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ABSTRACT

Fast growing market related to Internet of Things creates new demands for wireless sensor networks. Here we face the
problem of optimizing energy consumption in many miniature electronic devices powered from local batteries and
requested long life span of nodes up to 5-10 years. The transmission processes constitute the primary source of energy
consumption in the node, however complex data processing can also contribute a non negligible component. Optimizing
energy consumption we can use various energy saving schemes, e.g. bringing the nodes in a sleeping mode and waking
them periodically. In the paper we analyse in detail time and power components influencing energy consumption
profiles. The derived original parameters are helpful to create power consumption models for specific applications. The
presented methodology has been verified experimentally within (TI) CC1310F128 chip.
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1. INTRODUCTION

Wireless sensor networks (WSNs) are used in many domains related to industry, infrastructure protection, civil and
military monitoring, scientific explorations, etc. Typically, the used WSN nodes are powered from batteries with limited
energy. Hence, an important issue is to assure long lifetime of the network. This problem has been discussed in recent
literature ' 2 * * * 6, where various techniques saving energy consumption have been proposed. The general idea is to
optimize the use of power saving modes in the nodes. The prevailing mechanism allowing to reduce energy consumption
is duty-cycling. In this technique the node sleeps most of the time and wakes up only at selected moments to extend the
lifespan of nodes up to 5-10 years. Unfortunately, the scheduled duty-cycling technique is always a trade-off between
energy consumption and delay in delivering the data frame to the target node. Another technique that does not have this
problem is employing an additional wake-up radio, but it increases costs.

In the literature various solutions of power saving have been proposed assuming some simplified operational models or
targeted at specific problems, e.g. optimization of total energy usage in the network in relevance to minimal delays,
optimization of routing protocols (short hop vs long hop 7), network coverage ®. We have found that an important issue is
to investigate power usage profiles in relevance to activity of node resources (namely those related to data processing,
memories and radio communication) and possible operational modes. This problem is neglected in the literature. We
have developed an original methodology of experimental characterization of power usage profiles which bases on
deriving several parameters. These parameters are helpful to create operational power usage models for target
applications. They are targeted at the framework of the duty-cycling mechanism. In the performed experiments we focus
on radio communication issue taking into account output power programming and the impact of node synchronization.
Moreover, we analyse impact of transmission formats as well as the time needed for transitions into sleeping mode and
waking time (for different software schemes). This is followed by tracing power usage for several typical scenarios
(including a command chain). This study is illustrated with results obtained for quite sophisticated Texas Instruments
(TI) CC1310F128 chip. For this purpose a special software has been developed.

Section 2 specifies the WSN node as well as the software used in our analysis. We refer to the example of commercially
available chip. Section 3 gives an outline of power saving problems and presents an original methodology of
characterizing power usage features in network nodes. It is illustrated with various measurement results of the tested
node within a specific environment. Section 4 presents the proposed energy consumption model. Research conclusions
are summarized in section 5.
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2. WSN NODE SPECIFICATION

Analysing energy consumption of WSN nodes we have decided to refer it to real commercial circuits. In our research we
uses TI CC1310 chip which can be considered as a typical and representative WSN node. Energy consumption
measurements were made in several scenarios that are characteristic when transceiver is working in WSN. The
measurements were taken for the Texas Instruments (TI) CC1310F128 chip. The CC1310 chip is a member of the
CC26xx and CCl13xx family of ultra-low-power, 2.4-GHz and Sub-1 GHz RF devices. Very low active RF and
microcontroller (MCU) current consumption, in addition to low-power modes, provide extended battery lifetime and
allow long-range operation in energy-harvesting applications. The CC1310 device combines very low power RF
transceiver with a 48-MHz Cortex®-M3 microcontroller in a platform supporting multiple physical layers and RF
standards. A dedicated Radio Controller (Cortex®-MO0) (RF core) handles low-level RF protocol commands that are
stored in ROM or RAM. The tested chip was a part of the LAUNCHXL-CC1310 development board (Rev: 1.4.1). The
measurement of energy consumption was made as a measurement of voltage drop on a precision 1 ohm resistor placed in
the power supply circuit of the CC1310 chip. Voltage drop measurement as a function of time was made using a digital
oscilloscope equipped with high impedance and low capacity measuring probes. The CC1310 chip was powered with
constant voltage of 3.3V.

To minimize power consumption, the CC1310 supports a number of power modes and power-management features, see
Table 1. For each power mode we specify the availability of CPU, Flash and SRAM memories, Radio and clock circuitry
(HF — high frequency, LF — low frequency). For ACTIVE and IDLE mode all interrupts are available, there are 34
interrupts in the vector table. In STANDBY mode, only the always-on (AON) domain is active. An external wake-up
event, Real time clock (RTC) interrupt, or Sensor Controller event is required to return the device to active mode. In
SHUTDOWN mode, the device is entirely turned off, and interrupts can be generated only by Reset and enabled pins.

Table 1. Power modes of CC1310 device.

Mode CPU Flash SRAM | Radio Clock Current (without radio) Interrupts
ACTIVE On On On Available | HF + LF | 1,2 mA + 25,5 utA/MHz Available
IDLE Off | Available| On |Available| HF + LF 570 pA Available
STANDBY Off Off On Off LF 0,8 nA Available
SHUTDOWN Off Off Off Off Off 185 nA Reset and PIN only

The software created to implement the measurement scenarios uses the Power Policy mechanism to reduce energy
consumption. The purpose of the Power Policy is to make a decision regarding power savings when the CPU is idle.
CPU is considered idle when the operating system's Idle loop is executed, when all application threads are blocked
waiting for I/O operations, or blocked waiting for some other application events. All measurements were made using the
aggressive Power standbyPolicy() policy version included in the TI drivers collection. This strategy forces the unit to
transit to STANDBY mode whenever possible. Transiting to STANDBY mode is not possible if the RF unit is running
or when the time to the next scheduled task is too short, in such cases the device automatically switches to IDLE mode.

The CC1310 provides low leakage on-chip SRAM with optional retention in all power modes. Retention can be
configured per block, and the chip contains two blocks of 6KB and two blocks of 4KB. Although retention can be
configured in blocks, this will not give any noticeable reduction of current consumption. All measurement scenarios
assume the retention of the whole RAM, because in real conditions 20kB will be used entirely.

The STANDBY is the power mode between the Wait for Interrupt (WFI) instruction and the interrupt from Real time
clock (RTC) used to wake-up a device. The average current in the STANDBY mode is 600nA, when the internal RC
oscillator is used and 800nA if an external crystal oscillator is used. The recharge is a mandatory function during
STANDBY in order to retain RAM and ensure power for running clocks. The energy consumption between these
recharges is around 70 nA, according to SWRA478C® Application Report. The recharge current is not fixed as the
recharge pulses are dynamically adapted based on the required time in STANDBY. For shorter STANDBY periods than
1s the average current is slightly higher then stated in datasheet.

The RF core interfaces the analog RF and baseband circuitries, handles data to and from the system side, and assembles
the information bits in a given packet structure. The RF core offers a high-level, command-based application program
interface (API) to the system MCU and autonomously handles the time-critical radio activities. The RF core has sets of
predefined IEEE 802.15.4 specific commands as well supports so called proprietary mode. In the developed software we



used proprietary mode which gives high flexibility to create own frame structure and command chaining mechanism.
Table 2 lists the RF commands that we employ, along with a brief description.

Table 2. List of RF commands employed in tested scenarios.

Command name Command ID Description
CMD_ PROP RADIO DIV_SETUP 0x3807 Set up radio in proprietary mode
CMD FS 0x0803 Frequency Synthesizer Controls Command
CMD_SET TX POWER 0x0010 Set Transmit Power
CMD PROP TX ADV 0x3803 Transmit packet with advanced modes
CMD PROP RX ADV 0x3804 Receive frame or frames with advanced modes

The developed software uses the real-time operating system (RTOS) provided by TI called TI-RTOS Kernel along with
TI drivers, a collection of low-level drivers that provide abstracted, functional access to peripherals. The TI-RTOS
Kernel uses the concept of microkernal therefore provides minimum OS functionality which can be further expanded
using modules and drivers. TI-RTOS is a part of the official software development kit (SDK)) provided by TI. We use the
following drivers to extend core functionality and gain access to required peripherals:

e <ti/drivers/rf/RF.h> - The RF driver provides access to the radio core on the CC13xx/CC26xx device family.
*  <ti/drivers/power/PowerCC26XX.h> - Power manager interface for CC26XX/CC13XX
e <ti/drivers/pin/PINCC26XX.h> - Device-specific pin & GPIO driver for CC26xx family

Moreover, in one scenario we use the “bare-metal” application to compare the transition time when waking-up the
device. The “bare-metal” application uses the NoRTOS framework provided by TI (NoRTOS.h) and relies on the same
drivers collection, therefore we consider it gives results that can be compared.

3. POWER PROFILING EXPERIMENTS

Depending upon the network application domain various operational and transmission schemes can be used. Moreover,
some adaptive features can be included as well as diverse protocols for horizontal and vertical communication. In the
process of evaluation and optimization of the node and network power consumption an important issue is to find
appropriate characteristic parameters. We have identified such parameters which describe the following node activities:

*  Wake-up (transition from STANDBY to ACTIVE state)

*  Going to deep —sleep (transition from ACTIVE to STANDBY state)
*  Receiving and transmitting data

*  Changing power level and frequency of the transmitter

*  Node synchronization

The relevant power consumption and duration of these activities have been derived using a special program loaded into
the considered node (section 2). This program assures collecting appropriate data from the testbed (power time plots) for
the further analysis.

Wake-up from deep sleep

WSN nodes periodically wake up from a deep sleep so that they can establish communication with each other. The
wake-up procedure is triggered by an interrupt from the RTC clock, which also works during deep sleep. The CC1310
has RTC clocked from an additional, always on, low frequency oscillator (LF). The LF oscillator can use internal RC
circuit or external crystal for higher accuracy.

The STANDBY mode has the lowest power consumption and supports the RTC interrupt that is necessary to wake up
the device. Therefore, the WSN node will be in STANDBY mode for most of the time, from which it will be woken up
periodically to ACTIVE mode. The IDLE mode can be used to reduce energy consumption while listening to upcoming
transmission. The power consumption during the STANDBY — ACTIVE wake-up procedure and the immediate
transition back to deep sleep mode is shown in Figure 1.

The measurements were made for the application under the control of TI-RTOS and as a "bare-metal" application. Both
applications use the same set of TI drivers, described in the previous chapter.
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Figure 1. The power consumption during the STANDBY — ACTIVE — STANDBY procedure for “bare-metal” (left) and
TI-RTOS (right) based applications.

The duration and relevant energy consumption of each phase are presented in Table 3. Moreover, for “wake-up” and “go
deep sleep” actions we give summarized time and energy values specified as ton, Eon, and torr and Eorr, respectively. In
addition, these values are summarized in the last column “ON-OFF”. The energy consumption has been calculated from
Figure 1 by numerical integration based on a trapezoidal rule with a sampling period — 1 us.

Table 3. The energy measurements for the STANDBY — ACTIVE — STANDBY procedure.

wake up go deep sleep ON-OFF
Application type Phase 0 Phase 1 Phase 2 Phase 3 Total ON Phase 4 Phase 5 Total OFF Total ON-OFF
T Ey {0 E; ) E, '3 Eg ton Eon T E, Ts Es torr Eore | tonorr | Eonore
Hs u Hs uJ Ks W Hs w Ks uJ Hs W Ks W Hs u HS W
Bare-metal 174 1,44 33 0,27 100 0,07 51 0,62 268 2,40 58 0,64 246/ 1,08 304 1,72 572 4,12
TI-RTOS 174 1,44 53 0,56 200 0,16 65 0,83 312 2,99 69 0,77 246/ 1,08 315 1,85 627 4,84

Several phases of wake-up and go deep sleep procedures can be distinguished. Phase 0 ends when returning from Wait
for Interrupt (WFI) instruction. The length of this phase is only hardware dependent. Phases 1,2 and 3 compose software
power-up procedure after which program go back to the main routine, while phases 4 and 5 form a deep sleep transition
procedure that eventually ends with a WFI instruction. The individual phases are identified using the notification
mechanism available in the PowerCC26XX.h driver. This notification mechanism relies on callback functions, which are
called from the context where the Power API was invoked for initiating a particular transitions between power modes.
Notifications are registered using the Power registerNotify() APl function. The completion of phases 1 and 2 is
determined by events PowerCC26XX AWAKE STANDBY and PowerCC26XX AWAKE STANDBY LATE
respectively. The second power event is sent later during wakeup, after interrupts are re-enabled. During go deep sleep
procedure the PowerCC26XX ENTERING STANDBY event ends phase 4. The complete power-up sequence can be
found in the TI reference guide'’.

Receiving and transmitting frames

Receiving and transmitting after waking up from STANDBY requires a power-up radio procedure. By default, the RF
driver measures the time that it needs for the power-up procedure and uses that as an estimation for the next power cycle.
On the CC13xx, power-up radio and wake-up from STANDBY takes usually about 1.6 ms in total (phase0 + phasel).
Automatic measurement can be suppressed by specifying a custom power-up time. In addition, phase 3 is inserted to
cover any uncertainty when doing automatic measurements. This is necessary especially in applications with a high
hardware interrupt load which can delay the RF driver’s internal state machine execution. The power consumption
during receiving and transmitting frame is shown in Figure 2.

Certain phases are identified using RF core interrupts. The RF core has four interrupt lines to MCU which are mapped to
system events. The end of phase 2 was determined based on the RF_EventPowerUp event. The RF_EventCmdDone
event allowed to determine the end of phase 5. The duration and relevant energy consumption of each phase are



presented in Table 4. In addition, a brief description of each phase is given, and the total time and energy is presented in
the last column. The phase 4’ is specific to the receiving mode, in this phase proper transmission from the transmitter has
not started yet, and the node is idle listening to the transmission channel. In practical applications, the duration of phase

4’ varies and depends on the MAC protocol itself, as well as on the accuracy of the clocks in the nodes.
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Figure 2. The power consumption during the receiving (left) and transmitting (right) a 32B long frame.

Table 4. The energy measurements for receiving and transmitting a 32B long frame.

Gl T

3500

4000

Total frame length — 256 bits, 400kBaud/s, 2-GFSK, 868MHz
Phase 0 Phase 1 Phase 2 Phase 3 Phase 4' Phase 4 Phase 5 Phase 6 Phase 7 Total
To Ey T E; T E, T Es A E,/ T E, T Es T Eg T E; t E
s u us [ us u us u us ul us ul us w us [ s u us w
Receiving 310 3,30] 1255 15,70 285 3,49 90| 1,34 275 6,05 640| 13,92 105 2,17 130 2,34] 345 1,92] 3435 50,23
Transmitting 310 3,24] 1245 15,97 280 3,36 145 2,48 640| 38,70 160, 3,31 130 2,43 345 2,01 3255 71,51
device wake-up radio command idle-listening, device go
s time, see radio power-up [power-up initialization see clock-drift |receiving, radio command |radio power-  |standby time,
P previous time margin time time considerations |transmitting finishing time | down time see previous
chapter for details chapter
* - 12.5dBm output power
Based on the results of measurements, we introduce the following constants/variables for later use:
*  The total power-up energy consumption Eqy om=(Eog+E +E,)~22,5 uJ
*  The total energy consumption when going to STANDBY mode Eqpp (o = (E ¢tE 7) ~44uJ
. - 1, Eype_1 1
*  The energy consumption when receiving Egpy=f(I,,R)= E-IF-T—A—E-IF-PRX NE~IF-21,8 mwW
1 E,mx 1 1
and  transmitting ETX_lZ,SdBm_f(lF’ R)—E-IF- T, _E'IF'PTX_H,SdBmNE'lF'60’5 mW  where
[, isatotal frame length in bitsand R is a bit rate in bits per second.
T
E4

I

*  The idle-listening energy consumption E,=f(t, )=t -——=t, P, ~t,;-21,8mW where ¢, isan
T

4
idle-listening time. In this regard, it has to be noted that P;; =P

*  The energy consumption during the initialization of the radio command Ejt cyp= (E 3) ~2,4 uJ andthe

energy consumption when completing the radio command for receiving EinENDJ:MD:( ES)N 1,8uJ

and transmitting  E1yx gnp cmp :(E < ) ~33uJ



Command chaining

The radio commands are carried out consecutively. The best examples of sequences are: sending multiple frames, the
Listen Before Talk (LBT) procedure, or waiting for acknowledgement after frame transmission (ACK). The power
consumption measurements for the transition in different sequences are presented in Figure 3 (TX—TX, TX—RX) and 4
(RX—TX, RX—RX). The MCU can schedule RF commands by using the next operation pointer in any radio operation
command. This pointer can point to the next command to be performed in the chain, therefore, complex sequences can

be executed without MCU involvement.
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Figure 3. The power consumption during sequence of operations for TX—TX (left) and TX—RX (right).
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Figure 4. The power consumption during sequence of operations for RX—TX (left) and RX—RX (right).

Table 5. The energy consumption measurements for sequence of operations: TX—TX, TX—RX, RX—TX, RX—RX.

4000 4500

4000 4500

Total frame length — 256 bits, 400kBaud/s, 2-GFSK, 868MHz

Phase 0 Phase 1 Phase 2 Phase 3 Phase 4 Phase 5’ Phase 3’ Phase 4’ Phase 5 Phase 6 Phase 7

T E, T E, T, E, T E, 1, E, L ES T E; T =% T Es T = T, E,

ps | W | ps | W | ps | W | ps | W | ps | W | ps | W | ps | W[ ps | W ps | W ps | W ops | W
X - TX 310] 3,11 1245/ 14,46) 280| 3,06 140, 1,85 640/38,34* 155 3,65 95| 1,62 640/38,49% 160 3,46 130 2,33 345 184
TX - RX 310 3,21 1245| 14,67 280| 3,15 145 2,000 640 38,57 160 3,57 35 0,60 460 9,49 115 1,81 130 2,31 345 1,80
RX - TX 310, 3,18 1245| 14,51| 280| 2,99 85 1,22 455 9,25/ 105 1,67 95| 1,81 640/38,64* 160 3,07 130 2,25 345 1,66
RX - RX 310 3,06| 1245 15,79 280| 3,37 85 1,100 455 9,69 105 1,74 35 0,72 455 9,64 115 1,93 130, 2,58 345 2,62

* - 12.5dBm output power



The duration and relevant energy consumption of each phase are presented in Table 5. The phase numbering corresponds
to specified in Table 4. The energy consumption has been calculated from Figure 3 and 4 respectively using numerical
integration. The phases of the second command in the chain are additionally marked with an apostrophe.

Changing the power of the transmitter

In the previous subsections, we assumed that the transmitter works with a maximum power of 12.5dBm, while the
transmitter's power output can be changed in a wide range. Table 6 presents the measurements of energy consumption
for different transmitter power output levels. The energy measurement corresponds to Phase 4 from the previous
subsection, Pour is the transmitter output power expressed in dBm declared by the chip manufacturer, Prx is the
instantaneous power measured during Phase 4 according to the previous section.

Table 6. The energy consumption measurements for transmitting with different power output levels.

2-GFSK, 868MHz
Pour dBm 12,5 12 1 10 9 8 7 6| 5 4 3 2 1 0 -10
Prx mwW 60,8 58,1 55,4 53,1 49,8 47,8 45,5 42,5 40,5 38,5 36,2 34,2 33,2 30,2 22,6

Hence, Erx can be expressed in more general way:

1
ETx:f(lF’R’POUT):E'IF'PTX

where  Prx=f (Poyr)

Changing the output power of the transmitter for the next frame does not require noticeable time and energy, because the
required txPower parameter is stored and applied every time transmission of a frame starts to set an output power
including temperature compensation coefficient. The transmit power level setting is carried out by the main core
independently of the RF core by invoking CMD SET TX POWER command using RF runlmmediateCmd() method
which takes about 15us on the MCU.

Changing the frequency/channel

Practical WSN applications use frequency hopping (FHSS) to spread signal over wide range of frequencies and to reduce
interference with coexistent wireless technologies''. The FHSS is a method of switching a carrier among many frequency
channels, using sequence known to both transmitter and receiver. The FHSS is widely used in the present standards, e.g.
Bluetooth or IEEE 802.15.4¢ as a part of Time Slotted Channel Hopping'?> (TSCH) - channel multiple access method.
Therefore, changing the carrier frequency during frame sequences is necessary. The synthesizer frequency can be
changed using CMD _FS radio operation command. Frequency calibration is performed during every CMD FS
command invocation. The measured energy consumption and duration are as follows: Eqyp ps=3,1uJ

tomp ps=280 1
Nodes synchronization

The basic mechanism used to synchronize nodes in a synchronous duty-cycling technique is the broadcasting of special
frames. Figure 5 presents the beacon frame format for the IEEE 802.15.4 standard. General PHY and MAC frame format
of IEEE 802.15.4 can be found in "*. Measurements for the IEEE 802.15.4 standard were made for the SUN 2-FSK
physical layer. The frame consisted of: SHR — 6 octets (4 octets — preamble, 2 octets — synchronization word), PHR — 2
octets, MHR — 12 octets (4 octets — addressing, 5 octets — security, known key), MSDU — 10 octets (8 octets —
MIC:CCM-8), MFR — 2 octets.

Octets: PHY dependent

2 1 4/10 0/5/6/10/14 2 variable | variable | variable | 0/4/8/16 2/4
(e.g. 6) (e.g.2) —
L Frame | Sequence | Addressing Aunha}ry Superframe | GTS |Pending | Beacon IFEEIe GG
Synchronization a Security P MIC sequence
PHY header Control Number fields Specification| Info |Address | Payload

Beacon header (PHR) Header (FCs)
(SHR) MAC payload MAC footer

MAC header (MHR) (MSDU) (MFR)

Figure 5. The IEEE 802.15.4 beacon frame format.



Table 7. The CC1310 energy consumption while receiving and transmitting beacon for different bit rates.

CC1310 (2-GFSK, 868MHz)
50kBaud 200kBaud 400kBaud

Et _beacon J 353,10E-06 107,25E-06 69,96E-06
X t s 5,28E-03 1,35E-03 710,00E-06
Beacon Yotal 5 7,92E-03 3,92E-03 3,23E-03
[(4+2)+26]B ER_beacon J 136,29E-06 53,46E-06, 43,89E-06,
RX by s 5,34E-03 1,35E-06 760,00E-06
Yotal s 7,99E-03 3,92E-03 3,31E-03

Table 7 presents the energy consumption measurements for sending and receiving a beacon frame at different bit rates. It
is worth noting that the amount of energy needed to receive the beacon at 400kBaud/s bit rate is only 3 times lower than
at 8 times lower bit rate.

4. ENERGY MODEL
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Figure 6. State diagram for the CC1310 energy model.

Based on the measurements, an energy model was derived. Figure 6 presents the model using the state diagram notation.
States for the MCU and for the RF Core are presented separately and are enclosed in boundary with given core name.
For each state, self-explanatory name was given along with energy consumption and time spent in this state. In some
states, such as receiving or transmitting, the duration of the state and energy consumption are not fixed and depend on
certain parameters, therefore the appropriate equations for their calculation are given. Five points of choice are
considered for: RX/TX mode, setting new power output, setting new RF frequency, processing new radio command and
finally to re-setup the whole RF unit. Between the WFI instruction and the RTC interrupt, the device is in STANDBY
mode, where the energy consumption is approximately 2,9uW, according to the datasheet. In the model, we assume that
immediately after waking up, the RF unit is turned on and remains active till the new duty cycle. On the other hand, the
MCU may be turned off in case of its inactivity in accordance with power policy. MCU can transit between ACTIVE
and IDLE states, the transition time is relatively short and equal to 14ps. It is worth noting that, especially at lower
bitrates, MCU has an excess of computing power when compared to the time necessary to process RF commands,
therefore MCU is considered to spend most of the time in deep sleep, saving energy. The total time spent on processing
tasks in MCU is 150us for the tested scenarios. This time was determined using the TI-RTOS Analyser included in the
official SDK. The MCU spends the remaining time in deep sleep, idle mode (570uA, Vpps=3,6V). In the testing
scenarios we do not perform any data processing or other operations related to the real stack implementation, therefore
we can assume this time as minimum value required by TI-RTOS itself. Practical applications will execute complex and



time consuming operations on the MCU therefore, energy required for task processing in the MCU (Emcu) should be
considered. Based on these assumptions, the Emcu can be derived as the difference between the energy consumption in
the active and the idle modes, and therefore can be expressed as:

uA

Eyvcv=E acrive _EIDLE:(]-:Z mA+(25,5‘ )_570 u A)'VDDs'tMCU

MHZ >l<fMCU

where t,,, is total time spent in active mode, [,y is clock speed in MHz, V,s=3.6V is supply voltage
with DC-DC enabled. Thanks to DC-DC converter and assuming 48MHz clock speed  E ;7 mW -t

The RF Power-up states include performing all necessary settings of the RF unit, such as
CMD_ PROP_RADIO DIV_SETUP and CMD_FS commands. The power-up time margin can be adjusted to certain
application and environmental conditions. Synchronization between cores uses events mechanism and two of them are
depicted on the state diagram RF _eventPowerUp and RF_eventCmdDone.

5. CONCLUSIONS

The presented methodology of deriving power consumption profiles of WSN nodes can be efficiently implemented
within a simple testbed comprising appropriate software. The derived parameters assure higher accuracy in evaluation
and optimization of the life span of nodes and the network in relation to various operational transmission schemes.

We found that the TI-RTOS overhead when compared to "bare-metal" application during the STANDBY — ACTIVE —
STANDBY procedure is relatively small and equal to 10% in terms of time and 17% in terms of energy. The power-up
radio procedure takes a lot of time and consumes a relatively large amount of energy that equals roughly to 18, which
is the equivalent of receiving a 42B frame at 400kBaud/s bitrate. Therefore, the node must be awoken about 1,9ms
earlier than the scheduled time of transmission rendezvous. The used power save policies have to be aware of the total
transition time, which is 2.3ms, when RF unit is taken into account. The CC1310 chip architecture, which uses 2
independent cores is extremely efficient and along with the possibility to completely turn off MCU, allows to save
energy when processing RF commands. Storing the RF unit program along with its API in the special ROM memory is
cost-effective but it does not allow for effective fixing bugs and further enhancement. When designing energy-aware
MAC protocols, you need to consider the time necessary to transit between RX and TX modes. The time is not
negligible and ranges from 140ps (RX—RX) to 250us (TX—TX) depending on the transition sequence, whilst the
energy ranges from 2.4pJ to 5,2uJ respectively. Changing the output power of a transmitter can lead to significant
energy savings, transmission with minimum output power (-10dBm) consumes 2.7 times less energy than at maximum
output power (12,5dBm). Moreover the output power can be easily changed before every frame and the energy needed to
proceed this change is negligible. The frequency hopping mechanism is considered effective and energy to alter
frequency is equal to 3,1uJ, which is the equivalent of receiving only a 7B frame at 400kBaud/s bitrate.

Further research is planned to use energy consumption parameters for developing self-adapting networks.
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