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Design of a 2.45 GHz PLL and Analysis of Frequency/Phase Error
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Abstract

This paper concerns a PLL design operating at 2.45 GHz and a method for checking frequency and phase errors over time. During
the design process, the design method had a natural frequency (®,) of 33,800 rad/s and a damping ratio (&) of 0.53 according to
a generally known method of designing a Type-II PLL. Owing to production, when the PLL of VCO(voltage controlled oscillator)
was added, phase noise decreased by 22 dB and 58 dB at 10 kHz and 150 kHz offset, respectively. In the experimental stage of the
characteristics, the result of calculating the interval between the peak points of the initial frequency error in the circuit designed using
MATLAB program was 100 ss, and a similar result was obtained when the measurement was taken using an oscilloscope. It was
assumed that the highest point of the output frequency was 2.5 GHz through the change of the tuning voltage measured using the
oscilloscope, and it was verified by using mixer that a maximum output frequency was 2.504 GHz. Additionally, for the compensation
of the phase error at the comparison frequency, we obtained values of 12.7° and 8.93° using an oscilloscope and a PSpice, respectively,
after fixing the frequency. The error between the two measurements was 29.7 %, and it was determined to be due to approximation
in the integration process and the fluctuation of the tuning voltage.
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Table 1. Tuning of Rp to get proper PM.

RP CP é’ w, wp PM

Q | (nF) (rad/s) | (rad/s) | (°)

Case 1| 4,183 10 0.707 | 33,800 | 52,524 | 54.2

Case 2| 3,160 10 0.534 | 33,800 | 44,361 47




REF
% frequency

i b g

*NG. ‘& Mo 1

ip Cl
[ _l I T Cp
1 L=

Splitt
Pl i{p RF out

R T A

(@)

245 GHz
output

IS oNy 5 —
Chip controller Loop filter  Viune VCo

()

T8 2. (a) AR 2%, (b) A2 AR

Fig. 2. (a) Whole schematic, (b) Photograph of fabrication.

B2 3z 7AFH A%
Table 2. Circuit components and device value.

Purpose

P
(manufacturer, model) aramefer
Programmable PFD/CPP R=50
frequency divier N=12,250
(Analog Device, ADF4113) I, =25 mA

Reference frequency
(ConnorWinfield, frer=10 MHz
OH100-61003CF )

VvCo Kyeo
(Z-communication, or 0 MHz/V
V80OME11) Load impedance =50%2
Chip controller, processor
(Various Developers, Manual-[10]

Arduino UNO R3)

A EZ?(Arduino UNO R3)E 99| 277} w9 242
PFD/CPP Z(ADF 4113)% 91437] 98] 223 A=A
S o] &3Stk HA 2o o] FHHA ZAEEH
JHH FTof ofs) PFD/CPP] MW Fukg 2 HujH|
(N, R)o} o] SR AAE 7|E Fo52EE 10
MHzE AH&-3}7) W&o H| W Fupdo] @37] 9J5te] R
< 50(1¥ 1)z A3tk VCOE PLLIE §lo]
w2 FAAZ § JEE Veoe AdEFeEele gz
HzAdog ddsiatt v, Bds A2As 45}

< R FFAY LARAT

< #5F & IA s veos 82 A
715 53 F 22 FuiEH, AgEeE 62
dB T-networkE ©o]-&3ted AASIGATE Yrold &8
7tzt RF 893} PFD/CPP 3 9] PFDTO2 AZA ¥}
SHA, PFDTS] 98 99 A gk Y#ste] PFDY] Yt
6 dB r-attenuatorE F7t2 A48T

=

N4 =

PLL 3|2% 113 VCO¥F W FAAZ S v ¢k PLLS
A FAAIZ S W2 Spectrum3)} Phase noiseE 1% 33}
¥ 39 YRR Voout mHE FAAAL o, v,
195 V& Q7Fetsith PLL 3125 F2A1714] &9k o,
2HE S 5F40] 245 GHzol M MEA] ¥ FTF &
YT BEE5S #5T F A%tk PLLS THAAIAE W,
olg|gh Fut &ty Aol §loAE A el
& 3(a)). Phase noises= PLL®| §1= 7%, 10 kHz offset
150 kHz offseto| A1 22} —57 dBe/Hz9} —52 dBc/Hz7} &
Act wkHEe) PLLO] $0-2 7%, phase noise”} 27} 22 dB
¢} 58 dB7F 7+A4% —79 dBe/Hz, —110 dBe/Hz7t H %Atk
wtebx] PLL AAFAe 735, Fo5 7o) e
< 1T F ik

PLL 3|25 7t S o, lock “Jelol AYsHA] b2
27] e 28Fre] W Fo] Atk A7)
AVA olgjg Fuk ME 2 A4 o8, 79

T2 94 227} 0] 7Y AT} o) E WE E 3} gt

o 1 R
43k g Aes AL ¢, 0,50 27 FdT F
s} W Eo) ZEE RE o ') QY LE o

529



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 31, no. 6, Jun. 2020.

@) (b)

© @

J8 3. (a) VCOY 2HER, (b) PLLS ZolF VCO9
2 EH, () VCOS phase noise, (d) PLLS 2
o] VCO9 Phase Noise

Fig. 3. (a) Spectrum of VCO, (b) Spectrum of VCO with
PLL, (c) Phase noise of VCO, (d) Phase noise of
VCO with PLL.

H 3. Phase lockings Z7] X3} 9] phase noise %t
Table 3. Phase noise of VCO with/without locking,

Without PLL With PLL
@ 10 kHz offset —57 dBc/Hz —79 dBc/Hz
@ 150 kHz offset —52 dBc/Hz —110 dBc/Hz

e ol 4#lA sith %3, 27] Fok HEe A
czrel Wt gEkA e oo 15T 2 49, 285
= H3AE HA &I AA3] 245 GHzoll 717H AT,
EEAME (5 053412 A7) Wil Fu
S 938 7HRIth

Wop — Wy + KVCO Vvl‘une
— @ +A @ oyt (13)
A Doyt = Aw‘ggil{H(sﬂclased}M(l‘) (14)

A7IM A e FIF HSFS itk 4 (13), (14)

530

8 & F d%0l v,
ol dS 7hsa, ,WA 17J %011 A1¢] 1y
P THHS) pseq ) o BB TR 49) (a)= MATLAB
ZR2IRE 55 £ {HS) 0 ) A F plotdh
ojty, HAAZ QAT AIIL gingle trigger’] T
Vines 358 23 117 49 (b)ell Uehh 3ok
49] (@)% (b)) HH & & %ol Tefze] /HFel
* MATLABS %3] ail%f& B AA #5S B
A9 FdsA UEhsteH, 7t B33 7k 74 &
100 ps= A9 FLotA vtk g4, 19 49 (b)ol
A Y A HAL Aol 245 GHzZE Uee 7
PETHOF 1V H H2 A& IAT F AU ©]
o

(13l st f,,0 AL Fert &

=4
=

KN
=

TV
oL

Veune (a.u1)

0.1 0.2 0.3

T MaD.0uE A Ch1 S 4B
| e 140 4008

(b)

8 4. (a) MATLABSR Adstel 13 27] V.9
JPZ, (b) LAZ2FTZZ AF 27V,

Fig. 4. (a) Calculation and plot initial damping of VmM
using Matlab, (b) Initial damping of V7, m

sured by oscilloscope.



25 GHzZMA Eepithe e & & dok st 245
BE7E 100 ps©R1e & A T3 WEke A
spectrum analyzers 53 E<late A E7Hs38H, 24

EAFEE o]gste] #SF8]dE 2.5 GHzebe T34
7} YR Eof QAZ AT Z | sampling rate®] A i
o ol&&ol Atk wEkA VCOe| =¥l RF HAE A
Aste] ForE WA YU QARATEZG A
atom, LO Fore QARATZY] thHE 34 samp-
ling rates &3l 2.4 GHzZ AA3IAh UM 28-S
&3 A= 1Y 59 F 400 YeRA QI o] 5ol A

223329 single trigger 7152 ©]-&3FATh U
29 R HI FIEE 25 GH7H S5, A
gl wheb Fakert s He AS 30 5

ruz

o
—a

3o N2 i
N3 o
o

£ 7

‘/F 9 94 k= 3] 27} phase lock AEI7F ¥ $

(@ 11 ps delay

+m. ‘A cni s :n
B~'10.0800ps

(c) 80 us delay

(d) 200 gs delay

A8 5. Akl wE A o] M3t
Fig. 5. Change in mixer output over time.

4. A7kl mE EX e Veoe] &9
Fig. 4. Output frequency of Mixer and VCO over time.

11 s | 40 us 80 ps | 200 us

Mixer out(MHz) | 25.26 103.7 59.92 5131

@, (GHz) 2425 2.504 246 2451

245 GHz PLL A 5 F3bps} §14 23 24

o A ¢ Stk Fud] QAE HIE 1 ALt v
A AT A 7ol Aol met & 9 2AE WA
Zith 013k A QA7) PFD3S 27t AR T & S A
=2 AAE F As HZ IR E HEd v, %
S, 17 B Fukg abel] el BT 3
SFHE AEH A E &2 A AR il‘%‘;‘“ 2
Atk webx AAE I Z A o]t 914
SA7F ety A derdeA A3 3 #53 23871
Atk
A HHHOIM 9} IR QARATIL] single
7155 o] 83t lock AENA vV, o WE7t o
b 9 6ol et v, 0 ¥ske &9
o] WstE onsiH, YT 2EFare v
AE Zeth webA 13 24k Age A (15)0]
AT

Ag= fKVCO Vlzmedt (15)

3% 6A ¥, TANZ) BFE Agor 2
of 4 (15)& AMSHH A g = 155,036°7F Hv, o] 245

2 88% %

his

o L N 2 H
EE)
o

Xl

GHz9) 28F 550 el sl 2 914 242 9w a
o}, SRR AAl PFD ol A& 200 kHze] 715 3440l
A v sk7] wiiEel] PFD 3ol A OV%fi At A= Ne
= ok gk meA) w54 200 kHzolA) A ke
4 LA 12.7°0] Tk
Viune
k
il
il Ir’\
|
!
291'#‘,4\’
J f ss4 s o i
74.4 ps W‘w oamy/ " 97 ps
T
Time

A8 6. Lock AejellAe] Vv, o ®st 51 94 Bk
AR A (A2

Fig. 6. Damping on V,,, after locked and calculation of
phase compensated(using integration).

531



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 31, no. 6, Jun. 2020.

A 7} ON El = duty(l%‘ )= $ LAkl vlE .
uEbA 29219 27] dutys HQletd HFAHoR WA
’ Vtune ] :—]-— Eﬂoﬂ

ol & 53 2~ F 2
B WW— 71] t}. Duty7} 50 %7}
o, Bla Fapgroll A 9] 914F 2ho] 7t 18007} H 7] ol
A ¢ =180°x(duty/50 %)Z A 5 ME}

a8 89 A%, 27 V.9 MIEL 92 mvolt}. o]
W slEo| s Fsts 299 dutyE 27| $138ked Cadence
AE] PSpice 3|24 T2 IS o] L3513, AlEH O]
A9 312 MEL I 8ol JepAh dFane F
715 /zs(—?ﬁ‘r—’?i-‘: 200 kHz), AFHS 25 mAR
ARt on, AFare] PWELE)E HIA AT
Vine = mo} A EE o)A A3 PWIE 0.124 s
d o 271 vV, "ol 92 mvrt He e E213
THLHE &(b)). WA 29X 9] duty= 2.48 %7t =™, <]
o AgAdll sl 943 LA 893°E ﬁlmm 4
A& o] &3] At gkt AE oA %
S 5o Aestd A% A4S 5 2w
PSpice AlE# oA T3l 9 78 A= 200 kHzot
245 GHz B5F 9F 29.7 %ol ol AE F4AM] &
Ao} F A} fluctuationol] &3 ASE ATHET

(@) (b)

T8 7. (@) AHEE 2, (b) AR dutyd] A8
Fig. 7. (a) Schematic of charge pump circuit, (b) Relation-
ship between phase difference and duty.

532

R4

2.500V| 0.01
11
12
TD = 10ms
D= 0s TF = 0us

PW = 0.124us 1nF c2
TF=0s PER = 5us 10nF
PW =20ns - 1M=0 O\
0 0 =

= Z 12 = -2.5mA
0 I:E_ROA“ TR = Ous

12 =10A
TR=0s

(@)

Veune

Time

Veune D/

92mV

Time
©
1 8. (a) PSpice 3|2, (b) lock AFEIANAY V,, .o H
3, (¢) AN EdoIA Az
Fig. 8. (a) Schematic of PSpice simulaton program, (b)
damping on V,,,, after locked, (c) Simulation
result.

E 5. F b0 WOz ANE 94 04 @
Table 5. Compensated value of two different method of

calculation.
@ 200 kHz @ 2.45 GHz
Integration 12.7° 155,036°
Simulation 8.93° 109,393°




V.24 B
B =M= 245 GHzol A F& 3 type-11 PLL]
AAGE B4 7 e dis) ok ARE 3, Vol
PLLS F7t38t%1& ™ phase noise”t 10 kHz$} 150 kHz
offsetoll A 22} 22 dB, 58 dB7} Atk SN E
PLLO| Fak B 17 eakE &<la}r] sl Mi*:’
Z o} YA S AHEEHS 1, MATLAB, PSpice Z= 17
o AAE oS 2 A4Sk PLL 32 E A 7}%
L o] v, .o HE thai - MATLABLE o =3
A7} QARAFIEE G5l SR8 Aot Tz B
Fol A9 FYE SR, FAHHAE 7H4 <] 100
psE ATk T3k QAR AT E B3 SHT K

o M3tE 53 =9 Fuo illuol 2.5 GHz7}

EHOﬂ*M K

7 a9 69 At
oA ¢] ALt A3t 200 kHz 7]%2& %% AL A A
12.7°¢] 1% 227, PSpice Al &8 o] A& o] &3l A4t
3 Al 8.93°¢] 91 LA AXME I F A3E vt
e W 297 %S a7t HAEHE, ol AR
A9l ZALe} 7 A9t fluctuationol] & Ao HT

ok 559 PLL 54 #22 spectrum analyzers &
8 Fo S A o] Folzitt ATt o] =R A E &
et AAEEE &85t Al FolA Y] SHEAE T
Alel #53 & glom AR A A7 TE
B A7kl EAIEHE Jittert; 914 LA ASE £ 9
= g3l stk
References

[11 S. Y. Park, Y. R. Heo, J. Y. Kang, D. G. Kim, S. T.
Han, and J. J. Choi, "Frequency and phase locking ex-
periments on a 2.45 GHz, magnetron," in 2019 Inter-

245 GHz PLL A7 9 F359 34 944 &4

national Vacuum Electronics Conference(IVEC), Busan,
Apr. 2019, pp. 1-2.

[2] M. L. Tahir, Frequency and Phase Locking of a CW
Magnetron: with a Digital Phase Locked Loop using
Pushing Characteristics, Lancaster, Lancaster University,
2008.

[3] B. Yang, T. Mitani, and N. Shinohara, "Experimental
study on a 5.8 GHz power-variable phase-controlled mag-
netron," IEICE Transactions on Electronics, vol. E100C,
no. 10, pp. 901-907, Oct. 2017.

[4] I A. Young, J. K. Greason, and K. L Wong, "A PLL
clock generator with 5 to 110 MHz of lock range for
microprocessors,” [EEE Journal of Solid-State Circuits,
vol. 27, no. 11, pp. 1599-1607, Nov. 1992.

[5] W. Rhee, "Design of low-jitter 1-GHz phase-locked loops
for digital clock generation," in 1999 IEEE International
Symposium on Circuits and Systems(ISCAS), Orlando,
FL, Aug. 1999, pp. 520-523.

[6] B. J. Park, D. C. Park, "Design and fabrication of 0.5~4
GHz low phase noise frequency synthesizer," The Jour-
nal of Korean Institute of Electromagnetic Engineering
and Science, vol. 26, no. 3, pp. 333-341, Mar. 2015.

[7] H. R. Cho, J. S. Choi, "The effect on phase noise from
PLL frequency synthesizer," The Journal of Korean In-
stitute of Electromagnetic Engineering and Science, vol.
12, no. 6, pp. 865-870, Oct. 2001.

[8] Y. K. Kim, J. W. Choi, and H. G. Kim, "The analysis
of characteristics for digital PLL control," in Proceedings
of the KIPE Conference, Jul. 2003, pp. 548-553.

[9] B. Razavi, Design of Analog CMOS Integrated Circuits,
New York, NY, McGraw Hill, pp. 532-577, 2000.

[10] Arduino, "UnoR3 Manual," 2013. Available: http:/

www.arduino.cc

533



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 31, no. 6, Jun. 2020.

A a2 Fgta/gtag]

https://orcid.org/0000-0001-5930-1332

20179 3E€~&EA: Feuisty AR
e

[ ZHA20} PLL, RF 3|2 A7, 7%9

7] 5

ofN

5 o g [(FUEu/AARA]

https://orcid.org/0000-0002-0811-7276

20199 29: Festy ARG
(F31h

2019\ 2¥ ~&EA: F2Ugy ARG
283} AAtA

[ HAZ0H &Y FZ7], RF 3|24

A s

534

o & % [RLUTLHAE]

https://orcid.org/0000-0001-6753-2595

20159 39 ~AA: FLo st AAEH
233} A8

T HYEOH AY A7), 12Y FF
71, RF 3244 5

A 2 F [EFelstw/ag

https://orcid. org/OOOO 0002-8016-7841

1983\ 8¢: Metistal &2l w &3} (o]

SHAD)

19854 8Y: V= Georgia State University
22]9t3} (o] 3H4A])

19913 89Y: ©]=F University of Michigan
933 (FEh

19919 59 ~1997d 8¢: W= &+

2 (NRL) 1<

19979 99 ~aAA): FLoh st AX

[ #AZ0f RF 32 AA, 159 %%7], Vacuum Tube
Amplifier 5



