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Radioklub OK2KOJ pfi VUT v Brné: Kurz operatord

Frekvence - definice

Heriz
* Heinrich Rudolf Hertz (1857-1894)
* Odvozena jednotka 1/sekunda

* Pocet kmitl za sekundu

Sekunda

* Do 1960: 1 /86400 stredniho slunecniho dne

* Od 1960: 1 /31 556 925,9747 tropického roku

* Od 1967:9 192 631 770 kmitl zareni izotopu Cesium 133
* 2030 planovana redefinice na opticky standard



https://www.nist.gov/si-redefinition/road-new-second
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Harmonicky signal

Sinusovka

* y = sin(y) = sin(wt) = sin(2rft)
* Perioda 2m radiant (360°)
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° w =21t

Amplitude (V)

Amplitude (V) | A
* ¢ = 2mft A K /\ ‘ ZT ‘
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. s fe !

* radian
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* radian/s
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Fazovy sum
Kratkodoba stabilita

* dBc/Hz (decibel z nosné na Hz)

* Vykonova spektralni hustota
vztazena k vykonu nosné

* 0 dBc = vykon nosné

* Frekvence relativné k nosné

* 0 Hz = nosna
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Presnost | dlouhodoba stabilita

Presnost
* Absolutni odchylka od idealni frekvence

* Kalibrace

Dlouhodoba stabilita
* Teplota, starnuti
* Krystalovy oscilator (XO) = 10° (10 ppm)
* Teplotné kompenzovany k.o. (TCXO) =107 -10% (0.1 - 1 ppm)
* Termostatovany k.o. (OCXQO) = 10°-107 (1 - 100 ppb)
* Rubidiovy mikrovinny standard = 1012
* Cesiovy mikrovinny standard = 10-'*az 10-'¢ (= 1s za 300 milionu let)

* Opticky standard = 1078 (x 1s za 30 miliard let = vesmir 14 miliard let)
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Presnost | dlouhodoba stabilita

https://tf.nist.gov/general/pdf/2297.pdf

Rubidium Cesium GPSDO

Oscillator Type

Frequency offset with 5x10° to 1x1012 to 1102 to
respect to UTC(NIST) 5x 1012 5x 1014 5x10-4
(1 day average)
Stability at 1 5x10:Y to 5x10' to 1x1010 to
second 5x10-12 5x 102 1x1012
Stability at 1 5x:10:12 8107410 8x 10" to
day 210714 ax 10
Aging/year <1x1010 to None, by definition. None, the output is
5x 10-10 However, the frequency | steered to compensate
of a cesium oscillator for aging and frequency
drifts by a small amount | drift.
(typically by parts in
10'7 over the course of a
day).
Phase noise -90 to -130 to -90 to
(dbc/Hz, 10 Hz -130 -136 -140
from carrier)
Life expectancy > 15 years 5 to 20 years; > 15 years
10 years is typical
Produces an ontime No No Yes
pulse without being
synchronized to
another source?
Produce frequency Yes, with periodic Yes Yes
accurate to within adjustment
+1 x 10-17 for 24
hours or longer?
Cost (USD) $2,000 to $30,000 to $3,000 to
$10,000 $75,000 $15,000



https://tf.nist.gov/general/pdf/2297.pdf

Radioklub OK2KOJ pfi VUT v Brné: Kurz operatord

Zesilovac

§/3’/stup

Oscilator

Zesilovac 28t

vazba

* Dodava energii vystupu
* Hradi ztraty v obvodu (perpetum mobile zatim nemame)

* Tranzistor, operacni zesilovac, ...

Kladna zpétna vazba

* Je potreba ,Stouchnout” ve spravnou chvili aby se kmity podporovaly a
netlumily

Kde to kmita? (harmonicky oscilator)
 Zisk zesilovace ~ ztraty

* Celkovy fazovy posun =0
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Gain (dB) = 20 log ‘%

RC oscilator o

| Response
—

1 =
@ I @ ; '\1\ Slope =
T E] | 320dB/Decade
Square Wave | nput Signal
R Vou Bandwidth

RC obvod Nt

——

-dB
l Phase fe(Hr) Freq v (Hz)
@

requency (Hz)
(Logarithmic Scale)

* Mezni kmitoCet

Vout at Low Vout at Medium Vout at High +45° |- — S, _ _ _
Frequencies Frequencies Frequencies

* Frekvence = 1/(2nRC) .
* Utlum 3dB
* Faze = +45°

Frequency (Hz)

©

12

R6

4x RC obvod + invertujici zesilovac woansn
* Faze = 4*45°-180° =0° L )

base Q1

° Frekvence ~ 1/(2*]_[*R*C) _ 18kHZ 22n imzzn gmzzn émzz“ gm BC547B
* RC zatizeny => realna frekvence nizsi




RC oscilator

RC obvod + invertor

* Obdelnikovy vystup

T
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LC oscilator
LC obvod

* Energie osciluje meziLa C

° _ 1
Rezonance f=——

Paralelni LC + invertujici zesilovac¢

* Crozdélen na C1 a C2 sériové
C = (C1*C2)/(C1+C2) = 21.8 nF

1 1

= = =10.8 kHz
2nVLC 2my10mH %21.8nF

o f

.tran 0 11m 10m 1e-6

L 7
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10m 100n 2N2222
c1 c2
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Krystalovy oscilator ¢

Krystal
* Elektro-mechanicky rezonator
b SiO,, piezoelektricky jev T

- Jako sériovy LC obvod

b Vysoky Q faktor (10k — 100k)

} Dlouhodoba stabilita (oproti diskrétnimu LC)
* Zakladni/harmonicky

* Frekvence dale zavisi
} Kapacita zatéze (vyuziva k doladovani)
b Teplota max + 100 ppm
b Zrychleni (gravitace) = 10°/ g

https://ctscorp.com/wp-content/uploads/Appnote-Crystal-Basics.pdf

2nv/| LC;

Schematic Symbol

—0

Quartz
Crystal :

Metallized
Electrode:

—A )

C, = Shunt Capacitance

C, = Load Capacitance

R, = Series Resistance

Q = Quality Factor

f, = Series Resonance

f, = Anti-Resonance

F, = Frequency of Oscillation

Equivalent Circuit Model



https://ctscorp.com/wp-content/uploads/Appnote-Crystal-Basics.pdf

Krystalovy oscilator (XO)

Oscilator

* Obdobna zapojeni jako pro LC

100ns 150ns 200ns 250ns 300ns 350ns 400ns 450ns 500n]

]

.tran 0 15.0005m 15m

[31
" J309

C1
Ls Tea
0.02533 IC=1e-12 68p
R3 c cp ::CZ R1
S -
1Meg 0.01p 1p 100p 560
ut
Rs R2
32 a7

~7 ~ ~7
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Krystalovy teplotné
kompenzovany oscilator (TCXO)

Princip

* Znama teplotni zavislost (navrh/kalibrace) — ™p s e/

-Sppm |

* Vnitfni teplota mérena snimacem

-50ppm

* Oscilator doladovan dle aktualni teploty

TCXO

b Pasivni kompenzaéni sit

Compensation = XO |

b Lookup tabulka etk i

1
Vlastnosti ‘ Tefnp

* Dobré stabilita: 0.1 - 1 ppm
* Nizka spotreba: 1 - 100 mW i
L. =] .
* Rychly start: jako bézny XO ;

Temperature Compensation

[ Iﬁ O Output
ractol

L v
Diode
¢ Zf
O GND
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Termostatovany krystalovy

oscilator (OCXO)

Princip

* Interné vyhrivan na konstantni teplotu
b Typicky max provozni +10°C

Vlastnosti

* Vysoka stabilita: 1 - 100 ppb

* Vysoka spotreba: 0.2 - 5W

* Pomaly start: 1 - 10 min

OCXO

Oven control
circuit

1
o 1
A temp |;

'l Sensor :

1
t—p RF OUt
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MEMS oscilator ,

MEMS

Charge Oscillator Die
Pump

Resonator
bR R
Princip SO e B e
* Mechanicky rezonator “na kfemiku” |
Memory

b Q faktor = 100k (vakuum)
* Frakéni PLL

PLL Fic:
* Teplotni kompenzace @:’m ‘> '

V I aSt n OSt i MEMS Oscillator Basic Structure

MEMS Oscillator

* Dobra stabilita: az 0.5 ppm

* Programovatelna frekvence

b Vysoké rozliseni
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Fazovy zaves (PLL)

\oltage

Zakladni princip Comparator  Fitar Osallator
+ Napétim Fizeny oscilator (VCO) 7~ D HO {veo s,
b Zajistuje frekvencni rozsah T

* Fazovy komparator
b Prevadi rozdil faze (frekvence) na napéti
* Filtr smyCky

b Urcuje Sirku pasma PLL
(Jak rychle dokaze sledovat zmeny frekvence Vi)

VCO se ridi ve zpétné vazbé aby sledovalo vstup Vi
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Frekvencni syntéza s PLL

(celoCiselna)
Zakladni princip

* Referencni oscilator
} Dodava presnost a dlouhodobou stabilitu
b Typicky XO, TCXO, OCXO : _ { | |

* Nastavitelné delicky R a N

3 UrCuji vystupni frekvenci fio = frer * N/ R il \,\\/\\/\

T T T
CHARGE DISCHARGE PFD

b Relativné hruby frekvenéni krok

V_CP

V_0CX0

ocxo .
. REF = '0CX0

VCO
7 V_TUNE /L flo 5

FEEDBACK

AN143 FO1

https://www.analog.com/media/en/technical-documentation/application-notes/an143f.pdf



https://www.analog.com/media/en/technical-documentation/application-notes/an143f.pdf
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Frekvencni syntéza s PLL
(celoCiselna)

Fazovy sum
* Offset < Sirka pasma PLL => fazovy Sum ref. Oscilatoru * N
* Offset > Sifka pasma PLL => fazovy Sum VCO

-

— —— VCO AT RF |
REF AT RF
T T === TOTAL |

& &
o o
4

.
N

ISE (dBc/H
S &
%
yd
=

~100 NS
=
= _110 "
-120

~130 “\

-140 -

~150 '
\ 11|

-160
100 1k 10k 100k M
OFFSET FREQUENCY (Hz)

PHAS




Radioklub OK2KOJ pfi VUT v Brné: Kurz operator(

Frekvencni syntéza s PLL

(celoCiselna)

Spektrum
* Spury

I

—20

[

-40 Vpp: i /\ l\ /\,_ V_TUNE_AVG
3 N N Y Y
= -60 Tomaree | | _ Toischarge | Tprp -
§ /Tf( > AN143FO6
5 77| "TSUC IR SRR PSR NRUN NN WP SIS S S
oo
=
<

~100 ' J \ L
-120 ' | ’V | |

~140

2096 2098 2100 2102 2104
FREQUENCY (MHz)
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FrekvencCni syntéza s PLL (frakéni)

Zakladni princip

* fvco = fosc * (Frum/Faen)* N/ R
* Lepsi frekvencni krok

* Niz&i fazovy $um (niz&i N)

* Vice spurl

@

1/R

fPD

PD H

fPD

Fnum
Fden

Lé

https://www.analog.com/media/en/training-seminars/tutorials/MT-086.pdf

https://www.ti.com/lit/an/snaa062b/snaa062b.pdf?ts=1709487953292

~@®

1/Nint



https://www.analog.com/media/en/training-seminars/tutorials/MT-086.pdf
https://www.ti.com/lit/an/snaa062b/snaa062b.pdf?ts=1709487953292

pfi VUT v Brn urz operatord

FrekvencCni syntéza s PLL (frakéni)

ADF4351
* 35 MHz az 4.4 GHz

* Znate z Aliexpresu ...

SDVpp  AVpp DVpp Vp Rser  Vivco
e O

MULTIPLEXER MUXouT

+2
x2 DIVIDER
REF DOUBLER [©
sw
CLK LD
DATA DATA REGISTER EONCTiON
LE LATCH CPoyut
PHASE
COMPARATOR
VTune
O Vrer
VCo Q veom
L - 7 CORE
INTEGER | | FRACTION | | MODULUS O Temp
VALUE VALUE VALUE
- () RFouTA+
THIRD-ORDER +1/2/418/16/

FRACTIONAL | 32064 :
INTERPOLATOR O RFoyrA

G' g O PDBge
UNTER | D_ g ouTpuT [—() RFouTB*
HCOUNTER § STAGE .. RFouTB-

J h 2
r
| muLTIPLEXER | ADF4351

) rat Fa ra¥ ) rat
hd e A A
cE AGND DGND CPenp SDenp  AcNDVEo
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Prima digitalni syntéza (DDS)

Zakladni princip

* Referencni hodiny

;

Udava vzorkovaci frekvenci fc

* Fazovy akumulator

J
J

Citag, poget bitt N

V kazdém kroku pricte hodnotu M

* Prevodnik faze => amplituda

}
J

Realizace funkce sin(op)
Lookup, interpolace

* Digitalné/analogovy prevodnik

J

10 az 14 bit

/H-msE nccumuumn\

N-BIT CARRY

TUNING
WORD
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Prima digitalni syntéza (DDS)

Vlastnosti

* Nizky fazovy Sum blizko nosné (zavisi na referencim oscilatoru)
* Rychla zména frekvence/faze

* Vice kanall (generovani 1/Q)

* Siroké preladitelnost a velké rozlieni
¥ Min. Frekvence = DC

I Max frekvence F./2

4-Bit Dac Spectrum 8-Bit DAC Spectrum
| Rozligeni = Fo/2 s ik ) g ols o
* Vice spurli nez PLL ‘E é’
b Zavisi na nastavene frekvenci % el i % = .
b Aliasing E ' L ‘L E ]
b Rozliseni DAC = J III I;ellaiive Fnequency]ll l i . Rﬂ]aiive]Freql!ency I |]
b Dithering

https://www.analog.com/media/en/training-seminars/design-handbooks/Technical-Tutorial-DDS/technical-tutorial-DDS.pdf



https://www.analog.com/media/en/training-seminars/design-handbooks/Technical-Tutorial-DDS/technical-tutorial-DDS.pdf

Radioklub OK2KOJ pfi VUT v Brné: Kurz operatord

Prima digitalni syntéza (DDS)

AD9833
* Max 12.5 MHz, 10 bit

* Znate z Aliexpresu (60KC)

AGND DGND VDD CAP/2.5V

o o
ON-BOARD
T REGULATOR REFERENCE
AVDD/ FULL-SCALE | & comp
DVDD 2oy CONTROL

FREQO REG
PHASE i SIN 10-BIT DAC
Mux accumuLator &) 7 ROM )
FREQ1 REG (210 e
T
vouT

1 CONTROL REGISTER

SERIAL ‘I\hrl‘BERFACE
CONTROL LOGIC AD9833

d 1 9

FSYNC SCLK SDATA
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F

Rubidiovy frekvencni standard

Izotop Rubidium-87 it 1
* Pfechod mezi stavy elektronu 5S S g g S
6 834 682 610.904 Hz e

Zakladni princip

* Svétlo prochazi plynem Rb-87 ’
a dopada na fotodetektor

* Kavita s Rb-87 buzena RF signalem

* Intenzita detekovaného svétla zavisi
na frekvenci RF pole

* Rezonance na 6 834 682 610.904 Hz

Figure 3-3. Derivation of Modulation Signal

C-Field
nnnnnn
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Rubidiovy frekvencni standard

Rb disciplinovany oscilator

* Krystalovy oscilator (10 MHz)

* Nasobicka na Rb frekvenci

* Budi mikrovinné pole v Rb kavité

* XO zpéetnovazebné doladovan
dle intenzity na fotodetektoru

FREQUENCY MULTIPLIER/
SYNTHESIZER

6.8 GHz

LLLLLLLLLLLLL

(MICROWAVE FREQUENCY)

DC CORRECTION

VOLTAGE

Lamp Cell |
1 U
I.
[

MOD A.F.
DiA Synthesizer
Photo
Physics Package Amp
Ref
10 MHz
AD eru QOveniz ed
VCXO T
10 MHz
AS232 Output

1PPS Input ime Tai
: I incui

1EPS Outtput ——= 1PPS Output

eeeeeee

https://www.wriley.com/A%20History%200{%20the%20Rubidium%20Frequency%20Standard.pdf



https://www.wriley.com/A%20History%20of%20the%20Rubidium%20Frequency%20Standard.pdf
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Cesiovy frekvencni standard

F=5 5
6°P;, g . et o
] Excited State | g = o ., i
Izotop Cesium-133 :
* Isidor Isaac Rabi 5 i
£
Nobelova cena 1944 &5,, S
Ground State Fog | CHfand 351 kHIG

| ] L] L]
* Hyperfinite transition frequenc v
y p q y Fine Structure Hyperfine Structure Zeeman Sublevels
Results from the interaction of Resulis from the magnetic Result from the application of
the elecron's spin with its angular interaction between the a constant magnetic field which
Z (zpin-orbi i i nucleus and electron splits energy levels into sublevels

Zakladni principy / typy SRR

. B e a Vacuum Cavity )
I I I °
r g B =
. State Selection Magnets State Detection Magnets =
* Fountain [] gl
@
£
-t
+—] Getter 2 a
1 [}
l )
: Microwave i 1
Gz Interrogation Detector
i Cavity | | ! ] 1
L . L L . L
Frequency Quartz Servo 200 100 0 100 200
Synthesizer ~ Oscillator ~ Feedback
V-Vy (Hz)
9192 631 770 Hz 0

5 MHz ‘—I I_E_.1 pps Fig. 2. NIST-7 Ramsey pattemn (F =3 ¢ F=4) transition in the

ground state). The central fringe has a full linewidth at half maximum
of about 65 Hz.
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Cesiovy frekvencni standard

HP 5061A — 1961, experimentalni dukaz teorie relat|V|ty
* Hafele-Keating experiment | x

* 2x kolem svéta (6 dn()
Komercni lety

* Porovnani se stacionarnimi

* < 10% odchylka od teorie

The results were published in Science in 1972:[51¢]

Vychodnim smérem

Zapadnim smérem

nanoseconds gained, predicted
nnnnnnnnn ds
gravitational kinematic gained, difaranee
(general relativity) | (special relativity) total measured
eastward +144 +14 —184 +18 —40 +23 =59 *+10 0.76 0
westward +179 18 +96 10 +275 £21 +273 7 0.09 o

The published outcome of the experiment was cons

gains and losses were in agreement with relativistic predictions

experiment.l7!

istent with both special and genera
to within the ~10% precision ex

| relativity. The observed time
pected of the
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Cesiovy frekvencni standard

NIST F1 e L
* Fountain | R
* US primarni standard
* Nejistota 10°'°

i+ Cesium
O Atoms

Microwave
Cavity

BEGr o EES N ot
- TSI
u Detector ~ ‘
L O |
\
Laser Laser ~
- = 9 i

’ L/

Laser Laser
Laser
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OTAZKY?
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