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Low Power Digital and System Design EAWS (A. Burg, 4+4h)

Objectives :

PART-1

- To provide a basic introduction to power consumption in digital VLSI circuits

- To give an overview of the key techniques for designing low power digital VLSI circuits

- To raise awareness and introduce potential solutions for the difficulties associated with
ultra-low-power design in advanced technology nodes

PART-2

- Provide an example of a low-power system design (ECG monitoring)

- Get acquianted with the anatomy of a basic low-power embedded system based on 
commercial off the shelf (COTS) components

- Lear about the various system components and modes to be able to make design 
decisions when using or selecting an embedded platform

- Collect some initial experience in using an embedded low-power system and its low-
power modes

Course contents



MICRO-617 : EAWS / Low Power Digital Circuits Systems 3

LESSON 2b – Low Power System 
Design

Prof. Andreas Burg
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TOC: Low Power System Design 

Case study: Energy Consumption of 

Wireless Transmission

Embedded Low-Power Microcontrollers 

• Overview and Low-Power Modes

• Key Components

Hands-on Example: EFM32 ULP MCU

• Power Consumption and Low-Power Modes
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Case study: energy consumption 

analysis and optimization of 

wireless transmission
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7 Reducing Radio Interface Power win On-Node Processing

Reducing the amount of data to be transmitted generally reduces radio 

interface power consumption, but requires

• reasonably efficient radio protocol (power-down between bursts)

• processing resources on the node to reduce data to the essence

Zhang (2012) IMEC cardiac patch

(Yazicioglu,2009)

Holst Centre 

(Masse, 2010-13)
Shimmer               

(shimmerresearch, 2010-13)
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Fig. 18. Current breakdown for R-R extraction experiment. The current distri-

bution is roughly evenly distributed amongst main contributors, and the origi-

nally power-hungry transmitter consumption is now nearly mitigated.

Fig. 19. Annotated chip die photo.

telligently handle energy consumption based on the available

energy. The closed-loop power management ‘stoplight’ scheme

enables potentially indefinite operation while the node is worn.

Our 5.5 kB of on-chip memory remains operational down to a

subthreshold voltage of 0.3 V and is compatible with the flex-

ible subthreshold datapath. In the heart-rate extraction mode

where the transmitter is duty-cycled, the entire chip, including

regulation, only consumes 19 W. To the best of the au-

thors’ knowledge, this system has lower power, lower minimum

input supply voltage, and more complete system integration

than other reported wireless BSN SoCs to date.
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We describe here the development of a miniaturized and wireless 

ECG-monitor for monitoring major epileptic seizures (tonic-

clonic, generalized tonic, clonic or hypermotor). The proposed 

prototype is capable of detecting severe epileptic seizures in real-

time based on the instantaneous HR variations. Required features, 

such as raw ECG data storage and real-time ECG visualization, 

are also included to facilitate the data collection.  

This paper is organized as follows. First, the low-power and 

miniaturized prototype is described as well as the embedded 

algorithms required to perform epileptic seizure detection. The 

wireless communication services which ensure reliable epilepsy-

related event transmission are also presented along with the 

software architecture. Additionally, the epilepsy detector is 

characterized in terms of memory footprint, power consumption, 

and real-time functioning. The results of the first data collection 

performed with the system are also explained.  

2. SYSTEM DESCRIPTION 

2.1 Clinical Requirements 
First, the system shall be suitable for monitoring epilepsy patients 

who may be severely physically and/or mentally challenged. The 

position of the device on the body shall be comfortable and safe in 

case of a major seizure. The system shall also be easy to use and 

be convenient for the clinician during manipulation of the patient. 

Since each patient has a specific morphology, it shall be possible 

to adapt the length of the wires connecting the electrodes to the 

portable sensor. Heart-rate will be measured through the ECG. As 

we are only interested in the occurrence of the R-peaks in the 

ECG signal for the analysis, the acquisition of one ECG lead is 

sufficient.  

Second, the ECG signal shall be analyzed in real-time and the 

result of the analysis shall be directly and wirelessly sent to a 

control unit. At the same time, the raw ECG signal should be 

logged for further off-line analysis.  

Also, a wireless exchange of information between the operator 

(clinician) and the body-worn ECG sensor device must be 

possible. On the one hand, the control unit shall enable the 

clinician to send the start and stop time of a recording as well as 

the patient-specific parameters. On the other hand, the status of 

the ECG device shall be displayed to the technician upon request. 

Moreover, time synchronization shall be performed automatically 

between the body-worn monitor and the control unit. 

Synchronization of the ECG system with external equipments 

such as a digital video system is also required for the purpose of 

this study. 

Concerning the hardware aspects the ECG device shall be as 

unobtrusive and robust as possible.  Neither buttons nor lights 

must be apparent to avoid disturbing the patient. The electrical 

and physical design of the monitor shall be such that, however the 

conditions, it presents no risk of harming the patient, e.g. by 

injecting current to the body. 

The system autonomy should allow at least 24 hours of 

continuous monitoring. 

2.2 Architecture  
The complete data acquisition platform not only comprises the 

front-end ECG monitor firmware but also the back-end control 

unit software. Most of the intelligence, i.e. signal processing tasks, 

being offloaded to the sensor node, the host application only 

serves as a graphical and/or network interface for the sensor node. 

It therefore supports communication with third-party software, 

e.g. a TCP/IP connection with another clinical monitoring 

application providing extended functionalities. The diagram in 

Figure 1 illustrates the overall data acquisition software 

architecture.  

 

Figure 1 - Architecture overview 

2.3 Miniaturized ECG Monitor 
The ECG monitor is composed of: a wireless sensor board which 

provides processing and external communication features, an 

ultra-lower power ECG sensor readout [18], and a microSD-card 

offering a compact and low-power storage capability. 

The sensor board consists in two principal electrical components 

selected for their low-power characteristics: the microcontroller 

unit (MCU), Texas Instrument MSP430F1611 featuring 10KB of 

RAM and 48 KB of ROM [20], and the radio transceiver, Nordic 

Semiconductor nRF24L01 [21]. The sensor board is powered 

through a 100 mAh-battery. 

The external biopotential sensor readout for ECG measurements 

[18] and the ADXL330 accelerometer from Analog Devices[22] 

are connected to the sensor node through a general-purpose 

input/output (GPIO) connector. The software tunable gain of the 

biopotential sensor is set to 390. 

To reduce the space occupancy as well as to prevent the patient 

from pulling out the card while recording, a 2 GB-microSD card 

(SanDisk Mobile) is directly soldered to the GPIO connector of 

the sensor board. Stored data are wirelessly transferred to the 

computer as described in section 2.5.  

The sensor device weights less than 20 grams and is packaged 

into a 52x36x15mm³ plastic box. The plastic box is strapped to 

the body, ensuring the sensor node to remain in place throughout 

the experiment. To reduce the amount of motion artifacts due to 

wiggling cables, an external connector allows for adapting the 

length of the electrode cables to the patient’s morphology. 

The final prototype (Figure 2) has been approved by 

Kempenhaeghe's ethical committee for use on epilepsy patients.  

 

Figure 2 - Packaged sensor node 

112
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Example: TI-CC1000

7 A Simple Radio Interface

• Consider a system that comprises only the physical layer

• Simple RF radios are available as discrete components 

– TI, Analog Devices, Freescale, Microchip (often combined 

in SoCs with low power uControllers)

• A simple single-chip (UHF) transceiver

– RF frequency synthesis from a low-frequency reference quartz (few MHz)

– Modulation: alters the RF signal according to the data

– Demodulation: analyzes the received signal to recover the data

– Received signal strength indicator (RSSI): detects presence of an RF signal and 

its strength

• Example: TI-CC1000

– Combined transmitter and receiver

– Software-programmable freq. 

band: 315 / 433 / 868 and 915 MHz

– FSK modulation up to 76.8 kbit/s

– Programmable output power
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7 Radio Interface: Power Consumption

• Transmitter 𝑊𝑇𝑋 : 

– 433 MHz: 16 – 80.1 mW

– 868 MHz: 25.8 – 76.2 mW

• Receiver 𝑊𝑅𝑋 : 

– 433 MHz: 22.2 mW

– 868 MHz: 28.6 mW

𝑃𝑇𝑋 = 0.01𝑚𝑊
𝑡𝑜 10 𝑚𝑊

Transmitter

• Power consumption depends on the output-power level 

• Radio output-power level 𝑃𝑇𝑋 is far below transmitter power consumption 𝑊𝑇𝑋

Receiver

• Power consumption is comparable to the transmitter (at low power levels)
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7 Radio Interface: Energy Efficiency

• For sensor node applications, power consumption is not the most relevant metric

– Energy efficiency relates battery lifetime to the amount of data that can be 

transmitted

– Energy efficiency is measured in Joules per (information) bit [J/bit] and 

depends on the active power consumption and the data rate

• Increasing the transmission rate f

– improves energy efficiency, but also reduces radiated energy per information bit

– Receiver: sensitivity drops for higher rates

𝐸
𝑛𝐽

𝑏𝑖𝑡
= 𝑊𝑇𝑥/𝑅𝑥 ∙ 𝑇𝑏𝑖𝑡 =

𝑊𝑇𝑥/𝑅𝑥
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7 Radio Interface: Energy Efficiency

• Maintain a given signal to noise ratio as data rate f increases

– Need to increase transmit power to maintain constant received energy per bit

– From an information theoretic perspective we would expect

• “Luckily” reality is different: 𝑃𝑇𝑋 < 𝑂 𝑓 and 𝑊𝑇𝑋 < 𝑂 𝑃𝑇𝑋 < 𝑂 𝑓

Rate f Duty cycle Tx power Sensitivity Margin Tx Rx

4.8 kbit/s 1 -5 dBm -107 dBm 102 dB 26.7 mW 22.2 mW

38.4 kbit/s 1/8 0 dBm -102 dBm 102 dB 31.2 mW 22.2 mW

Rate f

[kbps]

Tx energy 

efficiency

Rx energy 

efficiency

4.8 kbit/s 5.6 uJ/bit 4.6 uJ/bit

38.4 kbit/s 0.8 uJ/bit 0.6 uJ/bit

Overall improvement in energy 

efficiency with higher data rates

𝑃𝑅𝑋

𝑓
≡ 𝑐𝑜𝑛𝑠𝑡.⇒ 𝑃𝑇𝑋~𝑓 𝑊𝑇𝑋 ~𝑃𝑇𝑋~𝑓

1.2x3x
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7 Radio Interface: Energy Efficiency

• Constant throughput requirement

– Higher rate allows to duty-cycle 

both transmitter and receiver

– Duty cycling is limited by the startup/

locking time of the frequency 

synthesizer (typ: 0.1-1 ms)

• Example: TI-CC1000

– 𝑇𝑆𝑡𝑎𝑟𝑡𝑢𝑝=250 us

– 𝑓=38.4 kbit/s

Duty cycle Rate f Tx Rx

1 4.8 kbit/s 26.7 mW 22.2 mW

1/8 38.4 kbit/s 3.9 mW 2.8 mW

sleep sleep sleep

𝐿𝐵𝑢𝑟𝑠𝑡 𝑏𝑖𝑡𝑠 ≫ 𝑇𝑆𝑡𝑎𝑟𝑡𝑢𝑝 ∙ 𝑓

𝐿𝐵𝑢𝑟𝑠𝑡 ≫ 10 𝑏𝑖𝑡

PLL startup
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7 Processing Energy vs. Transmit Energy

Sensor data is usually highly redundant (i.e., compressible)

• Data reduction through analysis and/or compression

• Requires computations (i.e., consumes power)

• Computations can often be done either after transmission on 

the central node or before transmission on the sensor node

Example: MSP430 16-bit low-power uController with TI-CC1000 transceiver

What is the cost of computation vs. 

the cost of transmission??

800 nJ/bit or 

12.8 uJ/word (16-bit)

600 uW/MHz, 1-3 cycles/Op

200 pJ/Operation 

12.8
𝑢𝐽

𝑤𝑜𝑟𝑑

200
𝑝𝐽
𝑂𝑝

> 64′000
𝑂𝑝𝑠

𝑤𝑜𝑟𝑑
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7 Lifetime extension from compression

Compression requires processing resources and consumes power

• Energy savings from reduced radio activity can get eaten up by 

– Poor energy efficiency of the embedded processor

– Overly complex compression/analysis algorithms

• Burden shifts to more 

energy-efficient data 

processing

[Rincon et al., ITAB, 2011]
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power custom VLSI

microprocessor

Low complexity

compression

algorithm



MICRO-617 : EAWS / Low Power Digital Circuits Systems 14

Embedded Low-Power Microcontrollers: 

Overview and Low-Power Modes
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Low Power Sensor Nodes: System Components

• Microcontroller

• Memory subsystem

– SRAM

– ROM

– FLASH

• IO interfaces

• Clock generation and 

clock distribution

• Timers 

• Interface peripherals

• Power management

IO 

Interfaces

Clock

Generation

MCU/CPUMemory subsystem

On-chip

Peripherals

Timers

Watch-dog

SRAM ROM NVM/

Flash

Power management & conversion

Radio … SD-

Card
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Wireless Sensor Nodes: Operation

• Typical activities in a wireless sensor node

– Sampling/sensing

– Processing data on the node

– Storing data

– Transmitting data 

– Waiting for an event or a fixed period

Handled by various system components in a more or 

less independent fashion from the processor core

http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://iconizer.net/en/search/No-license-filtering/0-128/1/process&ei=AqNbVI_rDM-LyASx54HIDA&bvm=bv.78677474,d.aWw&psig=AFQjCNGiy_1jGgbppw5MO0Kbabvq5SgvRw&ust=1415378038176647
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.element14.com/community/docs/DOC-45292/l/freescale-xtrinsic-accelerometer-magnetometer-pressure-and-touch-sensors&ei=h6NbVMqHJ4j2yQSn3YKQDQ&bvm=bv.78677474,d.aWw&psig=AFQjCNF6DMLBJEUUyVmsNG_CwHP82h0Xyg&ust=1415378139992040
http://www.makeuseof.com/tag/5-good-reasons-to-save-your-old-hard-drive-from-the-trash/
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Processing schedules

• A typical application schedule

– Data is sampled in regular intervals (typically relatively slowly)

• Data acquisition handled by the core itself 

• Smart data converter with direct memory access (DMA)

– Data can be processed each time a new sample arrives OR in larger junks 

(typically more efficient)

– Processing speed is governed by deadlines

• Processing speed (clock frequency) adjusted precisely to meet the deadline

• Processing in short bursts with high clock frequency while sleeping in 

between
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Wireless Sensor Nodes: Operation Scheduling

• Multiple parallel processes (partially overlapping) with different characteristics

– Sampling and storage of data: on small chunks of data with hard real-time constraints

– Processing and transmission: more energy efficient on larger data blocks

• Idle periods almost unavoidable

• Operation is driven by interrupts

http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://iconizer.net/en/search/No-license-filtering/0-128/1/process&ei=AqNbVI_rDM-LyASx54HIDA&bvm=bv.78677474,d.aWw&psig=AFQjCNGiy_1jGgbppw5MO0Kbabvq5SgvRw&ust=1415378038176647
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.element14.com/community/docs/DOC-45292/l/freescale-xtrinsic-accelerometer-magnetometer-pressure-and-touch-sensors&ei=h6NbVMqHJ4j2yQSn3YKQDQ&bvm=bv.78677474,d.aWw&psig=AFQjCNF6DMLBJEUUyVmsNG_CwHP82h0Xyg&ust=1415378139992040
http://www.makeuseof.com/tag/5-good-reasons-to-save-your-old-hard-drive-from-the-trash/
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Power Consumption Depends on Usage Scenario
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Optimization and Design Strategy for Low Power

• Start from a “reasonable” system configuration 

• Decide on a processing schedule that maximizes the exploitation of low 

power modes available from the system

• Identify the distribution of power consumption among the system 

components and processing phases 

• Address the part or phase with the largest contribution first by 
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Reminder: Sources of Power Consumption

• Dynamic power consumption

– Active power of functional blocks 

• Power is consumed while circuit/component is active (operating)

– Without DVFS: Power depends (linearly) on the operating frequency

– With DVFS: Power depends super-linearly on frequency/voltage 

(often not supported in ULP embedded systems due to complexity of 

generating a variable voltage in an efficient way)

– Power for clock generation and clock distribution 

• Static power consumption

– Static power of digital functional blocks

• Power is consumed during both active and inactive periods

– Often negligible while circuit is active (except at low frequencies)

– Without power-gating: dominant (only) power during inactive periods 

– With power gating: can be very low

– Static power consumed in analog circuitry (e.g., amplifiers)
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Low-Power and Sleep Modes

Low power modes typically differ in 

• Energy consumption

• CPU activity

• Reaction time

• Wake-up triggers

• Active peripherals

• Available clock sources
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Low-Power and Sleep Modes: Two main tuning knobs

• Clock is deactivated, but 

supply is still on

– No activity

– State is retained

– Rapid wakeup

Active Mode

Inactive/

Standby

Sleep

Mode

• Clock is deactivated and supply 

is off (power-gating)

– No activity

– No state retention

– Slow wakeup

• Power-up delay

• Need to restore state

Toward

less 

power

Operation at reduced

clock frequency

Operation at a reduced 

“retention voltage” or 

with state-retention FFs
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Power 
management 

unit

(PMU)

Voltage 
regulators

Clock 
generation 

and 
distribution

Reset 
generation 

Interrupts / 
IOs

Components involved in energy management

• PMU: controls and coordinates 

the transition between power 

modes

– Voltage regulation

– Stabilization of clocks

– Reset generation
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Transition between power modes

Different sleep modes and one configurable “active” mode:

• Transition from “active” into one of the “sleep” modes: triggered by software

• Waking up “sleep” to “active”: triggered by hardware

0 1 2 3 4

s
le

e
p

a
c
ti

v
e

Power

consumption

Mode

Tuning power within a given mode by

• De-/activating periphersls

• Selecting clock frequencies
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Transition between power modes

• Break energy consumption into three parts

– 1) active energy

– 2) sleep energy

– 3) wake/sleep transition energy 

(energy for moving between sleep and active modes) 

𝑇𝑎𝑐𝑡

𝑇𝑝𝑒𝑟
𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒 =

𝑇𝑎𝑐𝑡
𝑇𝑝𝑒𝑟

http://www.eetimes.com/document.asp?doc_id=1278972

𝑇𝑡𝑟𝑎𝑛

𝑇𝑠𝑙𝑒𝑒𝑝
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Power budget

• Power figures for active/transition/sleep: 𝑃𝑎𝑐𝑡, 𝑃𝑡𝑟, 𝑃𝑠𝑙𝑒𝑒𝑝
– Assume: 𝑃𝑡𝑟𝑎𝑛 = 𝑃𝑎𝑐𝑡

• Time for period/active/transition: 𝑇𝑎𝑐𝑡, 𝑇𝑡𝑟, 𝑇𝑝𝑒𝑟 = 𝑇𝑎𝑐𝑡 + 𝑇𝑠𝑙𝑒𝑒𝑝

𝑇𝑎𝑐𝑡
𝑇𝑝𝑒𝑟

𝑃 =
𝑇𝑡𝑟 𝑃𝑡𝑟 − 𝑃𝑠𝑙𝑒𝑒𝑝 + 𝑇𝑠𝑙𝑒𝑒𝑝𝑃𝑠𝑙𝑒𝑒𝑝

𝑇𝑝𝑒𝑟

𝑃 =
𝑇𝑎𝑐𝑡𝑃𝑎𝑐𝑡 + 𝑇𝑡𝑟 𝑃𝑡𝑟 − 𝑃𝑠𝑙𝑒𝑒𝑝 + 𝑇𝑠𝑙𝑒𝑒𝑝𝑃𝑠𝑙𝑒𝑒𝑝

𝑇𝑝𝑒𝑟

𝑇𝑝𝑒𝑟 −
𝑇𝑡𝑟𝑃𝑡𝑟 + 𝑃𝑠𝑙𝑒𝑒𝑝 𝑇𝑠𝑙𝑒𝑒𝑝 − 𝑇𝑡𝑟

𝑃𝑎𝑐𝑡

𝑇𝑝𝑒𝑟 − 𝑇𝑡𝑟
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Embedded Low-Power Microcontrollers: 

Key Components
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Active Power Consumption (COTS products)

• Prominent examples:

PIC Microcontroller

• 8 bit 

• 16 bit

• 32 bit

MSP 430 Microcontroller

• 16 bit

ARM Microcontroller Series

• ARM Cortex M0(+)

• ARM Cortex M3

Active power consumption

(CPU/Clock Generation/Regulators)

ARM based: 80-250 uA/MHz @ 1.8 – 3.3V

Older models: 250-500 uA/MHz @ 1.8 – 3.3V

More and more vendors offer 

ARM core based solutions

http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.directindustry.com/prod/atmel/microcontrollers-13779-584878.html&ei=GYNbVLHxPMugyASU44G4BQ&bvm=bv.78677474,d.d2s&psig=AFQjCNFPTXeeO1uSEtYRXupQi-u-KgMcag&ust=1415369874362489
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Comparison of COTS MCUs to State-of-the-Art Processor Cores

State-of-the-art cores generally outperform available microcontrollers

• COTS microcontrollers often use mature technology nodes (>130nm)

• Core-only specifications and research cores often exclude peripherals/SRAM/clocking

• Commercial MCUs typically do not yet exploit voltage/frequency scaling

Best ARM M0+ based COTS MCU from ST Micro with  approximately 85 uW/MHz

including memory & clocking

ARM Cortex-M0 Implementation Data***

180ULL

7-track, typical 

1.8v, 25C)

90LP

7-track, typical 

1.2v, 25C)

40LP

9-track, typical 

1.1v, 25C)

Dynamic Power 66µW/MHz 12.5µW/MHz 5.3µW/MHz

Floorplanned 

Area
0.11 mm2 0.03 mm2 0.008 mm2
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Clock Generation and Clock Distribution

• Motivation:

– Clock frequency determines power of active components

– Clock generation and distribution can be a significant part of the overall power 

consumption (e.g., when most of the chip is inactive)

• Performance criteria of clocking subsystem

– Power consumption

– Flexibility to generate adjust frequency to the needs

– Agility to change frequency during operation 

– Accuracy compared to a golden reference: measured in parts-per-million (PPM)

– Startup time: time to restore a stable clock after shutdown

• Tradeoffs associated with clock generation

– Fast clock vs. slow clock: jitter, frequency, basis for derived clocks

– On-chip clock generation vs. off-chip components: cost, space on PCB, power 

consumption of external components, accuracy

– Fixed vs. programmable: power consumption, area, analog components, ability 

to precisely adjust to the needs
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Clock Generation and Clock Distribution

• Quartz based frequency reference

– Available in some standard frequencies 

from kHz to >100 MHz

– Accuracy 5-20 ppm

– High cost and power consumption

• External quartz & capacitors with 

on-chip oscillator

– On-chip feedback amplifier (often two for high 

and low target frequencies)

– Accuracy 1-20 ppm (low cost)

– Startup time in the milliseconds (ms) range and 

increases for lower frequencies

– Power consumption

• Linear in frequency

• Typical values in the ~50uW / MHz range 

– STM32L15xx6: 1.1uA@3V for 32 KHz

Example: MSP430 oscillator startup times

http://www.st.com/web/en/resource/technical/document/datasheet/CD00277537.pdf

http://www.gaw.ru/pdf/TI/app/msp430/slaa081.pdf

mailto:1.1uA@3V
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Clock Generation and Clock Distribution

• On-chip digitally controlled oscillator (DCO)

– Programmable ring oscillator 

• Based on RC delays (low-power)

• Few preselected frequency settings

• DC reference controlled by an external 

or internal reference resistor (for calibration)

– Mostly used for low power consumption at very low frequencies 

(e.g., during sleep periods as clock source for wakeup timers)

– Startup times similar to clock period (1MHz: 1us, 100kHz: 10us)

– Power consumption: ~50uW / MHz range 

– Accuracy is very poor: few % (@1MHz: 10’000 ppm)
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Clock Generation and Clock Distribution

• Reference clock with synchronous clock divider

– Can only reduce clock frequency 

compared to reference input

– Only division by integers (coarse grained) 

for clocks not too far below the reference.

• Reference clock with Phase Locked Loop (PLL)

– PLL is comprised of 

• Voltage Controlled Oscillator

• Phase/frequency detector

• Loop filter

– Alternatives: 

• AD-PLL: all digital implementation

• Frequency locked loop (FLL): phase not 

locked to the reference oscillator

Fixed clock 

source

Programmable 

divider

divider ratio

http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://chipdesignmag.com/display.php?articleId%3D1030&ei=FlFbVPKwH8r9yQSG_IGIBw&bvm=bv.78677474,d.d2s&psig=AFQjCNHOfnGYxwH7YlOcF0UyAPL0EdI_kg&ust=1415356860934491
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Circuits for Clock Generation (Research State-of-the-Art)

• Figure of merit (FOM): uW/MHz

• Main contributor to power consumption is the DCO

– Implementations based on leakage currents

Dong-Woo Jee; Sylvester, D.; Blaauw, D.; Jae-Yoon Sim, "A 0.45V 423nW 3.2MHz multiplying DLL with leakage-based oscillator for ultra-

low-power sensor platforms," Solid-State Circuits Conference Digest of Technical Papers (ISSCC), 2013 IEEE International
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Clock Generation and Clock Distribution

• Example: TI-MSP430 clock generation and distribution subsystem

– Different clock 

sources generate 

different frequencies

– Rapid selection of 

the best clock for 

different system 

components 
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Memory/Storage Subsystem and Components

I-

cache

D-

cache

core

I-cache

core

BIU BIU

BIU

Architectures of the storage subsystem of two types of embedded systems

• Program and data: shared address space (von Neumann - like)

High performance

• Often single bus interface, but large 

caches for data and instruction

Ultra low power

• Harvard architecture core with separate 

bus interfaces for data and instruction

• Multiple or multi-layer busses

• No or only small cache, 

often only for instructions 

https://www.google.ch/imgres?imgurl&imgrefurl=http://www.giga.de/unternehmen/samsung/news/apple-beantragt-verkaufsverbot-fur-8-samsung-smartphones/&h=0&w=0&tbnid=aGfgzaIB-M7TZM&zoom=1&tbnh=225&tbnw=224&docid=rpRFIcWB5jPJBM&tbm=isch&ei=OkNfVJPJLM7VavzmgeAC&ved=0CAQQsCUoAA
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Memory/Storage Subsystem and Components

• Type of information to be stored

– Program code (instructions)

– Runtime intermediate variables (data)

– Acquired data

– System settings and state (registers in peripherals)

• Different types of storage

– (Registers)

– Volatile memory: retains its content only with power on, typically SRAM 

– Non-volatile memory: retains content after power-off
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SRAMs Consume a Considerable Amount of Power

• For embedded processors, memories occupy a large percentage of the silicon area

• Active mode: 

– Data and program memory can consume 2/3 of total power 

– Low-frequency: SRAM leakage becomes visible

• Sleep modes:

– Generally, no power gating to retain SRAM content

– SRAM leakage becomes dominates system power consumption (3-4 pJ/bit in 180nm): 

32kByte -> 400nW @ 1.8V

typical embedded processor
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SRAM Leakage over Temperature

Example: EFM32 MCU (ARM-M3) with 32kByte SRAM

• Significant difference leakage reduction when SRAM is disabled

• Leakage increases exponentially with temperature

SRAM on SRAM off
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Non Volatile Memory

• Typically implemented as Flash

– NOR or NAND flash

• Flash vs. SRAM: Flash has 

– Slower read access

– Much slower write access 

– Much higher write power

• NAND Flash

– High density, organized in large pages

– Used for storing large amounts 

of data

– Usually off chip

• NOR Flash

– Medium density with word access possible

– Can store program code 

– Program code can be executed directly 

from Flash
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Non Volatile Memory as Deep Sleep Backup

• Almost all components are OFF

• Leakage becomes THE dominant factor in power consumption

• Memory (SRAM) is often the largest contributor to leakage: 

– E.g., 3.5 pW/bit with 32kByte => 900 uW

• Memory power gating leads to a loss of data

Flash SRAM based backup:

• Caveat: writing to NV memory requires a lot of energy

– Transition to deep-sleep is expensive

– Backup only the required data

• Deep-sleep with SRAM backup to NV memory only efficient for long sleep periods

– Alternative: very small backup SRAM with state retention for essential data (few Bytes)

Copy SRAM 
content to NV 

memory

Enter sleep 
mode (SRAM 
power gates)

Exit sleep 
mode

Restore 
SRAM 
content
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The cost of off-chip communication 

Off-chip communication consumes dynamic power

• IO-pad capacitance is around 2.5-10pF

• Typical voltages for IO-standards: 1.8V, 2.5V, 3.3V

• Energy per transition and pin:

𝑬 =
𝟏

𝟐
𝑽𝑰𝑶
𝟐 𝑪

• Power consumed by 8 IO pins 𝜶 =50% activity @ 𝒇 =1 MHz (𝑪 = 𝟓𝒑𝑱, 𝑽𝑰𝑶 =

𝟏. 𝟖𝑽)

𝑷𝑰𝑶 = 𝜶𝒇
𝟏

𝟐
𝑽𝑰𝑶
𝟐 𝑪 = 𝟑𝟐𝒖𝑾
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Hands-on Example: EFM32 ULP MCU: 

Power Consumption and 

Low-Power Modes
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Energy Micro EFM32LG (Leopard Gecko) MCU Overview

EFM32 is a series of microcontrollers with different capabilities and peripherals

EFM32LG: medium range ULP device

• ARM-M3 low-power 32 bit CPU up to 48MHz

• SRAM and Flash memory (read and write access)

• Clock generation and energy management unit

• Support for many peripherals

• Timer units
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Energy Micro EFM32LG (Leopard Gecko) MCU Low Power Modes

5 basic energy modes with different default settings for peripherals and clocks
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EFM32LG – STK 3600 Evaluation Board & Power Monitor

• EFM32LG990F256 MCU

• Energy Monitoring system for 

current tracking

• Various peripherals and IOs

• Power sources:

– Battery

– USB

– 0.03 F supercap for backup

http://www.digikey.com/Web%20Export/techzone/microcontroller/article-2012july-tiny-geckos-display-fig4-fullsize.jpg

