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ABSTRACT The single chip integration of a wireless sensor node would allow for cheap, low-power,
dust-size devices. The key to realizing this vision is to eliminate bulky off-chip frequency references such
as crystal oscillators or resonators, and their associated power-hungry circuitry. The immediate challenge
of removing off-chip references is that there is no accurate on-chip frequency references, which makes it
hard to tune the radio to the right frequency, and to keep an accurate sense of time. This article offers
a full solution for crystal-free devices, which includes (1) initiating communication in an IEEE802.15.4
network, (2) synthesizing the 16 communication channels at startup temperature, and (3) continuously
applying corrections to the inaccurate timing source to allow keeping frequency synchronization on all
communication channels over a 5-55°C temperature range. The proposed methods are accompanied by
simulations and an experimental validation on the first fully-functional Single Chip Micro Mote hardware
implementation. Our simulations and experimental results validate that the proposed approach achieves
radio clock synchronization accuracy close to the 40 ppm limit imposed by the IEEE802.15.4 standard.

INDEX TERMS Clock calibration, crystal-free radio, IEEE802.15.4, low-power wireless mesh network-

ing, reference frequency stability, short-range wireless, standard-compliance.

. INTRODUCTION

HE explosive growth of IoT is pushing the market (con-
T sumer, industrial, military) towards cheap, low-power
devices with a strong focus on miniaturization. Application
domains include activity trackers, wearables, smart materials,
factory automation, in-body and personal health monitoring,
and microrobots. To be able to scale to trillions of deployed
wireless devices [1], they need to be small and cheap. This
is the primary motivation for designing radios that do not
require any external components [2].

Crystal oscillators are used in most electronic circuits as
the primary reference for time and frequency. They offer
high frequency accuracy and stability over time and tem-
perature [3]. Crystal oscillators have undoubtedly become
cheaper and smaller and offered better performance [4]. Their
main drawback remains that they are inherently external
(off-chip) components: using them requires special fabrica-
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tion and packaging steps, and process integration beyond
CMOS [5].

There is important trend towards adopting MEMS oscil-
lators as an alternative to crystals [6]. MEMS oscillators are
complex, silicon-based structures, consisting of a resonator,
a fractional-N phase-locked-loop (PLL) with a temperature
sensor and compensation circuitry [6]. MEMS oscillators
allow for a more customizable package size, a much higher
accuracy than equivalent crystals over high temperature vari-
ation, and increased resistance to shock and vibration [7],
[8]. While crystals have to be cut into a fixed size, MEMS
oscillators can have a 60 — 80% smaller footprint, placed on
top of the ASIC [9]. They typically feature higher phase noise
and energy consumption than equivalent crystals [7]. Texas
Instruments [10], a global semiconductor design and man-
ufacturing company, has very recently released the indus-
try’s first crystal-free microcontroller unit, the SimpleLink
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FIGURE 1: The Single-Chip Mote next to a 1 U.S. cent coin.

CC2652 [11], that uses in its structure a MEMS-based acous-
tic resonator [12]. MEMS oscillators are, exactly as crystal
oscillators, off-chip components. And while the CC2652 is
a good example of a MEMS+CMOS integration in a single
package, it is still a packaging exercise, rather than a full
single-chip solution.

Our goal is to go one step further on true single-chip
radio design, which requires neither a crystal nor a MEMS
oscillator. We also want to remove the need for power-hungry
circuitry such as a Phase-Locked Loop (PLL) [13]. The
objective is to achieve good system performance with this
cheap, dust-size, ultra low power, single-chip integration of
a wireless sensor node. The space savings of removing off-
chip elements is significant. Wireless communication sys-
tems (“radio chips”) have been demonstrated that are as small
as 0.46 mm? [14], 2.025 mm? [15], ~ 4.4 mm? [16],
~ 9 mm? [17]. As a point of comparison, the area occupied
by a small crystal oscillator is ~ 2mm? [1], [4].

We validate our approach experimentally on the SCuM
“Single-Chip uMote”, a prototype implementation of the
“Single-Chip Mote” [18], [19]. SCuM has a die area of
2.5mm x 3mm and features a 2.4 GHz transceiver, a Cortex-
MO microprocessor, 128 kB of RAM memory, and all the
support hardware. Fig. 1 is a picture of SCuM. The radio
offers a 10 m communication range, and draws 670 uA
in reception, 1 mA when transmitting at -10 dBm. As a
point of comparison, the crystal-based industry leading low-
power technology (2.4 GHz, IEEE802.15.4 TSCH) is the
10 mm x 10 mm LTC5800-IPM [20], consuming 4.5 mA
when receiving and 5.4 mA when transmitting at 0 dBm.

Without a high accuracy time reference, it is hard to
maintain compatibility with standards. The goal of our work
is to be compliant to the IEEE802.15.4 [21] standard, which
mandates that the radio frequency drift stays below 40 ppm.
This translates into two challenges.

The first challenge is initiating communication, i.e. being
able to receive a first IEEE802.15.4-compliant frame using
SCuM. Unlike crystal-based radios, at startup, a crystal-
free radio such a SCuM can have its on-chip oscillators
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10,000+ ppm off their nominal value [22]. The tuning code
that outputs a channel’s center frequency is initially unknown
to the device and has to be determined in order to be able to
initiate communication. After finding the tuning code value
X that tunes the radio on the communication channel Y,
the crystal-free radio exhibits frequency errors limited by the
phase noise of the local oscillator and by the quantization
errors caused by the integer nature of the tuning codes.
The accumulated effects of the phase noise and quantization
errors can be limited in the design phase of the respective
oscillators to be within the 40 ppm, at constant tempera-
ture [23].

The second challenge is maintaining communication when
the temperature changes. On-chip oscillators beat at a differ-
ent frequency when the temperature changes. This can cause
a loss of channel calibration (the chip is communicating at
the wrong frequency) and of time synchronization (the chip
is communicating at the wrong time). Figure 2 shows the be-
haviour of an on-chip oscillator that is calibrated for commu-
nication on channel Y': at constant temperature, the frequency
errors measured on this oscillator are limited from the design
phase to be within 40 ppm; as the temperature increases,
this oscillator starts to accumulate errors until it oversteps
the 40 ppm accuracy and eventually exceeds the channel
limits. There are a number of related works which look at the
temperature stability of on-chip frequency references [24]-
[28]. Yet, to stay within the 40 ppm drift limit and maintain
compliance with IEEE802.15.4, calibration algorithms need
to run continuously to detect temperature changes and correct
its effect on frequency drift [23].

This article introduces a mechanism to bootstrap and
calibrate the on-chip Radio Frequency (RF) oscillator of
a crystal-free radio to enable the normal operation of an
IEEE802.15.4 TSCH network. Specifically, we tackle the
problem of synthesizing the IEEE802.15.4 communication
channels with low frequency errors at both constant and
variable temperature. This work is, to be best of our knowl-
edge, the first to experimentally validate this approach on the
SCuM platform, a prototype implementation of Single Chip
Mote [18], [19].

The remainder of the article is organized as follows. Sec-
tion II summarizes the related work on frequency correction
techniques. Section III describes the network formation par-
ticularities of IEEE802.15.4 standard and its consequences
on crystal-free designs. Section IV summarizes the process
of initial RF clock calibration of a crystal-free device and the
corrections to be applied to the remaining on-chip oscillators.
Sections V, VI and VII present the algorithms and simu-
lations for synthesizing the IEEE802.15.4 communication
channels at constant and variable temperature. Section VIII
focuses on the experimental work and discusses the results of
an extensive experimentation campaign. Section IX discusses
the challenges of transmitting data with crystal free radios
and from the best of our knowledge, this is the first work to
address these challenges. Section X concludes this article.
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FIGURE 2: The temperature impact on the output frequency
of a crystal-free radio calibrated for communication on chan-
nel Y. While at constant temperature, the frequency errors are
limited, a continuous change in temperature causes the radio
to drift outside the +40 ppm accuracy limits and eventually,
outside of the communication channel.

as temperature varies

Il. RELATED WORK

Applying compensation techniques to correct the deviation
from the expected value of the radio frequency of a wireless
device is a topic that has been addressed in different contexts
in the literature.

Staszewski et al. [29] propose a novel method to perform
frequency synchronization of a local oscillator in a mobile
phone to a reference sent by the base-station (BS). The usual
approach is for the mobile device to determine the deviation
of its reference frequency by using the accurate carrier fre-
quency received from a base-station, and use that to directly
adjust the frequency of an (expensive) digitally controlled
crystal oscillator (DCXO). In this way, the known frequency
command word (FCW) applied to the frequency synthesizer
to synthesize the communication channel frequency is always
the same. In what Staszewski et al.proposes, the local oscil-
lator (LO) has a free-running crystal oscillator as a reference
(XO) with no option for applying frequency corrections.
Their method proposes compensating the deviations by con-
tinuously modifying the frequency command word (FCW)
of the frequency synthesizer while leaving the XO frequency
unchanged. In this way, the FCW of a communication chan-
nel is no longer fixed, which allows an XO to be used, which
is cheaper than a DCXO.

Bae et al. [30] focus on a crystal-free wireless body area
network (WBAN) sensor node. To avoid using a bulky and
expensive crystal, they replace it with an injection-locking
digitally controlled oscillator (IL-DCO), while not altering
the remaining transceiver blocks. By applying a calibration
method, they managed to keep the 80 MHz DCO within
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100 kHz accuracy over a 100°C temperature variation. Every
100 ms, the base-station sends an accurate 80 MHz tone,
during which the sensor nodes calibrate their DCOs. This
calibration technique is based on a specific property of the
IL oscillators: they are able to measure the phase difference
between the signal received from the BS and the oscillation
frequency of the IL-DCO. By sweeping the IV bit tuning code
of the DCO, Bae et al.are able to identify the range of codes
within which the DCO operates in the injection-locked phase,
and tune the DCO to the center of this range (assuming that
the DCO output frequency is linear with the input tuning
code). The output frequency of the DCO is as close as
possible to that of the reference signal. The calibrated DCO is
further used as a reference in an UWB-FM transmitter block
that contains a power-hungry phase-locked loop frequency
synthesizer, in the same way a crystal oscillator would have
been used. This calibration method is similar to the one used
by Staszewski et al. [29].

Griffith et al. [31] use a BAW-based 2.52 GHz oscillator.
This oscillator has a stability of +10 ppm over a 165°C
temperature range. The authors further use of a PLL and a
temperature sensor. In order to compensate for the strong
negative temperature coefficient of the silicon resonator in
the BAW structure, every time the radio is needed, the tem-
perature value is read, a prediction of the frequency offset is
made, and the FCW of the PLL is changed to compensate for
this offset. The prediction is made based on a second-order
polynomial that describes the BAW frequency offset over
temperature. The parameters of this polynomial are deter-
mined by measurements made at three temperatures during
production testing, and are stored in the device flash. Using
this calibrated off-chip reference, the on-chip oscillators (for
example 32 kHz) are periodically corrected.

Khan et al. [22] show that an RC oscillator could be
disciplined with network feedback to provide a time refer-
ence with sufficient accuracy. In order to demonstrate the
feasibility of their proposal, the authors use the off-the-
shelf OpenMote-CC2538 [32]. One OpenMote-CC2538 is
programmed to use its crystal and transmit. The other two
OpenMote-CC2538 boards simulate a crystal-free device:
RX and RC connected to an FPGA that calibrates the RC
oscillator. Khan et al.obtain an accuracy of 70 ppm for a
1 MHz RC oscillator. In [2], the authors extend this work
by testing their approach on a FPGA implementation of the
digital system of a crystal-free mote. Using a wired setting,
the accuracy obtained using network calibration is 47 ppm
for a 25 MHz oscillator.

While traditional radios require a XTAL and a PLL-based
synthesizer for selecting the communication channel of in-
terest, Wang et al. [33] propose a PLL and XTAL-free radio
architecture to be used in a 2.4 GHz IEEE802.15.4 network.
They replace the crystal oscillator with a 0.1 mm? off-
chip temperature-compensated thin-film bulk-acoustic-wave
resonator (FBAR) that has a +50 ppm stability over a 100 °C
temperature range. By using a fixed 2.4 GHz LO generated
by the FBAR and a second configurable LO, they are able
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to directly select any of the 16 IEEE802.15.4 channels with
good accuracy at any temperature within the operational
range.

Chuo et al. [34] consider the communication of a
3x3x3 mm? XTAL and PLL-free sensor node with a gate-
way, at 915 MHz. The system architecture is designed so as
to resonate with the attached magnetic antenna at 915 MHz,
in both RX and TX modes. Because there is no PLL in TX
mode, the authors use a more complex gateway that enables
a wider frequency search, so no calibration is needed on
the sensor side. In RX mode, the high quality factor of the
resonator tank at 915 MHz is enough not to need an accurate
off-chip reference. This approach is, however, only valid for
single-channel communication.

Tu et al. [35] propose a frequency compensation technique
to tackle the temperature drifts experienced by a DCO. At
startup, the DCO frequency is defined as a target frequency
at the startup room temperature, and its value is digitized
and stored in a register. While the DCO frequency variation
has a positive temperature coefficient, the frequency compen-
sation algorithm provides negative temperature coefficients
to compensate for the drift and bring the DCO back to the
target value. The authors make use of dedicated circuits that
enable them to determine and adjust the value of the DCO’s
temperature coefficient.

Wheeler et al. [5] are the first to demonstrate the crystal-
free demodulator feedback that we use in this article. They
use a free-running on-chip LC tank as the local oscillator
of an IEEE802.15.4 transceiver that is characterized by a
temperature drift of 95 ppm/°C. To deal with temperature
variations, the authors use demodulator-based feedback to
allow the receiver to track the drift of the transmitter when
it is placed in a temperature chamber and subjected to a tem-
perature variation of 2° C'/min. The receiver is able to track
the transmitter’s signal by adjusting the LO at each received
frame to keep the value of the intermediate frequency (IF)
constant. The devices used in the experiments are composed
of 65 nm CMOS RF chips with the digital part running on
FPGA boards.

Our previous work [23] analyzes the stability over time
and temperature of two fundamental on-chip oscillators
of the prototype implementation of the Single-Chip Mote.
These oscillators drive the wireless communication capa-
bilities of a radio in typical IEEE802.15.4 networks. We
propose a generic search method by which any crystal-free
platform with an uncalibrated on-chip oscillator tunes its
radio to receive IEEE802.15.4-compliant frames. The algo-
rithm is based on demodulator feedback and tracks received
IEEE802.15.4 frames. It maintains calibration of all on-chip
oscillators so they stay within the IEEE802.15.4 oscillator
specifications, even when subject to temperature variations.
This work is, however, limited to finding and maintaining
communication on a single channel, and hence does not
address multi-channel communication.

In this article, we present a set of algorithms for clock
calibration on a crystal-free IEEE802.15.4 compliant device.

4

Clock calibration is necessary to tune the radio’s frequency to
any of the 16 IEEE802.15.4 channels. The radio we use only
features low-cost on-chip oscillators, and no high quality res-
onators, PLLs or frequency synthesizers. We show through
simulations and experimentation that, using our algorithms,
the radio maintains communication even when undergoing
temperature changes, with an accuracy close to the 40 ppm
limit imposed by the IEEE802.15.4 standard.

lll. NETWORK FORMATION

We focus on the IEEE802.15.4 Time Synchronized Channel
Hopping (TSCH) mode of the IEEE802.15.4 standard. TSCH
is a technique which has been designed to provide ultra high
reliability and ultra low power operation, and is at the heart
of standards such as WirelessHART [36] and 6TiSCH [37],
[38].

When joining a TSCH network, a node first listens for a
beacon frame. Beacon frames are regularly sent by nodes
already part of the network. Once the joining node has
received a beacon, it is synchronized to the network, and
initiates a secure join handshake. This handshake ensures
mutual authentication between the joining node and the net-
work [39].

TSCH devices are typically clocked by a low-power
32 kHz crystal with a drift of 10-30 ppm. Because of this
drift, a node needs to regularly re-synchronize to its time
source neighbor to remain synchronized to the network.
Assuming a maximum de-synchronization error of 1 ms and
a 30 ppm drift, this re-synchronization needs to happen at
least every 30 s.

The drift of the internal oscillators of a crystal-free device
can be thousands of times higher than that of crystals. This
impacts not only the rate at which nodes de-synchronize, but
also their capability to tune the communication frequency
and communication data rate. This article details a series
of algorithms to compensate for these drifts. In an initial
calibration phase, a node measures the ratio between its radio
frequency and its clock frequency based on the periodic
IEEE802.15.4 beacons sent by a crystal-based node. In a
startup phase, it discovers the clock settings for each commu-
nication channel, at startup temperature. During normal oper-
ation, it continuously adjusts these clock settings to compen-
sate for clock drifts caused by temperature variations. Fig. 3
summarizes these phases. In future networks composed only
of crystal-free devices, a crystal-based sensor node that is
always powered could act similar to a base station, sending
periodic beacons on all channels so as to ensure that all the
sensor nodes are able to maintain their frequency accuracy.

IV. INITIAL CALIBRATION

The crystal-free radio uses Digitally-Controlled Oscillators
(DCOs) as time references. When a crystal-free radio joins
a network, since its DCO can 10,000 ppm off its target fre-
quency [22], it doesn’t know which DCO setting corresponds
to which frequency.

VOLUME 4, 2016
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FIGURE 3: Crystal-free radio. Steps for establishing communication on all channels, at any environmental temperature.

The goal of the initial calibration is to find that relation-
ship. It only happens once. During the initial calibration, a
node turns on its radio in reception mode and sweeps the
tuning code of its DCO across all possible values. It does
so until it successfully receives a frame.

durationgp cq =~ (B +mn) X t,
t; ~10 x T
Tp = 160ms

(1)

Eq. (1) expresses the duration of the initial calibration
phase. (B + n) is the number of tuning code adjustments
until reaching the upper limit of channel 11 (see Fig. 3). ¢,
is the amount of time the radio listens for each tuning code
setting. ¢;, duration (¢, =~ 10 x Tg) is large enough for the
radio to be able to receive multiple beacons, which is needed
in case the wireless link from the crystal-based node sending
the beacons is lossy. T = 160 ms is the time it takes for the
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node sending the beacons to hop across all 16 IEEE802.15.4
frequencies (in TSCH, a 10 ms timeslot is typical).

The IEEE802.15.4 standard uses 16 frequencies — num-
bered 11-26 — in the 2.4 GHz band. The beacons are sent on
all 16 frequencies using a known channel hopping sequence
that lasts for 7. This means that the joining node, when
listening on a single frequency, receives at most one beacon
every Tg.

The search process starts on the minimum supported code
(tuning code 0). The device listens for t; seconds on the
synthesized frequency (F},;n), then increments the tuning
code by 1 (which changes the radio frequency to F,;, + AF),
where AF is the RF oscillator tuning resolution). The radio
does not receive any beacon until its tuning code reaches
B — n (as shown in Fig. 3), which corresponds to a synthe-
sized frequency at the inferior limit of IEEE802.15.4 channel
11. The number of beacons received with a correct Cyclic
Redundancy Check (CRC_OK) increases as the tuning code
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reaches value B, corresponding to a synthesized frequency
close to the center frequency of channel 11. The number of
received beacons decreases as the synthesized frequency ap-
proaches the upper limit of the channel, as the error between
the center frequency of the channel and the synthesized fre-
quency increases. The search process stops after the synthe-
sized radio frequency is outside the communication channel
(tuning code value B + n), at which point no more beacons
are received. The crystal-free device tunes its radio using
tuning code B (corresponding to the maximum reception
performance) and is ready for receiving the periodic beacons
sent on channel 11 with an accuracy within £40 ppm.

The time interval between successive beacons received
on channel 11 is used to calibrate the remaining on-chip
oscillators, as shown in Fig. 3 as the step to follow after
RF calibration. These oscillators generate other standard-
specified rates, such as the communication bit rate and the
real-time clock. The correction to be applied to an on-chip
oscillator is given by (2), where AF,;cijator[H -] 1S the tuning
resolution of that oscillator.

tiCksoscillator - tiCksidealF[Hz]

correction = —

AF‘oscillcntor[Hz] @

To correct the frequency error, and assuming that the
oscillator should have a nominal value of F' Hz, we compare
the number of ticks this oscillator counts with the value
an ideal F' Hz clock would count between two successive
beacons (1').

The duration of the complete initial calibration phase
depends on durationgr .q and on how restrictive the set
calibration window for other on-chip oscillators is. More dis-
cussions about the search and correction algorithms and the
experimental results are included in our previous work [23].

The initial calibration phase is valid for any crystal-free
device starting its operation at any temperature. At the end
of this phase, each device has all of its on-chip oscillators
calibrated and has the knowledge of one communication
channel, which is primarily channel 11 in IEEE802.15.4
networks. Tuning code value B, corresponding to channel 11,
has a different value for each device and for each startup
temperature. Each device stores B as the tuning code needed
for synthesizing channel 11 at startup temperature, which
can be measured by an on-chip sensor. The following sec-
tions discuss the challenges of synthesizing the remaining
15 IEEE802.15.4 channels, first at the startup temperature,
then dynamically as temperature changes.

V. FREQUENCY SYNTHESIS DISCUSSION

The IEEE802.15.4 standard at 2.4 GHz mandates the use of
at most 16 channels (numbered 11-26), spaced at 5 MHz,
occupying the 2405-2480 MHz band [40]. AFPPT°% [Hz]
is the frequency resolution of a tuning code, a value chosen
in the design phase of the chip. This value may slightly vary
from chip to chip and can be influenced by the environmental
temperature and operational frequency.

6

As shown in Fig. 3, the startup phase is dedicated to
determining the tuning codes of the remaining IEEE802.15.4
channels at startup temperature, once the tuning code B
corresponding to channel 11 is found and all the remaining
on-chip oscillators are calibrated. As the next IEEE802.15.4
channel, channel 12, has a center frequency spaced 5 MHz
above channel 11, the first guess for synthesizing channel 12
would be to use a tuning code C, which can be inferred
using (3).

C=B+offset
S5MH~z 3)
Offset - ’VAFapproa: HZ-‘

The oscillation frequency of an LC oscillator is given
by (4) [41]:

1
= 2w/ L x C,
L is the inductance ([H]); C. is the capacitance ([F]). A
linear change in C, (determined by the change in tuning code
value) around a quiescent point has second order influence
on frequency. By analyzing the frequency response to the
linear change in tuning codes of the RF oscillator through
measurements, we observed that a second degree function
approximates it better than a linear function and that this
is valid for all the tested temperatures (5 — 55° C). As a
consequence, using (3) to synthesize the center frequency of
channel 12 will introduce three sources of error:

“

o AF?PPTOT jg an approximation of the particular AF' of
the chip (error ea)
o of fsetis an integer approximation of a real value (error
Einteger)
o C is alinear approximation of a second degree function
(error €inear)
The total frequency error (¢!) with respect to center fre-
quency of channel 12 obtained when using tuning code C'is
expressed by (5):

1
€ =e€ea+ €integer + €linear (5)

where e represents the tuning error introduced by using an
approximation of AF, €;pieqer 1S the error introduced by
having to approximate the float of fset to an integer and
€linear 18 the error added by using a linear approximation
for the second degree function that describes the frequency
response of the oscillator with the linear change in tuning
codes. Extrapolating from tuning code B used for channel 11,
to synthesizing directly channel 11 4 ¢ ( < 15) using a
linear approximation code () = B+ x of f set, would mean
synthesizing a frequency that has an error £ with respect to
the center frequency of the channel 11 +4: E ~ i x ¢'. The
value of E could become so significant that the synthesized
frequency is more than 1 channel apart from the desired
communication channel.

In order to determine the tuning codes needed for synthe-
sizing the remaining 15 IEEE802.15.4 channels, and not to
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have to deal with cumulative errors, we propose to synthesize
channels in consecutive order and refine the channel’s tuning
code at each step by using intermediate frequency (IF) based
calibration, as expressed by (6).

B (channel 11)
C = B + of fset; (channel 12)

D = Crr + of fset; (channel 13) (6)
E = Dyp + of fsety (channel 14)

This approach synthesizes each channel frequency with
an initial error ¢ < €' < 1 MHz (channel edge), that is
reduced to €;y¢cger after IF-based calibration. As an example,
when synthesizing a channel’s center frequency (F.) using
the tuning function of the radio oscillator f with the tuning
codes C' and Cp (after IF calibration), the returned errors
are € and €;,,4¢4¢r respectively, expressed by (7).

f(C)=F, f(Cip)=TFir
|F - Fc| =€, |FIF - Fcl = €integer (7)

€integer <€

The approaches for adjusting the value of of fset to
of fset; j .. in order to determine all the communication
channels are the subject of Section VI. In the remainder of
this section, we detail IF-based calibration.

As shown in Fig. 4, when the crystal-free device uses an
initial tuning code (e.g. C) for receiving packets on channel
Y, once a packet is received on that channel, the device can
count the intermediate frequency (IF) value [19]. The IF is
created by mixing the incoming signal on channel Y with
the local oscillator signal, resulting in a signal at a difference
frequency. If the IF value is within 40 ppm of the expected
value (2.5 MHz, a design parameter of the chip hardware),
the LO is tuned on channel Y. If there is an offset from
the expected value, the LO initial tuning code needs to be
adjusted to compensate for that offset, until it becomes null
(or a value within +40 ppm accuracy). The adjusted tuning
code is Crp. This means that, for determining with a good
accuracy all 16 IEEE802.15.4 channels in the startup phase,
at least one beacon has to be received on each channel, which
ensures that the radio frequency accuracy meets the +40 ppm
accuracy requested by the standard.

This IF-based tuning of a crystal-free radio is one of
the key techniques which allow low-accuracy low-frequency
clocks to be used to track, and indeed generate, standards-
compliant RF oscillations with an accuracy of 40 ppm. The
nonlinear nature of an RF mixer means that a frequency
difference Af of 40 ppm at 2.4 GHz turns into the same
Af at 2.5 MHz, where it is now nearly 40,000 ppm of error
relative to a 2.5 MHz clock. So the fractional frequency error
in the 2.5 MHz measurement is divided by nearly a factor of
one thousand when it shows up at 2.4 GHz.
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FIGURE 4: IF-based calibration scheme. The tuning code of
the LO is continuously adjusted until the IF value reaches the
expected value. This results in a LO frequency as close as
possible to the center frequency of channel Y.

VI. STARTUP PHASE

In this section, we discuss two solutions for determining
the tuning codes of the remaining IEEE802.15.4 channels at
startup temperature, assuming that channel 11 is synthesized
using tuning code B. For this purpose, we discuss two
algorithms: one based on Recursive Least Squares (RLS),
another based on Moving Average (MA). We analyze the
initial frequency errors of synthesizing new channels (e, be-
fore applying IF corrections) of the two approaches through
simulations and experimental validation.

A. RLS CHANNEL TUNING

We propose the use of a Recursive Least Squares-based algo-
rithm for determining the tuning codes of each IEEE802.15.4
channel at startup temperature. This algorithm outputs pa-
rameters a of a fit function ys; that approximates f, the
oscillator’s tuning function. RLS is known to perform well
when input data is provided sequentially [42], improving the
fitting with every data point received. The RLS procedure is
illustrated in Fig. 5.

The RLS-based algorithm requires as inputs the tuning
code B for synthesizing channel 11, the approximate fre-
quency resolution of a tuning code AF*PP™°% and the for-
getting factor \. The algorithm is already set to fitting the
measured frequency data on a second degree function:

yrit(T) = az X > +ayxz+a; )

where yr;(x) represents the synthesized frequency when
using tuning code value x. The value of the forgetting factor
A defines the system memory and has an impact to the ability
to track the changes in the input sequence and to the stability
of the coefficients [43]:

N
A= —— 9
N+1 ©)
where N is the number of iterations before the effect of a
disturbance has decayed to e~ ! of its initial value [43].

The algorithm will predict the tuning code to be used for
synthesizing each IEEE802.15.4 channel, from channel 12
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RLS-based startup channel discovery(B,AF_approx,A):

MA-based startup channel discovery(B,AF_approx,W):

p=[012];

a=[000];

a = improve_offset(a, B, CH_freq);
Pm = eye(3);

forj=1:16
index =

i y_target = CH_freq(index); H

i ify_target € {channel_11, channel_12 or channel_13} !

| x_predicted = linear_approximation(B, AF_approx);

| else

: x_predicted = roots([a(3) a(2 ) a(1)-y_target]);

Process(x_predicted);
i end

Proposed tuning code for
the target channel

fori=1:3
x_m (:, i) = x_predicted.”p(i);
end
Km = Pm*x_m"™*(A+x_m*Pm*x_m")"(-1);
Pm = (Pm - Km*xm*Pm)./A;
y_fit(index) = x_m*a;

Operations possible only after
packet reception on the target
IEEE802.15.4 channel
Wait_for_packet_reception();
y_m =LO(x_predicied);  ~
g(index)=y_m-y_fit(index);
a = a+ Km*s(index);

'
1
H —-p- Update fitting parameters

end

FIGURE 5: RLS-based approach for consecutively determin-
ing the tuning code of each IEEE802.15.4 channel at startup
temperature. At each step, a prediction of the tuning code to
be used is made, tuned_codes. After a packet reception, the
fitting function coefficients a are improved and IF correction
is applied to the tuning code prediction.

to channel 26. The initial values of the coefficients a are
null, but the a; term (the offset) guess can be improved
(improve_of fset), to speed up the fitting process:

ay =~ 2405 — B x AFPPTo [MHz] (10)

The tuning codes for the channels (11-known) 12 and
13 will be determined using an approximation function
(linear_approximation), as expressed in equation (6), be-
cause the algorithm needs at least 3 (m) data points before fit-
ting to a second (m— 1) degree function. After this, the tuning
code of target channel j is the solution (z_predicted = x) of
the fitting provided up to that point (j):

y_target(j) = az(j) x 2° + az(j) x x +a1(j)  (11)

where y_target(j) is the frequency of the target channel and
7 is the algorithm iteration (j € 1..16, one iteration per
channel). A problem with this approach is that the solution
of a second degree polynomial is not unique. We tackled this
issue in Process() function, by providing positive (integer)
solutions that fit with respect to the tuning codes of already
discovered channels, provided the approximate frequency
resolution of a code, A F'9PPToT

After a beacon is received on the target channel, the
synthesized frequency can be measured,

ym = LO(z_predicted) = y_target + IF_of fset (12)

as well as the error with respect to the target frequency,
€ = IF_of fset. This error will be further used to adjust
the predicted tuning code (IF calibration) and to improve the
fitting coefficients, a. At this point the algorithm continues

8

CH_spacing(1) = round(5*1e6/AF_approx);
tuned_codes(1) = B;

forindex = 2:16
iy_target = CH_freq(index);
{ window = max(index-W,1):max(index-1,1);
: average_CH_spacing = round(mean(CH_spacing(window))); ~:
i x_predicted = tuned_codes(index-1) + average_CH_spacing; Proposed tuning code
tuned_codes(index) = x_predicted; > for the target channel

Wait_for_packet_reception();

:—y_jn_z_l:(;(;(:p_réﬁétga);_ ___________ Y-? Operations possible only
1 £(index)=y_m-y_target; | after packet reception on the
1 IF_correct_tuning_codes(tuned_code(index), &); |target IEEE802.15.4 channel

| CH_spacing(index-1) = tuned_code(index) - tuned_code(index-1);

FIGURE 6: MA-based approach for consecutively deter-
mining the tuning code of each IEEE802.15.4 channel at
startup temperature. At each step, a tuning code to be used is
proposed based on previous channel spacing, tuned_codes.
After packet reception, IF correction is applied to the current
tuning code.

by synthesizing the next target channel (j = j + 1). The
algorithm ends when the tuning code needed for synthesizing
all 16 channels are determined (5 = 16, corresponding to
channel 26).

B. MA CHANNEL TUNING

The Moving Average based algorithm (Figure 6) returns a
value for the tuning code to be used for each IEEE802.15.4
channel, consecutively, having as inputs the tuning code
value B (channel 11), the approximate frequency resolution
of a tuning code AFPP™°% and the window size W. For
determining the tuning code of a new channel, the algorithm
will use the closest integer value to the average spacing
between the channels inside the window W. After tuning on
a channel using the proposed tuning code, the algorithm will
wait for receiving a packet on that channel. As discussed in
Section V, we assume that the approximation A F“PPTO% ig
good enough so that the errors in synthesizing a channel are
below 1MHz. If this is the case, a packet can be received on
that channel and the IF offset can be computed.

After a packet reception, the error € with respect to the
channel’s center frequency is computed and the tuning code
value is adjusted, as well as the channel spacing between the
current channel and the previous.

C. DISCUSSION
For evaluating the performance of the proposed algorithms in
an ideal case we run the algorithms on simulation data. This
data was created by smoothing the irregularities from experi-
mentally collected frequency data for each tuning code, when
the crystal-free radio was placed in a temperature chamber.
The temperature was changed from 5°C to 55°C in 5°C steps.
The performance of the algorithms with experimental data is
discussed in Section VIIL.

Figs. 7 and 8 show the evolution of € (the frequency
error before IF calibration) when using the RLS-based
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FIGURE 7: Startup phase: RLS algorithm evaluation for a)
A = 0.8 and b) A = 0.4. Tuning error vs discovered channel
for three approximations of AF*PP™°*: 100kHz, 90KHz and
80 kHz. Performance averaged over startups at environmental
temperature between 5 — 55° C.

and MA-based algorithms respectively for discovering each
IEEE802.15.4 channel at startup temperature. The algorithms
were applied to startups at each of the evaluated temperatures
and the average performance was plotted. The red line repre-
sents the 1 MHz error limit, above which the packets sent on
a channel cannot be detected by the receiver. The green line
represents the 40 ppm error, as imposed to the RF accuracy
at all times, by the IEEE802.15.4 standard. All presented
results represent the frequency synthesizing error before IF
corrections.

For the RLS-based algorithm, the impact of the forgetting
factor \ can be seen when comparing Figure 7a (A = 0.8) to
Figure 7b (A = 0.4). A higher A means that the system has a
larger memory and so, the function coefficients are updated
slower and the convergence rate of € is slower. A lower
value of \ gives more weight to recent data samples, im-
proving the tracking ability of the algorithm. Still, when the
approximation of AF“PPT°% jg closer to reality (see results
for AFePPror — 90k H z, as AF"% = 93k H 2), the value of
A does not impact the obtained results, as the algorithm starts
with small initial error €. For this case, starting with channel
13, all following channels can be synthesized with an error
below 40 ppm. When startup errors are high (as it is the case
for AFPPTo% = 80k H z), a smaller ) is able to faster bring
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FIGURE 8: Startup phase: MA algorithm evaluation for
window sizes of 1, 4 and 16. Tuning error vs discovered
channel for three approximations of AFPPT°* : 100kHz,
90KHz and 80 kHz (blue markers). Performance averaged
over startups at environmental temperature between 5—55°C.

the tuning errors below the 40 ppm limits imposed by the
IEEE802.15.4 standard. For this case, we see in Figure 7b
that channels following channel 16 are synthesized with very
good accuracy, no matter the high startup errors (as long as
they are below the red 1MHz limit line).

The Moving Average based algorithm is analyzed for win-
dow sizes of 1, 4 and 16, in Figure 8. For this algorithm, the
initial approximation of the frequency resolution of a tuning
code (A FPPT°%) only impacts the accuracy of synthesizing
channel 12, as seen in Figure 8 with blue markers. After IF
correction, the spacing between channel 11 and channel 12 is
adjusted and used to determine the tuning code of the next
channel, so AF%PT°% value has no further impact on the
results. For determining the tuning code value of each new
channel, the average of the past W channel spacing values
is used. The simulation results in Figure 8 show that smaller
window sizes W tend to approximate better the real channel
spacing values and are able to synthesize new channels with
an error ¢ ~ 40 ppm. As for the RLS-based algorithm,
the presented results are the average performance of the
algorithm when applied to startups at temperatures between
5°C and 55°C, in 5°C steps.

VIl. NORMAL OPERATION PHASE

Once the tuning codes of all 16 IEEE802.15.4 channels are
known at startup temperature, the crystal-free device enters
the normal operation phase. In this phase, the device will
communicate according to a dynamic communication sched-
ule and it has to maintain the communication ability even if
the environmental temperature evolves. Figure 9a shows the
effect of environmental temperature on the communication
accuracy (with experimental data). If the crystal-free radio is
tuned on channel 13 for example, if the tuning code is not ad-
justed, the frequency will drift outside the channel. As seen in
Figure 9a, for a 50°C temperature difference, the synthesized
frequency has drifted more than one communication channel
(> 5MHz), to a value below channel 12.
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FIGURE 9: a) Radio tuned on the center frequency of channel 13. The temperature effect can be compensated by continuous
adjusting the tuning codes of a channel. Experimental data. b) Zoom in: Output frequency irregularities on experimental data.
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This section analyzes the ability of keeping communica-
tion accuracy on all 16 IEEE802.15.4 channels, when the
environmental temperature changes in a range of 5 to 55°C.
We assume that at each temperature, the crystal-free device
will communicate on a random sequence of channels and that
the temperature change rate is slow enough so that at least
one channel can be accurately known (synthesized) as the
temperature changes, by the means of IF-based calibration,
described in Section V. The effectiveness of IF-based cal-
ibration for adjusting the tuning codes of a channel so as
to maintain the synthesized frequency constant is detailed
in our previous work, [23]. The challenge treated in this
section is tuning to the remaining channels in random order
(as the communication schedule will require) with an as-low-
as-possible frequency error, at any temperature, when using
techniques based on RLS and MA, respectively.

A. RLS CHANNEL TUNING

The RLS-based algorithm in normal operation mode makes
use of the tuning function approximation yy;; determined
at startup temperature Ty (Section VI), and of the tuning
code value U of any channel Y at the new environmental
temperature, 77, expressed by (13).

yrie(z, To) = ag x 24+ as X+ (13)
x = U : tuning code for channel Y at T}

The tuning function is further adapted for the new environ-
mental temperature, 77, using (14).

yfit($7T1) = ag X 2 + az X T+ aim,
air, = a1 — f_shift (14)
f_Shift = yfit(U7 To) — FY

Where a7, represents the new coefficient approximation
at temperature 717, Fy represents the frequency value of
channel Y, and f_shi ft is an approximation of the frequency
shift caused by 73 with respect to the function approximation
at Tp.

The new function approximation ¥ ¢;;(x, 77 ) and its coef-
ficients a3, a2 and a1, are used by the RLS-based algorithm
(Fig. 5) to predict the new tuning codes to be used by any
channel demanded by the communication schedule (with fre-
quency value ¢qrget), in any order. Coefficients a3 and ay are
updated by the algorithm to the values corresponding to the
new environmental temperature, agr, and agr,, respectively.
The tuning function for 7; thereby changes as expressed
in (15):

yrie(x, 1) = asr, X 22 + asp, X T+ arny (15)

The same technique is used as the temperature evolves
from 7} to T5 and to any other temperature. As a good func-
tion approximation yy;;(x, To) is provided after the startup
phase, the impact of the forgetting factor A is limited.
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FIGURE 10: Normal operation. Monte Carlo simulation over
the performance of RLS and MA based algorithms when
synthesizing channels in random order as the environmental
temperature slowly changes from 5 to 55°C.

B. MA CHANNEL TUNING

The MA-based algorithm enters the normal opera-
tion phase with the complete knowledge of vector
tuned_codes(channel,Ty), which holds the values of the
tuning codes for synthesizing each IEEE802.15.4 channel at
startup temperature 7j. As for the RLS case, by the means of
IF calibration, the tuning code value U for synthesizing chan-
nel Y at T3 is known and is stored as tuned_codes(Y,Ty).
For channel Y, the shift in tuning code caused by the
temperature changing from 7j to 7} is expressed by (16).

shift = tuned_codes(Y,Ty) — tuned_codes(Y,Ty) (16)

The algorithm detailed in Fig. 6 is still valid, but in
normal operation mode, the variables inside the averaging
window W are shifts in tuning code caused by the changing
temperature, and not the channel spacing as in startup phase.
The window contains the shifts undergone by the closest W
known channels to the channel of interest, y_target. The
tuning code predicted by the MA algorithm for a channel W
at T is expressed by (17).

tuned_codes(W, Ty) = tuned_codes(W, Ty)+avg_shift_W
17

C. DISCUSSION
We evaluate the performance of both algorithms by simulat-
ing a change in temperature from 5°C to 55°C, in steps of
5°C, using the simulation data described in Section VI-C.
At each temperature value, all channels are synthesized in
random order, as dictated by the communication schedule.
As in the previous sections, the error € represents the error
in the synthesized frequency with respect to the frequency
value of the channel of interest (before IF-correction). The
IEEE802.15.4 standard mandates this to be below 40 ppm at
all times.

Fig. 10 shows the average performance of the RLS and MA
based algorithms in normal operation mode, obtained with
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Monte Carlo simulation over the communication schedule at
each temperature. In the figure’s legend, the notation “STD”
stands for “standard deviation” of the average performance of
each algorithm. We see that the average frequency synthesiz-
ing error € obtained with the proposed algorithms is below the
40 ppm limit for each channel. Still, for the RLS algorithm,
the standard deviation of the average performance is also
below 40 ppm, which is not the case for the MA algorithm.

VIIl. EXPERIMENTAL DATA IRREGULARITIES

We place the crystal-free platform in a temperature chamber
and vary the temperature between 5°C and 55°C, in 5°C
increments. When measuring the output frequency returned
by each tuning code of the crystal free platform, at each
temperature, we obtain plots which are not perfectly smooth,
as shown in Fig. 9b. These irregularities are the combined
result of unstable temperature, limited frequency counter ac-
curacy, oscillator phase noise and tuning function limitations
(fine tuning with 5-bit codes). The immediate consequence of
these irregularities is that € errors are higher when applying
the RLS and MA based algorithms to this data.

For the RLS-based algorithm in Fig. 7, the tuning errors
are well below the 40 ppm threshold. For the startup phase
with experimental data (Figs. 11a and 11b) the obtained
tuning errors evolve close to this limit, with high standard
deviations caused by the irregularities. Higher \ values are
equivalent to less influence of new input disturbances. In
Fig. 11a, the standard deviations of the error has a decreasing
trend when compared to Fig. 11b. The same happens for the
MA-based algorithm (Fig. 11c), that shows reduced errors
for higher W values. Still, the errors evolve slightly above
the green line, with higher standard deviations than the ones
obtained with smoothed simulation data (Fig. 8).

In normal operation phase, the environmental temperature
changes and the channel tuning needs to be adjusted with
it. Figure 12 shows the average tuning error e obtained with
experimental data, when using the RLS-based and MA-based
algorithms. Even if the average error lies on the 40ppm line,
the obtained accuracy and standard deviations are worse than
for the simulation data showed in Figure 10. The standard
deviation of the error obtained with the RLS algorithm tends
to be worse than that of the MA algorithm for experimental
data. A cause for this may be that the RLS based algorithm
continuously tries to fit data to a second degree function and
the irregularities shown in Figure 9b (that worsen with the
temperature) lead to fitting on a function different from the
real tuning function.

IX. ENABLING PACKET TRANSMISSION WITH
CRYSTAL-FREE RADIOS

This section characterizes the behaviour of the RF oscilla-
tor in transmission (TX) mode and describes the steps to
follow in order to be able to reliably transmit packets on
IEEE802.15.4 channels using a crystal-free radio. From the
best of our knowledge, this work is the first one to address
this challenge.
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FIGURE 11: Tuning error vs discovered channel for three
approximations of AF%PPT°%: 100kHz, 90KHz and 80 kHz.
Performance averaged over startups at environmental temper-
ature between 5—55° C. Startup phase on measurement data:
a) RLS algorithm evaluation for A = 0.8; b) RLS algorithm
evaluation for A = 0.4; ¢) MA algorithm evaluation for
window sizes of 1, 4 and 16.

A. CHALLENGES

Up until this point in the paper we treated techniques to
initially calibrate the RF oscillator and the remaining on-chip
oscillators of a crystal-free radio, followed by methods for
synthesizing the IEEE 802.15.4 channels in both constant and
variable temperature environment. During all these phases,
the crystal-free radio was set to reception (RX) mode and
RF oscillator tuning corrections were possible while measur-
ing the IF offset during reception of network beacons. The
crystal-free radio is able to store the tuning codes needed
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FIGURE 12: Normal operation on measurement data. Monte
Carlo simulation over the performance of RLS and MA based
algorithms when synthesizing channels in random order as
the environmental temperature slowly changes from 5 to
55°C.

for being able to receive on any of the 16 IEEE802.15.4
channels.

However, when switching to TX mode, the tuning codes
used for synthesizing channels in RX mode are not of use
anymore. As different circuitry is involved when transmitting
data, the same RF oscillator in TX mode behaves differently
than in RX mode. This is best shown in Figure 13, where
the tuning codes needed for synthesizing channels 11 to 26
when the RF oscillator is in RX mode and then TX mode
are plotted (experimental data). Knowing the tuning code
difference when switching from RX mode to TX mode for
channel 11 for example (50 codes in Figure 13a), cannot
be extrapolated to the remaining channels, as this difference
tends to increase with frequency (75 codes for channel 26 in
Figure 13a). This difference caused by switching from RX to
TX mode is also influenced by environmental temperature.
We can see in Figure 13b how at 50°C the tuning code
difference that needs to be applied when switching from RX
mode to TX mode for synthesizing the same channel is now
smaller for all channels when compared to Figure 13a: only
28 codes for channel 11 and 55 codes for channel 26.

As a generalization for the difference in tuning codes for
synthesizing the same channel in RX mode and then TX
mode, we plotted in Figure 14a this trend across channels 11-
26, accumulated over a 60 °C temperature change. The RX
mode - TX mode tuning code difference is higher for higher
frequency channels.

Figure 14b shows the sum of differences (RX mode - TX
mode) in tuning codes for all 16 channels and how it evolves
with temperature. We see that as the temperature increases,
the RX mode - TX mode gap decreases for all channels, as
also noticed in Figure 13b.

B. APPROACH

Because the RF oscillator in TX mode is characterized by a
tuning function with different coefficients than in RX mode,
both with frequency and temperature, a similar channel dis-

VOLUME 4, 2016

covery as done in RX mode is advisable (Sections VI - VII),
with a few differences:

1) the RF oscillator needs to be calibrated in RX mode
(Startup phase completed) so as to ensure Acknowl-
edgement (ACK) reception in case of successful trans-
mission attempt (see Figure 15).

2) agood starting value for A FPP"°% ig already provided
by analyzing the channel spacing in RX mode (specif-
ically, for RLS, the as term returned after running the
algorithm and for MA the average of C'H_spacing
vector).

3) the tuning code corresponding to channel 11 in
TX mode is to be found using a calibrated on-chip
frequency reference.

4) further corrections to be applied to the frequency syn-
thesized using the tuning code BTX in TX mode
are based on the frequency offset (signed) value in-
cluded in the ACK received from the destination device
(replacing the function I F'_correct_tuning_codes in
Section VI).

We see that the above mentioned differences impact only
the initialization of the Startup phase for TX mode. The
Normal Operation phase is as described in Section VII for
RX mode, but with using the frequency offset information
included in ACKs for frequency corrections, and not the IF
value (available only at packet reception - RX mode). For
these reasons, we will include in this section the results of
the algorithms running on simulation data and measurement
data for the Startup Phase only. We will see that these results
match the ones obtained for RX mode, for the case of good
approximations of A F'PPT°% (see Section VI).

The flowchart represented in Figure 15 places the right
moment to start calibrating the RF oscillator for transmission
to be only after the on-chip oscillators are calibrated at
current temperature and the device is able to receive network
beacons and acknowledgements.

In order to determine the tuning code corresponding
to channel 11 when the RF oscillator is in TX mode the
following approximations are used:

BTX

BTX

fTX,mode(B) ~ tiCkSRF_oscillator

R X Hz
ticks_reference FreserencelHzl

18
BTX o g 4T — 2405 [MHz) (19
~ o AFap;m“ox
where f7X-mode(B) s an approximation of the frequency

output of the RF oscillator in TX mode when using tun-
ing code B. The accuracy of this approximation is directly
influenced by the accuracy of the on-chip reference used,
freference. The tuning code BTX t0 be used for attempting
transmission on channel 11 is determined by adjusting the
tuning code B so that fTX-m0de(B) matches the frequency
of channel 11 (2405MHz).

Figure 16 shows the simulation results for the average fre-
quency error when synthesizing the 16 IEEE802.15.4 chan-
nels with the RF oscillator in TX mode (Startup Phase). Even
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FIGURE 13: Crystal-free radio: RF oscillator tuning codes for synthesizing the 16 IEEE802.15.4 channels in RX mode and
TX mode at a) 10° C and b) 50°C. Experimental data.
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FIGURE 14: Crystal-free radio, RF oscillator, experimental data. a) For higher frequency channels, the tuning code difference
needed when switching from RX mode to TX mode is higher than for lower frequency channels, at all temperatures. b) The
trend with temperature of the aforementioned switching difference.
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FIGURE 15: Crystal-free radio: determining the tuning codes for transmission on channels 11-26 is possible after the Initial
Calibration phase has been completed and ACK reception is possible (RF oscillator calibrated in Startup Phase for RX mode).
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FIGURE 16: Startup phase applied to RF oscillator in TX mode (simulation data): a) RLS algorithm evaluation for A = 0.8
and A = 0.4 and b) MA algorithm for window sizes of 1, 4 and 16. Performance averaged over startups at environmental
temperature between 5 — 55°C.
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FIGURE 17: Startup phase applied to RF oscillator in TX mode (measurement data): a) RLS algorithm evaluation for A = 0.8
and A = 0.4 and b) MA algorithm for window sizes of 1, 4 and 16. Performance averaged over startups at environmental

temperature between 5 — 55°C.

if in TX mode the RF oscillator is characterized by different
function coefficients and a different frequency resolution of
a tuning code, using A F'?PP"°% from the RX mode is a good
startup approximation. While the results returned by the RLS
and MA algorithms applied to simulation data are promising,
with errors dropping below 40 ppm, when applying them on
measurement data, the average frequency error is above the
green 40 ppm line (Figure 17). The average performance and
the standard deviations obtained match the ones obtained for
RX mode and detailed in Section VIIIL.

X. CONCLUSIONS

This article addresses the challenge of RF local oscillator
calibration on a single chip, crystal-free, [EEE802.15.4 de-
vice. It presents a full solution for compensating the inherent
drift of the internal oscillators, and making it possible for
the IEEE802.15.4 device to tune its radio at the specific
channels, keeping the drift boundaries at the values imposed
by the standard. The proposed method is divided in three
phases: initial calibration, startup phase and normal operation
phase. The on-chip oscillator settings for synthesizing the
16 IEEE802.15.4 communication channels are discovered at
a constant temperature during the startup phase, for which
we evaluate the use of RLS or MA-based algorithms. Once
all the communication channels settings are determined and
stored, the device switches to normal operation phase. This
phase deals with maintaining the communication accuracy
on all channels taking into account temperature variation and
other inherent clock drifts.

The proposed algorithms are evaluated through both simu-
lations and experimentation. While the obtained accuracy on
simulation data satisfies the 40 ppm accuracy required by the
IEEES802.15.4 standard, the results obtained on experimental
data show higher errors, performing in average close to the
40 ppm limit. The higher errors are the consequence of
irregularities in the tuning function across frequencies and
increasing temperatures.

It is important to keep in mind that these frequency errors

16

(obtained during startup phase or normal operation phase)
impact the accuracy with which a channel will be synthesized
for the first time at a certain temperature and will be imme-
diately corrected to be below 40 ppm after the reception of a
beacon (for IF-based frequency correction in RX mode) or of
an ACK (for frequency correction in TX mode).
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