Large Analog Bandwidth Recorder and Digitizer
with Ordered Readout (Perf, Results)
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The ANITA Concept

balloon at ~37km altitude

Typical balloon

cascade produces \
UHF-microwave EMP ? antenna array

V__— on payload
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A demanding Application

Antarctic Impulsive Transient Antenna
(ANITA)

time, ns

RF Transient (impulsive)
Events (200-1200 MHz)

324 chan. @ 2.6GSa/s

Completely solar powered
(tight demands on power,
few hundred W total)

Sounds almost like a joke
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Major Hurdles — these v are elusive

e No commercial waveform recorder solution
(power/resolution)

e 3o thermal noise fluctuations occur at MHz rates
(need ~2.30)

- Without being able to record or trigger
efficiently, there Is no experiment
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STRAW?2 Chip

16 Channels of
256 deep SCA buckets

Optimized for RF input
Microstrip 50Q

Target input Bandwidth:
>700MHz

Record length:
128-256ns

Die:~2.5mm?2
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Self-Triggered Recorder Analog Waveform (STRAW)

Self-Triggering:

-LL and HL (adj.)
for each channel

-Multiplicity trigger
for LL hits

On-chip ADC:
12-bit, >2MSPS

Sampling Rate:
1-3GSa/s (adj.)

Sampling Rates
>~4GSals possible
w/ 0.25um process

External option:
MUXed Analog out
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STRAW1

Intelligent Design?

SATURN

Comb.

................ y SHORT?2

ALICE, I'VE NOTICED A
DISTURBING PATTERN.
YOUR SOLUTIONS TO
PROBLEMS ARE ALWAYS
THE THINGS YOU TRY LAST.

Sampling

LABRADOR?2 i LABRADORS3
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9 x 260 samples = 2340 storage cells

LABRADOR(3) architecture

SCA bank: 4 rows x 260 column

Wilkinson ADC
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ol o o] S o] ¢ samples in parallel,
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SRFE_, 1 T T 3 3 T T transfer out on common
inputs 00 |P0q PO P |P | _ -
ol It ! ! A 12-bit data bus
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SCA bank: 5 rows x 260 columns

256 + 4 “tail” samples
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Large Analog Bandwidth Recorder and Digitizer £

=

with Ordered Readout [LABRADOR] E
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LABRADOR Sampling Speed

XOR Look-ahead
logic (sample on
rising/falling edge)
Sampling rates up
to 4 GSa/s with
voltage overdrive

Sampling Freq. [GHZz]
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Sampling on write pointer passage
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Pedestal and Pedestal Stability

Pedestal Distribution

Pedestal Stability

i Entries 74592 )
4000 - Mean 1204.710 107;_ Entries 7.423961e+07
I RMS  49.609 : Mean 1808
106 | RMS 2.759
3000 |- i
I 105 -
- 10°
2000 |-
10°F
B 2
1000 10 '=_
10 =
| | E|.|ﬂ.|..|.|
0 1 1 | 1 | | | | | 1 1 | 1 | | -
1000 1100 1200 1300 1400 30 0 50

Pedestal (ADC counts) (Warm - Cold) in mV

AT =17C (ot ~ 24hours)

e AC coupled input ~0.052mV/C
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Wilkinson ADC

e« No missing codes

e Linearity as good as
can make ramp

e Can bracket range of

Interest

Run count

during ramp

LABRADOR Digitization
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Gray Code Counter

Excellent linearity
Basically as good as can make current source/comparator
Comparator ~0.4 — 2.1V; 133MHz GCC max (—31us)

12-bit ADC
Labrador ADC Performance y = 1606.8x + 105.26
R®=0.9999
yd g
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Sampling Rate Temperature Dependence

- |/ ndf 1124 /159
- po 31.65 + 0.00
p1  -0.05437 +0.00005
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© ANITA Data

— Data Fit Line
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Bandwidth Limitations (LAB1 example)

x4+ on

Fixed
~0.7k02 T~
0.30 . - Csiote
T oh
= 10fF
Efeed ,-”_A\\ Bi B -
& L N

Ri

Q

4.7
1
7o I

R _ ) _
Chad ! Cdiah Cdtaih 1~ Cdtath Cdlaih
Zboard =50 = | ~.= 00% l ~1aff 1 = L -
N \\ 280
Cpad Rant 50 ~13Q2
50-1300 L SRpd=0k
L LABRADOR Resistance Estimate Input (RF) Input (ref)
- bond wire
Length 17000 & 0.0 0.1 pad
70O 0.2 M5-ha
Metal 4(shest) = 0.07 Ohm'sq 71.42857 5.0 typ length (=q.)
Metal 5(sheet) = 0.03/Ohm/sq  166.6667 5.0 typ length (=q.)
LABRADOR M5 1035 Poly contact= 5.1 Ohm [ & 0.9 0.9
- wia 1= 2.7 Ohm -] 3 0.5 0.9
e — Wa2= 535 0hm 5 3 0.9 1.8
M4 ¢ 1| £~130Q2 Wa3= 828 Ohm 8 3 1.4 2.8
2384 via 4= 11.34 Ohm -] 1.9
10.5 11.5 Total per feed
28 Rterminator
Measured: Chm 50.0 Grand Total
3dB term

For 1.2GHz, C <~ 2pF (NB input protection diode ~10pF)

Minimize C, (C

drain

not negligible x260)
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Bandwidth Evaluation
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Amplitude [mV]
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Cross-talk and Gain Reference pulse

Response for RF Signals

e 2.6 GSa/s, peak fit (@ board-
level noise interference)

-- U-Chicago Timina Meetina

Linearity scan
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Timing Calibration Constants

- T -

m Phase 0 Phase 1 l Phase 0
SCA 2 SCA 235 SCA 2
S\ A At // oA\
Plwﬂ*'f'||||||||||HH|||||||||"""|||||| Phase 0 |||{]|]][||]]][]/]!|]/ @ o e
¢ /- e AN engy
ool Phase 1 ||]|||[[|[|[[[[[]][1]]| ® @ [[]]]]]
AN 7 AN
SCA 255 SCA 2 SCA 255

e To!l=T 1I=%2T

e Separate wrap time constants

e Need to determine Phase 0, 1 interleaving
e In general every AtO, Atl different
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Timing Calibrations (1)

Square Wave Period -- Phase 0

Wrap Offset -- Phase 0 to 1

B Entries 920 . Entries 1213
60 — Mean 13.675 - . Mean 1.418
- RMS 0.198 — RMS 0.136
150 — ¥2 [ ndf ar.350/16
- %2 / ndf 50.396 / 41 - Constant 176.953 + 6.277
wl h| Constant  58.250 + 2.486 N i o ooea
| Mean 13.681+ 0.006 -
B Sigma 0.179 + 0.005 100 |—
20 — B
= . 50 |—
0 i 1 = . :
12 14 15 0 1 " a PR 1 A el | " ' L "
Period (samples) 0 2 3 4 Period (ns}5
Square Wave Period -- Phase 1 Wrap Offset -- Phase 1 to 0
0 |— Entries 903 Enbics Ton
B Mean 13.456 150 Mean 1.099
RMS 0.143
i RzMS 0.216 2 { ndf 21.807/15
i %2/ ndf 38.623/45 Constant 159,651+ 5.882
Constant 56.175+ 2.340 Mean 1.104+£0.004
a0 |— Mean 13.469 + 0.006 100 S 014420000
B Sigma 0.185 + 0.005

20 —
50

PN TSR S YT TR SN T TN ST TR DU T SN !
3 4 5

Period (ns)

12 13 14 15 0
Period (samples)

o

_ _ Wrap-around time
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Timing Calibrations (2)

600MHz Clock

Bir ntarval

250

200

150

100

50

230

=]
=L

2

Carvatan
Maan

Sigma

2=
18202

~34 ps RMS

384.6ps nom.

300

350 400

450 300 550 600

Bin width in Calibration File [ps]

Bin-by-bin
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MC study of Calibration Technique

' Bin Width Est. (non-ideal bins) | Difference
Entrie=z 18720
WMean 00006516
RMS 002771
r? i ndd 43673
Suu_ | Canstant 532.3+4.5
- - 2_') 2 Mean  0.0008736 +0.0002093
: Sqlt(34 “8 ) Sigma 2.02741=0.00013
400 ~ 19.3 ps
300—
- Estimated Limit
200
100

ki)

III J‘rr-llll |IIII|II |

2

-0.15

-0.1 -0.05 -0 0.05 I.'.'I.'1I
Difference from True Bin Width [ns]

0.15 0.2
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Timing vs Angle (with Impulse Calibration Radio Signal)

1 Meeting

dt{surfé_ch2-surfé_ch0)_TX_up =5\ [

gﬁg I ndf 2176 = t2_expected Impulse signal from
1gg| constant 22762123 ' Ground Calibration

TX Up 160| Mean 1.434 = 0.004
by 1 .5 6 m :;gf Sigma  0.07609 + 0.00229

TX

10{}: />, tl_expected
80F -
60F
40 hﬂ dt_expected = t1_expected- t2_expected
2':::;_ull-',,ﬁ|]|{=,-I| 1I ;'5_!25 dt = dt_observation - dt_expected
) -1 0. . . | = dt_observation - dt_exy
Vertical Angle f dt (ns) 0
expected time delay <
Dependency o
dt{surfé_ch2-surfé_ch0)_TX_DOWN dt{surf5_chl-surfé_ch0)_TX_down @)
240F 32 | el 148317 1200 2 I ndf 24.07/8 <D(
220F Constant 23761121 C Constant 10294 7.5 (nd
200F Mean 00046911 0003536 100 Mean  0.5332= 0.0073 a8}
180F Sigma 0.06407 + 0.06245 - Sigma  0.1452+ 0.0076 i
TX Down jir o =
O 120F 60 5
100F aof %
B0E -
60 C >
40F 20 O
20 C
u L L AR R AR R l]....|....|....,..,|II P BRI
] -1 05 0 05 1 15 2 25 -1 05 0 0.5 ‘* 15 2 25
Jiwoo Nam dt (ns) , dt (ns)
) expected time delay
UC Irvine Horizontal Angle

Faceto TX «——  pepepdency — Off by 1 Antenna



Calibration with Realistic Signals

Ground pulser

Bore hole pulser

Ice 80m thick
and messy
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Validation data: borehole pulser

Control Raw data Flight data DB data Help |

Current UTC:  2007-02-23 00:18:28 — 1V :SURF2 CH 1 Disk Space [ME] Voltages [Volts]
EventUTC:  2006-12-15 10:30:25 = - zeusll | gy W ®
Event us: 899345 f|| vatage _[FFT L Fowar FAMS: 3742 mY ushint01 3 gy: 12w
Event ns: 4294967295 M §  lm e B et Jusbinl gy PV:
Event#: 195597 +2v: IPRF1:
Run#: +24\: IPRF2:
Location 78.9579:+170.1310:437.2477 4558
Orientation +198.12: -0.44:-1.45 Currents [Amps]
Speed [ki@deg]: +4.9@+216.2 1 5V: 0.006 5V
Last command : 2 0x5a 0x00 L 9V:SURF1CH1 XxH Laav 12y
Antennasoff:  Mone vl Voltage [~ FFT[ Fower RMS: 31.60 mV MNNR: 1.04 45V, PV:
Phi2/1 Fhi 16/15 +12V: 0591  IPAF1: 5399
+24V: IPRF2: 5.088
|1 fint | h A D T
3 ry:

|"I Wy | iy
” M ’ |i| l l iAW u'|"P"'-"'f"ﬂ'l"‘.”‘l'l'llr’ e

Temperatures [deg C]

18V :SURF2 CH 3
RMS: 56.99 mV
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17V :SURF1CH 3
RAMS: 41.52 mV
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10V : SURF3CH 1
RMS: 39.78 mV
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[¥ Vottage [~ FFT [ Power
Auxilary Info
Press [torr]: 421
Press [PSI: 0.12
SunSensor 1: [ J
WTEERIGAEY  5unsensar 2: +17.0404312. 120
SunSensor 3: +B0.166:+46.841
SunSensor 4: +75.608:4116.170

Accel 1: -0.004:+0.003:-0.962
NNR: 0.94 'llllrﬂi'ﬂqﬂﬂl "1Ll|"'lﬁﬂd|\w *«I". iz, 0051 40.055.11 007
Mag: -0.010:+0.081:-0.578
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ina

Meet

ina

RF Impulses
from boreholé
antenna at

Williams field

oTim

Chicaqg

Detected at
payload out
to 300-400
km,
consistent
with expected
sensitivity

Allows trigger
& pointing
calibration
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(SURF = Sampling Unit for RF)
SU RFV3 B()ard (TURF = Trigger Unit for RF)

J1to CPU

J4 to TURF

Flies in space — all
components heat sunk

—
>
9,
w

-ﬁh.'l {“I%

L

RF Inputs

e §

TE RTETCTP T

-----

Programming/ - TE i oy
Monitor Header =3

PUERBURY
ﬁnﬁuﬁuﬁiﬁgﬁmuu

=i I: L Bl

Trigger Inputs

4%
Calibrations!
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; Mﬂn
dtoha-axp

~47ps due to
Time Ref.
Passing

(33MHz clock)

0

: | Mean

] | Sigma

Constant 157.452
-0.007
0.042

Constant 113.448

120 }"“J
- board

(ns)

G12 PPS
(Al Shis) ADUS TTT
ADUSPPS| Jl

100 __ ........ v 7

dt

obs-exp

I

Mean 0.003

0.061

Sigma
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After full calibration — 100’s km downrange

AMITA Flight Path

Gmournd Pulser Events Recon. Period

Reconstructed RF Souce Position

RF Projection onto the surface

s

1% assumption

i — Y of surface

2" assumption surface

Mema Rl

Fast Algorithm: Line Sphere intersection
1" R__ , =Geoid + Surface @ Ballon position -> Rough Projection

2™ R = Geoid + Surface @ (position from 1)

earth

3™ one more iteration -> converged after 2" iteration

dlack 1&land

4000

oo BEDMAP— — =

ROSS ke SHELDE

0 e 39.Bk:m ROSS SE
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If simply scale:

35cm = 350nm (10°)
40ps -> 40as !

B \Why doesn’t this work?

e BW 1GHz - 1PHz
* N v ~ Infty.
* Anyway, only talking about factor 40

 Photonics In its infancy — direct O-O

LABRADOR ASIC Family -- U-Chicaao Timina Meetina
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High Speed sampling

Amplitude [V]

0.2

-0.2

-0.4

-0.6

-0.8

PMT pulse comparison

:
: f e 2 GSa/s, 1GHz ABW
—f Tektronics Scope
';j e 2.56 GSa/s LAB
.'T',;
| | | LABRADOR | Commercial
Time [ns] Sampling 1-3.7 GSa/s 2 GSals
speed
Bits/ENOBs 12/9-10 8/7.4
OSCIIIOSCOpe ona Chlp Power/Chan. <= 0.05W 5-10W
Cost/Ch. | $10 (vol) > 1k$
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Deeper sampling

Desired for

Extensive radio
array for UHE

neutrino
1018 eV v,
1)
Focusing DIRC Focal —
Surface I".
~few mm x few mm: few kCh/counter f Chersnkov
Cones
*~1 : few 100k ch I
00 counters: few 100k channels .’; /
/
]

PID Upgrade —
precision timing

Particle Radiator Bars

Trajectory

sac ondary e ; 5::;1”
showers s : _
|

\ Cherenkov

Focussing

Blocy

LABRADOR ASIC Family -- U-Chicago Timina Meetina

G. Varner --



Buffered LABRADOR (BLAB1) ASIC

g

3L

\

%_* ;

s \"—'_, ,
"-ﬂ&mﬂ-'\
WBE -

— -._ 1]
._ .:-.;

W '.i: :“

L i
p—

3mm x 2.8mm, TSMC 0.25um

e Single channel

e 64k samples deep,
same SCA technique as
LAB, no ripple pointer

e Multi-MSa/s to Multi-
GSa/s

e 12-64us to form Global
trigger

Arranged as 128 x 512 samples
Simultaneous Write/Read
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Buffered LABRADOR (BLAB1) ASIC

e 10 real bits of dynamic range, single-shot

Measured Noise

1.6V dynamic range

Two Rows of 512 cells | GCK w/ CMPBIAS 200kohm
= Entries 1024
200 :— Mean 1.452
180 RMS 0.1373
160 f_ Constant 181.6+ 7.6
- 1.45mV Mean 1.446 + 0.004
140 —
- Sigma 0.1316 + 0.0037
120—
100
80—
60
40—
20—
0 - | | | [ ] L1 1 1 | I | I S | | ] ]
0 0.5 1 1.5 2 2.5 3

Noise [mV]
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Sampling Speed (GSa’s)

()]

o

.

w

N

—

o

BLAB1 Sampling Speed

Can store 13us at 5GSa/s (before wrapping around)

ROVDD versus ADC sampling speed

200ps/sample

—
N

1.95 2.2 2.45

ROVDD (volts)

1.45 1.7

2.7

Single sample:
200/SQRT(12)
~ 58ps

But, have
Complete
Waveform
Information
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BLAB1 Analog Bandwidth

0 — o3
®
2 * .+« |-3dB ~300MHz
4 L
L

-6 *
= .
= .
g *
: L 2
3 -10 .
2 *
s 12 *

L 2

-14 *

16

'18 | | | | |

0 200 400 600 800 1000

Frequency (MHz)

e A few fixes (lower power, higher BW)

e Multi-channel: BLAB2 (16), TARGET (16 w/ gain), LARC (32)

and PrX

1200
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voltage (mV)

Typical single p.e. signal [Bur

time (ns)

100 .
- . T Overshgot/rmgmg
SR | MM
-50 fy V
o .
g
150 & I Using RF Amplifier System
20 x f (~43dB gain)
-25 lé
-300
-35 ' ' ) » ! | | |
10 20 30 40 50 60 70 80

90
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186

184

182

180

178

time (ps)

176

174

172

170

Temperature Dependence

Sample aperature (172ps = 5.8GSa/s) ﬁﬁ

0.2%/degree C

(can correct)

s

y =0.4378x + 160.84

R® = 0.9991

Matches SPICE simulation

30 35

Even better, can
delay lock

40 45 50 55

temperature (degrees C)
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Calibration (1)

[0

400MHz sine wave [] —Cydeinieal
Meany ryrs
— RMS 137
— RMSy 0.04398
o 2.5
= |
3 2: 6GSa/s
L Linear variation across chip
ks i Due to IR drop in feed voltage
& S (can be improved)
X0
:
0.5
o

0 50 100 150 200 250 300 350 400 450 500
Storage Cell Number



Calibration (2)

400MHz sine wave

2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
200

2

6GSa/s

Cycle interval
Entries 31772

a Mean  2.469
= RMS 0.011
— |

= After basic linearity and

£ bin-by-bin correction

= ~11ps intrinsic (~8ps possible)
3 - | 5ps

- : / Linearity
:_ 1muj | I Only

:_ suu;— / \\.

E ] ] ] ] | 1 ] ] ] | | ] ] ] | | ] | 1 ] ] | | ] ] 1 ]

2 2.3 2.4 2.5 2.6 2.7 2.8

Extracted Period [ns]

Meeting



Bench Test timing

~30ns pulse pair

Measured Period

Entries 14559

e |
€ 000l 6GSa/s
5 [
&aoo_ ~27ps for two edges
L _/£ _4_ ~20ps for each edge
600|
i 30ns
400
200/
L II\klllllllllllllllllll

Mean 29.94
RMS 0.02735

III|III|III|III|
%9 29.2 294 296 298 30 30.2 304 30.6 30.8 31

Measured Period [ns]
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time (ps)

186

184

182

180

178

176

174

172

170

Temperature Dependence

Sample aperature (172ps = 5.8GSa/s) ﬁﬁ
0.2%/degree C /K.z‘iﬁ
(can correct)
y =0.4378x + 160.84
R® = 0.9991
» Matches SPICE simulation
25 30 35 40 45 50 55

temperature (degrees C)
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BLAB2

e Initial Target: New f-DIRC Readout System

TABLE II. BLAB2 ASIC Specifications.

Item Value
Photodetector Input Channels 16
Linear sampling arrays/channel 2
Storage cells/linear array 512
Sampling speed (Giga-samples/s)|2.0 - 10.0
Outputs (Wilkinson) 32

Courtesy: J. Buckley

(Wash U. St. Louis)

d-”
83
."
"J
=
»4
24
z3
Y
23
=
£
Y
zZ

Gen. 0 Prototype (LAB3)

Target Submission: Feb. 11, 2008
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Interleaved Operation

20 GSa/s interleaved on 8 input channels 400MHz sinel
E.Eﬂﬂ
E L -
gqun:_;‘ﬁ j“'.; {‘-!'. . . ¢ Slngle shot
gL, S e uncalibrated
<2007 ., s °
« e e e room for
°r S .. J Improvement
ol 2 ¢ : . .| * push BW hlgher
: o 4 ] . e ® Sin 91_25(35&# channel | 'm
ot e of |
ool e Lo by by by e b b e L F
0 1 2 3 4 5 6 7 8 9 10
L Time[ns] .
LARC ASIC: ]
64 chan @ 5 GSa/s = 384GSa/s e

—> Streak camera type applications — ps timing
If jitter due to random noise, more samples better
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Limitations 1: Analog Bandwidth

Difficult to couple in Large BW (C is deadly)

At what point stop getting useful

Courtesy: J. Va’vra
(S I—AC) photon For a PS
voltage
Faceplate of 2.4kV:
Photocathode
Eoicic Photoelectron d ~6mm| AV, ~ 200V
(nominal Ily)
Dual MCP ¥ AV, ~ 2000V
Lmm Gain ~ 108
E(x,D,AV, ,AV,,Gain) D =5mm | AV,~200V
W 7 - (nominally)
Anode ==t : X

fags = 1/21ZC
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voltage (mV)
N P e
o O
o

-350

=
-

Limitations 2: Interpolation Error

Tied to Bandwidth Issue

J1 a1
O?O

Is 10 samples/ns along
leading edge enough?

o
o

And aperature jitter at < 1ps

Need 100:1 interpolation for 1ps

W N
S U

200 30 40 50 60 70 80

time (ns)

90
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Limitations 3: Systematic Errors

Experience with running Belle TOF System for ~ a decade

Any jitter/shift/jump in reference time
IS fatal? (differential measurements)

Experiment 17 Experiment 19
TO [ns] TO [ns]
3 [ n] 1 r IC 1
Ermtrien - . Entries 299
I e e o ot Mean 569.4
a4 - iy RS £A5A - RMS 352.7
b -
| WL 0.05 - VA
R -
oam - o T e S
.- SRR
3 x. i 0o
o
-0.05 :—
5 — i |
o L 200ps jump! i
5 —-0.1 -
—at F tr:l'_ Y —0is
[ -, i
NP I FPEPI IPEPIFP (MPIEE FEI IEPIIT I PRI I -0z
o0 2001 aoe 400 8O0 ECD Tod MO0 Oen oo b b b o b b b

100 200 00 400 SO0 8600 7ao oo =1a]1]
Run number

e Run-by-run T,

Run number
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Voltage (mV)
E

-600

=
T TT

-200f
-300[
-400[

-500[

Limitations 4: Leakage Current

Need small C for Input Coupling

Can Improve? (readout faster)

=
|II|I

Voltage (mV)
2

-200
-300f
-400

-500

_|||||||||||||||||| v by by P by g 1y -Guu:111||||||||||||| |

III 1 1 1 Ll 1 IIIIII L1 1
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 B [ 10 12 14

Time (sec)

18 20 22
Time (sec)

16
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Limitations 5: kTC Noise

Need small C for Input Coupling

- IEEI

25

0.5

Impact of Storage Cap size

For 1V useable input range

100 150
Storage Cap [iF]

200

|—¢—‘er5
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Summary

Exciting Stuff!

» 30ps (PET) seems quite
feasible without TDC
(fast discriminator)

e Timing Systematics!

e 1ps resolution, need to
pull out all of the stops

o
=
D
(B}
=
o
=
£
l—
o
S
3
2
=
Q
D
=
S
S
L
S
%)
<
@
©)
(a)
<
0
m
<
-
&
-
T
>
O




Back-up slides

Y G ) TaBO/M
FIllIIIIIIIIIIIIIIIII_'IIIIIIIII

iibiiisiitbisisind_:]

P EEEDEEEEE

L

: I O
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600MHz sine and 2.6GSa/s well matched

| Timing Error | | Leading Edge |

Entries 100000

r Mean 3.966e-05

9000 RMS 0.0104
8000—
7000
6000 -
5000
4000/—
3000
2000
1000F-

:Illll\llllll\Il\|||‘II\I‘I\||‘|||\||\|||III\|IIII
805 0,04 003 002 001 0 001 002 003 0.04 005

Difference from Exact zero-crossing time [ns]

10ps difference typ.
(ideal)

Zero crossing comparison

O
[
=
(D)
=
(@)
[
1 I—
N S
0.8 (48]
J ~ 2
0.6 K
I [\ Q
0.4
N 3
[}
S 0.2 H
= 0 \ / \ / ——600MHz sine|| >
g —=LAB3 =
)
c -0.2 4 (4]
%] LL
-0.4 4 @)
-0.6 2
-0.8 A e
4 Q
T T T D
0 1000 2000 3000 4000 <
Time [ps] o
m
Zero crossing comparison ]
0.2
b
0.15 c
5
0.1 b
é 0.05 )
= —— 600MHz sine
= o]
& —=— LAB3
2
S -0.05
-0.1
0.15
-0.2 . . .
1662 1667 1672 1677 1682

Time [ps]




600MHz sine and 2.6GSa/s well matched

Timing Error

100000

0.01074

Pos. Half-cycle Width s
Mean -4.767e-05

12000 l ——
10000 Positive Y2 cycle

E ~11ps difference typ.
8000 — (1deal)
6000
4000|
2000

_||||||||||||||||||||||||||||||||||||||||||||||||

005 -0.02 0.03 002 001 0 001 002 003 004 0.05

Difference from Exact Period time [ns]
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Using lIdeal Extraction

Bin Width Est. (ideal)

100

80

60

40

20

1k Events

Entries 441

Mean 0.3852
RMS 0.005153

Use both %2 cycles
~5ps difference typ.

(ideal bins)

W
18

036 037 038 039 04 041 042 043 0.44 0.45

Extracted Bin Width [ns]
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Running Average converges very quickly

Estimated Bin Width [ns]

Bin Width Convergence (ideal) S B
Entries 44
0.45- Mean x 225
n Meany  0.3852
0.44— RMS x 12.7
- RMSy 0.001528
0.43—
0421 Use both % cycles
0415 ~5ps difference typ.
0.4F (ideal bins)
0.393—. o
T ©9900° % % 9P 000, ¥ 0 0% 0000 @ 00 o0 ®
0.38
0.37|—
0.36
:|||||||||||||||||||||||||||||||||||||||||||||||||
0'350 5 10 15 20 25 30 35 40 45 50

Bin Sample Number
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Running Average converges very quickly

Bin Width Conv. [percent] (ideal)

100 Events

Error on Bin Width [%]

2

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0

Entries 45

Mean x 23.5
Meany 0.3226
RMS x 12.7
RMSy 0.2596

Convergence not 1/sqgrt(n)

Due to input function,

e © o0
'Y 1) ® ]
®
* o o..'oo

0

5

10

15

20 25 30 35 40 45 50
Bin Sample Number
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However, when input +/- 10% bin scatter

‘ Fast convergence, but with offsets

\ Bin Width Est. (non-ideal bins)

in Wi A i 100 Events e - -
__Bin Width Est. (non-ideal bins| D Eent | I Bin Width Est (ondeal birg) WE
01 Meanx 25 gy M:ar: i 2
C Mean y 0.05086 C
= RIS 1414 gl o o
Wk GLET MR RHSy 0001743
Z"O"'“uonunumo.omn.uum."..mm 0'06:_
0.04- — 004
- % C
002 e
0: < 0; . .mmu.uu"“'ummo.ommuuo
n o 140%
a0 =
r St
004 m -
0061 £
B — r
-0.08:— g 0,08
.0I1:\IH‘\IH‘HH‘I\I\‘I\I\‘I\I\IH‘I\H‘HH'\IH Lu .01;”\‘\IH‘HH‘I\I\‘I\H‘II\‘IH\‘IH\‘HHlIH
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 3B 40 45 5

Number of Samples in Bin

0.1

:a00 Timina Meetinag

100 Events
Entries 49

0.08

0.06

0.04

0.02

0

-0.02

-0.04

-0.06

[T T T [ """ [T " [T T[T [P rrrrrprrrprrt

-0.08

Mean x 25
Meany -0.04336
RMSx  14.14
RMSy 0.001882

-u
—
[ — e e

5

10

15

20

2% 30

3% 40 45 50



Impact on estimation (+/- 10% true difference)

' Bin Width Est. (non-ideal bins) Difference

Entries 18720
400 Mean 0.0002141
RMS 0.01886

350

300

250

200

150

100

50

IH‘\II\‘HHll\l\‘l\ll‘l\l\lll\\‘I\I\l\\Hllll\
-8.05 -0.04 -0.03 -0.02 -001 0 0.01 0.02 0.03 0.04 0.05

Difference from Actual Bin Width [ns]

'ming Meeting

[ Bin Width Est. (non-ideal bins) | M
C Mean 0.3849
800— RMS  0.01892
700"
600:— .
: About <bin>
500{—
; ~19ps
400—
300
200}
100
:\I\l\\ \||||||||||||||||\ I\I‘I\IIIII
8.3 032 034 036 038 04 042 044 046 048 0.5

Difference from true Width, referenced to mean [ns]



Data: Bin-by-bin Calibration Constants

TOT occupancy BT
250 T
2001 ~34 ps RMS
150(—

100
50—
B | | I ] L1 11 I L1l 11 I L1 11 I Ll 1 I L1 | 1|
200 250 300 350 400 450 500 550 600

Bin width in Calibration File [ps]
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General trend — larger Iintrinsic spread

Bin Width Est. (non-ideal bins)

Difference

Entries

600

500

400

300

200

100

Mean
RMS

18720
0.3848
0.0246

[+/- 10% flat]

IJIlIII

8.3 032 034 036 038 04 042 044 046 048 0.5

Determined bin width including error [ns]
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Consider Slightly larger input spread

Bin Width Est. (non-ideal bins)

220

[+/- 15% flat]
36ps [MC] vs.
34ps [data]

12U

100/
80—
60
aof-
20

0
Ill'f

|IIII|IIII|IIII|III-—_'ﬂJ

Difference
Entries 18720
Mean 0.3852
RMS 0.03633
v? ! ndf 244.1 /223
Constant 204.4 +1.8
Mean 0.3854 + 0.0003
Sigma 0.03606 + 0.00018

zsof—
200
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However, the errors are non-negligible

Bin Width Est. (non-ideal bins)

500

300

200

100

-0.2

Difference
Entries 18720
Mean 0.0006916
RMS 0.02771
¥? / ndf 436 /75
Constant 532.3+46

Mean 0.0008756 £ 0.0002093

Sqrt(3 6/\2-28/\2) Sigma 0.02741+ 0.00013
~ 24.8 ps
76T 1 005 0 005 01 01 02

Difference from True Bin Width [ns]
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Cross-check: BLAB1 ASIC

“Brute Force” occupancy method

[_S'E'TAT_ERROR = 1.416984 | Timing Occupancy
100 [ Entries 512
2 L Mean 166.5
e | RMS 4.187
30— x? / ndf 14.46 /10
1 100k Events Constant 96.39 + 5.29
L Mean 166.4 + 0.2
| 6.0 GSa/s - Sigma  4.133+0.136
60
40—
20—

fo 130

140 150 160 170 180 190 200 210 2:
time (ps)
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Cross-check: BLAB1 ASIC
“Brute Force” occupancy method

STAT ERROR = 1.416984 |

2000

Q
©
$00

=)

5000k~
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3000}/

2000},

1000

Timing Occupdr

Entries 2606894
Mean 258.6
RMS 147.7

\ ¥
| 100k Events General slope
6.0 GSa/s Across ASIC
Same TSMC (expected)
| Process as LAB3
— I1l.'|)0I — I2(|)0I — I3'.'|)0I — I4(|)l.')I — I5'.'|)0

SCA Sample number (512 per row)
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Voltage (mV)

125MHz sine wave

600 Pre-calibration
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