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TDP of server AI Chips is growing Faster

NVIDIA SXM GPU TDP (in W) Growth 2016-2025
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https://www.servethehome.com/why-servers-are-using-so-much-power-tdp-growth-over-time-supermicro-vertiv-intel-amd-nvidia
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Why? Ultra-high density, 2.52>3D, WS integration

i
TSMC-SoW™ (System-on-Wafer) Boosts Al Compute |

Wafer-scale integration maximizes computing power
SoW-X technology for wafer-scale logic and HEM integration will be ready in 2027

CoWos (Sal) CoWoS (SolC) CoWoSs (SolC)

3.3-ret,, Bx HBM 5.5-ret., 12x HBM 9.5-ret., 12x HEM
BOxB0mm substrate 100x100mim substrate 120x150mm substrate

(SoW-X)

T2 MEEC A 11
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The MW AI Rack (in 2029)

E Anticipated increases in extreme and overall industry rack densities
lllustrative NVIDIA
Al GPU Roadmap
v
sy
Peak Rack Density" 130 - 250 kW 250 - 900 kW 900 ~ 1000 + kW
v
Avarace Rack Denelo 40 - 100 kKW ., 100 - 350 kW 350 - 500 + kW
v
Projected Industry -
Average Rack Density ~15-25 kW B ) sokwe
Installations?
Note: Projections, Rack density varies by application. ' Management E : Manag Estirates, ing an Al pod consisting of 18 racks {3 per row) induding 8 GPU racks at higher peak density and 10 netwarking racks; * Management
Estimates; average densities of data center rack instalations across Cloud, Colocation and Enlerprise/Distibuted IT.

Densification roadmaps point to extreme peak rack densities of 1MW+ resulting in estimated new build
average rack density increasing across varying workioad applications and market segments

©2024 Veortiv. All Rights Reserved 21

https://wccftech.com/ai-servers-can-reach-rack-density-of-1000-kw-likely-with-nvidias-next-gen-rubin-ultra-architecture/?utm_source=chatgpt.com
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Why?

u

GPU Density: Al systems rely on dense clusters of GPUs and TPUs with larger
#MAC/Area at high avg. utilization - more power, heat than CPUs

Continuous Workloads: Al training and inference -2 sustained high-power for
extended periods, unlike the more variable workloads of classical computing

Chip Proximity: To achieve maximum performance and low latency,
components are packed closer together - larger power and thermal demands
within a single rack package - rack

ISSCC 2026 - Forum 3.3: Energy efficiency and 6
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Outline

u

[l

Boosting efficiency for AI workloads
Managing idleness and heterogeneity in accelerated systems
Using AI for managing Al

Conclusions, future perspectives
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The Cambrian Explosion

Domain-Specific
Architectures
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Reuther25 https://arxiv.org/abs/2510.20931v1
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Domain-Specific Architecture Classes

DR = =E
CPU Core Paraliel Thread Tensor Array Microcore Mesh | Computational Custom
Accelerator Accelerator Block Dataflow
CPU Core Vector Accelerator
Engine (GPUs) (TPU, Groq, (Cerebras, Accelerator Accelerator
TensorCore) Tenstorrent) (FPGA) (ASIC)
Technology label CPU Vector GPU Tensor Manycore FPGA ASIC
ALUs per core 1-4 8-32 32-64 8x8 to 256x256 1t04 Various App. specific
Cores per processor 4-64 4-64 8-128 1to4 100s to 1M Various App. specific
Parallel performance Low Medium Low Medium High High High High Very High
Comp. efficiency (Ops/W) Low Medium Low Medium High High High Very High
Comp. flexibility Very High Medium Low Medium Medium Low Medium Low VeryLow
. . Dynamic by Dynamic by Dynamic by Static by Static by S v
. i — instruction instruction kernel kemnel kernel _ ied Fisee.
Code redesign Seconds Seconds Seconds/Minutes Minutes Minutes/Hours Hours Months

Increasing application specificity -> greater parallel performance -> narrower application/computational kernel enablement

Reuther25 https://arxiv.org/abs/2510.20931v1
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Heterogeneous Architecture

Multiple Scales of acceleration

Extensions to processor cores

Local, Global, Off-Chip Interconnect

« Explore new extensions

L2
Accelerator
#1

External
Memory
Controller

« Efficient implementations

mem mem mem mem mem mem
bank bank bank bank bank bank

Shared-memory Accelerators
L2 memory; DMA

« Domain specific

| 12 RV RV RV RV ACC ACC
« Local memory Host | R core core core core #1 #2
core -
Multiple Decoupled Accelerators - - - -

L2
|

« Communication Peripherals Accelerator Instruction Cache

#M Cluster 1
« Synchronization I | \ |

Y | Y
Host, L2, L3 Decoupled Computing cluster with tightly coupled accelerators
I0s accelerators
Local, global, package, system
ISSCC 2026 - Forum 3.3: Energy efficiency and 10
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A notable Example: Google’s Ironwood

Ironwood Architecture | test& Mgmt plane:

: iROT, PM etc.

D Compute E

TensorCore £ ] TensorCore

-' = Tes T
High performance

H 1 K= = T = (D W || e vector/matrix
: : VPU 1 vPU compute

Vmem P VYmem
PCle PCle P

: : | N
 Ngens | @enz Mxu K = mxu 1 Mxu K T Mxu
x16 x1 ¥

ﬁ ﬂ I Fast, Scale-up (9216 |
‘ Memory /Sparse Compute Engines chips) Interconnect

T =T § ¢ ¢ et ¢ T 3

Chip

i 6x 621126

Sparse | | Sparse [ HEwm3 HBM3 HBM3 Hemz | - N sparse | | sparse (| HEMZ HBM3 HEM3 wems | | Q| 1R Lin SerDes

Care Core ctrl ctrl Ctrl ctrl i d Core Care ctrl cerl ctrl cerl P HULEE stack octals +
] . PCS

~" Logic Chiplet

SerDes Chiplet

Key

-’ Chip Package

IC

Manager

vV VYV VWV

1 1 1 1 1 1 1

Latest Gen " : ; : | i i
W 8-hi : | HEM3E i HBM3E HEM3E ;| HBM3E ;| HEM3E ;| HBM3E i HBM3E ¢ | HBM3E
HBM U | stack |L| stack |[L[ stack |L| stack | stack |L| stack |L| stack |L| stack
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Ironwood Chip

First dual compute die TPU, 4614 TFLOPS of FP8

O  >10x compute compared to TPU v5p
o Capable of large scale pretraining of foundation models

8 stacks of HBM3E, peak BW 7.3 TB/s, capacity 192 GiB

o Optimized for serving latest generation thinking models

1.2 TBps I/0 to gluelessly scale-up to 9216 chips
Industry leading cold plate thermal solution

Integrated root-of-trust (iROT) for secure computing
Functional BIST & silent data corruption (SDC) mitigation
Logic repair to improve yield

Dynamic voltage/frequency scaling for efficient perf/W
Al based ALU circuits, floor plan optimization

ISSCC 2026 - Forum 3.3: Energy efficiency and
PM techniques for Al accelerators
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Looking forward: more (3D) Heterogeneity

AMD Instinct™ MI350 Series GPU
State-of-the-Art Construction

185 Billion transistors Accelerator Complex Die (XCD)
3D Multi-Chiplet (2 chiplet types + HBM3E) " {LEEr TSpEATT SR TEehuiRy

= Latest process for compute perf/watt optimization
Heterogenous process technologies = Max 8 per package (Max 4 per |0D)

Proven COWOS-S packaging technology

Up to 1,400 watts Total Board Power (TBP) = AMD 1/0 Base Die (10D)

= TSMC 6nm FinFET (N6) Technology
= Mature process for optimal yield & cost
= Max 2 per package

HBM3E

= Max 4 stacks per 10D (Max 8 per package)

= = Up to 288 GB of HBM memory
AMD Infinity Fabric™

AP Interconnect
Package

AMD - Hot Chips 2025

ISSCC 2026 - Forum 3.3: Energy efficiency and
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Looking forward: more (3D) Heterogeneity

30 Integration Enables a Path to AR Silicon
TSMC SoIC™ Bonds

3D-Stacked SRAM Access Energy (pJ/B)
0.03 0,13

i V s il :
3D Stacked
SRAM

,'._|

0,95

- e e w w w O m SoIC Bond ® SolC Driver
® Network-on-Chip 1 MB SRAM

3D stacking for addressing the combined Power-Performance-Area challenges of AR SoCs within the

same 2D area footprint

Implemented a prototype 3D stacked AR SoC: Two 7nm dies, wafer-on-wafer face-to-face stacked at <
2um bonding pitch using TSMC SoIC™ bonding technology

Integrates 3D ML Accelerator, 3D Stacked SRAM, CPU for realistic model deployment

META - ISSCC24 (Beigne et al.)

ISSCC 2026 - Forum 3.3: Energy efficiency and 14
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Looking forward: more (3D) Heterogeneity

Logic Die |
Logic Die Logic Die uBump
T Do e 1 S D B B R B e e

DRAM die | _ "‘ DRAM die | e e ST S Ty e
Q0000 © O 0 0 Q Ll ks
i ? REN
Substrate | D2D | -
= = oy
* Top die: TSMC N5 logic & d-Matrix® ;
* Bottom die: 3D DRAM i
' UBCO38.0A |
® Integration: 36 Face to Face (F2F) stacking E| - o 1
. ) ) : MADE IN TAIWAN |
® Proven low cost, high volume, high yield process ‘ —

D-MATRIX - Hot Chips 2025

ISSCC 2026 - Forum 3.3: Energy efficiency and 15
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Looking forward: more (3D) Heterogeneity

- N N
Memory Integration Innovations Memory Technology Innovations
(Ex: 3D DRAM + XPU, Wafer Scale Integration) (Example: SanDisk High-Bandwidth NAND Flash)
>4-5X bandwidth, density, energy-efficiency vs. 2.5D HBM 8-16X capacity at bandwidth/cost equivalent to HBM
XPU packiage Subsrets
\_ J o Source: SanDisk Investor Day, 2025 )
@ ;
System Integration Innovations >10X Dense System Integration
(Ex: Spatial 3D / Z-Axis Integration)
Planar (Pancake) Stack Z-Axis (Loaf Bread)
= Stack
/U CacV Cores y S
Source:J. Fryman, DARPA ERI Summit, 2023 )
INTEL CHISIC 2025
ISSCC 2026 - Forum 3.3: Energy efficiency and 16
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Efficiency Quest — Summary

[0 Huge variety of domain-specific architectures > PM flexibility is crucial

[0 Heterogeneity is key = fine grained and heterogeneous power managers with
lots of sensor data streams and multiple concurrent, heterogeneous PM tasks

0 3D integration - closed-loop massive MIMO power and thermal management
is essential — active cooling is likely going fine-grained

ISSCC 2026 - Forum 3.3: Energy efficiency and 17
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Outline

[0 Boosting efficiency for AI workloads
[0 Managing idleness and heterogeneity in accelerated systems
0 Using Al for managing Al

[0 Conclusions, future perspectives

ISSCC 2026 - Forum 3.3: Energy efficiency and 18 of 51
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Ultra-fine grained (digital) sensing (Temp)

[0 Micro-scale Sensors placed in a fine-grained array improve resolution and enable better
thermal decisions

Peak Temperature =70°C

e X X

%( ‘ - X = Locations w/o TS

). .. )

] }‘l X . Locations w/ TS
9]

o
6 ° )‘I\ IVR footprint on the bottom die =

Few thermal sensors placed at sparse granularity

Peak Temperature = 82°C

Many thermal sensors placed at fine granularity

uDTS Schematic

. J VoD ]
Fixed VREF :‘_ {‘_ ....... —
CSRO-TS - DTS_10b out : . zmen
Integration [(127) — D o— o S SRR ey Linearity and sensitivity of the CSRO-TS are
and Data e S P L programmed through VBIAS
e | 3 o i i i Counter Programmable integration time enables noise
2 DAC_code[6:0] “'l "‘1 “’l reset— RST robustness

_L_

INTEL ISSCC25 8.8
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Ultra-fine grained (mixed-signal) sensing (Vdd droop)

VCORE1—# Y ':MIL
1.2V AVDD | :
T VDET Buff :
REF Buffer uffer
- fresssscaseesss ' 1| Vescae
VBGR E AM—AM o e o= AAMTAAN, : E b= T
E £ i vé e g E : : V :P J.
: ; 1| YDET DDC __ 5
o 1SN | e
R2R DAC|: 1 | W —
: T — L T SEL CAL_DONE CALP[k:0] | CLK_RDD
REF “TRIM{n:0) VDET_CTRL[m:0] | =77 ' ' CLK — MUXI
. = CALyi Calibration Logic I
Droop Detection Controller (DDC) Ll CAL_DONE +4
Remote Droop Detectors (RDDs) —

B DDC: Variation-tolerant reference generation :I—> High Accuracy
B RDD: Self-calibrated comparator

High-speed comparator & Scaler — High-Speed
B Multiple RDDs share a single DDC. — Area Efficiency
ISSCC 2026 - Forum 3.3: Energy efficiency and 20
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Fine-grained Regulation (Vdd)

o [ | B Minimize total energy dissipation
[TVRs_ e \/oltage Regulator (VR)
Vin SoC e Load (SoC):

s \\ B Fine-grained DVFS
| ® Improved 7,
IVR N'R IVR IVR ® Needs multiple VRs

Load| |Load| |Load| |Load B Power Distribution Network = IVR
0 1 2 3 e Scalability vs nyr tradeoffs

Gatech ISSCC25 8.3

ISSCC 2026 - Forum 3.3: Energy efficiency and 21
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Fine-grained Regulation (Vdd)

1-¢:|Buckul
g b\ 2 2
1-¢ [Buck——
k. 3 :41 ;21 A il
PWM V Buck tiles Load-0| |Load-1| |Load-2| |Load-3 |Load
& e buck (Vaao) | | (Vaar) | | (Vaaz) || (Vaos) | | (Vaoa)
DI‘IIE‘I‘S a4 :L - | [Drivers] abg- ] vl
: Buck Loop E DfiVerlS t ] Partlal CrOSSbar . . } Vdropou{
Dut | (o) & Logic | e Near-optimal domain assignment
aty Snire =y’ 7 N Vado i““"‘
"|U 3 : Vagy Vot Vagy Vo
State Variable Vadm ” B Runtime Reconfigurable
| Buck Monitor ‘ ivi
Refom [LOad 1¢;| uck1} 3 3 3 i
Buck tiles
. LdGLd1Ld2Ld3Ld
m Sample State Variables from all LDOs W) | | (Vs (Ef;cz Ve | | Vo)
. : b0
B Establish the lowest V,, to satisfy all V4 targets T s oo e
v
Vb1
Voo WM TTT T Vi
s Va2 Vs
Gatech ISSCC25 8.3
ISSCC 2026 - Forum 3.3: Energy efficiency and 22
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Fine-grained Regulation (Vdd)

Vb1
PVS\{M VbU — :. €
orivers i = | ™ [m—===~- \ A L B Domain runtime re-configurability
; : ;
kLoop | (MO, M1)
1 -
Duty 4 _1| Tiles Connected
Cycle 4| ™ Controller for VR and hot-
. 4§—— Tliea Cannacted swapping domain transition
State Monitor ke Kigo[7:0] (chb LDO Contaller _||:IM0 1 pping
¥ 3 (Pl + Tile Handoff) : :
CTRL. k MIO| A== | __|_ B LDO state variable broadcasting
: LDO V .
Imkm:k(m) Tile: ! e | J_ T to each buck tile
Tileo — L (ast) oo = _
o [on A Lo« el B Phase selection for 1¢ or 2¢p Buck
2o PR | g T -
Clkio(fclk) FLL Based DLDO [2,5]
Gatech ISSCC25 8.3
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MIMO Control: IBM Telum?2 (Z-systems)

_IBM Telum IBM Telum i

VORAGE et s

'Fl;lmlng B T Performance Protection
erformance - :

_ Guard Band Timing Protection

Protection :
Other
Guard Band

Timing & Performance Protection Timing Protection

B |umped together B Droop mitigation only
B static Voo and droop mitigation ~ Performance Protection
B Dynamic

B \Workload dependent

IBM ISSCC25 8.1

ISSCC 2026 - Forum 3.3: Energy efficiency and 24
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MIMO Control: IBM Telum?2 (Z-systems)

Recovery event detect —
Voltage : Y Voltage Digital Droop Sensor (DDS)
Droop mitigate | Droop Mitigation Unit (DMU)
Instruction Throttling
édetect
Recoverable Error “mitigate
Frequency
Unrecoverable Error : 5
Ime  giuction N\l
Throttling : i
' - ime

[0 Multiple interacting control loops
B Performance Loop
B Voltage droop loop
B Recoverable error loop (exploiting RAS feature - incl. robust core recovery)

IBM ISSCC25 8.1

ISSCC 2026 - Forum 3.3: Energy efficiency and 25
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PM: System-Level View

- - Out-of-band - zero overhead telemetry

- - Node Pcap - Max perf @ Pnode<Pmax Power Cap Energy vs.
“—CpUITE(; CPUTare

* Based on O.S. metrics
e Slow & often unused

DIMM
RAS
Node Power Cap
Out of band

PowerOn/Reset

System Management / RM

Application

Hints/Prescription -

Operating System
In band Governors

Power

Controller [l

ISSCC 2026 - Forum 3.3: Energy efficiency and 26
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PM: System-Level View

Power Management standard HW/SW interfaces

In-band: oG

The ACPI (Advanced Configuration and Power Interfac
for power states.

The SCMI (System Control and Management
Interface) for OS communication.

PowerOn/Reset

RAS
Node Power Cap
Out of band

ISSCC 2026 - Forum 3.3: Energy efficiency and
PM techniques for Al accelerators
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PM: System-Level View

Power Management standard HW/SW interfaces System Management / RM
In-band:

The ACPI for power states Power Cap - _El_flj]ergy VS‘L:
The SCMI for OS communication. rougpu

Out-of-band: Application

« PMBus, AVSBus for VRM communication . L
Hints/Prescription -

for BMC communication
Operating System

In band Governors
DIMM
PowerOn/Reset

RAS

Node Power Cap
Out of band

System Management / RM

Power
Controller [l

ISSCC 2026 - Forum 3.3: Energy efficiency and 28
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PM: System-Level View

OS/ 5 In the
APPLICATION System

. 7 ;
Environment B Pstate / Fa

Coupled Systems

HLC
(High Level Controller)

LLC

Limits (%L, )
' (Low Level Controller)

Plant

L

Application 4 Plant- Data

~ : 1

O High level controller (HLC) governors ’ Sensors
B Operating System (OS): e.g., OSPM in the Linux kernel

B Baseboard Management Controller (BMC): e.qg., Intel Aspeed off-chip
regulator

[0 Low level controller (LLC) embedded platform

B Power control subsystem (PCS): typically, a single-core MCU with < 1MiB
memory footprint

B Power control firmware (PCF): FW routine on top of the PCS

ISSCC 2026 - Forum 3.3: Energy efficiency and
PM techniques for Al accelerators
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Focus on LLC: Function

Control algorithm in a periodic loop —
Plant, Ctrl stats, Events
)

A

HLC (SW)

Constraints & Targets — f~ontrol

e.g. Tyuax, Perfum - >

— Task

RT Constraint: control task ends

vy ¥
Actuatos

Sensors

within period, with small jitter

T convoed sysiom (asse o)

ISSCC 2026 - Forum 3.3: Energy efficiency and
PM techniques for Al accelerators
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ControlPULP: Open-source Controller for PM

. Governor OS - on-chip HLC PCF + FreeRTOS :
! . : 1
: AXI Slave Boot > ControlPULP PCS - on-chip LLC | :
! |  PFCT| :

8 1
: HPC SCMI Power comp. !
: ——— daorbels - | Alpha comp. | | control :
' SOl IR AR RO & " Acti 1
: elements AX| Master @ F/V comp. | 1
: (P2 Temp. IN ¢ !
E § Freq. out [I/O ~ = — :
: ' . FS (SCM) ;A Voltage pvs !
1 = z ]
' CPU silicon die and socket On-die, in-band INJOUT (MCTP)

Motherboard ( PMBUS
W AVSBUS 12C
PFCT: Periodic Frequency Control Task _di _
PVCT: Periodic Voltage Control Task Oﬁf(:)le g BMC
out-of-ban off-chi

HLC: high level controller VRMs B
LLC: low level controller L HLC

ISSCC 2026 - Forum 3.3: Energy efficiency and
PM techniques for Al accelerators
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ControlPULP: Open-source controller for PM

Governor OS - on-chip HLC

@] - AXI Slave ControlPULP PCS - on-chip LLC
« e PFCT
HPC = Power comp
Iprocessing| (°2)

Mot

PFCT: Periodic Frequency Control Task _di

PVCT: Periodic Voltage Control Task Off-die BMC
out-of-band off-chi

HLC: high level controller VRMs P

LLC: low level controller _ HLC

ISSCC 2026 - Forum 3.3: Energy efficiency and
PM techniques for Al accelerators



ControlPULP: Open-source controller for PM

Governor OS - on-chip HLC

AXI| Slave Boot

on die and socket
Motherboard

PFCT: Periodic Frequency Control Task
PVCT: Periodic Voltage Control Task

HLC: high level controller
LLC: low level controller

ControlPULP PCS - on-chip LLC

PFCT
Power comp.

Alpha comp. rcomro'
PID comp. | [ Action

B

F/V comp. @

RS
On-die, in-band

Off-die
out-of-band

-

IN/UT
PMBUS
AVSBUS 12C
BMC
VRMs off-chip
HLC

33
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ControlPULP: Open-source controller for PM

Governor OS - on-chip HLC

AXI Slave Boot ControlPULP PCS - on-chip LLC

PFCT

SCMI a Power comp.
doorbe"S 1 || Alpha comp. | | control
|| PID comp. | [ Action

F/V comp. @

B

IN/OUT

PMBUS

AVSBUS 12C
PFCT: Periodic Frequency Control Task _di
PVCT: Periodic Voltage Control Task Offfc:)le p BMC

out-of-ban off-chi

HLC: high level controller VRMs P
LLC: low level controller _ HLC

ISSCC 2026 - Forum 3.3: Energy efficiency and
PM techniques for Al accelerators



ControlPULP Architecture

'SoC Domain :
. 512 KiB L2 SRAM | :
. O SO, .
: L2 TCDM Interconnect Fully-Connected AXI-4 crosshar ._)_le
1 CD
! . A A -
: |nter|Le2aved | F’rilvzale ﬁ :IE:: : _
— , L Single-core subsystem
R T 7 i e + 32-bit CV32E40P
: " Manager |2 ! - 512 KiB scratchpad memory
| 1 g .
 [EOTEenE | | ol | [Ree ! « Executes the main control policy
I controller i core Msd:i ! routine
1 1
\ A v : « Offloads tasks to accelerator cluster
: | ~ APB Peripheral interconnect 7 l :
I i :
: = :
: :
: /O Master interfaces :
P P S S !
To Flash ISSCC 2026 - Forum 3.3: Energy efficiency and 35
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ControlPULP Architecture

Multi-core cluster subsystem
« 8 32-bit CV32E40P

64 KiB scratchpad memory ControlPULP IP
« Accelerates parts of the control 'Cluster Domain

policy routine parallelizing on the | R | [k vee  (B4KB (G

number of cores : N ; —
I R B—
I L2 TCDM Interconnect ‘ Fully-Connected AXI-4 crossbar —>» é\[;((l: > <« DMA
1
I To 1 To ‘ 1 ‘\ li
: menLe;ueuT Piiee | IT:;::: : L1 TCDM Interconnect
1 - | AXito =il

1 . bl AXI 0 o "
: SoC TCDM Demuxers F::r_fgzzzr:f . CcbhC .g .‘é * o
I Interconnect f £ o0 L
AA A 3 S "
: Instr Data : E = B - é‘
I I o .9 [} B < & 8‘
I . RI5SCY RISC-V 1 83 [ B D o
, | PULP interrupt »| Manager [FPU Debug 1 ] g 28 g3
i controller I o0 s g 8
i core Module ' < % o 0 < ___‘ S
1 I ] % E’ 8 . 1 .
; A v ' § [ Glister Event o £ Core Demux | Core Demux_ |
! | APB Peripheral interconnect : h—— unit {51 ey RIECY
f N i ol = 2
i omal | uoma 1 Cluster Timer 55 §| cluster FPU oo cluster |FPU
: v I RX : 5 e =|  core#0 core #7
i SoC ! ] = -
: HDRA Timer : L )r ¢
I ! JF Y
: I/O Master interfaces : < Cluster Instruction bus \
i 1
__________ /o o mm mm omm omm omm o mm omm o mm mm o mm mm o Em Em o EE Em Em ER Em B Em EE R R EN RN B m Em RN N SN N MM SN B MM NN EE EE EN N NN N MM SN NN EE B NN N MM SN MM N NN EE W NN B OGN SN Em SN NN EE G EE M SN B SN S Em A Em Em A am Em
— -
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ControlPULP Architecture

HPC PEQ HPCPE1 |___. ___ | HPCPETO HPC PE71
e ﬁﬁj Lﬁm_fg? ,ﬁw.fw In-band transport
L N ] -
NXXXXKXKO RXCEXX190 WXXXXBEFO hXXXX6D60 ° VT n rr | r
e to/from PVT sensor registers
M.qu a0 S « to/from SCMI shared memory
'SoC Domain : ICluster Domain
AXi-4 |
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ControlPULP Architecture

hOCOOCKD hXGCCK190 hXXKEEFD hXXXXEDE0
Off-IP NoC
AXI Mst AXI Slv ControlPULP IP
'SoC Domain . !Cluster Domain
1 AXI-4 | 1
1 Mux 1
512 KiB L2 SRAM L :
| | J from from 1 64 KiB
| X 5 e ' Bank #0 | | Bank #0 b L1 TCDM
: ! SCMI mailboxes A3 g X . X
AXI
! 2with doorbell notlﬂcatlon sabar L3 2 P <«—  DMA
I _— P A 1
! biimnied *ﬁ;'" ! - L1 TCDM Interconnect
I i 1 F
I e B = ::'I"j‘| Fully-Connected | €— e | 55 h A A A A
| 2 TCDM Demuxers | woismatar coc a3
| ntarconnact ok — ry - A 1 E 8 L
! 1 8= il = =
I T It CV32E40P ta 1 %% a = -
I I o 235 |g a g
iy Manager A | o S g =
: I »| Core FPU Debug 1 3¢ £ 5 sz
P cOTe Module : TRe £3 L g3
b 1B ; ! i j_%" ag & see
: l + R ~ \ 4 | é '8 Cluster EVBI’I‘L ‘.E g Core Damusx Core Demux
eripneral in
1 «| CV3I2E40P | «| CV32E40P
, po 1 o . Fast RISC-V interru pt controller CLIC 8| Vauster [reulessl2| “ciser |rru
I = e
' oL up to 256 interrupt lines core 0 core #7
| SoC . ) i
: A Timer : A 4 A
' ! ) 4 h 4
: I/O Master interfaces : < { Cluster Instruction bus |
I 1
QsP1 2C P
L_I__" . .
To Flash ISSCC 2026 - Forum 3.3: Energy efficiency and 38

PM techniques for Al accelerators



ControlPULP Architecture
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ControlPULP: Software Stack

0 Complete (application to hardware) software stack
[0 With a Real-time operation system, FreeRTOS

[0 Real-time OS (FreeRTOS) schedules tasks with
Power Control Firmware periodic SysTick

PULP FreeRTOS OS O PCF (cpnFroI policy) example tasks:
B Periodic Frequency Control task: 2kHz, reads

PMSIS (BSP, API, DRIVER) temperatures, computes DVFS, applies frequency on
- a per-PE basis
B Periodic Voltage Control task: 8kHz, reads power rails
ControlPULP Hardware consumption, applies voltage to groups of PEs

B Communication Control task: SCMI, ACPI, MCTP
communication

Device HAL
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ControlPULP Implementation

0 GF22 synthesis: one manager core, one cluster, 512KiB + 64KiB @500 MHz, TT
[0 Total Area of 9.1 MGE
[0 Estimated < 1% of a HPC processor die in modern technology node

Unit Area Area Percentage
mm?] [kGE] [%]
Cluster unit 0.467 2336.7 25.5
SoC unit  0.135 675.9 7.39
L1 SRAM 0.119 595.7 6.51
L2 SRAM 1.108 5542.1 60.6
Total 1.830 9150.3 100

ISSCC 2026 - Forum 3.3: Energy efficiency and
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ControlPULP Performance

[0 NoC latency and controlled system are modeled in a testbench environment
[0 Evaluate: multi-core speedup (performance) and interrupt handling reactiveness (latency)

-

O
Control Action and EI
frequency dispatch - <
AXI4 MST - (ESAE AT =
—————— > AXl4 Delayer ———» <
P Data acquisition (P2):
ControlPULP é WIR1 HpG cores temperatures
DUT L2 preload = > preloaded as unfolded in | | O <
with FW binary S time Y
<« —> T
AXl4 SLV - Mailboxes for 9 @
- commands (P3):
- Target frequency
: : - Power budget )
AXl4 Vl(r\t’t:)a)l Driver AXI4
infinite simulation
memory
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ControlPULP Performance

[0 Programmable accelerator and DMA driven PCF speedup:
about 5x faster than single-core execution for 72 controlled cores (massive MIMO)

g x 107
7 +— No DMA, |-core o 1
. 2.0 [ —&— No DMA, 8-cores i
6 ] — | —e— 1-DDMA, I-core *
e [ 3 0
5 _[ s Bl 15[ ~® L-DDMA, 8-cores i
8 O F 1 = 7 —— 2DDMA, l-core
I : I
= 4 - = g ) ’
g f : ' J
gt S 10F .
2 3F : 1 g |
o | = Power computation : g
2 [ —#— Alpha computation 3 83 05 - ]
| [ —®— PID computation ! '
- —®— Frequency computation ] ;
{}'J.L..J.i,...lj...l..L.l....l' ﬂ.ﬂ-.l..l..l..l..l
50 100 150 200 250 300 ' 200 400 600 800 1000
Controlled cores PVT registers
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Why Programmable PM Accelerarator?

[0 Programmable accelerator (cluster) advantage for real-time scenarios

PCF step utilization time

manager + cluster larger slack
domain enables more complex control poicies
<> <
PCF step utilization time, free time window
manager domain (slack)
< > <
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From single to multi Die: ControlPULPlet

CV32RT: fast interrupt handling in RISC-V

D2D (die-to-die) connection for chiplet-based power control
Scatter-gather DMA for N-dimensional periodic sensor reading
64x mailboxes for fast message exchange (e.g., SCMI)

O0O000

Manager domaln . PMCA domain

Gor
w
m
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Kairos, a Proxy in TSMC65 CMOS

g e ALY | ISA rv32imafcxpulpv3xfastirq
: o i &  Core CV32RT [12]
2 = | On-chip SPM 448 KiB
. WH 3 Technology TSMC65
=) TIM& : . 2
£ =llcvarT Mallbox unit pwm oy 4 Chip area 7.2mm
= Ll e | Vpp core/Vpp 10 1.2V/2.5V
> ‘
£ |lreu | Frequency range 20 MHz to 380 MHz
Memory bank 2 Memory bank 3
» Power envelope < 45 mW
400
G v ot BT o b e
40r = fl?;cjjllgxzp(l;‘o“rer -:- mpc_hll 10H2: Max. F:z:q ______ 350
""""""""""""""""""" 1300 =
%30' — 25(,5
320 200 &
5 150 %
10} {1005
150
_ o 1.28 1.31 .
A. Ottaviano et al. TVLSI25 Core voltage [V]
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Outline

[0 Boosting efficiency for AI workloads
[0 Managing idleness and heterogeneity in accelerated systems
[0 Using Al for managing Al

[0 Conclusions, future perspectives
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ML Based learning for Non-linear Sensors

Current sensing u§ing Coynt-to-Ampere Models 0 ML calibration model leverages
(MCA) based on Ring-oscillator sensors silicon data to refine the MCA

M Scope-measured current I as
: golden to train the coefficients of
ML Regression Model ARO (RO) from the I-sensor (P-

3 Sensors
[[P-sensor, } RO, Current | = ARO x Mca : ) . . . :
M Multi-scenarios, including generic

A J

| »
[P-SenSOFDCRl: ROpcr1 1 benchmarks like Geekbenchvé,
{E-Sensorncnz: R_ODCRZ > Mca (Vn) - Antutu, and SpeCInt2k6 etc.
-sensor > . . i
= ot /" RObers [Cio(Vn)-ROI{Vn+1) * | [Cocrs(Vn)'ROocra(Vn) | 7 Good tolerances against voltage
[ :ensorup-sklfm > Ci1(Vn)-RO|(Vp) + X+ Cpcra(Vn)-RObcr2(Vn) and temperature fluctuations
-sensor > . .
[P-sensor — R C12(Vn)-RO|(Vp-1)| [+ [0 Statistical ML used to eelect the
METAY : +..] most relevant RO terms (i.e., P-

| P-sensory,e |

sensors) to simplify the coefficient
terms of the model

[0 Device-specific fine tuning also
possible

Mediatek ISSCC25 8.1
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Advanced Al-based Policies

[0 Control law can be learned (e.g. RL) offline and fine-tuned online

Environment

Control action @

Current state S

e-greedy exploration
& exploitation

. Network update

@(st—l'at—ltst)
( Reward r, J

State transition
(St-1, -1, S0, Tt)

Replay memory | m=)

Store historical transitions

r//—\\
s o
(Current state)

a
(Action)

s' -
(Next state)

r

\_(Reward)

E - Q-value

i %

' JAdd }—a Q-target
>/

Mini-batch of transitions

———— Control loop

————— Learning loop

www.sciencedirect.com/science/article/abs/pii/S2210537924000222

l

Loss function

Fan action

Fan
Agent

//’ ™.
Fan action j’/ DVFS\

N - ———

—— - - —— — o —

Thermal states,
reward

Cooling Fan

. Agent | DVFES action
h ///
Core states,
reward
N

Environment
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Outline

u

[l

Boosting efficiency for AI workloads
Managing idleness and heterogeneity in accelerated systems
Using AI for managing Al

Conclusions, future perspectives
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Summing Up & Future Perspectives

[0 PM is more critical than ever for Al hardware
B Thermal bottleneck
B Power delivery bottleneck
B Impacts the Al bottom line (cost per token)
[0 Key requirements for PM in Al hardware
B Massive MIMO control (fine-grained & scaled-up)
B Heterogeneous (processors, accelerators, PIM, PIN...)
B Multi-die (2.5D - 3.5D)

[0 Real-time, (multi-die) scalable and programmable PM controller
architecture is needed (open platform is advisable)

[0 AI for power managing Al is a major trend
B Learn complex non-linear functions for sensing and actuation
B Learn optimal policies (e.g. RL)
B Online learning for fine-tuning device-specific calibration
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