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Plan for Today
• LP system architectures – processor and radio systems

• Platform metrics

• Current Research Example
– Managing Concurrency on the Dual-Processor Platform



LOW-POWER RADIO SUBSYSTEMS
Low-Power System Design



Basic Radio Architecture: CC1000
• Separate RX and TX modes (half-duplex)

– Switching time between RX/TX

• Receive mode
– Traditional superheterodyne receiver feeding a demodulator (DEMOD)
– RSSI signal (or the IF signal after the mixer) is available at the RSSI/IF 
– Digital demodulated data on the pin DIO
– On-chip synchronization of data

• Transmit mode
– Frequency shift keying (FSK) 

of digital bit stream (DIO)
– Voltage controlled oscillator 

(VCO) signal fed directly 
to power amplifier (PA)

• Simple global power-domain

[T
ex

as
 In

st
ru

m
en

ts
]



Adding Buffering/Packet Data: SX1211
• Three different data operation modes
• Continuous mode

– Each bit is accessed in real time at DATA
– Requires adequate external signal 

processing 

• Buffered mode
– Byte-level interface with FIFO
– Reduced uC overhead
– Unlimited packet length

• Packet mode (recommended)
– Packet is automatically built with preamble, 

sync word, and optional CRC
– User only provides/retrieves payload bytes 

to/from FIFO
– Maximum payload length is limited to the 

maximum FIFO limit of 64 bytes
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Simple Packet Interface: SX2111
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Multi-Level Internal Power Control
• Global power control

– Internal precision voltage regulator
– Lower core voltage
– Lower noise supply
– Separation of concerns

• Per-domain power control
– Separate regulation/control 

of subsystems
– Variable power footprint
– Increased flexibility

• In reality
– Not all options can be leveraged
– One operating scheme chosen at design time
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Integrated Protocol Processing: CC2420
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CC2420 Power Control
• Internal LDO with external control

– Registers and RAM are lost on 
disable (leakage current drops 
beyond retention)

– Reset required on disable/re-
enable

– Significant setup time for radio

• Battery Monitor
– Enables monitoring the 

unregulated voltage input
– Programmable threshold
– Will not work when the voltage 

regulator is not used
– Information given as status bit
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CC2420 Power Modes

[T
ex

as
 In

st
ru

m
en

ts
]



CC430F513x MSP430™ SoC With RF Core



New LoRa Transceivers – SX127x
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New LoRa Transceivers – SX127x
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Built-in Protocol State Machines
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COMPARING PLATFORMS – METRICS

Low-Power System Design



How To Compare Systems…



State-of-the-Art Platforms – Metrics

Mica2

Tmote Sky

Mica2Dot

Imote



Simple Metrics – Tabular Data

Mica2

Tmote Sky

Mica2Dot

Imote

Atmel AVR + CC1000 + 3xLED + 51pin + 
2xAA + …

Atmel AVR + CC1000 + 1xLED + 4MHz + 
19pin + round + 1xCoin Cell + …

TI MSP430 + CC2420 + 3xLED + Sensors 
+ USB + 1Mbit Flash + …

ARM7 + Zeevo TC2001 + 2xDuoLED + 
2xCR2 + …



Tales of Tables – Datasheet Magic…

Mica2 Mica2Dot

CPU: 7.3 MHz CPU: 4 MHz

Original Crossbow Mica2 and Mics2Dot Datasheets



Tales of Tables – Context and Detail…

SPOTS Paper

Atmel 
Datasheet



ARM7 + Zeevo TC2001 + 2xDuoLED + 
2xCR2 + …

Simple Metrics – Tabular Data

Mica2

Tmote Sky

Mica2Dot

Imote

Atmel AVR + CC1000 + 3xLED + 51pin + 
2xAA + …

Atmel AVR + CC1000 + 1xLED + 4MHz + 
18pin + 1xAA + …

TI MSP430 + CC2420 + 3xLED + Sensors 
+ USB + 1Mbit Flash + …



Comparing the System Core

Mica2

Tmote Sky

Mica2Dot

Imote

Lack of Flexibility



Comparing Radio Systems

Mica2

Tmote Sky

Mica2Dot

Imote
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State-of-the-Art Platforms Comparison

ImoteTmote SkyMica2Dot

System Core

Mica2

Radio Systems

Bias towards 
a special 
purpose



State-of-the-Art Platforms Comparison

ImoteTmote SkyMica2Dot

System Core

Mica2

Radio Systems

Other platforms?

Multipurpose
radio?

Balanced
computing 
resources?



State-of-the-Art Platforms Comparison

ImoteTmote SkyMica2Dot

System Core

Mica2

Radio Systems

BTnode rev3



CURRENT RESEARCH EXAMPLE:
MANAGING CONCURRENCY BY 
SEPARATING CONCERNS

Low-Power System Design



BOLT: A Stateful Processor Interconnect
Felix Sutton, Marco Zimmerling, Reto Da Forno, Roman Lim, Tonio Gsell, Georgia 

Giannopoulou, Federico Ferrari, Jan Beutel, and Lothar Thiele
SenSys 2015, Seoul, South Korea, 1st - 4th November  2015



“Intelligent” Triggered Sensors

• Moving the decision into the sensor
• Asynchronous operation, jitter
• Data: Timing and event characteristics
• Co-detection over many sensors
• Less data, less power

pre-
processing

data cleaning
& processing

geophysical
processes

communi
cationsensor

decision



The Classical Mote

Processor
RadioSensors

Periodic Sense & Send



Processor
RadioSensors

Processor
RadioSensors

Sense & React

Hard Real-Time 
Constraints

Increased Resource 
Demands

Periodic Sense & Send

The Classical Mote



BOLTSingle Processor APP COM

Sensor 
Interface

Network 
Protocol

Sensor 
Interface

Network 
Protocol

Revisiting Platform Design

Classic Architecture

memory
interference

time-
interference

power-
interference

BOLT



BOLTSingle Processor APP COM

Sensor 
Interface

Network 
Protocol

Sensor 
Interface

Network 
Protocol

Revisiting Platform Design

Classic Architecture Event-Based Architecture

memory
interference

time-
interference

power-
interference

BOLT

firewall



BOLT: Ultra-low Power Processor 
Interconnect

Design principles for predictable run-time behavior
1. Avoid resource interference
2. Tightly bound unavoidable resource interference

CONTROL

 Application
Processor

 

BOLT

 

Non-volatile Memory

. . .

. . .

Communication 
ProcessorMessage Controller

DATA

CONTROL

DATA

[F. Sutton et.al.: Bolt: A Stateful Processor Interconnect. Proc. SenSys 2015]



BOLT Prototype Case Study

32-bit ARM Cortex-M4 @ 72 MHz
48 Byte Messages
4 MHz SPI Bus

BOLT

16-bit CC430 SoC @ 20 MHz
24 Byte Messages
2 MHz SPI Bus



BOLT Power Dissipation

W
R

IT
E

R
EA

D

1.3 μW 1.1 mW



Bound Interference using a Formal Method

Worst-case Execution Time

address

data

DMA 0 
Channel

DMA 1 
Channel

FRAM

SPI CSPI A
DMA Controller

GPIO

PORT3 PORT4

MSP430
Core

DMAreq DMAreq

IRQreq

IRQreq

HALT

MESSAGE 
TRANSFER

(LPM0)

COMMIT WRITE
Update IND 
Update ACK

IDLE
(LPM4)

REQUEST
Configure

SPI & DMA

REQ↑

COMMIT READ
Update IND 
Update ACK

REQ↓

DMA IRQ

REQ↓ && buffer=Ø

R/W↓ && Q=Ω ||

ACK↑

R/W↑ && Q=Ø 

RESET

Software Model Hardware Model

UPPAAL
Timed Automata 
Model Checker

• 125 states
• 165 transitions
• 8 clock variables
• 15 sync channels

[F. Sutton et.al.: Bolt: A Stateful Processor Interconnect. Proc. SenSys 2015]



Measurement of BOLT Predictability

Tight 
Worst-case 
Execution 

Times
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[F. Sutton et.al.: Bolt: A Stateful Processor Interconnect. Proc. SenSys 2015]



Application: 
Co-detection of Seismic Events



Application: 
Co-detection of Seismic Events



Application: 
Co-detection of Seismic Events



• Continuously active acoustic trigger: 
– 25 µA @ 3.0V
– 50 µV sensitivity

• Wake-up latency <2.7 msec
– 24-bit ADC, 140dB dynamic range
– STM32L4 ARM Cortex-M4

BOLT

[A. Pasztor: Event-based Geophone Platform with Co-detection. MA Thesis, ETH Zurich, 2018]

Platform: 
Triggered Micro-Seismic Sensor



Platform:
Triggered Micro-Seismic Sensor

[M. Meyer et.al.: Event-triggered Natural Hazard Monitoring with Convolutional Neural Networks on the Edge. IPSN 2018.] 



Continuously Active Seismic Wake-up 
Trigger

Wake-up 
latency
<2.7 msec25 µA @ 3.0V

50 µV sensitivity



Which Signals Originate Within the
Mountain 

[S. Weber, J. Faillettaz, M. Meyer, J. Beutel, A. Vieli: Acoustic and micro-seismic characterization in 
steep bedrock permafrost on Matterhorn (CH). Journal of Geophysical Research: Earth Surface, 2018.
M. Meyer, J. Beutel and L. Thiele: Unsupervised Feature Learning for Audio Analysis. Proc. Conf. 
Learning Representations, April 2017.
Meyer, M., Weber, S., Beutel, J., and Thiele, L.: Systematic Identification of External Influences in Multi-
Year Micro-Seismic Recordings Using Convolutional Neural Networks, Earth Surf. Dynam. 2018.]



On-board Signal Classification Using ML



Today’s Hot Researcher & Paper
• Giovanni De Micheli

– Faculty at EPFL
– Previously faculty at Stanford University

• Very strong Influence in SoC and NoC paradigm
– Prevailing hardware concept on today’s embedded 

systems and mixed/multi-core systems 
implementations

• System-level dynamic power management 
with L. Benini (ETHZ)

L. Benini, G. De Micheli: Networks on chips: a new SoC paradigm. 
Computer 35 (1), 70-78



Recap of Today
• Modern embedded hardware (equally for high performance 

SoCs) offer a great feature set
– Many integrated peripherals/options
– Meticulous attention to power performance in all operating modes

• Software control is increasingly difficult
– Lack of support by design flow/tools for hardware specifics
– Overall system complexity

• Profiling methods necessary to assess system level 
performance
– Detailed figures in documentations work only for each unique case
– Modeling capabilities are limited (we will discuss this in detail)
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