Optimizing Power In
Low-Power RF Designs
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Sl - Agenda

* | Low-Power RF Design Considerations

e CC1100 and CC2500 Features
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| fonToxes nstruments Application Scenarios

e High duty cycle * Low duty cycle
— Active radio current — MCU sleep current
consumption — Regulator quiscent current

— Average radio current
consumption
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@ ‘ Chipcon Products

from Texas Instruments LOW-Power Essentlals

* Use the lowest possible duty cycle

— Send data only when needed, do not send more data than
necessary

— Use the highest data rate you can (trade-off vs. range) “
— Watch out for protocol-related overhead '
(

|

« Use the lowest possible voltage

— RF chips have reduced current draw at lower voltages
— Low voltage degrades RF performance

— Above not a problem if on-chip regulator

« Use a switch-mode regulator with low quiescent current
to maximize battery lifetime
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Waking up the Radio

« Waking up a radio from sleep takes it through several
Intermediate steps

e Calculate the average current to estimate battery

lifetime

Current

A

» lime

Power-down

Crystal
oscillator Transmit/Receive
start-up

Power-down
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from Texas Instruments PO | I | n g ReC elver

» Use a polling receiver if possible
— Wakes up periodically and searches for data

Power-down Wake up - Power-down Wake up -

— Timing depends on behavior of the transmitter

RX RX RX

X
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@ ‘ :’:rgmc?enx:;?g:t‘ﬁlsments RX-TX SW i tC h i n g

e For 2-way protocols, go as quickly as possible from
transmit to receive mode or vice versa

Worst case:
L]
Power-down Xtal start PLL start _ Power-down Xtal start PLL start _@

Best case:
Power-down Xtal start PLL start _ Power-down
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ClronToasimsmuments  Adaptive Output Power Programming

* Do not transmit more power than needed!

e The output power can be lowered when operating at
close range to reduce TX current consumption
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from Texas Instruments  D1SCArd False/Error Packets in RX

 Minimize time in RX processing false packets
— Check carrier sense
— Check for valid preamble
— Check for valid sync word
— Check length byte
— Check for valid address

‘)

« Only notify MCU when a valid packet has been received

— Automatic CRC check
» Packet discarded if CRC falls
 Interrupt to MCU if CRC OK
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from Texas Instruments Frequen Cy Hopplng SyStem

« Fast settling PLL important to minimize blanking interval

e Minimize synchronization time
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(e T Insteancasta Data Sheet and Register Settings

 Read the data sheet carefully

* Register settings
— Optimized for sensitivity?
— Optimized for current consumption?

 Example (non-TI transceiver):
Mode | Sensitivity [dBm] | RX current [mA]

1 -112.5 20.1
2 -105.8 19.0
3 -92.2 17.6

e On-chip packet handling features put less burden on MCU
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 Low Power RF Design Considerations

e | CC1100 and CC2500 Features
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C o Tasinstuments  CCC1100 and CC2500 Key Features

« The Market’s Lowest System Cost
— Very low price per chip

— Very few external components . .
reqL)J/ired P e Can be used for multi channel operation

— Very small footprint (4 x 4 mm, — Fast settling PLL
20/16 pin QFP package)

Excellent Radio Performance

e Supply Voltage Range: 1.8 -3.6 V

* Low-Power Consumption — Operation down to 1.8 V allows for full
utilization of batteries

 High integration

— Powerful on-chip packet « Temperature Range: -40 to +85°C
handling
— Offloads the MCU and allows « Programmable data rate: 1.2 — 500 kbps

use of an inexpensive MCU

. s * Modulation formats: FSK, GFSK, MSK,
 High Flexibility OOK/ASK
— Programmable RF frequency,
modulation format, data rate,
packet format, output power,
receiver bandwidth etc.
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S il o, N MCU Interface

e The radio is configured via a simple 4-wire SPI
compatible interface

MCU Radio
SCLKHUUITWL ) 5k

MOSIHU LU LI g

MISO |« LIU LIL] SO

Px.x CS
Px.x GDOO

Px.x GDO2

A 4

o 3 generic digital outputs (GDO) pins
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@ ‘ :’:rgwlc'lqenx:;?g:gtusments S P I A C C eS S

Address Header (Header byte)

R/V_V B |AS | A4 | A3 | A2 | A1 | AO

Single Access

Burst Access

Example:

34 registers. SPI speed of 8 MHz
Single access: 2:34-8/8 MHz = 64 us
Burst access: (8+34:8)/8 MHz = 35 us
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from Texas Instruments CO m m an d St r O b eS

SlLE SPWD or wake-on-radio (WOR)
e Important Strobes
Csn=0
— SRX, STX, SPWD
] ) SCAL
Csn=0
Crystal
SRX or STX or SESTXON or wake-on-radio (WOR) oscillator off

Frequency
synthesizer startup,
optional calibration,
settling

Manual freq.
synth. calibration

* Programmable OFF modes
when RX/TX ends

SRX or wake-on-radio (WOR)

 Automatic or manual VCO
and PLL calibration
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from Texas Instruments Ch | p St at us Byte

« Contains key status signals useful for the MCU

Bits | Name Description
7 CHIP_RDYn Stays high until power and crystal have stabilized. Should always be low when using
the SPI interface.
64 STATE[2:0] Indicates the current main state machine mode
Value | State Diascription
0oo | IDLE Idle state

{&l=o reported for some transitional states instead
of SETTLING or CALIERATE)

001 RX Receive mode

010 | TX Transmit mode

o011 FESTXON Frequency synthesizer is on, ready to siart
transmitting

100 | CALIBRATE Freguency synthesizer calibration is running

101 SETTLING FLL is settling

110 RXFIFO_OVERFLOW RX FIFO has overflowed. Read out any
useful data, then flush the FIFO with SFRX

111 TXFIFO_UNDERFLOW | TX FIFO has underflowed. Acknowledge with
SFTX

30 FIFO_BYTES_AVAILABLE[3:0] | The number of bytes available in the RX FIFO or fres bytes in the TX FIFO

(depends on the read/write-bit). If FIFO_BYTES_AVAILABLE=15, there are 15 or
maore hytes in RX FIFO or 49 or less bytes in the TX FIFO.
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from Texas Instruments RX an d TX FI FO

o Separate 64-byte RX and TX data FIFOs

64 byte TX FIFO

/\/\/
64 byte RX FIFO |——
MCU | \( >_‘ MCU

|
Radio Radio

e Allow burst mode data transmission

* Burst mode data transmission with high over-the-air data
rate reduces overall power consumption

« Burst mode data transmission with slow over-the-air
data rate improves range
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from Texas Instruments PaC ket H an d I | N g

« Full packet handling included
— Preamble generation

— Sync word insertion/detection
— Address check

— Flexible packet length (fixed, variable, or infinite)
— Automatic CRC

p4

< Optional data whitening >
&——Optionally FEC encoded/decodes—>  Legend:
<——Optional CRC-16 calculationr———> Inserted automatically in TX,
processed and removed in RX.
k=] o
5 2| = = Optional ided field din TX
: = i tional user-provided fields processed in
Preamble bits 0 . ' p p > P ,
(1010...1010) ; s 9 Data field & D processed but not removed in RX.
g 2 2 &
N b 3 D Unprocessed user data (apart from FEC
and/or whitening)
<8 x n bits——>€16/32 bits>< bﬁsx bﬁs%ig X n bits >—16 bits—>
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@ ‘ Chipcon Products

from Texas Instruments Received Signal Qualifiers

« When RX is activated the transceiver will start looking
for a valid sync word

e Important to reduce likelihood of false sync word
detection

(
— Carrier Sense indicator (@

— Preamble Quality Threshold (PQT)

— Sync word qualifier

Technology for Innovators” Wi TEXAS INSTRUMENTS




(Sl il o . Packet Filtering in Receive Mode

« Packet length filtering

— Maximum packet length is programmable. If received length byte
has a larger value, packet is discarded and receive mode is
restarted

* Address filtering

— If received address matches a valid address, packet is received
and written to RX FIFO

— If no match, receive mode is restarted

e CRC filtering
— If CRC check fails the entire RX FIFO will be flushed
— Next state is programmable (IDLE, FSTXON, TX, stay in RX)
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from Texas Instruments Simple Packet Transmission

e Write data to TX FIFO
e Command strobe STX

 Interrupt to MCU that packet is sent (use a GDOx
signal for indication)

Agilent Logic Analyzer - [...\EXAMPLES"SmartRFO4EB.ala] - [Waveform-1] _ & x|

Eile Edit ¥iew Setup Tools Markers RunfStop ‘Waveform Window Help ;Iilll
DEHSnas|(wTH AR 2| paE |~ ||avyer|ron an

H MIito (M2 = 273.944532 us |

scale | gagusidv B 20 | e Delayl 704, 535959 us Blm|ne [T 20| m|

= =
w
Busisi | -345.6 us 2768 us -202 us -129.2 us -70.26 us -1.564 us 5729 us 136 us 204.2 us 2736 us 24249 us 411.2 us 420 us 542.2 us G176 us 526 .4 us FE5.2 us
ustzigna P T T T T T T T e T T T T T Vol
Omso_T
Umosi_T
Usocue_T
Oesn_t
Ueooo_T
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from Texas Instruments Slmple PaCket ReCeptIOn

e Strobe SRX

 Interrupt to MCU that packet is received (use a GDOx
signal for indication)

e Read RX FIFO

Agilent Logic Analyzer - [...\EXAMPLES'\SmartRF0O4EB.ala] - [Waveform-1] _1&] x|

Eile Edit Wiew Setup Tools Markers RunfStop Waveform Window Help ;Iilﬂ
NEHS A ad(wTHQaa|t|zem e ||[dryey||renzm|

” MiTto (M2 = 273.944532 usI

Scale | gaGusidy B[ 2ne | g2 Delay | 204,835989 us B | ne [T 20| m|

T M2
L3

3456 us -276.8 us -208 ug -138.2 us -70.36 us -1.864 us G724 us 136 us 204.8 us 2736 us 3424 us A11.2 us 480 us 548.8 us G176 us G586.4 us 7552 us
' 1+ 0 [ T ' ' ' ' '

BusiSignal

Omiso_T

Umos_T

Uscue T

Ocen_t

Uepoo_T

Usooo_r
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@ ‘ :’:rgil;,lc?enx:;?g:t‘itusments Wak e - O n R ad i O

« Wake-on-radio function allows very low average power
consumption in a polling receiver (a few tens of uA)

gt + e

i i i il i i i il
[ 1 teen
IDLE to R wicalibration
R
[ 1iDLE

« If data is received
— Go to IDLE, RX (new sync search), TX or FSTXON

24
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from Texas Instruments WO R CaS e St u d y (1)

e Additional time in IDLE to
complete RC oscillator
« 6.25 ms calibration. RC calibration
r« - ! - can be disabled
.::M:: — R
|

MCSMZ . RX TIME R33I = Oaor

MCSME . RX TIME R33I =1 and R33! is above threshold
[ mcsmz.Rx_TIME RSSI = 1and RSSIis below threshald

245 us
—>

Assume 50 ms polling interval

T eventl is 346 us

RX timeout programmed to 6.25 ms
Current:

— SLEEP: 0.9 UA - IDLE: 1.6 mA
— SYNTH: 82 mA - RX:16 mA
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R e o soats WOR Case Study (2)

1) RX timeout only (independent of RF signal)
or
2) Check for carrier sense and signal above threshold

 Average current with PLL calibration:
— 0.346 ms-1.6 mA + 0.809 ms-8.2 mA + 6.25 ms-16 mA + 42.595 ms-0.0009 mA / 50 ms =

2.14 mA

 Average current without PLL calibration:

— 0.346 ms-1.6 mA + 0.09 ms-8.2 mA + 6.25 ms-16 mA + 42.595 ms-0.0009 mA /50 ms =
2.02 mA
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© [ghipcen products WOR Case Study (3)

Check for carrier sense and signal below threshold

 Average current with PLL calibration:
— 0.346 ms-1.6 mA + 0.809 ms-8.2 mA + 0.245 ms-16 mA + 0.580 ms-1.6 mA +
48.02 ms-0.0009 mA /50 ms = 0.24 mA

 Average current without PLL calibration:

— 0.346 ms-1.6 mA + 0.09 ms-8.2 mA + 0.245 ms-16 mA + 1.299 ms-1.6 mA +
48.739 ms-0.0009 mA /50 ms =0.14 mA

 Average current without PLL and RC calibration:

— 0.346 ms-1.6 mA + 0.09 ms-8.2 mA + 0.245 ms-16 mA + 49.319 ms-0.0009 mA /
50 ms =0.11 mA
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| rpn bt PLL and VCO Calibration

o Calibration is needed to operate at the correct RF
frequency

 Full calibration
— Not a good solution for FHSS systems

 Relaxed calibration

o (Calibration replaced by a look-up table
— Used to minimize blanking interval in FHSS systems
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Register Optimization

e Optimized for RX current or sensitivity. Your choice!

{Z: Calculation Window - CC2500 - SmartRF® Studio ;IEIEI
File Settings Help
DOld&®
Current chip values: .
Marmal View i

=~ IDCFG2 [0+00]: 000 ] | Redister view | Hotes |

- I0CFGT [001]: 000 Chip revision: E vI Correlation:

- IOCFGOD [0x02]: 0x00

; Regist i

+|DCFEOAT [0402]: 0200 Ciystal accuracy: #-tal frequency: RF output pouwer: S |Att"bUtBS| Components

- I0CFGE0AZ lUkUZ_]- 0400 |1u ppm | 26000000 | MHz |n w|dBm [ P ramping s valus = OeFE -

- FIFOTHR [0<03]: 000 BF autput PATABLE

- SYNCT (0804} 0x00 Phage: D atarate: Modulation: FHEQDEPE:«EDED)WEI *

- SN0 [(W05) 0x00 IT 243.938985  kbps MSK d I™ Manchester FF Fraquency -» FREQ[223:16]

- PETLEN [0%05]: 000 FF frequenc: Channel Channel number R filterthandwidth F%?;{;qﬂ:iiy > FREQ[5:8]

- PKTCTRLY [0%07] 0x00 [2432589808 MH2  [1980351172  kHz [o j [641.55867 kHz  |FREODCiB]

2}

2}

2}

2}

2}

2}

2}

2}

2}

£ PETCTRLO [(m08]: 0200
e ADDR [0x09]: 0:00

£ CHANMP [0204]: 0200
£ FSCTRLT [0x0B]: 0x00
£ FSCTRLO [0x0C]: 0x00
e FREQZ [0400]: 0w00
2}
2}
2}
2}
2}
2}
2}
2}
3
3
3
3
3
3

- FREQT [040E: 0x00
- FREQO [040F } 000

- MDMCFGA [01 0: 0400
- MDMCFG3 [0x11]; 0400
- MDMCFG2 [0x1 2 0400
- MDMCFG [01 3]: 0400
- MDMCFGO [0 4] 0400
- DEVIATN [0x15]: 000
- MCSM2 [0416]: 000

- MCSMT [0417): 000

- MCSMO [0418): 000

- FOCCFG [0419): 000

- BSCFG [0x14): 0:00

e [ b [ b P e o P [ e e e o o e e e - 5 -~ -]

Prefered zettings:

RF Frequency -> FREQ[7:0]
FSCTRLT = 0:09

Dataiate | Deviation | Modulation | R fiterbandwidth | Optimization | FEIiFETFEEEqu’UE FREQ_IF[4:0] =» 22852 kHz
2.4 kbps 38 kHz - 203 kHz Sengitivik =

Takops 3K 2EOK 203 kHz Cuent PF Frequency offset > FREQOFF(7.0)
10kbps 38 kHz 2F5K 232 kHz Sensilivity MOMCFGA = 02D

10 kbps 38 kHz 25K, 232 kHz
3 Y 5

bps 1 MSE 0 kHz

500 kbps 1} MSK 812 kHz

Fieset CE2500 and wiite setfings |

Copy setlings to Register View

Data rate (exponent] -» DRATE_E
Channel bandwidth (exponent) -» CHAMBW_E
Channel bandwidth [mantissa) -» CHAMBW i
MDMCFG3 = 0x38
Data rate (mantizsa) -» DRATE_M
| MDMCFG2 = 0473 ;I

Curtent

Sengitivity

Simple Fix | Simple T Packet X | Packet T | PER test |

Length canfig IValiab\e ¥ Spnc ward: |30.1‘32 T
Packet length: |255 Packet count: IZDD

Address config: INo addre ¥ ¥ CRE ™ Manual lrit
Address: I [T FEC T FIFD Autoflush

ARCTTEL 2 Nu1R ) Muin LI iew format ;I MDMCFGT = 0=20 -
Forward Errar Comection -» FEC_EM
MBRCSTATE: 0 Hen = MDMCFG2 = 003
Spnc mode -> SYMC_MODE[2:0]
FREQOFF_EST: O kHz I~ | CRE Ok PKTCTRLO = 005
Packetformat -» PET_FORMAT[1:0]
FS51: 0dE = Spnic Fix CHC operation -» CRC_EM
) Packet config. -» LENGTH_CONFIG[1:0]
OB OkHz I~ Lock: | |PKTCTALY = Ghoa
GDO2 qutput pi figurati - Address check - ADR_CHK[1:0]
SR I G A Bl Fle dumpr | .| | FIFQ autofiush > CRE_AUTOFLOSH =l
[ Start buffered R | Stop A% |
Device I Mot Connected Last executed cammand: |Date: 07.02,2007, Time: 11:12:35 4

29

Technology for Innovators®

Wi# TEXAS INSTRUMENTS




@ | Chipcon Products
from Texas Instruments

Demonstration - RadioDesk™ from TI

e Y

RadioDesk is a complete 2.4GHz wireless solution for
makers of HID devices

(remote control, keyboard, mouse etc...)
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S il o, N RadioDesk main focus

 Robustness and coexistence with other 2.4 GHz systems (WLAN,
Bluetooth, cordless phones, microwave ovens)

— Adaptive frequency hopping protocol
— Radio provides excellent blocking and receiver selectivity

 Long battery lifetime
— RadioDesk protocol designed for low-power utilizing excellent sleep modes
— Radio has low peak current consumption and very quick start-up time
(reducing on-time)
— Current Consumption: 1mA active & 0.0003mA sleep

e Low system cost

— Low cost parts: CC2510 SoC
« Range

— Very good radio sensitivity
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S il o, N Hardware Solution

« System-on-Chip solution for remote control,
keyboard, mouse and dongle

. Remote control

e (CC2510: SoC with integrated CC2500 transceiver, MCU and
flash

Up to 90 buttons without IO expander
« USB dongle
e (CC2511: CC2510 SoC with full speed USB (12Mb/s)

 Only uses the USB HID standard, no extra software needed on
PC

 Optional AES-128 encryption with no additional latency or current
consumption
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S il o, N Software solution

Time Division Multiple Access (TDMA) solution:

1 frame
2 PTU 1PTU 1PTU 2 PTU 1PTU 1PTU 2 PTU 1PTU 1PTU
Dongle Receive 4 Scan | Beacon 5 Receive 5 Scan |Beacon 6 Receive 6 Scan | Beacon 7
: : :
! 1 1
! 1 1
! 1 1
! 1 1
! 1 1
! 1 1
: 1 1
!7
Search for Transmit 5 Search for Transmit 6 'Search for
Remote control beacon beacon beacon

Search for | Search for | 'Search for
Transmit 5 Transmit 6

Optional device beacon ‘ beacon ‘ | beacon

 The frame can be extended to allow more devices
e The RF frequency is changed for every frame
e Each PTU Is 2ms

PTU: protocol time unit 33
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s ndaviarits RadioDesk protocol - packet

Preamble Sync word |Length Payload CRC
\_ AN / /
~ ~ ~ N
. : : max. .
32 bits 32 bits 8 bits 14 bytes 16 bits

« Max packet size 25 bytes (configurable)
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Thank you for your attention

Questions?
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications, enhancements,
improvements, and other changes to its products and services at any time and to discontinue any product or service without notice.
Customers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All products are sold subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

TI warrants performance of its hardware products to the specifications applicable at the time of sale in accordance with TI's
standard warranty. Testing and other quality control techniques are used to the extent TI deems necessary to support this
warranty. Except where mandated by government requirements, testing of all parameters of each product is not necessarily
performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for their products and
applications using TI components. To minimize the risks associated with customer products and applications, customers should
provide adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any Tl patent right, copyright, mask
work right, or other Tl intellectual property right relating to any combination, machine, or process in which TI products or services
are used. Information published by TI regarding third-party products or services does not constitute a license from Tl to use such
products or services or a warranty or endorsement thereof. Use of such information may require a license from a third party under
the patents or other intellectual property of the third party, or a license from TI under the patents or other intellectual property of TI.

Reproduction of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration and is
accompanied by all associated warranties, conditions, limitations, and notices. Reproduction of this information with alteration is an
unfair and deceptive business practice. Tl is not responsible or liable for such altered documentation. Information of third parties
may be subject to additional restrictions.

Resale of Tl products or services with statements different from or beyond the parameters stated by TI for that product or service
voids all express and any implied warranties for the associated T| product or service and is an unfair and deceptive business
practice. Tl is not responsible or liable for any such statements.

Tl products are not authorized for use in safety-critical applications (such as life support) where a failure of the Tl product would
reasonably be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement
specifically governing such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications
of their applications, and acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related
requirements concerning their products and any use of Tl products in such safety-critical applications, notwithstanding any
applications-related information or support that may be provided by TI. Further, Buyers must fully indemnify Tl and its
representatives against any damages arising out of the use of Tl products in such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the Tl products are
specifically designated by Tl as military-grade or "enhanced plastic." Only products designated by Tl as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is
solely at the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in
connection with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products
are designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any
non-designated products in automotive applications, TI will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications
Amplifiers Bmplifier.fi.con Audio [nww ircom/audid
Data Converters Automotive [www ii-com/automofivg
DSP [sp Broadband
Interface Digital Control [yww ii.com/digitalcontro]
Logic [oaiciiconi Military [vww T com/militany
Power Mgmt Rowerirconj Optical Networking [xww i.com/opficalnetworR
Microcontrollers Security
RFID Telephony [yww Ti.com/telephony
Low Power Video & Imaging [vww ti.com/vided
Wireless

Wireless [ww ircomiwirelesd
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Copyright © 2007, Texas Instruments Incorporated


http://amplifier.ti.com
http://www.ti.com/audio
http://dataconverter.ti.com
http://www.ti.com/automotive
http://dsp.ti.com
http://www.ti.com/broadband
http://interface.ti.com
http://www.ti.com/digitalcontrol
http://logic.ti.com
http://www.ti.com/military
http://power.ti.com
http://www.ti.com/opticalnetwork
http://microcontroller.ti.com
http://www.ti.com/security
http://www.ti-rfid.com
http://www.ti.com/telephony
http://www.ti.com/lpw
http://www.ti.com/video
http://www.ti.com/wireless



