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Novel Broadband Calibration Method of
Current Shunts Based on VNA

Mohamed Ouameur, François Ziade, and Yann Le Bihan

Abstract— Usually high wideband ac current and harmonics1

measurements are accurately achieved in industry and laborato-2

ries by using high accuracy shunts or standard shunts. For partic-3

ular applications, such as power and transient measurements, it is4

mandatory to evaluate the shunt impedance phase and magnitude5

according to the frequency bandwidth of interest before to mea-6

sure the current with such sensors. High electrical current shunt7

beyond 1 A is calibrated in magnitude up to 100 kHz and in phase8

angle up to 200 kHz only by a few National Metrology Institutes.9

The existing traceable measurement methods to characterize10

these sensors are limited in frequency to 100 kHz, with expanded11

uncertainties of the ac–dc difference (magnitude) and the phase12

angle of more than 5×10−6 and 62 µrad at 100 kHz, respectively.13

A new traceable calibration method to measure and characterize14

current shunts at high frequencies is presented in this paper. This15

measurement method is based on the use of a vector network16

analyzer. The measurements are presented up to 60 MHz, but17

theoretically, the presented method does not exhibit a specific18

frequency limitation. Only the characteristics of the shunt under19

study can impose limitation in practice. While uncertainties are20

higher than those provided by the existing methods, the method21

presented in this paper is the only method able to perform in22

one step a broadband and simultaneous measurement of the23

magnitude and phase of current shunts up to few megahertz24

with acceptable uncertainties.25

Index Terms— AC–DC difference, calibration method, current26

measurement, current shunt, phase angle, uncertainty, vector27

network analyzer (VNA), wideband measurements.28

I. INTRODUCTION29

INCREASINGLY, it is necessary to measure high levels30

of currents on a wide frequency bandwidth because of31

high-current events such as short-circuit transient and impulse32

currents occurring in many applications such as the develop-33

ment of electric vehicles, and the production, transport, and34

distribution of energy. This calls for the characterization of35

wideband current sensors up to the megahertz frequency range.36

Unfortunately, for high levels of currents, the traceability and37

the calibration methods of such devices are not available in38
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these extreme frequencies. Up to 1 MHz, the existing methods 39

are designed to measure low current levels (up to 1 A) [1]. For 40

high current levels (beyond 1 A), the measurement frequency 41

bandwidth is limited to 100 kHz [2]. 42

The frequency variation of the impedance Zshunt of a shunt 43

is characterized by [3] as follows. 44

1) The variation in frequency of the impedance magnitude 45

compared to its dc value (ac–dc difference δ), generally 46

given as 47

δ = |Zshunt| − Rdc

Rdc
(1) 48

where Rdc is the direct current (dc) resistance of the 49

current shunt. 50

2) The impedance phase angle of the current shunt, defined 51

as [4] 52

φ = arctan

( �[Zshunt]
�[Zshunt]

)
(2) 53

where � [Zshunt] is the imaginary part of the shunt 54

impedance and � [Zshunt] is the real part of the shunt 55

impedance. 56

Following [3], it is noted that the definition of ac–dc differ- 57

ence δ given in (1) is equivalent to the one recommended by 58

the consultative committee for electricity and magnetism of the 59

International Committee for Weights and Measures (CIPM). 60

The definition given in (1) has been used since the method 61

presented in this paper is based on the impedance modeling 62

of current shunts which are calibrated. 63

II. EXISTING CALIBRATION METHODS OF SHUNTS 64

Metrologically, the existing calibration methods deliver very 65

good results up to typically 100 kHz and 1 A [5]–[8] but only 66

one parameter is measured: either the ac–dc difference or the 67

phase angle. We can briefly classify the existing shunt mea- 68

surement methods in the following categories. 69

A. Direct Comparison Method 70

The principle of this method is based on the direct com- 71

parison of voltages measured between terminals of two series 72

connected shunts: one ac shunt standard and one ac shunt 73

under test being calibrated. The range of voltages is identical 74

for both devices during the calibration process. 75

This method has been used to measure the absolute phase 76

angle errors between 100 and 300 mA up to 1 MHz of 77

current shunts based on a “cage” topology of resistors [1]. 78

To assess the phase angle error, a phase comparator has been 79

0018-9456 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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developed based on [1], [4], [6], [9], and [10]. The two current80

shunts to be compared are connected in series using a current81

T-connector in a measurement setup composed of an ac current82

source and two 2-channel digitizers. The expanded uncertainty83

(k = 2) of the phase angle error is ±200 μrad at 1 MHz.84

A wideband phase comparator has been developed in order85

to perform phase angle measurements with higher levels of86

current [5] from 2 to 100 A and for frequencies from 500 Hz87

to 100 kHz [6]. The expanded uncertainty (k = 2) of the88

phase angle error is ±50 μrad at 100 kHz for levels of current89

up to 10 A.90

An automated measuring system has been developed91

to assess the impedance magnitude deviation from dc of92

ac–dc current transfer standards. The principle is based on93

the connection of the two thermal current converters. The94

difference between the output of the current converters and95

the back-off voltages are measured by nano-voltmeters [11].96

The uncertainty of ac–dc difference is estimated less than97

±50 mA/A for currents up to 30 mA and frequencies98

up to 100 kHz.99

Generally, the direct comparison method suffers from the100

existence of a reversal error occurring when the relative posi-101

tions of the two current shunts are reversed [12]. Accordingly,102

one approach has been developed and applied to compare103

current outputs from an ac shunt standard with a current104

probe [12]. The ac–dc difference of “cage” current shunts has105

been found to be less than 10 ppm up to 100 kHz without106

giving an estimated uncertainty.107

B. Thermal Transfer Method108

The thermal transfer method is commonly used in the109

National Metrology Institutes (NMIs) to measure alternating110

voltage or ac current up to the megahertz range. The measure-111

ment method, based on a thermocouple, measures the contin-112

uous value of the electric quantity (current or voltage) which113

causes the same heating effect generated by the alternating114

value to be assessed.115

In 2011, results of various existing shunts have been116

published [6] on the basis of the thermal transfer method.117

The shunts used for the ac–dc current transfer are of planar118

multijunction thermal converters type (PMJTC) [13], [14]. The119

PMJTC type is used to obtain the lowest uncertainties of the120

measurement, but these are not easily available commercially.121

The expanded uncertainty of the ac–dc difference is prelim-122

inarily estimated to be 9 μA/A from 10 Hz to 100 kHz for123

current levels ranging from 30 mA to 10 A.124

A resonant method has been developed to calibrate current125

probes at a current level of 10 A and frequencies up to126

1 MHz [15]. In this method, a 1-� resistor is characterized by127

the thermal transfer method up to 100 kHz and using a VNA128

traceable to International System of units (SI) in the megahertz129

range [16]. The reported uncertainties are of 2% at 1 MHz.130

C. Potentiometer method131

Another measurement method has been developed to char-132

acterize the phase angle of current shunts from 40 Hz to133

200 kHz [9]. This approach is based on the use of 3-D mul- 134

tijunction thermal converters (TPC), precision amplifiers, and 135

a specialized measurement algorithm [17]. The uncertainties 136

of the phase angle are 141 μrad from 100 mA to 20 A, 137

at frequencies from 40 Hz to 200 kHz. 138

At current levels of 10 A and 100 kHz, the existing 139

measurement methods previously published by different NMIs 140

for measuring the phase angle, and ac–dc difference exhibits 141

an expanded uncertainty (k = 2) of at least 62 μrad and 6 ppm, 142

respectively. Currently, no existing method enables to measure 143

simultaneously the ac–dc difference and the phase angle. 144

These approaches are limited to 200 kHz for current levels 145

exceeding 10 A. Furthermore, the traceability to the SI for 146

most methods is not completely achieved beyond 100 kHz. 147

In this paper, we present a new measurement method 148

adapted for characterizing simultaneously the ac–dc difference 149

and phase angle of current shunts up to a few megahertz. 150

In what follows we will present successively the method, 151

the uncertainty calculation, and the measurement results. 152

III. SHUNT CALIBRATION METHOD USING AVNA 153

The proposed calibration method is based on a vector 154

network analyzer (VNA) which has some attractive features 155

such as low sweep time, broad frequency bandwidth, and 156

capability of measuring complex S-parameters. The proposed 157

method requires the measurement of S-parameters from the 158

lowest available frequency (below a few tens of kilohertz) up 159

to a few tens of megahertz. Practically, an Agilent E5071C 160

with a frequency bandwidth ranging from 9 kHz to 4.5 GHz 161

is used for the measurements. The S-parameter uncertainty 162

of a VNA is impacted by systematic error terms: directivity, 163

source match, reflection tracking, transmission tracking, and 164

load match [18]. Before using a VNA, a calibration method 165

is mandatory to remove the systematic errors. The unknown 166

thru method [19] is used to calibrate the VNA from 9 kHz 167

to 100 MHz. The unknown thru calibration method is based 168

on the use of three impedance standards (open, short, and 169

50-� loads) and an additional unknown thru connection. This 170

latter is a transmission line for which the characteristics are 171

determined during the calibration process. The traceability 172

of the VNA measurements is established through the precise 173

knowledge of the 50-� impedance standard according to the 174

frequency [16] and using a type N calibration kit completely 175

calculable from dc to 1 GHz [2]. Once the VNA is calibrated, 176

the shunt is simply connected to the VNA and its S-matrix 177

measured on the frequency bandwidth of interest. The system 178

for measuring the S-parameters of a two-port shunt is shown 179

in Fig. 1. 180

Generally, the impedance Zshunt of a two-port shunt is 181

defined by its transmission impedance Z21 from port 1 (current 182

input) to port 2 (voltage output). Therefore, this impedance 183

is calculated from the S-parameter values measured with a 184

VNA. The impedance of the 50-� load standard used during 185

the VNA calibration is completely calculable and traceable 186

to SI. The variation of real and imaginary parts of the load 187

standard impedance is very low. It follows that S-parameters 188

measurements of a shunt can be accurately normalized to the 189
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Fig. 1. Measurement of the S-parameters of an ac coaxial shunt based on a
“cage” geometry using a VNA.

characteristic impedance Z0 equal to 50 �. After calibration of190

the VNA, the reference planes of S-parameters measurement191

correspond to current and voltage connectors of the current192

shunt. Hence, S-parameters that are determined this way193

are intrinsic characteristics of the shunt: they characterize194

the shunt itself independently of the VNA input impedance.195

Finally, values of the transfer impedance Z21, and conse-196

quently, values of the shunt’s model determined using the197

S-parameters are independent of the VNA input impedance.198

Using the method presented in this paper, shunts are char-199

acterized as four-terminal impedance and it is not required200

to consider any loading errors. The transfer impedance Z21201

(Zshunt) is expressed from S-parameters and the characteristic202

impedance Z0 is equal to 50 � [20]203

Z21 = Z0
2 S21

(1 − S11)(1 − S22) − S12S21
. (3)204

The real and imaginary parts of S-parameters of the current205

shunt are measured and stored for data postprocessing. For the206

calculations, the following notations are used:207 ⎧⎪⎪⎪⎨
⎪⎪⎪⎩

S11 = α11 + jβ11

S12 = α12 + jβ12

S21 = α21 + jβ21

S22 = α22 + jβ22

(4)208

The real and imaginary parts of the measured shunt impedance209

Z21 can be expressed by210 ⎧⎪⎪⎨
⎪⎪⎩

�mes[Z21] = 2 Z0
α21 K1 + β21K2

K 2
1 + K 2

2

�mes[Z21] = 2 Z0
β21K1 − α21K2

K 2
1 + K 2

2

(5)211

where212

K1 = 1 − α11 − α22 + α11α22 − β11β22 − α12α21 + β12β21213

(6)214

K2 = α11β22 + α22β11 − β11 − β22 − α12β21 − α21β12. (7)215

The VNA has a standard output impedance of 50 �, whereas216

the impedance of the current shunt is generally observed to217

Fig. 2. Steps of the proposed measurement method.

be less than 2 �. For instance, the device under test (DUT) 218

presented in Fig. 1 is an ac coaxial current shunt of 10 A 219

based on the cage geometry with a dc resistance nominal value 220

of 0.08 � [4]. This impedance deviation between the DUT 221

and VNA produces noise and low accuracy in measurements. 222

As it stands, VNA measurement data cannot be used directly 223

to assess shunt parameters. 224

The purpose of this new measurement method is to pre- 225

vent the effect of the mismatch between the shunt and the 226

VNA output impedance by applying a regression on VNA 227

measurements data and providing modeling of the shunt. The 228

description of the method is detailed as follows (Fig. 2). 229

Step 1: The shunt to be calibrated is measured with a VNA. 230

An average of 10 measurements is calculated to reduce the 231

connectors’ repeatability error. 232

Step 2: A polynomial regression is applied to the VNA 233

measurements. The influence of the measurement noise is 234

reduced using a regression: linear for the imaginary part and 235

polynomial of degree two for the real part. The polynomial 236

and linear regression have been validated by using Pearson’s 237

chi-squared test. 238

Step 3:The regressed curves are shifted to match the dc 239

value of the shunt. The use of the VNA is indeed mainly 240

aimed at evaluating the variation in frequency, because the 241

dc value of the shunt cannot be measured directly and exactly 242

with a VNA and is instead measured with a Digital Multimeter 243

standard calibrated. 244

Step 4: A model of the measured shunt is obtained by 245

calculating the values of an equivalent circuit of the shunt 246

constituted of either an RL circuit (a resistor in series with 247
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Fig. 3. Equivalent circuit of the shunt considered. (a) RL circuit.
(b) RC circuit.

an inductor) or an RC circuit (a resistor in parallel with248

a capacitor) (Fig. 3). The choice of the equivalent circuit249

configuration is based on the sign of the imaginary part of250

the measured shunt impedance: for instance, if the imaginary251

part of the shunt impedance is negative, a circuit model (R, C)252

is applied.253

Step 5: The determination of the electrical equivalent model254

allows calculating the values of the ac–dc difference and phase255

angle with low associated uncertainties.256

Step 6: Uncertainty calculation associated with this mea-257

surement method is finally calculated. The calculation is258

detailed in Section IV.259

The shunt can be calibrated between dc and a few tens of260

megahertz depending on its frequency variation. In this paper,261

the frequency limit for the measurements does not exceed262

60 MHz for which the wavelength λ is approximately 5 m.263

The shunt’s length considered in this paper is less than 30 cm.264

In a general way, the transmission line theory could be265

applied to calculate Z21 but as shown in Section V, a simple266

(R, L) or (R, C) equivalent circuits of a shunt is appropriate267

and accurate to model Z21 because structures and values268

of the modeling are directly determined from measurements.269

Consequently, potential transmission line effects are taken into270

account in this case.271

In the case of (R, L) circuit, the shunt inductance is272

composed of the two following: internal and external induc-273

tances. In a general way, internal inductance is dependent274

on skin effects, but in the shunts considered in this paper,275

the external inductance is the most preponderant inductance276

and is independent of the frequency. The validity of this277

approximation is observed in the imaginary part measured:278

the reactance is linear according to the frequency range of279

interest. The linear regression applied to the reactance part280

has been validated by the statistical Pearson’s chi-squared test281

(Figs. 5 and 7). In this particular case, the skin effect can be282

considered as negligible on the reactive part of Zshunt.283

In practice, the frequency limitations of the method are284

linked to current shunt:285

1) presenting a simple equivalent electrical model286

(RL or RC);287

2) having a temperature-independent frequency variation;288

3) characterized by a negligible skin effect on the reactive289

part of Zshunt in the frequency range of interest.290

In a general way, the resistance part of a shunt is sub-291

ject to variation mainly due to resonance and skin effect at292

high frequencies. Different shunts considered in this paper 293

have a frequency variation that can be approximated using 294

a second-degree polynomial regression. This latter has been 295

validated by performing the statistical Pearson’s chi-squared 296

test: the regression describes appropriately the measurements 297

taking into account the standard deviation. 298

IV. UNCERTAINTY CALCULATION 299

The uncertainty evaluation of ac–dc difference and phase 300

angle has been achieved according to the “evaluation of 301

measurement data—a guide to the expression of uncertainty 302

in measurement” (GUM) [21]. The experimental measurement 303

values are considered to calculate the standard deviation 304

of each variable from the equivalent electrical model and 305

finally to evaluate uncertainties on ac–dc difference and phase 306

angle parameters. The presented method involves nonlinear 307

measurement functions for the measurands: ac–dc difference 308

and phase angle. The law of propagation of uncertainty 309

based on a first-order Taylor series expansion can leads to 310

incorrect standard uncertainties of the results when nonlinear 311

measurement functions are involved in the calculation. Indeed, 312

if the nonlinearity of functions is significant, higher order 313

terms in the Taylor series expansion must be included in 314

the expression of the combined standard uncertainty. In this 315

paper, it has been verified that the nonlinearity does not 316

affect significantly the combined uncertainties of the two 317

measurands (ac–dc difference and phase angle) calculated with 318

the first-order Taylor series expansion. This verification has 319

been performed according to the method described in GUM 320

supplement 1 [22]: it consists of applying the Monte Carlo 321

method using one million samples to calculate the distribution 322

of the measurand. Once the distribution is obtained, the mean, 323

the standard deviation, and the 95% confidence interval can be 324

calculated and compared to the classical law of propagation of 325

uncertainty results. The calculation has been performed to the 326

following frequencies 100 kHz, 1 MHz, 10 MHz, and 40 MHz 327

and compared to the GUM classical results. The normal 328

distribution obtained by the Monte Carlo method validates the 329

use of a coverage factor of 2. The difference between the 330

two approaches is negligible and demonstrates that the first- 331

order Taylor series approximation can be applied to calculate 332

the combined standard uncertainty presented in this novel 333

broadband calibration method of current shunts based on 334

VNA. Considering the number of frequency measurement 335

points and the use of a polynomial regression, the Monte Carlo 336

method is time-consuming which justifies the implementation 337

of the classical GUM approach. 338

Different types A and B uncertainty contributions consid- 339

ered in our calculation are the following. 340

1) Repeatability condition of measurement (type A): 341

a) The VNA has been calibrated one time and ten 342

measurements have been performed in a very short 343

time by connecting and disconnecting connectors 344

between each measurement. 345

2) The intermediate precision condition of measurement 346

(type A): 347
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a) The VNA has been calibrated one time each day348

for three consecutive days and measurements have349

been performed after each calibration.350

3) Reproducibility condition of measurement (type A):351

a) The VNA has been calibrated and measurements352

performed by two different operators.353

b) Two different measurements have been performed354

using two different VNAs (change in the measuring355

systems) and cables.356

c) Two different calibration kits have been used to357

calibrate and perform two different sets of mea-358

surements359

4) Accuracy of the standards modeling (type B).360

5) Correlation of S-parameters (type B).361

6) Errors related to the interpolation process (type B).362

7) Errors of the shunt modeling (type B).363

A. RL Circuit364

As explained before, if a current shunt exhibits a predom-365

inant inductive behavior in the frequency range of interest,366

its complex impedance can be described simply by a resistor–367

inductor series circuit (RL circuit)368

Z21 = Rac + j Lω (8)369

where Rac and L are, respectively, the ac resistor and inductor370

of the considered RL circuit. Rac and L are given as371 ⎧⎨
⎩

Rac = �reg[Z21]
L = �reg[Z21]

ω

(9)372

where �reg[Z21] and �reg[Z21] result from the linear regres-373

sion of the imaginary part and from the polynomial regression374

of degree 2 of the real part of the shunt impedance, respec-375

tively. The real and imaginary parts can be expressed in terms376

of the regression coefficients and the frequency as377 {
�reg[Z21] = a0 + a1 f + a2 f 2

�reg[Z21] = b1 f
(10)378

where ai and b1 are, respectively, the polynomial regression379

coefficients of the real part and linear regression coefficient of380

the imaginary part, and f is the frequency.381

The polynomial degrees are chosen using the frequency382

behavior of the shunt to be characterized. Noting that in dc,383

the real and imaginary parts are equal, respectively, to the384

measured value by a digital multimeter (Rdc = a0) and to zero.385

Finally, the expressions in (10) permit to calculate the386

regression uncertainties using uncertainty propagation, such387

as388

u2(Rreg[Z21])389

=
(

∂Rreg[Z21]
∂a0

)2

u2(a0) +
(

∂Rreg[Z21]
∂a1

)2

u2(a1)390

+
(

∂Rreg[Z21]
∂a2

)2

u2(a2)+
(
∂Rreg[Z21]

∂ f

)2

u2( f ) (11)391

where u(x) is the standard uncertainty of the parameter x .392

The uncertainty of the frequency parameter is negligible 393

compared to the other components of uncertainty. 394

Consequently, (11) can be expressed as 395

u2(�reg[Z21]) = u2(a0) + f 2u2(a1) + f 4u2(a2). (12) 396

For the imaginary part, from (10), we can express its uncer- 397

tainty as 398

u2(�reg[Z21]) =
(

∂�reg[Z21]
∂b1

)2

u2(b1) = f 2u2(b1). (13) 399

The uncertainty of the regression coefficients is estimated 400

by a standard error (square root of a variance) [?]. These 401

uncertainties depend on the measurement uncertainties of the 402

real u(Rmes) and imaginary u(Imes) parts of the measured 403

impedance Z21. u(Rmes) and u(Imes) are propagated from the 404

uncertainty of the S-parameters measured with a VNA. 405

The measurement uncertainties of the real u(Rmes) and 406

imaginary u(Imes) parts of Z21 are calculated by 407

u2(�mes[Z21]) =
2∑

i=1

2∑
j=1

⎛
⎜⎝

(
∂�mes[Z21]

∂αi j

)2
u2

(
αi j

)
+

(
∂�mes[Z21]

∂βi j

)2
u2(βi j )

⎞
⎟⎠ (14) 408

u2(�mes[Z21]) =
2∑

i=1

2∑
j=1

⎛
⎜⎝

(
∂�mes[Z21]

∂αi j

)2
u2(αi j )

+
(

∂�mes[Z21]
∂βi j

)2
u2(βi j )

⎞
⎟⎠ (15) 409

where u(αi j ) and u(βi j ) are the standard uncertainty of real 410

and imaginary parts of S-parameters measured. These uncer- 411

tainties are those obtained using a calibration kit developed 412

at LNE to calibrate the VNA: standard uncertainties of u(α 413

ij) and u(β ij) ranges from 5.10-5 to 5.10-2 and 8.10-5 to 414

0.25 respectively. The covariance matrices between real and 415

imaginary parts are calculated. 416

Using (9) the uncertainty of Rac and L can be given as 417

u2(Rac) =
(

∂ Rac

∂�reg[Z21]
)2

u2(�reg[Z21]) = u2(�reg[Z21]) 418

(16) 419

u2(L) =
(

∂L

∂�reg[Z21]
)2

u2(�reg[Z21]). (17) 420

The resulting uncertainty of L can be expressed as 421

u2(L) =
(

1

ω

)2

u2(�reg[Z21]). (18) 422

Once uncertainty components of the RL circuit have been eval- 423

uated, the uncertainty of ac–dc difference can be consequently 424

calculated 425

u2(δ) =
(

∂δ

∂|Zshunt|
)2

u2(|Zshunt|)+
(

∂δ

∂ Rdc

)2

u2(Rdc). (19) 426

Then 427

u2(δ) =
(

1

Rdc

)2

u2(|Zshunt|) +
(

−|Zshunt|
R2

dc

)2

u2(Rdc) (20) 428

where u(Rdc) is the uncertainty component of the dc resistance 429

measurement performed with a digital multimeter. In this 430

paper, its standard value is equal to 1 × 10−6 �. 431
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The uncertainty of the shunt impedance magnitude |Zshunt|432

is given as433

u2(|Zshunt|) =
(

∂|Zshunt|
∂ Rac

)2

u2(Rac) +
(

∂|Zshunt|
∂L

)2

u2(L)434

(21)435

u2(|Zshunt|) =
(

Rac√
R2

ac + (Lω)2

)2

u2(Rac)436

+
⎛
⎝ L ω2√

R2
ac + (Lω)2

⎞
⎠

2

u2(L). (22)437

The same procedure is used to estimate the uncertainty of438

phase angle error, leading to439

u2(φ) =
(

∂φ

∂ Rac

)2

u2(Rac) +
(

∂φ

∂L

)2

u2(L). (23)440

Then441

u2(φ) =
(

ω

R2
ac + (Lω)2

)2

[L2u2(Rac) + R2
acu2(L)]. (24)442

B. RC circuit443

As explained before, if a current shunt exhibits a predom-444

inant capacitive behavior in the frequency range of interest,445

its complex impedance can be described simply by a resistor–446

capacitor circuit(RC circuit), whose the resistor is connected447

in parallel with the capacitor. The complex impedance of the448

shunt is calculated using the following expression:449

Zshunt = Z21 = Rac − j R2
acCω

1 + (RacCω)2 . (25)450

After the polynomial regression, the real and imaginary parts451

of the shunt impedance (25) can be expressed as452 ⎧⎪⎪⎨
⎪⎪⎩

�reg[Z21] = Rac

1 + (RacCω)2

�reg[Z21] = −R2
acCω

1 + (RacCω)2 .
(26)453

The two expressions of (26) are combined to eliminate Rac454

in the expression of the imaginary part in (26). The capacitor455

value is calculated by456

C = −�reg[Z21]
ω (�2

reg[Z21] + �2
reg[Z21]) . (27)457

The ac resistance is calculated by solving a quadratic equation458

obtained from expression of the real part in (26)459

R2
ac(�reg[Z21] C2ω2) − Rac + �reg[Z21] = 0. (28)460

Because the roots of the polynomial equation are both461

positive, the solution chosen is the one close to the Rdc value462

of shunt.463

Now, we can use the same calculation methods presented464

in the RL circuit to obtain the uncertainties of the resistor Rac465

and the capacitor C. The uncertainty of C is given as 466

u2(C) =
(

2 �reg[Z21] �reg[Z21]
ω (�2

reg[Z21] + �2
reg[Z21])2

)2

u2(�reg[Z21]) 467

+
( �2

reg[Z21] − �2
reg[Z21]

ω (�2
reg[Z21] + �2

reg[Z21])2

)2

u2(�reg[Z21]). 468

(29) 469

The uncertainty of Rac is calculated using the solution of a 470

polynomial equation (28) 471

u2(Rac) =
⎛
⎝−1 + K3 + 4 �2

reg[Z21] C2ω2

K3

2 �2
reg[Z21] C2ω2

⎞
⎠

2

u2(�reg[Z21]) 472

+
⎛
⎝−1 + K3 + 2 �2

reg[Z21] C2ω2

K3

�reg[Z21] C3ω2

⎞
⎠

2

u2(C) (30) 473

where 474

K3 =
√

1 − (2 �reg[Z21] Cω)2. (31) 475

The uncertainty of the ac–dc difference is calculated using (20) 476

where the impedance magnitude uncertainty u(|Zshunt|) is 477

given as 478

u2(|Zshunt|) =
(

∂|Zshunt|
∂ Rac

)2

u2(Rac) +
(

∂|Zshunt|
∂C

)2

u2(C). 479

(32) 480

The uncertainty u(|Zshunt|) is therefore expressed as 481

u2(|Zshunt|) 482

= 1

(1 + (Rac Cω)2)3 u2(Rac) 483

+
(
K4(1 + (Rac Cω)2) − R3

ac C ω2
)2

(1 + (Rac Cω)2)3 u2(C) (33) 484

where 485

K4 = ∂ Rac

∂C
= −1 + K3 + 2 �2

reg[Z21] C2ω2

K3

�reg[Z21] C3ω2 . (34) 486

The uncertainty of the phase angle error is expressed according 487

to 488

u2(φ) =
(

∂φ

∂ Rac

)2

u2(Rac) +
(

∂φ

∂C

)2

u2(C). (35) 489

Finally, we can calculate the uncertainty of the phase angle by 490

u2(φ) =
(

ω

1 + (Rac Cω)2

)2

491

× [C2u2(Rac) + (K4C + Rac)
2u2(C)]. (36) 492
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Fig. 4. Real part of the shunt based on a “cage” geometry of 10 A.

V. EXPERIMENTAL RESULTS493

AC coaxial shunts based on the “cage” geometry (resistors494

in parallel within a cage structure) of 10 A and current shunts495

based on metal electrode leadless face (MELF) resistors from496

0.5 up to 10 A have been measured. For clarity of this paper,497

only the results for a shunt of 10 A obtained are presented498

and compared to the existing methods in order to validate the499

approach proposed. It is important to note that comparable500

results are obtained for other current shunt values.501

A VNA E5071C has been calibrated with a calibration kit502

developed at LNE. The measurements of “cage” and “MELF”503

current shunts have been performed up to 40 and 60 MHz,504

respectively. The VNA measurement parameters are:505

1) sufficient frequency points (801 points) with a linear506

distribution;507

2) averaging of five measurements at each frequency;508

3) intermediate frequency of the VNA receiver equal509

to 100 Hz.510

The method described in this paper has been applied to511

obtain ac–dc difference and phase angle values and the asso-512

ciated uncertainties. To summarize the experimental approach513

1) First, the shunt impedance Z21 is calculated from the514

S-parameters measured with a VNA.515

2) Then, the regressed value of the impedance Z21 is516

determined using the values of the electrical model517

(RL or RC circuit) which are calculated through the518

regression approach.519

3) Finally, the ac–dc difference and phase angle parameters520

and its associated uncertainties are calculated.521

Figs. 4–7 show the real and imaginary parts measured by522

the shunt impedance, the regression curves, and the curves523

obtained from the electrical model considered (RC or RL).524

Examples illustrated in Figs. 4–7 concern the 10-A ac coaxial525

shunts based on “cage” geometry and “MELF” resistors.526

We can observe measurement noise due to the low value527

of the 10-A shunt under study which is far from the 50-�528

reference impedance of the VNA and due to the very varied529

range of S-parameters measured from 9 kHz to 60 MHz:530

Fig. 5. Imaginary part of the shunt based on a “cage” geometry of 10 A.

Fig. 6. Real part of the shunt based on “MELF” resistors of 10 A.

Fig. 7. Imaginary part of the shunt based on “MELF” resistors of 10 A.

typically, from a few 10−4–10−3. In addition, the noise level 531

becomes abruptly higher below 10 MHz because of the VNA’s 532

internal electronic architecture. (Couplers are different below 533
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TABLE I

CIRCUIT PARAMETERS OF THE MEASURED CURRENT SHUNTS

TABLE II

AC–DC DIFFERENCE RESULTS OF THE AC COAXIAL SHUNT

BASED ON A “CAGE” GEOMETRY OF 10 A WITH ITS
EXPANDED UNCERTAINTIES AT 100 kHz

TABLE III

PHASE ANGLE RESULTS OF THE AC COAXIAL SHUNT

BASED ON A “CAGE” GEOMETRY OF 10 A WITH ITS

EXPANDED UNCERTAINTIES AT 100 kHz

and above 10 MHz.) The polynomial regression applied in the534

presented method allows overcoming the measurement issue535

related to the noise observed. The curves of the imaginary parts536

measured are linear and, respectively, negative for shunts based537

on the “MELF” geometry and positive for shunts based on the538

“cage” resistor which corresponds to a capacitive and inductive539

behavior as expected. The real parts are quadratic for both the540

shunts that can be explained by losses in metallic parts and541

by the first resonance frequency which is below 300 MHz for542

both the shunts. Because the frequency resonance is close to543

the frequency bandwidth used for the polynomial regression,544

it is noted that the skin effect cannot be quantified from the545

VNA measurements since there is a combination of resonance546

and skin effect.547

The values of Rdc, L, and C calculated are summarized548

in Table I. The results of ac–dc difference and phase angle549

parameters and the associated expanded uncertainties (k = 2)550

are presented in Tables II–V. At 100 kHz, the values are higher551

than those provided by the existing methods. Nevertheless,552

to our knowledge, the method presented in this paper is the553

only one able to perform in one step a broadband and simul-554

taneous measurement of the magnitude and phase of current555

shunts up to a few megahertz with acceptable uncertainties.556

The measurement method used by the JV and PTB laboratories557

TABLE IV

AC–DC DIFFERENCE RESULTS OF THE CURRENT SHUNT
BASED ON MELF RESISTORS OF 10 A WITH ITS

EXPANDED UNCERTAINTIES AT 100 kHz

TABLE V

PHASE ANGLE RESULTS OF THE CURRENT SHUNT BASED ON

MELF RESISTORS OF 10 A WITH ITS EXPANDED
UNCERTAINTIES AT 100 KHz

Fig. 8. AC–DC difference results of the current shunt based on a “cage”
geometry of 10 A with its expanded at 100 kHz.

is a thermal transfer method [24], whereas the RISE laboratory 558

uses a direct comparison method and the NMIA laboratory 559

uses a potentiometer method [9]. The comparison of the 560

ac–dc difference results is shown in Figs. 8 and 9. The results 561

obtained with the VNA method is in very good agreement with 562

the existing methods, particularly for the ac difference results 563

of the current shunt based on “MELF” resistors: the difference 564

of the mean values is significantly less than the uncertainty of 565

the VNA method. 566

For the existing methods, the shunt parameters are obtained 567

from the electrical current measurement values provided by 568

a reference device. These methods are not able to provide 569

simultaneously both parameters: ac–dc difference and phase 570

angle. Moreover, these methods are mainly limited by the 571

generation of a nominal current at high frequencies. Therefore, 572

uncertainties on ac–dc difference and phase angle parameters 573

depend on the uncertainties related to the high current levels 574

to be produced for the measurements. This constraint explains 575

the limitation of these methods to the low-frequency range 576

(below 100 kHz). 577
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Fig. 9. AC–DC difference results of the current shunt based on MELF
resistors of 10 A with its expanded uncertainty at 100 kHz.

Fig. 10. AC–DC difference with its uncertainties of the ac coaxial shunt
based on a “cage” geometry of 10 A up to 10 MHz.

Fig. 11. Phase angle with its uncertainties of the ac coaxial shunt based on
a “cage” geometry of 10 A up to 10 MHz.

The proposed method extends the limiting frequency up to578

a few megahertz. Type A (reproducibility and repeatability579

intermediate precision conditions of measurement) and type B580

Fig. 12. AC–DC difference with its uncertainties of the current shunt based
on MELF resistors of 10 A up to 10 MHz.

Fig. 13. Phase angle with its uncertainties of the current shunt based
on “MELF” resistors of 10 A up to 10 MHz.

uncertainty contributions have been carefully taken into 581

account in the S-parameters uncertainty evaluation. It is impor- 582

tant to note that uncertainties of ac–dc difference and phase 583

angle parameters are related to the impedance value of shunt. 584

They are proportional to the inverse of the shunt resistance 585

value [see (20), (22), (33)]. The method described in this 586

paper allows determining simultaneously both the relevant 587

parameters: ac–dc difference and phase angle. The current 588

shunts frequency variation and the associated uncertainties are 589

shown in Figs. 10–13. It can be observed that the frequency 590

resonance impacts more strongly the ac–dc difference results 591

in the case of the shunt based on the “cage” geometry. 592

VI. CONCLUSION 593

This paper has presented a new method for measuring 594

and characterizing the standard current shunt up to a few 595

megahertz. This method is based on the use of a VNA. 596

The results of measurements presented in this paper illustrate 597

the effectiveness of this method. Compared with the existing 598

measurement methods, the one proposed has the advantage 599

of increasing the measurement frequency beyond 100 kHz. 600
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Furthermore, it allows to simultaneously measure the ac–dc601

difference and the phase angle error, which was until now602

impossible for current levels above 1 A. This method can be603

applied for current shunts for which a simple equivalent elec-604

trical model can be established with a temperature-independent605

frequency variation and a negligible skin effect on the shunt606

reactive part in the frequency range of interest. The obtained607

uncertainty levels are higher to those provided by the existing608

methods at 100 kHz, but to our knowledge, this new approach609

is the only one capable of measuring high current shunts in610

the megahertz frequency range. The Monte Carlo method has611

been implemented and results compared to the classical GUM612

approach to validate that the nonlinearity of measurement613

functions do not impact uncertainties evaluated by the classical614

GUM method. It is noted that the impact of the nonlinearity on615

the combined uncertainties depends on the standard deviations616

of input variables. For instance, if standard deviations are617

low enough, the nonlinearity can be negligible and the higher618

orders of the Taylor expansion have not to be considered. If the619

input variables (S-parameters) of the presented method have620

too higher standard deviations, the nonlinearity effect should621

be considered to calculate uncertainties following the classical622

GUM method or the Monte Carlo method should be applied623

in this case.624
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Novel Broadband Calibration Method of
Current Shunts Based on VNA

Mohamed Ouameur, François Ziade, and Yann Le Bihan

Abstract— Usually high wideband ac current and harmonics1

measurements are accurately achieved in industry and laborato-2

ries by using high accuracy shunts or standard shunts. For partic-3

ular applications, such as power and transient measurements, it is4

mandatory to evaluate the shunt impedance phase and magnitude5

according to the frequency bandwidth of interest before to mea-6

sure the current with such sensors. High electrical current shunt7

beyond 1 A is calibrated in magnitude up to 100 kHz and in phase8

angle up to 200 kHz only by a few National Metrology Institutes.9

The existing traceable measurement methods to characterize10

these sensors are limited in frequency to 100 kHz, with expanded11

uncertainties of the ac–dc difference (magnitude) and the phase12

angle of more than 5×10−6 and 62 µrad at 100 kHz, respectively.13

A new traceable calibration method to measure and characterize14

current shunts at high frequencies is presented in this paper. This15

measurement method is based on the use of a vector network16

analyzer. The measurements are presented up to 60 MHz, but17

theoretically, the presented method does not exhibit a specific18

frequency limitation. Only the characteristics of the shunt under19

study can impose limitation in practice. While uncertainties are20

higher than those provided by the existing methods, the method21

presented in this paper is the only method able to perform in22

one step a broadband and simultaneous measurement of the23

magnitude and phase of current shunts up to few megahertz24

with acceptable uncertainties.25

Index Terms— AC–DC difference, calibration method, current26

measurement, current shunt, phase angle, uncertainty, vector27

network analyzer (VNA), wideband measurements.28

I. INTRODUCTION29

INCREASINGLY, it is necessary to measure high levels30

of currents on a wide frequency bandwidth because of31

high-current events such as short-circuit transient and impulse32

currents occurring in many applications such as the develop-33

ment of electric vehicles, and the production, transport, and34

distribution of energy. This calls for the characterization of35

wideband current sensors up to the megahertz frequency range.36

Unfortunately, for high levels of currents, the traceability and37

the calibration methods of such devices are not available in38
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these extreme frequencies. Up to 1 MHz, the existing methods 39

are designed to measure low current levels (up to 1 A) [1]. For 40

high current levels (beyond 1 A), the measurement frequency 41

bandwidth is limited to 100 kHz [2]. 42

The frequency variation of the impedance Zshunt of a shunt 43

is characterized by [3] as follows. 44

1) The variation in frequency of the impedance magnitude 45

compared to its dc value (ac–dc difference δ), generally 46

given as 47

δ = |Zshunt| − Rdc

Rdc
(1) 48

where Rdc is the direct current (dc) resistance of the 49

current shunt. 50

2) The impedance phase angle of the current shunt, defined 51

as [4] 52

φ = arctan

( �[Zshunt]
�[Zshunt]

)
(2) 53

where � [Zshunt] is the imaginary part of the shunt 54

impedance and � [Zshunt] is the real part of the shunt 55

impedance. 56

Following [3], it is noted that the definition of ac–dc differ- 57

ence δ given in (1) is equivalent to the one recommended by 58

the consultative committee for electricity and magnetism of the 59

International Committee for Weights and Measures (CIPM). 60

The definition given in (1) has been used since the method 61

presented in this paper is based on the impedance modeling 62

of current shunts which are calibrated. 63

II. EXISTING CALIBRATION METHODS OF SHUNTS 64

Metrologically, the existing calibration methods deliver very 65

good results up to typically 100 kHz and 1 A [5]–[8] but only 66

one parameter is measured: either the ac–dc difference or the 67

phase angle. We can briefly classify the existing shunt mea- 68

surement methods in the following categories. 69

A. Direct Comparison Method 70

The principle of this method is based on the direct com- 71

parison of voltages measured between terminals of two series 72

connected shunts: one ac shunt standard and one ac shunt 73

under test being calibrated. The range of voltages is identical 74

for both devices during the calibration process. 75

This method has been used to measure the absolute phase 76

angle errors between 100 and 300 mA up to 1 MHz of 77

current shunts based on a “cage” topology of resistors [1]. 78

To assess the phase angle error, a phase comparator has been 79

0018-9456 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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developed based on [1], [4], [6], [9], and [10]. The two current80

shunts to be compared are connected in series using a current81

T-connector in a measurement setup composed of an ac current82

source and two 2-channel digitizers. The expanded uncertainty83

(k = 2) of the phase angle error is ±200 μrad at 1 MHz.84

A wideband phase comparator has been developed in order85

to perform phase angle measurements with higher levels of86

current [5] from 2 to 100 A and for frequencies from 500 Hz87

to 100 kHz [6]. The expanded uncertainty (k = 2) of the88

phase angle error is ±50 μrad at 100 kHz for levels of current89

up to 10 A.90

An automated measuring system has been developed91

to assess the impedance magnitude deviation from dc of92

ac–dc current transfer standards. The principle is based on93

the connection of the two thermal current converters. The94

difference between the output of the current converters and95

the back-off voltages are measured by nano-voltmeters [11].96

The uncertainty of ac–dc difference is estimated less than97

±50 mA/A for currents up to 30 mA and frequencies98

up to 100 kHz.99

Generally, the direct comparison method suffers from the100

existence of a reversal error occurring when the relative posi-101

tions of the two current shunts are reversed [12]. Accordingly,102

one approach has been developed and applied to compare103

current outputs from an ac shunt standard with a current104

probe [12]. The ac–dc difference of “cage” current shunts has105

been found to be less than 10 ppm up to 100 kHz without106

giving an estimated uncertainty.107

B. Thermal Transfer Method108

The thermal transfer method is commonly used in the109

National Metrology Institutes (NMIs) to measure alternating110

voltage or ac current up to the megahertz range. The measure-111

ment method, based on a thermocouple, measures the contin-112

uous value of the electric quantity (current or voltage) which113

causes the same heating effect generated by the alternating114

value to be assessed.115

In 2011, results of various existing shunts have been116

published [6] on the basis of the thermal transfer method.117

The shunts used for the ac–dc current transfer are of planar118

multijunction thermal converters type (PMJTC) [13], [14]. The119

PMJTC type is used to obtain the lowest uncertainties of the120

measurement, but these are not easily available commercially.121

The expanded uncertainty of the ac–dc difference is prelim-122

inarily estimated to be 9 μA/A from 10 Hz to 100 kHz for123

current levels ranging from 30 mA to 10 A.124

A resonant method has been developed to calibrate current125

probes at a current level of 10 A and frequencies up to126

1 MHz [15]. In this method, a 1-� resistor is characterized by127

the thermal transfer method up to 100 kHz and using a VNA128

traceable to International System of units (SI) in the megahertz129

range [16]. The reported uncertainties are of 2% at 1 MHz.130

C. Potentiometer method131

Another measurement method has been developed to char-132

acterize the phase angle of current shunts from 40 Hz to133

200 kHz [9]. This approach is based on the use of 3-D mul- 134

tijunction thermal converters (TPC), precision amplifiers, and 135

a specialized measurement algorithm [17]. The uncertainties 136

of the phase angle are 141 μrad from 100 mA to 20 A, 137

at frequencies from 40 Hz to 200 kHz. 138

At current levels of 10 A and 100 kHz, the existing 139

measurement methods previously published by different NMIs 140

for measuring the phase angle, and ac–dc difference exhibits 141

an expanded uncertainty (k = 2) of at least 62 μrad and 6 ppm, 142

respectively. Currently, no existing method enables to measure 143

simultaneously the ac–dc difference and the phase angle. 144

These approaches are limited to 200 kHz for current levels 145

exceeding 10 A. Furthermore, the traceability to the SI for 146

most methods is not completely achieved beyond 100 kHz. 147

In this paper, we present a new measurement method 148

adapted for characterizing simultaneously the ac–dc difference 149

and phase angle of current shunts up to a few megahertz. 150

In what follows we will present successively the method, 151

the uncertainty calculation, and the measurement results. 152

III. SHUNT CALIBRATION METHOD USING AVNA 153

The proposed calibration method is based on a vector 154

network analyzer (VNA) which has some attractive features 155

such as low sweep time, broad frequency bandwidth, and 156

capability of measuring complex S-parameters. The proposed 157

method requires the measurement of S-parameters from the 158

lowest available frequency (below a few tens of kilohertz) up 159

to a few tens of megahertz. Practically, an Agilent E5071C 160

with a frequency bandwidth ranging from 9 kHz to 4.5 GHz 161

is used for the measurements. The S-parameter uncertainty 162

of a VNA is impacted by systematic error terms: directivity, 163

source match, reflection tracking, transmission tracking, and 164

load match [18]. Before using a VNA, a calibration method 165

is mandatory to remove the systematic errors. The unknown 166

thru method [19] is used to calibrate the VNA from 9 kHz 167

to 100 MHz. The unknown thru calibration method is based 168

on the use of three impedance standards (open, short, and 169

50-� loads) and an additional unknown thru connection. This 170

latter is a transmission line for which the characteristics are 171

determined during the calibration process. The traceability 172

of the VNA measurements is established through the precise 173

knowledge of the 50-� impedance standard according to the 174

frequency [16] and using a type N calibration kit completely 175

calculable from dc to 1 GHz [2]. Once the VNA is calibrated, 176

the shunt is simply connected to the VNA and its S-matrix 177

measured on the frequency bandwidth of interest. The system 178

for measuring the S-parameters of a two-port shunt is shown 179

in Fig. 1. 180

Generally, the impedance Zshunt of a two-port shunt is 181

defined by its transmission impedance Z21 from port 1 (current 182

input) to port 2 (voltage output). Therefore, this impedance 183

is calculated from the S-parameter values measured with a 184

VNA. The impedance of the 50-� load standard used during 185

the VNA calibration is completely calculable and traceable 186

to SI. The variation of real and imaginary parts of the load 187

standard impedance is very low. It follows that S-parameters 188

measurements of a shunt can be accurately normalized to the 189
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Fig. 1. Measurement of the S-parameters of an ac coaxial shunt based on a
“cage” geometry using a VNA.

characteristic impedance Z0 equal to 50 �. After calibration of190

the VNA, the reference planes of S-parameters measurement191

correspond to current and voltage connectors of the current192

shunt. Hence, S-parameters that are determined this way193

are intrinsic characteristics of the shunt: they characterize194

the shunt itself independently of the VNA input impedance.195

Finally, values of the transfer impedance Z21, and conse-196

quently, values of the shunt’s model determined using the197

S-parameters are independent of the VNA input impedance.198

Using the method presented in this paper, shunts are char-199

acterized as four-terminal impedance and it is not required200

to consider any loading errors. The transfer impedance Z21201

(Zshunt) is expressed from S-parameters and the characteristic202

impedance Z0 is equal to 50 � [20]203

Z21 = Z0
2 S21

(1 − S11)(1 − S22) − S12S21
. (3)204

The real and imaginary parts of S-parameters of the current205

shunt are measured and stored for data postprocessing. For the206

calculations, the following notations are used:207 ⎧⎪⎪⎪⎨
⎪⎪⎪⎩

S11 = α11 + jβ11

S12 = α12 + jβ12

S21 = α21 + jβ21

S22 = α22 + jβ22

(4)208

The real and imaginary parts of the measured shunt impedance209

Z21 can be expressed by210 ⎧⎪⎪⎨
⎪⎪⎩

�mes[Z21] = 2 Z0
α21 K1 + β21K2

K 2
1 + K 2

2

�mes[Z21] = 2 Z0
β21K1 − α21K2

K 2
1 + K 2

2

(5)211

where212

K1 = 1 − α11 − α22 + α11α22 − β11β22 − α12α21 + β12β21213

(6)214

K2 = α11β22 + α22β11 − β11 − β22 − α12β21 − α21β12. (7)215

The VNA has a standard output impedance of 50 �, whereas216

the impedance of the current shunt is generally observed to217

Fig. 2. Steps of the proposed measurement method.

be less than 2 �. For instance, the device under test (DUT) 218

presented in Fig. 1 is an ac coaxial current shunt of 10 A 219

based on the cage geometry with a dc resistance nominal value 220

of 0.08 � [4]. This impedance deviation between the DUT 221

and VNA produces noise and low accuracy in measurements. 222

As it stands, VNA measurement data cannot be used directly 223

to assess shunt parameters. 224

The purpose of this new measurement method is to pre- 225

vent the effect of the mismatch between the shunt and the 226

VNA output impedance by applying a regression on VNA 227

measurements data and providing modeling of the shunt. The 228

description of the method is detailed as follows (Fig. 2). 229

Step 1: The shunt to be calibrated is measured with a VNA. 230

An average of 10 measurements is calculated to reduce the 231

connectors’ repeatability error. 232

Step 2: A polynomial regression is applied to the VNA 233

measurements. The influence of the measurement noise is 234

reduced using a regression: linear for the imaginary part and 235

polynomial of degree two for the real part. The polynomial 236

and linear regression have been validated by using Pearson’s 237

chi-squared test. 238

Step 3:The regressed curves are shifted to match the dc 239

value of the shunt. The use of the VNA is indeed mainly 240

aimed at evaluating the variation in frequency, because the 241

dc value of the shunt cannot be measured directly and exactly 242

with a VNA and is instead measured with a Digital Multimeter 243

standard calibrated. 244

Step 4: A model of the measured shunt is obtained by 245

calculating the values of an equivalent circuit of the shunt 246

constituted of either an RL circuit (a resistor in series with 247
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Fig. 3. Equivalent circuit of the shunt considered. (a) RL circuit.
(b) RC circuit.

an inductor) or an RC circuit (a resistor in parallel with248

a capacitor) (Fig. 3). The choice of the equivalent circuit249

configuration is based on the sign of the imaginary part of250

the measured shunt impedance: for instance, if the imaginary251

part of the shunt impedance is negative, a circuit model (R, C)252

is applied.253

Step 5: The determination of the electrical equivalent model254

allows calculating the values of the ac–dc difference and phase255

angle with low associated uncertainties.256

Step 6: Uncertainty calculation associated with this mea-257

surement method is finally calculated. The calculation is258

detailed in Section IV.259

The shunt can be calibrated between dc and a few tens of260

megahertz depending on its frequency variation. In this paper,261

the frequency limit for the measurements does not exceed262

60 MHz for which the wavelength λ is approximately 5 m.263

The shunt’s length considered in this paper is less than 30 cm.264

In a general way, the transmission line theory could be265

applied to calculate Z21 but as shown in Section V, a simple266

(R, L) or (R, C) equivalent circuits of a shunt is appropriate267

and accurate to model Z21 because structures and values268

of the modeling are directly determined from measurements.269

Consequently, potential transmission line effects are taken into270

account in this case.271

In the case of (R, L) circuit, the shunt inductance is272

composed of the two following: internal and external induc-273

tances. In a general way, internal inductance is dependent274

on skin effects, but in the shunts considered in this paper,275

the external inductance is the most preponderant inductance276

and is independent of the frequency. The validity of this277

approximation is observed in the imaginary part measured:278

the reactance is linear according to the frequency range of279

interest. The linear regression applied to the reactance part280

has been validated by the statistical Pearson’s chi-squared test281

(Figs. 5 and 7). In this particular case, the skin effect can be282

considered as negligible on the reactive part of Zshunt.283

In practice, the frequency limitations of the method are284

linked to current shunt:285

1) presenting a simple equivalent electrical model286

(RL or RC);287

2) having a temperature-independent frequency variation;288

3) characterized by a negligible skin effect on the reactive289

part of Zshunt in the frequency range of interest.290

In a general way, the resistance part of a shunt is sub-291

ject to variation mainly due to resonance and skin effect at292

high frequencies. Different shunts considered in this paper 293

have a frequency variation that can be approximated using 294

a second-degree polynomial regression. This latter has been 295

validated by performing the statistical Pearson’s chi-squared 296

test: the regression describes appropriately the measurements 297

taking into account the standard deviation. 298

IV. UNCERTAINTY CALCULATION 299

The uncertainty evaluation of ac–dc difference and phase 300

angle has been achieved according to the “evaluation of 301

measurement data—a guide to the expression of uncertainty 302

in measurement” (GUM) [21]. The experimental measurement 303

values are considered to calculate the standard deviation 304

of each variable from the equivalent electrical model and 305

finally to evaluate uncertainties on ac–dc difference and phase 306

angle parameters. The presented method involves nonlinear 307

measurement functions for the measurands: ac–dc difference 308

and phase angle. The law of propagation of uncertainty 309

based on a first-order Taylor series expansion can leads to 310

incorrect standard uncertainties of the results when nonlinear 311

measurement functions are involved in the calculation. Indeed, 312

if the nonlinearity of functions is significant, higher order 313

terms in the Taylor series expansion must be included in 314

the expression of the combined standard uncertainty. In this 315

paper, it has been verified that the nonlinearity does not 316

affect significantly the combined uncertainties of the two 317

measurands (ac–dc difference and phase angle) calculated with 318

the first-order Taylor series expansion. This verification has 319

been performed according to the method described in GUM 320

supplement 1 [22]: it consists of applying the Monte Carlo 321

method using one million samples to calculate the distribution 322

of the measurand. Once the distribution is obtained, the mean, 323

the standard deviation, and the 95% confidence interval can be 324

calculated and compared to the classical law of propagation of 325

uncertainty results. The calculation has been performed to the 326

following frequencies 100 kHz, 1 MHz, 10 MHz, and 40 MHz 327

and compared to the GUM classical results. The normal 328

distribution obtained by the Monte Carlo method validates the 329

use of a coverage factor of 2. The difference between the 330

two approaches is negligible and demonstrates that the first- 331

order Taylor series approximation can be applied to calculate 332

the combined standard uncertainty presented in this novel 333

broadband calibration method of current shunts based on 334

VNA. Considering the number of frequency measurement 335

points and the use of a polynomial regression, the Monte Carlo 336

method is time-consuming which justifies the implementation 337

of the classical GUM approach. 338

Different types A and B uncertainty contributions consid- 339

ered in our calculation are the following. 340

1) Repeatability condition of measurement (type A): 341

a) The VNA has been calibrated one time and ten 342

measurements have been performed in a very short 343

time by connecting and disconnecting connectors 344

between each measurement. 345

2) The intermediate precision condition of measurement 346

(type A): 347
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a) The VNA has been calibrated one time each day348

for three consecutive days and measurements have349

been performed after each calibration.350

3) Reproducibility condition of measurement (type A):351

a) The VNA has been calibrated and measurements352

performed by two different operators.353

b) Two different measurements have been performed354

using two different VNAs (change in the measuring355

systems) and cables.356

c) Two different calibration kits have been used to357

calibrate and perform two different sets of mea-358

surements359

4) Accuracy of the standards modeling (type B).360

5) Correlation of S-parameters (type B).361

6) Errors related to the interpolation process (type B).362

7) Errors of the shunt modeling (type B).363

A. RL Circuit364

As explained before, if a current shunt exhibits a predom-365

inant inductive behavior in the frequency range of interest,366

its complex impedance can be described simply by a resistor–367

inductor series circuit (RL circuit)368

Z21 = Rac + j Lω (8)369

where Rac and L are, respectively, the ac resistor and inductor370

of the considered RL circuit. Rac and L are given as371 ⎧⎨
⎩

Rac = �reg[Z21]
L = �reg[Z21]

ω

(9)372

where �reg[Z21] and �reg[Z21] result from the linear regres-373

sion of the imaginary part and from the polynomial regression374

of degree 2 of the real part of the shunt impedance, respec-375

tively. The real and imaginary parts can be expressed in terms376

of the regression coefficients and the frequency as377 {
�reg[Z21] = a0 + a1 f + a2 f 2

�reg[Z21] = b1 f
(10)378

where ai and b1 are, respectively, the polynomial regression379

coefficients of the real part and linear regression coefficient of380

the imaginary part, and f is the frequency.381

The polynomial degrees are chosen using the frequency382

behavior of the shunt to be characterized. Noting that in dc,383

the real and imaginary parts are equal, respectively, to the384

measured value by a digital multimeter (Rdc = a0) and to zero.385

Finally, the expressions in (10) permit to calculate the386

regression uncertainties using uncertainty propagation, such387

as388

u2(Rreg[Z21])389

=
(

∂Rreg[Z21]
∂a0

)2

u2(a0) +
(

∂Rreg[Z21]
∂a1

)2

u2(a1)390

+
(

∂Rreg[Z21]
∂a2

)2

u2(a2)+
(
∂Rreg[Z21]

∂ f

)2

u2( f ) (11)391

where u(x) is the standard uncertainty of the parameter x .392

The uncertainty of the frequency parameter is negligible 393

compared to the other components of uncertainty. 394

Consequently, (11) can be expressed as 395

u2(�reg[Z21]) = u2(a0) + f 2u2(a1) + f 4u2(a2). (12) 396

For the imaginary part, from (10), we can express its uncer- 397

tainty as 398

u2(�reg[Z21]) =
(

∂�reg[Z21]
∂b1

)2

u2(b1) = f 2u2(b1). (13) 399

The uncertainty of the regression coefficients is estimated 400

by a standard error (square root of a variance) [?]. These 401

uncertainties depend on the measurement uncertainties of the 402

real u(Rmes) and imaginary u(Imes) parts of the measured 403

impedance Z21. u(Rmes) and u(Imes) are propagated from the 404

uncertainty of the S-parameters measured with a VNA. 405

The measurement uncertainties of the real u(Rmes) and 406

imaginary u(Imes) parts of Z21 are calculated by 407

u2(�mes[Z21]) =
2∑

i=1

2∑
j=1

⎛
⎜⎝

(
∂�mes[Z21]

∂αi j

)2
u2

(
αi j

)
+

(
∂�mes[Z21]

∂βi j

)2
u2(βi j )

⎞
⎟⎠ (14) 408

u2(�mes[Z21]) =
2∑

i=1

2∑
j=1

⎛
⎜⎝

(
∂�mes[Z21]

∂αi j

)2
u2(αi j )

+
(

∂�mes[Z21]
∂βi j

)2
u2(βi j )

⎞
⎟⎠ (15) 409

where u(αi j ) and u(βi j ) are the standard uncertainty of real 410

and imaginary parts of S-parameters measured. These uncer- 411

tainties are those obtained using a calibration kit developed 412

at LNE to calibrate the VNA: standard uncertainties of u(α 413

ij) and u(β ij) ranges from 5.10-5 to 5.10-2 and 8.10-5 to 414

0.25 respectively. The covariance matrices between real and 415

imaginary parts are calculated. 416

Using (9) the uncertainty of Rac and L can be given as 417

u2(Rac) =
(

∂ Rac

∂�reg[Z21]
)2

u2(�reg[Z21]) = u2(�reg[Z21]) 418

(16) 419

u2(L) =
(

∂L

∂�reg[Z21]
)2

u2(�reg[Z21]). (17) 420

The resulting uncertainty of L can be expressed as 421

u2(L) =
(

1

ω

)2

u2(�reg[Z21]). (18) 422

Once uncertainty components of the RL circuit have been eval- 423

uated, the uncertainty of ac–dc difference can be consequently 424

calculated 425

u2(δ) =
(

∂δ

∂|Zshunt|
)2

u2(|Zshunt|)+
(

∂δ

∂ Rdc

)2

u2(Rdc). (19) 426

Then 427

u2(δ) =
(

1

Rdc

)2

u2(|Zshunt|) +
(

−|Zshunt|
R2

dc

)2

u2(Rdc) (20) 428

where u(Rdc) is the uncertainty component of the dc resistance 429

measurement performed with a digital multimeter. In this 430

paper, its standard value is equal to 1 × 10−6 �. 431
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The uncertainty of the shunt impedance magnitude |Zshunt|432

is given as433

u2(|Zshunt|) =
(

∂|Zshunt|
∂ Rac

)2

u2(Rac) +
(

∂|Zshunt|
∂L

)2

u2(L)434

(21)435

u2(|Zshunt|) =
(

Rac√
R2

ac + (Lω)2

)2

u2(Rac)436

+
⎛
⎝ L ω2√

R2
ac + (Lω)2

⎞
⎠

2

u2(L). (22)437

The same procedure is used to estimate the uncertainty of438

phase angle error, leading to439

u2(φ) =
(

∂φ

∂ Rac

)2

u2(Rac) +
(

∂φ

∂L

)2

u2(L). (23)440

Then441

u2(φ) =
(

ω

R2
ac + (Lω)2

)2

[L2u2(Rac) + R2
acu2(L)]. (24)442

B. RC circuit443

As explained before, if a current shunt exhibits a predom-444

inant capacitive behavior in the frequency range of interest,445

its complex impedance can be described simply by a resistor–446

capacitor circuit(RC circuit), whose the resistor is connected447

in parallel with the capacitor. The complex impedance of the448

shunt is calculated using the following expression:449

Zshunt = Z21 = Rac − j R2
acCω

1 + (RacCω)2 . (25)450

After the polynomial regression, the real and imaginary parts451

of the shunt impedance (25) can be expressed as452 ⎧⎪⎪⎨
⎪⎪⎩

�reg[Z21] = Rac

1 + (RacCω)2

�reg[Z21] = −R2
acCω

1 + (RacCω)2 .
(26)453

The two expressions of (26) are combined to eliminate Rac454

in the expression of the imaginary part in (26). The capacitor455

value is calculated by456

C = −�reg[Z21]
ω (�2

reg[Z21] + �2
reg[Z21]) . (27)457

The ac resistance is calculated by solving a quadratic equation458

obtained from expression of the real part in (26)459

R2
ac(�reg[Z21] C2ω2) − Rac + �reg[Z21] = 0. (28)460

Because the roots of the polynomial equation are both461

positive, the solution chosen is the one close to the Rdc value462

of shunt.463

Now, we can use the same calculation methods presented464

in the RL circuit to obtain the uncertainties of the resistor Rac465

and the capacitor C. The uncertainty of C is given as 466

u2(C) =
(

2 �reg[Z21] �reg[Z21]
ω (�2

reg[Z21] + �2
reg[Z21])2

)2

u2(�reg[Z21]) 467

+
( �2

reg[Z21] − �2
reg[Z21]

ω (�2
reg[Z21] + �2

reg[Z21])2

)2

u2(�reg[Z21]). 468

(29) 469

The uncertainty of Rac is calculated using the solution of a 470

polynomial equation (28) 471

u2(Rac) =
⎛
⎝−1 + K3 + 4 �2

reg[Z21] C2ω2

K3

2 �2
reg[Z21] C2ω2

⎞
⎠

2

u2(�reg[Z21]) 472

+
⎛
⎝−1 + K3 + 2 �2

reg[Z21] C2ω2

K3

�reg[Z21] C3ω2

⎞
⎠

2

u2(C) (30) 473

where 474

K3 =
√

1 − (2 �reg[Z21] Cω)2. (31) 475

The uncertainty of the ac–dc difference is calculated using (20) 476

where the impedance magnitude uncertainty u(|Zshunt|) is 477

given as 478

u2(|Zshunt|) =
(

∂|Zshunt|
∂ Rac

)2

u2(Rac) +
(

∂|Zshunt|
∂C

)2

u2(C). 479

(32) 480

The uncertainty u(|Zshunt|) is therefore expressed as 481

u2(|Zshunt|) 482

= 1

(1 + (Rac Cω)2)3 u2(Rac) 483

+
(
K4(1 + (Rac Cω)2) − R3

ac C ω2
)2

(1 + (Rac Cω)2)3 u2(C) (33) 484

where 485

K4 = ∂ Rac

∂C
= −1 + K3 + 2 �2

reg[Z21] C2ω2

K3

�reg[Z21] C3ω2 . (34) 486

The uncertainty of the phase angle error is expressed according 487

to 488

u2(φ) =
(

∂φ

∂ Rac

)2

u2(Rac) +
(

∂φ

∂C

)2

u2(C). (35) 489

Finally, we can calculate the uncertainty of the phase angle by 490

u2(φ) =
(

ω

1 + (Rac Cω)2

)2

491

× [C2u2(Rac) + (K4C + Rac)
2u2(C)]. (36) 492
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Fig. 4. Real part of the shunt based on a “cage” geometry of 10 A.

V. EXPERIMENTAL RESULTS493

AC coaxial shunts based on the “cage” geometry (resistors494

in parallel within a cage structure) of 10 A and current shunts495

based on metal electrode leadless face (MELF) resistors from496

0.5 up to 10 A have been measured. For clarity of this paper,497

only the results for a shunt of 10 A obtained are presented498

and compared to the existing methods in order to validate the499

approach proposed. It is important to note that comparable500

results are obtained for other current shunt values.501

A VNA E5071C has been calibrated with a calibration kit502

developed at LNE. The measurements of “cage” and “MELF”503

current shunts have been performed up to 40 and 60 MHz,504

respectively. The VNA measurement parameters are:505

1) sufficient frequency points (801 points) with a linear506

distribution;507

2) averaging of five measurements at each frequency;508

3) intermediate frequency of the VNA receiver equal509

to 100 Hz.510

The method described in this paper has been applied to511

obtain ac–dc difference and phase angle values and the asso-512

ciated uncertainties. To summarize the experimental approach513

1) First, the shunt impedance Z21 is calculated from the514

S-parameters measured with a VNA.515

2) Then, the regressed value of the impedance Z21 is516

determined using the values of the electrical model517

(RL or RC circuit) which are calculated through the518

regression approach.519

3) Finally, the ac–dc difference and phase angle parameters520

and its associated uncertainties are calculated.521

Figs. 4–7 show the real and imaginary parts measured by522

the shunt impedance, the regression curves, and the curves523

obtained from the electrical model considered (RC or RL).524

Examples illustrated in Figs. 4–7 concern the 10-A ac coaxial525

shunts based on “cage” geometry and “MELF” resistors.526

We can observe measurement noise due to the low value527

of the 10-A shunt under study which is far from the 50-�528

reference impedance of the VNA and due to the very varied529

range of S-parameters measured from 9 kHz to 60 MHz:530

Fig. 5. Imaginary part of the shunt based on a “cage” geometry of 10 A.

Fig. 6. Real part of the shunt based on “MELF” resistors of 10 A.

Fig. 7. Imaginary part of the shunt based on “MELF” resistors of 10 A.

typically, from a few 10−4–10−3. In addition, the noise level 531

becomes abruptly higher below 10 MHz because of the VNA’s 532

internal electronic architecture. (Couplers are different below 533
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TABLE I

CIRCUIT PARAMETERS OF THE MEASURED CURRENT SHUNTS

TABLE II

AC–DC DIFFERENCE RESULTS OF THE AC COAXIAL SHUNT

BASED ON A “CAGE” GEOMETRY OF 10 A WITH ITS
EXPANDED UNCERTAINTIES AT 100 kHz

TABLE III

PHASE ANGLE RESULTS OF THE AC COAXIAL SHUNT

BASED ON A “CAGE” GEOMETRY OF 10 A WITH ITS

EXPANDED UNCERTAINTIES AT 100 kHz

and above 10 MHz.) The polynomial regression applied in the534

presented method allows overcoming the measurement issue535

related to the noise observed. The curves of the imaginary parts536

measured are linear and, respectively, negative for shunts based537

on the “MELF” geometry and positive for shunts based on the538

“cage” resistor which corresponds to a capacitive and inductive539

behavior as expected. The real parts are quadratic for both the540

shunts that can be explained by losses in metallic parts and541

by the first resonance frequency which is below 300 MHz for542

both the shunts. Because the frequency resonance is close to543

the frequency bandwidth used for the polynomial regression,544

it is noted that the skin effect cannot be quantified from the545

VNA measurements since there is a combination of resonance546

and skin effect.547

The values of Rdc, L, and C calculated are summarized548

in Table I. The results of ac–dc difference and phase angle549

parameters and the associated expanded uncertainties (k = 2)550

are presented in Tables II–V. At 100 kHz, the values are higher551

than those provided by the existing methods. Nevertheless,552

to our knowledge, the method presented in this paper is the553

only one able to perform in one step a broadband and simul-554

taneous measurement of the magnitude and phase of current555

shunts up to a few megahertz with acceptable uncertainties.556

The measurement method used by the JV and PTB laboratories557

TABLE IV

AC–DC DIFFERENCE RESULTS OF THE CURRENT SHUNT
BASED ON MELF RESISTORS OF 10 A WITH ITS

EXPANDED UNCERTAINTIES AT 100 kHz

TABLE V

PHASE ANGLE RESULTS OF THE CURRENT SHUNT BASED ON

MELF RESISTORS OF 10 A WITH ITS EXPANDED
UNCERTAINTIES AT 100 KHz

Fig. 8. AC–DC difference results of the current shunt based on a “cage”
geometry of 10 A with its expanded at 100 kHz.

is a thermal transfer method [24], whereas the RISE laboratory 558

uses a direct comparison method and the NMIA laboratory 559

uses a potentiometer method [9]. The comparison of the 560

ac–dc difference results is shown in Figs. 8 and 9. The results 561

obtained with the VNA method is in very good agreement with 562

the existing methods, particularly for the ac difference results 563

of the current shunt based on “MELF” resistors: the difference 564

of the mean values is significantly less than the uncertainty of 565

the VNA method. 566

For the existing methods, the shunt parameters are obtained 567

from the electrical current measurement values provided by 568

a reference device. These methods are not able to provide 569

simultaneously both parameters: ac–dc difference and phase 570

angle. Moreover, these methods are mainly limited by the 571

generation of a nominal current at high frequencies. Therefore, 572

uncertainties on ac–dc difference and phase angle parameters 573

depend on the uncertainties related to the high current levels 574

to be produced for the measurements. This constraint explains 575

the limitation of these methods to the low-frequency range 576

(below 100 kHz). 577
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Fig. 9. AC–DC difference results of the current shunt based on MELF
resistors of 10 A with its expanded uncertainty at 100 kHz.

Fig. 10. AC–DC difference with its uncertainties of the ac coaxial shunt
based on a “cage” geometry of 10 A up to 10 MHz.

Fig. 11. Phase angle with its uncertainties of the ac coaxial shunt based on
a “cage” geometry of 10 A up to 10 MHz.

The proposed method extends the limiting frequency up to578

a few megahertz. Type A (reproducibility and repeatability579

intermediate precision conditions of measurement) and type B580

Fig. 12. AC–DC difference with its uncertainties of the current shunt based
on MELF resistors of 10 A up to 10 MHz.

Fig. 13. Phase angle with its uncertainties of the current shunt based
on “MELF” resistors of 10 A up to 10 MHz.

uncertainty contributions have been carefully taken into 581

account in the S-parameters uncertainty evaluation. It is impor- 582

tant to note that uncertainties of ac–dc difference and phase 583

angle parameters are related to the impedance value of shunt. 584

They are proportional to the inverse of the shunt resistance 585

value [see (20), (22), (33)]. The method described in this 586

paper allows determining simultaneously both the relevant 587

parameters: ac–dc difference and phase angle. The current 588

shunts frequency variation and the associated uncertainties are 589

shown in Figs. 10–13. It can be observed that the frequency 590

resonance impacts more strongly the ac–dc difference results 591

in the case of the shunt based on the “cage” geometry. 592

VI. CONCLUSION 593

This paper has presented a new method for measuring 594

and characterizing the standard current shunt up to a few 595

megahertz. This method is based on the use of a VNA. 596

The results of measurements presented in this paper illustrate 597

the effectiveness of this method. Compared with the existing 598

measurement methods, the one proposed has the advantage 599

of increasing the measurement frequency beyond 100 kHz. 600
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Furthermore, it allows to simultaneously measure the ac–dc601

difference and the phase angle error, which was until now602

impossible for current levels above 1 A. This method can be603

applied for current shunts for which a simple equivalent elec-604

trical model can be established with a temperature-independent605

frequency variation and a negligible skin effect on the shunt606

reactive part in the frequency range of interest. The obtained607

uncertainty levels are higher to those provided by the existing608

methods at 100 kHz, but to our knowledge, this new approach609

is the only one capable of measuring high current shunts in610

the megahertz frequency range. The Monte Carlo method has611

been implemented and results compared to the classical GUM612

approach to validate that the nonlinearity of measurement613

functions do not impact uncertainties evaluated by the classical614

GUM method. It is noted that the impact of the nonlinearity on615

the combined uncertainties depends on the standard deviations616

of input variables. For instance, if standard deviations are617

low enough, the nonlinearity can be negligible and the higher618

orders of the Taylor expansion have not to be considered. If the619

input variables (S-parameters) of the presented method have620

too higher standard deviations, the nonlinearity effect should621

be considered to calculate uncertainties following the classical622

GUM method or the Monte Carlo method should be applied623

in this case.624
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