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 
Abstract—This paper presents a novel test instrument and 

strategy for active implantable medical device (AIMD) model 
validation under a radio-frequency (RF) field generated by a 
magnetic resonance imaging (MRI) system. A high electric field 
generator is developed as an alternative instrument for standard 
MRI RF coils. This system is both compact and power efficient. In 
addition, a set of validation pathways are proposed based on the 
Hadamard matrix. These pathways provide low correlations 
among incident electric fields and yet generate relative high 
temperature rises. Two generic AIMDs with different lengths are 
used to validate the strategy experimentally. It is demonstrated 
that this method provides an efficient and effective alternative for 
future AIMDs model validation under MRI RF emissions. 
 

Index Terms—Active implantable medical device (AIMD), 
device model validation, high electric field generator, 
orthogonality, uncertainty. 
 

I. INTRODUCTION 
AGNETIC resonance imaging (MRI) examination is a 
common procedure used in hospitals today. For patients 
implanted with an active implantable medical device 

(AIMD), such as a neuro-stimulator or a deep brain stimulator, 
there is an increased demand to undergo MRI scanning. Since 
these devices often have long and insulated electrodes (lead 
body), they can act as a receiving antenna to collect the 
radiofrequency (RF) induced energy generated by the MRI RF 
coil and deposit the collected energy into the human tissue at 
the tip electrodes.  Consequently, these localized energy 
depositions can lead to temperature rises near the tip electrode 
and may cause tissue damage[1]–[4]. 

To understand the mechanism of RF-induced heating, both 
numerical simulations and rigorously designed experiments 
were performed in recent years[5]–[9]. Since it is challenging 
to perform comprehensive modeling of an AIMD with 
sub-millimeter features in large heterogeneous media[10], [11], 
a transfer function concept was proposed to model the 
performance of AIMD exposed to RF fields,  [12], [13]. The 
transfer function for the lead model, referred to as the AIMD 
electrode model, relates the incident field on the device to the 
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induced heating at the tip electrodes. Combined with the 
incident electric field, the transfer function can be utilized to 
predict the in-vivo RF-induced heating for AIMD along all 
possible implanted pathways inside the human body during the 
MRI procedure [14]. 

However, due to the numerical approximations and 
imperfections of the electromagnetic model of AIMD, the 
experimental validation of the theoretical result is 
necessary[15]. The ISO/TS 10974 standard requires this 
transfer function model to be validated extensively before one 
can apply this for a clinically relevant study [16]. In the 
validation, the directly measured temperature rises and 
predicted temperature rises using the transfer function model 
along these pathways should be compared against each other. If 
the differences between the predicted temperature rises and 
directly measured results are less than the test uncertainty, the 
transfer function model is considered to be validated. This 
procedure of comparing the measured results with those 
predicted by the transfer function method is referred to as the 
transfer function model validation test. 

Designing the lead trajectories is critical for the model 
validation test in terms of effectiveness and robustness. 
Effectiveness is mainly determined by the orthogonality of the 
tangential electric field along the trajectories; while the 
robustness is related to the ability to produce relative high 
temperature rises so that the measured signal-to-noise ratio can 
be large. The ISO/TS 10974 standard presents some suggested 
lead trajectories including changes in magnitude, phase, or 
combinations of magnitude and phase in Annex M[16]. 
However, electric fields along those trajectories are highly 
correlated, which could lead to two different transfer function 
models yielding similar temperature rises since the number of 
degrees of freedom existing in the incident electric field is 
insufficient [17]. Also, it is very complicated to practically 
achieve, and also inconvenient as well since rectangular, 
elliptical, and circular phantoms are needed. For 1.5 T and 3 T 
systems, different RF coils are required which will increase the 
difficulty of the test efforts significantly.  

In this paper, a novel validation test strategy employing 
highly orthogonal electrical field distributions along pathways 
in a designed electric field generating system is proposed. The 
inspiration for the pathway is from the Hadamard matrix, which 
already has a broad application in telecommunications and 
statistics .[18]–[20]. The electric field generating system is a 
rectangular resonator operating at either 64 MHz or 128 MHz, 
which are the resonant frequencies for 1.5 T and 3 T MRI 
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systems, respectively. It can present a stable and homogeneous 
electric field with linear polarization over a large volume, and 
therefore provide an ideal environment to implement a high 
orthogonal electric field distribution along different pathways, 
as well as lowering the uncertainty due to the pathway shift. 
The entire system to perform the transfer function validation 
test for AIMDs is much smaller than the MRI RF coil. More 
significantly, it is capable of performing the validation tests for 
both 1.5 T and 3 T systems [21]. It should be pointed out that 
this paper focuses on the model validation using temperature 
rises at AIMD tip electrode. It is assumed here that the power 
deposition near the tip electrode would be directly related to the 
temperature rises near the electrode tip.   

This remainder of this paper is organized as follows. In 
Section II, the design and implementation of a multi-frequency 
electric field generator, along with the pathway development 
methodology, are illustrated. Two AIMDs with different 
lengths are used as examples to show their validity and 
feasibility in Section III. Then the proposed strategy is 
compared with that of ISO 10974 to demonstrate the advantage 
of orthogonality of the electric field distribution along different 
pathways and accuracy due to the field homogeneity, in Section 
IV. Finally, conclusions are discussed in Section V. 

II. METHOD 
The transfer function is a numerical model to predict the 

RF-induced heating for AIMDs that are implanted in human 
tissue. It can be measured by a vector network analyzer (VNA) 
together with a current probe when assigning a radiating dipole 
at the lead tip [13], [14]. With the incident electric field 
tangential to the lead implantation trajectories when the lead is 
absent, the transfer function can accurately predict the 
temperature rises under specific RF field exposure, using  

∆𝑇 = |∫ 𝑇𝐹(𝑙)𝐸tan(𝑙)𝑑𝑙
𝐿

|
2
, (1) 

where 𝑇𝐹(𝑙) is the transfer function of the AIMD with units of 
m ∙ √℃/V, and 𝐸tan is the incident electric field tangential to 
the lead pathway with units of V/m. ∆𝑇 is the temperature rise 
with units of ℃.  To ensure the AIMD model is accurate, 𝑇𝐹(𝑙) 
shall be validated along the predesigned incident electric field 
pathways per the ISO 10974 standard. The electric field 
distributions should be similar to those in real MRI scanning 
environments, to ensure the measurable temperature rises. 
Besides, as requested by ISO/TS 10974 8.8, “The selected 
incident fields for the validation shall be sufficiently different 
than the incident field(s) used for generating the AIMD model, 
and the difference shall be justified[16].” Also, “The tangential 
electric field exposure set for validation shall include changes 
in magnitude, phase or combinations of magnitude and phase, 
at different locations spanning the length of the AIMD.” 
Therefore, the electric fields along these pathways should be 
independent to others to satisfy the effectiveness of the 
validation test.   
 

A. Multi-frequency electric field generator design 
A high electric field generator that resonates at both 64 MHz 

and 128 MHz is proposed to substitute for the MRI RF coil to 

perform the validation test. As shown in Fig. 1, the signal 
generator, the power amplifier, the four-way Wilkinson power 
divider with pre-matching circuits, and the resonator constitute 
the high electric field generating system. 

The sine or square wave coming from the signal generator is 
amplified by a power amplifier with gain of 50 dB. The 
matching circuit consisting of lumped elements adjusts the 
impedance seen by the input of the power divider to 50 Ω. It 
consists of two separate sets of circuitry for each frequency. 
The high power signal is divided into four ways with identical 
phase and magnitude. The special four-way feeding network is 
achieved by exciting the front (+z) and back (-z) walls 
respectively of the cavity as shown in Fig. 1 below. The 
resonator has dimensions of 30 cm by 30 cm. The height of the 
gel, with relative permittivity of 78 and conductivity of 0.47 
S/m, is 9 cm [22], [23]. With the boundary condition of a PEC 
on the surrounding four planes (±x and ± z) and a PMC on the 
gel-air interface (±y), the resonator supports the TE10 mode at 
64 MHz, as well as the TE10 and TE12 modes at 128 MHz 
[21]. The simulated electric field distribution at both 
frequencies is depicted in Fig. 2. 

 
Fig. 1. The high electric field generating system. (a) The resonator structure 
working at both 64 MHz and 128 MHz; (b) The entire system configuration. 
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Fig. 2. Simulated electric field distribution on the center slice of the gel (a) at 64 
MHz and (b) at 128 MHz with an input power of 32.52 W and 13.77 W, 
respectively. 

The electric field distribution has been validated both by 
numerical simulation and experiment using a 10 cm titanium 
rod [21]. The linear polarized electric field oriented in the 
z-direction provides an ideal environment to implement the 
highly orthogonal electric field distribution along different 
pathways. 

B. Pathway design procedure in the field generator 
The pathways used to perform the model validation test 

should meet the following criteria: (1) low correlations of 
electric fields along different pathways, which could be 
reflected by the low condition number of the complex matrix 
consisting of electric field along the validation pathway set; (2) 
generating high temperature rises for RF-induced heating so 
that better signal-to-noise ratio can be achieved in the 
measurement,\; and (3) mechanically achievable for AIMD. 

The rows of the Hadamard matrix, whose entries are either 
+1 or -1, are mutually orthogonal. It has been widely employed 
in telecommunication and statistics. An example of an 
eighth-order Hadamard matrix is shown below: 

[
 
 
 
 
 
 
1 1
1 −1

1 1
1 −1

1 1
1 −1

−1 −1
−1 1

1 1
1 −1

1 1
1 −1

1 1
1 −1

−1 −1
−1 1

1 1
1 −1

1 1
1 −1

1 1
1 −1

−1 −1
−1 1

−1 −1
−1 1

−1 −1
−1 1

−1 −1
−1 1

1 1
1 −1 ]

 
 
 
 
 
 

, 

which is an 8 by 8 matrix with a condition number of 1. If one 
can find pathways along which the electric field can be mapped 
onto this matrix, the incident fields would then be orthogonal to 
each other.  One way to realize pathways 2 and 3 in the matrix 
is shown in Fig. 3. By folding these pathways along the incident 
field direction, +1 and -1 in the matrix can be achieved.  

 
Fig. 3 The first two of seven pathways based on Hadamard matrix 

However, these pathways fail to meet criterion (3), since 
bending the electrode along the pathway is very difficult in 
practice. To have relative smooth pathways with a still low 
correlated electric field, we propose to use the following 
pathway matrix as  

[
 
 
 
 
 
 
 
1 1
1 0

1 1
1 0

1 1
1 0

0 0
0 1

1 1
1 0

1 1
1 0

1 1
1 0

0 0
0 1

1 1
1 0

1 1
1 0

1 1
1 0

0 0
0 1

0 0
0 1

0 0
0 1

0 0
0 1

1 1
1 0]

 
 
 
 
 
 
 

. 

 
Since the electric fields for both 1.5 T and 3 T are linearly 
polarized in the z-direction, 0 is equivalent to have the lead 
segment placed along the x-direction for the null electric field. 
The condition number of the revised matrix increases to 5.83, 
but the newly designed pathways can be easily achievable as 
shown in Fig. 4. The pathways corresponding to the first row 
were ignored since they are longer than the entire length of the 
test fixture. 

For those AIMDs with different lengths, each segment length 
should be the total length divided by eight. Therefore, the 
revised Hadamard matrix can be treated as the design prototype 
of the validation pathway for the transfer function of the 
AIMDs.  

 
Fig. 4. The newly designed pathways following the revised matrix. 

III. RESULT 

A. Two AIMDs validation tests 
To verify the feasibility of the proposed strategy, two generic 

AIMDs are used as examples. Both have a solid metal inner 
conductor with a radius of 0.4 mm. The inner conductors are 
coated by an outer silicon layer with a thickness of 0.4 mm. The 
relative permittivity of the silicon is 3.5. The lead lengths for 
the two AIMDs are 40 cm and 30 cm, respectively. Both 
AIMDs have a 5 mm bare lead tip at the distal end, and a 
dummy Implantable Pulse Generator(IPG) made with a copper 
sheet connected to a 2 Ω resistor at the proximal end. Based on 
the reciprocity theorem [14], the measured transfer functions 
are shown in Fig. 5. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

4 

 
Fig. 5. The measured transfer functions of two example AIMDs for both 1.5 T 
(64 MHz) and 3 T (128 MHz). (a) Magnitude and (b) phase of the transfer 
function of a 40 cm AIMD; (c) Magnitude and (d) phase of the transfer function 
of a 30 cm AIMD. 
 

The field generating system is shown in Fig. 6 (a). The 
resonator is loaded by a 9 cm height Polyacrylic Acid (PA A) 
gel with dielectric parameters of 0.47 S/m and 78, for 
conductivity and relative permittivity, respectively [22],[23]. 
Two AIMDs shown in Fig. 6(b) are placed at the central slice of 
the gel. The first validation pathway for the 40 cm AIMD is 
shown in Fig. 6(c). A plastic mesh is used to provide a stable 
fixation for the AIMDs. The temperature rise at the lead tip is 
recorded by the thermal optical probe, which is closely bonded 
onto the bare tip as shown in Fig. 6(d). The duration of each 
exposure test with the RF source on was 5 minutes. 

 

 
Fig. 6.  (a) The whole electric field generator system. (b) Two generic AIMDs 
with different lengths. (c) The configuration of the first validation pathway for 
the 40 cm AIMD. (d) The bare lead tip and thermal optical probe in proximity. 

The numerical software used in this study is SEMCAD X. 
The input power in the simulation is 32.52 W and 13.77 W for 
the 1.5 T and 3 T modes, respectively, so that the incident 

electric field at the central point in the resonator is same as the 
point which is 2 cm from the left wall of the ASTM phantom, 
and central with respect to the other two directions (This 
location is suggested by ASTM F2182 to test the RF heating 
caused by medical implants [24].) when the whole body SAR in 
the ASTM phantom is 2 W/Kg. The corresponding RMS values 
of the electric field are 115.2 V/m and 91.4 V/m, for the 1.5 T 
and 3 T units, respectively.  

The measurement results were obtained with different power 
and normalized to the same input power as in the simulation 
(32.52 W and 13.77 W for the1.5 T and 3 T modes, 
respectively) by the calorimetry method, as suggested in the 
ASTM 2182 standard [24]. 

For the 40 cm AIMD, the simulated tangential electric field 
distributions along seven pathways are shown in Fig. 7. The 
condition numbers of the 1.5 T and 3 T electric field matrices 
are 3.41 and 4.23, respectively. The comparison of temperature 
rises obtained from direct measurements and that predicted by 
the transfer function method is shown in Fig. 8. For the 1.5 T 
validation tests, all of the pathways have a great fit  with respect 
to criteria (2) since the highest background heating in the gel 
when the lead is absent during the same period is 0.47 ℃. For 
the 3 T test, with a background heating of 0.30 ℃, pathway 5 
has the lowest SNR of 4.4 dB, except pathway 6, for which the 
predicted temperature rise (0.12 ℃ ) is lower than the 
background heating. That makes pathway 6 an ineffective 
validation test. From Equation 1, the temperature rise is the 
complex cumulation of the product of the transfer function and 
incident electric field. The low heating value is often related to 
field cancellation due to the phase shift. Overall, they are still 
good validation pathways based on the three pathway selection 
criteria. 

 
Fig. 7. Simulated electric field distributions along seven pathways shown in 
Fig. 4. (a) 1.5 T tangential electric field magnitude and (b) phase. (c) 3T 
tangential electric field magnitude and (d) phase. 
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Fig. 8. Comparison of temperature rises at the lead tip electrode derived from 
measurement and the prediction by transfer function for 40 cm AIMD at (a) 1.5 
T and (b) 3 T. 

For the 30 cm AIMD, the pathways shown in Fig. 4 can still 
be applied for the 1.5 T transfer function validation, with the 
only change being a shortening of the single segment length 
from 5 cm to 3.5 cm. To minimize the influence of the fringing 
field, the middle point of the 30 cm AIMD should be at the 
central position in the resonator. The validation result for 1.5 T 
is given in Fig. 9 (a). The worst SNR appears in pathway 4, but 
it still larger than 10 dB. However, for the 3 T validation, the 
performance of the prototype pathway deteriorates 
dramatically, since pathways 1, 2 and 6 would have predicted 
temperature rises of (0.12, 0.25, and 0.12 ℃) which are similar 
to the background heating (0.30 ℃). Thus, further modification 
is needed for the 3 T test for the 30 cm AIMD.  
 

 
Fig. 9. Comparison of temperature rises at the lead tip electrode derived from 
measurement and the prediction by transfer function for the 30 cm AIMD. (a) 
1.5 T using the prototype pathways in Fig. 4; (b) 3 T using the modified 
pathway shown in Fig. 10. 

 
Fig. 10. Modified validation pathways for the 30 cm AIMD in the 3 T test. 
 

Based on this argument, the z-directional segments in the 
second half of each pathway in Fig. 4 are flipped upward so that 
a reversed phase can be achieved. The modified pathways are 
illustrated in Fig. 10. The condition numbers of the 1.5 T and 3 
T electric field matrices are 3.23 and 7.88, respectively. With 
the modified pathways, the SNR improved significantly. The 

validation result for the 3 T mode is shown in Fig. 9(b). The 
worst SNR (pathway 3) is higher than 8.6 dB. 

B. Uncertainty analysis 
Following the recommended strategy by ISO/TS 10974 Ed. 1 

Annex R, the uncertainty in the validation test needs to be 
quantified using the GUM method [16], [25]. The uncertainty 
sources in this test can be categorized into two parts: 

(1) The uncertainty from the transfer function model 
prediction, including the transfer function measurement. 

(2) The uncertainty from the transfer function validation, 
including the numerical simulation and the temperature rise 
measurement. The proposed model (Equation 1) is a 
conservative calculation model for the temperature rises, since 
as the temperature of the tissue or the gel increases, both the 
specific heat and the thermal conductivity will rise [24], [26]. 
Therefore, the change in the thermal properties is also 
considered as an uncertainty source included in the 
“temperature rise measurement” part. More details can be 
found in the Appendix. 

The uncertainty specification for the 1.5 T and 3 T tests is 
given in Table I and Table II. The combined plot of the 
measured and predicted temperature rises, as well as the 
uncertainty boundary, as shown in Fig. 11. It can be noticed that 
all measurement-prediction pairs locate within the ∆𝑇(1 ±
2σ) ± 1℃ region, for both the 1.5 T and 3 T tests. 

TABLE I  
UNCERTAINTY SPECIFICATION FOR 1.5 T TEST 

1.5 T Source of uncertainty Uncertainty in 
% 

Uncertainty for TF a 
model prediction TF measurement 1.85 

Uncertainty for TF 
model validation test 

Temperature rise 
measurement 9.61± 1.0℃ 

Numerical simulation 2.17 
Combined Uncertainty 10.02± 1.0℃ 

 
TABLE II  

UNCERTAINTY SPECIFICATION FOR 3 T TEST 

3 T Source of uncertainty Uncertainty in 
% 

Uncertainty for TF model 
prediction TF measurement 1.29 

Uncertainty for TF model 
validation test 

Temperature rise 
measurement 18.27± 1.0℃ 

Numerical simulation 4.78 
Combined uncertainty 18.92± 1.0℃ 

   
a TF is the abbreviation for the transfer function. 
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Fig. 11 Measured and predicted temperature rises for both AIMDs together 
with the uncertainty boundary for (a) 1.5 T, and (b) 3 T. 

IV. DISCUSSION 
The preceding case studies show that the proposed 

instrument can be an alternative system to perform RF-safety 
assessment for AIMDs. It has three main advantages over 
conventional RF coils.  

(1) It is more compact due to the integration of the 1.5 T and 
3 T cases.  

(2) It has a more uniform electric field distribution which 
lowers the uncertainty due to the lead pathway shift. 

(3) The electric fields along different pathways used in this 
strategy is more highly orthogonal to each other than those 
recommended by ISO 10974. 

 
Fig. 12 The recommended validation pathways for AIMDs by ISO 10974 

To demonstrate the second advantage, the uncertainty due to 
the lead pathway shift in an ASTM rectangular phantom and 
the proposed resonator is compared. For the ASTM phantom, 
the first three pathways of 40 cm in Fig. 4, are shifted in three 
directions by 10 mm, to obtain the predicted temperature rise 
perturbation using Equation 1. The transfer function is assumed 

to be constant. For the resonator, the same pathways are also 
shifted in three directions by 10 mm, to obtain the resulting 
change of calculated temperature rises. The average of three 
pathways’ sensitivity coefficients in three directions and the 
combined results, as well as the uncertainty due to the shift of 
the pathway are given in Table III. It shows that the 3 T mode 
would be more sensitive to the effect of pathway shifting for 
both the proposed system and RF coils. However, due to the 
higher homogeneity of electric field distribution, the new 
system has superior performance on the uncertainty caused by 
pathway shifting at both frequencies. 
 

TABLE III  
THE UNCERTAINTY DUE TO THE SHIFT OF THE PATHWAYS FOR THE PROPOSED 

SYSTEM AND RF COIL AT 1.5 T AND 3 T 

 
Proposed system RF coils 
1.5 T 3 T 1.5 T 3 T 

Sensitivity 
coefficients 

(/mm) 

X direction 0.09 0.11 1.66 0.74 
Y direction 0.39 1.36 1.90 5.09 
Z direction 0.06 0.19 0.51 0.10 

Combination 0.41 1.38 2.57 5.14 
Standard deviation of 

pathway shift 10 mm 

Uncertainty in % 4.06 13.79 25.68 51.44 

 
TABLE IV  

THE CONDITION NUMBERS OF THE INCIDENT ELECTRIC FIELD MATRIX 
EXTRACTED ALONG THE PROPOSED PATHWAYS IN THE RESONATOR AND THOSE 

RECOMMENDED ONES BY ISO 10974 IN RF COILS 

  Proposed pathways  Recommended pathways by ISO 
10974 

1.5 T  3.41 118.63 

3 T 4.23 71.54 

 
To illustrate the third advantage, the correlation among the 

pathways presented in this paper and those recommended by 
ISO 10974, as shown in Fig. 12, are compared. The 40 cm 
pathways are used for comparison. The quadrature excitation 
mode for the 1.5 T and 3 T coils is selected. For seven 
validation pathway sets of the two methods, the condition 
numbers of the incident electric field matrix are given in Table 
IV. It shows that the electric field along the pathways used in 
this paper has significantly higher orthogonality than those 
recommended pathways used in RF coils for both working 
frequencies. 

V. CONCLUSION 
This paper proposes an efficient validation strategy for 

transfer functions for AIMDs. Applying a high electric field 
generating system and a set of validation pathways along which 
the electric field is orthogonal, this strategy could be an 
alternative to the recommended one in ISO 10974. There are 
three advantages of new strategy: first, it is more compact due 
to the integration of the 1.5 T and 3 T cases; second, it achieves 
lower uncertainty caused by the shift of pathways compared to 
a RF coil resulting from the higher electric field homogeneity; 
third, the orthogonality of the electric field along different 
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pathways is significantly improved by a set of designed 
pathways inspired by the Hadamard matrix. From two AIMD 
studies, the prototype in Fig. 4 could provide initial pathways to 
perform the transfer function validation test. However, 
modification is potentially needed if the prototype does not 
satisfy design criterion (2), the SNR requirement. 

APPENDIX 
The detail of uncertainty analysis for the proposed system is 

shown as follows.  
The uncertainty of type B is derived from the measurement 

instruments’ specification for the NI network analyzer and 
temperature measurement system. To determine the uncertainty 
of type A, pairs of numerical simulations with only a single 
parameter variation have been executed. Two realistic values 
“V1”, and “V2” are chosen for each variable as shown in Table 
VIII. A linear dependence of the measurement values on the 
changing parameter is assumed. The sensitivity factors fi for 
each parameter can be determined. The standard deviation si is 
derived based on the measurements. The product of the 
sensitivity factor and the corresponding standard deviation is 
the uncertainty contribution of this parameter. The combined 
uncertainty at the 1sigma-level can be calculated using the 
formula  √∑(𝑠𝑖𝑓𝑖)

2. 
TABLE V  

THE UNCERTAINTY OF TRANSFER FUNCTION MEASUREMENT 

Source of uncertainty Uncertainty 
type 

1.5 T 
Uncertainty in 

% 

3 T  
Uncertainty in 

% 
Mutual coupling 

between VNA ports B 0 0 

VNA drift B 1.16 1.16 
Liquid conductivity  A 1.41 0.19 
Liquid permittivity A 0.29 0.54 

Combined Std. - 1.85 1.29 

 
 
 

TABLE VI 
THE UNCERTAINTY OF TEMPERATURE RISES MEASUREMENT 

Source of uncertainty Uncertainty 
type 

1.5 T 
Uncertainty in 

% 

3 T 
Uncertainty in 

% 
Liquid conductivity A 7.56 11.38 
Liquid permittivity A 0.85 0.33 

Leads path A 4.06 13.79 
Gel height A 1.58 2.18 

Liquid thermal 
conductivity A 2.73 2.73 

Liquid specific heat A 1.36 1.36 
Readout electronics B ± 1.0℃ ± 1.0℃ 

Combined Std. - 9.61 ± 1.0℃ 18.27± 1.0℃ 

  
  

 
 
 
 

TABLE VII  
THE UNCERTAINTY OF NUMERICAL SIMULATION  

Source of uncertainty Uncertainty 
type 

1.5 T 
Uncertainty in 

% 

3 T  
Uncertainty in 

% 
Grid resolution A 2.08 0.80 
Dielectric box 

relative permittivity A 0.61 4.71 

Combined Std. - 2.17 4.78 
 
 
 
 
 
 
 
 
 
 

TABLE VIII 
THE DETAILS OF UNCERTAINTY SOURCE (UNCERTAINTY TYPE A ONLY) 

Uncertainty 
category Parameters Quantit

y V1 V2 Standard 
deviation 

1.5 T 
Sensitivity 

factor 

1.5 T  
 uncertainty in % 

3 T 
Sensitivity 

factor 

3 T 
 uncertainty in % 

Transfer 
function 

measureme
nt 

Liquid 
conductivity TF 0.47 S/m 0.517 

S/m 0.033 S/m 42.69 1.41 5.69 0.19 

Liquid 
permittivity TF 80 88 2.85 0.10 0.29 0.19 0.54 

Numerical 
simulation 

Grid 
resolution Eincid 2 mm 4 mm 2 mm 1.04 2.08 0.40 0.80 

Dielectric box 
relative 

permittivity 
Eincid 2.25 3 0.75 0.81 0.61 6.28 4.71 

Tempera-tu
re rises 

measureme
nt 
 

Liquid 
conductivity Eincid 0.47 S/m 0.517 

S/m 0.033 S/m 229.11 7.56 344.86 11.38 

Liquid 
permittivity Eincid 80 88 2.85 0.30 0.85 0.12 0.33 

Liquid thermal 
conductivity T 0.42 

W/(m∙k) 
0.5 

W/(m∙k) 0.02 W/(m∙k) 136.67 2.73 136.67 2.73 

Liquid 
specific heat T 4159 

J/(kg∙k)  
4206 

J/(kg∙k) 160 J/(kg∙k) 0.01 1.36 0.01 1.36 

Leads path Eincid 0 mm 10 mm 10 mm 0.41 4.06 1.38 13.79 

Gel height Eincid 9 cm 9.5 cm 0.2 cm 7.92 1.58 10.89 2.18 
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