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Abstract—SCuM is a single-chip micro mote with dimensions
of 2 x 3 mm?. It is equipped with a Cortex-M0 processor, an
optical receiver, and a radio compliant with IEEE802.15.4/BLE
standards. The device foregoes the use of a crystal by leveraging
its internal oscillators to enable 2.4 GHz communication. Due
to variations in manufacturing and changes in the environment,
SCuM’s on-chip oscillators require calibration. Inter-Cal, a cal-
ibration method for SCuM, accurately determines the necessary
frequencies for both transmission (TX) and reception (RX).
Unlike other methods, Inter-Cal can calibrate all of SCuM’s
internal oscillators, including the 2 MHz RC and LC oscillators
in both TX and RX modes, by simply listening for a valid
packet. Inter-Cal is a scalable solution characterized by its
minimal overhead and low latency. Testing with OpenMote has
demonstrated that SCiM can consistently adjust its frequency
over time using SCyM. In an evaluation using 1000 packets,
94.3% achieved a frequency accuracy within +80 ppm for the
LC oscillator and 91% were within £1000 ppm for the 2 MHz
RC oscillator.

Index Terms—Crystal-Free, Calibration, SCuM

I. INTRODUCTION

The Single Chip-micro Mote (SCuM) [1], is a 2 x 3mm?
state-of-art IoT platform, operating without a crystal. It fea-
tures a Cortex-MO micro-controller, a 2.4 GHz transceiver, and
an optical receiver. SCuM’s radio is designed to support both
IEEE802.15.4 and BLE standards [2], ensuring compatibility
with conventional radios adhering to these standards. The inte-
gration of on-chip oscillators eliminates the need for external
crystal oscillators and often negates the need for a Printed
Circuit Board (PCB). SCuM’s small size is ideal for applica-
tions where space is a constraint, such as medical implants [3],
wearable technology [4], and Wireless Body Sensor Networks
(WBSN) [5]. By realizing the concept of ”Smart Dust,” SCuM
paves the way for widespread deployment of tiny motes [6].

High drift is a common issue in crystal-free System on
Chip (SoC) designs, including SCuM. This is due to the
electronic components used in crystal-free oscillators being
affected by various environmental factors. SCuM requires its
2 MHz RC oscillator and the LC oscillator to be calibrated
for both transmission and reception before it can communicate
with other IEEE 802.15.4 radios. Many calibration techniques
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Fig. 1. The SCuM Sulu developing board front view. The black square in
the center is the SCuM chip covered with epoxy.

have been developed to address this issue. Wheeler ef al. [7]
studied the stability of SCuM’s LC oscillator. The authors
proposed a receiver-based feedback approach to counteract the
impact of temperature changes. Each time SCuM receives a
frame, it monitors the “T” channel samples and counts the zero-
crossings during a 100 ps window. Based on the measured
number of zero-crossings, SCuM adjusts the frequency of the
LC oscillator. Chang et al. [8] proposed a quick calibration
technique to help SCuM find all 16 channel frequencies for
both transmission and reception within a few minutes. It uti-
lizes 16 OpenMotes compliant with IEEE 802.15.4 to form a
synchronized slotted network and conducts a frequency setting
sweep at each slot to identify the functional frequencies. Each
slot is assigned to use one of the 16 channels for communica-
tion. By cycling through all 16 slots twice, SCuM identifies
the correct frequency for each of the 16 channels for both
transmitting (TX) and receiving (RX). The authors’ subsequent
work, Continuous Calibration (CoCa) [9], developed a new
technique to cope with the impact of temperature changes.
CoCa monitors the Intermediate Frequency (IF) and Frequency



Offset (FO), provided by the TI CC2538 SoC, to detect the
TX and RX frequency offsets. By adjusting the frequency
settings accordingly, SCuM can maintain communication with
OpenMote in environments experiencing temperature changes
of up to 3°C/min.

In this article, we develop a technique called Internal Oscil-
lator Calibration, “Inter-Cal”, allowing SCuM to self-calibrate
its frequency for TX and RX by only listening to incoming
packet from an external IEEE802.15.4 radios. Inter-Cal is
initiated when a packet received. By checking the IF, SCuM
calibrates its LC oscillator frequency at RX mode, the same
technique used in [9]. Then, the calibrated LC oscillator is used
to calibrate the 2 MHz RC oscillator. Finally, the LC oscillator
turns to TX mode and being calibrated with the 2 MHz RC
oscillator. Comparing to CoCa and the calibration technique
used in [10], Inter-Cal avoids the bidirectional communication
for calibrating both TX and RX frequencies, enabling simulta-
neously calibration for multiple SCuMs. Besides its simplicity,
Inter-Cal reduces the calibrating duration as well.

The remainder of this paper is organized as follows. Sec-
tion II details the architecture of SCuM, including the os-
cillators and counters, and highlights the non-linearity of the
frequency tuning. Section III describes the proposed Inter-
Cal calibration approach, specifically how it sweeps over all
settings to get the initial settings of LC oscillator, how it com-
putes the RX frequency settings based on the IF reads when a
beacon is received, and how it calibrates the 2 MHz RC and
the TX frequency settings internally. Section IV demonstrates
the correctness of the internal calibration approach by showing
the frequency settings over time, and evaluates its performance
by analyzing the distribution of IF counts and 2M counts over
time. Finally, Section V concludes this paper.

II. OSCILLATORS AND COUNTERS OF SCuM

Figure 2 presents a schematic representation of the os-
cillators, counters, and associated radio components. During
transmission, the 2 MHz RC oscillator clocks the chips/bits
rate from the radio, while the 2.4 GHz LC oscillator de-
termines the carrier frequency. Tuning of the 2 MHz RC
oscillator and the 2.4 GHz LC oscillator is achieved through
separate sets of three 5-bit registers, denoted as coarse, mid,
and fine. The frequencies of these oscillators are measured
by the 2M counter and the LC counter, respectively. In the
reception phase, the signal captured by the antenna undergoes
demodulation via the I and Q phase match filter, resulting in
the formation of the “I” and “Q” channels. The “I” channel’s
zero-crossing count within a 100 us timeframe serves as a
measure for the Intermediate Frequency (IF) value. This IF
is generated from the mixer as the frequency differential
between the incoming signal and the LC oscillator frequency.
The system opts for the lower IF to track clock frequency
variations, instead of using the 2.4 GHz high frequency. The
IF counter enables SCuM to discern the frequency deviation
of its 2.4 GHz oscillator and make necessary adjustments, as
elaborated in Sec. IIL
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Fig. 2. Interconnection between the on-chip oscillators, counters, and the

related radio components of SCuM.

2420

frequency rolls over when
mid code overflows

2415

N
ES
s
o

2405

frequency(MHz)

channel 11
channel 12
channel 13

frequency rolls over when
fine code overflows

QNNVMH WH ON DO QNNVNYNRDYON DO NNNHRNHON DN
~~~~~~~~~~ NNNYNNNNNYNNYVVYNVVVNVVNVNVNVD M
S Ao A MMM NI AR

Fig. 3. The LC frequency varies as a function of the frequency setting, ranging
from (22.31.0) to (24.0.31). The LC frequency increases with the
frequency setting. When the fine or mid codes overflow, the frequency drops,
resulting in a nonlinear saw-tooth shape.

The control mechanisms for the frequencies of the 2 MHz
RC oscillator and the 2.4 GHz LC oscillator in SCuM are
functionally identical. Both are managed by the device’s soft-
ware, which manipulates three Digital-to-Analog Converters
(DACs) via three 5-bit DAC registers, allowing for a total of
32,768 possible frequency settings. The DAC employed with
the 2 MHz RC oscillator is of a resistive type, while a capac-
itive DAC is used for the 2.4 GHz LC oscillator. These DAC
registers are labeled as coarse, mid, and fine. Frequency
settings are denoted as (<coarse>.<mid>.<fine>),
with each component being an integer within the range of
[0...31].

Fig. 3 indicates the relationship between the frequency
of the LC oscillator across all frequency settings. Fig. 3
shows a portion of that data, from settings (22.31.0) to
(24.0.31). Because of the way the radio is designed, there
is an offset in the frequency of the LC oscillator depending
on whether the radio is configure to transmit or receive. For
a given mid code setting, changing the fine code from 0
to 31 causes the frequency to change by approx. 2.93 MHz,
roughly 91.6 kHz (in TX mode) per fine code.

As shown in Fig. 3, when the mid or fine codes of the



frequency setting roll over from 31 to 0, the frequency drops.
This is designed intentionally to have overlapping codes,
and avoid having frequency “gaps” the LC oscillator cannot
oscillate at. It does, however, make calibration harder, as the
frequency does not monotonically increase with frequency
setting. The 2 MHz RC oscillator exhibits the exact same
behavior.

III. INTER-OSCILLATORS CALIBRATION

Inter-Cal is an improved calibration method comparing to
CoCa, which avoids proactive bidirectional communication
with IEEE 802.15.4-compliant radio, i.e. OpenMote. With
Inter-Cal, SCuM only needs to listen beacons sent by Open-
Mote to have its internal oscillators calibrated.

A. Step 1 & 2: Optical Calibration and Frequency Sweep

Inter-Cal and CoCa begin with optical calibration and initial
RX frequency tuning. SCuM is equipped with an integrated
photo-diode for optical input. An optical transmitter programs
SCuM by emitting a precise LED pattern, containing a
command word and program data, onto the chip. Follow-
ing firmware installation, the optical transmitter flashes the
LED 20 times at regular 100 ms intervals, which SCuM
utilizes for oscillator calibration. This calibration can also be
conducted with wires in less-than-ideal lighting conditions.
This method ensures the 2 MHz RC oscillator is accurately
calibrated, assuming temperature stability. However, it fails to
provide the necessary precision for the 2.4 GHz LC oscillator,
affecting SCuM’s communication with OpenMote. During
the RX frequency calibration phase, SCuM scans through
frequencies while OpenMote broadcasts beacons, known as
a frequency setting sweep. Upon receiving a correct beacon,
SCuM identifies and records the accurate RX setting. More
details are available in Section Step 2. Frequency Sweep of

[9].

B. Step 3a: Trigger Condition

After completing the setting sweep to identify the initial
LC RX frequency settings, the beacon transmission interval is
reduced to 250ms. When a Beacon frame from OpenMote is
received, SCuM starts an inter-calibration sequence. In reality,
Inter-Cal can be activated by any type of packets. For Open-
Mote, in addition to dispatching a beacon every 250ms, its
radio is set to listening mode to receive an evaluation (EVAL)
packet from SCuM, which is detailed later in Sec. III-F.

C. Step 3b: LC RX Calibration

Referenced in the right portion of Fig. 4, the Inter-Cal
process starts by calibrating the LC RX frequency with IF
count data. As outlined in Sec. II, SCuM tracks the IF’s zero-
crossings over a 100us period, targeting 500 crossings. A devi-
ation of one IF zero-crossing corresponds to a 5 kHz frequency
shift in the 2.4 GHz LC oscillator. Given that each adjustment
of the fine code alters the frequency by roughly 99.5 kHz (in
RX mode), 20 zero-crossings are required to trigger a single
fine code modification. The formula for adjusting the fine code

is detailed in Eq. 1, where LCRySettingr represents the LC
RX fine code setting to be modified, and [F,,,,: denotes
the IF count measured upon receiving a beacon. By tracking
the IF count and tweaking the fine code accordingly, the RX
frequency is fine-tuned. To minimize the effects of oscillator
jitters, the mean IF,,,; from the most recent 9 IF counts
will be utilized.

SEttingLCRXFine+ = (SZgned) (IFcoum‘, - 500)/20 (1)

D. Step 3c: 2M RC Calibration

Following the LC RX frequency tuning, the 2 MHz RC
oscillator’s calibration is the next step. Initially, SCuM must
ensure the radio is activated and set to RX mode. Subsequently,
a 50ms timer is set using SCuM’s RFTIMER, simultaneously
resetting both the LC and 2M counters. The RFTIMER,
operating at 500 kHz, is derived from a 5 MHz RC oscillator,
which clocks the ARM core’s executed instructions. This
RFTIMER’s role is solely to establish a uniform time interval
for reading the counts from both the LC and 2 MHz RC
oscillators. While the RFTIMER’s accuracy influences the
calibration’s precision, as depicted in Eq.2, its impact is
minimal. As demonstrated in Sec. IV, Inter-Cal successfully
attains precise calibration using this 50MS timer duration.
When the timer fires, the LC count and 2M RC count are read.
Based on Eq. 2, the frequency offset of 2 MHz RC oscillator
can be calculated and be adjusted with the mid setting code
of 2 MHz RC oscillator.

(CountRCIVIeasured _ 1) X OMH 2

CountrcTarget (2)

Freqremia

Settingroariat+ =

In Eq. 2, Settingrcoariq indicates the mid code setting
of 2 MHz RC oscillator to be adjusted. Countrcareasured
indicates the count read of 2M RC oscillator within the
scheduled 50ms period. Countrcrarge: indicates the target
count value of 2 MHz RC oscillator. Eq. 3 shows how it is
calculated, where Countrcrx measureqd indicates the count
read of LC oscillator in RX mode. Freqrcariq indicates the
frequency offset represented by one mid code setting of 2 MHz
RC oscillator, which is approximately 1.597 kHz.

In particular, Freqromida can be substituted with
Freqrocoarse Which is measured to be 10.86 kHz. Ac-
cordingly, Settingrconiq should also be replaced with
SettingRCCoarse'

CountLCRX]Weasured
2405M H z

The frequency 2405 MHz mentioned in Eq. 3 corresponds
to channel 11 as specified by IEEE802.15.4. In our experi-
ments, detailed in Sec. IV-A, it was necessary to adjust this
frequency to approximately 2402.5 MHz to enable SCuM to
communicate on the correct frequency. The exact cause of
this requirement remains unclear and is earmarked for future
investigation.

Countrcrarget = x2MHz (3)
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Fig. 4. The Inter-Cal process. The calibration starts with intensive beacon transmissions for SCuM to find the correct LC RX frequency setting through
frequency sweep. Then, the beacon is sent at a lower speed by OpenMote to trigger Inter-Cal to continuously calibrate the 2M RC and LC oscillator in both
TX and RX mode on SCuM side. Evaluation packet is sent after each Inter-Cal for performance validation purpose.

E. Step 3d: LC TX Calibration

The LC TX calibration process is conducted subsequent to
the 2M RC calibration, employing a similar approach. The
calibration aligns the 2 MHz RC oscillator with the LC RX
frequency, and in turn, the LC TX frequency is tuned to match
the 2M RC frequency. A 50 ms timer is set once more, with an
initial reset of both the 2M RC and LC counts. These counts
are then recorded upon the expiration of the timer. The fine
code of LC oscillator to adjust is calculated based on Eq. 4,
where Settingrcrx Fine indicates the fine code to adjust to
calibrate LC TX frequency. Countpcrx pmeasured indicates
the count read of LC oscillator at TX mode within 50 ms.
CountrcrxTarget indicates the target count of LC oscillator,
calculated based on Eq. 5 where Count gx prequsreq indicates
the count read of 2 MHz RC oscillator. Freqrcrx Fine
indicates the frequency offset one fine LC oscillator code.

Settingrcrx Fine— =

( CountrcrxMeasured
CountLCTXTa7‘get

— 1) x 2405M Hz

“4)

Freqrorx rine

CountRCJWeausred
2MH =z

CountLCTXTa'rget = x 2405M H z (5)

Freqrorxrine can be replaced with Freqrorxaria and
Freqrorxcoarse- The increments for the fine, mid and coarse
code for LC oscillator in TX mode are 91.6 kHz, 769.21 kHz
and 14.66 MHz respectively. In case the initial LC oscillator
is way off, as shown in Fig. 6, coarse, mid and fine code cali-
bration can be applied in sequence, to calibrate the frequency
to the correct one gradually.

F. Evaluation Packet

The Inter-Cal process concludes once the LC TX frequency
has been calibrated. To assess the calibration’s accuracy,
SCuM transmits an evaluation packet to OpenMote. Open-
Mote, through its TI CC2538 chip, is capable of determining
the frequency offset (FO) of the received evaluation packet.
This FO data is then transferred to a PC via serial connection,
as outlined in Sec. IV. This approach to utilizing FO differs
from its application in CoCa, where the FO is communicated
back to SCuM to adjust the LC TX frequency. In contrast,
Inter-Cal does not employ FO for calibration purposes; it is
used solely to evaluate Inter-Cal’s performance.

IV. EVALUATION

This section evaluates the performance of Inter-Cal. We
firstly illustrate the experimental setup for the evaluation and
how SCuM and OpenMote communicate each other with
debugging data collected meanwhile. Then, the experiment
results are shown after, with the performance analysis for LC
and 2M RC oscillators.

A. setup

The experimental setup, depicted in Fig. 5, consists of an
OpenMote, a Sulu SCuM developing board, a nRF52840-
DK and a laptop. The nRF52840-DK serves as the SCuM
programmer to load Inter-Cal image to SCuM. The laptop is
used for collecting the calibration accuracy information.

Instead of programming using the optical receiver, we use
a 3-wire bus protocol to transfer the image from the laptop
to SCuM over the nRF52840-DK. The nRF52840-DK also
provides the power for the Sulu board. After the programming
is done, a continuous 100 ms interval GPIO interrupts is
triggered, instead of the optical interrupts, to initially calibrate
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Fig. 5. Experiment setup. After the firmware is loaded to SCuM through the
nRF52840-DK, OpenMote is reset at the same time to start the calibration
process described in Fig. 4. During the entire process, FO, IF count and 2M
RC count are collected through the serial ports of OpenMote and SCuM.

the clocks of SCuM coarsely. OpenMote is reset at the
same time to send beacons intensively for SCuM to perform
frequency sweeping, as explained in Sec. III-B.

The laptop establishes connections with both SCuM and
OpenMote through a serial interface. The 2M RC count, IF
count, LC count and the frequency settings of 2M RC and LC
in both TX and RX mode are collected from SCuM side. The
frequency offset and the packet ID of the evaluation packet
are collected from OpenMote side.

Beacons are sent by OpenMote on channel 11, hence the
evaluation packet is transmitted over the calibrated frequency
for channel 11 as well.

B. Performance Evaluation

Fig. 6 depicts how the LC TX setting evolves over time
while running Inter-Cal. Each dots in the figure represent an
evaluation packet sent by SCuM. The LC TX setting used
for sending evaluation packet is calculated through the Inter-
Cal process when a beacon is received. In the figure, the or-
ange dots signify the evaluated packet received by OpenMote
successfully. whereas the blue dots indicate the unsuccessful
ones. Through the experiment, there are over 1,000 evaluation
packets sent by SCuM, of which 863 are successfully received
by OpenMote among the first 1000 packets.

The left plot of Fig. 6 shows how the LC TX setting
is adjusted from one with a far mid code 23.1.0 to the
frequency setting that allows SCuM to send to OpenMote,
which is around 23.17.12. The right plot of Fig. 6 shows the
zoomed-in version of the TX frequency setting changing over
time. Throughout the calibration process, TX frequency setting
does not stabilize at a single setting but fluctuates within a
range. This phenomenon is a result of the oscillator’s inher-
ent instability, posing a challenge to maintaining frequency
stability in such an unpredictable system.

The corresponding frequency offset (FO) measured by
OpenMote are plots below as well in the figure. The packets
ID from 0 to 350 shows a relative large FO more frequently,

averaged around 20. This translates to 156 kHz frequency
offset (£60ppm). After that, the FO becomes relative small
value most of the time, averaged around 10 (+30ppm).

To evaluate the performance of Inter-Cal, we plot the IF
counts and 2M RC count over time. The top plot of Fig. 7
shows the IF count and the histogram over 1,000 packets. A
500 IF count represents a perfect LC frequency. An offset
of 19 IF counts indicates a frequency drift of +40ppm.
As indicated in the plot, 69.4% of the packets fall in this
range. The performance drops comparing to CoCa which is
around 94.69%. As the calibration of LC RX frequency is no
difference to CoCa, we are unsure if this is due to the SCuM
chip used has a relative less stable oscillator.

The bottom plot shows the 2M RC count and the histogram
over the 1,000 packets. As mentioned in Sec. III-D, we use
2402.5 MHz, instead of 2405 MHz as the target frequency to
calibrate the RC oscillator. Based on Eq. (3), the calculated
target count for the 2 MHz RC oscillator should be 100,095.
Because of the radio design of SCuM, there is a frequency
shift of the LC oscillator when the radio is switched between
TX or RX mode [9]. Based on our measurements, a similar
behavior happens to the 2 MHz RC oscillator as well. When
the radio switches from RX to TX mode, the frequency of the
2 MHz RC oscillator increases by around 80 Hz. Therefore,
the target count for the RC oscillator in TX mode should
be adjusted to 100,175. The histogram plot of 2M RC count
indicates 91% of the samples fall into the range of +1000ppm,
with 100,175 count value in the center.

V. CONCLUSION AND FUTURE WORK

This article introduces Inter-Cal, a calibration technique
for SCuM. Upon the reception of a single packet, Inter-Cal
allows SCuM to calibrate its internal 2 MHz RC oscillator
and LC TX/RX oscillator instantly, without message ex-
changing. This technique maximizes the calibration efficiency
for SCuM at large scale, with less overhead and ultra-low
latency. Experiments are conducted to verify the correctness
of Inter-Cal and the performance through evaluation packets.
The results shows 863 out of 1,000 evaluation packets with
calibrated settings can be received by OpenMote correctly.
The performance shows 94.3% of the packets’ LC frequencies
are within +80ppm and 91% 2M RC frequencies are within
+1000ppm.

Our future work includes two aspects: first one is to verify
the stability of the Inter-Cal under a temperature changing
environments. second one is to use Inter-Cal to have multiple
SCuM calibrated at once and be capable to communicate each
other.
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