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Optimizing Embedded Software

Energy Consumption
Elmar Stahleder

= Find the program part causing
the highest energy consumption

= Locate unexpected power peaks

=  Check if power-saving modes are
used efficiently

Ultra-Low-Power = Elmar Stahleder = 2010/07/06 www.lauterbach.com = 1/22



B Y AU R
Optimizing Embedded Software
Energy Consumption

» Motivation
= Requirements
= Solution

= Example

Ultra-Low-Power = Elmar Stahleder = 2010/07/06 www.lauterbach.com = 2/22



LauteRsach [

Energy = Current x Voltage x Time

In microprocessor-controlled applications each of this
parameters can be influenced by the software

* Dynamic use of power-saving modes
Dynamic change of CPU frequency
Dynamic change of target voltage

Dynamic use of chip internal and external resources (RAM, Flash)
Dynamic function run-times (cached, non-cached)
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Tasks of Energy Profiling

Software developers have to constantly search for
optimal settings of these three parameters

Energy = Current x Voltage x Time

* Detect power-hungry hardware parts

Detect power-hungry software parts

Detect wrong usage of power-saving modes
Detect unexpected power peaks

Calculation of energy consumption
(overall, task, function ...)

* How program changes affect power consumption
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Fa B:ETA.STATistic, TREE = o [ 4
ﬁSetup.. 1] Groups..| B Config...| (3 Gato. Fun Char (&) Init
funcs: 11, 26.893m7 |
range |tree energy min max avr count internd 1% 2% % 10% 20% alk o0
Tront I [Troof) 76.590n7| 0.000 | 26.890m7| 26.83m7 T.(-2) | 0.007% ¢ 7|
iberghSIHIS DO CYLED off || — LED_off 16,1230 | 8.037|  8.090I| 8.08u] 2 0.053% |+
iherghSTHIS_DO_CYLEDT on |[— LEDT_on 74084507 | 370,321uT | 370.324u7 | 370.322u1 2 2,754} |
ihergSTHLS DO CYLED2Zan | [— LED2 on 1.493n7 | 746,520uT | 746.802u7 | 746.561uT 2 5,557 | e—
ihe rgSTHIS Do CYLEDAZon || — LED3_on 22807 11T 11T 1.115mT 2 8.315% Energy
1Eerq:SINUS_DO_C:LED4_Dn LED4_on 2.9900T|  1.490m7 | 1.490mT|  1.430n] 2 11.079%
ibergSTHLS DO CYLEDS on | — LEDS_on 370807 1.85407|  1.854nT|  1.854nT 2, 13.768% . 4
b g STHUS DO\ LED an | |— LEDE_on 4.43mT|  22M6nT|  2.20607|  2.206m] 2 16.478% Stat|St|CS
ibergSIHUS DO_CYLED? on || — LED? on S440T|  2.57207 | 2.572mI|  2.572n] 2 19,1253
1berg\STHUS_DO_CYLEDBZon |[— LEDS_on 5.8540T|  2.30701| 2.927T|  2.927n] 2, 21.767%
er g SINUS_DO_ChFune_Wave fung_Wave 288.3390T | RO.494uT| 129.2%4uT| 96.113uT 3.0-23 | 107 ¥
14 M
. i [B:Tracelist /Track] =10
A In | 4 Out] O Fl] Dot | (3 Goto. | 9Fnd. | 22{Chat | & More | X Less |
-300.000ms -250.000ms  -200.000ms  -150.000ms -100.000ms  -50.000ms  0.000 SD.| record [run address  [oycle  |data [symbol tiback ',
range | | ‘ i e 159 while [T4lR==0) ; <0.000us 2
Troot I — . A 150 while(Td4IR==0) ; <0.010us
5 D0_CLED_ofFRy 0101 R P e a s newle 909 159 while[T4TR==0) <0.00us
Con e SRR T R 159 while(T4IR==0) ; <0.010us F
Pr‘ogram 5 DOCYLEDZ onfgm  © 0 0 0 0 0 oo q- e == = =Rl 159 while(T4IR=<D) ; <0.010us &
5_D0_C\LEDI_ond| mm = FyEREREL G || & g 159 while[T4TR==0) ; 0.0 0us
5 000 LED4_ongy I perennnnaq | ayres 159 while(T4IR==0) ; <0.010us
Chart S 00 CNLEDS ong | mE A AN R 158 while(TdIR==0) ; <0.010us
5 00_CYLEDE_anfy| . S AR R AEE RN 159 while(TdIR==0) ; <01.00us
5 D0_CLED7_anf| m AL L0 ] RN 159 while[T4IR==0) ; <0.00us
O Rl i ieelle 1) 159 while(T4IR==0) ; <0.00us
00 Func_Wavel] I 00 - 150 while(Td4IR==0) ; <01.0M0us
— [ 150 while(T4TR==l) ; 3. 76Eus
- |-000z391772 D:00FF44 wr-byte ~ 80 LTOP+D4344  7.530us
B : £ -
_ . o _lo)x] unnzasqgi D:00FFG4 wr-byte 00 .TOP+0x384 332232
Bsehp. | 3 Goto.| §3Find.. [ 2={Crat [ b in b4 OulfF] 2 n [ T 0u] Z Ful] e LEDS_BEE%EA e Program ﬂOW
= gy = 2 i oz B o Wr=war ol U+ 3 s
e D.‘Dﬂﬂms 300‘.DDDms 250.Innnms EDDI.DDDms 1snl.nnnms 1nn.lnnums SD‘.DDDms n.lnnn 50.|| | ongzaatoes ‘ S I e R
VOltage i : oid LED3 o)
h 164] 1
f a0 B 165 0,14
waverorm +|| [F0002391757 00FFD4 wr-ward 0007 LTOP+0x3D4 <0,
2.0 : 166 value = Wait_3; 0.
—!} |-0002331754 D:00F742 wr-word 2000 .0_Chvalue
0.0 || 0002331751 D:00F744 wr-vord 0000 .value+(s2
Il 167 if (value{l) value=1;
4 168 if (valuer0xFFFF) value=0xFFFF: <.
" ; R 168 Td=value;
i, . DRAV YoFloat MICRO LIDA /ZoomTrack L =100xI}[-o002391743| | 0:00FE44 wr-word 2000 TOP+0x244
Bseu..| 1 Goio. | $3Fnd.. | 2Chat | 4 n | b4 OultFul 10| 0] Z Full i L1 Rl ’ ’
. 0.000n5 -300.000n5 -250.000m5  -200,00005 -150.000n -100.000ns  -50.000ms  0.000 5. ”“”23911?1 | D%EEE“S”” A A T0ps e ¢
Current 1.104 i e e i 11} |-0002391738 | | D:00FFE4 wr-word 0000 .TOP+Dx364
0.125 2 172 TdR = 1:
|| 0002391732 | | D:00FF44 wr-byte 0O LTOP+Du3IH4
Waveform 0.m6zsy - PEE = 173 while(T4IR==0} |
. 11 vhile[T4TR==0) ;
17 L il —
Llslple By
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Debugger + Real-time Trace Logic Analyzer + Analog Probe

Debug control and
run-time measurement

Current and voltage measurement

* Time-correlated measurement of program flow, current and voltage
* Cross-trigger capability
* Tool control integrated in debug user interface
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Requirements

Analog Probe

Signal

|2-
|2+
I1-
1+
10-
[0+

W

Sampling rate = 625 KHz / number-of-enabled-channels

Fim

—
-
EEEREEEERERERE

12 bit resolution
625 KHz sampling rate (one channel)

Firm

EEEEEEEERE
—_
X

Signal

GHD
M
D
el uln
GHD
GHD
GHD
G
D
GHD

V[3..0] voltage inputs (0..5V, 1 MOhm)
I[2..0] current inputs (requires shunt resistance)
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Voltage Measurement

Target
Chip Voltage channel
=
GND Analog Probe
GND
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Current Measurement

Target
Drilled pair of wires
VDD
Shunt
resistor ‘
- Analog Probe
Chip

GND
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Solution

Current Measurement

Target

VDD
I

Chip

Shunt

resistor

-+

GND

=

GND

DEVELOPMENT TOOLS

Analog Probe
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Shunt Resistance

Calculation of shunt resistance
Max-current at 125mV voltage drop
R=U/I

e.g. 125mV/4A = 0.03125 - 0.025 Ohm
e.g. 125mV/2A = 0.0625 - 0.050 Ohm

Many dev boards are equipped with shunt

resistors and provide pins either side
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Configuration
mpodp JRI=TES
r — channel mna res compress —— zample
W vl 1131591 [ | 4939  0.001220v 411 =] |Awas =]
M vl 2 106933 [ ] 499% 0001220 |gan x| |aTRiGGE ¥ |
4 voltage channels <
W Y2 (0.994873 | 4993 0.001220v f2se/1 =] [Track |
#vi 4206875 N i oomzw [irn =] [eua =]
> ghunt[Ohms]
Mo 0000305 | 12504 00003054 [ 0.100 [1n =] [awas =]
3 current channels < M1 0.000610 | 2493 00006104 | 0.050 11 =] [ALwss =]
W12 0000610 | 2433, 00006104 | 0.050 11 =] |Awas =]
> voltage[volts]
I~ PO | i———
3 power channels VP 0.002014 | s24gw  0.002014w [ 3300
(virtual channels)
P2 ] I
\
- Shunt resistance
Channel enable - Voltage
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=
U s e r I n te rfa Ce — channel max ey ———————————— COmpIess —— sample
Fwo  1.131591 | ] 4393 00012200 FRE e |
vl 2106933 | ] 4993y 00072200 611 =] [aRmcex]
vz (0994873 | | 4998 0.001220¢ 261 =] [tk =]
£ Window _Help Expand Recoding Time Fvi 4296676 NN cow oo | ||
2 = shunt{Ohms]
W Configuration... Mo pooo3os [ t2s0a oooososs [oamo [t =] [avas =]
Confi ion &0 =
g Con lj'-lra ion Humber of enabled ADC channels = 2. G e T |
Recading Time Time to trace (seconds)
FE Trigger Definition » |:2 | Pz po000610 | 2433  DOODOBIOA | ‘?OE;DENORS] [tr =] Jewns =]
= List 4 I"'Fo I
ﬂ Tirming 4 P 0002014 | a24gw  oomo4w 3300
[ Ol | [ Apply ] [ Cancel
Default - e [rm—
Channel YO-Y1-Y2-¥3
ﬁ Save krace data .. h |
Channel Y0
E:i; Load reference data ... il
Channel Y1
Reset Channzl Y2
I a0 Bui.draw i¥0A ivlaiv2a 10| x|
= ST &2 Setup.. | (Y Goto.. | #3Find. | 2= Chart | 4p In | b4 Out| MM Ful] 2 in | X Out| 3 Ful
NG —387 48Ans 347 .28Wms 387 .0@Bms -3U6.8B@Ans  —3W6.6HANMS |
= i.ven I | | | I |
Channel I1 +
Channel I2 +
Channel PO-P1-P2 e ¥
(] _,_/"\-\_f"'\-\_r\-\_t—\-\_ﬂ'\-\_r\-\_r\-\_/‘ e
Channel PO % i : : : ] : ; : : ;
Channel P1
Channel P2
& Tracking with List and Timing Bx200000 |
8x 100008 |
Ax0 ) . . ) -
| o|m] 4] i v 2
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User Interface

e Yindow  Help

i ﬁ Configuration. ..
W Configuration ADC
Ej Recoding Time

m Trigger Definition ¥ g Current Program

54 Lisk k g Mew Program
oy Timning r Directary...

ﬂE‘I Dir v k

E Save trace data ...

f-i;. Load reference data ...

Clear Program

Trace from Stark to End. ..

Selective Trace. ..

Trace around J Trigger...
Reset

Multiple trace after, ..

LAUTERBACHI‘

DEVELOPMENT TOOLS

Trigger on voltage, current and power

| * Trace from Start to Stop Point

S=1ES

Channel  ‘VaolttAmpft'att Range for Start
| .
|VD v| ‘E.D—E.D | ® eqgua 'Drlm.ng
Olegual Ofalling
Channel  ‘VaolttAmpft'att Range for Stop
Oequal  Orisin
v | 20 | k "
Olegual @ falling
[ Ok ] [ Apphy ] [ Cancel ]
d  Trace around or Trigger, g@
Channel  Wolidmpftvalt Range
QOequal  @risin
o ] [z | Qe .g
Olequal  Ofalling
(O TrigDelay 105 () Break Analyzer
(®) TrigDelay B0 (%) Break Program
() TrigDrelay 0 [ Ok ] [ Apply ] [ T —

{ " Multiple trace after

VYoltage/Current Selective Trace

B

Channel YoltAmpftiatt Range Channel  “olAmpAiat Range
® equal ®equal O rising
|VD v| |2'5 >0 | Ol equal |VD v|| | Cilequal  Cfalling
cles to trace:
[ k. ] [ Apply ] [ Cancel ] I Ok ] [ Apply ] [ Cancel ]
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Data Save / Export / Offline Analysis

Iﬁﬁﬂ Window  Help

E ﬁ Configuration...

W Configuration ADC

{7} Recading Time

I Trigger Definition L

E Load reference data ...

Reset

TRACE32 off-line analysis

* Save recording: i.SAVE <filename> <recordrange>
* Load to simulator: t.LOAD <filename> /Config

Data export (as text file)

* Select printer type: PRinTer.FILE <filename>

* Open i.List window with the analog channels of interest
« Scroll cursor to the first record of interest

* Left mouse click to i.List icon, click to Print all
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I3
Target / \
Board = 0.5 Ohm
%4
Ports B D220 ohm =D
U
F
F 7
E D220 ohm =D
GND GND
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Fa B:ETA.STATistic, TREE = o [ 4
ﬁSetup.. 1] Groups..| B Config...| (3 Gato. Fun Char (&) Init
funcs: 11, 26.893mT |
range |tree energy min max avr count internd 1% 2% % 10% 20% alk o0
TrontI]Croot] 76.09917| 0.000 | 26.893n7| 26.85%m7 T.02) | 0.007% [+ &
1berghSIMIS DO CYLED off || — LED_off 1612307 | 8.03207| 8.091uT| 6.062u] 2 0.05%% |+
iherghSIMIS DO_CYLEDT_on || LEDT_on 740.845uT | 370.321uT | 370.324u7 | 370.322u7 2 2,754 | m—
ihergSINUS_Bo_¢4LED2 on | |— LEDZ on 1.493nT | 746.520uT | 748.602uT | 748.561u7 3 5,552 | e—
ihe rgSTHIS Do CYLEDAZon || — LED3_on 22807 11T 11T 1.115mT 2 8.315% Energy
1Eerq:SINUS_DO_C:LED4_Dn LED4_on 2.98007 | 1.49007|  1.430nT|  1.490n7 3 11.073%
iberghSTHUS B0 CA\LEDS on||— LEDS_on 3,70807 | 1.854nT| 1.854nT|  1.85d4nJ 2, 13.788% s g
b g STHUS DO\ LED an | |— LEDE_on 4.43mT|  22M6nT|  2.20607|  2.206m] 2 16.478% Stat|St|CS
ibergiSINUS DO CYLED? Zon | |— LED?_on S.A44nT|  2.57207|  2.577|  2.5727 2 19.125%
1berghSTHIS DO ¢4 LED8 on ||— LEDS_on 5.85407 | 2.927T|  2.927aT|  2.927] B 21.767%
er g SINUS_DO_ChFune_Wave fung_Wave 288.3390T | RO.494uT| 129.2%4uT| 96.113uT 3.0-23 | 107 ¥
KT M4
m— f [BTracelist /Track] =101
A In | 4 Out] O Fl] Dot | (3 Goto. | 9Fnd. | 22{Chat | & More | X Less |
-300.000ms -250.000ms  -200.000ms  -150.000ms -100.000ms  -50.000ms  0.000 SD.| record [run address  [oycle  |data [symbol tiback ',
range ; : : | Ly 150 while(T4lR==0) ; 0.000uz 2
Troot I —— T 150 while(TdIR==D) 0.010us 7
Chart 5_D0_CYLED_of i M rer BB BTG WYY 159 vhile(T4TR==0) ; ¢0.00us
o e JEEEER RS N 159 while(T4IR==0) ; <0.010uz X
. G DOCCylEDZZonggm 0 o q- bl LA ] R A 150 while(TdIRe=D) <0,010us 4
d|Sp|ay S 00\ LEDI_on| R EFEER R E | ayan 159 vhile(T4TR==0) ; (0. 00us
5 00 CYLED4_ang I peeennnasa | appyn 159 while(T4IR==0) ; <0.010us
S 00 CiLEDSon®| W el TR Gues |8 EnE 150 while(T4IR==0) ; <0.010us
5 00 CLEDE_onf] ‘| SO AR SRR EEE R 159 while(TdIRe=D) <0.010us
5_DO_CSLED?_onfl| m AEEE L LA Rl 159 while(TdTR==0) <0.00us
S 00 CULEDECon®] T RN 159 while(T4IR==0) ; <0.010us
00 Func_Have i I 0 159 vhile(TdIR==l) <0.010us
— [ 159 while (T4TR==D) ; 3,765z
2 [-o002331772 D:00FF44 wr—Eyte B0 LTOP+0x344  7.530us
-0002331768 D:0DFFE4 wr-byte 00 .TOP+Dx364  0.370us
i i =L - =104 161 4.13%us
Bsehp. | 3 Goto.| §3Find.. [ 2={Crat [ b in b4 OulfF] 2 n [ T 0u] Z Ful] 0002391?23 LEDS_BEE%EA PEpy— <g.g%gus Program ﬂOW
= gy = 2 i oz B o Wr=war i LK 3 s
o D.‘Dﬂﬂms 300‘.DDDms 250.Innnms EDDI.DDDms 1snl.nnnms 1nn.lnnums SD‘.DDDms n.lnnn 50.|| | Fonozasirs ‘ o i Tl S L
VOltage T : roid LED3 on()
* 164
f 4 B 165 0,14
wavertorm o || [FO002331757 DOFFD4 wr-word 0007 LTOP+0x304 <0,
2.0 : 166 value = Wait_3; 0.
—1|-0002391754 D:00F742 wr-word 2000 .0_Chvalue
0.0 || 0002331751 D:00F744 wr-vord 0000 .value+(s2
Il 167 if (value{l) value=1;
4 168 if (valuer0xFFFF) value=0xFFFF: <.
" ; R 168 Td=value;
i 5 DRAYY SoFloat MICRO 104 /ZoomTrack N =1BIXIY 002391744 | | D:00FE44 wr-word 2000 LTOP+0x244
Bseu..| 1 Goio. | $3Fnd.. | 2Chat | 4 n | b4 OultFul 10| 0] Z Full i L1 Rl ’ ’
. §.000ns -300.000ns -250.000ms -200.000n5  -150.000ms -100.000ns  -50.000ms  0.000 5. ”“”23911?1 | D%ﬂié“a‘” AR T b
Current 1.104 i e e i 11} |-0002391738 | | D:00FFE4 wr-word 0000 .TOP+Dx364
0.125 2 172 TdR = 1:
o|| 0002391732 | | D:DOFF44 wr-hyte  CO LTOP+Dx344
Waveform 0.m6zsy - PEE = 173 while(T4IR==0} |
: 17 while (T4TR==0)
- -
Lels[pld oy
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i :Chnalyzer.Chart.sYmbol ffoomTrack /TIMEREF E| @| [z|
& Setup . || 15 Groups... || B8 Config. || ¥ Goto. || #3Find.. [ 4»In || p4 Out || MM Ful
—-508 . ABus A.880us 5Hd . ABAus 1. BEEI|
address | N L
(otherdf@y L S
IHNUS_FL_Cxmain iyl o =B @
Cached/ ©_FL_Cinothing o[ . IIaeE  —
_ CISYSSTACK_TOP | | _ _ _ _ _ o _ _ , _ _ _ o
non-cached USFLCNISRAG i 0 O WRppnm o

FUHC_Chsieved 1
program flow FUNE Csievel o
FUHC_Chsieve 1
FUHC_Chsieved s
FUHC_Chsieved 1
FUHC_Chsieveh s
FUHC_Chsieveh s
FUHC _Chusieved s , ) i . . . .
o1 cache_flush| R |

r B::lntegrator.Draw %Float.MICRO L.114 FoomTrack fTimeREF

Bsoup. || 1 Goto. || #3Find. || AdChart || 4 in [ pd Out|[MMFUll|| 4 In || X Out|| Z Ful
Memo -508 . AAus A.088Aus 5AA . AAAuS 1.900
ry i.l1A I ) . . . . . . . I . , , . L 1
interface 8.01 2
current T J MY ﬂ -
R S S e o i
[ B::Integrator.Draw %Float. MICRO L. 124 FoomTrack fTimeREE |:||E||X|
Ksetup. || 1 Goto.. || #Find.. || e Chart || 4w in || w4 Out|[MMFull|| 20 || T Out]] F Ful
-508 . 8080us A.0880us 5A0 . AAusS 1. EEE|
i.I2A ) , ) I ) ) ) ) I ) ) , ) I ) . . . I
Core current -
@.85
|10 i 2
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Thank You! Elmar Stahleder

elmar.stahleder@lauterbach.com

Questions?
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