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1 Introduction

The low cost, highly integrated multi-
channel CCTI00/062500 RF transceiver
offers Wake-on-Radio (WOR) functionality
intended for ultra low-power wireless
applications. By using this feature for
automated low-power RX-polling the user
obtains an attractive starting point for
implementing power-saving applications
for ultra low-power systems.

This application note outlines code
examples taking advantage of the Wake-
on-Radio functionality featured by the
CCT1100/662500 chip, which are part of the
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o Ultra low-power
o Implementation example

CC1100/CC1150DK and
CC2550DK respectively.

CC2500/

The WOR examples are designed as
primitive wireless remote control systems,
whose intention is to provide an insight
into important considerations when using
the WOR functionality. It is demonstrating
a packet bursting transmitter and a Wake-
on-Radio receiver.
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2 Abbreviations

ACK Acknowledgment packet
CRC Cyclic Redundancy Check
EB Evaluation Board
EM Evaluation Module
FS Frequency Synthesizer
GDO General Data Output
MCU Microcontroller Unit
RF Radio Frequency
RSSI Received Signal Strength Indicator
RX Receive (mode)
SPI Serial Peripheral Interface
X Transmit (mode)
WOR Wake-on-Radio
XOSC Crystal oscillator
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3 Wake-on-Radio (WOR)

3.1 WOR priciples

For many battery operated (point-to-point) communication systems without the need of
constant throughput, but with strict demands of power-efficiency, the simple configuration with
an “always-on” receiver and an infrequently transmitting station will in most cases not fulfill
the desired power budget. By using the principle of receive mode (RX) polling, the reduction
of the RX duty cycle obtained makes low-power applications feasible, especially in
asymmetric systems where all units do not have equal requirements for low power
consumption. In addition, to minimize the power consumption, it is a good idea to put the
radio in a power-saving sleep state in between the RX polling periods by disabling all
functionality that is not necessary at that time.

The advantage with WOR is that the RX polling is fully automated by the radio and there is no
need for the microcontroller (MCU) to interfere (strobe RX commands). This means that also
the MCU can stay in power-down mode and further save power while waiting for a packet.
The MCU will only have to wake up when the radio actually detects a packet — it only has to
Wake-on-Radio activity. This is the reason WOR is a useful feature for power-saving
applications.

3.2 WOR and CC1100/CC2500

The Wake-on-Radio functionality of £ETI00/€62500 enables it to stay in a power-saving
SLEEP state and periodically wake up from deep sleep and listen for incoming packets in RX
without microcontroller interaction.

The radio’s configurable GDO pins are used to signal the interrupts intended for the MCU on
the desired event. For instance, if a sync word is detected during the RX period, the
CC1100/€62500 can trigger an interrupt to wake up the MCU. The MCU can then make a
decision on what to do next; e.g. switch to TX and send an ACK or, if the CRC of the received

acket failed, continue in WOR mode

The Wake-on-Radio functionality may also be used in combination with E617100/662500 s
RX_TIME_RSSI function. This function will perform an initial RSSI level measurement when
entering RX mode, and if the RSSI value does not exceed a programmable threshold, the RX
will terminate immediately and return to SLEEP - still in WOR mode. This function can reduce
the time in RX and contribute to lower power consumption if no signal is present.

The CCT100 offers two different methods of using WOR — with or without the automatic

synchronization feature,
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3.2.1 WOR without auto sync

The simplest way to utilize WOR is when a transmitter continuously “bursts” packets at a
fixed interval. In this case, by configuring the receiver to wake up regularly to listen for a
packet, it is not necessary to use the autosync feature.

The time when ECT100/662500 wakes up from the SLEEP state and the time when the radio
is starting RX mode are denoted as EVENTO and EVENT1 respectively. The course of events
is shown in figure 1. The wake-up interval, shown as tgent in figure 1, i.e. the time between
two consecutive EVENTOs and also two consecutive EVENT1s, is configured with the
WOREVT registers.

tRx_time tRx_time
fmmm—s S
RX SLEEP RX SLEEP
EVENTO EVENT1 EVENTO EVENTA1
[ [ [ [ -
|} | |} |}
tEventO t
e it bbb t
t tEventO Event1
Event! 4ol 1 AlIIiIY
fmmmmmm 4

Figure 1: Wake-on-Radio procedure

In order to ensure that a valid sync word is detected by the WOR receiver when using a
packet bursting wake-up protocol, i.e. packets are repeatedly sent with a fixed time interval, it
is important to set the timeout for sync word search in RX properly (denoted tgry time in figure
1). The timeout must be greater than the interval between transmitted packets. If this criterion
is not fulfilled, the receiver might, in worst case, end up polling in between sync words,
missing out on all the packets. This subject will be further illustrated in the protocol
description of the “WOR” example.

An overview of the principal WOR related registers for the £61100/662500 is found in table 1.
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Table 1: WOR related registers

Register and field name

Description

|IOCFG2.GDO2_CFG[5:0]

IOCFG1.GDO1_CFG[5:0]

IOCFG0.GDOO_CFG[5:0]

GDO2, GDO1, and GDOO output pins configuration respectively.
At least one GDO signal should be used to provide Wake-on-
Radio interrupts to the MCU.

PKTCTRL1.WOR_AUTOSYNC
(CC1100 only)

Automatically synchronize the WOR timer to the received packet
in Wake-on-Radio mode. If enabled, the timer will automatically
reset the WOR timer when a sync word is detected. The auto
sync function is not discussed in this application note.

MCSM2.RX_TIME[2:0]

Timeout for sync word search in RX. The timeout is relative to
the programmed EVENTO timeout. For relation with tr tme, S€€
below.

MCSMO0.XOSC_FORCE_ON

Force the XOSC to stay on in the SLEEP state. Normally not set
with the intention of minimizing power consumption when in
SLEEP, but may be used when reduced wake-up time is
necessary.

WOREVT1.EVENTO0[15:8]

WOREVTO0.EVENTO[7:0]

High and low byte of the EVENTO timeout register configuring
the RX polling interval. See formula for tgyeno below.

WORCTRL.RC_PD

Powers down the RC oscillator. Must be set to 0 to enable the
RC oscillator for WOR applications.

WORCTRL.EVENT1[2:0]

EVENT1 timeout. Configures the number of RC oscillator clock
periods to wait after EVENTO before EVENT1 should occur (see
data sheet). Time for potential crystal stabilization and/or
calibration of the frequency synthesizer must be considered if
XOSC has been turned off while in  SLEEP
(MCSMO0.XOSC_FORCE_ON) or auto calibration is enabled
(MCSMO.FS_AUTOCAL).

WORCTRL.WOR_RES[1:0]

Controls the time resolution of EVENTO and other WOR settings.
See data sheet for possible resolutions.

MCSMO.FS_AUTOCAL[1:0]

Configures whether/when to perform automatic calibration of the
frequency synthesizer between state transitions.

MCSM1.RXOFF_MODE[1:0]

Selects the next state after finishing packet reception.

MCSM1.TXOFF_MODE[1:0]

Selects the next state after finishing packet transmission.

The relations between timeout values and register values for some of the registers in table 1
are given by the following expressions:

RX polling interval:

750

tEventO =
xosc

—~—.EVENT(.2°"OR R (1)

Sync word search timeout while in RX:

t

Rx_time —

12.5%

i /2(RX7TIME+3+W0R7RES)
Event0

,RX _TIME <7
)

o (RX _TIME+WOR _RES)
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4 WOR examples using CC1100/CC2500

4.1 General description of examples

The two WOR examples described in this application note can be considered as
implementations of the same simple control system for a radio-controlled object. The system
is modeled as a simplex system with a transmitting remote control sending packets with
control commands to the remotely controlled receiving object. WOR is used to reduce power
consumption at the receiver side. Since both examples are implementations of the same
remote control system, they are very similar, but they are using different protocols. The first
and most primitive example is implemented as a purely simplex system with no transmission
error control. The transmitter is set to burst a fixed number of packets relying on one of them
being detected by the WOR receiver. The second example can be considered as an
improvement of the first one, because of its expansion to also include ACKs from the receiver
to verify each received packet.

Even if ECT100/€62500is a multi-channel RF transceiver, both examples utilize only a single
channel. Please note that the examples are not supposed to be an ideal, complete example
implementation of a remote control system. Their main purpose is to serve merely as a
demonstration of how to use the WOR functionality of £67100/€62500. Because of this, some
aspects are left out for better illustrating WOR.

The example code is written for two SmartRFP04E8 (Evaluation Boards) using the on-board
Silicon Labs C8051F320 MCU together with E6T100/C62500EM. One evaluation board (EB) is
configured to be the remote control (TX unit), and the other as the remotely controlled object
(RX/WOR unit). The joystick position on the remote control is displayed on the LCD of the
remotely controlled EB. A system setup is modeled in figure 2.

Ce2500 ] £C2500
RF link

Remote Remotely

control controlled

(TX unit) object
(RX/WOR unit)

Joystick

Figure 2: System setup for both examples showing CC2500

In order to achieve a low-latency remote control, the response time of the system must be
sufficiently small. For this system, an RX polling interval (tzvento) Of 300 ms has been set as an
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upper bound on the response time when disregarding potential packet errors. To avoid
unnecessarily long duty cycles, both examples operate with a rather small packet format. It is
possible that the remote control only transmits commands describing the changes at the
controls, e.g. the new state of the controller joystick, information not requiring more than one
byte of data payload per packet. Thus the examples will use the 1-byte fixed length packet
format shown in figure 3.

Preamble Sync word CRC

4 bytes 4 bytes 2 bytes

Figure 3: Packet format in WOR example

Preamble bytes and sync word will be added automatically by the CETI00/€62500 when
transmitting. When operating with a fixed payload length, in this case one byte, there is no
need for a length byte. The optional one-byte address field is also excluded due to simplicity.
The data byte contains the necessary joystick state information. The last two CRC bytes are
appended automatically provided that CRC calculations are enabled. This means that only
the single byte marked with blue is fetched from the TX FIFO buffer, and the rest is generated
by the radio itself. For more details and possibilities regarding the packet format, see the
CCT100/€62500data sheets.

4.2 “WOR” example: Simple packet burst protocol example

4.21 Protocol description

The “WOR” example uses a simplex protocol scheme illustrated in figure 4. This simple
protocol does not provide any form for ACK confirming a received packet, and packet traffic is
therefore solely uni-directional. Because of its simplicity, and despite its unreliability, the
protocol is a fitting example illustrating the main concepts of using WOR.

Remote control: TX unit thacket interval (< tRy_time) tpacket_burst (> tevento)
TX TX 11 - -
wi | w
-
IDLE == H IDLE
L L
v v T
Joystick Joystick » t
event event s
Controlled object: RX/WOR unit =
RX RX Potential R X Potential
F "/ RX timeout A’i RX timeout
SLEEP SLEEP | SLEEP
—— $ ‘ { : >
EvO Ev1 | Ev0 Ev1 tevento = 300 ms Ev0 Ev1 t

%tRx fime =1.17ms
M2

Figure 4: Example protocol without ACK
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4.2.2 Timing calculations

As a system specification for this example, a limit of 0.5% RX duty cycle has been set at the
receiver as maximum, while still minimizing the power consumption on the transmitter side to
a certain degree.

Firstly, the EVENTO register value corresponding to a 300 ms RX poll interval must be
calculated. For this relatively short time interval, setting WOR RES = 0 gives a fitting
resolution. By using equation (1) and assuming a 26.0 MHz crystal (used on
CCT100/CC2500FM), = ENTO can be determined:

300ms=— 0 EVENT0-2% = EVENTO=10400= 2840, (3)
26.0 MHz

This word is split into the two byte-sized registers WOREVT1 and WOREVTO, which constitute
the high and low byte of the EVENTO timeout register, i.e. WOREVT1=28,5 and WOREVT 0=A01s.
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ity sl JETR <0S% = RX_TMERS @

tpacket_interval = 1000 pis

IDLE
. Vv
Joystick ~ & ® 2 a & o 2 g !

event N I I © ~ - ©
- = @ o - = @ o

T w w
7 w T (7] =
2] w

Figure 5: Timing for the simple packet burst example, showing start of burst
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4.3 “WOR-ack” example: packet burst protocol with ACK

4.3.1 Protocol description

The “WOR-ack” example is using a similar protocol as the “WOR” example, but this has been
extended by including support for acknowledge (ACK) of each received packet.

In addition the remotely controlled EB (still referred to

as the receiver since the data traffic still is simplex) will now have to transmit an ACK in
response of a received packet. The ACK is sent immediately after a valid packet has been
received.

FSTXON is a state where the frequency synthesizer is
left on, ready to start transmitting. The transmission starts very quickly after the STX
command strobe has been issued. When the WOR EB has received a valid sync word and
the MCU has been made aware of it, the MCU will check the E61100/€62500°s RX FIFO for
content and check any packet’s validity.

If there is no need to send an ACK, the
MCU will issue the SIDLE command strobe to go back to IDLE state, and then the SWOR
strobe, continuing in WOR mode.

Almost similarly, the transmitter will automatically switch to RX instead of IDLE at the end of
each packet transmission (MCSM1 .TXOFF MODE = RX).

The
receiver is ACKing the packets with a payload byte equal to the inverted command byte
received. The remote control parses the ACK packet in order to verify that it is an ACK for the
current joystick position. If it is an ACK that has been received, the ongoing packet burst is
halted. If no ACK is detected, an RX timeout will put the transmitter back to IDLE. For the
“WOR-ack” example it is also implemented an upper limit of packets to send without getting
any ACK, functioning as a packet burst timeout preventing the transmitter to endlessl
transmit without any purpose.

However, when running the
application example, one will occasionally experience that more than 305 packets are
transmitted before an ACK is received. There are two possible reasons for why this might be
happening:
1. The receiver was in RX while the packet was transmitted, but something disturbed
the signal so that the radio was not able to receive the packet properly.
2. The receiver did receive the packet and transmitted an ACK, but the transmitter did
not receive the ACK.
This again, can be due to two different things:
e Same as #1 above
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e The RX timeout on the transmitter was too short due to the RC Oscillator bug
on CC2500. Please refer to CC2500 Errata Note 001.

4.3.2 Timing calculations

For the “WOR-ack” example some of the timing properties are kept equal to those used for
the “WOR” example. At the receiver side the polling period of 300 ms and the RX duty cycle
are preserved, still with an RX timeout of 1.172 ms. Accordingly, the transmitter still operates
with a packet interval of 1.0 ms. The FS calibration routines are also maintained; the
transmitter only performs a calibration at the start of each packet burst, and the receiver
performs a calibration prior to every RX polling period.

Whenever the receiver detects a packet, the transition from RX to FSTXON will take 9.6 ps.
The transmitting ECTI00/C62500 will almost simultaneously execute the 21.5 us lasting
transition from TX to RX. After a small delay in software (RX FIFO must be checked for
packet, data processing etc.), the MCU on the receiving EB will have decided whether to
send an ACK or not. Refer to figure 7 for protocol timing details. This delay is expected to
clearly exceed the difference in transition time of almost 12 ps. The RX timeout of the
transmitter must therefore be set long enough to still wait in RX when the sync word of a
potential ACK is sent. To transmit 4 bytes of preamble plus 4 bytes of sync word at 250 kbps
takes 256 ps. Adding certain delay margins for propagation delay and processing time sets
the RX timeout at the transmitter to 325 ys. A sketch of this can be found in figure 6. It would
also have been possible to let the RX never time out, i.e. wait in RX for a packet until the 1.0
ms timer triggers off the next packet to be transmitted. This would of course have increased
the duty cycle of the transmitter.

tpacket_interval = 1000 ps

RX timeout
X RX X RX
Manual
IDLE | frequency synthesizer IDLE IDLE
calibration i >
Joystick 2 3 X g eNg g N g2
oys |<: R ~ I on a _; w N N ) o _;
even = t % % % % %z % T % o

Figure 6: Remote control timing for the packet burst with ACK listening

The introduction of ACK to this simple protocol causes an increase of duty cycle on both
sides. In addition to the 35.2% TX duty cycle, the transmitter will experience an RX duty cycle
of 325 us / 1.0 ms * 100% = 32.5%. The price of ACKing is not as high for the receiver as for
the transmitter; the £ET100/C62500 with WOR will only have an extra TX duty cycle of

352 ps / 300 ms * 100% = 0.117% at maximum together with the already 0.391% RX duty
cycle.
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teveno = 300 ms
tevento = 300 ms
e
tEvenH = 138 ms RX tEvent1 = 138 ms RX (Z; X
fom e ———— fom e ——— ><
2
XOSC start-up XOSC start-up
+ +
SLEEP FS calibration SLEEP FS calibration (IDLE) SLEEP
L = T -
N © 8° t
Event0 Eventt - EventO Event1 o N =
~ - - T
3 (2] n »
)

Figure 7: Receiver timing for the Wake-on-Radio with ACK reply

4.4 Running the examples

For a description of how to load the programs into your SmartRF®04EB, please refer to the
publication “CC1100/CC2500 Examples Libraries User Manual” found on the Chipcon
website, http://www.chipcon.com. Together with the .hex files, the source code with
comments will be found.

Before running the programs, EB units must be configured to either be the transmitter unit
bursting packets or the receiver unit using Wake-on-Radio. This is done in the setup menu by
moving the joystick sideways — move it left to choose TX unit and right for RX/WOR unit.
Push the S1 button to confirm your choice. After the unit has been configured, the yellow LED
will turn on.

If the TX unit is selected, you are now able to push the joystick button or move it up, down,
left or right. This will start the packet burst and the number of packets sent in the burst will be
displayed on the LCD. For the “WOR” example, the number of packets in a burst is constant,
but for the “WOR-ack” example the burst will continue until an ACK has been received or a
timeout occurs. The blue LED will toggle for each packet sent. For the “WOR-ack” example
the green LED will toggle every time a valid ACK has been received, and the red LED will
toggle for non-valid packets received.

If the RX unit is selected, it will automatically enter the Wake-on-Radio mode, waiting for
packets. For the “WOR” example, every time a packet has been detected and the radio is
sending an interrupt signal to the MCU, the blue LED will toggle. For the “WOR-ack” example
the blue LED will only be toggled when it is transmitting an ACK. For both examples, a toggle
of the green LED will indicate a packet has been received successfully, and the red LED will
toggle whenever an invalid packet has been received. The LCD will continuously display how
many valid packets have been received together with the position of the joystick on the
remote control.

Both programs can be terminated by pressing the S1 button after the setup has been done.
This will turn off the yellow LED.
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5 General Information

5.1 Document History

Revision Date Description/Changes

1.0 2005-11-22 Initial release.

5.2 Disclaimer

Chipcon AS believes the information contained herein is correct and accurate at the time of this printing. However,
Chipcon AS reserves the right to make changes to this document without notice. Chipcon AS does not assume any
responsibility for the use of the described product; neither does it convey any license under its patent rights, or the
rights of others. The latest updates are available at the Chipcon website or by contacting Chipcon directly.

As far as possible, major changes of product specifications and functionality, will be stated in product specific Errata
Notes published at the Chipcon website. Customers are encouraged to sign up to the Chipcon Newsletter for the
most recent updates on products and support tools.

When a product is discontinued this will be done according to Chipcon’s procedure for obsolete products as
described in Chipcon’s Quality Manual. This includes informing about last-time-buy options. The Quality Manual can
be downloaded from Chipcon’s website.

Compliance with regulations is dependent on complete system performance. It is the customer’s responsibility to
ensure that the system complies with regulations.

5.3 Trademarks

SmartRF® is a registered trademark of Chipcon AS. SmartRF® is Chipcon's RF technology platform with RF library
cells, modules and design expertise. Based on SmartRF® technology Chipcon develops standard component RF
circuits as well as full custom ASICs based on customer requirements and this technology.

All other trademarks, registered trademarks and product names are the sole property of their respective owners.

5.4 Life Support Policy

Chipcon’s products are not designed for use in life support appliances, devices, or other systems where malfunction
can reasonably be expected to result in significant personal injury to the user, or as a critical component in any life
support device or system whose failure to perform can be reasonably expected to cause the failure of the life support
device or system, or to affect its safety or effectiveness. Chipcon AS customers using or selling these products for
use in such applications do so at their own risk and agree to fully indemnify Chipcon AS for any damages resulting
from any improper use or sale.

© 2005, Chipcon AS. All rights reserved.
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