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• Serial powering basics
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Serial powering basics

• Serial powering is a current based 
powering scheme, where modules are 
powered in series by a constant current.

• The current to voltage conversion is done 
by regulators on module. 

• In a serial powering chain made of n 
modules, the transmitted current is only 
the current needed by one module, I.

• For n modules powered in series, the 
current is reduced of a factor n with 
respect to a direct powering scheme à
Higher power efficiency and reduced cable 
volume.

• Cable cross-section and the power losses 
on the cables scale by the same factor. 

L. Gonella | ePIC SVT powering | EIC SC meeting - 19 Dec 2022

3.2 Low material developments

high power e�ciency while keeping the material budget low [44]. Two possibilities are con-
sidered for the ATLAS pixel detector at the HL-LHC: DC-DC conversion and serial powering
(SP) [45].

A powering scheme based on DC-DC conversion is similar to a direct or parallel powering
scheme, but with the addition of DC-DC converters on module, as shown in Figure 3.12. Power
is distributed at a higher voltage and down converted to the needed supply by the DC-DC
converter. Assuming a conversion factor g, the transmitted voltage is gV , where V is the
module voltage. The transmitted current is I/g, reducing cable cross-section and the power
losses on the cables by a factor g, as listed in Table 3.1.

Serial powering is instead a current based powering scheme, where modules are powered in
series by a constant current, as shown in Figure 3.12. The current to voltage conversion is done
by regulators on module. The transmitted current is only the current needed by one module,
I/n, and the voltage across the chain is nV , where n is the number of modules connected in
series. As shown in Table 3.1, depending on the number n of modules powered in series,
higher power e�ciency and reduced cable volume can be reached. For n = g, the same gain
is achieved as for DC-DC conversion. However, as the modules are powered with a constant
current, the voltage drop Vdrop 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 current source and
of the allowed power density (i.e. cooling capability). Higher Vdrop can be allowed in the active
area of the detector to reduce the material budget of the cables, while outside the detector the
voltage drop can be reduced to lower the power losses. With respect to voltage based powering
schemes, serial powering allows more flexibility in the optimization of material and power
e�ciency. The price to pay is some added complexity at system level.
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Figure 3.12: Schematic drawings of parallel powering (top left), DC-DC conversion (bottom left) and
serial powering (right).

Both approaches require on-stave power conversion. Power converters need to be integrated
in the FE to avoid penalty in terms of material. To test both powering options considered for
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Serial powering basics

• As the modules are powered with a constant 
current, Vdrop 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 
current source and of the allowed power 
density (i.e. cooling capability).

• Higher Vdrop can be allowed in the active 
area of the detector to reduce the material 
budget of the cables.

• Outside the detector the voltage drop can be 
reduced to lower the power losses. 

• With respect to voltage based powering 
schemes (incl. DC-DC), serial powering 
allows more flexibility in the optimization of 
material and power efficiency. 
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Serial powering basics

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

• Each module sits at a different ground 
potential.

• AC coupled data transmission required.

• DC balanced data protocol (e.g. 8b10b).

• Self biased receiver inputs to set the 
common mode voltage.
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4.2 Serial powering building blocks

4.2.3 AC-coupled LVDS data transmission

In a serial powering chain, each module is referenced to a local ground potential. Only the
first module in the chain is connected to the system ground, where the current supply and the
readout system are connected. This configuration introduces an issue for the data transmission.
Clock (CLK) and command (CMD) signals to the FEs, as well as data (DO) from the FEs,
are sent over LVDS (Low Voltage Di↵erential Signaling) links between the readout and the
modules. Di↵erences in the ground potential of transmitter and receiver introduce a shift of
the common mode voltage Vcm, i.e. of the DC potential of the lines in the LVDS pair. If the
Vcm moves out of the common mode voltage range at the receiver input, the link does not work
properly anymore. The solution to this problem is to use AC-coupled LVDS links.

AC-coupling is a termination scheme which consists in adding capacitors in series with both
signals in a di↵erential pair of the LVDS link, as shown in Figure 4.8. As the capacitors
block the DC component of the signal over the di↵erential pair, an AC-coupled link helps
in guarding against ground di↵erences between transmitter and receiver. The common mode
voltage at the receiver input is set by the receiver itself and not by the distant transmitter. An
AC-coupled link thus requires self biased receiver inputs to set the Vcm. As the current from the
transmitter flows through the capacitors, across the termination resistor, only during transitions,
frequent transitions have to be guaranteed. This is achieved with DC-balanced signals, where
DC-balance refers to the di↵erence between the number of ones and zeros in a set of data.
DC-balance is achieved, for the entire data set, for an equal number of zeros and ones. The
clock is for instance a perfectly DC-balanced signal. The instantaneous number of consecutive
equal bits in a DC-balanced data stream is called the Run Length (RL). The maximum value of
RL is particularly important as it defines the lowest frequency component of the signal. As the
latter should not be filtered out by the high pass filter made by the AC-coupling termination,
the capacitor value has to be chosen according to

C =
7.8 · RL · T

Rterm
(4.4)

where T is the bit period and Rterm the termination resistor [61]. The capacitor value given
by (4.4) ensures a signal attenuation of only 0.25 dB, i.e. 3 %.

Transmitter Receiver

+ +

- -
Rterm

C

Figure 4.8: Sketch of an AC-coupled LVDS link. Capacitors are placed in series on each line of the
di↵erential pair, in front of the termination resistor. This configuration is used with serially powered
FE-I4 modules.

In view of the SP implementation, the FE-I4 receiver is designed with a self biasing circuitry.

61

Sketch of a AC-coupled LVDS link
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Example: ATLAS ITk detector

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

• Each module is made of a sensor bump 
bonded to a certain number of readout 
chips.

• In the sketch, four readout chip per 
module (FE).

• The current flows in series between 
modules and in parallel between 
readout chips on a module.

• In each chip, two shunt-LDO regulators 
generate the analogue (VDDA) and 
digital (VDDD) voltages. 
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The 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 version in the ATLAS pixel FEI4 chip (180 nm process).

• Full SP version in the RD53 chip (65 nm process).
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Chapter 4 Serial powering

of the load. This is achieved by shunting di↵erent amounts of current in M4. To properly steer
the shunt transistor, two currents are compared in A3. A fraction of the input current, defined
by the aspect ratio k of the current mirror, is mirrored by M1 and M2. A reference current, Ire f ,
is set by the resistor R3, which depends on the input potential and thus, in turn, on the input
current. Should the mirrored current be smaller than Ire f , then M4 is steered to draw more
current and vice versa. The current flowing through the regulator can thus be expressed as

Iin ⇡ kIre f ⇡ k
Vin � VthM6

R3
(4.2)

where VthM6 is the threshold voltage of transistor M6. The input characteristics of the Shunt-
LDO is defined by R3 as follows

Rin ⇡
Vin

Iin
⇡ R3

k
. (4.3)

From (4.3) it can be inferred that, opposite to a traditional shunt regulator, the Shunt-LDO
has an ohmic I-V characteristics, i.e. the regulator behaves as a resistor for the input current.
This allows safe operation of Shunt-LDO regulators connected in parallel, even for di↵erent
values of Rin, i.e. di↵erent R3, as the input current splits between the parallelly placed regulators
in the same way as it would split between parallelly connected resistors. This makes the design
more robust against process variation and mismatch. Di↵erences in the value of R3 lead in fact
to di↵erent shunt current values but do not destroy the regulator. In addition to this, Shunt-
LDO regulators can be placed in parallel even if they generate di↵erent output voltages: the
di↵erence between their output voltages is compensated by the Vdropout across the pass transistor
of the LDO regulator, M1. Finally, should one of the parallelly placed regulators fail, the extra
current can be shunted by the other regulators.

+ -

+

-

+

-

Iin

Iout

Vref

Vout

A1

A2

A3

M1
M2

M3

M4

M5

R1

R2

Vin

R3

M6

Ishunt = kIref - IL

IL

Iref 

k  :  1

Figure 4.6: Simplified schematics of a Shunt-LDO regulator, explained in the text [46].

The Shunt-LDO regulator can be operated as a standard LDO by switching o↵ the current
regulation loop. A third working mode is also possible, called partial shunt mode, in which the

58

• It combines two regulation loops.

• Shunt regulation circuitry à regulates the 
current to the chip.

• LDO (Low Drop Out) regulation loop à
generates the voltage for the chip.
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Some references on ATLAS SP & Shunt-LDO
• L. Gonella, PhD thesis, https://cds.cern.ch/record/1633150?ln=en

• L. Gonella, D. Arutinov, M. Barbero et al. ‘A serial powering scheme for the ATLAS 
pixel detector at sLHC’. In: JINST 5 (2010), p. C12002. doi: 10.1088/1748-0221/5/ 
12/C12002.

• M. Karagounis, D. Arutinov, M. Barbero et al. ‘An Integrated Shunt-LDO Regulator for 
Serial Powered Systems’. In: Proc. of the European Solid-State Device Conference, 
ESSCIRC 2009 (2009), pp. 276–279. doi: 10.1109/ESSCIRC.2009.5325974. 

• L. Gonella, M. Barbero, F. Huegging et al. ‘The shunt-LDO regulator to power the 
upgraded ATLAS pixel detector’. In: JINST 7 (2012), p. C01034. doi: 10.1088/1748-
0221/7/01/C01034. 

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

• F. Winkler, Verification of Shunt-LDO, Master Thesis, 2019 https://d-
nb.info/1237320216/34
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Possible configuration for the ePIC SVT

• The ePIC SVT will be made of MAPS sensors consisting of single rows of (up 
to 9) stitched reticles, with the periphery at one end.

• Consider the substrate of the MAPS as the sensor and the reticules as the 
chips à an epic SVT MAPS sensor can be seen as an ATLAS ITk pixel 
module.

• Following the ATLAS scheme, for the ePIC SVT:

• The current would flow in series between MAPS sensors.

• Shunt-LDO regulators on the MAPS sensor will generate the required voltage(s) 
and regulate the current to the load.

• Note, direct powering is assumed for the vertex layers (for now).
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Possible architecture for barrel layers

• The outermost sagitta layer, L4, is made of 1x7 sensors, it is two sensors 
wide and four sensor long (8 sensors per stave). 

• See baseline ePIC SVT configuration at https://indico.bnl.gov/event/17713/

• Top and side view of L4 (the stave is in grey).

• Services would come in from the two sides.

• The orientation of the periphery is to reduce the amount of services running on 
the stave.

• This simple configuration however leaves dead areas between sensors.

• Periphery will need to be bonded to services flex/tape on stave, space not 
shown in this drawing.

L. Gonella | ePIC SVT powering | EIC SC meeting - 19 Dec 2022
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Possible architecture for barrel layers

• Sensors will most likely be needed on two sides to provide overlap.

• This has an impact on the stave design, i.e. a truss structure would not be 
possible. 

• In this configuration services could run as shown in blue.

• If now serial powering is added, this would mean four chains of two sensors 
per stave à the total current to L4 scales of a factor 2

L. Gonella | ePIC SVT powering | EIC SC meeting - 19 Dec 2022
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Possible architecture for barrel layers

• Another possibility would be as shown below, giving a reduction factor 4 in 
the total current to L4

• For the innermost sagitta layer (L3), we would have chains of two sensors, 
giving a reduction factor 2 in the total current to L3

• Made of 1x9 sensors, it is two sensors wide and two sensor long (4 sensors per 
stave). 

• Services come in from the side and connect to periphery at end of stave to 
minimise material.

• Note that most likely also in this case we might need sensors on two sides to 
avoid the gap in the middle.

L. Gonella | ePIC SVT powering | EIC SC meeting - 19 Dec 2022
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Shunt-LDO: integrated or standalone

• This scheme implies the use of the Shunt-LDO, ideally integrated in the 
MAPS sensor.

• Implement Shunt-LDO in TJ 65 nm stand-alone block in ER2 to evaluate 
performance. 

• Integrated version would need to wait first EIC LAS submission (currently 
scheduled tentatively for Q2-24).

• Backup option: standalone regulator.

• Prototype Shunt-LDO design in TJ 180 nm MPW.

• This would be positioned on the stave flex/tape, where the AC-coupling 
capacitors also are.

L. Gonella | ePIC SVT powering | EIC SC meeting - 19 Dec 2022
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Next steps

• Reach out to RD53/Shunt-LDO designers to discuss regulator design 
(possibly IP sharing) and start design for submission with ER2 and 
standalone.

• Work on the current ideas to study engineering aspects of power and data 
distribution.

• Start exercise of evaluating material saving, to be refined as concept gets 
more detailed.

• Start thinking of conceptual design of SP scheme for disks.

L. Gonella | ePIC SVT powering | EIC SC meeting - 19 Dec 2022
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What about DC-DC conversion?

• Some ideas were also discussed by Birmingham & RAL, will be presented 
another time.

L. Gonella | ePIC SVT powering | EIC SC meeting - 19 Dec 2022


