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Abstract

This work studies the two subjects of design of experiments and data analysis for
accelerated reliability testing, where the response follows a Weibull distribution,
with an exponential regression model for the scale parameter consisting of fixed
and random effects. Three different possible cases for the data have been
considered in the study, that are: exact data, Type-l censored data, and random
censored data.

For the case of exact data, the maximum likelihood estimation method has
been used to derive the estimation equations of the unknown model parameters for
the fixed and random effects, the conditional and marginal mean, and variance of
the response. Foe Type-l and random censored data, the maximum likelihood
estimates may not exist, so the Bayesian approach and Markov Chains Monte-
Carlo simulation method have been used to find these estimates.

For the design of experiment subject, and to find the D-optimal design,
analytical expression of the expected information matrix has been developed for
each of the three considered types of the data. The obtained results have then been
verified by simulation. We show that for the case of exact data, the information
matrix is not related to the unknown model parameters, and consequently the
D-optimal design in this case is the same for normal-linear models. For the two
cases of Type-l and random censored data, we show that the information matrix in
these cases is related to the unknown model parameters, and to the censoring times
also. An algorithm has been developed to find the optimal designs for these cases,
based on the Bayesian D-optimality criterion, which combines the exchange
algorithm and the Monte-Carlo simulation method.

The research results have then been applied on a case study of phase locked
loop communication system, to find the levels of the controlled factors that give
the maximum mean and minimum variance of the response, so that a reliable
design that is also robust against noise factors, has been found.
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U S 1Y W sl Al gl Al Ol o2b Wl o 5 Al sda ol aneY Lol pesmal]
Bl bl e il M SR T Ol L0 Sy O W) ol ¢ les
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ol OUAVL w8 Se B poial) 55 s 1L, 054, (Bjp sl sds o B sast
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IS b ozl Slall o Ll 12N 0 DU o BT 0 OF g S5 T OB wile suslis”
LTy ) el 53 5 ) ol ki 3 e 3855 MICMIC 1 2 3 o i) & pd

Y bl misen ey psd oSl w3 Bayesian ik b plasea) ol ey

Jolss B e Joxty e en 8555 4,4 24 et e e )i Bse st ST 3
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X1 Xo X3 Z1 y4) Y
-1 0 1 1 1 40
-1 1 -1 -1 1 100*
0 1 1 1 1 30
0 -1 0 1 1 50
-1 -1 -1 -1 -1 20
1 1 -1 -1 -1 80
-1 -1 -1 1 1 70
-1 -1 1 -1 1 60
0 0 -1 -1 -1 20
-1 1 0 1 1 10
-1 -1 1 1 -1 20
1 -1 1 -1 -1 30
-1 1 -1 1 -1 40
1 0 0 1 1 100*
-1 1 1 -1 -1 50
1 1 1 -1 1 40
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1 1 1 1 -1 20
1 -1 -1 -1 1 50
1 1 0 -1 -1 20
1 -1 -1 1 -1 40
-1 -1 0 -1 -1 20
1 -1 1 1 10
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Sl 3 pud B e A Wl el s B 3 Gl Ua LS G 2y el
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) Bl aal) 23 550
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90, 91, ...... , 933"' Norm(0,000l)
15, ~Gamma(1,0.01) k=0123
T, ~Gamma(1,0.01) k=0123
B ~ Gamma(1,0.2)

ey T By da gl adll L i on anl ol ool as il daghl) dRL) Sl )
w3 il e d b Laf Ly JBayesian i b 3 ble n LS ccatdl ol
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sda o 5l L) Slolal) 4B Ko oMlll odd 1S cain Bagb Wile Olaj g pldsaa) @
oMalall
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oda e 85l ApLl Sleslall Al S Malal) sld 18T cri Ble Olay g plisaal U ogk, 0%,

LoMalell

B o (2-2) Jok) .Gamma(1,0.2) wssh s Jus st S Jolad o il gLl a5
s A a2

Gamma(1,0.2) x5l dmd) v J g (2-2) Jyad)

99 | 75 [ 50 | 40 | 25 | 10 | 5 1| (%)

23 6.9 3.5 2.6 1.4 | 0.53 | 0.26 | 0.05 | wdiacdl

OF 88 & ey s ISl Jolad dhesl o) IS e oLl sl 1 OF a6 Dol J g e
s o Lt (1-1) JSKad slidh o 2l Jhe oWT =l p adsd olihs 3 Lad
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oot il el oy Glin s Ll ol Lis arny LS (ilSTmall Monte Carlo b,
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B NI b )Ll B B ) a5 A Slinal) B shan SRl 2 ll 20 il a2 20 Fisher
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LU AL em
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(3.1) L=11% f(t) =TI~ 1ﬂﬁtlﬁ 1eXp[_(;_LL_) l
Lo A V) Al e )
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95 8 LY OV e slizb e X il e Ao )W) 005 o L

= Inf ~ Bina, + (8 - Dint; — ()"
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[ LS T s i L el S
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PRSP e 83l S Auiie e 050 2ot (I = 1..6) sl i) Sl SV
Yi st ol 3 ade s 205" E (V) simutation #5528 aedl) Slos ¢ &5y 3 mnl

z E . . .
Ly B e B3 Al &l 08T (se i) R; = (Yi)simulation
E(Yi)analytic

el szl Liaf £

Wb 5 o 1 g sl n 2810 Sldaad 62l 2l (3.10) @bt 335 252 E(Vi) gnatytic <=
Mi e gl

5 Jis 4 Jie 3 Jhe 2 Jha 1 Jba
R1=0.9967 | R;=0.9959 | R;=1.0010 | R;=1.008 | R;=1.005
R,=0.9859 | R, =0.9922 | R,=0.9965 | R,=1.004 | R,=1.002
R;=0.9862 | R3=0.9945 | R3=0.9988 | R3=1.006 | R3=1.003
R,=0.9877 | R,=0.9919 | R,=0.9980 | R,=1.008 | R,=1.005
Rs=0.9985 | Rs=0.9967 | Rs=1.0010 | Rs=1.003 | Rs=1.001
Rs=0.9860 | Rg=0.9948 | R¢=1.0010 | Rg=1.003 | R¢=1.001

[10,10,10,500,5,5] = ¢ e; = 1 + xy; + g5 + x40 + 2% + 2% p =2 1(1) Jlee

.[10,10,10,500,5,5] = ¢ «1; = 1 + xy; + X5 + X325 + 2% + x4 P =15:(2) Je
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[35,1045,2,2] = ¢ o; = 0.5 + x; + 0.5x,; + 0.25x,,2,; + 2% + 0.25x% p=1 1(3)Jes
[10,20,450,1500,10,10] = ¢;" ; = 1 + 2x,; + 0.5x,; + 0.250x;;x,; + 2x%; + 0.25x2; «p=0.75 1 (4) JLs
[15,35,35,650,25,25] = ¢ «1; = 0.25 + x,; + x5; + 0.5x,,x; + 0522 + 0.5x2; p=0.5 1 (D) Jus

i) gis A3l o Sllans -2.2.3

«Cij ~ uniform(0, C;) wa=dl x50 a5 Cjj ane 100,000 51 ezl Lo 81 g 23810 Al T 0

ablally altal) (2.1.3) alill 3 2l a2l @Me plassals E(Y5(Cij = Cij) <l ¢ e

055 et (1= 1.6) Jolsol) o) a8l oV e [ 8l JS7 T e o5kl ¢ G o <(3.17)

E(yi)simulation i ) Al Ol & U un LEXP (Th') & Bl A3 oS Bl aned

Ri — E(Yi)simulation J.AL,J\ f‘b‘:"”‘ La.s\ ;‘:} -E(yijlcij = Cij) I8 pezadl (,_3.55\ JQ aﬂja..ﬂ) LoaS
E(Yi{)analytic

Aol oM CE.%) L gnst E(yi)analytic G alSTLE c?\.:.’ o Z.A.:”J:a P W] C?L:.J\ Q; Cds Jydd
Jsad! .(3.19) ~ (3.24) Vst el B UKl Lolad 2ad 7 e o 1yt 231 10 AL a3 )
Mi b 5 o m\w@p} P ISE Jolad adlz (3 T e Sl o (2-3)

Bl ste 310 Slaes s ol o il o gl (2-3) Jgad)
705 6 Jie 5 b 4 J6e 3 i 2 Jo 1 JEa

R, =0.9986 | R,=0.9989 | R, =0.9999 | R, =0.9992 | R; =0.9999 | R, =1.0000 | R; = 1.0000
R,=1.0020 | R,=1.0030 | R,=1.0040 | R,=1.0020 | R,=1.0000 | R,=0.9998 | R, =0.9998
R;=1.0010 | R;=1.0010 | Rs=1.0020 | Ry=1.0010 | Rs=1.0000 | Rs;=0.9999 | R;=0.9999
R,=1.0010 | R,=1.0010 | R,=1.0030 | R,=1.0010 | R,=1.0000 | R,=0.9999 | R, =0.9998
Rs=0.9984 | R;=0.9986 | Rs=0.9995 | Rs=0.9990 | Rs=0.9999 | Rs=1.0000 | Rs = 1.0000
R =0.9990 | Ry =0.9989 | Rg=0.9993 | Rs=0.9991 | Rg=0.9995 | Rs=1.0000 | Rg = 1.0000

;= 37eM = ty,e N =1+ xq; +xp + X1 X + x5 + x5, B =0.25 Z(l) e

.c; =2eM = ty,; ; = 0.25 + 05xy; + 0.5x,; + x1;x5; +0.25x% + 0.25x%, B =0.25. 2) Jl

;= 1.9e" = ty,e; n; = 0.5+ xq; + xp; + 0.25x1;x,; + 0.5x2 +0.5x3, B =0.5: 3) Jus

;= eMia; =1+ xq; +xp + 0.25x,;x,; + 0.5x% +0.5x3, =2

;= LAeM ~ to,g; ;= 1+ xy; + Xp; + 0.25x1;x; + 05x% +05x2; B =1:(4) Jue
.c; = 15eM a; =1+ 2xy; + xp; + 0.25x1;x5; + 0.5x% + 0.5x2%, B =2 (6 Jlze

;= 2eM ay; = 1+ 2xy; + 2x,; + 0.25x1;x,; + 0.5xZ + 05x%, =2 7) Jis

& Aol § el Slall sie 0B astpiall 28 My ol e 21 11 I oSl Al 2l 7 8
B2 L OB s mred) Sl e sadl W sl e .100,000 sl RO ol
togd U} 225 (2-3) 5 (1-3) g e glad 107 25,0 0 0 ade Jsadt ¢ o0 (MC error)
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Mo S 8 i e 3de ol o BRI o 250 0 € e (R = 1 £ oyl R bulaed
S5 0 (Ka Y @it adedl) b Al andl ) od S E(Vi) stmutation 0% 260 L s
@@&Jra.\g@\w\@uwwi&ﬁm.@TM\QW(&:MWH\;H;&Q
1 b alsnal Lgde Jspadl o )l el B BY Je s adl) il ol s e (1.3) adll

o g5 claxl Jo sl S L 1S5 i ol ey (34,41 35l MoNte Carlo

s 3L 35 alusesly Bayesian D-aduyl gsliadl  -3.3

el gy dus 3 Bayesian D-aad) woladl aldoud) il s1b Lad 23l 2B 3
O yed) SOl ety las 3Ll odd FiSher ol gdall siae of Ll Ly o) ol
bl dlzll Bayeian D-wol suasael (Ko wladl ods 52y .CG'S wliles¥) e a5l
cdll s & LU o ns Bl Aol old o) el 3a% ) ) Sl2 ST (1.8)
35 wall Monte Carlo aa by Jitae¥l a0 gad wnliatl sdn SEY o)) o 05 s
Tl o 22l da )l sda el e Jpadl o o eelad) Bl i Ll psk Gy LS
il Oy Sl bl wilze i el Sae IV o Sy oz 3 sedl W g SN 5 il
oo B (3L b LS Lagly o ) 5 0db 2l SN Amgid) (O W ) Mlall § e B i Sie
ol o b)) SO ST e ells s @ Laed M) DL e get 1y (emal 2B N Ll e W
DU 3 sl e it ) DU e pat o X iy Uizl o385 1Y) el BB 0 X B S
adly () — L jLel Bayesian D-sobal aad) aod) ahid ods 53 oty (o LS el
B IS Jlil a8 Gl ey L35l MoONte Carlo as b sty & ez (1.8) asball
B )5 AL 2 ) ST ST e o el e et Ly L3l iy La s (LY et Ll
4S5 ST ol e C7S 311 T8 5 ks o g e o 3T @) o) ) ) iy Lot g2

LS p e sl 35l MONtE Carlo a5 b pliscnt Lol Wl 3 Szt IS

L s M Ll s ey Eg LoV ) i -1
Alall ¢ et 2oy Al BB Sla sl e Sleall a0 M osae il sty T =0 ad =2

el LU C"S LW bt 2ia )Y bl il Ol ook Gl s O 3 sail) W5
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T i
Z“I]’); exl- @J

i = 1.n w0 e s Monte Carlo i b slascat
o Ll oo (W g OMalall £ e e Al OV 2 g GLas VI AV bl o)) ol
vz 35wl Monte Carlo aa b puscat, ¢ M (&g, ©)| olad j 5 ms aae IS Jof
W e oS we el ¢(&) Bayesian D-iod) ol
7L |M(50)]
Pl =

m

LU s gazt oo s Ay Wliaoly s vt B o0 X (I = 1..0) sl I8 gl 0 -3
il b B0 LoVl e nj oty (1,X) — AR eadl L) 5 Y s
) ams L bl s gast e X alaidly U sl LN ey e g dkadd) ads Juaus els uwy
PLE (L, x)] = maxye, @IS (i, x)] 53

&t — ) el U] sy T ] a2 -4

8 e B g B or T Bl 3 ol ) i o 45 B i 1S5 58 =D

P(Sev1) — (1)
P (St)

. T ; ,
‘e Weibull(eXi®, B) Jus mis Jorl oon i il a1 o xenas 201 aleadyl

<E€

O = [09, 01, 02, 012, 011, 022] 5 X' = [1, Xiz, Xiz, XirXiz, Xia’s X2’ ], i = 1..6

1k Ahle Ol gy B IS bl aike g alad sue Sla wtl iy L e gl e a3l U s T
U D= oY) o) 0K Ly ol ) ¢ 2 el a1 572,078 85t 23 500 ol
X=[11101-1] xX'1=[11-1-101] et ol b mjsm o= 7358
I e L o Xig Xt o S S ¢(Xi1, Xip) bl i 0S5 ams N bl is szt

10,000 st M ©les san MALIAD b, sl sl & 25638 0.1 55k [-1,1]
Baedll (S gl Lot ol 2 IS G 31N ) oy Ll | g ) 1 Sldans W ] e

1
i 5 o bl e w2 cte = [—IN(L—075)] /8 g5 — wssd
Ao jpan )l ol g A cB Jg‘iJ\ Jﬂ\-&& 075, l, 2
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(1-3) JSCed 3 3n 078 gl 25500 oL UNIf(-3,3), unif(-1,1), and Norm(0,1)
el jasd (3-3) b

D-optimal design

°
D-optimal design
» L] L 0.
beta = 2
o4
06
od beta=2 unif(-3,3)
04
04 unif(-11) Type-l censoring
e 0 cl=1507
04 Type-l censoring i o2 = 1487
- c1=308 “ c3=1810
‘< q . c4=44.87
od 02 c5=4351
6= 1651
04
04
eff = 98.78 %
o4
o
28 o 04 0z ¢ oz 0z of or ¥
x1
D-optimal design
» °
D-optimal desigr
» . o
o4 beta = 2
beta = 1 o4
0§ Norm(0,1
unif(-3,3) 04 (
04
| Type-l censoring
03 o
| Tyeed c1=23.6¢
0z censoring .
) 1872 o °
x °
0
0% c4=5157
5 =510z 04
04 c6=1936
od o6 eff = 98.99%
eff =98.97%
0.8 08
08 o5 04 oz ¥ o0z oz oc or ¢ o5 o5 01 o2 ¥ oz 0: o¢ or @
x1 1
D-optimal design
D-optimal desigr » ° .
. .
o
o
beta =1 oe beta=1
06
Norm(0,1 04 unif(-1,)
04
| Type- censoring o0z} Type-l censoring
oF a=21m cl=362
- c2=26.1¢ x °
3=5431
c4=6139 0
T c5=6302
od ©6=2687 04
od  eff=1 08 eff=1
o o
® o5 o w2 w2z ¢ oz 0: of or ¢ 08 0 w4 0z 0 0z o of or ¢
x1 x1
D-optimal desigr
.
od  betaz 075 D-optimal design o
0d  unif(-1,1) o
ol oel beta=075
04 UNIf(-33)
03
. o0z Type- censoring
x g . c1=2103
xe
.
0
.
04
© o6t eff = 98.5%
. -0.8|
05 we w0s oz ¥ oz oz o or ¢ ¥ o5 o5 o4 oz ¥ oz oz or o ¢
x1 x1
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nnnnnnnnnnnnnnn

o B e Sldans D (ol gl 23 5mn oy 558 Bayesian D-aed) catad (1-3) (S
N PR QO B HES IWRCANE P S SV VTS HESSO R R Y I

|5 1 o 20 Slams U ol 0 D-3cli 3 (3-3) Jpb

a sl B IS Jalane
ol 0.75 1 2
Unif (-3,3) 0.9878 0.9897 0.9850
Norm (0.1) 0.9899 1 1
Unif (-1,1) 0.9951 1 1

i) s 4B 0 Sllane =2.3.3

Ly sl ey ailan o U o E(Y) 25 20t 0 B> 1 of o ol (2.1.3) il & L
D-aed ilas ) 558 Oy @dlly chis ¢; = ctex e ad i o ssas 3 =l
S O ) iy Ol b s B 3l Bl el 5 LG s Bayesian
oo den s g gl e 8l Slans Al 3 ST B ST T e adadll s 3 AL sds 2L
cte=[-In(1 - 0.75)]1/3 A 75i — Al Al (sl Lot el BB S Cj 311
iopie dle olyg By P K Bl 05, 1 omike el el e S52 &ls
(2-3) e @ ae 07S gl 25 ol unif(-3,3), unif(-1,1), Norm(0,1)
2 el (4-3) sk
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D-optimal design

° D-optimal design
» .
0§ 0.
0§ 0.6
beta = 0.5
o4 beta=05 od
unif(-3,3)
o unif(-1,1) |
0% Random censoring
@ Random censoring . 1= 2605
€1=5033 © 0 c2=2426 .
3= 2953
03 02 c4=7L7%
5= 70.9¢
04 04 C6=2694
o4 od eff = 99.42%
eff=1
o4 o4
® o5 o5 ws oz ® oz 0r or e ¢ o5 0e 0 w2z ¢ oz 0r oe o ¢
x1 x1
D-optimal design . D-optimal design
° .
of 0.€|
0§ 0.
_ beta = 0.5
o4 beta=1 o
. Norm(0,1
Unif(-3,3) orm(
o 0.z
. Random censoring
@ Random censoring . c1=3864
cl= x c2=36.42
c2= 3= 75.5¢
02 c3= 02k c4=8542
c4=526 c5=8.768
04 ¢5=51.02 04 c6=37.3¢
c6 =
04 o eff ==99.92%
eff =99.7%
o4 o8|
. . . . o . . . . ° . . . . . . . . . .
X 08 06 04 02 A4 0z 0.4 0. 0 ke ¥ 08 06 0.4 0.2 o 0z 0.4 0. 0 ke
x x
D-optimal desigr D-optimal design
» ° » °
o o
og og
beta=1
04 peta=1 04
unif(-1,1)
o4 Norm(0,1 04
Random censoring
: Random censoring
x x
c1=27.71 ® M
c2=26.1¢
02 c3=54.31 07
c4=621
04 ¢5=6165 04
6 = 26.87
| o eff=1
eff = 99.8%
.| 08|
T8 os  wa oz % oz oz e or ¢ o8 os w4 oz % oz oz o or ¢
x x

1o Sldans Al (¢l 25000 Ly )58 Bayesian D-aked) walad) (2-3) e

Uy 75 pedl oVl il dile Sl 5 el ywwgrgkiwuw

35 e 40 Slbame Al of 0 D=3:SU1 8 (4-3) J sk
Sl s B Sl Jalas
S st 0.5 1
Unif (-3,3) 0.9942 0.9970
Norm (0.1) 0.9992 0.9980
Unif (-1,1) 1 1

[¢(§g—opt)]Normal—linear

D —efficiency =

[¢(55—opt)]Weibull—exponential
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Josdl & ) amall 4S5 (4-3) 5 (3-3) clsid 2wl ((D-efficiency) D-susl 3 it
il ) 555 ¢ = cte x [ eMf(0)dO wah wsly ol jles¥i of (1.3) adaill 3 L)
ool = s ST Ol e M B Ll 3 o Gl 3310 s T e (Bayesian D-ad
3 osed) G sn Lably Lus o L] L e D-ald
weladly Ul 2135 23 el Wpgdl Vlall o peliadl sds B OB (3 pad) W gl alall

canll b g5 i 3l Do) osload) o 5T 2, 5 e Bayesian D-z el

s Je 4.3

e Jpad) ¢ o)) (Bayesian D-alad) poolad) dnf il Yo o O alodll s 3
e Ebl gsed ol et M 3 Bl nagyld sl
S e ks o o e sl el
G Byl Ouby . = eXP (O + 01%; + 0%, + 0117 + 01,x, %, + 0,x7)
o w3 o) ey D= ) eadly (37 LS L) eadl U T s plond
b E S eodaal) 0B (o F i JS7 ol 3l o) Sl i ol b
s il ke Bl sy (B =2 S bl Juy s or SEL Lele Jsadt ¢
4T oy iz dsedl SOlalaay (S bl il sds T 0 @ = [1.5, 2, -2, -1, 0.5, 0.25]
to.75i o) o] By glome i3l it | ¢ s o i)
Jb oyld e Bayesian D- e eadl 0Bty 55 = [—IN (1—0.75)]1/ﬁai
Jyad! @ gl b sadl UL 2 2t UNIF(-3,3) il w555 B = 2l g ) o 2310 lns
3% S el el il () ) Ul phoiialy Ld 25y L Lnlie sy (1.3.3) ol 3 ole
2U LU ol ¢ peas U olhall Lothed) b g e 23sed D sV aadly
Malad oV i) ey Gaad) Gam pe il o pead S e pi) S 23 el SBlales
e Jsadl ¢ ) wldaalt 055 (7-3) 5 (6-3) ¢(5-3) Jshad! . obdaall a5 3 dnannnd) 3

AN el ) pis ¥ e o2 e (ST ST
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32 L Sl el ol e kel (5-3) Jsud
X1 | X2 48 yall 5 Jlaall dia )|
-1 ] -1 3 2.8 | 4.1* 1 3.7
-1 0 |12 02 | 12| 06 | 06
-1 1 01 | 05 0.5 03 | 0.2
0| -1|184 33| 39 |473| 20
0 0 48 | 44 | 38 3.4 14
0| 1 ]003)014 ) 09| 09* | 0.34
1 | -1 |337.5| 1340 | 1614 | 783.8 | 430.3
1 0 51 | 294 | 444 | 81 | 51.7
1 1125 |19 | 32 | 31 | 18
) my D= a1 el ol e el (6-3) Jsud
Sharel) b )53 o 35
X1 | X2 4 yall 5 Jlaall dia )|
-1 | -1 | 4.1% 3 0.8 3 4.1*
1 1 |41* | 41* | 33 35 | 4.1*
-1/ 1) 04 |007| 03 | 008 | 05
-1 012 04 | 08 1 0.9
0 1| 05|08 02 04 0.7
1 | -1 ]1250| 49.9 | 1471 |779.2 | 1658*

Bayesian D- Y1 veeadl ol o olbaall (7-3) J 5k
B =2 K Jolen g sl o 2310 ldans b ol n ¢ g 2550
T2 lalal Unif(-3,3) _» s sl L3,

X1 [ X2 A8 yall g Jlanll 4 )

1 ]-08[31*[31%[298] 165 | 1.53
0 |-0.8130.7*[17.21| 7.65 | 30.7* | 22.6
1 |-0.8[627.8(560.9| 524 |831.6*|831.6*
102 1 [044] 07 | 085 | 0.63
112 03]021]017] 077 | 0.18
1 [ 12] 19 | 249 15 2 0.44
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Slajg ol r 85wl MCMC 5 Bayesian i oi b sliscal Lad 23 50l Sdlales i
e 10,000 ) 2 gles a5 Slie Al o (b pis 510 23 gl ol 25 2 UNIF(-3,3) 2l
o) ol e @) e 100,000 s 5bw Sl IVl 3 odsizns ST 8t Slis sue
s IS ol e 2350l oolad 95890 adlall oV Ll sl Y1 (Sl ) Alan gl

(8-3) Jsud) 3 2e 2y WINBUGS als s plisials Lo J s ¢ o 4

o el el 9590 adiuall Jlty oo bal) Lokt el ) a0 dl) ol s (8-3) Jsub
@A e 5 ]
G opaes 4l 4l Uaall
o) | ) | Agd | g | 25% | 975%
$ 0 15 1411 | 0.1814 | 1.076 | 1.788
m‘ 0, 2 1.88 | 0.09957 | 1.682 | 2.074
of L 01 05 | 0.4738 | 0.1729 | 0.1252 | 0.8042
01 1 |-0.9314| 0.1213 | -1.169 | -0.6915
0, 2 2.017 | 0.09992 | -2.214 | -1.82
027 025 | 0.2025 | 0.1727 | -0.147 | 0.5329
“ 0 15 1.305 | 0.4183 | 0.5214 | 2.155
Dﬁ;\ 0, 2 2192 | 0.1561 | 1.895 | 251
e 01 05 | 0.9548 | 0.3278 | 0.3094 | 1.604
o gisadl
o 01 1 20.679 | 0.1552 | -0.969 | -0.3563
e 0, 2 1981 | 0.1551 | -2.279 | -1.668
” 027 025 | 0.1477 | 0.3298 | -0.532 | 0.7641
0 15 151 | 0.4612 | 0.6475 | 2.46
sl 0, 2 1981 | 01492 | 1.69 | 2277
D- Lyl W 05 059 | 0.3814 | -0.206 | 1.309
Bayesian 012 -1 -1.02 | 0.1389 | -1.294 | -0.7451
us g3 sadl 0, -2 2.227 | 0.2007 | -2.635 | -1.843
027 025 | 0.3166 | 0.3275 | -0.358 | 0.9347

(@35l Vbl BV ol i) oy 3? LS o) ) OF o ) e oDl J gl (3 )
D- ooVl pmad) plisisol Lo Jpadl ¢ ol @l plid) (o)l aet peedd 58 pead) i ST
elal) ) gzl Lo Jpunkl @ ) oI5 oo e e 258> Ll s U3 e 2l Bayesian
Pl e Jgadl @ ol ol paid L olball W5 (3 Redsindl OOl 0dd aladl) ) ey ¢ IS
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) Jadl

J- :\.a:\)b

(PLL) skt Ju) dd\>

Listy ol ol Al dulys e 8L Jszil (2 o)) Llosi Lo goby psdi Gow foadll s (2
v gyl Lell ) dnpanadl] ol sl OB oyl o 3 sl JLiS) il oo YLl Ao skl ds e
o Jolse N illy (Phase Margin) &/ :ts (Bandwidth) .4/ 2 7
M 6 Sl el 4 31 ) o T e e Jlanll oL oS e Yl 3L o8 A2
500 (Offse-Frequency) ~Ls s3,7 we ot = 0 abmll 2 1Y) b ¢ 3 ABC/HZ
s qis ol o (BaYESIAN D oY) povad) plisizaly o535 Gger il 0dd s’ KHZ
o lll oy el Jolpell Bl B i )] o ) bl ol ] 2o ¢ el e
podi Gp ylndll Ll ey emaad] ol gl oo B obze T gl me Ll folsell 1LY
lpielly Bl ol Ol ol pusd sy MCMC 5 Bayesian — i b sl
P38 G bolz] pn o) ol plid) olds  Glezn V) olad cniidlly i8 L) i sl do ) ] pl&y (3 seil]
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5.
N
N aviall
1 K 2(s) —Fout
( ) 3
XTAL Loop VOO
R Counter Phase Filter
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Charge Pump

sl Jus) il 50 (1-4) e

ol oo 33 93T S (3 e g LS T PLL Tl L) ey 1y o5l JUis) 3zl
Feomp 8l 335 o BT 355 ) 33 3 s s o R el sl @ L ey S 2l Feral
«(Phase Frequency Detector) s iy imiall asls amiall (ails Jotlis df sn sl
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— ) b @y il sl bl sl N il e w0 a2 M 555 Ll
AWl pr oYl r il e 08 JU Lt Beae amed o aend U L) odaal) Bl o Jlizel S (K
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MA/(27 radians) — tee pend) iy K 501y 00 2 il 5 L)

5 Z(S) 1 i o dnilas Ut o g el adlS 7 5 0 DC jlall dlaw el el ds 213

ol aly a5 L 058 st o5 Al oSBT ) Laghl 0 S8 el bl 05087 5l S

L3 b dladn ole plnal ony i o F il e o8 3ile e Al s s Kyco s

ook AR b n g e G 05aST L 2T ) Gl e il oyl o ) WA i 0L
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(4.1) Fout = 2T Fxrar

S a5 o SIS ced py JWL W 3 PLL 1 0585 Lt Lo Goens M1 o
Mos 26 055 R OB tyme Geld ol o i 335 338 o ol alle 2 PLL ) s 055
Ol iy 1 0B b 3o UG 0F 2 N R 0T o181 8 15) L4 s Lo pis (SN i
555 O Mz &5 and) 0B ) 1lby L Foomp 3,l 555 wlislias o olss 5 g bbb LS PLL
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(8335 31 sk Laws S e (aslSST aliorza) i sds lihal B ) JUss) olal>

skl JU) Sk Y1 plasna WY ST e ) s s 5 i OF S8 el 5 850 F Juls 5 La] 2L
o Ao set A L) oo PLL 0 06 wlibedl e g ol e 3 s ) ol M el 3 g
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B33 5 WLt jaad) lgiam 0 Usainy (108 MHZ 1) 88 MHZ (s (o35 A1 JB) & w5 2esscd
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IF ey 55 Wb Wy e PLL 0 58 s Lage oz ki
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355 e Jpamll 100 5 R Jaas Loty 10 MHZ (s 57 2 sl S KHZ
o ezadl 07030 PLL 0 3 973 41 773 o N J 332, o= QUL (100 KHZ %
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o b e Y sy ST e 1) e el Ly e 22 e (520 05 on ) Pl (Sl ]
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Jut (Clock-Jitter) sl 1AV oo Ogpm dpadl VLY sudige Loy ((BSU (s, b
s alall i e aalis 3 dges e e oa Ceeldl pde e U7 L(UNIE INterval) Ul o1
ol sl LoJ.M NERTS SRR -TRR RS |V [RCHVER S N N ERE PSR Py
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o G aball e 3 ikl as b JUW Gl ead BRI e el B i ol
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== (signal to noise ratio) SNR 2
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Lk LS Lo, s e el Ssy ((Additive White Gaussian Nois) AWGN

62



(4.2) r(t) = s(t) + n(t)

OB 5, LoV Jeamdl sy Lol 35LaY) by 35 3 0T o181 we S(T) = ACOS(ot + 0) e
Gt Al 0da G U AWGN mall (o o8 31 203l 501 o asel e sl 42 PLL
o me e At olie mead aland) 3L glally JUall ol puis 0 AWGN el s

s e 0 skl pdf sy w3 0t of w1 s (Stochastic)

(4.3) p(6%)
_exp (=y?)
=~ or U
+ y/m cos(8) exp[y?cos?(6)] [1 + erf(y cos(8))]}

o ade ol e s b Y1 B ob o (2-4) (K2 alad) 5l SNR Jelas 52 7 om

SNR Lol ailze
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= Ufr SNR= 0 4B
3
= 06¢
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2
8
& sal
e N T LI
-3 1 2
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i o caay fotd Bl ol eds Je iels alie puid LY a0 e MArkov £3 5 s
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L i 0B ol g ) e PLL U L0 2l o MArkov z3 5 3.5,y fead sale] e 14
Jpadl oz wh ol Koy (3-4) [Seh & nm o8 WS b W N s oz (-0, +71] 5l
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(4.9)

(4.10)
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1 Bl Lol Jams Pl ol ) JUSY Sl
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(5-4) JSed (3 s (4-8) 5 (4-T) Voball e mexs ) (S @VlxmVI) 5,al) 1l &Yl
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(4.17) Im{r,z.exp (j6)} =0

4.18 A= 0
(4.18) =z Z Re{rz,exp (jO)}

A s O e 2 bz = eXP (JwokTy) 5 3 W s ey ol S sadl o0 K e
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—
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LS o (Zp gl Jolell 1 5 sal) 3512l Sl g Lz o 4T = [y 050
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Olj el Jolan OB 3350 23U (3 Lo A e by s ISy el Liles L2 B 5 04 o
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<yl e -1.3.4

ol ey s Y g Y 2358 T e N = 24 o4 sae s Bayesian D- e ead)
2 ch g s el e Slaas AU I Ladll 3 d il s ) ) plissals ade J g ¢ oDl
F(N=24) ol S saadl L2 sl B IS ol sy colele B ssbw € 2810 e

i ye Sle 18 1 s Ll Z35el) Lo pd S0 2 gt Sl sae e ST OSG Et ol

Lol G Lol o sl sall 3322 1l eaed JST s Lle) & o) s 1) LUl
(-1,1) cusr o Opin 71, Zp el ol ((-1,0,1) olse o6 e i X, X, X3
Usedl SMalaeld o 2l Gl sl Lkl ol pndl te ulgall adadl) o3 o (1-4) Jsadd
el NOMM(0,1) 21 (gl catiy il (55l Ao jin sy nedll mpjsdll o 3 50l
cis o e D= o) el i ga AU sda (3 ade Jpad ¢ Ul Bayesian D- e
3,2 U ol e Jaal pn ) el o aile J bl @ 61 mnad) (g (2-4) Jsib) L olanall aib

(i=1.24)

aalol) o sl die ol pall adaill ) (1-4) J ok

sz;.w\\ X1 X2 X3 Z1 Zo
(KHZ) ot e | () 0 s | N it | (OC) 541500 | (V) s 5,50
-1 200 40 120 50 3.0
0 600 50 240
1 1000 60 480 80 3.6
Sl o @y ol anas (2-4) J sk
(Min) Jad oo Z2 Z; X3 X2 X1 B ) o3
120 1 1 1 0 -1 1
235 1 -1 -1 1 -1 2
130 1 1 1 1 0 3
140 1 1 0 -1 0 4
360* -1 -1 -1 -1 -1 5
360* -1 -1 -1 1 1 6
155 1 1 -1 -1 -1 7
300 1 -1 1 -1 -1 8
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360* -1 -1 -1 0 0 9
150 1 1 0 1 -1 10
185 -1 1 1 -1 -1 11
308 -1 -1 1 -1 1 12
200 -1 1 -1 1 -1 13
102 1 1 0 0 1 14

360* -1 -1 1 1 -1 15
210 1 -1 1 1 1 16
230 -1 1 1 1 1 17
200 1 -1 -1 -1 1 18
300 -1 -1 0 1 1 19
110 -1 1 -1 -1 1 20

95 -1 -1 0 -1 -1 21
145 1 1 -1 1 1 22
160 -1 -1 1 0 0 23
165 1 1 1 -1 1 24

B3l e ey 4] ™

o (9-4) ISl aalh) m e Gl 8 s D e Leidd o Lol Al e sll (3
g N ol o3 G (3-4) Jaad) W dn e st e e iy A L S eS) Llatll
(=1.n) 12, S aasedl

R>

AAA"

Co
C, C,
e — R1 —

Jskll JUs| aald ) 2 ) e s e (9-4) K
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Bl s e obie o5 (3-4) Jsud)

Cs (PF) | R (KQ) | C2(PF) | Ry (KQ) | Ci(PF) | a1 5,
6.8 22 330 8.2 18 1
6.8 15 2200 2.2 56 2
0.47 100 82 15 2.7 3
2.7 20 47 15 4.7 4
47 3.3 820 2.2 82 5
0.47 51 100 6.8 3.3 6
47 3.3 820 2.2 82 7
12 12 220 8.6 22 8
2.2 20 150 6.8 7.5 9
4.7 33 1000 4.7 27 10
12 15 220 8.6 22 11
0.56 51 15 27 1.2 12
6.8 15 2200 2.2 56 13
0.68 39 39 15 2.2 14
2.2 51 470 8.2 15 15
0.68 33 27 27 0.47 16
0.68 33 27 27 0.47 17
2.2 8.2 33 12 3.3 18
0.47 100 100 15 1 19
2.2 8.2 33 12 3.3 20
22 7.5 470 4.7 39 21
0.47 39 100 6.8 3.3 22

1 33 47 15 3.3 23
0.68 56 15 27 1 24
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T L L Al 3Ll oolay 5201
90, 91, ...... , 933"' Norm(0,000l)
15, ~Gamma(1,0.01) k=0123
T, ~Gamma(1,0.01) k=0123
B ~ Gamma(1,0.2)
Sy T By Ao ) 2edll L oo 5 0 20 o) S Sl 2 il el 28U Sl )
=l & il e dl 4 b CA’T s, .Bayesian N3Eb 3 Z:\.c o= LS cczadl O das o
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of s Al Sl el Al L Ss oolalall b ST crin Rab Ble Ol g plbsaal @ &l LY
S ey st S bl Azt Ll S e B USC bl il gl ) LSl el
2 e 240 Jlae OUIT ol e 2350 Oligder 3 Laad O (g
st @la>e fed) & gl Slay ) s gyl 25 skl 5 anll ) ST Ml a5l
gl Lol ¢ o(i = 1.24) T a4 5 JoF e (RI(T) 285505 doi ol a1
L ¢i51,S5 1000,000 (s 5l ST b1 S5 san cald) foadl) & Ll wiad G MCMC s ) 5

LA led ) S5 100 sl ol s cp Bl y ¢ N1 bl Al o 12 2,0 S5 100,000
@y dize 9000 6l ailaY) wlladl 3 pusizadl Slaall BLall suall 0B il s L oluad) oy
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o 25 e aST Gy iyl oSlaeld B gl ST TS e ) e e e J guamel) LIS e

Lo Jpad) o o) ol pad) ST e Uast NP SV ok ayles S

3o Yo Gk & ) Slaj 53 () pially Bl o) S OBl 1) Sl 1 s AW el

(1=1.24)1 24 )5 b=l o Ri(T = 360 min) a3y dogi o) o) i 3
(el SV e gl andl e Jonts @l L oy s S8 Julad GO s ) By
o) pald BTN sl Linf ) o gl S 2 g 2SN ey o) 950 3banall JU g a5

cbledl 3 pound) gla)l wlal sae 1) Bloyy u”\.glf}!\ Ol d> (3 dedsandl Olall sue

LSla>Y)
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node mean sd MC error 2.5% median 97.5% start sample
theta0 5.196 0.4981 0.007395 4.279 5.171 6.262 100000 9000
thetal -0.05657  0.2115 0.002733  -0.474 -0.05465 0.3625 100000 9000
thetall -0.08636  0.3692 0.004188 -0.928 -0.06087  0.5806 100000 9000
thetal2 0.03279 0.138 0.001416  -0.2399 0.03184 0.3176 100000 9000
thetal3 0.002629 0.1566 0.001655 -0.322 0.009013 0.3048 100000 9000
theta2 0.09574 0.2317 0.002943  -0.3271 0.09677 0.536 100000 9000
theta22 0.1721 0.3578 0.004451 -0.5811 0.1916 0.8577 100000 9000
theta23 -0.02239  0.1541 0.001715 -0.325 -0.02569  0.2956 100000 9000
theta3 -0.08948  0.2257 0.002481  -0.5467 -0.08544  0.3427 100000 9000
theta33 0.3945 0.3014 0.003152  -0.1644 0.3782 1.047 100000 9000
node mean sd MC error 2.5% median 97.5%  start sample
beta 2.535 0.8219 0.009179 1.218 2.429 4.42 100000 9000
i siall ) S S bl drdall ol 53l B da=DU) ol 53l

node mean sd MC error 2.5% median 97.5% start sample
taudeltaO  45.68 65.33 0.6611 1.561 21.47 240.1 100000 9000
taudeltal 117.4 104.6 1.16 6.723 87.97 391.7 100000 9000
taudelta2  115.8 102.4 1.07 6.979 86.93 387.9 100000 9000
taudelta3  111.9 103.1 1.058 6.037 81.15 378.0 100000 9000
taugamma0 84.89 89.79 0.8551 3.508 54.77 339.8 100000 9000
taugammal 118.3 106.4 1.136 6.51 88.89 397.6 100000 9000
taugamma2 104.5 96.44 1.019 5.462 75.21 364.2 100000 9000
taugamma3 113.7 104.4 1.08 6.42 82.74 398.3 100000 9000
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node mean sd MC error 2.5% median 97.5% start sample
RTother[1] 0.2245 0.2916 0.00363 0.0 0.06239 0.9336 100000 9000
RTother[2] 0.4112 0.3517 0.004024 5.253E-36 0.377 0.9878 100000 9000
RTother[3] 0.3327 0.3303 0.00392 4.204E-45 0.2302 0.9659 100000 9000
RTother[4] 0.1512 0.2462 0.002728 0.0 0.01202 0.8747 100000 9000
RTother[5] 0.3327 0.3322 0.003544 0.0 0.2275 0.9714 100000 9000
RTother[6] 0.3912 0.3473 0.003941 0.0 0.339 0.9822 100000 9000
RTother[7] 0.337 0.3342 0.003535 0.0 0.2352 0.9728 100000 9000
RTother[8] 0.2771 0.3144 0.003566 0.0 0.1359 0.9619 100000 9000
RTother[9] 0.2915 0.3088 0.003773 0.0 0.1768 0.9479 100000 9000
RTother[10] 0.1967 0.2774 0.003142 0.0 0.041 0.9228 100000 9000
RTother[11] 0.2819 0.316 0.003549 0.0 0.1411 0.9623 100000 9000
RTother[12] 0.2154 0.2907 0.00312 0.0 0.05113 0.9369 100000 9000
RTother[13] 0.4061 0.3497 0.003607 4.026E-39 0.3646 0.9855 100000 9000
RTother[14] 0.09843 0.2055 0.002532 0.0 5.563E-4 0.7936 100000 9000
RTother[15] 0.315 0.3288 0.00385 0.0 0.1934 0.971 100000 9000
RTother[16] 0.2983 0.3228 0.003119 0.0 0.1659 0.9616 100000 9000
RTother[17] 0.2941 0.3202 0.003313 0.0 0.1595 0.9644 100000 9000
RTother[18] 0.2655 0.3226 0.003748 0.0 0.08609 0.9672 100000 9000
RTother[19] 0.1765 0.2595 0.003146 0.0 0.02883 0.8892 100000 9000
RTother[20] 0.2719 0.3261 0.004082 0.0 0.09601 0.9694 100000 9000
RTother[21] 0.1597 0.2556 0.00253 0.0 0.01314 0.8975 100000 9000
RTother[22] 0.383 0.3457 0.003922  1.401E-44 0.3205 0.9816 100000 9000
RTother[23] 0.2229 0.2849 0.00336 0.0 0.07418 0.9211 100000 9000
RTother[24] 0.2146 0.2891 0.003307 0.0 0.05296 0.9401 100000 9000
(1=1.24) 122 JS Jol ol oo sonll 38 0559
node mean sd MC error  2.5% median 97.5% start sample
quantilePother[1] 126.0 241.8 2.652 16.34 89.84 427.7 100000 9000
quantilePother[2] 216.6 7313 8.065 23.17 138.7 780.4 100000 9000
quantilePother([3] 163.6 234.4 2.342 21.22 117.3 553.6 100000 9000
quantilePother{4] 102.4 239.8 2.495 14.42 74.63 327.1 100000 9000
quantilePother[5] 1319.0 109600.0 1160.0 20.98 117.1 590.0 100000 9000
quantilePother[6] 207.2 1088.0 11.27 23.45 134.1 705.7 100000 9000
quantilePother(7] 169.4 296.6 3.741 21.19 116.6 576.4 100000 9000
quantilePother([8] 151.2 525.4 5.782 18.5 101.7 522.3 100000 9000
quantilePother[9] 149.8 3134 3.405 23.86 110.3 472.4 100000 9000
quantilePother[10] 117.6 196.8 2.266 14.92 83.31 396.4 100000 9000
quantilePother[11] 158.4 900.6 9.548 19.17 103.1 512.9 100000 9000
quantilePother[12] 128.0 3274 3.536 14.52 85.67 4255 100000 9000
quantilePother[13] 815.9 57970.0 607.2 23.98 137.6 745.9 100000 9000
quantilePother[14] 80.08 96.94 1.114 10.94 60.2 265.0 100000 9000
quantilePother[15] 200.1 3538.0 37.02 19.72 112.1 576.3 100000 9000
quantilePother[16] 153.6 3534 4.057 19.58 106.0 515.7 100000 9000
quantilePother[17] 166.2 1181.0 12.17 18.47 106.7 533.3 100000 9000
quantilePother[18] 173.1 2158.0 23.8 16.22 95.64 563.8 100000 9000
quantilePother[19] 113.2 642.9 6.732 15.02 80.64 3445 100000 9000
quantilePother[20] 378.3 21610.0 229.1 16.92 96.77 567.2 100000 9000
quantilePother[21] 104.7 188.7 2.074 13.6 74.21 354.7 100000 9000
quantilePother[22] 197.2 568.1 6.634 23.84 131.2 697.1 100000 9000
quantilePother[23] 133.9 934.2 9.728 19.02 92.36 399.9 100000 9000
quantilePother[24] 136.1 839.1 8.434 15.09 86.25 432.1 100000 9000
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node mean sd MC error 2.5% median 97.5% start sample
yother[1]  306.2 1295.0 13.63 22.48 187.3 1153.0 100000 9000
yother[2]  511.9 1543.0 17.27 34.61 2925 2061.0 100000 9000
yother[3]  394.4 622.2 6.838 26.84 2448 1553.0 100000 9000
yother[4]  239.4 557.4 5.955 21.19 159.3 891.0 100000 9000
yother[5]  3809.0 324300.0 3431.0 30.54 245.0 1610.0 100000 9000
yother[6]  508.5 2465.0 25.0 36.0 278.5 2020.0 100000 9000
yother[7]  426.6 2319.0 26.43 29.88 246.9 1611.0 100000 9000
yother[8]  356.0 1505.0 21.78 24.68 217.3 1317.0 100000 9000
yother[9]  360.6 750.3 8.013 33.16 231.1 1420.0 100000 9000
yother[10] 271.4 456.4 5.526 22.58 177.6 1039.0 100000 9000
yother[11] 357.9 1421.0 15.18 26.56 217.7 1373.0 100000 9000
yother[12] 294.0 970.3 10.23 22.34 179.9 1100.0 100000 9000
yother[13] 2774.0 216600.0 2272.0 34.57 287.7 2070.0 100000 9000
yother[14] 192.1 351.8 3.797 15.62 128.5 697.2 100000 9000
yother[15] 530.0 13860.0 144.9 26.88 2324 1557.0 100000 9000
yother[16] 372.4 2067.0 22.45 27.16 226.5 1399.0 100000 9000
yother[17] 387.5 2263.0 22.88 28.21 223.1 1472.0 100000 9000
yother[18] 425.1 4691.0 52.49 23.45 197.7 1624.0 100000 9000
yother[19] 258.4 1135.0 11.85 20.74 172.1 893.8 100000 9000
yother[20] 844.9 44610.0 473.7 25.13 204.6 1595.0 100000 9000
yother[21] 239.9 520.9 6.049 19.45 158.6 901.8 100000 9000
yother[22] 469.5 1198.0 14.93 33.79 274.8 1965.0 100000 9000
yother[23] 347.0 5216.0 54.06 25.81 196.3 1080.0 100000 9000
yother[24] 303.2 1473.0 14.61 21.95 185.9 1110.0 100000 9000
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thetaO ~ dnorm( 0.0,0.001)
thetal ~ dnorm( 0.0,0.001)
theta2 ~ dnorm( 0.0,0.001)
theta3 ~ dnorm( 0.0,0.001)
thetall ~ dnorm( 0.0,0.001)
thetal2 ~ dnorm( 0.0,0.001)
thetal3 ~ dnorm( 0.0,0.001)
theta22 ~ dnorm( 0.0,0.001)
theta23 ~ dnorm( 0.0,0.001)
theta33 ~ dnorm( 0.0,0.001)

for(jin1:2){
deltaO[j] ~ dnorm( 0.0,taudelta0)
deltal[j] ~ dnorm( 0.0,taudeltal)
delta2[j] ~ dnorm( 0.0,taudelta2)
delta3[j] ~ dnorm( 0.0,taudelta3)

}
taudelta0 ~ dgamma(1,0.01)
taudeltal ~ dgamma(1,0.01)
taudelta2 ~ dgamma(1,0.01)
taudelta3 ~ dgamma(1,0.01)

for(jin1:2){
gammag[j] ~ dnorm( 0.0,taugamma0)
gammalfj] ~ dnorm( 0.0,taugammal)
gammaz2[j] ~ dnorm( 0.0,taugamma2)
gamma3y[j] ~ dnorm( 0.0,taugamma3)
}
taugamma0 ~ dgamma(1,0.01)
taugammal~ dgamma(1,0.01)
taugamma2 ~ dgamma(1,0.01)
taugamma3 ~ dgamma(1,0.01)

Beta ~ dgamma(1,0.2)
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for(iin1:24){

etal[] <- theta0 + (thetal*x1[]) + (theta2*x2[i]) + (theta3*a[[]) + (thetal1*x1i*xa[i) +
(thetal2*x1[i]*x2[i]) + (thetal3*x1[i]*x3[i]) + (theta22*x2[i[*x2[i]) + (theta23*x2[iI*x3[i]) +
(theta33*x3[i]*x3[i])

eta2[i] <- deltaO[z1][i]] + (deltal[z1[i]}*x1[i]) + (delta2[z1[i]]**2[i]) + (delta3[z1[i]]*x3[i])
eta3[i] <- gamma0[z2[i]] + (gammal[z2[i]]*x1[i]) + (gamma2[z2[i][**2]i]) + (gamma3[z2][i]]*x3[i])

eta[i] <- etal]i] + eta2]i] + eta3]i]
alphali] <- exp(etali])
lambdali] <- 1/pow(alpha][i],beta)
}
ald L4

o 2l leaeS” Jaall die ] G )1 e 22l o
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y[1] ~ dweib(beta,lambda[1])

y[2] ~ dweib(beta,lambda[2])I(100,)
for(iin3:13){

y[i] ~ dweib(beta,lambdali])

}
y[14] ~ dweib(beta,lambda[14])I(100,)
for(iin 15:22){
y[i] ~ dweib(beta,lambdali])
}
cens23 ~ dunif(0,100)
y[23] ~ dweib(beta,lambda[23])l(cens23,)

cens24 ~ dunif(0,100)
y[24] ~ dweib(beta,lambda[24])l(cens24,)

aldl L4
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for (iin 1:24) {

deltaOother(i] ~ dnorm( 0.0,taudelta0)
deltalother[i] ~ dnorm( 0.0,taudeltal)
delta2other(i] ~ dnorm( 0.0,taudelta?)
delta3other(i] ~ dnorm( 0.0,taudelta3)

gammaOother][i] ~ dnorm( 0.0,taugamma0)

gammalother[i] ~ dnorm( 0.0,taugammal)

gammaz2other[i] ~ dnorm( 0.0,taugamma?2)

gammag3other[i] ~ dnorm( 0.0,taugamma3)

etalother|i] <- thetaO + (thetal*x1[i]) + (theta2*x2[i]) + (theta3*x3[i]) + (thetall*x1[i[*x1[i]) +
(thetal2*x1[i]*x2[i]) + (thetal3*x1[i]*x3[i]) + (theta22*x2[i*x2]i]) + (theta23*x2[i*x3[i]) +
(theta33*x3[i]*x3[i])

eta2other|i] <- deltaOother[i] + (deltalother[i[*x1[i]) + (delta2other[i]*x2[i]) + (delta3other[i]*x3][i])

eta3other|i] <- gamma0other]i] + (gammalother[ij*x1[i]) + (gamma2other[i]*x2[i]) +
(gamma3other[i]*x3][i])

etaother][i] <- etalother[i] + eta2other[i] + eta3other]i]
alphaother][i] <- exp(etaotherfi])

lambdaother(i] <- 1/pow(alphaother]i],beta)

yother][i] ~ dweib(beta,lambdaother[i])

guantilePother[i] <- alphaother][iJ*(pow((-log(1- P)),(1/beta)))

RTother][i] <- exp(-(pow((T/alphaother[i]),beta)))

}
}
Al s
T i3l B4
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olleall

list(y = ¢(40,NA,30,50,20,80,70,60,20,10,20,30,40,NA,50,40,20,50,20,40,20,10,NA,NA), x1 = c(-
1-100,-1,1-1,-10,-1,-11,-121,-22,1,122,-1,1,0,1),x2=¢(0,2,1,-1,-1,1,-1,-1,0,2,-1,-1,1,0,2,1,1 -
11,-1,-1,1,0,-1),x3=c¢(1,-1,2,0,-1,-1,-11,-1,0,1,1,-1,01,1,1,-1,0,-1,0,-1,1,1), z1 =
c(212,21,1,21,1,2,2,1,221,1,2,1,1,2,1,2,1,2),22 =
c(22,22112,2121,11,21,21,2,1,1,1,2,1,2), T =150, P =0.25, cens23 = 50, cens24 = 50)

alnall 241 )

list(beta = 1, thetaO = 0, thetal = 0, theta2 = 0, theta3 = 0, thetall = 0, thetal2 = 0, thetal3 = 0,
theta22 = 0, theta23 = 0, theta33 = 0, taudeltaO = 1, taudeltal = 1, taudelta? = 1, taudelta3 = 1,
taugamma0 = 1, taugammal = 1, taugammaz2 = 1, taugamma3 = 1)

i) ol S @bl aa= ) Slay o)

node mean sd MC error2.5% median 97.5%  start sample
theta0  4.703 0.9168 0.01375 3.189 4.603 6.821 100000 9000
thetal 0.1056 0.3121 0.002947 -0.4951 0.09361 0.7508 100000 9000
thetall 0.05224 0.614 0.007741 -1.255  0.0712 1.227 100000 9000
thetal2 -0.2704 0.2624 0.002763 -0.8517 -0.2474 0.1905 100000 9000
thetal3 0.2302 0.2718 0.003247 -0.2535 0.2098 0.8229 100000 9000
theta2  -0.1029 0.3441 0.004363 -0.812  -0.09431 0.5274 100000 9000
theta22 -1.004 0.7517 0.01015 -2.764 -0.9179 0.2479 100000 9000
theta23 -0.2681 0.2551 0.002709 -0.815 -0.2559 0.2112 100000 9000
theta3  -0.03838 0.3133 0.003759 -0.6217 -0.04506 0.6015 100000 9000
theta33 0.3502 0.5396 0.006063 -0.7836 0.3844 1.345 100000 9000

S i Sl ol 3301 5 5

node mean  sd MC error2.5% median 97.5%  start sample
beta 14 0.4019 0.004014 0.7378 1.36 2291 100000 9000

90



i sl ol ) Ml Bndal) ol 5 53 B 22U ol 52

node mean sd MC error  2.5% median 97.5% start sample
taudeltaO 104.5 98.97 1.045 4.356 75.1 380.7 100000 9000
taudeltal 102.0 99.61 1.132 4.443 714 364.6 100000 9000
taudelta2 80.83 92.07 0.9843 2.078 48.53 337.9 100000 9000
taudelta3 105.8 97.99 1.047 5.094 77.7 366.4 100000 9000
taugammaO  94.84 97.38 0.9836 3.543 62.92 358.7 100000 9000
taugammal  107.1 98.37 0.9738 4.745 79.44 361.9 100000 9000
taugamma2  96.25 101.1 1.075 3.381 63.16 359.0 100000 9000
taugamma3  107.1 100.7 1.069 4.852 76.93 379.0 100000 9000
(1= 1..24) i 2 U5 Jof o R(T=150) 2554 3 50
node mean sd MC error 2.5% median 97.5% start sample
RTother[1] 0.2927 0.2872 0.00327 2.489E-10 0.2019 0.9054 100000 9000
RTother[2] 0.2864 0.2849 0.003069 6.328E-14 0.1975 0.9005 100000 9000
RTother([3] 0.07126 0.1538 0.001598 0.0 0.001574  0.5823 100000 9000
RTother[4] 0.08906 0.1716 0.002044 4.764E-44 0.004629 0.6367 100000 9000
RTother[5] 0.09635 0.1765 0.002014 1.317E-43 0.007574 0.6551 100000 9000
RTother[6] 0.1127 0.1962 0.001923  3.913E-40 0.01206 0.7257 100000 9000
RTother[7] 0.09395 0.1748 0.002065 0.0 0.007157  0.6425 100000 9000
RTother[8] 0.09723 0.1816 0.002016 0.0 0.007315 0.6773 100000 9000
RTother[9] 0.3984 0.3163 0.004449 2.396E-6  0.3645 0.9514 100000 9000
RTother[10]  0.1049 0.1925 0.002504 0.0 0.005348 0.7096 100000 9000
RTother[11]  0.09698 0.1787 0.002042 0.0 0.006319 0.6634 100000 9000
RTother[12]  0.3853 0.3291 0.003615 1.228E-13 0.3404 0.9667 100000 9000
RTother[13] 0.2893 0.2878 0.003298  2.488E-13 0.1948 0.9075 100000 9000
RTother[14]  0.3145 0.2829 0.003708 2.267E-7  0.2466 0.9018 100000 9000
RTother[15]  0.07724 0.1631 0.001792 0.0 0.001444  0.6251 100000 9000
RTother[16]  0.09149 0.1753 0.001987 0.0 0.003968  0.6529 100000 9000
RTother[17]  0.09257 0.1793 0.001934 0.0 0.003906 0.6716 100000 9000
RTother[18]  0.1491 0.2218 0.002219  7.293E-30 0.03033 0.7799 100000 9000
RTother[19]  0.05706 0.1368 0.00153 0.0 4.48E-4 0.508 100000 9000
RTother[20]  0.1523 0.2239 0.002421 3.69E-28  0.03237 0.7891 100000 9000
RTother[21]  0.05189 0.1285 0.00166 0.0 4.292E-4  0.4745 100000 9000
RTother[22]  0.112 0.1922 0.002036  7.726E-38 0.01206 0.7132 100000 9000
RTother[23]  0.3688 0.3035 0.003734 1.654E-6  0.3233 0.9341 100000 9000
RTother[24]  0.3821 0.3286 0.003449  2.365E-13 0.3308 0.9638 100000 9000
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(I = 124) | e 53 J—‘»T&»to.m u;"“"“ oald (s 5l @j;ﬂ‘

node mean sd MC error  2.5% median 97.5% start sample
quantilePother[1]11.9 381.8 4.057 0.1401 3.684 32.63 100000 9000
quantilePother[2]7.785 58.16 0.613 0.1405 3.455 32.28 100000 9000
quantilePother[3]3.026 39.29 0.434 0.04102 1.259 10.92 100000 9000
quantilePother{4]4.901 147.4 1.533 0.05766 1.466 12.13 100000 9000
quantilePother[5]11.84 707.9 7.862 0.04731 1.504 14.03 100000 9000
quantilePother[6]4.858 82.38 0.8715 0.04366 1.586 17.74 100000 9000
quantilePother[7]4.669 148.0 1.548 0.04868 1.461 14.52 100000 9000
quantilePother[8]18.49 1404.0 14.7 0.04473 1.481 15.05 100000 9000
quantilePother[9]7808.0 587900.0 6137.0 0.1818 5.272 53.19 100000 9000
quantilePother[10]3.285 22.87 0.2624 0.05012 1.48 14.15 100000 9000
quantilePother[11]3.465 33.72 0.3642 0.04646 1.467 14.3 100000 9000
quantilePother[12]32.34 1908.0 20.05 0.1864 4.74 59.61 100000 9000
quantilePother[13]7.276 21.56 0.2454 0.1426 3.489 3451 100000 9000
quantilePother[14]28.03 1312.0 14.61 0.2106 4.094 28.84 100000 9000
quantilePother[15]2.785 13.78 0.16 0.03688 1.222 11.93 100000 9000
quantilePother[16]3.04 19.67 0.2287 0.04922 1.368 13.02 100000 9000
quantilePother[17]5.577 165.3 2.123 0.05243 1.367 12.9 100000 9000
quantilePother[18]29.05 2352.0 24.63 0.06328 1.95 18.37 100000 9000
quantilePother[19]2.704 46.18 0.5065 0.0377 1.058 9.573 100000 9000
quantilePother[20]4.294 19.45 0.1964 0.07056 1.988 19.41 100000 9000
quantilePother[21]9.134 652.6 6.831 0.04122 1.041 9.015 100000 9000
quantilePother[22]3.859 37.53 0.4066 0.04244 1.615 16.87 100000 9000
quantilePother[23]11.86 202.0 3.053 0.2133 4.822 42.1 100000 9000
quantilePother[24]969.0 90810.0 950.8 0.1964 4.73 59.75 100000 9000
(1=1.24) i 2,2 JS Jol o souas alamSle el (5580 59
node mean sd MC error  2.5% median 97.5% start sample
yother[1] 268.4 3871.0 40.62 3.166 75.97 1135.0 100000 9000
yother[2] 350.5 9948.0 103.9 2.82 75.35 1094.0 100000 9000
yother[3] 65.32 446.2 4.848 1.2 26.86 281.5 100000 9000
yother[4] 99.28 1495.0 15.33 1.482 31.11 349.8 100000 9000
yother[5] 360.1 24160.0 261.9 1.477 33.09 359.9 100000 9000
yother[6] 97.84 1181.0 12.27 1.285 36.07 431.3 100000 9000
yother[7] 709.1 60480.0 633.1 14 31.58 352.3 100000 9000
yother[8] 289.0 19870.0 208.0 1.533 32.35 380.8 100000 9000
yother[9] 572600.0 4.759E+7 497500.0 4.695 106.7 2155.0 100000 9000
yother[10] 92.57 561.5 6.831 1.293 31.77 435.2 100000 9000
yother[11] 74.03 281.1 2.89 1.184 31.86 360.5 100000 9000
yother[12] 1121.0 40210.0 424.2 3.572 98.7 2681.0 100000 9000
yother[13] 492.7 24920.0 261.1 2.95 75.69 1162.0 100000 9000
yother[14] 2208.0 152100.0 1601.0 4.849 85.81 1369.0 100000 9000
yother[15] 71.41 388.2 4.534 0.8668 26.34 332.9 100000 9000
yother[16] 75.2 363.7 4.048 1.194 29.79 361.0 100000 9000
yother[17] 538.5 40540.0 441.5 1.113 30.14 396.7 100000 9000
yother([18] 360.4 23020.0 240.7 1.715 42.34 554.8 100000 9000
yother[19] 123.1 3848.0 41.11 0.9446 22.95 257.2 100000 9000
yother[20] 110.9 419.9 3.924 1.719 43.05 561.4 100000 9000
yother[21] 117.3 5117.0 53.43 1.043 23.24 239.3 100000 9000
yother[22] 101.1 1562.0 16.39 1.156 35.37 405.1 100000 9000
yother[23] 696.9 24550.0 272.6 4.696 99.1 1694.0 100000 9000
yother[24] 41940.0 3.917E+6  41010.0 4.032 97.37 2795.0 100000 9000
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H(1) = o+ fit
(B.2) dn(t) = B+ fit
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(B.9) N = (P+1)*a + P*(b-a) = P*h + a

(B.10) b=NdivP

(B.11) a=NmodP
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5.16 7(s) = 1+s*T2
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ADF435 )i

FEATURES GEMNERAL DESCRIPTION
Output frequency range: 137.5 MHz to 4400 MHz The ADF4350 allows implementation of fractional-N or
Fractional-N synthesizer and integer-N synthesizer integer-N phase-locked loop (PLL) frequancy synthesizers
Low phase noiss VCO if used with an external loop filier and external reference
Programmable divide-by-1/-2/-4/-8/-16 output frequency.
Typical rms jiter: <0.4 ps s The ADF4350 has un integrated voltage controlled oscillator
Pﬂﬂr!ﬂlﬁﬂ?t:::\\' (VCO) with a fundarmental output [requency ranging from
Logic compatibility:

2200 MHz 1o 4400 MHz. In addition, divide-by-1/2/4/8 or 16
wmw-ﬂﬁlﬂm circuits allow the user to generate RF output frequencies as low
:wmuhhmutm s 1375 MHz. For applications that require isolation, the RF

output stage can be muted. The mute function is both pin- and

o S .::kd software-contrallable. An auxiliary RF output is also available,
Ausing gt aEae which can be powered down if not in use.
Switched bandwidth fast-lock mode
Cycle slip reduction Control of all the on-chip regisiers is through a simple 3-wire
interface. The device operates with a power supply ranging
APPLICATIONS from 3.0V 1o 3.6 ¥ and can be powered down when not in use.
Wireless infrastructure (W-CDMA, TD-SCDMA, WIMAY,
G5M, PCS, DCS, DECT)
Test equipment
Wireless LANs, CATV equipment
Clock generation
Functional BLOCK DIAGRAM
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Table: Pin Function Description

Pin No. Mnemonic | Description

1 K Serial Clock Input. Data is clocked into the 32-bit shift register on the CLK rising edge. This input is a high
impedance CMOS input.

2 DATA Serlal Data Input. The serial data is loaded M5B first with the three L58s as the control bits. This input is a high
impedance CMOS input.

i LE Load Enable, CMOS Input. When LE goes high, the data stored in the shift register is loaded into the register
that is selected by the three LSBs.

4 CE Chip Enable. A logic low on this pin powers down the device and puts the charge pump into three-state mode.
Alogic high on this pin powers up the device depending on the status of the power-down bits,

5 SW Fast-Lock Switch. & connection should be made from the loop filver to this pin when using the fast-lock mode.

3 Ve Charge Pump Power Supply. This pin is 1o be equal to AVoo. Decoupling capacitors to the ground plane are 1o
e placed as close as possible 1o this pin.

7 CPair Charge Pump Output. When enabled, this provides £+ 1o the extemal loop filter. The cutput of the loop filter is
connected to Vi to drive the intemal VCO.

B CPono Charge Pump Ground, This is the ground return pin for CPour.

] AGND Analog Ground. This is a ground return pin for AVis.

o AV Analog Power Supply. This pin ranges from 3.0V to 3.6 V. Decoupling capacitors to the analog ground plane are
1o be placed as close as possible to this pin. AVogmust have the same value as DVpo,

11,1821 Agursco VD Analog Ground. These are the ground retum pins for the VCO.

12 RFourft VD Output. The output level is programmable. The WCO fundamental output or a divided down version is available.

13 Afurf- Complementary VCO Output. The output level is programmable. The VOO fundamental output or a divided
down version is avallable.

14 RFourB+ Auixilliary VCO Output. The output bevel & programmable. The VOO fundamental output of a divided down
version is available.

15 AFpurB— Complementary Auilliary VOO Output. The output level is programmable. The VCO fundamental output or a
divided down version is available.

16,17 Vym Power Supply for the VCO, This ranges from 3.0V 1o 3.6 V. Decoupling capacitors to the analog ground plane
should be placed as chose as possible to these pins, Voo must have the same value a5 AVoo,

19 TEMP Temperature Compensation Output. Decoupling capacitors to the ground plane are to be placed as dose as
possible to this pin.

0 Vnes Control Input to the VCO, This wohage determines the output frequency and is derived from filtering the CPour

output voltage.
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Description

Pin No. Mnemonic
n Ry

3 Veom

24 Vs

23 LD

26 POBw

7 DGND

8 DVeoo

29 REFm

30 MuUXOUT
£ | 5D

32 SDVeo

33 EP

Connecting a resistor betwean this pin and GND sets the charge pump output current. The nominal voltage
bias at the Rzr pin is 0.55 V. The relationship between I and A is

Internal Compensation Node Biased at Half the Tuning Range. Decoupling capacitors to the ground plane
should be placed as close as possible 1o this pin.

Reference Voltage. Decoupling capacitors to the ground plane should be placed as close as possible to this pin.
Lock Detect Output Pin. This pin outputs a logic high to indicare PLL lock, A logic low output indicates loss of PLL lock.
RF Pawer-Down. A logic low on this pin mutes the AF outputs. This function is also software controflable,
Digital Ground. Ground return path for DVee.

Digital Power Supply, This pin should be the same voltage as AVop. Decoupling capacitors to the ground plane
should be placed as close as possible to this pin.

Reference Input. This is a CMOS input with a nominal threshold of Voe/2 and a dc equivalent input resistance of
100 kL1 This input can be driven from a TTL or OMOS crystal oscillator, of it can be ac-coupled.

Multiplexer Output. This multiplexer output allows either the lock detect, the scaled RF, or the scaled reference
frequency to be accessed externalky.

Digital Sigma-Delta (£-4) Modulator Ground. Ground return path for the £-A modulator.

Power Supply Pin for the Digital £-A Modulator. Should be the same voltage as AVoo. Decoupling capacitors to
the ground plane are to be placed as close a3 possible to this pin.

Exposed Pad.

ABSOLUTE MAXIMUM RATINGS

T.=25°C. unless atherwise noted. Stresses above those listed under Absolute Maximum Ratings

may cause permanent damage to the device. This is a siress

Table 3. rating onky; functional operation of the device at these or any

Parameter Rating other conditions above those indicated in the operational

AVeo o GND' =03Vio+39V section of this specification is not implied. Exposure to absolute

AN to DVee =03Vio+03V maximum rating conditions for extended periods may affect

Vyeo to GND =03Vio+39y device reliability.

Via t0 AVie =03Vito +03V This device is a high-performance RF integrated cireuit with an

Digital 140 Voltage ta GND =03V 10Von + 0.3V ESD rating of <0.5 kV and is ESD sensitive. Proper precautions

Analog Y0 Voltage to GND =03V toVoo + 03V should be taken for handling and assembly.

REFs to GND =03V iV + 03V

Operating Temperature Range =40°C to +B5C TRANSISTOR COUNT

Storage Temperature Range =65°C to +125°C 24202 (CMOS) and 918 (bipolar)

Maximum Junction Temperature 15°C

LFCSP 8.4 Thermal Impedance 7ITW ESD CAUTION _ —

ESD (electrostatic discharge] sensitive ice.

PRdle Saklent) Charged devices and circult boards can discharge

Reflow Soldering ‘ without detection, Although this product features
Peak Temperature 60T \ patented or pr:ep‘l;llﬂlry plptecrgun :l:.r;‘m dﬂl‘l‘l:?;-

t mdy Boour on ced subjected 1o energy

A ok e s sk ‘EL Thesefare, proper ESD precautions shauld be taken 1o

1GND = AGND = DGND = 0V aveld performance degradation o loss of functionality.
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SPECIFICATIONS

AVio = DWVoo = Vieo = 5DWes = Ve = 33V £ 10%; AGND = DGND =0 V; Ta = T 10 Tousw, unless otherwise noted. Operating

temperature range is =40°C 1o +85°C.

Table 1.

Parameter

B Version

Conditions/Comments

REFw CHARACTERISTICS
Input Frequency
Input Sensitivity
Input Capacitance
Input Current

10
o7

10

Forf < 10 MHz ensure shew rate > 21 Vius
Biased at AVeei2'

PHASE DETECTOR

=

Ml |

27

0312

15

22#533

With Rar = 5.1 k1

05VsVes 25V
0S5VeVe 25V
V= 20V

LE

1]

g

{E{ “g{{

CMOS output chosen

b = 500 A

0

AV
Fi]
610 24

21

These voltages must equal AVeo
Each output divide-by-2 consumes & mA

RF output stage is programmable

1375

=19
=13

=10

15

gg#&‘-‘d

“EEQHHE;E EEEF [F2233

Fundamental VOO mode
2200 MHz fundanental output and divide by 16 selecied
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Parameter Typ Max | Unit Conditions/Comments
MOISE CHARACTERISTICS

VCO Phase-Moise Performance® —8% dBo/Hz | 10kHz offset from 2.2 GHz carrier
=114 dBc/Hz | 100 kHz offset from 2.2 GHz carrier
=134 dBo/Hz | 1 MHz offset from 2.2 GHz carrier
=148 dBcHz | 5 MHz offset from 2.2 GHz carrier
e ] dBc'Hz | 10 kHz offset from 3.3 GHz carrier
=111 dBo/Hz | 100 kHz offset from 3.3 GHz carmier
=134 dBoiHz | 1 MMz offset from 3.3 GHz carrier
=145 dBoHz | 5 MHz offset from 3.3 GHz carrier
=83 dBc/Hz | 10 kHz offset from 4.4 GHz carrier
=110 dBo/Hz | 100 kHz offsat from 4.4 GHz carmier
=132 dBoHz | 1 MHz offset from 4.4 GHz carrier
=145 dBc/Hz | 5 MHz offset from 4.4 GHz carrier

Mormalized Phase Moise Floor =220 dBc/Hz | PLL Loop BW = 500 kHz

(Phsmmd”

Normalized 1/f Noise (PN, 1) =111 dBc/Hz | 10 kHz offset: normalized to 1 GHz

In-Band Phase Noise” b 1 dBc/Hz | 3 kHz offset fram 2113.5 MHz carrler

Integrated RMS Jitter " 05 ps

Spurious Signals Due to PFD Frequency 70 dBc

Level of Signal With RF Mute Enabled —40 dBm
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