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Channel architecture
Main building blocks of one TIGER channel




TIGER channel overview

Time Branch

L 4

|
. .. . ' Fast sh
* Dual-branch architecture optimized for time and ! S
10-bit
charge measurements : TAC Wilkinson
: — 4x ADC
. ° ° ° | Vth_ T
* Two leading-edge discriminators: H . ‘
e o o o o o o o o - : _‘V‘ ____________________
= 6-bit DAC for threshold equalization TN
Qin b
= dual-threshold readout mode m—L CsA RN
—_I__ 4x
* Timestamp on rising edge of fast branch using PreAmplifier Sample and Hold
. . 10-bit
low-power TDCs based on analogue interpolation Slow shaper Wilkinson
ADC
* Charge measurement ] T ac
—_ 4x
[ . iaiti Vth_E i
S&H: slow shaper output peak voltage sampled and digitized S S

= ToT: timestamp on rising/falling edges of T-branch (BACKUP)

* (harge and time measurements are both encoded using a 10-bit Wilkinson ADC, delivering a fully-digital output

Channel
Control
Logic

Time
Data

Charge
Data




VI(V)

Front-End

* (SA + dual-branch shaper

= Time branch: 70 ns peaking time shaper for timing
measurements (timestamp and 7o7)

0.44

0.42

0.4

0.38

0.36

= Energy branch: 170 ns peaking time shaper for charge
measurement in S&H mode

= Time branch
= Energy branch

Front-end response to a
7 £C (50ns) input signal

Time branch

in

|
|
|

Energy branch

%3’
o
|

VoutT

I/t:.rutE



TDC operation

Coarse time
measurement
1\
1058 1859 1060 1661 1062 1663
Clock
counter
il
Event i ;
trigger 4 i | e
N
Fine time
measurement

* Coarse time measurement from the chip
master clock counter (160 MHz)



V;'ef

TDC tion 1 L
operario rest
p Cl Idischarge CT/?C CD Irec}mrge
]

Coarse time V ; S3 CLK ,

measu‘;:ement S1 ‘ TA el v
1058 1059 1068 1061 1062 1063 ‘ S2 .

c;];crﬁlgr‘ S0 4x ¥ VAD( reset Latched

- ! Cupc —— Vyes comparator
Event 1 i E — =
trigger 4! : I
S t Viac Vanc
Fine time A

measurement . . . @ @ @ t @ :

 Coarse time measurement from the chip |
master clock counter (160 MHz) -

* Fine time measurement with low-power dschafge  itensteri | converson | reset !
analogue TDCs based on time interpolation t.,c = fine fime measurement [ps] tro = Thine [ADC]
n Eﬂ(h TDC h(]S 4 Time'iO'AmpliiUde Converters (TA() cAD( =4- CTA( Idischurge =32 Irechurge
Interpolation factor = 32 x 4 = 128 time_bin = 6.25ns /128 = 50 ps
tac [ps] = 50 ps -t [AD(]

= (alibration is performed for each TAC
= LUT provides gain-offset correction for each TAC



TDC operation

Coarse time
measurement

0

1658 1659 1060 1661 1662 1663

Clock
counter

Event
trigger

S
Fine time
measurement

* Coarse time measurement from the chip
master clock counter (160 MHz)




Sample-and-Hold circuit

* Charge measurement with S&H circuit sumpling the E-branch shaper output

. sampling time targeting the signal peak
Programmable sampling time targeting the signal pea <eH saturation when

* Digitization with Wilkinson ADC shared with the TDC Veompled > Vret
- VolltE
ﬁ Csamp:'f'ng 51 ' e I
| . - -
| | f .
I [ reset S — s S S _Vref
\ 2 52\ ;
4x |F

N I\J|

Vief s&H
C

p IR

Vsampled

- S&H_enable 1%

sampled

A




Full

V()

Vv)

channel simulation

1.1

0.95

0.85

sh out T

2 do T1

do T2

1.3 w coparse T . —
-+ — [w_coarse_E SOC [l eoc

-0.1
13 § wiae T wqgac_Q

1.3 ; ,
% q_tx

R RS R RS RS LN RN I LR IS L AR LA LR RN LR RERRN RS AR IULLES RIS IR RN AN LR ILARRE LN LS LA LA AR LR RN RS RN R

0.4 0.5 0.6 0.7 0.8 09 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1
tme (us)

comp out T comp_out E
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TIGER output words (64-bit)

* (harge and time measurements are both encoded using a 10-bit Wilkinson ADC, delivering a fully-digital output

EVENT WORD
K28.1 | ch_id % Tcoarse Ecoarse Tfine Efine 1. Event word dIgITIZed OUTpUT of each
S| 6 bits |F 16 bits 10 bits 10 bits 10 bits hit
FRAME WORD
K281 | 0x00 reserved frame count SEU count 2. Frame word global timing reference
16 bits 15 bits
COUNT WORD
| ch id counter value 3. Count word read some counters
K28.1 0x01 reserved

6 bits 24 bits inside TIGER for debug purposes

11



Event word

Bits Parameter Description
63:56 K28.1 Start of the 64-bit word identifier
55:54 0b10 Event word identifier
53:48 Channel id Channel identifier
47:46 TAC id TAC index
45:30 Tcoarse Leading edge coarse time tag
29:20 Feoarse Falling edge coarse time tag (ToT mode)
Sampling stop time tag (S&H mode)
19:10 Tfine T-branch TDC fine time measurement
9:0 Ffine E-branch TDC fine time measurement (ToT mode)

ADC charge value (S&H mode)

12



Front-End model

Transfer functions of TIGER analogue very-front-end




TIGER model

* Build a model to simulate the TIGER response in order to be integrated in the CGEM-IT simulation
code

* The model must:
1 take into account the different duration and shape of input signals
 show the different responses from T-branch and E-branch
1 be faster than computer circuit simulator

 anything else?

14



TIGER T-branch

Shaper
H1 HE
. Preamp A A
C -
L | TR TR
Detector I j I I
C, R, R,
D e S
Iin? ==Cd csa
¢ (,=0.150 * R, =100 ¢ (,=1
« ((=20(=3 ¢ (=1 « R.=120
* R,=1 * R,=120 « V,, =350mV

15



TIGER model (T-branch)

Shaper
I:‘1 HE
Preamp A, AM
C C, C,

Detector

e

S

2
RV
3

: 1(s) = frequency domain TIGER transfer function
|. (s) = frequency domain input signal function (fixed)
(input signal dependent)

Vout_T(S) — Iin(s) ) T(S)

16



TIGER model (T-branch)

Q_in =5f1C, Ts = 150 ns (rectangular waveform)

Iin@®) =1y - (0(t—a) — 6(t—Db))

1y

Input current

Iin(S) = L {Iin(t)}

1 RyC

Ry

1

R,

C; (1+5C,Ry) (1+5CRy) Re (1+sCyRy)

-

\_

Vot 7(t) = L H{Uin(s) - T(5)} = Vipgn + 2000 -

~

((1—0.00545785e0-333333(a-) 1 0. 294118e%95(a=1) 1 28866012~ 1))g(—a+t)+
—(1—0.00545785e%-333333(6=t) 1 0 204118e005(P~1) _1 28866601 (P~1))9(—b+t))

J

17



TIGER response (model vs

Compare T-branch shaper output for different Q. and T.:

* (ircuit simulator data
*  Model

Q_in =5 fC, Ts = 50 ns (rectangular waveform)

V_out [mV ]
i

410!

simulation

400}

model

390/

380
370

360/

200 400 600 800

rectangular waveform
Q =5fC
I,=50ns

Q_in =5fC, Ts = 100 ns (rectangular waveform)

simulation)

add 10ns delay to the model signals

Q_in =5 fC, Ts = 150 ns (rectangular waveform)

V_out [ mV ]
i

V_out [mV ]
0l simulation
390: model

simulation

390

model

380

370

3607

380

370

360

w00 w00 600 800

rectangular waveform
Q =5fC
T, =100 ns

200 100 600 80

rectangular waveform
Q, =5fC
I, =150ns

18



TIGER model (E-branch)

* The E-branch shaper has 2 stages with two complex conjugate poles for each stage

The transfer function of each stage can be expressed as:

2 — ——
T — G (1)0 1 E-branch shaper T
(s) = :
s2 4 2220 4 )2
Q 0 Cl S C3 -
R Ry Ry Rs
A AN A AN
where:
&) C,
* G=DCgain I I } }
* g = natural angular frequency
* Q= quality factor Iy R; ‘

VoutE
— -A AVAVAY, ‘ -A



TIGER model (E-branch)

* The overall E-branch transfer function can be approximated as:

2
T(s)= 2. (2 %0
Cf s + TO —+ a)g
where:
e (=127
.« gy = 0021
e 0=1042
. (=20

V_out[ mV ]

460
440-
20
400
380

360

Q_in =10 fC, Ts = 100 ns (rectangular waveform)

simulation

model

D

200 400 600

add 5ns delay to the model signals

t[ns]

20



TIGER Front-End model summary

* Afirst draft of a model to simulate the TIGER response in order to be integrated in the CGEM-IT
simulation code has been developed

* The model:

v’ takes into account the different duration and shape of input signals
v’ well reproduces the T-branch shaper output

v’ provides a good approximation for the E-branch shaper output
v’ validated with “real” CGEM signals

v’ faster than computer circuit simulator (requires Lap/ace Transform evaluation)

* To-Do:

( Take into account the saturation of the front-end (signals > 50 fC will have a different response)

21



Analogue readout concept

Time and charge measurements principle of operation




Time measurement

3 accuracy levels:

1.

2,

3.

Frame-word
e ~200 us time resolution

* chip data (frame count, common
for the 64 channels)

Coarse counter

* 6.25ns time binning (160 MHz)
* channel data (Tcoarse)

Fine counter

* <100 ps time resolution

* channel data (Tfine)

EVENT WORD
|2 ch id |U Tcoarse Ecoarse Tfine Efine
K28.1 |2 =
S| 6 bits | 16 bits 10 bits 10 bits 10 bits
FRAME WORD
frame count SEU count
K28.1 0x00 reserved e cot
16 bits 15 bits
Coarse time
measurement
. B o T e B e T e In ToT mode Ecoarse and Efine
counter have the sume meaning of
T Tcoarse and Tfine but for the
Event n .
trigger 0 - falling edge
L—v—’. t
Fine time

measurement

13



Time-walk and jitter

time-walk offset ( ns )

—o—V,;,=5fC

—h— Ih=3fC

—0—V,,=1fC

——V,,=4fC .

—o—V,,=2fC .

Jitter (ns )

2.5

Q]

0.5

2
s C;, =0pF
o C,,=5.6pF
3 = C,,=10pF
s G, =22pF
L e C;,=39pF
[ m C;, =47pF
= A C!-H:S()-IZ)F
%z e C,, =68pF
2 m C;,=82pF
Ca 2 C,,=100pF
r.
x= "
Bme ©
e, m
Ge * L =
s & 3 . .
s g o ]
8. - g
| | | | | | | | |
5 10 15 20 25 30 35 40 45 50
Q;, (fC)
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Time-walk and jitter

time-walk offset ( ns )

45

40

35

30

25

20

15

10

Tt e
- B
D%_E‘:‘*‘—l}—ﬂj— — ——-a:_g_ﬂ;___ QD __:E
| | | | | | | | | |
10 15 20 25 30 35 40 45 50 55
Q;, (fC)

0.5

| 3

BCE- 0N

EC ol

15

20

25 30
Q;, (fC)

35

40

45

50

25



Time-walk and jitter

* Use CGEM simulated signals to evaluate TIGER front-end timing performance
= Time-walk depends only on the applied threshold

= Jitter can be estimated with the formula:

O-v
%t =y
dt
where:
Oy = noise measured at the T-branch shaper output
dV

—— = T-branch shaper output slew rate around the threshold

dt



Charge measurement

Two mutually exclusive” modes:

ToT is only a

1. QDC mode (qdc_mode =1, integ_en = 1) buckup solution

2. ToT mode (qdc_mode = 0, integ_en = 0)

* To check which charge measurement mode was used in a run, one can check the value of £coarse — Tcoarse 106bit
= if itis almost constant @DC mode was selected

® otherwise ToT mode was selected and this value is the Time-over-Threshold measurement

“The charge measurement mode is set when the chips are configured before running the acquisition

2]



Charge measurement (S&H mode)

sampled ref

------------------------------------ o S&H saturation when V >V

* The E-branch shaper output is sumpled and digitized:
Efine provides the information about the charge

= high Efine means low charge and vice-versa

* (Correct peak sampling set by integ_time channel
configuration register

, | * Efine calibration curves to compensate channel-
'\ i to-channel and chip-to-chip offsets

Efine

28



Sqmpling ﬁme Tsampling = 4 - 6.25ns - (integ_time + 1)

Sampling duration given by infegq time

* S&H peak detector configured and

V
v

i calibrated for a 170 ns peaking time
sampled,
sampled,$ (integ_time = 5)

* |f signals last longer than the design

specification (50 ns) the sampling time

(integ_time) must be increased -

T

sampling

4 clock cycles steps (= 25 ns)
* Sampling start is given by the T-branch,

, , due to its better timing performance
Sampling start given by T

T-branch discriminator campling — Ec00rse — Tcoarse_10bit




Sqmpling ﬁme Tsampling = 4 - 6.25ns - (integ_time + 1)

Sampling duration given by infegq time .
i * S&H peak detector configured and

sampled,6

calibrated for a 170 ns peaking time

L (integ_time = 5)

, * |f signals last longer than the design
/ specification (50 ns) the sampling time
,

sampling

(integ_time) must be increased -

4 clock cycles steps (= 25 ns)

due to its better timing performance
Sampling start given by

T-branch discriminator

I

camgling — Ecoarse — Tcoarse_10bit

* Sampling start is given by the T-branch,

30



S&H calibration

Efine calibration curves (linear response) to compensate channel-to-channel and chip-to-chip offsets

ADC counts [ digits ]

500

400

300

200

100

Efine vs Q,, for 64 channels of one chip

Look-Up-Table (LUT)
= FEB_id

= CHIP_id

CHANNEL_id

fit SLOPE parameter
fit CONSTANT parameter

31



Threshold calibration

* Threshold scans are performed on both branches of all channels to correct channel-by-channel and
chip-by-chip offsets and mismatches

* Equalized threshold values are stored in LUT which are used to configure each channel before the
acquisition starts

= Threshold scans allow also to evaluate the noise for each channel (o = noise)

= This information is used to set the threshold at a given value (e.g. 30°) above the baseline in order to equalize
the channels noise rate (few kHz)

32
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TIGER response (model vs

Compare T-branch shaper output for different Q. and T.:

* (ircuit simulator data

* Model
Q_in =40 fC, Ts = 50 ns (rectangular waveform)
V_out[ mV ]
800
simulation
700 model

600

500

400

200 400 600 800

rectangular waveform
Q =40fC
I,=50ns

Q_in = 40 fC, Ts = 100 ns (rectangular waveform)

V_out [ mV ]
i

simulation

T00

model

600+

500

400+

200 400 600 800

rectangular waveform
Q =40fC
T, =100 ns

= t[ns

simulation)

Q_in = 40 fC, Ts = 150 ns (rectangular waveform)

V_out[mV ]
.

700

simulation

model

600

500

400

200 400 600 300

rectangular waveform
Q, =40fC
I, =150ns

34
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TIGER model (T-branch)

Repeat including also input signals of different shapes

Lin[uA]

0.10

0.08

0.06

0.04

0.02

Q _in =5f1C, Ts = 100 ns (exponential waveform)

200

400

600

800

t[ns]

Iin[uA]

0.06~

0.05

0.04~

0.03

0.02~

0.01~

Q _in =5f1C, Ts = 100 ns (double exponential waveform)

200

400

600

800

t[ns]

35



Q_in =5 fC, Ts = 50 ns (exponential waveform) Q_in=51C, Ts = 100 ns (exponential waveform) Q_in =5 fC, Ts = 150 ns (exponential waveform)

V_out[ mV] V_out[ mV] V_out[ mV]
410¢
400
400
400
. I . . I . 3907 . I .
simulation 390 simulation simulation
390

model model 380 model

380~

380
370 370, 370
360 360 360
200 400 600 800 tins] 200 400 600 800 tins] 200 400 600 800 tins]
Q_in = 40 {C, Ts = 50 ns (exponential waveform) Q_in =40 fC, Ts = 100 ns (exponential waveform) Q_in =40 fC, Ts = 150 ns (exponential waveform)
V_ out[ mV ] V_out[ mV] V_out[ mV]
800
800
700-
700
700- . . L] L] (] .
simulation simulation 00 simulation
600 model 600; model model
500 500 S0t
400 400 400
t[ns] t[ns] t[ns]
200 400 600 800 200 400 600 800 200 400 600 800

36



Q_in =5 fC, Ts = 50 ns (double waveform) Q_in =5 fC, Ts = 100 ns (double waveform) Q_in =5 fC, Ts = 150 ns (double waveform)

V_ out[ mV] V_ out[ mV] V_ out[ mV]
410"
400
400 390
. . 390_ L] L] . .
simulation simulation simulation
390 380

model 380 model model

380
370
370
370
o 360l 360
200 400 600 800 tinsl 200 400 600 800 tIns] 200 400 600 800 tIns]
Q _in = 40 fC, Ts = 50 ns (double waveform) Q_in =40 fC, Ts = 100 ns (double waveform) Q_in =40 fC, Ts = 150 ns (double waveform)
V_out[mV] V_out[ mV ] V_out[ mV ]
800l 700
700-
700 ] ] . . 600 . .
simulation <ol simulation simulation
600 model model model
500
500"
500
400 400 400
200 400 600 800 tlns] 200 400 600 800 *tins] 200 400 600 800 tins]

37



V(V)

Front-End response

0.44

0.42

0.4

0.38

0.36

== Time branch
—— Energy branch

Front-end response to a 7 fC input signal

V(V)

V(V)

Time branch

Energy branch

1-50 fC input signal sweep

38




Time measurement

1. Frame-word
= Used to reconstruct the global timestamp of each event
= Sent off-chip with top-priority (common for the 64 channels)
= | frame-word every 2" clock cycles (2" x 6.25 ns = 204.8 us)
= 16-bit counter (roll-over every 13.4217728 s)

2. Coarse counter
= Combine with frame-word information to reconstruct the global timestamp of each event
= Data related to single channel-event
= ] coarse counter =1 clock cycle (6.25 ns)
= 16-hit counter (roll-over every 6.25 ns x 2'* = 409.6 us)

39



Time measurement

Frame-word + Coarse counter examples:

* Frame-word = 6546 - 6546 x 204.8 us = 1340.6208 ms
* Tcoarse = 13465 - 13465 x 6.25 ns = 84.15625 us
» Global timestamp = 1340.6208 ms + 84.15625 us = 1340.70495625 ms

* Frame-word = 6547 - 6547 x 204.8 us = 1340.8256 ms
* Tcoarse = 43465 - (43465 —12") x 6.25 ns = 66.85625 us
» Global timestamp = 1340.8256 ms + 66.85625 us = 1340.89245625 ms

40



Fine time correction

Tfine Efine

ToT mode only!!!

Tfine counter: 10 bits
Tfine calibration with a TDC TP phase scan

This measurement is performed by the 4
TACs (Time-to-Amplitude Converter) of
each TDC

Only in ToT mode apply the same
correction also with Efine

4]



Fine time correction

Timestamp = frame_word + Tcoarse — (Tfine — offset) - time_hin

offset and time_bin provided by LUT (64 channels x 4 TACs gain-offsets compensation)

" offset= Tfiney,,

" fime_bin=6.25 ns / (Tfine,,, - Tfine,,,)

The same correction can be applied also to Ecoarse (using Efine) but only when in ToT mode:

Falling edge trigger time = frame_word + Ecoarse — (Efine — offset) - time_bin

" offset= Efine,,

" fime_hin= 6.25ns / (Efine,,, - Efine )

42



Time-over-Threshold measurement

ToT = Ecoarse — Tcoarse__10bit = 2

Tcoarse

* Tcoarse counter: 16 bits
* Ecoarse counter: 10 bits

* For this measurement use only
10 LSB of Tcoarse

35353530

Ecoarse l v l v l v

Tcoarse

43




Time-over-Threshold measurement

Tcoarse counter: 16 bits

Ecoarse counter: 10 hits

For this measurement use only
10 LSB of Tcoarse

Check for counters roll-over
(restart from 0 after it reaches

- M0 -1=1023)

1022 1023 O 1 2 3

Tcoarse = 1023 m

ToT = (Ecoarse + 1024) — Tcoarse__10bit = 2

44



Time-over-Threshold calibration

ToT[ns]

Compensate channel-to-channel offsets due to different thresholds set (depends on acquisition
settings) and transistor mismatches (fixed)

500

400

300

200

100

ToT curves for different V,,

llllllllllllllllll

TTTTTT

* Response is not linear

* Biggest contribution to channel-to-channel offsets
comes from threshold settings (not-fixed)

* Fit with the following function:

ToT =E - eA"eutB 1 Cc+ D . Q,

100
Q, [fC]

To be re-evaluated with longer duration input signals 5



