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— Motivation for Serial Powering
— Overview for ATLAS and CMS

— System Level Test Results so far

- example test from FE-14 demonstrator

— current RD53A test setups

— Optimisation of System Parameters:

—  Current Headroom

- Slopes and Offsets

— Relevant Improvements in RD53B
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— Motivation for Serial Powering

— Overview for ATLAS and CMS

— System Level Test Results so far

— Optimisation of System Parameters: Current Headroom, Slopes and Offsets

— Relevant Improvements in RD53B

the talk will be a bit ATLAS heavy

my apologies for that!

28.05.2020 ACES Workshop 2020
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— upgraded pixel detector for ATLAS and CMS

— will have significantly more modules than their predecessors
— will have significantly more pixels per area than their predecessors
- will feature a similar services volume as their predecessors

— currently used parallel powering scheme is not feasible

- example ATLAS: assuming a current consumption of 1.25 A per direct parallel powering: 250 kW on services
readout chip and AWG 14 cables to power all the chips from the
- g o oP P @ e
service caverns to the modules: ;“Iﬁ
~ > 250 kW dissipated on services | O L
)
- Ccom pa red tO ~70 kW dEIlverEd power 10% of required space 100% of available space

28.05.2020 ACES Workshop 2020 5
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— two alternatives for direct parallel powering

- parallel powering with DC-DC conversion close to the module

- significantly lower ohmic losses on major part of services

example for service envelope
for the ATLAS ITk Pixel detector|

A R270

D. Alvarez Feito

R261.5 » i

S. Michal

— POL DC-DC converters close to modules with shielded air coils . . pere:

— space constraints effective rule this out

— serial powering of pixel modules

— Shunt-LDO regulators on modules/chips

- ‘recycle’ current from one module to another

- details of implementation not always straight forward

1 cable forn
modules

comparison with
previous example:
30 kW dissipated on
services compared
to 250 kW in direct
powering

28.05.2020
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Overview for ATLAS and CMS
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= L L L A N R .
CMS Phase 2 Tracker Layout E  1400-ATLAS Simulation Internal -
o« I ITk Layout 3
0.0 02 04 06 08 1.0 12 14 1200 n=1.0 -
n | / - Outer ’ C ]
E T Tracker 1000 ]
= — . n=20
ol 25 by y 800, 3
o e HH H“ || ” || 20 C ]
- H H ”H H” ”“ 22 600; ]
— I I [ 1 I ' - 1
w_;mmi\\\§\ PN Iy Iy Il Il 1l 24 = s
SRt NN (N (R TR N & . neso
= i it [ Il Ll E .
S W W W R W T : ; " Tracker ~ 52 200¢ n=40 -
AN [ ) ! f { i 4.0 B BB ]
u TFPX [ f TEPX | i 2 L T Lo b b b Iy
] q % 500 1000 1500 2000 2500 3000 3500
bz z [mm]
- serial powering to be deployed in - serial powering to be deployed in the pixel detector

- 3900 pixel modules with 2 Gigapixels (124 M in Phase-1)

8372 pixel modules with 5 Gigapixels (100 M in Phase-1)

900 serial powering chains with up to 14 modules per chain

- 500 serial powering chains with up to 12 modules per chain
- 13,256 readout chips - 33,092 readout chips

- 4 layers with about 5 m? of active silicon - 5 layers with about 13 m2 of active silicon

28.05.2020 ACES Workshop 2020 8
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Electronics cavern i
To Readout : :

From Readout 4 =

Sensor
bias (HV)
| Experiment ITk detector

cavern volume
FE power
w)
DCs
Controller
Power (Vcan)
To DCS
computer

Type 4 Type 3 Type 2 Type 1
services | 3 senvices PP senvices | FP1  services
!

= O -

I Jonly in ATLAS

Interlock

— example schematic from ATLAS including Monitoring of Pixel System Chip

- 2 HV lines per Serial Powering Chain in most of the detector — sharing a common ‘return’ line with the LV
- both HV and LV lines share a common reference with the MoPS at a starpoint on the local supports

- no active components in both LV and HV lines between modules and power supplies

- AC coupled data transmission lines to the optosystem

28.05.2020 ACES Workshop 2020
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Test Results so Far
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- consequences of distributing the HV in parallel to sensors that are bonded to serially
powered readout chips

- in both systems, the High Voltage is negative with respect to the local module ground
- expecting regularly during operations that LV will be switched on, but HV will be switched off

- this generates an effective bias voltage on some of the sensors in a chain, and a leakage current that is returned
through the HV power supply or through other sensors

Lv3 +

(Er:s;\ : B

. . B Low Voltage Local Module Ground
—
l=p I=p - lleak

T =780 V High Voltage
-

L o o o Nlesk

T

. sensor || Regulator -FE Chip
I

28.05.2020 ACES Workshop 2020
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our standard HV power supplies have| =
- ahigh-ohmic off-mode = |

> generates a forward bias on the | -
last one or two modules in a chain | . .
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VGlobal Vsensor sense wire_

13.40DP12-0.3

measurements with ATLAS OB FE-14 demonstrator

one serial powering chain with 7 modules, one HV line

EE %\H‘:} m*if - BM4 and BMS5 were disconnected from common HV line
EE _ﬂ_@cgk R ——CH due to broken sensor
% I dﬁ% - - measurements repeated and consistent with 2 HV lines
H B iy per chain
EE ., = 954% of LV induced leakage current are returned
a . - through the last module in the chain
H o C;Lerd . - unclear if this presents a risk after irradidation (several
BEEE o | ms mA expected)
|Modu|e Voltage Drop [V]J R_HV [Ohms]| Vglobal [V]J Vsensor [V]| Drop over R_HV [V]| ISensor [uA]
|BM1 2.12 11000 0.701 0.368 0.333 30.27
|BM2 1.78 10000 0.701 0.724 -0.023 -2.30
|BM3 1.95 11000 0.701 0.92 -0.219 -19.90
[Bma 1.99 11000 0.701
|BM5 2 11000 0.701
|BM6 2 11000 0.701 0.742 -0.041 -3.72
|BM7 2.01 11000 0.701 0.754 -0.053 -4.81
28.05.2020 ACES Workshop 2020 13
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— what remains is an effective bias on almost all modules even with the HV switched off
— this bias is mostly small compared to the depletion voltage of planar sensors
— it can be sizeable even in short serial powering chains for 3D sensors

— ATLAS will build the innermost layer with such sensors different HV distribution scheme chosen

= High Voltage
QJPL*V;' : S l—_| . '_I‘— : l—‘—| = lﬁ —~ lﬁ - _| - Local Module Ground

. K:L: . z::-L . :zs+ e Z:-L Low Voltage

T || s

B 1 I A 1 ——
LG\:‘;OD . . . . B . B B leal
T : .Sensor 1l Regulator -FE Chip
J:H\HS — —
R : S Sl . . .
[T I P PRSP — short chains in LO (3 to 5 modules per chain) allow to use
o one HV channel per triplet
L T T . } T T . .
L - referencing through local module ground still to be tested

28.05.2020 ACES Workshop 2020 15
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powering scheme

Scenario SC1 SC2 SC3 =

common referencing of multiple serial
powering chains

B

- economize usage of ATLAS MoPS chip — direct . ] i [ [ i i
connection on PPO ] | T configuration as

— all other serial powering chains will be electrically 3 o | used in-OB
connected trough their low impedance tie to the ITk  |: * 1= —— demonstrator
reference in ATLAS i o R

- seems to be okay for operation, although needs to be | || = Lo Lo L
tested in combination with HV distribution scheme T RN
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— full system level tests available only with FE-I4 prototypes so far

- tests have revealed relevant information for SLDO and system design
— next stage of testing in ATLAS uses RD53A chips

— SLDO regulators in RD53A have some of the same short comings as the FE-14 SLDOs
— CMS has tested RD53A chips in combination with RD53B-like SLDO test chips

28.05.2020 ACES Workshop 2020
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— ATLAS and CMS test setup with RD53A SCC and different readout systems

- combined 8 bare chips and 8 single chip assemblies with various sensors
— flexible setup for testing different combinations of the 16 SCCs
(/N Ay .

v

LV return

FPGA #3

[ M8 f———'FpGA#4

a) 16x1 b) 8x2
16x “Single-chip-modules” 8x “Double-chip-modules”
= g S

|IVI1| |IV|2|
H
I_i_l

M1
| M2 |
| M15 | | M16 |
! M16 |
1.1A

e T

2.2A

L — T
‘-r — a100104d 053

c) 4x4
4x “Quad-chip-modules”
[ 1 1 ]
| M1 | | M2 | M3 | M4 |
T T | I
T
| 1 |
M13 M14 | M15 | | M16 |
| d ]
4A

m
(7]
o
°
X

'|

F. Hinterkeuser, S. Kuehn, MH

R. Seidita, D. Koukola, S. Orfanelli, G. Sguazzoni, S. Paoletti, M. Meschini, A. Cassese,

28.05.2020 ACES Workshop 2020
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— test results confirmed previous observations
— SLDO startup issues in RD53A — should be much better with new pre-regulator scheme in RD53B

R. Seidita, D. Koukola, S. Orfanelli, G. Sguazzoni, S. Paoletti,
M. Meschini, A. Cassese, F. Hinterkeuser, S. Kuehn, MH

2 : [IN
18 18 )
1,6 1,6 /
e 14 L M1 VIN1
—12 — 12
P 2
= 1 b 1 I
= > ;
0,8 0,8 y
' == VIN2
0,6 M2
0,4 |
02 :
0 1
0 02 04 0,6 08 1 1,2 14 0 0.2 04 06 08 1 1,2 1,4
Total chain current [A] Total chain current [A] M16 VIN16
Ramp up Ramp down —<—I

28.05.2020 ACES Workshop 2020 19
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— test results confirmed previous observations
— SLDO startup issues in RD53A — should be much better with new pre-regulator scheme in RD53B
— parallel powered SLDOs show more homogeneous startup behaviour — ‘kickstart” effect

R. Seidita, D. Koukola, S. Orfanelli, G. Sguazzoni, S. Paoletti,
M. Meschini, A. Cassese, F. Hinterkeuser, S. Kuehn, MH

? IIN

1,8

1,6 1

1,4 | 1 1 |

12 M1 M2 }vmz M3 M4 VIN4
% 1 [ | 1 |

0,8 - '

0,6 i

. [ S 1 1

M1 M1 M1 M1
0,2 3 A >V|N14 5 6 VIN16
0 | | 1 1 |
0 0,8 1,6 2,4 3,2 4 48 56 v ] h
Total chain current

28.05.2020 ACES Workshop 2020 20



vV

UNIVERSITAT

R. Seidita, D. Koukola, S. Orfanelli, G. Sguazzoni, S. Paoletti,
. . . M. Meschini, A. Cassese, F. Hinterkeuser, S. Kuehn, MH
— test results confirmed previous observations
— SLDO startup issues in RD53A — should be much better with new pre-regulator scheme in RD53B
— parallel powered SLDOs show more homogeneous startup behaviour — ‘kickstart” effect

— currents through sensors depend on PSU off-modes in the standard HV distribution schemes

Pos in scC Sensor V(lin) [mV] V(lout) Posin scc Sensor V(lin) [mV] V(lout) ClassName: HV
chain voltage [V] [mV] chain voltage [V] [mV] Net Class
zoider pad for HV - '\\
1 281 95 3 0 1 281 9.8 2.7 0 u D_H’\_D_\‘
2 201 8.1 -49 0 2 201 8.4 -49 0
lCE
3 196 6.6 -44 0 3 196 7 -42 0 L =
4 108 5.2 58 0 4 108 56 -59 0 “brv reTufy B0 100n
5 282 37 16 0 5 282 415 14 0 scler pait for IV catarn 100k
GND

6 313 2.5 17 0 6 313 272 -15 0
7 284 0.76 2 0 7 284 -1.304 -1.9 0
8 308 0.73 162 0.6 8 308 0.04 1.2 158.7 PSU behaVlourS emUIated thrOUgh

open or shorted connection

High-ohmic off mode Low-ohmic off mode

28.05.2020 ACES Workshop 2020 21
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— test results confirmed previous observations
— SLDO startup issues in RD53A — should be much better with new pre-regulator scheme in RD53B
— parallel powered SLDOs show more homogeneous startup behaviour — ‘kickstart” effect
— currents through sensors depend on PSU off-modes in the standard HV distribution schemes
- no significant difference in chip performance between different configurations

R. Seidita, D. Koukola, S. Orfanelli, G. Sguazzoni, S. Paoletti,
M. Meschini, A. Cassese, F. Hinterkeuser, S. Kuehn, MH

RDS53A preliminary Chip S/N: 0X0B75

Threshold distribution for enabled pixels
Electrons
64 314 565 815 1066 1316 1567 1817 2068

7000
6000 o
5000

1= 4000

5
3000 1
2000 4

10004

AVCAL

16x1

RD53A preliminary

Threshold distribution for enabled pixels
Electrons
815 1066 1316 1567 1817 2068

8000 4
7000 4
6000 1
n 50001
£

'S 4000 4
%

3000+
2000 4

1000 4

Chip S/N: 0x0B75

RD53A preliminary
Noise distribution for enabled pixels
Electrons Electrons

Chip S/N: 0x0B75 RD53A preliminary Chip S/N: 0x0B75
Noise distribution for enabled pixels

200 250 300 350 60 80 100 120 140 160

1000

# of hits

A VCAL

Ax4

20 25 30 35
A VCAL

16x1

28.05.2020

ACES Workshop 2020
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- CMS tested RD53A SCC chain with RD53B-like SLDOs

 — ﬁ S por——
a1y Pa1ocioly oo ! v | Tonv porostoid a3 TW

in in
12_ , f3

, 1" -0.5A/div |

I, I, [in_0.5A/div |

Sguazzoni, S. Paoletti, M. Meschini, A. Cassese

better startup behaviour

RD53B like external SLDOM_J____

il

better current sharing

28.05.2020 ACES Workshop 2020
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— ATLAS and CMS building larger setups with RD53A

RD53A Module: MSPQ5

Threshold distribution for enabled pixels ATLAS R D53A S P Stave

Electrons
1740 1844 1948 2052 2156 2260 2364

To BDAQ

BOOO 1-(7=T80 AVCAL
= (2057 =63} e~

7000 115 66 avca

=(88zllc

EoS Card

Fit results:
= 180 AVCAL
1 50001 =(2056%631e"
£ -

5 4000 | =(44£0je-
®

|Failed fits: 6423

oA A
OO

2000

1000

3000 .
J~1ype-0” services
2000
1000 g
o
150 160 170 180 190 200 210 = s
AVCAL RD53A quad chip modules &
RD53A Module: Q5_SPC
Threshold distribution for enabled pixels
Electrons
1740 1844 1948 2052 2156 2260 2364
8000
=181 BVCAL
- (20582 63) e~ 2 Mechanical support and
7000 T
= 6.8 AVCAL
“inzle- cooling structure
6000
Fit results:
=181 AVCAL
i 5000 =(2058 %63 e~ |
1 9
- 4
s 4000 {72 {3 3 P
R =
3000 4 (Failed fits: 5453 | =

F. Hinterkeuser, M. Daas, M. Frohne, F. Huegging, H. Krueger, D-L. Pohl, M. Standke, M. Vogt, MH

modules M

Voltage [V]

|

S RD53A Setups

s el
—

—M1

M4

5 6
Input current [A]

R. Seidita

D. Koukola
S. Orfanelli
G. Sguazzoni
S. Paoletti
M. Meschini
A. Cassese

28.05.2020 ACES Workshop 2020
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System Parameter Optimisation
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- SLDO - simplified schematic for system parameter analysis
SLDO I-V characteristics in operation

range determined in good
approximation by 2 paramters:

vin & . as long as the

SLDO is operational - Vofs, generated by reference current

= through external SMD resistor

n - 1Vofs + Reff “tip

- - Rext, SMD resistor on module flex

R
ofs ~ Iofs + k2 ) Iin

Gnd <&

— ATLAS and CMS will be using multi-chip modules > parallel operation of several Z-diodes/V-sources and
resistors — from the outside, the module looks just like one SLDO

FEEEF . | 1 I+
50 0 A 0 Y UModule = —5= =
1 = Vi+ R 1; R
‘ Ly = ZL ‘

28.05.2020 ACES Workshop 2020 26
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offset voltage and slope resistance can be chosen by the value of external SMD resistors

which values to choose? several constraints:

- Vin>1.4V
- Vin<2.0V . _ _ N
0 Possible Configuration Combinations
- local current headroom > ¢ 1.0
o . 20 % Headroom
- studies done in ATLAS and CMS — 09 0.75A load per domain
£ Mismatch of 4% for R, Vofs
= .5 0.8
] Sslie 2 b
£ 14 £ 14 —_
5 18 % G 18 g v 0.7
§1e N | 3L 23l |5 o6
7] 7]
1.4 10 14 10 H 0.5
1.2 1.2 E
1 1 5 04
o
0.8 0.8 £ 03
i X o o
o8 e PR A, Nidriche
0.4 0.4
0.2 0.2 0.1
, 0.6 0.8 1.0 12 14
1.5 2 1.5 2
Qffset Voltage [V] Offset Voltage [V] Vofs [V]
A} 7
ATLAS quad chip module and triplet with 10% headroom and 1% mismatch, CMS quad chip module with 20%
detailed model for current consumption in analog and digital parts headroom and 4% mismatch

28.05.2020 ACES Workshop 2020
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— offset voltage and slope resistance can be chosen by the value of external SMD resistors

. Ideal Slope Ratio
- Wh'Ch ValueS tO ChOOSG? Layer ISection Subsection Digital/Analog
LO Iflat
Q Q Q L1 Iflat
- conflicting requirements PEm— e
L2 Iflat short chain
L3 [flat long chain
'E' “r T T '. L } 12 - 2_ T T LN B 6 S L3 Iflat short chain
g r for fixed offset el £ L for fixed offset = L4 flat long chain
—_— r | [=] o L i ﬂ i
g F refer larger slope - —{10 £ r refer lower slope 1" *° 2 L4 Mt ghort chain
o 15 — - §- 1.5 = ] barrel rings
o N for most efficient 7 | £| |& "} resistance for 5 = L1 barrel rings
L 4 £ B e . - L2 barrel rings long chain
F use of global ] g i minimization of os & = barrel rincs ——
C current headroom /=6 ¢ i detector power a 13 parrel rings long chain
- - ] L L3 barrel rings short chain
4
r ] 4 - o 'g L4 barrel rings long chain
05— 0'5'__ L4 barrel rings short chain
C ‘- 5 + 3.5 LO rings
L | n— i 5 L1 rings
ou-' T S B R T “l;‘ 5 — gy tg ::22
Offset Voltage [V] ’ Offset Voltage [V] 4 rings
Vi -V, - different values for each layer in the
2= (14 Spopa)(1 —2) [ 1+ -1 detector?
R(l — I)Il\-fuc']u]e
- low power mode not so low power?
28.05.2020 ACES Workshop 2020 28
p
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each FE chip will require a certain current to operate properly, this is the required current | . i eq

required

we supply a constant current for the SP chain

if the required current is larger than the supplied current
the chip won’t work properly any more

is not constant but a function of time

ATLITPDEMOL:DesC1/SCB1/ChipS. Actual ModuleVoltage: ATLITPDEMO1:DesC1/SCB1/Chip5.Actual ModuleVoltage —

1 Cur

rent headroom
1 |

Failure

shunt-LDO

Power burned in

Chip max

ATLITPDEMOL:DcsC1/SCBL/ChipS. Actual ATLS

NMW

|3-BT reset

i

TR ﬁtreaiw:ecreased again ..

\

module configured

GBT configured GBT reset

FE-i4 misconfiguration
modules power cycled

¥7 ATLITFDEMO1:DcsC /S 0B 1/Chips Actual Modulevoltage 175515

current Digital current
Chip current Analog current | ¢
1/SCBL/ChipS. Actual - o ox Tek J. @ Acq Complele M Pos: 2,000ns TRIGGER
HE i Typ
‘v i Flanke
an |

—_—
— #-Mjhli"ﬁxw |

L :
5 < > +— noise occupancy tuning 1]
: threshold scan +—>

threshold scan threshold scan

osodams méa s ssadaana scadana Casdams ' aseduen
R ey

Flanke

Modus
Norrnal

Kopplung

CH1 200mY  CH2 200mY M 100ns
CH3 200mb  CH4 20.0mY  Math, 20.0mY

28.05.2020
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— we can only supply the total input current — the fraction that each chip gets depends on many parameters

I S
L LR

R

‘true’ parameters are k;, I ;, R

R

ext,i? " ‘ofs,i

these parameters may vary

ki, loss i+ Process variation, T dependence, not configurable

- we won’t have perfectly balanced chips and we will not build perfectly balanced modules

- the overall SP current headroom must handle these
variations on top of the spikes in digital current consumption

- small variations can have a significant impact on the system here

- 10% smaller offset voltage for single regulator leads to a
~30% increase in the power dissipation in the services

ext,iv Rots,i- SMD tolerances, flex PCB design and manufacturing

rrent Headroom [%]

Global Cul

Required Shunt Current as a Function of DVofs

assuming a baseline
headroom of 10%

Delta Vofs for victim regualtor [%]

FE Temperature (°C)

-13.459 Max

Pipe/Axis

- in most FE chips, the extra current would be shunted — only adds to the already inhomogenous power distribution

28.05.2020 ACES Workshop 2020
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— precision resistors need to be used for the offset and slope SMD components E :L”:;':‘:g“:fk'\rtezaej&

. nn D-L. Pohl, M. Standke, M. Vogt
— level of mismatch from process variation? 0 andke, M. Vog

IV_curve_D_slope 10t V_curve_A_slope

5045 chips total

- indication from waferprobing data of RD53A chips
- variation of k-factor and offset currents significant

74.39% in green
jow

Entries
Entries

- poorly matched modules with 1c variation in
either of these variables can lead to failure in
poorly matched modules:

— 1o variation in slopes: -1.5% local headroom
- 1o variation in offsets: -15% local headroom

- do we have to handpick chips that go on one module?

Entries

- don’t expect this to be necessary (see improvements)
- algorithm developed for chip matching if it is

10-1 4

28.05.2020 ACES Workshop 2020
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Improvements in RD53B

28.05.2020

ACES Workshop 2020

32



/

UNIVERSITAT

improvements we expect in ITkPIxV1/RD53B-XYZ

- significantly improved startup behaviour, also at cold temperatures
- undershunt current protection — should limit impact of SLDO overloading
- overvoltage protection - caps input voltage at about 2 V

common offset voltage for analog and digital domains and option for common offset voltage for all chips on one module

Line Regulation: Input Voltage
Tek Run. T 1 | Trig'd 2 OD | 800
| | 8 | . - g 14
L~ Awvzops — aiseomv) : T 700 =
- 800 Mrad . 175 | . 5
‘ s s, ——— ) 600 ] 12
i) Tl I IR \ 1.50 515
=Tl Wil %] L/ ! |» o
| f {
o ty e o > 1.25 500
GIUDCITEN: i T S py g
‘ | T—Vin £ 1.00 400 z
Y 4 o =
’\‘. ./ ‘\\ ) iy /._/\.\ /_/ > 300 =
IS ) | ) | / sl 0.75
’,i,_,’?\"r R \/ N
Load i 0.50 4! 200 0.5
pulse |
0.25 100
1 I
S o, [ 27 0.00 4 ‘ : ‘ . . :
2 Low esplution J [ 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.5 2
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ATLAS and CMS implementations of Serial Powering Scheme very similar

- few substantial differences, mainly for what concerns the monitoring of the running system

evaluation of large test structures with FE-14 done in ATLAS

- pointed to some relevant system issues that will be tackled on the chip and system level in both experiments

tests with RD53A chips have mostly confirmed previous findings and did not show new problems

— CMS successfully tested RD53A chips with new SLDO test chips

will start testing with ITkPixV1/RD53B-ATLAS as soon as it becomes available (ETA July)
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