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Problem

DC-DC converters in HEP often use inductors
* These generate electromagnetic interference
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- Converter may need to be radiation tolerant

- May not be desirable to have a large number
of discrete components

- Other powering schemes:

* Serial powering [4] for low cable mass — constant
current low dropout regulator, chip fault handling

* Linear regulators where a specific use case exists
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- Future detectors may need highly
miniaturized on-chip or on-module converters
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Example: Classic DC-DC Converter

- Energy stored in magnetic field On-State boost™ example
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Example: Switched Capacitor (SC) Converter

- Charge pump principle, descended from voltage doubler
* Energy stored in electric field instead of magnetic
* MANY topologies
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- Advantages:
* Higher energy density than inductors

* Monolithic integration into ASICs (compatible with common process
nodes)
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Limitations of Inductive and SC Converters

- Inductive disadvantages: - SC disadvantages:
* Quality inductors are difficult to miniaturize * Voltage regulation is more difficult than inductor
- L, Q(and R) decrease with volume based converters
- Inductors are lossy * Discrete gain ratios (unless dynamic topology change)
- Resistance dissipates some energy as heat * Duty cycle does not linearly relate to output voltage
- Magnetic hysteresis + Difficult to control charge balance with multiple
capacitors

* Hard switched -> electromagnetic Interference (EMI) - FET switching losses (resistive, gate drive)

* Discontinuous conduction mode and synchronous

rectification are more complex * Bottom plate parasitic capacitance (in on-chip

converters) limits efficiency
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Example: Piezoelectric (PR) DC-DC Converter

- Long history of piezoelectrics in Top Electrode (Port 1)
power conversion [3] ™ S AR
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- But recent advances in resonant
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PR converters are promising (Port 2)
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+ “Soft-switched” (sinusoidal current) BAW cross section
- No fixed conversion ratios PR resonator mounted on substrate

(illustration courtesy Troy Olsson)

* Less concern about ripple?

- Energy storage is mechanical, not
magnetic
* Low EMI

A piezoelectric conversion cycle

- For equivalent inductor volume:
* High quality factor (Q)
* Low series resistance Commercial lead zirconate
titanate (PZT) resonator

- Can be integrated into ASICs
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Modeling PR Elements

- The mechanical mass, spring, damper model

can be transformed to an electrical RLC
model

* Damping -> resistance

* Spring (stiffness) -> capacitance
* Mass -> inductance N
v, - f Equiv. circuit model
- Transform is proportional to Young’s Cs i
modulus, and the strain coefficient of the Port2 O
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b Illustration adapted by Troy Olsson
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PR Limitations

« Shunt Cs Top Electrode (Port 1)
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Work at Penn

- 1-5V piezoelectric DC-DC boost conversion demonstrated with
macroscale prototypes

* Collaboration between Penn Physics and Penn Electrical and Systems
Engineering (ESE) Department

* Uses commercial lead zirconate titanate (PZT) resonator

- Plan to extend this to an ASIC using miniaturized resonator

 Olsson group has experience with miniaturized high quality resonators using
aluminum scandium nitride (AIScN) among other materials

- Develop miniature, low EMI, radiation and magnetic tolerant DC-DC
converters for HEP using novel materials and architectures ‘

- How is this different from prior work? goal
* European HEP groups have not looked into piezoelectrics

* Power electronics community generally not interested in rad tolerant (but there
is interest in highly miniaturized and low EMI design)




Proposal

Monolithic |Voltage regulation Power Efficiency EMI Rad hard |Mag hard [Reliability

wide range medium - high |limited range-yes yes
wide range limited range|less yes yes
wide range to explore |less to explore |to explore

Volume

Inductor
SC smaller |yes
Piezo smaller |yes

wide range

- We believe there is opportunity for innovation in DC-DC conversion using
novel materials and architectures, based on prototype results and current |
knowledge of piezoelectric/ferroelectric converters

* Unique expertise from Physics HEP and ESE groups

* Study HEP specific topics (radiation and magnetic tolerance, vibration,
extreme environments, etc.)

co troI

- Explore possible hybrid architectures (piezoelectric-switched-capacitor,
ferroelectric capacitor, multi-phase switched capacitor)

* Switched capacitor converters are compatible with existing process nodes

* Piezoelectric resonators can be integrated onto control ASICs on the
backend

* Ferroelectric processes exist from TI/Ramtron and Samsung
- We invite collaborators and efforts along these lines to move chip and i
module-level powering approaches beyond those of HL-LHC designs

Bottom Electrode

Example of

- Miniature converters have broad applications in many HEP and non-HEP (S ysmsesemmem ha § MEMS resonator
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