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Abstract

The phase noise of PLL frequency synthesizer brings about a
distortion of the signal in communication systems.

In this thesis, the frequency synthesizer using the third-order

PLL was designed in order to predict the phase noise.
With Lascari's method, a variation of phase noise was analyzed
in accordance with offest frequency, and the aspect of the 1/f-
noise which give rise to troubles in the low frequency band
specially was analyzed.

Since it is difficult to analyze mathematically 1/ f-noise in the
third-order PLL, the concept of pseudo-damping factor was
introduced to access easily the 1/ f-noise variance.

A numerical formula of 1/f-noise variance was shown in the
third-order PLL, which was compared with that of 1/f-noise
variance in the second-order PLL.

From the smmulation result, it was known that 1/ f-noise
variance in the third-order PLL exhibited inferior to suppression
characteristics of that in the second-order PLL because of its

noise bandwidth and 1/ f noise variance factor over the damping

factor in the range of 0.707 and 1



Nomenclature

e(1) : Amplitude fluctuations
A40(1) : Phase noise (Phase Fluctuations)
B, : Loop noise bandwidth
g4° . Phase Noise variance
g, : Random angular perturbation
TI : Time interval
Af . Oscillator frequency settability
A : Drift rate
r(t) : Oscillator random phase noise process
TIS : Time interval stability
S ,(w) : Phase noise power spectral density

D, P (t;7) :First structure function

D, @ (t:;7) : Second structure function

A'W(t ;p) : The first increment phase noise process
A°W(t ;p) : The second increment phase noise process
@y : Natural angular frequency

0 : Damping factor
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2-1 VCO
[2].
V(1) = V, sin2af,t 2.1)
VO fO
2.2
V(1) = |V + e(t)]sin[2af ot + AD()] 2.2)

e(t) = Amplitude Fluctuations

A0(t) = Phase Noise(Phase F luctuations)

22 AD(t) phase fluctuations

hertz phase fluctuation one-sided
spectral density
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Fig. 22. linearized model of the PLL when the VCO has
an intera disturbance source ¥(t).
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2-2 deterministic

quartz maser, atomic frequency standard
deterministic component
phase
process [4][6].
shot, 1/ f

random fluctuation
, perfect oscillator
imperfect oscillator

perfect—» T(t)= t- t, (2.10a)

- _ f A t* . () - P(ty)
imperfect» T(t)= t- ty+ fOt+ f. 2 + TT (2.10b)

TI(Time Interval)

AYT(t;0= T(t+ - T(1) (2.11a)
A 'T(t:0)= (t+ - to)- (t- tg)=71 (2.11b)
. . .
4707t =or A oe a2 4 %‘—'Q (2.110)
0 0 0

imperfect T(t)

deterministic term A4, A  random term (1)

Af oscillator frequency settability & drift rate,
U(t) oscillator
AWt ;1)
211c imperfect oscillator 212



E[ A'T(t ;0] =+ f4r+ %(zﬂ %) (2.12)
0 0
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zero crossing
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(2.15)
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2 .
lim AT 2t s
—0 T
(2.16)
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drift

21 o qt2 a2 = u(y) (2.17)
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e 2
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2-3

[2].

1. Mixer Inter-modulation Products
2. Frequency Multipliers
3. Frequency Dividers

4,
* Mixer Inter-modulation Products
Mixer 2.2
Mixer
f1
Cutput
Filter
fz
24 Mixer
Fig. 24. Mixer and output filter.
Mixer
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eout:KlelN+K2921N+ +Knele+
K, (i=12,3,...) Mixer
ey dc
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ey = Eyg+ Asinw;t+ B sinw,t (2.24)

Mixer € out

€.t = dc Term + a;; sinw,t- a;cos2w;t+ a;;3sin3w,;t
+ (w; harmonics)
T a,;Sin W,t- a,, CoS2W, =+ ay sin 3w,t
taz[cos(w,- wy)t- cos(w,+ wyt]
+ a,[sin(2w,- wy)t- sin (2w, + w,)t]
+ ag[ cos (2w, - w;)t- cos(2w,+ w,)t] +

(2.25)
in-band inter-modulation in-band
Mixer
IF
IF
* Frequency Multiplier
Multiplier
eo(t) = Kien(t) + Kye? (1) + + K, e (1) +
(2.26)

E,sinw,t , E,sinw,t
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. . . E12+ E22 E12
eo(t) = K, (E sinw t+ E,sinw,t) + K, > i COS2W,

E,’

2

cos2w,t+ E;E,cos(w;+ wy)t+ E E,cos(wy- wy)t]

+ higher - order terms

2.27)
20log (E 4/ E>)

K,E, 22 E,
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FM division N

20log (1/N) dB

60Hz

AC

ground pattern,
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n(f)

Ko [ F(S)

%4 -

25 PLL
Fig. 25. linearized model of PLL with additive noise.

25 PLL
. n() PLL o(1)
disturbance
=10 2] n 2.28
S #(w)
PSD (power spectral density) S (w)
=10 a¢2 PSD [H(w)|

variance

Sa(w) = [H(W[* Sg(w) (2.28)
Sa(w) = [HWI* S (w)
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S (0) _ Ng
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[71[8].
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Fig. 3.1. Frequency synthersizer structure with prescaler.
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3.2 LM X2325 function block diagram
Fig. 3.2. Function block diagram of LM X2325.
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LM X2325 25 GHz RF

(32/ 33, 64/ 65) (charge pump)PLL
LMX 2325 function
A B A
A A 0
P A X (P + 1)
B (B- A)xXP
0 (P+ 1)
A, B
N= (B- A)XP+A X(P+ 1) 33)
=BXP+A (P>A,B>A)
@4
fout = [(P><B)+A]><f—F'zef 34
19.2 MHz, 50 kHz
R 19.2 MHz/ 50 kHz=384
RF : target 2.30315
GHz, 50 kHz, =64 VCO
2.30315 GHz
VCO =[(Prescaler * Ncounter)+ A Counter] * 50 kHz

=[(64 * 719) + 47] * 50 kHz= 2.30315 GHz
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3.1

offset

running

3.1

Phase Noise

32 Minicircuit JTOS-3000P ROS535
offset Lascari
230315 GHz( 3.1) 445 MHz( 32
target offset
[91[10].
’ VCO
VCO
loop
offset free
VCO
offset
33 National PLL

VCO(2.3~2.6 GHz) VCO
Phase Noise Value

Table 3.1 The measured phase noise value of VCO(2.3~2.6 GHz) and
The predicted VCO phase noise value before and after loop

Offset freq

Phase nois 1kHz 10kHz 100k Hz IMHz
(dBd Hz)
JT 0 S-3000P -65 -92 -112 -132
Before Loop -72 -92 -112 -132
After Loop -69.494 -91.953 -112 -132




3.2 V CO (300~525 M Hz) VCO
Phase Noise Value
Table 3.2 The measured phase noise value of VCO(300~535 MHz)
and The predicted VCO phase noise value before and after loop

Offset freq
Phase nois 1lkHz 10kHz 100k Hz IMHz
(dBdHz)
RO S-535 -75 -98 -118 -138
Before Loop -78 -98 -118 -138
After Loop -75.7529 -97.9631 -118 -138
3.3 National PLL chip Phase D etector

Phase Noise floor
Table 3.3 Normalized phase noise floor for Phase Detectors of
National PLLs

S 1Hz Phase Detector noise Floor
(dBc/ Hz)
LM X233x
-211
LM X233xL
LMX23x6 single -210
LM X15x1,23x5 -206
LM X2350/ 52 -201
LM X1600 family -199
33 34 VCO
TCXO

- 23 -




35

VCO offset 3 kHz
free running
2303.15 MHz
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VCO

oy e e
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Fig. 3.3 VCO Phase Noise before and after loop
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Fig. 35. Phase noise according to offset frequency after Loop.
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41 2 PLL vt

R, ¢

T HH

R,

41 2 PLL Active Filter
Fig. 4.1. Active filter of the second-order PLL.

1
2 H(9) 41 [11].
28w, 5+ W
H(9 =27 26w, s+ W, @.1)
B, 42
_ Wn 2
B,= 86(1+ 45°) @.2
1f
1/ f variance
[4][10].
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2

%0 T T4r(2B,)? AW @3)
r(d) = (5+ V48)%(5) @4
2 2
12 In 262- 1+ 28V 62- 1 (6>1)
AN §%- 1 28%- 1- 28V 8- 1
1 T 1 28%- 1 4.5)
f(8) = —————|5- tan T —F———— | (6<1
(©) 2 1-5‘2[2 25\/(1-5‘2)]( )
1 (6=1)
2 4.2
damping factor 05
damping factor 0.707 1
43 1/ f variance
3
2 s
2
& e
%g 15
& i
2 058
(=3
g8 o
1 00E-01 BA0E-01 1 82E+00 2B8E+00 3 54E+00 4 40E+00
damping factor

422 PLL
Hg. 4.2. The Noise bandwidth of the second-order PLL.
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4-2 3 PLL Vf

{

R ;

==
=

43 3 PLL Active Filter
Fig. 4.3. Active filter of the third-order PLL.

w, 8
.3 PLL Uf variance  w, 0
pseudo-damping factor pseudo-natural
[12]
2
T
(Ky—=-)(s+ 1/ 1)
H(9) = L
S+ (Vz)s'+ (K, 0] 1azs)s+ K/ 71z @)
S3+_lsz+ Ky 7, Kv_
T3 7173 7173 @7

pole
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S;= C c<0
S, = a+jb a<o0
;= a- jb b>0

pseudo-damping factor

natural angular frequency

a

b
d= cos ¢ = cos (arctan —a) = W

a= - w,o

2 2 2
w ,=a+b

4.10a

(s- c)[s- (a+|b][s- (a- jb]=0

s;- (2a+ c)s+ (a°+ b’ + 2ac)s- c(a’+ b) =0

s;+ (28w, - ¢)S+ (w,” - 28w,C)s- C w,’

4.11
20w, - C= 1
T3
2 _ [ 2
w, - 28w,c= K, rn Cwy, T
K
- Cw, = —
T173
4.10c damping factor
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frequency

@, = arctan wr, - arctan wzry; = 0

d @M _ To T3

- 2 2 2
dw 1+ wy o 1+ wy 73

4.12b 4.13a

wn 2= 1
M Ty T3
4.12a tan @,
wTy - WT
tan @y = ‘ 3 :
1+ w 0773
To- T
2tan Oy = : 13;2
(72 73
= 1 wm T
Wy Ts M T3
4.13b T3

Wy’ 2'32 +2wytan (Qy3)- 1=0

tan @, 1

2 2 2
BE . T WMZ(WM tan“ Oy + wu”)
1 1
= - +
Wy (- tan Oy cos@M)
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1 1- sin @y

=L (4.14d)
Oy w2 73 0 3
90 : rz 0
5 . 411 4.15
4.16
1 @, - 26c¢C 1/2
[ = - cw, (20w, - C)] 1
1 B w, - 28¢ 2 1- sin@y,
(26a)n - C) - [ - CWn(zawn - C) COS@M (4-16)
c 4.17a
2 ﬂ 1+ 462 L@M 24 2= 0 4.17
0_026[ _(l-Sin@M) Wy = @.17a)
_ W, 2 L@M 2
c= 5 [1+ 48"~ (- sin@M) (4.17b)
A+ 407 (g g, ) ) - 1090 7
Ky
417 4.18a, 4.18b
(L@M)Z—432+43+ 1= (1+26)2 (4.18a)
1- sin®, ' ~ - ST -
cos@y
T sng, C L1t 20 N
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4.18b tan @,,
tan @, = ~20(o+ 1)

1+ 28
ITGww)|=1
. Kv 1+ Z'ZZCUZ
T(w =
ITGowl= > (7,
K, 1+ Z'zzwz U2 _
2 2 2) - l
T1w 1+ 3" w
-0 1w
KV_ To To Z'3)
4.22c
_ 1
s = 280w, - €
_ Wy~ 248¢C
f2= Cw,
Ty1= - — (28w, - ©)
C w,
1w, (w,- 20c)
73 B Kv (zawn_ C)
_ w, - 25¢C
O = @n 28w, - C
Wy = Wy, 4.13b

4.19

(4.19)

4.20a
@.20a)

) V2 (4.200)

(4.200)

4.21)

4.223, 4.22b,

@.22a)

(4.22b)

@.22c)

(4.22d)

4.23)

4.24
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- C= wy, = wpm

_ 1

57 "0, (1+ 28)
1+ 26

L= 7y

Z'l_ = V2 (26+ l)

T2 _ @

Z'1 B Kv

T3 _ 1

(2 (1+26)°

427

S+ w,(1+ 28)S+ Wi(1+ 28)s+ wi=0

pseudo-damping factor

c=w,=- 8.3

a= - dw,=- 5.85

b= (1- 8% "*w, = 5.89

d= cos(arctan—g )=0.7

w, = (a?+ b?) V"= 8.3

@, = arctan8.3*0.29 -

S+ 205°+ 166s+ 572= 0

arctan 8.3*0.05 = 44.9
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damping factor
3 Uf
4.28a

2

h. ,w
2 -1 0
= f
AW (9)

Og

variance

(4.28a)

f(o) =
1 1 ) 26%- 1
a7 (_8+ 2+ 28)[—;[- tan ~* 28(18 %) 1,2) §<1
5, 8= 1
| 1 0(26%- 1)\, | |(26%- 1)+ 28(5%- 1) M2
| 45(6%- 1)1’2[ (6- 1) | 26°- 1)- 28(6%- 1) 2 |
2 I (282 1 _ 28(82 l) 12
" ((1+ 26)% + — 1) n or s e |]|8>1
(4.28b)
3 4.29 [12].
oW, 1+ (1+ 28)%°
B,= o fo (1+ XZ)[(l- X2)2+462X2] dx 4.29)
3 44

44 damping
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Pii

third sysit;m r’;al::-iaa band wid

=
g ¢

2.00

Q00EHD
TOOE-01 FAORE V0EHDD 1 S0EHI0 2E0EHD0 J10ESCD AT0EHDD 430ES00 4 G0E+HM
darmping st

44 3 PLL
Hg. 44. The Noise bandwidth of the third-order PLL.
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4-3 2 3 PLL Vf variance

45 43 JB.Encinas pseudo-
damping factor 428a Uf
variance [12]. 2
3 Uf variance factor
1f variance
factor
variance 2 variance
imperfect oscillator
233 4.3 4.30
2
% (@08 = (L5354 eIl (430
variance
imperfect oscillator
variance 1f
variance factor . 2
3 PLL 44 2
1f variance factor imperfect oscillator
variance 2
431 2 3 variance
factor
T ~ (-0.008791) s°+(0.196334) S°+(-0.213857) S+(5.27416) @.31)

T: 3 1/f noise variance factor
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S: 2 1/f noise variance factor

431 981
damping factor 0.001 5 2.3x10 %
431 2 Uf
variance factor
(Active Type) damping factor 3 PLL
Uf variance factor

-m— x|
2}

26E+N

1806+
o 1E0EH
E 1408401
% 1 20E+01
-E 1.00E+01
E&WE-H)J
£ EO0EH00
B 4.00E+00
& 2 00E00

CO0E}
100601 6, 20501 1, 145400 1656400 2. 18E+00 2. T0E 00 3, 225400 3, 745400 4. 266400 &,

Daamping Facior

45 2 3 vf
Variance Factor
Fig 4.5. ¥f noise variance factor in the second-order
PLL and in the third-order PLL.
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Uf Uf
long term
3
2303.15 MHz
VCO Lascari
TCXO 10 kHz offset -160dBc
[ Hz, -162.6705dBc/ Hz, 100 kHz offset -180dBc
[ Hz, -560dBc/ Hz VCO offset
VCO
. VCO
3 Uf
2 3
Uf variance damping factor natural
pseudo-

damping factor  pseudo-natural angular frequency
Uf variance
damping factor natura angular

frequency
2 1 LPF 3 PLL
Uf variance
45 damping factor
variance . 3
variance 2 variance 2
3 variance factor
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damping factor 1
2 3 5 variance factor

variance

PLL f
fractional-PLL
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