uuuuuu SITE DE FRANCHE-COMTE

DE LA RECHERCHE sciences & techogies

SCIENTIFIQUE

High resolution
frequency counters

E. Rubiola
FEMTO-ST Institute, CNRS and Université de Franche Comteé

28 May 2008

Outline

. Digital hardware
. Basic counters
. Microwave counters
. Interpolation
® time-interval amplifier
® frequency vernier
® time-to-voltage converter
® multi-tap delay line
. Basic statistics
. Advanced statistics

home page http://rubiola.org



http://arxiv.org/abs/physics/0602110
http://arxiv.org/abs/physics/0602110

COUNTER

RPYT

Slomnl “i Counter |[—=
Fred. [ _“]
STAVDARD @

stanl n
CASLIRCD
srop COUTUA| =) Time IMTERUAL

PREQ .
FTANDAR P

i“ow*o corihons Mo tacpult sipacel . TE
o the jfu&q&!w.oj Jq.«d.';\,{, 2 ul | )

2_. How *t.) MO(A k*bo«. e M
vaednolojacal - pesleniencce s d b ’




1 — Digital hardware
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2 — Basic counters
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FREQUENCYH COUNTER
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Practical measurement

N, counted cycles (edges)

) ) T
nominal time Tnom =N

c T

i |;the measurement time starts after the internal trigger |

|
|
|
|
|
|
c |
|
|
|
1
|
|
|

| the measurement time ends after the nominal time is elapsed |:

measurement time Tm = NX TX =T

nom

N, counted cycles (edges)

measurement equation: N, T, = N_ T,

or N,T, = (Njx1)T

c J

including quantization uncertainty




3 — Microwave counters




Prescaler

reciprocal
counter

a prescaler is a n-bit binary divider + 2"
GaAs dividers work up to = 20 GHz

reciprocal counter => there is no resolution
reduction

Most microwave counters use the prescaler




fx

(T

fVCO

VCO

The transfer oscillator is a PLL

mixer
Harmonics locking condition: N fyco = fx

Transfer-oscillator counter

classical
counter

Harmonics generation takes place inside the

Frequency modulation Af is used to identify N
(a rather complex scheme, xN => Af -> NAf )




Heterodyne counter

fx

q q ;::sws fb q classitcal
counter
N f,

multiplier
x N

1

oscillator

Down-conversion: fp = | fx — N f¢ |

fb Is in the range of a classical counter (100-200
MHz max)

no resolution reduction in the case of a classical
frequency counter (no need of reciprocal counter)

Old scheme, nowadays used only in some special
cases (frequency metrology)




4 — Interpolation




1 — Time-interval amplifier
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1 — Time-interval amplifier
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1 — Time-interval amplifier 21
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1 — Time-interval amplifier
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2 — Frequency vernier
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2 — Frequency vernier
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2 — Frequency vernier

SYMCHRORIZEN OSCILLMATOR
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2 — Frequency vernier
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3 — Time-to-voltage converter
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3 — Time-to-voltage converter
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4 — Multi-tap delay line 29

Interpolation by sampling delayed copies
of the clock or of the stop signal

reference reference
|
|

— :4—1'

input event | |
T
I

|
clock 0 ' :
|

clock 2

clock 3

clock 4

array of D-type flip-flops

clock 5

clock 6 I

|
|
|
1
|
|
|
)y
. ¢
clock 1 ' : I
|
|
|
|
|
|
|
|
|
|
|
|
|
|

clock 7 I
t

1

[ ' [ '
sample word 00000111 sample word 00011111
indicates delay = 5t indicates delay = 3t

The resolution is determined by the delay T,
instead of by the toggling speed of the flip-flops




4 — Multi-tap delay line

Sampling circuits

AR |
STOP

(Latching)

(b} STARTPDT—'—DT—_DT—"—
Jdr b a
—_F c

STOPe -
(Sampling)

(C) START d
(Clock)

e
—T

J. Kalisz, Metrologia 41 (2004) 17-32



4 — Multi-tap delay line

Ring Oscillator

used in PLL circuits for clock-frequency multiplication

N —odd number

Q,

~L >l

M —-even number

J. Kalisz, Metrologia 41 (2004) 17-32



5 — Basic statistics
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Quantization uncertainty

p(x)
12

>

1/T.

-4 >TC

1/v/12 = 0.29

Example: 100 MHz clock
Tx =10 ns
oc=29ns
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classical reciprocal counter (1)

measurement. time

=N/ v M pulses

M=tV c

. UL
% ' - binary
counter

trigger

o=

N
readout v= —V.
reference M

period measurement (count the clock pulses) is preferred to frequency
measurement (count the input pulses) because:

It provides higher resolution in a given measurement time tau
(the clock frequency can be close to the maximum switching speed)

interpolation (M is rational instead of integer) can be used to reduce
the quantization (interpolators only work at a fixed frequency, thus
at the clock freq.)




classical reciprocal counter (2)

X Xn X phase time X <
2ula?y’ (e, time jitter) an

VO NAAANAANNAANAANAANANAAAAAAANA N GME
\/\ﬁ\ﬁ\ﬁ\ﬁ\ﬁ\/\ﬁ\/\/\/V\/\/V\/\/\/V\/\/\/V\/\/\/V\/\/Vt

N — period Ty,

1/t 0

_ . measurement time T = NT

+ 00
measure: E{v} = / v(t)wr(t) dt IT estimator

scalar product

/7 0<t<T
wr(t) = eight
H< ) {O elsewhere Wels

normalization

variance classical variance




enhanced-resolution counter

X X X phase time X <
WulaZn’ (e, time jitter) h

VO NAAAAAANANAAAANNAAANAAANANNAA GME

th t; L t3 84 5 g tN-D N IN4D

- meas. no. .
1 - 0 A estimator

1=1

+00
= E{1} — /_ U(t)wa (1) di

y

t/T O<t<T

'% delay t,=DT wa(t) =<2 —t/7 T<t<2T

measurement time Tt =NT =nDT 0 elsewhere
; \

normalization

/+OO wa(t)dt =1

— 00

limit To -> 0 of the weight function white noise: the autocorrelation

function is a narrow pulse, about
WA (D) V\ 1T _ the inverse of the bandwidth
t

2 :
0 T 2t the variance is ;2 l 20 classical

dividedbyn Y n 72 variance




actual formulae look like this

1
Oy = ; \/2(6t)%rigger T+ 2(5t)12nterpolator

1

Oy — /N \/2(5t)%rigger + 2(6t)i2nterpolator

VoT Voo S U
T, —
ViT Voo > Vg




understanding technical information

classical reciprocal
counter

enhanced-resolution
counter

low frequency:
full speed

high frequency:
housekeeping takes time

2 .
207 classical
T2 variance

classical
variance

To=1 =

2
2 1 20
=

n — VooT

classical
variance

00 ’7'3

7o = DT with D>1 —>

2 iQUaQ:

g, =

n = VooT

classical

vy T3 variance

the slope of the classical variance tells the whole story

1/7‘2
1/7‘3

look for formulae and

— Il estimator (classical reciprocal)

—> A estimator (enhanced-resolution)

nlots In the instruction manual



Stanford SRS-620 examples

resolution

2
2 short term trigger
RMS frequency . | (22 PS)® + [( stability ) < \ti }
(in Hz)

N gate time \

RMS resolution o0, = vyo,
frequency 00
gate time T

Agilent 53132A

resolution or period

RMS ] _ (frequency) - |:4>< \/(tres)2 + 2 X (trigger error)? N Liitter :|

(gate time) X \/ no. of samples gate time

tres = 2290 pPs
tjitter = 3 ps

number of samples = (gate time) X (frequency) for f < 200 kHz
(gate time) x 2x10° for f > 200 kHz

RMS resolution o, = vyoo, or o = Tpooy
frequency
period
gate time
VooT Voo < 200 kHz

no. of samples
T X 2X105 Voo = 200 kHz




5 — Advanced statistics




Allan variance

definition

wavelet-like
variance

——F 0<it<T

V2T
ﬁ T<t<27
L0 elsewhere

“+00 1
2 the Allan variance differs from a wavelet variance in
ener — —
9y E{wA} /OO Wa (t) dt T the normalization on power, instead of on energy




modified Allan variance

- (24n)To 2
definition mod 02(7) — y(t) dt)]

Y

with 7 = n7g .

mod o2(r) — E { | /+<>o () wa (£) ] 2}

— OO

wavelet-like
)

variance _ 1
\/57215 O<t<T

=(2t—3) T<t<2r M

—\/5172(75—3) 27 <t < 371 0

0 elsewhere

\

+00
energy E{wy} = / wiy (t)

1
compare the energy Flwy) = 5 E{wa}

this explains why the mod Allan variance is always lower than the Allan variance




spectra and variances

Noise Type

Allan (02)

Modified Allan

Triangle

White PM

3fH -2
T2 hoT

= o3 (7)

3 -
T2 hoT 3

— 2 flI__[To-xi(T)

%hQT_B
_ 8 9
—3fHTUA(T)

Flicker PM

1.0384+3 ln(2 TwfygT)
T hi7 2

= o3 (7)

31n (238
—8( == h1 T2

3.37 2 (7_)

— 3.1243lnnfgr CA

6ln( th

_ 12 56
~ 3.1243InwfyT

White FM

1, 1
2h07'

= o3(7)

%hoT_l
= 0.500% (7)

%hoT_l
= 1.330% (1)

Flicker FM

21n(2) h-1

= o3(7)

2ln(3311/16 Y iy
= 0. 670%(7’)

(241n(2) — 27 In(3)) k-1
= 1.300% (1)

Random Walk FM

%772 h-oT

= A0

11
207‘(‘ h-o T

= 0.8203 (1)

23
307T h-oT

= 1.150% (1)

Frequency Drift (y = Dy)

12, 2
5 Dy

112, 2
5 Dy

122
5 DyT

Voo 1s replaced with v for consistency with the general literature

fm 1s the high cutoft frequency, needed for the noise power to be finite

S.T. Dawkins, J.J. McFerran, A.N. Luiten, IEEE Trans. UFFC 54(5) p.918-925, May 2007



1 estimator —> Allan variance

given a series of contiguous non-overlapped measures

measure series

- +1/(V2 T)
R - =12 1)

T 2T

the Allan variance is easily evaluated

[y




overlapped A estimator —> MVAR

by feeding a series of A-estimates of frequency in the formula of the Allan variance

)

as they were I1-estimates

; ---------- +1/(V2 1)
T e L —1(V27) ¢
0 T 2t 3t

one gets exactly the modified Allan variance!
1 1 1 (?,—|—2’I’L)’To 1 (’L—I—’n)TQ
2 — — — — — —
mod o, (7) = E<\2 {n g (7_/ y(t) dt 7'/7; y(t) dt)}

I (i—|—n)7'0 TO

with 7 = n7y .



ng contiguous values to increase t

graphical proof

mod Allan

t

t

<C=8tB ¢ converges to Allan

t
mod Allan

this is not what we expected

m
m
m
m

’
2
4
8

the variance converges to the
(non modified) Allan variance

There is a mistake in one of my articles: | believed that in the case of the
Agilent counters the contiguous measures were overlapped. They are not.

49




non-overlapped A estimator —> TrVAR ”

by feeding a series of A-estimates of frequency in the formula of the Allan variance

S 2}

as they were I1-estimates

+1/(vV2 1)

timet
>

| | [} |

SRR i__-___--ﬂ:--------ﬂ'-- -1/(v2 7)
I |

T 271 3T 4T

one gets the triangular variance!
S.T. Dawkins, J.J. McFerran, A.N. Luiten, IEEE Trans. UFFC 54(5) p.918-925, May 2007




Conclusions

The multi-tap delay-line interpolator is simple with
modern FPGAs

In frequency measurements, the A (triangular) estimator
provides higher resolution

The A estimator can not be used in single-event time-
interval measurements

Mistakes are around the corner if the counter inside is
not well understood

Some of the reported ideas are suitable to education
laboratories and classroom works (I used a bicycle and
milestones to demonstrate the A estimator)

Thanks to J. Dick (JPL), C. Greenhall (JPL), D. Howe (NIST) and M. Oxborrow (NPL) for discussions

To know more:

1 - rubiola.org, slides and articles
2 - www.arxiv.org, document arXiv:physics/0503022v1
3 - Rev. of Sci. Instrum. vol. 76 no. 5, art.no. 054703, May 2005.

home page http://rubiola.org
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