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Outline 2

1. Frequency/Phase stability

Frequency domain characterization

Time domain characterization

B~ W DN

Frequency stabilization principles
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Part 1 - Frequency/Phase stability 3

1. Clock signal — Noisy sine-wave
Fourier frequency domain stability

Time domain stability

s W DN

Spectrum of a noisy sine-wave

Winter College on Optics, 15-27/2/2016, Trieste -r—l @QNRNIF.N



Clock signal - Noisy sinewave

Vigeai(t) = Vo cos(2mvyt + ¢p)

Vo is the amplitude [V]
Vy is the frequency [Hz=s"]
¢ is a constant phase [rad]

Oscillator output signal

v(t) = [Vy + e(t)] cos[2mvyt + @(t)]

- le(t)|
£(t) is a the amplitude noise [V] £(t) = 0; |a(t)| = ” <1
0
S t
@ (t) is the phase noise [rad] p(t) = 0; |x(t)] = @) K1
27TVO
Not always fulfilled

v(t) = Voll + a(t)] cos|2mvyt + @ (t)] polar representation

Winter College on Optics, 15-27/2/2016, Trieste -I—l @CN R I FN



i . I
Cartesian representation 5

v(t) = VO[]- + a(t)] COS[ZTL’VOt + QD(t)] cos(a+ b) =cosacosb —sinasinb

v(t) = Vycos(2mvot) + vp (1) cos(Zmvgt) — vy (1) sin(2mvgt)

vp(t) = Volcosp (1 +a) —1] vo(t) =Vo(1 + a)sing

If |a(t)] < 1and |p(t)] <1 LOW NOISE SIGNAL
v(t) = Vycos(2mvyt) + Vo (t) cos(2mvet) — Voo (t) sin(2mvyt)

A/
x(t)

Winter College on Optics, 15-27/2/2016, Trieste -1—l @CN R I FN



Phasor representation 6

v(t) = Vycos(2mvgt) + Voa(t) cos(2mvgt) — Vo (t) sin(2mvyt)
v(t) = ]R{Voei(Zm/ot) 4+ Voa(t)ei(vaot) 1 iVO(p(t)ei(vaot)}

v(t) = R{[Vp + Vo (1) + iVpe(£)]e1@™oD}

4 )
Vop(t)
> >
\ VO VO a(t) )

Winter College on Optics, 15-27/2/2016, Trieste -I—l @QNRNIF.N



Phase and frequency noise 7

v(t) = Vpl1 + a(t)] cos|2mvyt + @(t)]

1 d 1 do(t) _ (1)
C Frequency fluctuation/noise R
o (t) S— — .
Av(t) =v(t) — vy = S |[Hz] Av(t) =0; ¢(t) =0; |<p(t)| <1
. J

Normalized quantities

g 0 d ( e ) .
x(t)_vao[] o | y® = T Zm/o=x(t)[1]

. Phase time Noise y |:> . Fractional frequency noise

Invariant for phase/frequency multiplication/division

Winter College on Optics, 15-27/2/2016, Trieste -r—l @QNRNIF.N



Fourier frequency domain 8

>

Amplitude -
(Power)

ol .

Time Domain Frequency Do
Measurements Measurements
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Power Spectral Density 9

Power spectral density (PSD) of a stationary random signal z(t)
+ 00
SIS(F) = f R,(7)e ™ Tdr = F{R,(t)} F{-} Fourier transform
— 00

R,(t)=E{z(t)z(t + 1)} = ff ooZ(t)z(t +w(z t; z, t + 1) (dz)?

[E{-} Expectation value w{-;-} conjunted probability density

Assuming z(t) ergotic (ensemble average equal to time average)

+ 00 . 1 +/2
R, (1) = j SSS(N)e 2 Tdf = Jim j O+ de

+00 + /2 _
R,(t=0) =f SSS(f)df = llm f z%(t) dt = z2

Winter College on Optics, 15-27/2/2016, Trieste -I=—. @9NRN|FN



Power Spectral Density 10

The direct measurement of R,(7) and S'S,(f) needs infinite time...

A more convenient way is:
+T/2

1 —12T
SIS(F) = lim ~ 12 (DI Ze(f) = f_m 2(t)e 2" dt

Actual waveforms z(t) are real signals and S1°(f) = SIS (—f)

f
SS5(F) = $,(f) = {ZSZT;“ A

+ 00

R,(x = 0) = f S,(fdf = 22

0

Winter College on Optics, 15-27/2/2016, Trieste -—r—l @QNRNIF.N



Physical meaning of PSD

fot+B
j S,(H)df = P(B) = S,(fy)B

0

z(t)

Band-pass
filter f1; B

11

P(B) [power]

Band-pass
filter f,; B

Band-pass
filter fy; B

S =

z(fO) B Hz
Power Py

meter [ Sz(f1) = B

Power P,

meter [ Sz(f2) - B

Power S . Py

meter 2(fn) = B

The PSD extends the concept of root-mean-square value to the frequency

domain

Winter College on Optics, 15-27/2/2016, Trieste -r—. @QNRNIF.N



Power spectral density of Phase Noise 12
é )
2 rad?
_ 1 2
Sp(f) = lim Zlor(HI? -]
. J

@(t)

S () = =50 I .
W)= Gmgzse) Il | O = am,

rad?

Hz

1 1 dB,
[L(f) =§5¢(f) [—1 L(f) = 10logy [ESq)(f)] [Hz]]

_ fH _ 1 fH
Prms = \/; = \/]fL S<P(f)df [rad] Xrms = ‘/ﬁ — vao\/jﬁ SQO(f)df [s]

Winter College on Optics, 15-27/2/2016, Trieste -T1 @QNRNIF.N



Power spectral density of Frequency Noise 13

( )
B _li2nf|? B Hz*
S(1) =5 ¢ (F) =35 S0(F) = 2556 [
. J
A :
v =2 — oy [
0
( )
1 f e 1
5500 = 35w = 155,00 = l2nf P, [
. J

Yrms = |7 = J ["s/ar

Winter College on Optics, 15-27/2/2016, Trieste m @QNBNIF.N



Power law: frequency noise 14
4 [ 12 )
a
Experimental evidence shows | S (f) = - z hof™ 0<f<fy
a=-2
\ 0 f>In
\ Y
log Sy, (f)
random walk f white ¢ |
h—Zf_Z hzfz
flicker £ Tlicker
h_if7t . Wwhite f hyfl
hof? log f

Winter College on Optics, 15-27/2/2016, Trieste m @QNRNIF.N



Power law: phase noise

15
+2 )
S0 () = 25 Z haf = ) Vihaf" = Z bif'
a=—2 a=-—2 i=—4
K l = vghl'+2)

random walk f

hafr

flicker f
Befes

log S, (f)

white f
o=

~
-~ -
-
i T——

log f

Winter College on Optics, 15-27/2/2016, Trieste -T—. @QNRNIF.N



Type of noise contributions 16

[HSz}; I(Ifl)z] Type of noise Main contribution Relation

Random walk

h_f -2 (RW) of frequency Different unknown origin -
hJf-1 Flicker of Leeson effect supplied by flicker i
E frequency phase/resonator thermal noise
2
h White frequency/  Resonator in band /quantum/thermal hy = FKT/PQ
0 RW of phase noise (Leeson effect) Fhv,/PQ?

Up-conversion of the amplifier flicker

hf Flickerof phase =~ by amplifier non-linearity -

i i FkT/Pv¢
hof 2 White phase Thermal/quantum/electronics noise _ { 0

in amplifiers 2 |Fhv,/Pv¢

0
Se(f) = z bif's by = V§hiy

1=—4

Winter College on Optics, 15-27/2/2016, Trieste -' @QNRNIF.N



PSD Examples 17

-100

-120

-140

S (dBrad /Hz)

-160

-180

-200 1 i 1 | | I
0.1 1 10 100 1k 10k 100k

Fourier frequency (Hz)
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Time domain stability: classical variance 18

By means of an electronic counter, the average frequency (number of
counts, i.e. number of cycles) can be measured over a time interval

N 1 tp+T 1 tp+1
Ve (1) = % =C j v(O)dt = vy + - f Av(t)dt
t

T Ty, T Je,

Av(t) : @(t)

y(t) = e o x(t) x(t) = 2V,
_ I oty +7) — @(ty)

@ = ywa =T

Frequency instability is defined as: [[2(1) = JZ[W(T)] = [E[W 2] ]

Winter College on Optics, 15-27/2/2016, Trieste -r—l @QNRNIF.N



From classical to Allan Variance 19

A possible determination/definition of frequency instability is represented
by the N-sample variance:

N N
) 1 TSN
oy (N,T,7) =E mz: Yi—NXYj
=1 Jj=1

Drawbacks: dependence from N and it diverges for flicker and random
walk noises fort — «

Allan Variance (zero dead-time two-sample variance )
http://www.allanstime.com/AllanVariance/

4 [ 2 o 2| . )
F@=E|) (5-5) 7| |=5ElGz - 77

=1 j=1

\_ ( (T)> Z(m 1)21 1(3’L+1 3’1)2 y

It converges for flicker and random walk noises fort — «

Winter College on Optics, 15-27/2/2016, Trieste -r—l @QNRNIF.N



Connection between time and Fourier 20
frequency domains

Linear and time-invariant systems (LTI)

o) = IHPIP-S, ()

r N\ N
v; (t) v, (t) Vi(f) Vo (f)
—>| hit) b—— —>| H() —
o >
vo® = [ A= Dvi@dr = h(©) * vi(® V.(F) = HOP) - Vi (F)
" “oo ) Y
e \
z(t) o(t)
—>| h(t) ——

Winter College on Optics, 15-27/2/2016, Trieste -T—. @QNRNIF.N



Classical variance 21

convolution

tr+T 2 +00 2
I1?(0) = 02(y, ) = E[y *| = E “ J y(t)dtl }= IE{U hy(ty — t)y(t)dtl }
t — 00

0 elsewhere sin(rft)
() ={1/r e <t<tp+7 = Hi(f) = —
h;(t) | |H,(f)I?
1/t

I:> 0.44/1

e [

l/r f
sin (nfr)

T

+ 00 + 0o

Sy(fdf

r@=0*Go) = |

0

H (IS, (F)df = j

It diverges for flicker and random walk noises for f— 0 (Tt — «)

Winter College on Optics, 15-27/2/2016, Trieste .I_—l @QNRNIF.N



Allan variance 22

tk+21' 1 tptT 2
_ 2 — -
(r)— E[(yz —y1)] IE{ 7 - y(t)dt = ft k y(t)dt] }

+00 2
05 (1) = IE{U hy(ty — t)y(t)dt] }

,
—1/V27 ty <t<t,+7 [sin(tf1)]?
hy(t) = S 1/V21 tp+t<t<tp+2t E> Ha(f) =2 nft

X 0 elsewhere ,
|H,(F)
h,(t) 1
1/V2t Max |H,(f)|? = 1.05
0.4/t for f = 0.37/1
—T E> —
T t
— N2 037/

f
Winter College on Optics, 15-27/2/2016, Trieste -r—l C CNRNIF.N



. . I
PSD to Allan variance connection 23

sin(rf7)]*
(nf1)?

+ oo

oy (1) = f

0

|HA(f)|ZSy(f)df:j 2! Sy(f)df
0

S, (f) Type of
[Hz2/HZz] noise
) Random 2
h_of -2 walk EM (2m“/3)h_,1
N
2 I
h_4f-1 Flicker FM 2h_1In2 Oy (7) &z
(—a—-1;-2<a<1
Ao White FM (ho/2)T~1 H= —2;a>1
J

hif  FlickerPM [1.038 + 3InQnfy7)]; 57> *

hof 2 White PM (Bfy/4m?)h,t 2 *

* fy is a high cutoff frequency, needed for the noise power to be finite
(2 xfyT>>1)

Winter College on Optics, 15-27/2/2016, Trieste m @QNRNIF.N



PSD to Allan variance connection

24

leogSy(f)

random walk f
h_pf 2

flicker f X
hoof7F

-
®ee
.

white f

white ¢
hzfz /

flicker ¢
h 1 fl

.
-
-

log f

log o/ (7)
white ¢

fligker ¢

hl
1. In(2 — L4
[1.038 + 3In(27mfyT)] 47‘[2T
white f
(ho/Z)T_l

(3fy/4m*)h,T ™2

flicker f
2h_;In2

random walk f
a2 [3)h5T

log T
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Allan deviation examples

25

—{ = PSR 1937+21 ==0==G117-B15A  =--d#=-= Al-Hg clocks
10 ~| === PSR J1909-3744 === Kvarz MASER ---u=-- FO2-FOM clocks -
oy --®--PSR J0437-4715 —#—Cs4065C  --#-- FO2-F1 clocks ;
2 ~C— PSR J1713+0747 --&=— Cs 5071A  —— TAI-AT1 -
< - . A—tal )
; 10 13 E - e o == = E
& 10F :
= [ :
g - "
40 191 :
o 8 107 E 5
: ] Ay, .
D) .Q 4 - .
> ®© L [T q} \ = -
= -1 (,ommhlr 1 thermal: == -’( 3
= 2010'151 - Heam Cs cloCR&., v E
L= !~~' .'... -
oﬁ < : \ ....'- :
801_016 | H maser i OC“- D _ -
5 ARl 0 1000 ° ;4)000 100000
a B, \&p& lntegratlon ﬂ
105 | e, ] — t.
| Optical clocks ......'EE """ ay Mlcrowave clocks . _‘
10-17 | A ALAlN LAALLLL L. ..ll.ll | I N S . Ll I IBEE NI L L LI .J NN AL Ll
10° 10° 10 10° AP A Aqge
Integration time [s] 1yr 10yrs 100 yrs
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Spectrum of the clock signal 26

v(t) = Vo[l + a(®)] cos[2mvet + @(8)] v2(t) = VE[1 + 2a(t)]

Noise broads the spectrum is a complex way but the random phase
does not contribute to the signal power!!!

=0d3m

Sy(f,t) = F{Ry(7, 1)}

JOOKHZ PES | 2MHZ

Noise-free ideal signal
2

V.
R, (1) = V£ E{cos(2mvyt) cos[2mvy(t + 1)1} = TOCOS(ZHVOT)

Sy(f) )
V2 Yy
Su(f) == 8(f = vo) TZ

Winter College on Optics, 15-27/2/2016, Trieste -—r—l C CN RIFN



Spectrum of the clock signal 27

Pure AM noise signal

2

R,(7) = V70 cos(2mvyT)[1 + R, (7)]

2
$,F) = 80 ~v) « [5() + SaF)] = L 8(F = vo) + Sulf = vo)]
A So(F)
Vi
> A
Sa(f) Sa(f —vo)
il BN L1 N\ S
Vo f

Winter College on Optics, 15-27/2/2016, Trieste .I_—l @CN R I FN



Spectrum of the clock signal 28

Pure PM noise signal

V2
R (1) = —cos(Zm/OT)exp{ [R¢(O)—R¢(T)]}

Ro@ =22 cos<2nvor>exp[ 2 | S”‘(Z”f s, (f)df]
0
S,(f) = F{R, (1)} White frequency noise (S, = v§ho)
Complex integral!! S.(f) = Ve (@Af)!

2
2 1+ [2 (fA—fLVo)

Af; = FWHW = v§hg

Winter College on Optics, 15-27/2/2016, Trieste -T1 @CN R I FN



Spectrum of the clock signal 29

PM and AM noise

Ry(7) = Ry, (D[1 + Ry ()]

Sy(f) = F{Ry(7)} = Sup, (f)+ Sva, (f) * Sq (f)

Very Complex integral!! Numerical integration is performed

Winter College on Optics, 15-27/2/2016, Trieste -I—l @.CdN RNI FN



Part 2 - Frequency domain characterization

1. Direct measurement

2. Frequency discriminator

3. Phase discriminator

Winter College on Optics, 15-27/2/2016, Trieste -T—l «r |

30
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Direct measurement 31

Is the simplest and oldest method for the measurement of the phase
noise power spectral density

Device under test

(DUT) power in the SSB in 1 Hz

Spectrum/signal L( ) — : :
Ny — analyzer f power in the carrier

Ref 0.00 dBm

[ ] — P.[dB,]

P, [dBm/Hz]

N . .‘, ";;“Jl' -tl‘s& VR Yo — (| 7Y
P Ak ikl %;M*r’-‘f i

Center 1.00000000 GHz Span 25.00 kHz
Res BW 240 Hz VEW 24 HZ' Sweep 4.40 s (1001 pts)

Winter College on Optics, 15-27/2/2016, Trieste m C QN R I FN



Direct measurement limitations 32

The problems with this measurement are (ambiguous results):
* it does not divide AM noise from PM noise
« improper value for phase noise larger than 1 rad!!

SU E
2f===cccccccctccccccccnccdeccsccsccscdecccccsccscdescssccscscshsccscssccschescascnane -
— O e e e e e =
l'c ............................................................................... :
m& N 10 T PN RLL . LU R frmmmmnnaes R s ST EE T |
S -§0 """"""""""" : : qremnewanss low phase noise
P RS- .. T, T—— criteria
< 50 ' ~— ' '
. 60
vy 70
— [N .20
1 -90
~ '100 N - N - - - |
LS/ 1;3 EDOUNS S A0 N SO A O o SR
e IR Historical Af) valid " T T N
-140
S0 T e e
1 T S e T TP EEE P
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Frequency discriminator 33

A resonator (band pass filter) converts the frequency fluctuations into

intensity/voltage
Resonator AV Spectrum
D [V/Hz Analyzer

Servo Ie
.
D [%] Sav(f) = D?Sp(f)
S
_ Sav(f) = A,;—Ef)
T > Sav(f)
P 501 - 12520

Winter College on Optics, 15-27/2/2016, Trieste -T—. @QNRNIF.N



Phase detector

e
34

The phase detector converts the phase difference of the two input
signals into a voltage at the output of the detector

Signal 1 LLO '

Phase detector Doubled-balance mixer
""""""""""""""" RF

AVou= KA®,  p(t)
P

>
S

| input
)

input

J LT

Signal 2

... S—
T B DD s

L IF

out

v, (t) = kv (t)v,(t) = kV,V, cos(Qmvet + @1) cos(Qmvet + @, + P)

k
vo®)] =5 ViValcos(ps — ¢z + P)] Ef Ol

k
= §V1Vz(<P1 — @2) = KAg

Winter College on Optics, 15-27/2/2016, Trieste -r—l @QNRNIF.N



Phase discriminator: measurement of a two 35

port device

—»| DUT —%
") =1 FFT
X 4
/quadrature adjust
E ;@ 100 Q
os | ‘ Ki— aw=xng  Sav(f) = K2S55,(f)
> [rad]
X Sav(f)
] SA¢(f ) = T

|
o
(9]

|

=

o
CrT T T T T T T T
vy

90 135 360
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I
Phase discriminator: combining a frequency 36

discriminator

A frequency discriminator, a resonator/filter or a delay line, can be used
to measure the oscillator phase noise

A‘_’» reference | 8¢ = DAv
under test resonator v

@ ®> 2 | FFT
/q::dr. adj. !

A resonator, the imaginary part of the complex transfer function, turns a
slow frequency fluctuation into a phase fluctuation

A resonator

= slope 2Q 5 Sav(f) = K2Sao(f) = 4Q° K>S, (f)
L Ap = —QAV
(QU) il Vo Sav(f)
f»m%& Sy(f) :4021(2
Yo | S () £
LR So(f) = 1Q2K212

Winter College on Optics, 15-27/2/2016, Trieste -r—l @QNRNIF.N



Phase discriminator: measurement of 37

oscillator phase noise using PLL

The reference source/PLL (phase-locked-loop) is one of the most widely
used methods

DUT

N\

. Low noise
Low pass filter =
(LPF) amplifier

/> (LNA)
o Baseband
« O—INT >k

Phase detector
(mixer)

Phase lock
loop (PLL)

Reference source

AN\

Winter College on Optics, 15-27/2/2016, Trieste -—r—l @QNRNIF, |



PLL Method 28

(N |
m Low (pLa:Fs)ﬁlter L:r(v{ ;;;;i:):?
v KAg Vi, _’
Analyzer

90°
\' Phase d
Reference source a?;ixztri)%t:tor
rad/s
kVCO vV Y, .
loop (PLL) NN
kvcoVoH
Pref(f) = Tt f
() _  jenfK _r e
oour(f) ~ j2nf +kyeokH — |, T
’F,
p
£ = fveoll o KveokH
’ 2 P 2T

Winter College on Optics, 15-27/2/2016, Trieste -I——. @QN RNI F.N



PLL Method 39

2nfK)*
54, 1) = 16 S pous () = s 4 gt iy Soour

Sv,(f)  @2mf)? + (kycoKH)?
G(HI2 (2rfK)?

S Loose PLL '

Low gain H

(f)

S‘PDUT (f) - SVO (f)

Tight PLL
High gain H

>

3 | f

3 /
@CNRIFN

Winter College on Optics, 15-27/2/2016, Trieste




Heterodyne beatnote 40

V1, $1
LO  beat note

= H»

RF

vy (t) = kv ()v,(t) = kV1V, cos(2mvit + @) cosRmvyt + ¢5)

Vb, @Pp

k
vy (t) - = =V1V; cos[2n(vy — vo)t + (@1 — @3)] =V, cosrvyt + @p)

2
V2
Sop(f) = S, (f) +Sp, (f) = fz Sy, (f) + fZSyZ(f)
f2
Syb (f) — ﬁswb (f) — Syl (f) + Syz (f)
b

Winter College on Optics, 15-27/2/2016, Trieste -r—l @QNRNIFN



Correlation method — Noise floor reduction a1

The two-channel cross-correlation technique combines two duplicate
single-channel reference sources/PLL systems and performs cross-
correlation operations between the outputs of each channel

internal system noise N, Measured noise : N,
Signal-source » CH1 =
Under Test
. DSP /
@ ..... Splitter Cross-correlation [ ——>
Source noise : (corfelatiﬂn#=M)
Ns yx » CH2 )
internal system noise N,
Nunber of Noise floor
(N + N,) correlation M | reduction
Nmeas = Nsyr + JM 102 10 dB

104 20 dB

Winter College on Optics, 15-27/2/2016, Trieste m @QNRNIF, \



Part 3 - Time domain characterization 42

1. Classical counter (old)
2. Reciprocal counter

3. Interpolation methods

Enrico Rubiola,
FEMTO-ST Institute, CNRS and Université Franche Comté
(also

Winter College on Optics, 15-27/2/2016, Trieste m @QNRNIF, \



Classical (old) frequency counter 43

Vx Frequency Nx
Inout Conditioni Counted . -
>—= Input Conditioning Main ounting Display
Input Signal —>@_. Register >
N¢
Main Gate T, = —
Flip-Flop g v
A C
( : ) | Time Base -
Dividers : NC
Time Base
Oscillator
Ny Ve Av, 1
e =, Ty, =

The resolution is set by input period which can be significantly
lower than reference clock

Example: v, =100 Hz; v, =10 MHz; T, =1 s RES = 107

Winter College on Optics, 15-27/2/2016, Trieste m @QNRNIF, |



Period measurement 44
— Display
T. Iy = —
X vx T
Input I i
Signal .~ Input Conditioning [~ Malr;FGate » Main Counting
—»| Gate Register
Frequency
Counted NC
Time Base
Dividers

A

Time Base
Oscillator @

The resolution is set by reference period

Example: v, =100 Hz; v, =10 MHz; T, =1 s RES = 10"

Winter College on Optics, 15-27/2/2016, Trieste m @QNRNIF.N



Time interval counter

45
arming gate N —
pulse pulse T=T N (= I/(::r.'l.'
—p - =t * + quant. err.
. 5 T . + -+ quant. 1/1/(_ ?
start _I l_ error > -
f IR\ —r A :ﬂ:llﬂﬂﬂl] binary
? bt Sa DQ B M)C _ ——b counter
./ .
Tm trigger R < : L P =T,
stop arming gate . + quant.
= IE\ | FF control = o [ =
® l/ FF gate pulse
Ve @©
C clock o
f = ta. t - tb
start r --------------- ‘-
a = E Nc
stop / - t Tx = NCTC -
: ; = Ve
arming pulse g e
gate pulse | ; s Asz TC = —
; - e 1/1/(: i vC
clockv-,DDDDDDDDDDDDD[]“HH{T{T{T t
: ? i . Set by clock reference
—D_D_D_D_D_D_D_D_ELELD_ELDJ]_—.

N, clock cycles

[
Dt
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Comparison between frequency and period 46
resolution

I |
1x10-10 + AT 1
X |
Ty T,v |
_ X108 T X g-c |
o Period Measurement
w1107
S 108 T |
= |  ForSame Gate
S & | Time of 1 Second
S 4 4 S
€ 1x10 w;ac_,\x‘ X/ | Clock Frequency = 10MHz
3 o N %
= % Z |
T N N* 7 (‘ ")
HoAxX1072 T < > > |
N |
1 | » Input Frequency
1Hz 10MHz

Measurement strategy

v, < v, period measurement :> RECIPROCAL COUNTER
v, > v, frequency measurement
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Reciprocal counter

l/.’lf

47
A"\'r(: T V(:T
T = -’\‘v.r/ Vg — 17\‘r,r I/(. / I/’I‘
: : 1/ve V21T
gate [
Y e !
A ‘ﬂ.ﬂﬂﬂﬂﬂ binary
[ \c counter
B . .
W mun [+ Ne /
> divide
: > T =N,/v,
¢ UL Tt
|J1 gate pulse
clock
o=/
input | | [ | | 1
nominal 2
gate / i,
< Ty > i
actual
gate A b=
I T = N /v, (exact) il
clock -« 1/v
B t <
C t ~
N, clock cycles |

e Use the highest clock frequency permitted by the hardware
e The measurement time is a multiple of the input period
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N = N(p) N(,.c) cIassncaI reciprocal counter N. =u.T
.................................. T'=Nz/ve | = NzV:/Vx '
input { GaAs prescaler gate <> Ve e 1l
: . pulse > !
et | T T EEEETA L binary
W . | front | level bl B'Dc : : »counter
*—Eliens translat. | | | : [ o ; '
2 |- V(o) UL : :
divider e > T =N,/v,
' + Na(-:p) E —I I— T = 7‘
: divider | : Ve gate pulse
1 frequency
: \U / reference !

The prescaler is a n-bit binary divider + N, (P)=2n
GaAs fast prescaler works up to 20-50 GHz

Most microwave counters use fast prescalers
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High-frequency measurement: Transfer 49
oscillator

transfer oscillator

input e T I S S
i g o IF amplifier . Vveo =
I\A/\A’ E f X I/T _— A‘\‘ U\’(‘.O E ! E 1
-~ = | #e-w
Vg s i ;
: ; in
> B
V€O ] !
VIF classical
Vo ; reciprocal
@ = control A —® ; N counter
metrix Vref | ]
Vg — NVyco = Vet i A
identify N M
........................................................................... y

vV,
frequency C o
reference

The transfer oscillatoris a PLL

The counter measures the VCO frequency
The harmonic N has to be measured (modulation frequency)
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High-frequency measurements: Heterodyne 50

counter

. heterodyne down-converter Vout =
input ¢ i : N
: sampling + 5 Vyp — IN Ve
'VVV\I ; — mixer Urt— A’ Ve ; in
® : ron oS :
. | end ™~~~ _D 1 5 1
Vo : Nu. oF classical
¢ : reciprocal
harmonic ; .+ | counter
AT selection filter i “N>
control
comb
generator

Ve I
frequency @ :

reference

The beat frequency is in the range of the classic counters
100-200 MHz
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Interpolation methods 51

i >
'

Y
*

[
=
S

clock

vy O

(=2 i =a . counted |
not-counted |1 NI, __edge
edge | i< .
§ Ty = NI, +T, —Tp §
= >
> =|+T:“=:11,+71-§ i Ty =Tp + T > g

_______________________________________________________________________________

The interpolation is based on the high-stability and accuracy
reference clock
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Dual Vernier 52

gate T SEEEEE t +

vernier
clock

T, + N,T, = N'T' = N, T"

early . late

< > < B
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Dual ramp 53

gate 4
pulse o e t»
A E ; > Tc = I/Vc
clock —;—l 1 I--': J--ﬂ' 1T T3 t
il | | >
Q T | t»
g —-I1 + 1o 18/, NN A |
Té = —((Il =1= Iz)/Il)Ta o
diSCharge E
i t
— s
i t
-

> 1, =1/v

___nnnadnfinannnannnnnn «

| Tl = N!T! (+0/=T")

1]
- >
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Part 4 — Frequency stabilization principles 54

1. General scheme
2. Stability performance

3. Some examples
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General stabilization scheme 55

Vo Vref
. Phase/Frequency Frequency
Oscillator C Reference

Frequency
or phase Servo
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Stabilization performance 56

Vrye f

Oscillator Ve = AUVa+ ¥ Phase/Frequency Frequency
?|  Discriminator Reference

Vp = D(f)(vc - vref)

Frequency V,=H({)V)
or phase |« Servo

Vo(F) =Vrer (D(HH(AS) _ vo(f) =Groop(FIVrer (f)
1+ D(HH(A() - 1+ Gioop(f)

ve(f) =

Sy () +Svn,,f<f)|am,a<f>|2
|1 + Gloop(f)|2 |1 + Gloop(f)|2

Svc (f) =
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Stabilization performance 57

Sy (F) +Sv,,ef(f)lcwop(f>|2

Svc(f) =
|1 + Gloop(f)|2 |1 + Gloop(f)|2

For |Gioop(F)| » 1
Svo ()
|Gloop(f)|2

Svc(f) - + Svref (f) = Svref (f)

For |Gioop(f)] « 1

Sue(F) = Suo () + Sure (D|Gioop(P]” = Syy (F)
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Stability of the control loop 58

4

|Gloop(f)|
GM
0 ) > f (dec)
N T
arg[Gloop (f)] i :'
A f:t : ! ) d
0 T > [ (dec)
N N
-90° | :
|

-180°
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Performance

59

0dBl

l >
R . s
"

———r———

“
<

S

2
SVref |Gloop(f)|

fO

& l
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Implementation in the microwave region 60

AI P Review of
Scientific Instruments

New-generatlon of c cryogenic sapphlre microwave oscﬂlators for space'
metrology, and scientific applications

Vincent Giordano, Serge Grop, Benoit Dubois, Pierre-Yves Bourgeois, Yann Kersalé et al.

Cryomech PT405RM

10 -12
z
B
vacuum enclosure s 10 -13
at room temperature 17)
P
dm(:z:hzmical vibration g Tl
ampers .
7 % 1014 O A(T) 2 units_L.
3 1t = s
= I—H ’t--&
50K thermal shield 4 ?~ ] --r!: i gt
i "3 10 -15 ¢ hdll _‘—!
us T = .
thermal ballast © G y('t) I unit
temperature control S i
10 -16
eiag e 1 10 100 1000 10000 100000

copper cavity Integration Time (s)

4K thermal shield
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Implementation in the optical region 61

OPTICS LETTERS / Vol. 39, No. 17 / September 1, 2014

Ultrastable laser with average fractional frequency
drift rate below 5 x 107™"%/s

Christian Hagemann," Christian Grebing,' Christian Lisdat,’ Stephan Falke,’ Thomas Legero,’
Uwe Sterr,"* Fritz Riehle,’ Michael J. Martin,” and Jun Ye*

ser - H-Maser

| H-Maser .

/
1
L

-

] Laser-¥Sr
-bq‘.§
"‘~.?_\.§"l ‘/L
SR =

-

o
o
=)

—_

o
o
)

Allan deviation ¢ (T)

thermal noise

10" — — ——r —
10" 10° 10° 10* 10°

averaging time t (s)
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Thank you for attention

..a special thank to Elio

Washlngton DC, July 1998
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