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Abstract
Sentinel Lymph Node Biopsy (SLNB) is a surgical procedure that employs a tracer and a handheld detection
device to assess lymphatic metastasis. Superparamagnetic iron oxide nanoparticles (SPIONs) have been used as
tracers, with handheld magnetometers utilised for detection. The differential magnetometry processing technique
(DiffMag) effectively suppresses interference from stationary magnetic materials. However, movement of magnetic
materials introduces signal artefacts—referred to as motion artefact—due to the sequential nature of the processing
technique. Continuous manoeuvring of surgical equipment during SLNBs generates such artefact, potentially
extending surgery time. To address this drawback, we propose an extension of DiffMag using phase-sensitive signal
processing to measure phase lag—a property unique to signals from SPIONs. This extension demonstrates potential
to differentiate SPION signals from motion artefacts. In this study, we examined phase lag across various SPION
types (Magtrace, Resotran, Resovist, Ferrotrace) within clinically relevant parameter for SLNB, including low SPION
concentrations and increased environmental viscosity. Implementing the processing technique in the DMH yielded
highly stable phase measurements characterised by low noise levels and negligible drift. Notably, SPIONs across
all tested conditions exhibited a distinct measurable phase difference to those of motion artefacts. In conclusion,
phase-sensitive signal processing utilised in the DMH-probe demonstrates strong potential for differentiating
SPION signals from motion artefacts.

I. Introduction

Lymph node (LN) metastasis, particularly involving the
LN directly connected to the primary tumour—referred
to as the sentinel LN (SLN)—serves as a key indicator
for disease progression, staging, and treatment strati-
fication [1]. To evaluate metastatic dissemination, the
sentinel lymph node biopsy (SLNB) procedure was de-
veloped, wherein the SLN is surgically excised and as-
sessed for metastatic involvement [2]. This technique
relies on the administration of a tracer and the use of

a handheld detection device to localise the SLN. Super-
paramagnetic iron oxide nanoparticles (SPIONs), have
emerged as promising tracers for SLN localisation owing
to their favourable non-linear magnetic characteristics [3,
4]. Endomagnetics (Cambridge, United Kingdom) offers
a CE-marked and FDA approved combination product
that includes a SPION tracer and a handheld magne-
tometer [5]. This conventional magnetometer measures
the net magnetic susceptibility of all materials within its
scan volume, accounting not only for the superparamag-
netic signal from SPIONs but also confounding signals
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Figure 1: The DiffMag sensing principle and phase-sensitive signal processing visualised for a single hypothetical duty cycle.
a: The excitation magnetic field consisting of an AC field with an alternating three-level offset which creates a positive and
a negative offset field. b: The magnetisation curves of SPIONs and tissue, not to scale. The colours indicate the location of
the offsets on the curve. c: The magnetisation response of SPIONs and tissue in the presence and absence of an offset. The
non-linear magnetic susceptibility of SPIONs results in a reduced magnetisation response during offset, while biological tissue
displays a constant magnetisation response regardless of the offset level. d: Multiplication and averaging of the received voltage
signal with the reference signal yields and the quadrature of the reference signal results in the in-phase component χ ′ and the
quadrature component χ ′′ respectively. e: The relation between χ ′ and χ ′′ in the Cartesian coordinate system and the phase lag
φp in the polar coordinate system are given, revealing the inverse tangent relation between the phase lag and both components.

from diamagnetic tissue and paramagnetic and ferro-
magnetic materials, such as surgical instruments [6]. To
mitigate magnetic interference, the use of non-metallic
surgical instruments during SLNB is recommended; how-
ever, this introduces additional complexity to the surgical
procedure and prolongs the surgery time, thereby limit-
ing its clinical practicality [7].

Differential magnetometry (DiffMag) is a patented
processing technique [8] developed at the University of
Twente for selective detection of SPIONs within the hu-
man body [6, 9–11]. This method overcomes several lim-
itations of conventional magnetometers by exploiting
the non-linear magnetic susceptibility characteristic of
SPIONs, enabling their discrimination from surrounding
biological tissue [6]. DiffMag combines a sinusoidal alter-
nating field (AC-field) superimposed with an alternating
three-level offset for excitation of the SPIONs, as depicted
in Figure 1a. In the absence of the offset (zero offset), SPI-
ONs exhibit a markedly higher magnetic susceptibility
compared to their response during the offset pulse. In
contrast, biological tissue displays a linear susceptibil-
ity regardless of the offset level, as illustrated in Figure
1b. Consequently, the signal originating from SPIONs
diminishes during the offset periods, while the tissue
signal remains unchanged, see Figure 1c. By subtract-
ing the signal acquired during an offset period from the

signal acquired during the zero-offset period, the tissue
contribution is effectively cancelled, isolating the SPION-
specific response. The resulting signal is then averaged
over one duty cycle (0.4 s) and discretised in increments
of 100 nanovolts. This quantised value is referred to as a
DiffMag count, serving as a surrogate marker for SPION
concentration [9].

The DiffMag processing technique is integrated into
the DiffMag handheld (DMH) probe, a prototype device
consisting of a probe, base unit, and the DiffMag process-
ing software, shown in Figure 2. The DiffMag principle
effectively eliminates contributions from stationary dia-,
para-, or ferromagnetic materials within the DMH probe.
However, due to the sequential nature of the DiffMag
principle, any movement that alters the magnitude of the
measured signal will cause discrepancies between the
offset and no-offset states, resulting in artificial changes
in the DiffMag signal. These artefacts, resulting from
movement-induced changes, are referred to as motion
artefacts.

In clinical practice, continuous manoeuvring of sur-
gical equipment is expected to cause motion artefacts.
These artefacts appear as transient spikes in the Diff-
Mag counts, marked in red in Figure 3a, and predomi-
nantly influence the DiffMag counts during movement
of either the probe or metallic equipment. While the
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Figure 2: The prototype DiffMag handheld probe with a probe,
a base unit, and processing software.

artefacts are short-lived, they are nonetheless disruptive
and may prolong surgery duration. To mitigate these
challenges, the DiffMag principle has been extended to
incorporate phase-sensitive signal processing [6], which
facilitates measurements of the unique relaxation be-
haviour of SPIONs know as phase lag. Preliminary phase
measurements obtained using this processing technique,
as presented in Figure 3c, demonstrate that phase lag
from SPIONs can be effectively distinguished from mo-
tion artefacts, which either lack phase signals or exhibit
values of ±π. Consequently, phase-sensitive signal pro-
cessing holds promise for differentiating SPION signals
from motion artefacts. In this paper, we specifically focus
on the phase lag generated by particles and assess the
limitations of phase-sensitive signal processing within
clinically relevant parameter ranges for SLNB, including
low SPION concentrations and elevated viscosities.

II. Theory
When submitted to a magnetic field, a SPION is uniformly
magnetised and its magnetic moments aligns with the
magnetic field. The magnetic moment naturally aligns
with an easy axis, which is an energetically favourable di-
rection caused by magnetic anisotropy. The easy access
has two such favourable directions which are opposite of
each other. These directions are separated by an energy
barrier ∆E = K Vc where K is the anisotropy constant
and Vc is the magnetic core volume. For SPIONs with
smaller core sizes, this energy barrier is sufficiently low
for thermal fluctuations to cross this energy barrier. This
process is called Néel relaxation and the average time be-

Figure 3: A simulation of motion artefacts by moving the DMH
probe through a metal retractor towards a container with 0.8
mg Magtrace. a: The experimental setup where the probe was
moved a total of three centimetre at a velocity of 100 mm s−1.
The effect of motion artefacts in b: the DiffMag counts, c: the
phase lag. SPION measurements are highlighted in green, rep-
resenting their distinct phase lag values. The absence of any
superparamagnetic material in the scanning range is indicated
in blue, showing minimal signal and no phase lag. Motion
artefacts are highlighted in red, exhibiting DiffMag counts sig-
nificantly higher than the default signal without exhibiting any
phase lag or displaying phase lag values that exceed the typical
phase lag of SPIONs. d: The distance between the probe and
the container over time.

tween two consecutive flips is called the zero-field Néel
relaxation time [12] and is given by:

τN =τ0 exp
�

K Vc

kB T

�

, (1)

where τ0 is material characteristic called attempt time,
kB is the Boltzmann’s constant, and T is the absolute
temperature.

In most SPION applications such as the SNLB, SPI-
ONs are diffused in a liquid forming a ferrofluid. In such
fluids, physical rotation of the entire SPION is possible,
allowing for a second relaxation mechanism called Brow-
nian relaxation [13]. Brownian relaxation is the physical
rotation of the magnetic moment along with the SPION it-
self. The zero-field Brownian relaxation time is expressed
as:

τB =
3ηVH

kB T
, (2)

which is governed by the hydrodynamic volume VH of
the particle and the environmental viscosity η.

In most cases, τB and τN differ by several orders of
magnitude [14]. The relaxation process with the shortest
relaxation time dominates the observed signal. However,
when τB and τN relaxation times are comparable, both
will play a contributing role [15]. Within the assump-
tion that the Néel and Brownian relaxation processes
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are independent, the SPION magnetic dynamics is then
described through an effective relaxation time τ [16]:

τ=
τNτB

τN +τB
. (3)

When a SPION is re-excited before it has fully restored
its magnetic moment—specifically, when the excitation
frequency exceeds the effective relaxation time—the re-
laxation mechanisms are unable to respond adequately
to the rapidly alternating field. In such scenarios, the
magnetic moment is considered to lag behind the exter-
nal magnetic field, a phenomenon known as phase lag
φp . Phase lag results in a complex magnetic susceptibil-
ity χ̃ which is described by the Debye model [16–18]:

χ̃(ω) =
χ0

1+ iωτ
, (4)

where χ0 is the static magnetic susceptibility and ω is
the excitation frequency. The Debye model is strictly
valid only for small magnetic fields but can be used to
extend the Langevin model, which models the non-linear
magnetic susceptibility of SPIONs, into the non-linear
range [19]. The complex magnetic susceptibilities has a
real component

χ ′ =ℜ(χ̃) =
1

1+ (ωτ)2
χ0, (5)

and an imaginary component

χ ′′ = ℑ(χ̃) =
ωτ

1+ (ωτ)2
χ0. (6)

Together they describe the magnetic susceptibility in a
Cartesian coordinate system, as illustrated in Figure 1e.
However, this coordinate system can be converted to po-
lar coordinate system with the modulus of χ̃ represented
as

|χ̃ |=
χ0
p

1+ (ωτ)2
, (7)

and the phase lag follows from the angle between the
two components which results in the following relation
between the relaxation time and the phase lagφp [16]:

φp = tan−1
�

χ ′′

χ ′

�

= tan−1(ωτ). (8)

III. Materials and Methods

III.I. Phase-sensitive signal processing
Phase-sensitive signal processing employs the real and
imaginary components of magnetic susceptibility to dig-
itally compute the phase lag [9]. By feeding the exci-
tation signal back into the processing unit, the system
performs a comparative analysis with the received sig-
nal, as depicted in Figure 1d, to extract the in-phase and

Figure 4: Phase contributions during phase acquisitions. In
red the phase of the excitation signal which is set to zero phase.
In blue a phase acquisition in the presence of SPIONs. It con-
tains both phase lag φp and phase shift φs contributions, in-
dicated in grey and magenta respectively. Subfigures b and
c display thirty consecutively phase acquisitions, illustrating
noise characteristics of the DMH probe in the presence of 2 mg
Resovist and during a baseline acquisition, respectively. Phase
lines are plotted from the origin to the mean phase value of
each acquisition set.

quadrature components. These components are subse-
quently used to determine the phase lag according to
Equation (8), the results of which are illustrated in Fig-
ure 1e.

Minor variations in coil geometry and imperfections
in electrical components within the feedback system
introduce a phase in the reference signal [6, 9]. Con-
sequently, the total phase φ measured through phase-
sensitive signal processing, illustrated in Figure 4a, con-
sists of both the particle contributed phase lag and the
system contributed phase shiftφs . Therefore, thorough
understanding of phase shift factors such as consistency,
heating effects, drift and noise is essential.

SPIONs dH (nm) dc (nm)
Magtrace 60 [20] 4.8 [20]
Resotran 66 [21] 3.3 [21]
Resovist 56 [21] 4.0 [21]

Ferrotrace 74 [22] 16 [22]

Table 1: Average hydrodynamic diameter dH and core diame-
ter dc of Magtrace, Resotran, Resovist, Ferrotrace.
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III.II. Samples
Four different SPIONs: Magtrace® (EndoMag, UK),
Resotran® (Bayer Schering Pharma GmbH, Germany),
Resovist® (Kyowa CritiCare, Japan), and Ferrotrace® (Fer-
ronova, Australia) with corresponding sizes presented in
Table 1 were used for all experiments.

Two series of samples were prepared to evaluate the
effect of varying concentration and viscosity on the per-
formance of phase-sensitive signal processing. In the
dilution series, decreasing amounts of iron ranging from
1400 µg iron to 10 µg iron were used, encompassing the
clinically relevant amount of 20 µg iron typically ob-
served in SLNs [23]. In the viscosity series, increasing
amounts of glycerol (0, 250, 500, 750, and 1000 µl) were
added to a fixed amount of 1400 µg iron. All samples were
filled to a total sample volume of 1.5 ml using deionised
water, yielding estimated dynamic viscosities of 1.0, 1.7,
3.4, 8.4, and 26.6 mPa s receptively at 20 °C [24]. These
viscosities were chosen for both clinical relevance and
system limitations. According to the literature, the vis-
cosity of lymph at 37 °C is 1.7 mPa s [25], however, the
biological environment surrounding SPIONs in LNs may
restrict particle motion, thereby partially or completely
impeding the Brownian relaxation mechanism [20, 26].
Consequently, higher viscosities were chosen to assess
system feasibility when Brownian relaxation is partially
or fully inhibited.

III.III. Data acquisition
Experiment I: phase shift. The DMH probe was used to
assess the phase shift by acquiring baseline data over four
consecutive days, directly after starting up the system,
with the probe stabilised at a consistent probe tempera-
ture of 20.0 °C. Each individual acquisition was recorded
at an excitation frequency of 2.5 kHz during 30 consecu-
tive duty cycles. One additional measurement consisting
of 90 consecutive duty cycles was conducted to investi-
gate potential drift in phase shift.

To examine the effects of probe temperature on
system phase shift, prior to data acquisition, the probe
was cooled to 10.6 °C and subsequently heated to
42.2 °C, both using a water bath. After reaching these
temperatures, the probe was allowed to gradually
stabilise to laboratory temperature of 20 °C, and phase
data was acquired during this stabilisation period
for 30 consecutive duty cycles every 60 seconds. The
build-in temperature sensor in the probe was used for
simultaneous temperature acquisition.

Experiment II: phase lag. For both sample series, phase
data was recorded using the DMH probe at 2.5 kHz over
30 consecutive duty cycles at laboratory temperature of
20 °C. For each sample, the plastic sample container was
placed directly on top of the DMH probe (Figure 5c). Data
included a baseline acquisition to assess the phase shift

Figure 5: a: A dilution series of Magtrace, Resotran, Resovist,
and Ferrotrace containing 1.40, 0.70, 0.35, 0.18, 0.08, 0.04, 0.02,
and 0.01 mg iron. All samples are diluted with deionised water
to a total volume of 1.5 ml. b: A viscosity series of the same set
of SPIONs containing 1.40 mg iron and 0, 250, 500, 750, and
1000 µl glycerol. All samples diluted with deionised water to a
total volume of 1.5 ml. c: Data acquisition by placing the plastic
sample container directly on top of the DMH probe.

prior to sample placement, followed by individual ac-
quisition for each sample. One additional measurement
consisting of 90 consecutive duty cycles was conducted
to investigate potential drift in the phase lag.

III.IV. Data processing

For each acquisition, the measured phase was deter-
mined by averaging 30 consecutive measurements. The
baseline phase shift, established in Experiment I, served
as a reference for evaluating the phase lag in subsequent
concentration and viscosity experiments. In Experiment
II, the phase lag was obtained by subtracting the baseline
phase shift from the averaged total phase.

Phase noise was assessed in the Cartesian coordinate
system rather than the polar coordinate system due to
the substantial phase uncertainty expected near the ori-
gin in polar coordinate systems [27]. To evaluate phase
noise, a linear fit was applied between the origin and
the cluster of measurements, as illustrated in Figure 4b.
Noise magnitude was quantified by computing the stan-
dard deviation of the orthogonal distances from indi-
vidual data points to the fitted phase line, expressed in
DiffMag counts. The distribution of these deviations was
subsequently analysed for normality using the Shapiro-
Wilk test.

IV. Results

Experiment I: phase shift. The average phase shift
recorded in 21 baseline acquisitions acquired over
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various days and probe temperatures was 2.570±0.016
rad. As illustrated in Figure 6c, probe heating from 10.6
to 42.2 °C lead to a non-linear increase in system phase
shift, of approximately 4.5 ·10−3 rad. For all 21 baseline
acquisitions, the average phase noise was 0.1535±0.0408
DiffMag counts. The Shapiro-Wilk Test indicated that
the noise in 19 out of 21 baseline acquisitions followed
a normal distribution. Additionally, no phase drift was
observed in any of the baseline acquisitions.

Experiment II: phase lag. Figure 6 presents the mea-
sured phase lags across the dilution and viscosity se-
ries for each sample. For iron concentration of 80 µg
or greater without added glycerol, Magtrace, Resotran,
Resovist, and Ferrotrace exhibited distinct phase lags of
0.422±0.002, 0.450±0.002, 0.347±0.001, and 1.038±0.010
rad respectively. Phase lag was detectable for all SPION
types down to 10 µg iron; however, a reduction in phase
lag was observed at lower concentrations, as illustrated in
Figure 6a. Specifically, comparing 10 µg to 1400 µg iron,
Magtrace, Resotran, Resovist, and Ferrotrace exhibited
respective decreases of 0.192, 0.230, 0.201, and 0.213 rad,
corresponding to relative reductions of 19.21%, 23.01%,
20.10%, and 21.34%.

Magtrace, Resotran, and Resovist exhibit comparable
trends in response to increasing viscosity, characterised
primarily by a reduction in phase lag, as depicted in Fig-
ure 6b. As viscosity increased from 1.0 to 1.7 mPa s, the
phase lag decreased by 26.9%, 25.5%, and 25.5% for Mag-
trace, Resotran, and Resovist, respectively. In contrast,
Ferrotrace demonstrated a divergent response, with a
slight increase of 2.5% over the same viscosity range.
At higher viscosities, however, all four SPION types dis-
played a consistent trend of decreasing phase lag. An
increase in viscosity from 1.0 to 26.6 mPa s led to reduc-
tions of 67.6%, 70.3%, 69.0%, and 66.7% for Magtrace,
Resotran, Resovist, and Ferrotrace, respectively.

For all 48 samples in the dilution and viscosity series,
the average phase noise was 0.2409 ± 0.1252 DiffMag
counts. The Shapiro-Wilk Test indicated that 47 out of 48
baseline acquisitions experienced normally distributed
noise. Throughout the acquisition process, a slight phase
drift of 8×10−5 rad s−1 was observed in all SPIONs, with
an example of this drift illustrated in Figure 6d.

V. Discussion

In this study, we demonstrated the capability to mea-
sure phase lag using a handheld magnetometer at clin-
ically relevant concentrations (20 µg) and viscosities of
1.7 mPa s and above. The results indicate that SPIONs
consistently exhibit a detectable phase difference rela-
tive to baseline acquisitions under all tested conditions,
indicating the ability to distinguish SPIONs from motion
artefacts in clinically relevant conditions. Among the

Figure 6: a: Phase lag acquisitions of four different SPIONs:
Magtrace, Resotran, Resovist, and Ferrotrace for a dilution se-
ries ranging from 10 µg to 1400 µg iron. b: Phase lag acquisi-
tions of 1400 µg iron for the same set of particles for a viscosity
series. c: Phase lag errors as the probe temperature deviates
from laboratory temperature of 20 °C. d: An extended phase
lag acquisition of 1400 µg Magtrace.

tested particles, Magtrace, Resotran, and Resovist show
highly similar phase lags, with only minor variations at-
tributable to their comparable, yet slightly differing, hy-
drodynamic and core diameters. In contrast, Ferrotrace
consistently exhibits significantly different phase lag val-
ues, which can be attributed to its substantially larger
hydrodynamic and core size compared to the other par-
ticles.

Lower iron concentrations and increasing viscosities
were observed to decrease the phase lag, which contra-
dicts the theoretical predictions presented in this study.
It is important to acknowledge that Equations (1) and (2)
represent simplified models of the relaxation behaviour,
as they assume non-interacting SPIONs and are based
on the zero-field scenario—specifically, the situation
when an applied external magnetic field is abruptly re-
moved. Moreover, the models do not account for SPION
relaxation within AC fields, as employed in the DMH.
It is well established that SPIONs exhibit more complex
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phase lag behaviour under such external fields, requiring
more sophisticated modelling approaches [28, 29]. Con-
sequently, these models do not consider inter-particle
interactions, such as coating interactions [30], which may
have a reduced effect at lower concentrations.

Comparable findings were reported by Utkur et
al. [31], who observed a decrease in relaxation time with
increasing viscosity. The authors suggested that differ-
ences in the chemical environment between the water
solution and the water/glycerol mixture may cause this
behaviour—affecting inter-particle interactions or inter-
actions with the surrounding medium. Although the ap-
plied models were unable to accurately predict the phase
lag behaviour, it is important to note that this was not the
primary objective of the study. Instead, the most signifi-
cant outcome is the consistent measurement of a distinct
phase difference compared to the baseline acquisition
across all tested conditions. This finding is particularly
important as it highlights the potential of phase-sensitive
signal processing to differentiate SPIONs from motion
artefacts in clinical settings.

The implementation of the processing technique
within the DMH probe yielded highly stable phase mea-
surements, characterised by low noise levels and neg-
ligible drift. The observed noise exhibited an additive
profile, as evidenced by the comparable noise levels in
both the baseline and sample acquisition. Statistical eval-
uation using the Shapiro-Wilk Test confirmed that the
noise distribution conforms to normality.

Notably, non-linear phase drift was exclusively de-
tected during sample acquisitions, and was absent in
baseline acquisitions, suggesting particle-specific ori-
gin. Potential contributors to this drift include localised
heating within the AC field [32]or thermal energy transfer
between the probe and the container as the probe warms.
Such temperature changes can influence magnetic re-
laxation mechanisms. Although Equations (1) and (2)
predict a reduction in phase lag with increasing tem-
peratures, the experimental observations demonstrated
an opposing trend. This inconsistency may reflect the
limitations and oversimplifications in the underlying re-
laxation models. Nevertheless, the findings reported by
He et al. were consistent with theoretical expectations,
supporting a temperature-dependent reduction in relax-
ation time [33].

Despite the uncertainty surrounding the exact cause
of the phase drift, its impact on phase measurements
appears minimal due to its relatively small magnitude.
Further investigation into the mechanisms underlying
this non-linearity could provide valuable insights for opti-
mising system performance and enhancing the accuracy
of phase-sensitive signal processing in practical applica-
tions. Additionally, it highlights the need to explore the
influence of body temperature on the phase lag of parti-
cles. However, since the literature suggest that phase lag
persists at elevated temperatures [34], it is believed that

a distinct phase difference from the baseline acquisition
would still be detectable.

Furthermore, performing a multivariate analysis that
integrates clinically relevant concentrations, viscosities,
and temperatures could offer a more comprehensive
evaluation of the clinical feasibility of phase-sensitive
signal processing. While the phase lag at the edge cases
of both low concentrations and high viscosities were mea-
surable, and temperature is also expected to be measur-
able, predicting detectability of phase lag when all three
variables are combined remains challenging. While mod-
els are available that can estimate relaxation times in
these scenarios, translating these estimates directly to
phase detectability in the DMH is not straightforward
and warrants further investigation.

VI. Conclusion
Phase-sensitive signal processing demonstrates strong
potential for differentiating SPIONs from metallic instru-
ments by leveraging their distinct relaxation characteris-
tics. Consistent and distinct phase difference compared
to the baseline acquisition across low iron concentra-
tions and higher viscosities highlight the potential of
phase-sensitive signal processing for clinical applica-
tions. Further research is required to examine phase
lag at body temperatures. Additionally, investigating the
underlying mechanisms contributing to the observed
nonlinearity and the increase in system phase shift with
temperature will provide valuable insights for optimising
system performance and enhancing accuracy.
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