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Very high energy gamma ray astronomy

* A hundred of TeV gamma ray sources have been detected
by Imaging Atmospheric Cherenkov Telescopes
for example, PWNe, GC /, AGN , star burst galaxies and UnIDs

These lead to understanding radiation mechanisms

In particular, low energy (<50GeV) observations enable us to
study the early universe
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Analog Memory Cell(AMC)
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PMT+Amp —»] AMC K25 ADC

T Voltage MSamples wave form with fast
A

I speed 1GHz and high

$ ¢ « ° precision over 10bits
AN ; " @Reads out sampled data
DR I ~ 7. With slowly <60MHz
nsec order S BT  Slower ADC can digitize the
(DSampling 2O0utput

readout data

Why did we select not FADC but AMC system?
* better precision(>10bits)

* lower power consumption (order of mW)
(cf: power consumption of FADC is a few W)

* compact (locate AMC with PMT)



Signal to noise ratio

Voltage Voltage
original signal from PMT

7

== Chrenkov pulse
== NSB pulse
== clectr. noise

Inﬂuence of NSB : hlgher Time Influence of NSB : lower ~ Time
lower analog bandwidth higher analog bandwidth



Signal to noise ratio
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Signal to noise ratio
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== Chrenkov pulse
== NSB pulse
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Signal to noise ratio

s _ Integration time

Influence of NSB : higher
lower analog bandwidth
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keep original signal

== Chrenkov pulse
== NSB pulse
== clectr. noise

Time

Influence of NSB : lower
higher analog bandwidth

« Sampling with high analog bandwidth & minimizing
the integration time
1 reduce the influence of Night Sky Background



Signal to noise ratio

. Integration time
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Voltage

P

integration time
<>

keep original signal

== Chrenkov pulse
== NSB pulse
== clectr. noise

Time

Influence of NSB : lower
higher analog bandwidth

« Sampling with high analog bandwidth & minimizing

the integration time

1 reduce the influence of Night Sky Background

2 improves shower image finer

3 leads to lower threshold energy, better sensibility, better
angular resolution and better energy resolution



Target specification

AMC processed by 0.25um technology
- charge resolution (10 bits)
- Sampling speed (1 GHz)
- Analog bandwidth (300 MHz)
- enough to record original shapes of Cherenkov light signals
We can measure quantity of
Cherenkov light correctly



How AMC sample voltage

 AMC has mainly
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How AMC sample voltage

 AMC has mainly
delay line (CMQOS inverter)
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How AMC sample voltage

 AMC has mainly
delay line (CMQOS inverter)
sampling SWs (MOSFET)
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How AMC sample voltage

 AMC has mainly
delay line (CMQOS inverter)
sampling SWs (MOSFET)
capacitors

Delay Line

Capacitors

To ADC

Clock O—




How AMC sample voltage

 AMC has mainly
delay line (CMQOS inverter)

sampling SWs (MOSFET)
capacitors

reading SWs (MOSFET)

Delay Line

Capacitors

To ADC

Reading SWS
Clock O—




How AMC sample voltage

 AMC has mainly
delay line (CMQOS inverter)
sampling SWs (MOSFET)
capacitors
reading SWs (MOSFET)
digital block

Delay Line

Capacitors

To ADC

Reading SWS

Clock O—

digital block




How AMC sample voltage

M Sampling mode
@Reading mode

 AMC has mainly
delay line (CMQOS inverter)
sampling SWs (MOSFET)
capacitors
reading SWs (MOSFET)
digital block

Delay Line

Capacitors

To ADC

Reading SWS

Clock O—

digital block




How AMC sample voltage

Voltage @®Sampling mode
@Reading mode

 Switching pulse makes SWs ON and OFF 1 by 1

Switching Pulse time

ON OFF




How AMC sample voltage

Voltage @®Sampling mode
@Reading mode

 Switching pulse makes SWs ON and OFF 1 by 1

Switching Pulse
i ON OFF

iInput




Voltage

How AMC sample voltage

@®Sampling mode
@Reading mode

 Switching pulse makes SWs ON and OFF 1 by 1

Switching Pulse

iInput

ON

time
OFF




How AMC sample voltage

Voltage @®Sampling mode
@Reading mode

 Switching pulse makes SWs ON and OFF 1 by 1
« Wave form voltage is stored in individual
capacitor when sampling SW is off.

-
time

Switching Pulse
OFF ON OFF

iInput
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How AMC sample voltage

@®Sampling mode

OFF

Voltage
@Reading mode
 Switching pulse makes SWs ON and OFF 1 by 1
« Wave form voltage is stored in individual
capacitor when sampling SW is off.
f
Switching Pulse
OFF
>0
iInput




How AMC sample voltage

Voltage @®Sampling mode
@Reading mode

 Switching pulse makes SWs ON and OFF 1 by 1
« Wave form voltage is stored in individual
capacitor when sampling SW is off.
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Voltage

Switching Pulse

How AMC sample voltage

@®Sampling mode
@Reading mode

 Switching pulse makes SWs ON and OFF 1 by 1

« Wave form voltage is stored in individual
capacitor when sampling SW is off.
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How AMC sample voltage

Voltage @®Sampling mode
@Reading mode

 Switching pulse makes SWs ON and OFF 1 by 1
» Wave form voltage is stored in individual
capacitor when sampling SW is off.
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How AMC sample voltage

Voltage @®Sampling mode
@Reading mode

 Switching pulse makes SWs ON and OFF 1 by 1
» Wave form voltage is stored in individual
capacitor when sampling SW is off.
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How AMC sample voltage

@®Sampling mode
@Reading mode

Voltage

 Switching pulse makes SWs ON and OFF 1 by 1
» Wave form voltage is stored in individual
capacitor when sampling SW is off.
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How AMC sample voltage

@®Sampling mode
@Reading mode

Voltage

 Switching pulse makes SWs ON and OFF 1 by 1
» Wave form voltage is stored in individual
capacitor when sampling SW is off.
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How AMC sample voltage

@®Sampling mode
@Reading mode

Voltage

 Switching pulse makes SWs ON and OFF 1 by 1
» Wave form voltage is stored in individual
capacitor when sampling SW is off.
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Switching Pulse
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Voltage

Switching Pulse

How AMC sample voltage

@®Sampling mode
@Reading mode

 Switching pulse makes SWs ON and OFF 1 by 1
» Wave form voltage is stored in individual
capacitor when sampling SW is off.
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How AMC sample voltage

@®Sampling mode

Voltage
@Reading mode

 Switching pulse makes SWs ON and OFF 1 by 1
» Wave form voltage is stored in individual
capacitor when sampling SW is off.

i

Switching Pulse

>0
_ | Changing to
Input ¢ reading mode




How AMC sample voltage

Voltage
@Reading mode

Switching Pulse time

To ADC

Clock O— digital block




How AMC sample voltage

Voltage
@Reading mode

« Read SWs are ON 1 by 1 to digitize stored data

Switching Pulse time

) ) ) To ADC

Clock O— digital block




How AMC sample voltage

Voltage

Switching Pllse time

@Reading mode

-

« Read SWs are ON 1 by 1 to digitize stored data

To ADC

Clock O— digital block




How AMC sample voltage

Voltage
@Reading mode

« Read SWs are ON 1 by 1 to digitize stored data
 Reading speed is slowly (<60MHz) than
sampling speed (1GHz)

Switching Pulse\‘\ time

) ) ) To ADC

Clock O— digital block




How AMC sample voltage

Voltage
@Reading mode

« Read SWs are ON 1 by 1 to digitize stored data
 Reading speed is slowly (<60MHz) than
sampling speed (1GHz)

Switching Pulse time

) ) ) To ADC

Clock O— digital block




How AMC sample voltage

Voltage
@Reading mode

"+ Read SWs are ON 1 by 1 to digitize stored data
"+ Reading speed is slowly (<50MHz) than
Y sampling speed (1GHz)

Switching Pulse Y time

) ) ) To ADC

Clock O— digital block




How AMC sample voltage

Voltage
@Reading mode

« Read SWs are ON 1 by 1 to digitize stored data
 Reading speed is slowly (<60MHz) than
sampling speed (1GHz)

Switching Pulse AN time

i - i To ADC

Clock O— digital block




How AMC sample voltage

Voltage
@Reading mode

« Read SWs are ON 1 by 1 to digitize stored data
 Reading speed is slowly (<60MHz) than
sampling speed (1GHz)

Switching Pulse . time
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How AMC sample voltage

Voltage
@Reading mode

« Read SWs are ON 1 by 1 to digitize stored data
 Reading speed is slowly (<60MHz) than
sampling speed (1GHz)

Switching Pulse > time

- T T To ADC

Clock O— digital block




How AMC sample voltage

Voltage
@Reading mode

« Read SWs are ON 1 by 1 to digitize stored data
 Reading speed is slowly (<60MHz) than
sampling speed (1GHz)

Switching Pulse T~ time
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How AMC sample voltage

Voltage
@Reading mode

« Read SWs are ON 1 by 1 to digitize stored data
 Reading speed is slowly (<60MHz) than
sampling speed (1GHz)

Switching Pulse ftme
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How AMC sample voltage

Voltage
Finished
« Read SWs are ON 1 by 1 to digitize stored data
 Reading speed is slowly (<60MHz) than
sampling speed (1GHz)
Switching Pulse time

Signal from PMT is digitized

) ) ) To ADC

Clock O— digital block




Design ~analog bandwidth~

Switching Pulse —
OFF ON OFF

iInput

L L/
]
L[/
R

Buffer resistance Rin ‘ Analog bandwidth - (-3dB)
N f 1
R R R —
Input signal 2r(RC + NR;,,C)
/\/ vin z 0o 1 R : SW ON resistance
7 C : capacitance
= C = C == p
= V out R..: resistance of output buffer
\ 4 \ 4
V., . - - = -keep low N to improve f

Vi 1+ jwRC + joNCR,,



Test Element Group(TEG)

* We Fabricated 6 types Test Element Group as test pieces
* TEGs have different capacitor and architecture

. . §§EN s READ CONTROL
- capacitance Architecture " AT
PRST § TEGI_1 channe

. Analog 1N ¢ TEGI_2 channel 1
TEG 1 Typ I Cal WIEE:EM 3 TEG]_2 channel 2
Analgﬁ:ﬂl" 2 TEGZ channel |
TEG2 751:': Sym m et ry MEISI%STI" 2 TEGZ channel 2
MEISF%STI" 2 TEG3 channel 1
A 'g';:ST'" TEG3 channel 2

TEG3 Simple wo |
SDINZ & READ CONTROL
. AnalogSIM Q TEG4 1 channel 1
TEG4 Typ I Cal AﬂaIEES:l[I_M Q

TEG4 1 channel 2

Analge IN 2 TEG4 2 channel 1

TEGS 400f F Sym met ry Analoe JH TEG4_2 channel 2
. MQISI%STIM 3 TEGS channel 1

TEG6 S| m p | e Analoe J0 3 TEGS chennel 2

MEIF?F%STI" 3 TEG6 channel 1
MEISI%STI" 3 TEG6 channel 2




Linearity

/5fF TEG linearity

average of output voltage [mV]
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400fF TEG linearity

average of output voltage [mV]
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Noise(RMS of measured voltages)

Noise standard deviation [mV]

no significant difference among TEGs
with the same capacita@ce
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TEG1(75fF previous design)
€ TEG2(75fF symmetry design)

@ TEG3(75fF simple

s ®
. .
®
®

design)

® TEG4(400fF previous design)

TEG5(400fF symmetry design)

® TEG6(400fF simple

1000 1500

design)

2000

L 24

2500

Input Voltage[mV]

X axis:
iInput voltage

Y axis:

standard deviation of output
voltages in 32 cells for

1000 events with the
constant input voltages

Typical noise voltages
0=0.8mV 75fF TEG],2,3
0=0.4mV 400fF TEG4,5,6

resolution for 75fFTEGs
2.2V/0.8mV~10bits

resolution for 400fFTEGs
1.6V/0.4mV~11bits

Achieve target 10bits!



Relative Amplitude (dB)

=

I...}-J A |.J

Analog bandwidth

« TEG3 is the best among TEG1~3 ,TEGG is the best among TEG4~6
-Simple TEGs show the best analog bandwidth

* The better Analog bandwidth is shown in the operation with the smaller N

N is the number of ON switches
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TEG3(75fF Simple)
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Simulation of analog bandwidth

Buffer resistance Rin

R R R

Input signal

Before l\/ z °e° 2

Input signal ——=

After

float capacitor in input line = = =



Simulation result

Amplitude (dB) ~ —OPF, —10pF, —20pF, S0pF
0
-1
-2
-3
4
5
-6 float- capacitor ~50pF?
-7
10 20 30 100 200

% simulation(hspice) Input frequency(MHz)



Summary

 AMC contributes to lower threshold energy
» Good results except for analog bandwidth

* Analog bandwidth of 100MHz should be
improved

- extra capacitance and resistance limit
analog bandwidth

- The smaller N gives a better analog
bandwidth

« Simple Designs like TEG3 and 6 make
analog bandwidth higher



Future plans

* | would like to contribute to design study of CTA
and the upgrade of MAGIC, especially to the
readout electronics with my experience

* | am also motivated to challenge new hardware
developments: advanced photo detector SiPM
etc

* This development contribute to achieve better
sensitivity in low energy especially to study
extra galactic sources and fundamental physics



Thank you for your attention



Back up



Test setup
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NT/ I AMC daugh'ter board




Results
. | e | Tee2 | TEG3 | TeG4 | TEGS | TEGE

Switch speed(GHz) ~1 ~1 ~1 ~1 ~1 ~1

Dynamic range(V) 2.2 2.2 2.2 1.6 1.6 1.6
Linearity(maximum residual) 15 15 15 10 10 10

(mV)

Gain 0.38 0.38 0.38 0.74 0.74 0.74
Average of noise(mV) 0.76 0.82 0.84 0.42 0.41 0.42
resolution(bit) 10.1 10.0 10.0 11.4 11.4 11.4
Analog bandwidth N=10 <100 <100 ~100 <80 <80 80

(MHz)

red : clear target spec blue: NOT clear target spec



Test Element Group(TEG)

-y Fabricated 6 type test element group

TEGI_1 channel 2 e %%

=5 - different capacitor & architecture

TEGI 2 channel 2 =g b
TEGZ channel 1 2 o

& * Add to differential system

TEG3 channel 1 £ on7

TEG3 channel 2 Ske g1 - have a Clone TEG

READ CONTROL ¢ SETVREF2

= - take a difference between two TEGs

met -One has a signal with pedestal

TEG4_2 channel 2 ke 8:}%

G | -The other has a just pedestal for
It e | canceling out common noise & offset
In chip
. Offset canceling | Offset canceling .
oo SOy Ot o | e
TEGI1 OMOS Common Typical
TEG2 15fF 1 by 1 128 Symmetry
TEG3 NMOS y Simple
CMOS
TEG4 CMOS Common Typocal
TEGD 400fF 1 by 1 64 Symmetry
y

TEG6 NMOS Simple



Offset canceling SW formation

ni =>oP>o l>°1>°——|>°4>°—‘(ﬁ>°4>"_ Offset canceling SW formation
I [~ 1| COMMON
samp | ing sampling
( ( ( 4 This is called as typical.
L L L 3
T T T T °
readingl :/6' reading2:/6' 26' :’6' i__- _: ADG
L TP
././ T 76V
= shift register )\)\ .
Offset canceling SW formation
DIN -—[>o1>o——|>o—[>o——|>01>0—<ﬁ>‘>|>°*

sampl ingl [*

1 by 1 (individual)
CMOS switch type (symmetric)
NMOS switch type (simple)

For T T &

readingi y - ) ) !
(6- :- (RSN (R VIS (I SNV Gy R A ——— G E— J:: ADC
.25V T 25v T.25V 1.5V
|| ] 1] 25

LK ol Sh' - : '\'\ :
ST g ift register
SO SETVREF




Design ~Offset canceling~

input Sample SW is CMOS but simplify NMOS now

High: 2.5V

OFF ||

oN |
|\J |\Z Low: OV
\\ X

— almost Same g Cancel out charge!
1 /Capamtance 1 ge:

| ’X High: 2.5V | ﬂ
ON OE

Low: OV
Setting reference voltage SW

1.25V ey
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Design ~Thermal noise~

Noise voltage Vrms [mV]

the less capacitance , the more

noise

60

65

70 7

5

80

Cell capacitance [fF]

[ KT
‘/fr‘ms — —
C

k:boltzmann constant
C:capacitor
T:temparture

target voltage
Vrms:0.25mV

we safely setting
(dynamic range1V
&12bits )

1/212x 1V=0.25mV

select 75fF



Switching speed

Q
21800
431
-
Y axis : ADC count | Si700
X axis : Cell ID <
1600

Input:100MHZz 1500
sinusoidal wave
(period 10nsec) 1400

—t__
-
——
—
——
—

1300

The number of data
points in 1 cycle 1200
about 10

$

Switching speed
~1GHz
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o
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Cell ID (time)



nalysis method analog bandwidth

TEGS6, 20 MHz

1.Input various frequency wave
2 fitting wave 3.estimate amplitude

2200

ADG Va
=
(=)
(=]

A

1 ndf

802.8 /59

0

1410= 0.5493

679+ 0.7083
0.001+ 1.542e-06
-2.762+ 0.002352
0.01867 + 1.024e-05

1000
800 V
C o
600~ , |l e e
0 10 20 30 40 50 60 .
time
TEG6, 80 MHz 221 ndf 4276/ 59
Prob 0
g F po 1431+ 0.5058
N pt -385.2 £ 0.6976
3‘300‘ A p2 0.002561 + 9.661e-05
2 p3 3.761< 0.00382
p4 0.07551+ 1.607e-05
1600
1400
1200
1000 .
=T R R B R B R
0 10 20 30 40

60 .
time

TEG6, 50 MHz

(=1
o
o

ADC Valye
[e+]
o
(=]

1400

A

¥Z 1 ndf
Prob

p1
p2
p3
p4

6341759

0

1431+ 0.518
535.9+0.7031
0.003027 £ 7.337e-05
-0.4286 + 0.002648
0.04697 + 1.14e-05

1200—
1000 —
C .
.
800— *
RN RN R RN A AR B
0 10 20 30 40 50 60 t.
| TEG6, 100 MHz | ¥2 1 ndf 2965 / 50
Prob 0
Sis00— po 1440 £ 0.5036
S r A p1 297.4+0.7075
Y700 p2 0.001605 + 0.0001287
- p3 -2.091+ 0.004898
= p4 0.09435 = 2.035e-05
1600
1500[—
1400 —
1300,
= .
1200
11007 .

o

60 _,
time




Discussion residual in liner fit

Vertical axis: residual liner fit cell by cell

Horizontal axis: cell ID
Voltage[mV] residual liner fit TEG1-1

error bar is standard deviation

32

Cell ID

different by in put voltage & cell

4

but error bar iIs
not almost different!

4

We need to know residual by
cell & input voltage

Temperature depends on residual?
(will check when | come back Japan)



Design ~analog bandwidth~

Switching Pulse —
OFF ON OFF

iInput

L L/
]

I
L1y
1

‘ Analog bandwidth : f (-3dB)
Buffer resistance Rin o 1
0\ B 2 N n
= R R m(RC + NR;,,C)
Input signal
Vin z z R : SW ON resistance
l\/ @ 0 0 ~2000 Q
y C : capacitance
—=C =—=c cC = 60~1000fF
= Vout R..,: resistance of output buffer
\ 4 \ 4 ~200 Q
Vout 1 - -

Vi, 1 + jwRC + jwNCR;, -keep low N to improve f



Difference of gain

readingl :}6

samp| ing2 ;é samp | in,lg;‘é‘.J

[»]
reading3 /4
E ((

ADG

&

Cp




AMC Power consumption
I L G

AMC+AMC test board +FPGA(reading board) 10400
FPGA(reading board) 7490
AMC+AMC test board 2910

%AMC test board including input buffers(*8) & ADC power consumption



Target specification

AMC processed by 0.25um technology
- charge resolution (10 bits)
- Sampling speed (1 GHz)
- Analog bandwidth (300 MHz)
- enough to record original shapes of Cherenkov light signals

We can estimate light of shower correctly

/ <>

== Chrenkov pulse
== NSB pulse
== plectr. noise

Time




