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Introduction

- In the following slides (2 to 4) a module is the detector’s active element,
that is the sensor with its readout electronics.

- It can be an hybrid pixel detector where sensor and readout electronics are
two separate entities bump bonded together, or a MAPS detector where
sensor and readout electronics are integrated in the same substrate.

- Serial powering is used to power the readout electronics, not to bias the
sensor.

- Power to the readout electronics is typically called “low voltage”.

- The choice of serial powering for the low voltage distribution impacts the
data transmission scheme and the sensor bias scheme.



Serial powering basics

- Serial powering is a current based powering Direct powering
scheme, where modules are powered in
—1

series by a constant current.

- The current to voltage conversion is done by [ —
regulators close to/on module. =

- In a serial powering chain made of n :
modules, the transmitted current is only the (o]
current needed by one module, I. Serial powering Mod n

om

- For n modules powered in series, the current % |
is reduced of a factor n with respect to a (ecodei|
direct powering scheme = Higher power Mod 2
efficiency and reduced cable volume. e

- Cable cross-section and the power losses on Mod 1
the cables scale by the same factor. —
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Serial powering basics

- As the modules are powered with a constant
current, Vg,op is not constrained as in a
—]

voltage based powering scheme.

It can in principle be chosen only depending
on the output voltage capability of the i Mod 1 Mod 2 Mod n
current source and of the allowed power S B— |
density (i.e. cooling capability). =

- Higher Vg, can be allowed in the active :
area of the detector to reduce the material [Feguino]
budget of the cables. Mod n

Outside the detector the voltage drop can be @ |

reduced to lower the power losses.

- With respect to voltage based powering Moldz
schemes (incl. DC-DC), serial powering [Feguiior ]
allows more flexibility in the optimization of Mod 1
material and power efficiency. —
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Serial powering basics: data transmission

- The voltage across the chain is nV, where

V is the voltage on a module.
. L _E --------
. Each module sits at a different ground @
pOtentlal' @Z'_ Mod 1 Mod 2 Mod n
| N |
- AC coupled data transmission required.
DC balanced data protocol (e.g. 8b10b).
Self biased receiver inputs to set the T
Regulator
common mode voltage.
Mod n
@ |
Sketch of a AC-coupled LVDS link Serial powering % |
) ) Regulator
Transmitter Receiver
Mod 2
‘ |
+> _—— I I I;I] + Regulator
Rterm
: -—= | - Mod 1
m= = -+
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Serial powering basics: sensor biasing

- The voltage across the chain is nV, where V is the voltage on a module.

- Each module sits at a different ground potential.

- A group of sensors can be powered in parallel, i.e. sharing the same bias
line + return, if the difference between operational voltage and breakdown
voltage is larger then the total voltage drop in the chain.

- This is the case for planar sensors in hybrids pixel detectors biased to 100s
volts.

- This is not the case for MAPS detectors where the sensor is biased with a
few volts.

Direct powering of each sensor, required one floating supply channel per MAPS
sensor.

Generate the sensor bias from the low voltage.



Example: ATLAS ITk detector

- The ATLAS pixel detector at the HL-LHC
adopted serial powering (also the CMS

pixel detector). K 'Mod:,.en 1 e
Reg|Reg Reg|Reg Reg|Reg Reg|Reg
{-/DDAJ\-/DDD {-/DDAJ\-/DDD {-/DDAJ\-/DDD {-/DDAJ\-/DDD _| l_
FIE FIE FIE FIE readout
- Each module is made of a sensor bump vodueni  § (Do
bonded to a certain number of readout '=°°““$ e e | [ e ][R | e e .
. Vooa Vooo| |Vooa Vooo| | Vooa Vooo| |Vooa Voo
chips. - re ] [ [ [ e
- In the sketch, four readout chips per Module n-2 1 (N2
Reg|Reg Reg|Reg Reg|Reg Reg|Reg
mOdUIe (FE). {-/DDAJ\-/DDD {-/DDAJ\-/DDD {-/DDAJ\-/DDD %/DDAJ\-/DDD _| l_
£ E E i
i (n'a)vmod
- The current flows in series between i
: Module 1 Y Vo
modules and in parallel between o i i i
readout chips on a module. Ve Vo [V Ve [V Voud fln Voo [ F—
4 o

. In each chip, two shunt-LDO regulators
generate the analogue (Vppa) and digital
(Vppp) voltages.
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Shunt-LDO regulator

- For this powering scheme, on-chip regulators are needed that can:
Operate in parallel;
Generate different output voltages out of the current supply;
Shunt additional current in case of device failure.

- The Shunt-LDO regulator was designed to match these requirements.
First prorotype version in the ATLAS pixel FEI4 chip (180 nm process).
Full SP version in the RD53 chip (65 nm process).
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- It combines two regulation loops.

Shunt regulation circuitry = regulates the
current to the chip. v

LDO (Low Drop Out) regulation loop > Rl /1) [ M3

generates the voltage for the chip.
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Earlier SP regulator configurations

. Initial tests were done with the ATLAS FE-I13 pixel chip using a Shunt
regulator to generate a constant voltage out of the input current and then
one or two LDO to generate the VDDD and VDDA voltages needed by the
pixel chip.

- To add redundancy to the SP chain, all shunt regulators on module are
operated in parallel.

- Beneficial for voltage regulation when using shunt regulators as the input
resistances are connected in parallel, lowering the total resistance and
improving the voltage stabilization.
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Figure 4.4: Schematic drawings of on-chip shunt and LDO regulators, represented respectively as a
zener diode and variable resistors, to convert the input current into two stable voltages. These regulator
configurations have been used with FE-I3 modules to generate VDDD = 2.0V and VDDA = 1.6 V.
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Earlier SP regulator configurations

- However, this connection can be critical.

- Due to mismatch and process variation, the shunt regulators placed in parallel
can have different Vthres.

- As the input characteristics of shunt regulators is very steep, the regulator with
lower Vthres can take all current at start- up and burn.

- This could eventually lead to a chain reaction and destroy all regulators on
module.

Safe parallel operation of shunt regulators requires to choose the value of
the input series resistance according to the spread in threshold voltage
values, in order to mitigate the I-V characteristics.

The use of this resistance lowers the power efficiency and decreases the
voltage stability.
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Figure 4.4: Schematic drawings of on-chip shunt and LDO regulators, represented respectively as a Figure 4.3: I-V characteristics of a shunt regulator integrated in the FE-I3 chip (DOVER). This regulator
zener diode and variable resistors, to convert the input current into two stable voltages. These regulator has Vipes = 2.58 Vand Ry, = 1.9Q [51].
configurations have been used with FE-I3 modules to generate VDDD = 2.0V and VDDA = 1.6 V.
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New regulator concept: Shunt-LDO

- Combination of a Low Drop Out (LDO) regulator and a shunt regulator.
- Shunt transistor is part of the LDO load.
- R, of the shunt is replaced by the LDO power transistor.

l Vdropout

- LDO regulation loop = constant Vg,
B% Voop Vopa E

- Shunt regulation circuitry - const ljgaq
« | Set by R3, depends on V;, (= ;) n B
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« Iy mirrored and drained in M5 |
. |
« Iw; and |, compared in A3 e
- M4 shunts the current not drawn by the load :
Vin = Vinme |
Iin ~ klref ~ kR—3 |
| t GI
Rin ~ ﬁ ~ R_3 Figure 4.6: Simplified schematics of a Shunt-LDO regulator, explained in the text [46].
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Shunt-LDO regulators in parallel

- The Shunt-LDO has an ohmic |-V characteristics =2
safe operation of Shunt-LDO regulators connected

in parallel.
Even for different values of R;,, i.e. different R3 R Vin R3

- More robust design against process variation and
mismatch.

- Differences in the value of R3 lead to different
shunt current values but do not destroy the

regulator.

- Shunt- LDO regulators can be placed in parallel
even if they generate different output voltages: the
difference between their output voltages is Vour1> Vourz
compensated by the Vopout across the pass Vs1 < Ve
transistor of the LDO regulator, M1. Vour1+Vsi=Vour2+Vs;

- Finally, should one of the parallelly placed
regulators fail, the extra current can be shunted by
the other regulators.
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Shunt-LDO regulators in parallel

Ev)jm e e _
: - Parallel connection means that I, and I,

R3[] .
Vo | . are in parallel, not V.
Vol ora NV

Vout

lout
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Shunt-LDO in RD53 chips

- The production version of the regulator for the ATLAS ITk pixel detector
includes many protection features and addresses all possible regulator
failure modes.

- The design is considered robust enough that a bypass element on each
module has been deemed not necessary.

- The development time of this regulator was 7 years, with 5 designs
submitted.

- More details at

M. Karagounis, Shunt-LDO RD53B features, talk, 2020
https://indico.cern.ch/event/879686/contributions/3706455/attachme
nts/1975390/3287622/SLDO_RD53B_Features.pdf

M. Karagounis, Evolution of the SLDO Regulator, talk, 2022, (ask Laura
for the slides)
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