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1 - Basics



Jitter

v(t) = Vo [1 + a(t)] cos [2mrpt + ()] w(t) = £

27TVO

* ITU defines jitter as the variations in the significant instants of
a clock or data signal, vs a “perfect” clock

* Jitter —> Usually fast phase changes f > a few tens of Hz

« Wander —> Usually slower phase changes (due to
temperature, voltage, etc)

* Designers first care about consistency of logic functions,
* First, maximum timing error
« Sometimes RMS value and probability distribution

 Time and Frequency community focuses on
* PM noise spectra
* Delay spectra
 Two-sample variances (ADEV, TDEYV, etc.)



Phase Time x(t) — or Jitter

 Let’s allow ¢(t) to exceed *1r, and count the no of turns

* This is easily seen by scaling w down (up) to w = 1 rad/s
using a noise-free gear work

 The phase-time fluctuation associated to ¢(t) is

x(t) = @(t) / wo

* X(t) is a normalized quantity, jitter Xout = Xin
independent T phase o %[Spin
Jitter Xin

phase ©in




Physical Concept of PSD S(f)

Power Spectral Density

Continuous or discrete

The PSD is the distribution of power
vs. frequency (power in 1-Hz
bandwidth)

The PS is the distribution of energy
vs. frequency (energy in 1-Hz
bandwidth)

Frequency can be continuous or
discrete (histogram),

In mathematics,
 the power is a square quantity
* the energy is power
integrated in time

Power (energy) in physics is a
square (integrated) quantity
« PSD —> W/Hz (or V3/Hz, A%/
Hz, etc.)

PSS — J/Hz



The Polynomial Law

v(t) = Vo [1 4+ a(t)] cos [2mrpt + ¢(t))]
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Converting PM noise to TDEV

random phase

o (t)

phase-time
(fluctuation)

0=

TDEV ox(7)
same as ADEYV,

but we use
x(t) instead of y(t)

You may be more familiar to o,%(t) = ho/2T + 2In(2)h-1



Phase Noise Sampling

saturated analog gain

%varia nce:é 0% = E{X2 }

A | | | N N N | I

equivalent sampling function
input sampling frequency 219 — noise bandwidth B = 1

« Sampling occurs at the edges
* (in some cases, only at rising or falling edges)

* Square wave signals need analog bandwidth at least
3 Vmax === 4 Vmax

* Aliasing is expected
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Aliasing Over-Simplified

S(f) 02 =NB

slow sampling

- o o N/

fast sampling

= N

B/ B//
* The Parseval Theorem states that

the total energy (or power) calculated in the time domain
and In the frequency domain is the same

* Ergodicity allows to
interchange time domain and statistical ensemble

N!B! — NJ’B” m

...and PM noise scales up with the reciprocal of the carrier frequency @
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Aliasing and 1/f Noise

Low power in the
high-f aliases

Input signal
(unfiltered wide-band 1/f noise)

etc.

Little or no effect on
the noise spectrum

Reconstructed signal
(little aliasing effect)

fn = §fs Nyquist frequency

And virtually no effect with 1/f2, 1/f3, 1/f4 ...



2 - FPGAs

e Noise Mechanisms
e Examples
e Additional Facts

12



Noise Mechanisms
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FPGA Interconnection Structure

Logic Logic Logic O
Block Block Block =
‘ Device dependent blocks
routing _ * Input/Output
7 SWE . RAM
« PLL
Logic Logic Logic @)  NCO
Block Block Block = . etc
| clock [ |
| |
SW SW SW =
T T T
Delay & jitter

* General routing through switch points

* Delay & jitter rather uniform in a block

* Large spread over the interconnect matrix
* Dedicated clock lines managed separately

* Low and predictable delay & jitter



Output Jitter Limitations

* Output can be synchronized to the clock

* Jitter cannot be smaller than
* External clock signal
* Clock input stage
* Clock distribution

* Output stage %
out

Internal
data

/0O buf
ck In

clock
—> o— distribution

!

15



Phase Noise in the Input Stagew

in out
W % I_r L

threshold noise phase noise
n(t) o(t)
Threshold fluctuation mechanism
4 Vin
threshold
| Epor ) i ............. actual threshold n(t)
slope ’ nominal threshold —
SR = dv/dt _~ <) (SR)(¢)
: | t >
_' Q:;r;fx(t) = n(t)/SR g 210 (1)
T | il TSR (1)




Phase Noise in the Input Stage”

Sinusoidal signal
v(t) = Vo [1 + a(t)] cos 2mvot + (t)] => SR = 27y V)

o) = 20Dy = B
S,
@-type Se(f) = V(éf )
! 0
noise

constant vs g



¢-type PM Noise

Remember that white noise is subject to aliasing, flicker is not

174 h_1

corner f. = B
0

Power law Sh(f) =) hif' [do not mistake with Sy(f)]

18
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@-type Jitter

aliased -type ;‘Nho
\ B S.(f)
\\ SX —
: \\1/f3 () vy (2o Vy)?

W
pure p-type .

y
S.(f) = o)

(2m10V0)? N : f

Power law Sx(f) =Y ki f' and Sa(f) = hi f



Internal Delay Fluctuation
x-type noise

internal stage

fluctuating delay _ |

xét)

s

sharp edge jittered edge

* The internal delay fluctuates by an amount x(t)

* This has nothing to do with threshold and frequency

20



x-type Jitter

Remember that white noise is subject to aliasing, flicker is not

aliased x-type

Power law Sx(f) =Y ki f

21



x-Type PM Noise

Remember that white noise is subject to aliasing, flicker is not

22
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Full Noise Mechanism

¢p-type noise x-type noise

comparator complex distribution

noise v(t) random delay
high v, full SR X(t) = Zi Xi(t)
SR >> noise SR and BW

* The @-type noise noise may show up or not, depending
on input noise and SR

* At the comparator out, the edges attain full SR and
bandwidth of the technology

* Complex distribution —> independent fluctuations add up
x() =Yixi(t) and <x3(t)> = di<xi(t)>



24

Full Noise Mechanism
Flicker (not aliased) White (aliased)
S@(f)::b—l/f

Ab_4

p-type

xX-type
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Summary of the Noise Types

Noise class Dependence on vy

Se(f) Sx(f)

Pure p-type C' vs. vy 1/v4

Aliased ¢-type 1 /v 1/v3
Pure x-type 7 C vs. 1

Aliased x-type 7 1 /v

* Pure x-type. High speed circuits, inside the device. Must be 1/f, otherwise aliasing

shows up

* Aliased x-type. High speed circuits, inside the device, at low switching frequency.
The clock must be either high frequency sin(), or sharp square wave, so that the
threshold has no effect.
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Noise Types and AVAR

High frequency Low frequency

T T T=TTTT7TT

400MHz
200MHz

o2(7) indep. of 1y

0

hi indep. of g

oZ(1) ~1/v3

12.5MHz
6.25MHz

h1 ~ 1/V§

-12 | : N, :,t ‘
{} 10 _ ........... ............. ...... 3.125MHz _ {}

2
b—l ~ Uy b_1 = (' vs. 140

y ( .................. _— N y

pure x type 10718 __________________ __________________ __________________ ........... S | pure @ type

1 0-16 C.‘.DaEa‘.OAZ_L‘og‘ic‘sx“k?i‘sfe".l)1_!4‘935"."5)1__C“fC‘Ill:.U‘};ClkBuf‘f-:—r‘uq1_‘FSFa‘nEU‘IA_iIO'-UZ_E‘82S‘7DA L

107 107 107! 10° 10! 10° 10




Examples

Measurements are performed with the Symmetricom
(Microsemi) DS 5125 and DS 5120 dual-channel phase meter

in

DUT |—"

ref

DUT

digital
phase meter

digital
phase meter

ref

Allow (input frequency) # (ref frequency)



Phase noise PSD, dBrad?/Hz

—-60

—-80

-90

—-110

—120

—130

—140

—150

107

Cyclone lll Clock Buffer

_CYCINI, ck. buff., out vs in.

200MHz
100MHz
50MHz
25MHz
12.5MHz
6.25MHz

400MHz

E\Dati\2014|Enrico\02_LogicsNois§101_Meas\01_CYGTI0L ClkBufferi0]_FScani01 10103 INSuppiy\02_Slov

3.125MHz /&

100 10° 10" 10° 10°
Fourier frequency, Hz

Flicker
* High vo —> scales as vo (x-type)

10*

* Low vo, —=> to ¢-type (bumps 0.1-10 H2)

28

b_,, dB

~115

: Cyc::lone:lll
Flicker PM noise

~ frequency, MHz

31 6.2 125 25

-125

50 100 200 400

bo, dB= =(_3yclon=e III_
_130% White PM noise |
-135+ "~ Q
8/001‘
-140+
—145+
frequency, MHz

—-150 : : : < } y

3.1 6.2 12.5 25 50 100

White
* Aliasing shows up

at low vo



Phase noise PSD, dBrad? /Hz

Cyclone lll Output Buffer

Double buffer Out VS Out

13 3125 MMz
—801 -1 — 6.25MHz |
. — 12.5 MHz
: — 25 MHz
— 100095 S o g 12N 50 MHz
\ — 100 MHz
& N ; ; 5 — 200 MHz
120 ? | | 400 MHz
—140f

i,

o T

Fourier frequency, Hz




MAX 3000 CPLD [300 nm] (1)

I divider 200 +10 Divider, 100 MHzck
10 T T T T T T . A and M dw;ders | — 10 MHz 1T div.
i §-|_> D-type register E —1106: 6\,\\ ...... i (multl.ébu.ffer.rlg.c|_onf.|g).§.. 10 MHz A div. I
L — =~ \70 ' ' ! E
W out o VY S I R A
i 8_1 K. - C 5
. . = |
N divider _ D ool oM, A | | 1% % N
>+10 D shift register d
in | out g —-140F - ...................
ww 1 AN g
=10 __ﬁ)shift register 6 =150 -------------------------
: -
U —-160F
G !
| < 170 s o N SPHGE AR
DUT in _§ o — T ................ ..... ] . : R , |”| llu "' l
S E | . | i '
o %% _180 sl N | N | N =
1 5 107 10° 100 102 10°

* The A divider exhibits low 1/f and

Fourier frequency, Hz

* Flicker region —> Negligible aliasing

* The N divider is still not well explained

low white noise

O6

30



1

MAX 3000 CPLD [300 nm] (2)

=10 Divider, 100 MHz ck, NEQ = 5 Hz
i | == 10 MHz T div. |]
=—a 10 MHz A div. |]

[

<
|
N

[
<
(OV)

~ |phase meter|

=

<
=
9)

Fractional frequency Allan deviation
-
o

10° 10° 10°
Averaging time, s

[
o
—

- O

—

 Slope 1/, typical of white and flicker PM noise
* The A divider performs 2x10% att=1 s, 10 MHz output
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Max V CPLD [180 nm]

We do not trust this spectrum (bump —> supply voltage?)

—100F

—120F

—140}

—160r

Phase noise PSD, dBrad? /Hz

__MAXV +10 Divider, 10 dBm ck

— Qut vs In
—  Qut vs Out

10° 10 10° 10t 102 10° 10* 10° 10°

Fourier frequency, Hz

 Two lambda dividers

* output-to-output
and common clock,

* low f, emphasizes
the 1/f noise

« Same, only output-to-
output and common
clock

DUT |1
ref .

@ DUT

digital
phase meter

ref

digital
phase meter




Phase noise PSD, dBrad? /Hz
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Max V CPLD [180 nm]

We do not trust this spectrum (bump —> supply voltage?)

* Two lambda
dividers

—60

ClockDoubleBuffer, 100 MHz, 10 dBm ck

I
(0]
o

* output-to-output
and common
clock,

—-100}
* low f, emphasizes

150l the 1/f noise

* Clock, difference
between the two
outputs

~140}

160t
102 10% 10' 10° 10' 10% 10° 10* 10° 10°
Fourier frequency, Hz
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Cyclone Il A Divider [90 nm] 3

Cyclone, —~10 X divider
YL, LV AMIVIAE

— 30MHz

I
=
-
o

...............................................................................................................

I
(-
-
o

T

I
=
N
o

|

| o
: =
3, 5
‘digital

phase meter
|

—140

Phase noise PSD, dBrad?/Hz
1
w
(@)

—150

C:\Documents and Settings\CC\Desktop\Enrico2014\02_LogicsNoise\01_Meas\04; CYC\02_Meas\01_Lambda

| el | et ol

10t 10° 10 10° 10° 10* 100 10°
Fourier frequency, Hz



Cyclone Il Clock Buffer [90 nm]

|
O
o

CYCII, Clock Buffer, O vs |
5 f in [~ . | —  30MHz
—— 15MHz

il — 7.5MHz |
i 3.75MHz

|
[
-
o

| .. .digital
phase meter

I
[
(-
o

—130

—140

Phase noise PSD, dBrad?/Hz
|
o
o

C:\Documents and Settings\CC\Desktop\Enrico2014\02_LogicsNoise\01_Meas\03; CYCINO3_Meas\03_ClockBuffer\01_01 |

10 104 10° 10* 10° 10°
Fourier frequency, Hz

~150 L
100 10

0...



Phase noise PSD, dBrad? /Hz

Zynqg (28 nm), A Divider

—40

I
@)
o

I
o0
o

—100

—120

—140

—160

—180

Zynq (28 nm) —10 I\ d|V|der 100 MHz — 10 MHz

! CCanssol 2014(path) b3 ZedBoard}OS Measures/01 Tumng/
01 S|ngIeEndedCIk/01 1V80ut/\'04_spectrum png

csese B T T T T T T T T T T T T T T T T T T T e T I L T T T T T T T PP

c e e e s eseebecsecsecessebacsecsesencniecseeees= EEEEEEEEEE e e e s esecsclecsecsecsesnssnciecsecseccsncsecleassscsssnscsecesssscsese s e

(1Hz) -101 12 dBradz /Hz

10* 10‘3 10'2 10 100 101 102 10° 10* 10° 10°

Fourier frequency, Hz
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745140 - OId TTL 50 Q Driver

_SN7445140N. 10 dBm__

I
©
O

I
[
'S

Y4
Y4
Y4
Y4
&

4

I I
[ [
N =
o o

—130+F

érliased-cp

—140}

Phase noise PSD, dBrad?/Hz

—150¢}

C:IDataI02_LogicsN§oise‘.0 l_Meas‘-.OZ_DisicreteLoglcs‘.O 1 SN 72151‘10 N\03_10dBm t.
_160 NPT BT NP B el NPT B i
-1 0 1 2 3 4 5 6
10 10 10 10 10 10 10 10

Fourier frequency, Hz



Some Facts
Related to Phase and Noise

e \/olume Law

e Input Chatter

* |nternal PLL
 Thermal Effects

38



E. Rubiola, Phase Noise and Frequency Stability in Oscillators, Cambridge 2008, ISBN 978-0521-88677-2

Rationale for the Volume Law

39

u® | v (0
A
o
- I I I 5
. —8 I I 1 =
input = | | | = output
o o
0 : u O | v (0 o VoD
2 | kW 2 ¢
|E | | | |B
| | : =
s . 2
u (0) V()
Am W b_l T E [b_l]cell
J y,

Flicker coeff b-1 is = independent of power

The flicker of a branch is not increased by splitting the input power
The carrier adds up coherently, the phase noise adds up statistically
Hence, the 1/f phase noise is reduced by a factor m

Gedankenexperiment

- Flicker is of microscopic origin (Gaussian —> central limit theorem)
- Join the m branches of a parallel device forming a compound

- 1/f PM is proportional to the inverse size of the active region



Details in file DevicesComparison.doc

Phase noise at 1 Hz, dBrad?/Hz

The Volume Law!

—95
_100_ ............................................................................................. |
Zynqg @)
28 nm N
—105—,I_ N T .
= Cyclone II
—11OF T N 90-nm------ . R .
; : Max V Bad experim.
.d_) ) @ conditions,
_115__2 _______________________________________ \ @ 180 nm discarded | |
% @ Cyclone
o Cyclone lll; % _ 130 nm
_120_265nm """""""""""""""""""""""""""""
g N
—125—9 ----------------- N .
TH g \
— 130 R RN --Max-3000 - -
g 300 nm
—135 ' - ' —
10° 10° Technology, nm 10°

40



41

Input Chatter (1/3)

Chatter occurs when the RMS Slew Rate of noise

_clean”_signal exceeds the slew rate of the pure signal
chatter noisy signal
region ] i i
Pure signal Wide band noise
detected B
N v(t) = Vocos(2mvot)  (SR2) =4n?[  f2Sy(f) df
threshold ;i Ié ' 0
M N e R ISR CoaneRt?
l sing =39 (rms)
Chatter threshold
o 18,8
07 q 2
Example 3V
* Vo = 100 mV peak
* 10 nV/JHz noise With high-speed devices,

« 650 MHz max —> 2 GHz noise BW

chatter can occur at
« Chatter threshold v = 5.2 MHz

unexpectedly high frequencies
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Simulation of Chatter (2/3)

101 B=20Hz, Noise = 100 mVrms 1 | oIBZ/640'Hz, Noise = 100 mVrms—_ 1 | ol B=20480 Hz, Noise = 10.0 mVpms. | ]
E. Rubiola, 18 act 2011 E. Rubiola, 18 oct 2011 E. Rubjola, 18 oct 2011
0571 T 057 T 057 1
0.0 threshold 00 threshold 00 threshold
-0.51 T —0.57 T =057 1
—1.0¢ % % % % % % % \ time | —1.0¢ % % % % % % % \. time | —1.0¢ % % % % % % % \. time |
00 0.1 02 03 04 05 06 0.7 08 09 10 00 0.1 02 03 04 05 06 0.7 08 09 10 00 0.1 02 03 04 05 06 07 08 09 1.0
02 | - | | | 02 | - | | | 02 | - | | |
B =1.0Hz, Noise =10.0 mVrms B =2.0Hz, Noise =10.0 mVrms B =4.0Hz, Noise=10.0 mVrms
E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011
0.1T1 T 017 T 017 1
threshold threshold threshold
007 T 007 T 007 1
—0.11 T =0.17 T =0.17 1
02 | | | | | time 02 | | | | | time 02 | | | | | time
0.47 048 049 050 051 052 053 0.47 048 049 050 051 052 053 0.47 048 049 050 051 052 053
0.2 # e ¢ : ¢ 0.2 # — ¢ ¢ 0.2 # — ¢ : :
B =8.0Hz, Noise =10.0 mVrms B=16.0Hz, Noise = 10.0 mVrms B =32.0 Hz, Noise = 10.0 mVrms
E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011
0.1t T 017 T 017 1
threshold threshold threshold
00T T 007 T 007 1
—0.11 T -0.17 T -0.17 1
—02 } } } } } time 02 } } } } } time 02 } } } } } time
0.47 048 049 050 051 052 053 0.47 048 049 050 051 052 053 0.47 048 049 050 051 052 053
0.2 % e % % % 0.2 ‘ b ‘ % 0.2 ‘ b ‘ %
B =64.0 Hz, Noise = 10.0 mVrms B = 128.0 Hz, Noise =10.0 mVrms B =256.0 Hz, Noise =10.0 mVrms
E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011
0.1T1 T 017 T 017 T
threshold threshold / threshold el
007 T 007 T+ 007 / 1
-0.11 T =0.17 T+ =0. 1‘/ 1
02 } } } } } time —02 } } } } } time 02 } } } } } time
047 048 049 050 051 052 053 0.47 048 049 050 051 052 053 0.47 048 049 050 051 052 053
0.2 ‘ bt ! % 0.2 ‘ P % ‘ 0.2 % ] # ‘
B=5120 Hz, Noise =10.0 mVrms B =1024.0 Hz, Noise = 10.0 mVrms B =2048.0 Hz, Noise = 10.0 mVrms
E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011 E. Rubiola, 18 oct 2011
0171 r 017 T 017 1
threshold threshold N threshold A
007 T 007 T 007 1
—0.11 T =0.17 T =0.17 1
02 | | | | | time 02 | | | | | time 02 | | | | | time
0.47 048 049 050 051 052 053 0.47 048 049 050 0.51 052 053 0.47 048 049 050 0.51 052 053

Conditions
vo=1Hz,
VO =1 Vpeak

J<vo>> =10 mV
rms noise

Noise BW
Increases in
powers of 2

De-normalize for
your needs



Input Chatter - Example (3/3) E

Good agreement with theory

Experiment
* Cyclone lll FPGA

 Estimated noise 10 nV//Hz
* Estimated BW 2 GHz

F LA N /| _Vo=50 mV (100 mVy)

Count(2): 4.6999MHz ) Ampl(2): 97mV y ] VO - 4 = 7 M H Z

Vo = 100 mV (200 mVyp)
vo=4.7 MHz

Asymmetry shows up

H | | Explanation takes a detailed
i\| | L electrical model, which we

have not
Count(2): 4.6999MHz )1 Ampl(2): 196.9mV s




Cyclone lll Internal PLL (1/4)

‘ 10

bl Input

Symmetricom

10
PL — 5120A (30 MHz max)
FPGA
Phasemeter
MHz ,‘ Reference
10
—’ -
PL A ML —»1 Input
FPGA
Phasemeter
10
MHz »| Reference

* A A divider (inside the FPGA) enables the measurement

* The divider noise is low enough
* A trick to work at low frequency

4
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Cyclone lll Internal PLL (2/4)

File: CYCIII-PLL-Scheme

* Low-Q LC oscillator (Q = 10), 0.6-1.3 GHz
* Optional +2 always present

* We set D =1 (for lowest noise)

* QUARTUS decides C and N
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Cyclone lll Internal PLL (3/4)

PLL used as a buffer

_Cyclil

PLL n0|se VS ext ck

—80

phase

detect

Crossover between
phi-type and x-type
at 20 MHz

16 prad/\/Hz @ 1 Hz

220 fs/JHz @ 1 Hz

¢

=N

= - PLL used as clock buffer

N = \9&6\ Vout : Vin
L -0 gl T

O == O

© = (S 30 MHz . @-type
m —-100g |~ N

© 3 5 5 A 5

a) = T (20 MHz) @ - x-type
g_’ —110F {14 o @ T

- =

5 | ) @ 5

Z & o,

2 -1200 YT NN SRI| | s —>—
q) : : 3

n : f :

G E ' E E :

< —130F P 10MHZ S A TN O AN A SN optional [ =
Q. File: CYCIII-PLL-Buffer \ I

E.Rubiola, CCansso Sept 2014 ; ' \ -
F:\2014\Enrico\02_LogicsNoise\01_Meas\01_CYCIINO3_ PLL\02 Fscan\02_InFreq : 5 MHZE

—140—

10t 10° 10

1o 1o3 10 10° 10°

Fourier frequency, Hz

x-type —> analog noise Iin the phase detector

- +—:C
|2_; Wveco

| mux |
(]

vco

y

-

lock
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Cyclone Ill Internal PLL (4/4)

PLL used as a frequency multiplier
CYCIIPLL, 10 MHz ext. ck.

9
Ab_l

~40—

Tomnz | 10 MHz input

£ | T eoMz N x 10 MHz out
— 40MHz

80MHz A

v (| oo Stability
320MHz | 1.5x102@1s

— 640MHz

— . (fu = 500 Hz)

I
~
=

I
(0]
""/iiiiQIii'i'/ii'ii'i'iii' T

I
O
Q

[

/ ¥

o T 115 dB + 20 log+o(vo)
' ' in MHz

~100f g g M S

Li /i /
7 17

—110

phase
detect

>
: t .
=N

4

Phase noise PSD, dBrad?/Hz

[ /f /7

—_ I . U . N X
1 2 O File: CYCII-PLL-Multiplier : :

E.Rubiola, C.Calosso, Sept 2014 : ;

F:\2014\Enrico\02_LogicsNoise\01_Meas\01_CYCIINO3_PLL\02: Fscan\01_OutFreq -
. | . —

mux

10t 10° 10t 10° 10°
Fourier frequency, Hz vco |«—lock

optional | =2

* 1/f phase noise is dominant
* Scales as N> —> analog noise in the phase detector



48

Thermal Effects (1/3)

Principle C _l

* FPGA dissipation change AP by acting on frequency

* Energy E = CV2 dissipated by the gate capacitor in a cycle

Conditions

* Cyclone lll used as a clock buffer
* Environment temperature fluctuations are filtered out with a

small blanket (necessary)
PHASE DATA

* Two separate measurements (phase | ;s =%s mscstesooz
meter and counter) —> trusted result |

1 fSIS dr\“

Cyclone lll clock buffer
50 MHz —> 25 MHz
transient '

Outcome

(1) Thermal transient, due to the
change of the FPGA dissipation

(2) Slow thermal drift, due to the
environment |

(3) Overa" effect of AP 0 500 1000 15ir)lgime,20§>é)com21§oo 3000 3500 4000

Poviel)

Phase, Picoseconds

12 ps
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Thermal Effects (2/3)

Cyclone i clock buffer

10‘15 drn‘t

1

400 --> 200 MHz

ceecscscsscsecsespsessnssses R U R I L R I T

enwronment drlft] -

_{time constant]

-
. - . i - - .
e - 4t

v 4 .

Q z

& effect of AP]

g BOE S AR g 2'0'0'”5”1'00'MH2“_
-

v ? T

5 2 . .100- '>50MHz',1
c

o < 50 --> 25 MHz. .

- -
-
o -

L 25 >125MHz

- Lad

s

F|I C cIone lHI-Thermal effect

12.5 - _> 6.2 MHZ

c.C Iosso E. Rublola :
C:\_Dati\lEN, 2014 F

0\02_LogicsNoi 7001 Meas\01 CYCI\I'.DI ClkBuffer\01 F$ an\01_I0\01_HP- E4421

0 500
Time, s

1000 1500 2000 2500 3000 3500

4 Av., AU
425> 125 0’

2 File: Cyclone-lll-Thermal-effect-log

Warning: In real applications, other parts of the same FPGA
iImpact on the temperature, thus on phase - drift is possible



Thermal Effects (3/3)

Cyclone Il clock buffer 10 A: contlguous runs  [=—= 400MHz
File: Cyclone-Ill-adev-VS-Idle-time-H 10| =—a 200MHz
C.C&lOSSO, E.RUbIOla, AUg 2014 10 ................................................................... - IOOMHZ -
_ 3 5 m—am 50MHz |
1071 D N g N I—— .|m—a 25MHz |
ﬁ ' =8 12.5MHz ||
12| »- 6.25MHz
10 ¢ 5 5 3.125MHz |1
10 —rr ' ——rrr - ‘
B: 1H idle time between runs |== 400MHz || "NBEioNg~l -~13
10 =8 200MHz
10 .......................................................................
m—a 100MHz
[ - SOMHZ .........................
10711 TR NN RS S B—m 25MHz
= @@ 125MHz (1 .15 0 BeEt
12 | 6.25MHz
10 ~< --------------------------------------------------- L : : :
: 3.125MHz |1 . 16 : ] |
' . | naswe 10" Measurement time, s
oL N RN 10° 10" 10° 10°
1l Bump due to the residual
10 _ ......................................................................................... temperature Of the preV|OUS run
1075 b B No significant bump if the
| | , . . measurement is delayed
10’16 C) Data 02 LogncsNonsF 01_ Meas 01 CYCIIIOI CIkBuffer‘Ol FScan 01 l0 02 E8257D Measurement tlmey ~ by 1 H a.fter SWitChing VO

-3 -2 -1 0 1

10 10 10 10 10

10°



Cyclone lll, Voltage Supply

___CYCll, ck. buff., outvs in.
1/033V | 3

.. .v----f-.-~-~~--~-j--P-LL-2~5-V-(unused) ----- . i;xl i
- Core 1.2V 1 | L2v22

DlgitaIPLL12V2 ............. ................

—-80

I
O
o

I I
[ [
= o
o o

c s e ecsssessncsmcilacessesnsmcmssecneed ceeccseflececbocccsacsessncsncsacieccsnsncsncsscscPeloccccncsncsncscsccscbacseccscesncsse s cu

Sazo)

—-130}+ . 401 ............

Phase noise PSD, dBrad?/Hz

—-140L. ............... ............... ...... T

C\Data\02_LogicsNoise\01_Meas\01_CYCIINO1_ClkBuffer\01_FScan\01_I0\03_LNSupply\03_Vnoisy
| " el —

—~150 el
10t 10° 10 10° 10° 10* 10° 10°
Fourier frequency, Hz

* All but one low-noise voltage supplies
* The noise is critical only in the core supply



Threshold-Noise Measurement52

logic circuit Vdd

idle in ¢ out -
: § in out
] ©
0 c
1 threshold ©
| noise v(t) T
0 LL Gnd

-------------------

threshold

(VOH+VOL)/2

----------

* Keep the logic at the threshold, where it shows analog gain

* Measure the voltage (current) fluctuation needed to
stabilise at the threshold

 Works only on simple (old) circuits
* Threshold-mismatched cascade —> gain not accessible
 FPGAs complexity make the analog gain inaccessible
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Transfer Function & Quantizatiorsls

________________________ DACH |
FS
— 1L //.
. /,/
. ’/
ANALOG
OUTPUT | -
il N v 1
Pt QUANTIZATION
v UNCERTAINTY
— ¥ s } ______
1 /,/
O R EE e S S
000 001 010 011 100 101 110 111

DIGITAL INPUT

DIGITAL
OUTPUT

111 —

110 —

101 |

100 —

011 —

010 —

001 —

000

NV 1 D v oy o S A

'

7 1

7

N |

7 | 1

r s :

|7 !

A :

/0 :

| ,+| :

1% :

A i

7| 1

/ , 1

— M1 !

I// !

A [ :

/l 1

/ 1

i % I

|/ ' !

//T I I

| DZn 5 > «— QUANTIZATION .

/1’ [ UNCERTAINTY !

ya 1

L II_.;// ' I

e |

i I I I I I I 3
I I I I I I I

FS

ANALOG INPUT

Kester W (ed), Analog-Digital Conversion, Fig.2.15, p.2.14,
Analog Devices 2004, ISBN 0-916550-27-3



Spectrum of the Quantization Noise

The analog-to-digital converter introduces
a quantization error x, -V4/2 < x < +Vq4/2

~

Ergodicity suggests that the quantization h

A
p(z) 5 Vq2 noise can be calculated statistically
1/V, 712 , V2
> O = ——
- > Vq 12
y,
A The Parseval theorem states that energy and power\
= N can be evaluated by integrating the spectrum
Y o2 = NB 4%
B > NB —
/ 12
y,
: : : : ™
\‘\ = Changing B in geometric progression
T, (decades) yields naturally 1/B (flicker) noise
b \\\Ng\ N v2
S5 S N _d 1/12is
ookE By B B Ba ~ 198 -10.8 dB

J
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Quantization & Sinusoidal Signals
Py bt M“Mcﬂ ﬁ‘ SLE_MLQ (bQWQ/L

/\ Vesa / \ Vo= Vese 8 3
/ ALl Nos
\/ \ R SNR = (3/2) 2°m
! a1 Uise

6.02m + 1.76 dB
¥ YR

szse,VoVQ. Fhgor QAL

Wmmmua, We. s siirun “MJ‘

e oesd pow L <5 eﬁ,‘« 5 - _E_’: = S Vu&
Bauded AM\: R, JLD ! B"‘/ZP ét éﬁs
T"\«( “S Mol 2

sl P o Gy

L 2
f@( Ragstgeny kB b= S | Vis 4
wmm Coe, Wiekrar- Kol fo Ve 3R,

W’”“"‘ P dedociLe by = 4 6.02 m + 1.25

Mﬂwo—g we MPML o&ecn-iof‘ (A"):  3A¢ Es —10 log1ofs dB

MW{""W‘ LAzl ution, Sho et AW’K(M@-HOM( zcﬁ &‘&“VP)
tua - zwhb 1> mot foo ﬁv“ AL=2[3 (_(gdg) (2”_}‘ fL
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Phase Noise

Obviews comclusio,
ol AOCs

Lower by ot fow' 4s becaw
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- Selection of dual-channel converters 59
Go Digital

o In phase measurements, a dual-channel converter AD C
coavec. Ispreferred because the two track-and-hold get
MEROU  the same clock, so the with minimum differential jitter

ADC 20 T T T T T T T T T T T T I|I: Iillili T IEIIIIII

classification

' Linéar Technology !
i Texas Instruments |
 Hittite: i
' Analog Devices
B2V |

[am—
(@)
I

S o=—1 60 dBc/Hz

ADS424B49) 1 |
T —— el BN ¥ N N
AD6649. i

bits (no unit)
=

DS5407
AT84AS001

1oL ADS42294, ¢

LTC2157-12 /
LTC215812 -

HMCAD1520

T A B
101 10 00 310 b0 3600 10000

freq (MHz) 250 500 1000

o-ADS5402
~7~OADS12D500
—OAPSEIDIST

- _._.@_._

1/3



LTC2158-14: Shorted Input
Histogram 60

Transition Noise | ;

20000

High-Speed Converters
P(N) 10000 ]

5000

N

8192 8196 8200 8204 8208 8212 8216

N
-8 6 4 2 0 2 4 6 8 8 6 -4 -2 0 +2 +4 +6 48

* Analog noise is higher than quantization noise
* Given a voltage V —> random distribution of output N

* This correct —> V? = V2ana|og + V2quant
(don’t spoil the resolution with insufficient no of bits)

) 4 )
Information (bits) Equivalent No of Bits
I'= Z —pi logy (pi) ENoB = lo _1 o Vese
() () B, — g |
; ‘I VI2fyov.
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Digital Filter and Decimation

— : b : R
Noise, Sampling, and , V2, Solution:
the Parseval theorem® ~— 12x22m Fast sampling, and filter
0’ = NB TS(]‘ ) , B
0" = —o0
, digital filer Bn w

after sampling

fast sampling fast sampling

N//

f

. 1
B’ B B Bn . §fN
~ . signal BW sampling BW |
! h(t) )
« Convolution with low-pass h(t) - -- 2B

2rB

2 BT

« 127 coeff. Blackman-Harris kernel
provides 70 dB stop-band attenuation

A
e Future: we will use 11/2B H(f)

>>127 coefficients 1
W




Digital Down Conversion

input I-Q detector output
data-stream-——+————+ yEEEmTEESS o mosemmaes data stream

R
R cos(2mvgt + 6)
0
R=V(I2+Q?)
P=atan2(Q/l)
:
0
0
i DDS
' ng = (N1 +N) mod D
0
D =27
: A
=t

DDC
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Examples
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Hardware
ADC type AD9467 / Single LTC2145_ / Dual| LTC2158 / Dual
Alazartech Red Pitaya Eval board
Platform Computer Zynq (onboard) | Zynq (separated)
Sampling f 250 MHz 125 MHz 310 MHz
Input BW 900 MHz 750 MHz 1250 MHz
Bits / ENoB 16/ 12 14 /12 14 /12
Exp.noise (2Visr)| =158 dBV?/Hz | -155 dBV?/Hz -159 dBV?/Hz
: 0? / 100 fs diff
Delay / Jitter 1.2ns/60fs 02 / 80 fs single 1ns/ 150 fs
P e 2B 18V&33V 1.8V 1.8V
PPl 1.33 W 190 mW 725 mW

Dissipation is relevant to thermal stability

For reference, 100 fs jitter is equivalent to

carrier f @ rms So(f) = bo 10 log1o[L(f)]
10 MHz 6.3 pyrad 4x10-18 rad?/Hz -177 dBc/Hz
100 MHz 63 pyrad 4x10-'7 rad?/Hz -167 dBc/Hz
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-100

-120

-140

-160

-180

-200

Sampllng Frequency

65

The observed floor fits the theory
We always use the highest sampling frequency

Sv(f), dBV2/Hz ~ "250M floor.dat" u 1:(§2-3) ——
5 "100M ﬂoor dat" u 1:($2-3)
AD9467 (Alazartech) 5 "50M floor.dat" u 1:($2-3)
. R -159.05 ——— _
5 5 -155.7 ———
-152.6 ———
50 MHZ
| ,f_j__,_' _________________________ _____________________ —
g 250 MHz
| ! L ! ! L ! ! ! I ! ! L ! | L ! ! |
1 10 100 1000 10000 100000 le+06



m ] m 6
Transition Noise Measurement

channel a

input
10 MHz
Vpp ~ 0-95 VFSR

--------------

The differential clock jitter introduces additional noise
due to the asymmetry between AM and PM

At 10 MHz input, =100 fs the effect of jitter does not show up

6



LT 2158 Noise

Sv(f), dBV2/Hz "temp_g2p16 OK/dif ab.dat" —
-60 "temp_2stages/dif ab.dat" f
LT 2158 "temp 3stages/dif ab.dat" ——
-80 +
| ‘7
-100 - adBy.
| i Q/HZ @
-120 - \/\'/' | 'M! h
|y "4..1‘.. “
-140 - |
N 158 d B{Izl Hz
Enadl] ~1 dB\added
-180 -
-200 -
-220
V u
_240 Ll B O O O I L O O O 5 1 O A 1 OO Y 1 O O S DA 0 O S O S B 010 1 S AR e

0. 001 O 01 0.1 1 10 100 1000 100001000001e+061e+071e+08

10 MHz, Vpp = 0.95 VEsr



LT2145 (Red Pitaya) Noise

'40 ol bl b | s LT R I e I R e I R I
Sv(f), dBV2/Hz ‘temp redp 0 diff/dif ab.dat"
-60 T 2145 "temp_redp 1 _diff/dif ab.dat"
‘ "temp redp 2 diff/dif ab.dat" ——
-80 1
-100 |- BY2 i
iy 7
-120 TR
\/ ‘/“ "‘l ’ M/\WAW
Wi e
s 153 aBV2/He| |||
-160 ~ 2 dB added
-180
-200 -
-220
_240 Cocvcnnl ! o B B B B e L e S mam =Rt
0.01 0.1 1 10 100 1000 10000 100000 le+06 1le+07 1le+08

10 MHz, Vyp = 0.95 VEsr
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AD9467 (Alazartech) Noise

90 ¢
100 |
110 |
!
130 |
£
el
160
170 |
180 |

1190 E

T F—t—r— = 1
"dif cha_chb_avgl00.dat" — 4
"dif chc_chd avgl00.dat"
- o) ——— &
= 70 ;
del/e/ly
<
@ 7/12
|
L \
= | i
-157 dBV?/Hz -
~ 1 dB added :
1] L] = SE S e o e === rn s s e Coo il coo il R R
10 100 1000 10000 100000 1le+06 1e+07 1e+08

10 MHz, Vpp = 0.95 VEsr
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70
Application to 10 GHz Cryogenic Oscillators

Uliss ADC card =
A-C

o ADCcars
% e {oool s @y
otz &
A e EEHe . @
Marmotte i

0

So(f)

---------------

* Rejects the common-path jitter
* Takes in the differential jitter



-100

-120

-140

-160

-180

-200

* Background noise 5-6 dB higher than that of the TSC5125

Results

— ‘o ' ' ‘T ‘1 ‘v T~ 1 ‘' ‘T r'r ' _ ‘T [ ' T T T '
"Uliss-vs-Marmotte-7MHz--250Msps.dat" ———
_L('f)’ dBc/Hz "Uliss-vs-Marmotte-7MHz--100Msps.dat"
"Uliss-vs-Marmotte-7MHz--50Msps.dat" ——
"Uliss-vs-Marmotte-7MHz--25Msps.dat"
"Uliss-vs-Marmotte-TSC5125.dat" ———
"fast-alazar-floor--10M-flqor.dat"

e’

ol e e o o -
Background (2'channel)  TSC5125 Background (4 channel
0.1 1 10 100 1000 10000 100000 1le+06

We use 2 channel cross spectrum
TSC5125 uses 4 channel cross spectrum
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The Four-Channel Scheme

( ADC card 1 )
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-180

-200

-220

Background Noise

-185 dBc baseline

L(f), dBc/Hz
hannel scheme

III| I IIIIIII| I T T TTTT
-185

"dif cross avgl000.txt"

"dif cross avgl000.dat"

"dif ab avgl000.dat 2chlimitpybAB"

"dif cha chb avgl000.dat"

6 AVG

\/
\‘k ,4“‘1 17
RN

=

10

100

1000

10000 100000 1e+06

73



Compared to a Commercial Instrument

— this is done only to make sure that there is no calibration mistake -

-20

-40

-60

-80

-100

-120

-140

-160

-180

-200

(), ABCTHZ g

Four-channel scheme --

"sma-alazar.dat" u 1:($2-10*%logl10(2)) ———
sma-datasheet.dat" —

I I | I I [ | I [
a-agilent-meas.dat" ——

T Measure a Rohde Sc

| '“,M‘ll \“‘l l,‘." \'M‘ 'J

e

} Y‘ P
alll i | ‘
| ”‘“.'NW\”;' " I' o i h .
| o) VY .ltmn..{m. LWM Lira ) .LM\MMMM”». Pt

100 1000 10000 100000 1e+06

le+07
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Conclusions

* White noise
* Depends on Fs and ENoB
* Fits well the expectation
* Flicker =110 dBV?/Hz best found
* First phase noise measurements, (direct & beat)
* Background -185 dBc with 4-channel scheme

* Modeling common-mode and differential jitter in
progress

 Unwanted correlated effects still unknown
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4 - DDSs

e Basics
 Advanced
e Experiments
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Basics
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Basic DDS scheme

VARVERV

integer:  ni = (ng_1 +N) mod D
quantlty digital analog
complex:  zrp = zx_1 exp(yn)
phase: 0 = (0r_1 + 1) mod 27 state variable n 0 = QW%
e—>»| LUT assoc. complex 2z = ¢el?
Ve -D-type output modulo D = 2m 2
e—— register y
clock 2 'T i -(zaorry DAC % _ST 1nCI‘em6Ilt N 77 —— 27]'%/
| . JX;/ time k002 L LSS e
adder 0 — Dcoi s f =
controIT t DAC %_. clock freq. vg output treq. vy = Eys
word | N
\_
4 _ _ i\
z plane '_I'h-e contents n of the m-bit register
IS mterpreted as a complex number
Gt
SN AN AN N
,x\\\@k—l R{z} NGNS ko
time t = k/v,
f_z\,TA
5 /\_/\ [
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AD9912, a popular fast DDS

48 bit accumulator, 14 bit DAC, 1 GHz clock

FREQUENCY
TUNING WORD
(FTW)

table

ANGLE TO
AMPLITUDE
CONVERSION

14

DAC I-SET
REGISTERS
AND LOGIC

DAC_RSET

o

AD9912 data sheet, Fig. 40

FROM
SYSCLK —»-{ FREQUENCY |—»| CHARGE
INPUT

DAC
(14-BIT) 4

SYSCLK PLL MULTIPLIER
Icp

CIO_CK_ (12548, 25004, 3750A) Ko
multlpller 2% (HI/LO)

DAC
—0——> SAMPLE
DETECTOR CLOCK

[ e 1GHz
g‘ —e

+N |— +2 |-

PHASE

PUMP

(N=2TO 33)

)
\J

LOOP_FILTER

AD9912 data sheet, Fig. 45




AD9854, a popular DDS

48 bit accumulator, 300 MHz clock,
12 bit DAC, |-Q output, AM/PM/FM capability

| D = 248]

clock e — amplitude
- . . — oo -u r
clock in multiplier N e e P control in-phase
apble
= 300 MHz DAC
SYSHEM CLOEK —»] DS CORE + v _| DIGITAL MugPuERs
) > 4% TO 20% SINC 12 -
REFERE L REF REF CLK M = £ oFILTER X 12-B1T ANALOG
CLOCK IN 0| BUFFER | || MULTIPLER]] (-8 3 s = DAC
) Z<— |48 YW 48 | (W< |17 17| K2 SYSTEM
DIFF/SINGLE (3= I=Z <o
SELECT C w> a> $52 INV
SYSTEM z0 3 | 223 |[12 | siNG X 12 Talod
CLOCK < 48 < 114 véa T—FILTER x S ouT
Q 2 5=
FSK/BPSK/HOLD 3| 3
DATA IN O—(= J # MUX MUX MUX\ A12 f12 ANALOG
o DELTA 6
PROGRAMMABLE
FREQUENCY SYSTEM ___ | AMPLITUDE AND
_—W CLOCK RATE CONTROL
modulation X quadrature
2 48 SYSTEM 48 /48 (14 V14 124124
/] / 1 / /] / /] /]
FM/PM/AM Sosths Etii
DELTA FREQUENCY FREQUENCY FIRST 14-BIT SECOND 14-BIT | AND Q 12-BIT  12-BIT DC
FREQUENCY TUNING TUNING  PHASE/OFFSET PHASE/OFFSET AM MODULATION CONTROL
WORD WORD 1 WORD 2 WORD WORD

BIDIRECTIONAL
INTERNAL/EXTERNAL (
1/0 UPDATE CLOCK

— MODE SELECT

PROGRAMMING REGISTERS

SYSTEM _T

cLOCK —>|CK Q
D

SYSTEM
@ CLOCK

INT

O EXT

INTERNAL
PROGRAMMABLE
UPDATE CLOCK

AD9854

AD9854 data sheet, Fig. 1

7
READ E SERIAL/

SELECT

PARALLEL

[ digital interface

OoskK
BUS
% $ (OGND
I/0 PORT BUFFERS
O+Vg
A\
6-BIT ADDRESS 8-BIT MASTER
OR SERIAL PARALLEL  RESET
PROGRAMMING LOAD

LINES
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The noise-free synthesizer

phase Pout = %[Spin

jitter Xin
phase ¢in

* The noise-free synthesizer propagates the jitter x (phase time)
* So, it scales the phase ¢ as N/D,
 and the phase spectrum S, as (N/D)?

* Notice the absence of sampling
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The Egan model

for phase noise In frequency dividers

150 (f)

x N/D
noise-free

” synthesizer

7oy

input signal

(N/D)?

actual output

For N/D <<1, the scaled-down noise hits the output-stage limit

W.F. Egan, Modeling phase noise in frequency dividers, TUFFC 37(4), July 1990



Quantization noise

W. R. Bennett, Spectra of quantized signals, Bell System Tech J. 27(4), July 1948

4 )
v(t)4 Analog-to-digital conversion introduces a
"""""" 5 i quantization error x [-ViLse/2 < x < +Vi.sB/2]
"""" A )
Viss ; ...... [ . . VFSR
| t» n-bit conversion: Vigp = on
S samplling point )
i A Wiener-Khintchine theorem: in ergodic h
p(x) s e systems, interchange time / ensemble
1 9T 9 The noise can be calculated with statistics
VisB ' ' ) Vir 2 1/12 -> -10.8 dB
- >VLSB g = 12 X% 22n 22n —> 6 dB/bit
\_ J
g R Parseval theorem: Energy (power) calculated\
N in time and in frequency is the same
= R 12
Vs o= NB _ N = FSR V2 /HZ
. ) B f 6 X 227 p
X B = 5v, (Nyquist) S )

83



Quantization and PM noise

12 bit, 300 MHz —> -156 dB

N
. A The maximum power is
1
Vrsr P, = éVP?SR V?
. A
Y,
™
N A In the presence of white noise N,
RF P, guol=S the PM noise is

~—~ — b()

S N = N 2

= - by = — rad” /Hz

i o P | f 0 P, /
Y,
™
The white PM noise is
Recall the
quantization noise 4 1 Example:
VQ == 2 14 bit, 1 GHz —> -173 dB
N = : 1;21: bo 3 92n rad /HZ 14 bit , 400 MHz -> —169 dB
X Vg

J
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Background noise

. We es s ‘l«o—(‘ FM%VO"Q- Meor ean

Wi : 2
g§ﬁ§w§ <5 Q'V“ﬂf) Auetri _ SV = .%i&_ . p,—,p sv—; Ztés
seBLLCLL Z¢s S
Tx;&m‘d SrT_ 0"73 ‘ z Pho.s-b /MNOCeL SCP A go CNI‘-«*C)
b’e-e.o-«w)-— Qo g g -+ s'\/ Vz
o iR RS e L
24?“(’3 czoqh-bu/ujd Su,tw:.bw-kolh 0 , Fse 3%,
h"’ olix ol , =
Prgw %nf ! be @M “3a
oW We T pezon 4 ouea.f,'f' ) fs

fhe LAz utiou Shopics . ! o logo U
W%A;wb 22 mot foo ﬁ.,f Fyront anes- o (f“‘ﬂ ' ' P)a
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Background noise

Obviews corclusio,
ol AOCs

Lower by ot fow' 4s becaus

OP tee W‘_}«w\. M .o}_ b



Advanced
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State-variable truncation

ng = (Ngk_1 +N) mod D, D=2

m p
i —<»| LUT
Y/

Ve D-type q q
.W> register
Goc % cary | |DAC

i-=-=-fF-0

1

adder

W ?m tm DAC

control word

» Only quantization shows up ~:
with full m-bit conversion

* Technology —> g max

* Why p>q

* Slow pseudorandom beat,

3d 6h 11m 15s @ 1 GHz, 48 bit

* Spurs —> next

1 s

o . ‘,4"’4'
pitch — rad--~--

.o 2m"’,"'

y 2™ visible
¢ states

o
SI— o o
] \hidden states

total D = 2™ states

-
- o
.” e”
_—' SO
.” i

[ ]
= EanaE
[ ] ,' ]
*y .-visible pitch
. "o 27_(_ l"
[ ] . ," _p rad 'l
'.'. 2 ':
s A 'l
° i

P2 B
‘‘‘‘‘‘‘
"‘




Truncation generates spurs

89

Period of
Sawtooth o

Amplitude .
28 ; , A 4 ’ o i
' 'l o e e .

- "’ ’I," '/" : e : ’:’ - 9m yigibl

R g y P : o , y p visible
N2 S 1 . ./' 2 [ 4 3 i 711 1 p states

n ' ; P s

Q 0-¢— — % % ——t—— ——F——¢— % » Clock Cycles o
s 1 2 3 4 5 6 7 8 9 2046 2047 2048 2050 2051 .'.‘QZ’” — 2P

g J hidden states

7 le N ¢
§ | . Grand Repitition Rate ! ! total D = 2™ states
& Amplitude - .

7 . "
® Vo 2w
8 , pitch — rad--=~
T Spectral lines of sawtooth waveform. YRR LN

c AR p 5 E
° . isible pitich 1y
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The power of spurs comes at expenses of white noise - yet not as one-to-one
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Nonlinearity generates spurs

non-linearity
¢ L )

(harmonic_distortion )
(——( aliasing)
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Analog Devices, A technical tutorial
on digital signal synthesis, 1999
(
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FROM
SYSCLK —
INPUT

SYSCLK PLL MULTIPLIER

Icp
(125pA, 250pA, 3750A) K,

~20F 1GHz
s

=N | +2 |-—

2% (HI/LO)
PHASE
_»| FREQUENCY || CHARGE
DETECTOR PUMP

—» SAMPLE

AD9912 | (N=2T033)
LOOP:-;ILTER 100
-110
The AD 9854 is likely 120
similar, yet the VCO -130
frequency is 300 MHz 140
-150
-160
-170

Phase Noise in dBc/Hz

DAC

CLOCK

PLL clock multiplier
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* On-Silicon LC oscillator
* (also used in other AD devices)

* Literature suggests Q = 5...10
* Leeson fL = 50-100 MHz

* Tight PLL is needed
* Divider noise
* No data from the manufacturer

This is just a

wild guess!

Y2
99’0 o
¥

6x Clock Multiplier engaged

®
©

@

A\

Z
%

Phase noise response to PLL
19Qp filter “peaking” at cutoff

Direct Clocking

Leeson
frequency?

&

B

free-rugning VCO?

10

100

1k

Frequency Offset in Hértzl

10k

100k

1M

10M



PHASE NOISE (dBc/Hz)

.3 V: lower PM noise than 1.8 vV

Probably related to the cell size and to the dynamic range

AD9911, AD9958, AD9959 AD9852, AD9854 ] AD9956
-100 = = -100 : = —
| 1/2/4 outputs 32 bit accu, 10 bit dac two outputs: 48 bit accu, 12 bit dac -10 l single output I 48 bit accu, 14 bit dac
I f _=1GHz, 3.3V cmos cos+aux / 1-Q f =300MHz, 3.3V cmos -20 f =400MHz, 1.8V cmos
-110 [—— 75.1MHz . C -110 C _30 C
n‘ | b_1 = —1 025 dB | b\] - -40
120 Po— = I N -120 \\70\ -50
[b4=-10020B |~ : 7 o _ 60 b_,=—101 dB
et / - —| bp=-151dB | | - 547 1
1 100.3MHz | bo=—-154 dB | w B Q, N Aout = 80MHz b = 150 dB 2 -80 bo=-152 dB
140 | bo=—157 dB S _1a0 S ||| L=os =4I| b= _:13 P | bo= ~159 dB |
[by=-161dB | i % | Do=-149 dB Sl |
-150 . Nl a 150 g -120 — 3
40.1MHz § _§ -130 0 =40 Ml%
- — = -140 b 2z
_160 L b1 1087 dB = ~160 A< S v, E 50 — ~—/ g
| b_4=-117dB 15|.1MHz = | | | | | | = -160 0 MRz &@
170 | I = -170 = -170 —
10 100 1k 10k 100k 1M 10M 10 100 1k 10k 100k 1M 10 100 1kQ ) 10k 100k M
FREQUENCY (H
FREQUENCY OFFSET (Hz) SREQ e RC iz s
AD9858 AD9912 . AD9951, AD9952, AD9953, AD9954
o _110 LILILILLLI LILLBLLLLLL LILLLLLLLLI LI n "
—10 }l single output 32 bit accu, 10 bit dac | ' 'B'”: ='_'9'4'f"(']'|'B - 'RMS JITTER (100Hz TO 20MHz): —10 single output, [ _| 32 bit accu, 14 bit dac
—20 f.=1GHz, 3.3V cmos T ;g:\)n“:l-::-z: 323:2 _o0 | diff. aux functions || f c=400MHz, 1.8V cmos
i
—~ 40 - _ -40
: s T LI 1 1] o= 1475 o a0 o= 00ME 1 |
Q@ _go - -60 clock multiplier enabled
s 70 b, =—116dB | R N IERESAREEN ' Il I /
o — [T =103 MHz ¥ E“ e *{ 2=l 0p | ;i [by=-107dB [ 71/
2 1o~ I EN N[l oo =—154 dB =0 i 7 1/
10 | [ b_,=—150dB | Q19D B U TN i | 5 Zy10 — L ’/ | by,=-153 dB
= N e 4 s
%—120 o ” = E% N uy h {750z -120 M-M\Mﬂ W h\f‘w / /
o 130 a1 — L -130 B -
e % ’ [ =1 TR [N P 50MHz -140 G S kﬁw
-150 _% : 'l_] Yot L ‘ i ‘ﬁa:h. T I -150 e . [
L = N 1 H=z | —
:::g R = _1e0 LTHZ) N| LTI i
10 100 1K 10K 100K m 10M 100 1k 10k 00k 1M 10M 100M 10 100 1k 10k 100k 1™
FREQUENCY (Hz) Figure 16. Absolute Phase Noise Using CMOS Driver at 3.3 V, f (Hz)

SYSCLK =1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed)
DDS Run at 200 MSPS for 10 MHz

E. Rubiola, Mar 2007 (adapted from the Analog Devices data sheets)

Plots originally used to extract the noise parameters



High-Frequency DDSs

AD9914 12 bit, 3.5 GHz
64 bit accumulator (190 pHz res)

T AD9914 (3.5 GHz)
(O Residual Phase Noise
1 % Data sheet Fig. 17
=

-

A'4
1396||\1|Hz
69?I¥IHZ
Mhiy,, O

427M

i

171MHz
LU
10 100 1k 10k 100k M 10M 100M

AD9915 12 bit, 2.5 GHz
64 bit accumulator (135 pHz res)

93

L(f), dBc/Hz.

AD9915 (2.5 GHz)

Residual Phase Noise
Data sheet Fig. 17

978MHz

197z

i TREF
"H i Hgear
el 1 ar
305M i ==L ar
123MHz
L L
100 1k 10k 100k 1M 10M  100M

10

Residual noise is close to that of the gear-box model
Plots are from the manufacturer data sheet
Whether spurs are removed or not, is not said



Experiments

- AD9912 demo board
- AD9854 (9914) demo board
- Claudio’s AD9854 board
- V1 - Current feedback OPA output stage

» 25Q input impedance, 8 nV/{/Hz noise, kHz coupled
- V2 - Balun and MAV-11 RF output amplifier

« F =3.6 dB, AC coupled (=1-2) MHz

- Specified above 50 MHz, yet works well below

94



Experimental method (PM noise)

 Pseudorandom noise, slow beat (days)
* The probability that two accumulators are in phase is = 0

* Two separate DDS driven by the same clock have a random
and constant delay

* The delay de-correlates the two realizations, which makes
the phase measurement possible

Single channel Dual channel
kind of virtual mixer, after (sub)sampling & direct ADC

DUT X ND gy 220
@—0— x N/D . phase g
g DUT IN meter -§
DUT - @—0— x N/D —e §
1XND 760 adjust — eter é

il D W oy R
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PM noise vs. output frequency 1

AD9854 ck 180 MHZ
~100— -

Balun and MAV-11 at the DDS output —  1.40625 MHz

- 30 dB/dec ; : o
|thermal effec.t.?.] ......... S S 2.8125 MHz
: ' ' ' — 5.625 MHz

11.25 MHz
22.5 MHZ i

I
[
=

—12

I e Ny, s
~1306f GOSN 6 N2 |- | E—— S |

ower suppl

—140f | o NS o XS e -

asob o e A

Phase Noise Power Spectrum (dBrad2/Hz)

—160f SR A BN e SO 202
: ; : SN - :
E . ((DDS) output stage E E

—170 -
10 10° 10° 10° 10° 10 10° 10°
Fourier Frequency (Hz)




AD9912 noise vs. out frequency%

- low Fourier frequencies —

\___AD9912 1 2625 to 100MH2 carrler at 100 0 MHz

RIM; — 15625 MHz
-80 VY ........... .............. .............. .............. ...... - 6,25 MHZ [

— 25MH2z
100MHz

140k SR N » ALy ..........
S (lHZ) -128. 03 dB | :

Phase Noise Power Spectrum dB__ 7 .,

S, (1H2) = -122.485dB,, # b m
-160F I. ........................... ; ........ |- N
S.(1Hz) = -109. 27 dB, & IH ' g i b
ol RPN B | Y _— ' IIIII' .‘l 1 | |
107 10'1 10° 101 10° 10’ 10* 10° 10°

Fourier Frequency (Hz)



9

PM noise vs. output frequency :

AD9854 ck 180 MHz
AD8002 current-feedback [ 140625 MHz
opamp at the DDS out | — 2.8125 MHz |
‘ r | — 5.625 MHz
b_, =-108.5 dB 11.25 MHz

|

|
(o))
=

'

|

HA/HXH

IMII

|
o0
1911

. ;scaIeSzas 1/v? — 22.5 MHz
' 45 MHz

_looi”A,” ..“ 3 L é ........... é .......... ; ...................... é ...........
- 1 - —140 dB@ 180 MH
(AD8002 white)

_120_“””“€””“””% .......... : '#'~ ~ 'HH..éuﬂnuué ..................... s _
30dB/dec | N | : :

thermal effect?| ", : | ;
_140_”Mw”€ ........... E ........... §“~‘ ......... ”ﬂi;?‘. ; }~~.-.~ -A§

Phase Noise Power Spectrum dB,__; 4,

hits b_; =-130dB | = ~¢ S "o, .

—-160 -

INRIM i i i % 2 o %
P | " e P | N - A P

| .

10" 10° 10" 10° 10°
Fourier Frequency (Hz)

* The —140 dB floor is due to AD8002 at the DDS output
* The flicker is unchanged (comes from the DDS)

10 107 10%



- —30 T T T | T T T | T T T | T T T | T T I1|00
AD9854 noise = iusipeatse
L S CcloC Z_0ou Z.IXU U 2: = 4
L0 e e ~dds34_clockZ50MHz_out20MHz_amp77.txt’ u 2:($3-29) —
o [ IV S T 82 0
—60 —------" cloc Z_ou z_amp/7.txt’ u 2:($3— n
et b L LIADS052, RS04 | ] 11 1 B i R O amp 72410 TOMHZ tx w (8329) -
two outputs: 48 bit accu, 12 bit dac 40 ' -
T cos+aux / 1-Q f =300MHz, 3.3V cmos N
3 c E -90
o) =
5 -120 KL\\%\ Specs, :‘% 1(1)8
T 7 5 .
g ~< % regular output A 120
2 ~140 \\“\\796‘ | | - =1c
< N
T —150 mn —160 T : : : : i
= = (O T R B eEEE e e s sese e sese SREEEE R SEEEEEEEEERE -
E _180 . 1 1 1 i 1 1 1 i 1 1 1 i 1 1 1 i 1 1 |_
-160 =
Aoyt = 5MHz <3 = 1 10 100 1000 10000 100000
"N =
7o S E
10 100 1k 10k 100k 1M
FREQUENCY (Hz) -100 ————————— AD98‘54Ck 189 MHZ —
Balun and MAV-11 at the DDS output 1.40625 MHz
" = = ; N | 30 dB/dec i i S
Flicker is in fair agreement = _,,\\_lnermaretoot) - 2.8125 MHz ||
i i O * AR | 5 5 S
c i e, . . 11.25 MHz
White is made low by spurs g . &K %, N I e |
= e N7, N6 5 5 :
: - NTs, ' r r 5
] i 1 S e @% ’\\, (DDS internal stages)
Basic formula for white noise B —130F - N AN o 9_%_ 6 N o\ e e -
o 7NN & N\ ;
4 1 5 & ] 7o 4?ewbé, 2
bO = 5L 2 ra’d /HZ qL) —140F -t 6 @ _._’ 6\,\\\’0 ________________________________________________________
SE2=T 2 AN SN
£ &
T ; AN /. ; /
who |meas, dB| math, dB | clock, MHz % —150F SRR R & ----------- e N
T ; ; M ) :
S .
specs| -159 -155.8 300 P : : % . :
n T : : : : o
@ —160F e e NG b S
YG -158 -155.0 250 < \’Q 5
CC | -1625 | -153.6 180 ipoli . ((DSjoutputsiage) ~ |
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AD9854 I-Q noise S

AD9854 ck 180 MHz

o[ O PM noise. Take away 3dB [ 140625 MHz |
Flicker is in quite a good for2 equal outputs (DACs) | — 28125 Mz
2 E ‘ 5 1 3 — 9 -
agreement between YGand CC . ~ ——— e a5 11 25 MHz
SN ! ol | — 22.5MHz
= b scales as 1/v2 45 MHz
I-Q spectra cannot be E ool NI SO v s s —
compared to specs - BN AN - |-140 dB@ 180 MHz:
H s | WA | |(opa AD8002 white)
— ; T ' T ' — 3 _1o0b.....i) VTN S R, ] N N
PN EEEaE) dds3_clock 250MHz out IQ_ £ ~“°1 7 THMRGSS |
~40 | *dds3-clockZ50MHz oyt TOT & L Y AN . ; {
= e ’dds3_clock_250MHz out 1Q 20M = j i i SO N R
] "dds3_clock250MHz out 1Q 4 ¢ -1a0} i N SO 7 ——— ato o
=001+ ’dds3 clock250MHz out_1Q 8 £ |
~0T"""250 MHz clock, -Q noise |  LMtsb,=-132dB
}od IRSRRLRRR RYEAERNSEANRRARAN N e
=90 ANNENENEEN AU NN 10 107 10% 10' 10° 10* 10° 10° 10* 10° 10°
100 - IR """""" Fourier Frequency (Hz)
~110 ..'."" -------------------------------------- e &
~120 8 ............. T e B : L
Ein=ca® - Y, ' OI:I% "1.7.3:d3 ........... ) Jo e e P e e e (hltS—158dB]_—
L 11?35" Nagre N B '
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PM noise vs. output amplitude

AD9854 ck 180 MHz, out 11. 25 MHz

~100,— —
\ balun and RF ampllfler at the DDS out 178
L _110F %\ . > 3:
N § thermal effect ) & 3| — 512
¥ » _ 3
o i ; 1/P Iaw Q| — 1024
2—12&; |6 dB/factor-2 @B — 2048
5 1 - . ; 4095
48’ —130F NN NGRS S ) .
o b, ~-135 dB .
n : . [
g _140l _ Iby=-141dB |
& | | b,~-147dB |
v : : z : n
2 _150___.[..flick_er.almost;_ RN '!
= constant, vs. P “
; SR vy y
a likely limited by the ; b ~_165dB +
measurement system _ ; q
—-170 T T T o R SN .~ |
10™ 10° 10* 10° 10° 10* 10° 10°

Fourier Frequency (Hz)

* PM noise scales 6 dB per factor-of-two output amplitude

 Signature of digital multiplication: lower amplitude is obtained
by reducing the integer number at the DAC input
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High-frequency DDSs

AD9915 12 bit, 2.5 GHz
64 bit accumulator (135 pHz res)
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PM noise vs. clock amplitude

AD9912 Ck 400 MHz, out 25 MHZ)

M oot M o o ' o i | T T
: | : | : INRIM O
—60 _\ ..... 1/f4. from thermal I ............ U U S| — +7dBm |
fluctuation?

u

— +4dBm
— +1dBm
—— -2dBm ||
— -5dBm
5 : 5 . . 5 —8dBn1
_100_....._...5 ......... ......... ‘ ....... f||cker ....... ‘ .......... ..................... |

b ;=-1 22 dB
- from supply voltage |

C120F S R S SO I I S S

amplit

another flicker-

|
(00)
o
T

~ Clock

Phase Noise Power Spectrum dB,.mr-v H>

e ‘

_160-.-..—167dB@+7dBm ...... j ........... ........... SN N N l“L
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The effect of the clock frequencﬂ}s

AD9912 ck 400 MHz, out 12.5
S

INRIM clock | — ck400MHz|.
% : é ' ' — ¢k 200 MHz

i i z frequency — ¢k 100 MHz
N\ " \W ......... ..(=200 MHz spec)| — ck 50 MHz |

MH2z)

! I T vvv]

I
00
O

|
[
o
o
|

|
[
N
o
|

—140 -

Phase Noise Power Spectrum dB, p 4,

—160 -

l L l . "“..lh.,
10° 10* 10° 10°

N Y Y Y B
10t 10° 10t 107
Fourier Frequency (Hz)

A l
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* Low-frequency temperature fluctuations

Thermal effects

LI I' I I
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Induce phase noise
* A large thermal mass helps




Time difference (ps)
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AD9912 Voltage sensitivity

Input

Power AD9912 Phasemeter

S pl itter Demo board Symmetricom
(PSC-2:1 . TSC5125A

Agilent Minicircuits)
E8257D Reference

400 MHz

Sensitivity to 1.8V power supply

17.0 —— - T
150 ? ! ! !
| | | | — 25MHz
100_ .................. ................. _:_ JULELELL __________________ 16.5 e --------------------------------------------- --------------------------------------------- --------
| ﬁ f : <
: : : : P
50 . ...... / ............ .......... in .......... R 8_
| | 2 16.0
: : 2
: ; =
0 —-:,.-\-w—r—_" i )
' | 5
(V)]
_50 ...................................................................... n ..................
15.5
4(-1-‘--1-1(-1[‘(:
—100, 5 10 15 20 25 30
Time (s)
15.0""; : - ' -
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AD9912 temperature sensitivitym

T 1
. : : — Room temperature
32 oo oo roceeeees — AD9912 temperature |

 Temperature control
(chamber)

Temperature (°C)
N N N

 Measured: -2 ps/K

AD9912, ck 180 MHz, out 50 MHz

* Includes cables, baluns
etc

(ps)

Time difference




150

Time difference (ps)

—97.0 |

—97.5 |

—-98.0

—-98.5

-99.0

—-99.5 |

—100.0}

—100.5

50

-50

AD9912

) voltage =54Y .

thermal
transient

<— voltage effect |

effect

time, s

thermal |

1100

1250

1300
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AD9912
sensitivity to
temperature
(alternate)



AD9912 temperature sensitivity"0

ps/K

|

|

|

|

| : H i HE-- -
10 10° 10* 102
MHz

* High frequency: -2 ps/K, constant
* Low frequency: 1/v3 law
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PM noise of the AD 9912

AD9912
19 LLINE T TTIIL 1 T e e j,T'T','E',;"(10(',,J,Z' ;5"20,{,"'_,2')'.' 1O AD9912 CK 400 MHZ
O_1=-94dB || {somuz: 308ts ' ' ' INRIM [ — 100 MHz
50MHz: 737fs \ - : : 5 -
T —110 BN e.ﬁé ............... ............ 50 MHz
=-103.5 dB ' . r r 2> MHz
bg=-141.5dB "y . . : . — 12.5 MHz
R —120 s | 2 N S A0 —— 6.25 MHz
b_4y=-110.5dB S ST : .
l \ 1 | RN g . b, \’\ . \‘»_ 1 3.125 MHZ
N bp=-145dB S 130 SO NN N | 1.5625 MHz |
3 N ||| Po=-153 dB &
—140 & = g N Wl ;
N u CCE —140}F - - -NS& -0 %N PG R L L T AL ........... —
N H\. ml \H e g ! |
- § —-150 AP woNU L LA TR W
=150 3 NI, N 3 50MHz i Q : Y £ ’ :
TN LN T g |
N\ K%% i x alty 0
10MHzZ H -160 TN
_160 L1{HZ), \{ T : : eI
100 1k 10k 00k 1M 10M 100M | 156 MHz: =129 dB (1]~ v
Figure 16. Absolute Phase Noise Using CMOS Driver at 3.3 V, 170l ...[....11 —— ()]3 — T 6
SYSCLK = 1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed) 100 10 10 10 10 10 10 10
DDS Run at 200 MSPS for 10 MHz Fourier Frequency (Hz)

* At 50 MHz and 10/12.5 MHz we get =15 dB lower flicker
than the data-sheet spectrum

* Experimental conditions unclear in the data sheets
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Spurs reduce the white noise

Phase Noise PSD

_60"”'E’A'D98'54,"Ck%3’00'|V|H‘Z""” oo Theory
| z INRIM

L

I
oo
o

|
[}
o
o

dBrad2/Hz
AJ
M
o

I
[
e
o

160 LT 7 T TV Y W TR

—180—“f .................. e ; ..... e . ; ........... e { ............. i




Spurs can be amazing

—-110

-120

—-130

—-140

—-150

—-160

Phase Noise Power Spectrum [dBrad2/Hz]

-170

AD9854 ck 180 MHz - spurs

— 11.111 MHz
11.25 MHz

10°

10° 10° 104
Fourier Frequency [HZz]

10°
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More about a PM-noise bump 1

 Low PSRR (power-supply
rejection ratio) of PM
noise

* For instance The AD9912
at 25 MHz out has 15 ps/%
supply-voltage sensitivity

 No bump at 10°-10° Hz is
seen in the data-sheet
spectra

* DC regulator may show a
similar bump, alone or or
with the output capacitor

—100

—-120

AD9912

| — 1.8V effect

D7) AN N SO - SR, SR

~170}

—180

10° 10!

10?

10°
Frequency / Hz

X7R SMD capacitor shows low ESR (<5 mQ)

10° 10°

14
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PLL clock multiplier

AD9912: 10->640-->10, carmer at 1.3 MMz

w160 M2

_””NU\.J 10 - 640 - 10 MHZ 40 MMz




Phase Noae Power Sgectrum JV . .
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PLL clock multiplier

AD9912: 10->640->10, carmer at 1.3 MMz

-40
160 M2
— B0 MM2
10 —> 640 —> 10 MHz — a0
20 MMH2
10 MMz
-60 S MMz
2SS N2
w125 MMz
-80
«100
‘\* _"__”)_‘M ) —J//-J
120 __
e i - A ‘—‘A HJ
: - - _‘\ » ——— — - ‘“\
' T~ . , l ‘s - B
'] - “‘\
140 - g, ' !
-M
100
«~100 - - - —— - - - - - -
1w w’ 107 10’ w® 10! 10' 10’ 10* 10' 10*

Fowrser Trequercy (N
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PLL clock multiplier

A09912 10-->640-->10 carrler at 10 0 MHz

; - . . 10->620->10
—60 | — 10-->640-->100
: : 1 : 1 ﬁ —— 180-->720-->10

— 180-->10

|
(00)
o
T

—-100

—-120

~140} S, (1Hz) = -mmmaa

160 [ ;”””_5 .......... ;.,..;_. .; .....

Phase Noise Power Spectrum dB,_; He

Sé(;le) =§-116.8;3 dBmgmz

200l : L
105 104 107 102 10! 10° 10' 10° 10° 10* 10° 10°
Fourier Frequency (Hz)
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Effect of other parts on the PCB

LedSpurs, carrier at 100.0 MHz

INRIM | — Led Off
—8OR A 1T o | — Led Blinking |’

PN IR 1 SRS RS SO S

120k - = | e S—

—140 k- ............. ............. ............. .............. .............. ......... ............. ]

Phase Noise Power Spectrum dB, ¢ .,

S,(1Hz) = -109.27:dB 2 pr,

_160_ ........ ............. .............. ........ e ........ .............. .............. ....... |
S.(1Hz) = -110.37:dB,,# . : : ; :

10t 102 10° 10* 10° 10°
Fourier Frequency (Hz)

sl | PR

1072 107! 10°

A blinking LED somewhere on the PCB spoils the output spectrum



ADEYV vs. clock frequency

AD9912 ck 400 MHZ out 12 5 MHZ)

107 — . —————
;f = 500 Hz and f = 50 Hz == ck 400 MHz |-
L0110 ' ~ |m—= ck 400 MHz ||
- =—a ck 200 MHz |
% . m—a ck 200 MHz |
— -11
> 1071 =—a ck 100 MHz [
° m-a2 ck 100 MHz |]
= |
<=I 10-12 =—a ck 50 MHz -
o =—=a ck 50 MHz ||
§ : :
o B O SN — N — s N R 1
g 10 ]
Yo
©
S 114
’4: 10 ................................................... _-
@)
18]
o
10715 b NG g i
C Calosso & E. Rubiola, May 2.012
| Commented: :
10-16 Orlglnal 02 AD9912 scanFck/FckScan 01 adevpng e ‘ . ‘ S ‘ S o
107 107 107! 10° 10* 102 10° 10* 10°

Averaging time (s)

119



ADEYV vs. output frequency

Fractional frequency Allan deviation

10° e AD9912ck400MHZ =
| f, =500 Hzand f,=50Hz | |=—= 100 MHz
1010 b . o S | == 100 MHz i
=—a 50 MHz
. =8 50 MHz
10-11 i "l:l ........................................................ —a 25 MHz 1
_ - B3 25 MHz
1012 L NN e 12.5 MHz .
12.5 MHz
o0 | 6.25 MHz
' 6.25 MHz |1
. N 3.125 MHz
10714 T e o ........ 3125 MHz |-
1.5625 MHz |
oS b S 1.5625 MHz |

| Commented: : : : |
10-16 Ongmal:‘01_‘AP991‘2_sc‘:an‘F‘/FloutS‘can_‘01‘_ello:ev.ppg o ‘ o ‘ D - »
107 1072 107! 10° 10! 10° 10° 104 10°

- C.Calosso & E.Rubiola, May 2012

Averaging time (s)

120
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ADEYV vs. output frequency

AD9854 ck 180 MHz fh = 50 Hz

1.40625 MHz |
2.8125 MHz
5.625 MHz
11.25 MHz
22.5 MHz

[

<
—
N

- -
< <
[ [
' w

Fractional frequency Allan deviation
-
o

10716
107 10t 10° 10! 10° 10° 104 10°

Averaging time (s)



Experimental method (AM noise)
| 1 Cross-spectrum

: Vv
a R
" —=—>— 28
C ®©
D= 2 X
source W K > S L
under test TR , \
monitor Schottky
ower Bower - Averaging on m tra, the single-
meter detectors eraging o spectra, the sing

channel noise is rejected by \/1/2m

- A cross-spectrum higher
than the averaging limit

Ve (t) = 2k, P,a(t) + noise validates the measure

vp(t) = 2k, Pya(t) + noise

A Sa® 1
log/log s‘:ale

The cross spectrum Spa(f ) rejects
the single-channel noise because single channel
the two channels are independent.

1
1 Vﬁ cross spectrum

Sba(f) T Ak ks P, P, Sa(f) \* * meas. limit

\\ J

frequency my

E. Rubiola, The measurement of AM noise of oscillators, arXiv:physics/0512082, Dec. 2005
E. Rubiola, F. Vernotte, The cross-spectrum experimental method, arXiv:1003.0113v1 [physics.ins-det], Feb. 2010



Sq(f)(dB/Hz)
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AM noise (1)

—30 . LTI LA LN LT L J /IR . LY B LRI : LI I L L
i >Jam dds3 4p&8MHz.dat’ u 1:(($2/2)-11) —
0 [ 4.8-80 MHz outpu e e 4 BRI
50 4 R-_20- | Jam S : : — T
50 r4.8-80 MHz output -0 -4555—10MH7 dat u 1:((822)-11) —
== ) | v ol ol O il s s s e >Jam_dds3 80MHz.dat’ u 1:(($2/2)-11 =
—70 = (h;==105...=115dB ) "~~~ """ A 40 B 5
L. casEsamans e fE=EEEE==E: (a8 MHz)------- SaSEEmeEERe e -
40 MBtz - e -
VA
ot 4L il - - o - 8
_____________________________ t/\?“___uw\, ‘Ib‘”'A""v-v “'\ - g —
_________________________________________ — T Ul
B D) . (20) fHe)....... e — -
-170 —250-MHz cloek; AM noise-(cross-spectrum):------------- 1
—180 ! Lol ! Lo v vl ! L ol ! Lol ! L
1 10 100 1000 10000 100000

f(Hz)



Se(f) (dB/Hz)

Sq(f)(dB/Hz)

4.8 _M_H_ZP.U_tP_lJt_ "’ Jam_dds3 4p8MHz.dat’ u 1: ((%2/'22 1 _
> Jam_dds3_4p8MHz_voiel.dat’ u % —11
L e e e e e e e e ’/amdds3 _4p8MHz_ V01€2datu1 2-11) — 4

1 10 100 1000 10000

10. MHz outpu; ’/am dds3 Tz va.dar u 1: 5'($2/ Ty
r 3 10MHz_voiel v4.dat’ u g%Z—ll.S% N
.................. /am ddsS IOMHZ voie2_v4.dat’ u 1:($2-11.5) — 4

= S ETEC N AR £ O 53 6 U AR £ S K ['cfossspec:tfum“f' """""""""
"250 MHz croc'k' 'AM nO'rs'e """""""""" . """""""""
1 10 100 1000
f(Hz)
T T T T L II T I T T T T L
20 MHz u > Jam_dds3_20MHz.dat’ u 1:(($2/2)-13) ——

-20. MKz M u.tp_: Lo Ja 'lencffi S20MHZ VZOICal dlallt’ 1(1(%: —13; 7]
IS S e g S e S S >.Jam_dds3_ 20MHZ v0162dat’u1 =l

[smglechannel..]..........i ................ 4
.............. e slnglechannel..]..._......_

((h,=-115dB |

1 0000

AM noise (2)

L Ja dd 3 ApSMHz.dat’ u 1

 4.8-80 MHZ outpuj;d am “TOMEL, VA dat 31. 515312 5

...................... rm_da 3_20MHz.dat’ u 1:(($2/2)-13) —— -
. > Jam_dds3_40MHz.dat’ u 1:(($2/2)-11) —

---------------------- /am_dds3780MHz.dat” u 13(($2/2)-11 .

~( h'_;'_"—105 =115dB’ ]"': """""""" s s T 7

-------------

—-250 MHz clock AM nmse (cross spectrum) ------------- -
1 "0 “100 1000 10000
f(Hz)
Jam_dds3_80MHz.dat’ u 1:($2/2)-11) ——

80 MHz output ' ’/ama(rind_s?) SOMHz_volel. d‘i'u 1(1(% : —11% :
....................... > Jam_ dds3 —_8OMHz_ VOle2 dat’ u 1:($2-10) ——
ii '["h5'="—112dB"] ------- i T T 1
_____________ s iceingisdhdnnel B, e e

"""""""" ['cr'csss'spéctr'um"]"""""'"""""""""“"“"

~ 250 MHz clock AM norse -------- SR S o s o s B 1
L i ! nn o L

1 10 100 1000 10000

f(Hz)

1 00000

1 OOOOO
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Conclusions

* Noise theory and model for the DDS
* A lot of still-not-published experimental data
* Phase noise
* Allan deviation
 Amplitude noise
 Experiments done at INRIM and at FEMTO-ST
* Model and experimental data are in fair agreement

http://rubiola.org



http://rubiola.org
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5 — Dividers

e [1 and A Dividers
e Microwave Dividers
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I'1 and A Dividers
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Motivations

* Seminal article by W. F. Egan (1990)

* Milestone in the domain, never forget it
 However, TTL and ECL logic families are now obsolete

* Microwave (photonics) —> highest spectral purity
* Transfer the spectral purity to HF/VHF

* Dividers are more comfortable than multipliers
* NIST now uses analog dividers

* Nowadays digital electronics is fantastic
- CPLD & FPGA —> Easy to duplicate
* High number of gates for cheap
* High toggling frequency (1.5 GHz)

W. F. Egan Egan WF, Modeling phase noise in frequency dividers, IEEE T UFFC 37(4), July 1990
E. Rubiola & al, Phase noise in the regenerative frequency dividers, IEEE T IM 41(3), June 1992
A. Hati & al, Ultra-low-noise regenerative frequency divider..., Proc IEEE IFCS, May 2012
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The Gear Work Model

__ phase v, = F; h
phase g, A X0 2% i *The noise-free divider
- Keeps the input jitter x(t)
(phase-time fluctuation)
- Scales down
@ by 1/D [rad]
- S by 1/D? [rad?/Hz]
J
.. A A
In the real divider —
- S of the output often dominates NE TN _
. )] y input
- Aliasing is present ' B ; ;
' input stage ' divider : ) ; :
: : ~~ adtual (output stage),
\\\*\ NQ: NQ:
E noise & - aliasing - noise - ‘~\~___*___g_e§r_bg)£____*__ f
. aliasing : : : >

W. F. Egan Egan WF, Modeling phase noise in frequency dividers, IEEE T UFFC 37(4), July 1990
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Parseval Theorem

The energy calculated in the time domain is equal to
the energy calculated in the frequency domain

time domain frequency domain

- 2 = 2
| RoPda= [ 1x@P
Y 3 |
Average power, truncated signal One-sided PSD, truncated signal

2 L[t E — g
” :T/o 2()? dt So(f) = 7 1 Xr(f)

!

For ergodic signals, the time average
Is equal to the ensemble average



Sampling and Aliasing 4

— Energy conservation applies to the unfiltered signal —

i L
Input signal [ A Sgc(f)
(unfiltered wide-band noise)

* Multiple aliases
overlap to the main
part of the spectrum

 With white noise, the
PSD increases by B/fn
(Bandwidth / Nyquist f)

Reconstructed signal
(aliased)

' B
Lo — §f8 Nyquist frequency

Downsampling increases the (PM) noise spectrum
, High fy , Low fn

N:02/fN <_N:02/fN
—~ &1

fN fn

Si(f)
Su(f)




Aliasing and 1/f Noise

J/
x(f)
Proportionally lower power

in the higher-f aliases

Input signal
(unfiltered wide-band 1/f noise)

etc.

Small effect on the
overall noise spectrum

Reconstructed signal
(little aliasing effect)

V1
fn = 5 fs  Nyquist frequency

132
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PM-Noise Aliasing in the Input Stage

saturated

In out

LIUL

analog galh

Convert the input sinusoid into
a square wave, as appropriate

equivalent sampling function

 Edge-sampling at 2v; inherent in the sin-to-square conversion
* Full-bandwidth (B) noise is taken in
 The phase-noise Nyquist frequency is V;

 The sampling process increases the noise by B/vi

Eventually, clipping removes the AM noise [Pfaff 1974]



Regular synchronous divider

Aliasing in N Divider

The Greek letter Il recalls the square wave TN MAN

input sampling frequency 2v;

Input t
AR R AR RN R R R R R RN R RN RRRRRREY
: jitter is discarded : jitter is discarded : jitter is discarded :
: : : :
jitter is jitter is jitter is jitter is

transmitted

transmitted

transmitted

transmitted

output sampling frequency v, = Q%VZ-

* The gearbox scales S¢ down by 1/D?

* The divider takes 1 edge out of D

 Raw decimation without low-pass filter
 Aliasing increases S¢ by D

* Overall, S scales down by 1/D

A

(f) = bg

¢

White S

squarewave

134
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The A Divider - Little/no Aliasing

New divider architecture
Series of Greek letters AAAAA recalls the triangular wave

- Gearbox and aliasing —> 1/D law

- Add D independent realizations
shifted by 1/2 input clock,

 reduce the phase noise by 1/D,

- ... and get back the 1/D? law

A squarewave

sinclock I :' A
input aliasing ; ~_
(=) B
o] I
S .
0 Q
Qo ~
'c 11 I
= A divider
Lount(2): 9.9999MHz )

The names [I1 and A derive from the shape of the weight functions in our article on frequency counters
E. Rubiola, On the measurement of frequency ... with high-resolution counters, RSI 76 054703, 2005
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Experimental Method

Large input PM noise is used to emphasize the effect of aliasing

= = = + m - r 2 Z
» Intentionally high PM noise 100 Mz o angT
at the input | (v ' input
_ == =10 £
- The scaled-down input $i= | 10MHzf 8
= - - — o = 0
noise is higher than the "y £ r
. 1 E
output-stage noise ref | 5,
P 9 @2' 100 MHz | ¥
A synthesizer correlation PM noise measurement
c\ - Large attenuation/ampli —> noise
"9_ \ input o _ .
R P - Digital instruments for phase-noise
\ e measurement can handle
- v gearbox f input # f reference
TSal tput st -
----------- ToES2=%L-—- 7 | | + Correlation reduces the background
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Dividers Under Test

EPM3064A CPLD (Altera MAX 3000 Series, 64 macro-cells, speed grade 7 ns)

synchronous

o N divider
IVWW\, mmmm_ — the one everybody knows -

Multi-buffer Il divider N\ divider

Dshift register‘

out
o
AN\\

~ shift register‘

White noise:
The clock edges are independent
Correct for aliasing

The outputs are arguably independent

Try to reduce the output-stage noise
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As Simple as That...

nlr s novooaﬁnmn»
t\\ A
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Results - Test on Aliasing

—10 D|V|der 100 MHz ck

70 A and d|V|ders —— 100 MHz |nput
ok _‘_‘T‘__‘_'_'f'__?f‘_f_'_j_f’_‘_’_r_'_ff_‘_’_)_____ — 100 MHz int. ck.|
— 10 MHz II div.
— 10 MHz A div.

~
SS
~ :u.
4%
S I
— A
\
'

|
=
=
o

Phase noise PSD, dBrad? /Hz
L
N
o

N
. . ~ .

~
— . o . L . o

|
=
W
o

100 10° 10° 10° 105 T 10°
Fourier frequency, Hz
* Flicker region * White region
* Negligible aliasing * Aliasing in the front-end —> +4 dB

* 1/D? law (-20 dB) * 1/D law and 1/D? law
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Phase Noise of Real Dividers

Multibuffer Il divider

= P TTTTTT T I

. S D-type register
In

@

WWW

i

multiple outputs are
expected to reduce the
output-stage noise
— not happened, why? -

N\ divider
,+10 shlft register
in _l out
o AT
10 > shift register

Phase noise PSD, dBrad? /Hz

—10 D|V|der 100 MHz ck

100 ‘ :
~ : A and n dlv;ders | — 10 MHz II div.
—110: 6\,\\ ...... e (multl.ébu.ffer._rlgAc|_onf.|g)_.5_. 10 MHz A div. |
\7 : ' ‘ -
N S0
—128% T B S T 2 N0
—130F LM NI e AT

—160+

~170F S S A IR S ,‘1550','3 !

imental problems still pres ”lllll "}
180t
100 10° 10' 102 10°

Fourier frequency, Hz

* Flicker region —> Negligible aliasing
* The multibuffer Il divider is still not well explained
* The A divider exhibits low 1/f and low white noise



Allan Deviation in Real Dividers

+10 Divider, 100 MHz ck, NEQ = 5 Hz_
| == 10 MHz II div. ||

|

S
[
N

=—a 10 MHz A div. |

-

<
[
w

-

<
=
Ul

Fractional frequency Allan deviation
-
o

=

<
=
(@)

10° 10° 10°
Averaging time, s

=
_

 Slope 1/, typical of white and flicker PM noise
* The A divider performs 2x10*att =1 s, 10 MHz output
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The A Divider Versus the DDS

100 +10 Divider, 100 MHz ck 100 AD9854 ck 180 MHz
. A and n leIders T 10 MHz L div. k Balun and MAV-11 at the DDS output — 1.40625 MHz
‘6 . : . ~N - : 30 dB/dec : : -
—110\XplF (mUItl«ébUﬂerngconflg)4§~~ —— 10 MHz A div. T _q10f ) thermal effect | ... S _— 2.8125 MHz
ANRE 5 | | | | S \ : : : 5.625 MHz
C128h N S [ - S SR SR S—— e 11.25 MHz
N o ' | | | | cl 22.5 MHz
NE —130F - QIM™ME,. . NS g
- g
© )
5 _140 ................................. (%_
T l g ....................................................
- _150 .....................
S- _ o
3 Wb =is6 |,lf g
"mmlwm Fa RN AN e
—-170F ________________ _______________ _______________ _________________ b 0 ~|_165 ?'B % LAt 1S ) O e
b M ) & | ik s o
—-180 - i - i - i : i : i _6 i | [_DS) output stage) : : i
10 10 10 10 10 10 10 _17100 ! 10° 10 1o2 103 10* 10° 10°

Fourier frequency, Hz
AD9912 1.5625 to 100MHz carrler at 100 0 MHz

Noise of the A divider and two DDSs _mg_'”.R""' wma— | s wz]

thermal effect — 6.25 MHz

—— 25MHz

noise | Adiv. |AD9854 | AD9912 | : K\

Hz

b -165 -160 | =~-163 RN\
- —12(}1 l | :
-129 U

[power supply| |

Phase Noise Power Spectrum dB.

b-1 -130.5 | -121.5 : |
inferred 5. (1H2) = 12423 8] ;
_140._5 (1HZ) ................... BB N R H T A g N
b_2 — — _1 32 S (1Hz) = -122.48 dB,_; |y !",“ll h
plot not shown ~160 | ' .h

S, (1Hz) = -109.27 dB,,; 7

-HHTHH‘HH’TH

] ] 1 | ll Iillil h l | kl |
b_3 — —1 34 {Bectial 107 10" 10° 10t 10 10° 10° 10° 10°
lower vo) File dds-AD9912-Sphi-vs-fout Fourier Frequency (Hz)
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The A Divider Versus the DDS

10 Divider, 100 MHz ck, NEQ = 5 Hz_
i f == 10 MHz T div. ||
=—=a 10 MHz A div. :

AD9854 ck 180 MHz fh = 50 Hz

1.40625 MHz
2.8125 MHz
5.625 MHz
11.25 MHz
22.5 MHz

=

<
=
N

10 !

1 0‘12 .

=

<
=
w

Hilll

10'13 -

Fractional frequency Allan deviation

Fractional frequency Allan deviation
=
o

1014 ¢
10-15
100 F ;
10_1 100 101 102 10-16 I ] ] I I ]

107 10t 10° 10! 10° 10° 104 10°
Averaging time (s)
AD9912 ck 400 MHz

Averaging time, s

T, 500 Hzand f, = 50Hz | [+s toomm
SUY S S S S T __|®= 100 MHz
* The A divider performs 2x10*at . " =, = |=—=om
t=1s, 10 MHz output O NN 25 MHz
E -12 A \ ‘ —a . ; z
- Thermal effects make the DDS R A N X N\ VA SN g i
worseatt>1s R\ N E 3 My
E R \» 5 3.125 MHz
[ 1] ] S 20M b o e AN N /e 3125 MHz
* The A divider is free from thermal : I N et
A5 Lo S beeeeeneeeees S eneen) g " L Z 1y
effects - at the scale shown i D S

1073 107 10! 10° 10! 10 10° 104 10°
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The Bottom Line

* Aliasing In traditional dividers
* Increases white noise
 Has little effect on flicker

* The new A divider
* |s little/no affected by aliasing

 Exhibits the lowest PM noise
flicker: b-1 = -130 dB
white: bo=-165 dB

* Features 2x10'“att=1 s, 10 MHz output
 Is free from the thermal effects seeninDDSsatt>1s

home page http://rubiola.org
Thanks - J. Groslambert, V. Giordano, M. Siccardi, J.-M. Friedt
Grants from ANR (Oscillator IMP and First-TF network), and Region Franche Comte


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



Phase noise PSD, dBrad? /Hz
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NB7L32M =2 uWave Divider

I
(0]
o

I
O
)

~100} -

—110¢

—120}

—130}

—140

—150

107

- NB7L32M, 5 GHz out

10 GHz = 2 =5 GHz

B

INB7L32M=00vsOI_04_spectrum.png ;

Y

|

.....................................................................................

cessmsesenenan s ool oo A R S, R R R R

:  —out :
. ' : : - CLC)i-

10°

100 10° 10°
Fourier frequency, Hz

Method

 Compare two
dividers

* Use 5.01 GHz as a
common oscillator,
and beat

* Digital PM noise
measurement at 10
MHz

* O-I: Two equal
dividers

* 0-0O: Two outputs of
the same divider

 Shown: spectrum of
one divider
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NB7L32M =2 uWave Divider

Phase noise vs input frequency

NB7L32M d|V|der O-I PN0|se

— 10 >SGHz
— 6.4 -> 3.2
— 1.2 ->0.6

I
00
o

I
O
o

|

.- I S R R T B T T T T T T I I I L T T

I I
= =
= ¢ o
o’ O

—120F '

—140

Phase noise PSD, dBrad? /Hz

'NB7L32IVI_O—I_O4_sPectrum.pr;|g S %

o 100 102 10°° . 10 10

Fourier frequency,“H;

..'

—150
10 10




Phase noise PSD, dBrad? /Hz
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NB7L32M =2 uWave Divider

Works fairy well even at low input power (useful)

NB7L32M Ol, SGHZ out

—-80 — .
§ — 10 dBm
—90 I\ _ .......................................................... —  0dBm |
5 — -10 dBm
\\9 L
—~100F} \ O 20 dBm |
) |
~110} f
—~120f f
~130} j
—140¢ : | : | Z140
'NB7L3§M OI_P;scan_O4_ispectrurr;|.png 1
—150 0 1al 102 103 10 105 106
10 10 10 10 10 10 10 10

Fourier frequency, Hz

Notes

* At -16 dBm the
white noise
Increases by 3 dB

* The critical power
where (bo), = (bo)x
is =16 dBm

* Hence
(bO)x-type ~-140 dB
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NBSG53A SiGe +2 pyWave Divider

I
00
O

I I

b = I
- o WO
o o o

Phase noise PSD, dBrad? /Hz

—-120F - z

—130f e

|l-I-I-I;I-I-H|-I-I-H

File !NBSE(_]—freq_O—EI_04_spec'trum.png E 5 1
PR S S ST el el el —d "

 +2NBSG53A
: 5 5 — 10 GHz clk

— 5 GHz clk

a0l NS

—150

10t 10°

10t 102 10° 10* 10

Fourier frequency, Hz

Method

* Use 5.01 (2.51) GHz
as a pivot oscillator,
and mixers

* Digital PM noise
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-97.5 and -137° Likely, 1 dB discrepancy in w and 1/f (mixer response)

Debugged:
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NBSG53A SiGe +2 pyWave Divider
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NBSG53A SiGe +2 pyWave Divider

Output vs Output gives info about the output stage
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The problem seems in the gear box, rather in the output stage
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Hittite HMC-C040, +10 Divider
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Microwave Dividers Compared

10GHz =2 | 5GHz <2 (2.5 GHz =2 lower

600 MHz
1.2 GHz +2

800 MHz
1.6 GHz +2

1 GHz
10 GHz =10

HMC705LP4 191 0.5 GHz
] 2.5 GHz =5

NB7L32M -100 -109 -109 -109

NBSG53A 97.5 -103.5 -104

HMC-C040 -113
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Suggested |
Reading

Bernard Widrow,
Istvan Kollar

Quantization Noise

Quantizatinn Cambridge 2008

- . ISBN 978-0-511-40990-5
‘ Noise

Roundaff Error in Digital Computation, - Chapter 15: Roundoff noise
signal Processing, Contral, and in FIR digital filters and in
Communications FFT calculations

Bernard Widrow - Appendix G: Quantization of

Istvan Kollar a sinusoidal input



ANALOG-DIGITAL CONVERSION
Walt Kester

Editor

ANALOG
DEVICES

Suggested
Reading

Walt Kester (editor)
Analog-Digital
Conversion

Analog Devices 2004
ISBN 0-916550-27-3
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Suggested |
Reading

Marcel J.M. Pelgrom

Marcel J. M. Pelgrom

A n a | 0 g 'tO = B Analog-to-Digital Conversion
P Springer 2010
D | g lta | "\ ISBN 978-90-481-8888-8

Conversion ¢

@ Springer



