs s N Cis s N

The angle of open-loop gainis

AngleGH (Wu) = atan(wu_wz) - 180deg

and the phase margin is thus given by

PM (wu_wz) = atan(wu_wz)

Use to solve for the zero/unity gain bandwidth spacing: wu_wz
wWU_Wz = tan(PM des)

and the zero location

Wy

Wz
— =0.364kHz
Wu_wWz 2D

The magnitude transfer function is given by

2
J +1 Ky Kt
M@GH(Wu) :1:%)(_\/)(_

Cl >VVU Wu N

Wy =

and set thisequa to oneto find C;, given w,,.

C '—\/wu W22+ 1><ﬁ><ﬁ
1=V Cy = 370.304nF

2 N
Wy
UseC; andw, tofind R;:
1 wu_Wz
R = Ry = = Ry = 1L181kwW
wz>Cq , 2 Kv Kt
wu_wz + Ix— %—

wy N
Plugging these back into the transfer function we get: the following feedforward and feedback transfer functions.

S
wu_wzx— + 1

W,
&) = - N =t
f 2 .2 N
wuwz +1 "c_‘ei 0
eWug
For frequencies much greater than the unity gain bandwidth the magnitude response is
RpK
al) = Ko = H=
P \/ Wu_wz2 +1 ?6_9
efug
For wu_wz2>>1, which isusualy true:
f _1
ol = N =N

Note that second order PLL only gives afirst order roll off, because the stabilizing zero in the loop.



2nd-Order PLL Design Function
The following function repests the cd culations above
pli2nd(fr, fo, 1, fy, Ky, PM) := |wu_wz -~ tan(PM)
f
N~ —
fr
|
2pxad

wy o 2pxradAfy

2
\l wu_wz + K5y

2
wy XN

Kf =

CL-

Ry - =
Wu >Cl

RO
C R =
r -
e ohm g

X= pII2nd(fr,fo,|.fu-KV1 PMdeS)

C1 = xpfarad C1 = 370304nF Main Loop Filter Capacitor
Ry := x,>0hm Rq = 1.181kohm Main Loop Resstor



Optimal Settling-Time for 2nd Order PLLs
The closed-1oop transfer function for a second order PLL is:

S
N>$E;‘L+vvu vvz><—0 1
e Wy g 2

A(s) =

) where b = (wu_wz2 + ])
b@ifj + Wu_vvz><i +1
eWug Wu
To smplified the transent response, we can assume w2 is much greater than w,2. In this case the closed loop
transfer function smplifiesto:

Nﬁﬂmu vvz><io

e Wy g

.2 ..
Wu_vvz>éei9 + wu_vvz>éei 9 +1
eVug eVug
The smplified transfer function is acceptable for most Stuations, except when optimizing the bandwidth. 1t
tends to underestimate the settling time for low phase margins. The inverse Laplace transform of the true transfer
functioniis

ferr(th,vw_wz) =1b- \/ Wu_vvz2 +1

c- \/4>(/\NU_WZZ+ 1- Wu_wz2
e 10 lLJ
-Wuﬂpp%ﬂé-m muﬂ“'—“f it wuwz = 2127 5
g

by

e 2 g

gfstep?\“ &nQX—O cos%xﬂooﬂ(p%evw W2— qi if wu_wzl 2x/2++/5
e & c e 2bg e 2bgg e 2b dil

A(s) =

N m(D\

(D:

Theinverse Laplace transform of the amplified transfer function is
4

Wu_Wz

-1

ferrz(vmt,vw_wz) =€y -

%B—t— o>e<p >Wut0 if wu_wz=4
e 2 g ez 7]

&L ) sn%wwvutoo o o
fstep".‘cf'cosfiail’VWtQ L —E >e<pr—>wutq if wu_wzt 4
@& e2 7] y g ez dl

For comparison, we aso plot anideal settling with a bandwidth of w,.

Y e Y e e Y e Y ex Y ex Y o«

D: % D> D> D D> D> D> D
@
8

o

ferriceal (WUt) 1= fetepe’
A plot of thisresponseis given below for different values of wu wz
num:= 400 i:=1.num

i
wutj ;= ——>80
num

Frequency Error vs. Time

1.10° -
s@p
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The following function calculates the settling time of the trangent response
tsattie(WU_W2) == jwutyg = 30
for il 2..num
Wutyg - if@'(}ferr(thi,wu_wz)} £facc)>(}ferr(muti_1,wu_wz)} >faoc),VWti:V\Utvd[
Wutyg

A plot of the settling time vs phase margin is given below.
numB := 100 WU_WZjinp := 1.5 WU_WZmgx == 6

i:=1.numB
) i-1
wu_wzval; == —>(vw_wzmax - WU_WZmin) + WU_WZmin
numB - 1
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The following function sweeps through vaues of wu wz to find the optima vaue.

9
WU_WZgpt i= | WUtgetmin = 10

WL W7ae = N



v_eeppt - v
for i1 1..numB
i-1

WU_WZ = —>(WU_WZmax - V\U_WZmin) + WU_WZmjn
numB - 1

Wutgettle = | Wutyg = 10986C
for il 2..num
Wutyg - ifé(‘ferr(v\uti,vw_wz)‘ Efmc){‘fgr(thi_l,vw_vvz)‘ >facc),V\Uti,V\Utva[

\Nutvd

WU_WZqpt if(wutsjeme < thsetmin,mu_wz,v\u_wzopt)

Wutgetmin — if(V\'Uts;ettIe < VWtsetmin,VWtsettleaV\Utsetmin)
WU_WZOpt

WU_WZqpt = 3636

This corresponds to an optimum phase margin of

PM opt := PM (wu_wzopt) [PM opt = 74.624deq

We decrease this phase margin dightly to account for loop gain variaions. The optima sdttling timeis
Outputs

Cy = 370.304nF

Main Loop Filter Capacitor
Ry = 1.181kohm Main Loop Resistor



Example Noise Parameters

Phase Noise (dBC/Hz)

Using typica phase noise vaues, we can plot the phase noise of the overdl loop.

Lyco := - 110dBC_Hz VCO Phase Noise at f,
fyco := 100kHz Fregquency for VCO Phase Noise
Lpdet = - 120dBC_Hz Reference Phase Noise at fig
fpdet = 100kHz Frequency for Phase Detector Phase Noise
fu Start and Stop Frequencies for Plottin
Measured Lref data from http:/Aww.rakon.com/V TXO100spec.html
?mE &6 &% &006
G o ¢ ¢ ol
¢ 10+ g : 8-115; 8-110;
frefMHz = ¢1000HZ Lref12MHz = dBC Hz Lref17MHz = LOBC_Hz LiefoeMHz = .dBC_Hz
c , =+ G-1 G- 135" G- 135"
c 10’ + 9 N 5-145_7 5-145_7
- ¢ ¢ s ¢ s
8 10° & e-10g e-10g e-10g
i
é num
i=l.num f = fstarw—slo—p-f) L ogarithmic Frequency Vector
ofsart g
Yo Ya Y Yo Ya® ¢ B
HrefMH z0 & 0 . .
Lref = hnterpC Iogr ——————— ,Lref12MHz,10gC—— Log-Linear Interpolated Reference Phase Noise Vector
Hz g eHz gg
Reference Oscillator Phase Noise
-50
-100
§§:\~.
=L
-150 ==
—200 3
0.1 1 10 100 110
Frequency Offset (kHz)
— 12MHz
—— 17MHz
——— 26MHz



Small Signal Transfer Functions

wj = 2>p>1‘i s = X

The loop's feedforward and feedback transfer functiosn are
Kf>(l + RCs ) K,
G = *—

Open Loop Feedforward Gain
Ha= = Open Feedback Gain

When the loop is modulated, it is ussful to know the group delay of the PLL as afunction of frequency.

gdhp(f) ::iargé 1_ E' High Pass Group Delay
d e, Ke{1+ RpCpfops) Ky L
a C1j2ps p2pf N
6  Kp{l+ RpCppopf) Ky )
gdip(f) ::d—arg% v evd Low Pass Group Dél
are Ke{1+ RpCppopA) Ky 1 ow roup Delay
5 Cri2pt p2pf NG

Phase Noise Calculations
The feedforward noise transfer function for Ry to the output is:

Gry =1
|
The closed loop noise transfer function for R; to the output is:
¢ k[
. o v
LRy = EakeTempR Log '
Ry, = gHetem 1{‘GRli ) LE (1+aH)s ]| g

The phase noise spectrum of VCO to the output is:

eefi 00
ge Lo 204002 9
C afvcog -
_S10 10 T2 1 |§
HVCo, & Hz 58 1+ GH
€ e | g
The phase noise spectrum of reference oscillator to the output is:
|—refi
2

0

] __101°_ﬁ G
REF. =
i Rz 4|1+ GH
Z e | g

Phase noise spectrum of phase detector to the output is:

xefi 6

Lpda- 10*0%_—
&fpdet g ,
] 10 10 G |0
PDET, - Hz 1+ GH|=
e |

The tota output phase noise spectrum is
Ltot, = 10*09é(LR1i *+ Lvco, + LppET + LREFi)*'Zl—:
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Transient Step Response

Here two trangent responses for the PLL are plotted, one with the effects of dewing considered and one

without. The maximum dew-rate for the output frequency is limited by the rate a which the charge- pump can charge
the loop filter capacitor.

K MH
1 2p

A pure dewing step response ise given by the following expression
hgew(t) := Df_Dtmaxt

Timeto dew to desred frequency
fstep
Df_Dtmax

The dewing expression isinteresting to see when dl the variables have been substituted. Here we see that
increasing the bandwidth (fractiona-N), reducing the frequency step size (with switch-cap tuning), and higher phase
margins can improve the dew rate, and increasing the output frequency (which adso impacts fstep). In genera dewing
improvement requires topology changes, not just aresizing.
fstep WU_WwWz

2
N>,

tyew =

A pure linear step response and frequency error is given by the following expressions:

h(t) := fetep + ferr(Wit, wu_wz)

flinerr(t) = fstep - (1)

To combine the linear and dewing responses, we find the time where the dopes are equd:

tin= [t- = tin=0562ms  Timewhere linear dewing starts
Wy
rootZLh(t) - Df Dty t®
edt %]

Time where dewing stops
h(tlin)
Df_Dtmax
The linear + dewing step response is given as.
hlingew(t) = if(t < tyew. hgew (). h(t - tgew + tiin))
with afrequency error of

tyew = tygew = 21.817mS

flingewerr(t) = fstep - Niingew(t)
The overdl stling time is then cdculated

num:= 1000 i:=1.num
t= ;;’é— +tqey®  Time Vector
' onum awy a

tsettle = |tval = Osec
for il 2..num
tyg — ifé(‘flinslewerr(ti)‘ £fzaoc)>(‘flinslewerr('[i_ 1)‘ >fa:c),ti:tvaJE

tyal
teettle = 24.326mS Totd Sattling Time
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Plots

Open-Loop Gain Response Closed-Loop Gain Response
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Delay (mS)

Phase Noise (dBC/Hz)

Group Delay for High& L ow-Pass Modulation
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8 Frequency Error vs. Time
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Copyright and Trademark Notice

All software and other materidsincluded 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 federal 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 Sageis prohibited.
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