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Abstract—This paper presents initial developments of the 

digital twin for the Garrett solenoid developed within the 

framework of 24RPT02 MetroMag project. The project aims to 

strengthen capabilities of European National Metrology Institutes 

(NMIs) in performing traceable measurements in the low magnetic 

field range. Garrett solenoid was identified as the most suitable for 

use as a traveling transfer standard between NMIs to enable easier 

and faster intercomparisons. The development of the digital twin 

of the Garrett solenoid will aid in documenting transfer standard, 

associated experimental setups and can aid in estimation of the 

uncertainty components in magnetic field metrology. 
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I. INTRODUCTION

Accurate measurement of low-intensity magnetic fields (10 

μT–10 mT) has become a growing priority across science, 

industry, and society. Applications span a vast landscape that 

includes healthcare and environmental monitoring, biomedical 

diagnostics, non-destructive testing, quantum sensing, next-

generation magnetic sensors, electric mobility, and space thus 

making a reliable, well-calibrated measurement in this dynamic 

range a necessity.  

The MetroMag project (24RPT02), funded by EURAMET 

within the Horizon Europe Programme [1], aims to advance 

traceable measurement standards for low-intensity magnetic 

fields, with a focus on developing a robust transfer standard, 

improved calibration methods, noise cancellation techniques, 

and broader metrological infrastructure at European level. This 

paper focuses on the initial developments of the digital twin of 

the traveling standard, namely the Garrett solenoid, which was 

identified as the most suitable for use as a traveling transfer 

standard between European National Metrology Institutes 

(NMIs) to enable easier and faster intercomparisons.  
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Digital twins, virtual replicas of physical systems that 
integrate geometric models, material properties, and operational 
parameters have emerged as a powerful tool in metrology and 
precision instrumentation [2]. By mirroring the behavior of a 
physical system under varying conditions, a digital twin enables 
systematic documentation and simulation of experimental setups 
[3], and structured estimation of selected relevant uncertainty 
contributions. In metrology, where thorough characterization of 
measurement standards and associated uncertainty is essential, 
digital twins can offer a pathway towards improvement of 
consistency across laboratories and reduce reliance on purely 
empirical calibration procedures, e.g. by using digital twins as 
tools for uncertainty estimation [4].  

The primary goal of the Garrett solenoid digital twin is to 

document, as accurately as possible, the relevant parameters of 

the physical coil in a digital format, and to establish a foundation 

for subsequent simulation and physical modelling of the coil 

system. The key parameters of interest include the magnetic field 

homogeneity in the central region of the coil, the coil constant 

and the equivalent electrical circuit of the winding structure. Two 

fundamental choices shape the development of the digital twin: 

the level of geometrical fidelity adopted in the model, and the 

selection of appropriate physical models to describe the system's 

behavior. In this regard, the coil system, especially when used at 

low frequencies or DC where Maxwell’s equations decouple, 

proves to be a surprisingly challenging object to model, requiring 

development of several models. For example, extracting a 

complete equivalent circuit would require not only a 

magnetostatic model but also an electrostatic model to capture 

inter-winding capacitances. In this paper, the focus is placed on 

the magnetostatic model and the characterization of the magnetic 

field homogeneity in the central volume of the coil, as this is of 

main importance for the metrology aspect of the Garrett solenoid 

use, with the equivalent circuit modelling left as a direction for 

future work.  
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The paper is organized as follows: the Methodology section 

covers (A) Garrett Solenoid Basics and Traveling Standard 

Specification and (B) the Numerical Framework for the Solenoid 

Geometry and Magnetic Field, followed by the Results and 

Conclusions. 

II. METHODOLOGY 

A. Garrett Solenoid Basics and Traveling Standard 

Specification 

Garrett coils are specialized multi-coil systems designed to 
generate highly uniform (homogeneous) magnetic fields. They 
are particularly useful in magnetometry for calibrating 
magnetometers and magnetic field sensors, biomagnetic 
measurements, and precision sensor testing. The design is based 
on the mathematical work of M. W. Garrett (notably his 1950s–
1960s papers on axially symmetric coil systems [5]). Garrett 
coils typically consist of multiple coaxial circular (or sometimes 
polygonal/octagonal) coils with carefully calculated radii, 
spacings, number of turns, and current directions to cancel 
higher-order field gradients and maximize uniformity in a central 
volume. They often outperform basic Helmholtz coils (two 
identical coils separated by their radius) by providing a larger 
region of high uniformity or better homogeneity for a given size. 
National labs often use characterized Garrett coils as reference 
sources, and transfer standards, cross-verified with NMR 
(Nuclear Magnetic Resonance) magnetometers for highest 
accuracy [6, 7].  Figure 1 below shows general Garrett solenoid 
structure, and introduces charecteristic geometrical parameters 
of the coil system. 

 

Fig. 1. Garrett solenoid geometrical structure 

The Garrett solenoid used in this work has a frame length of 44 
cm, an inner diameter of 19 cm, an outer diameter of 24 cm, and 
a nominal coil constant of approximately 2.34 mT/A. The input 
is realized via a BNC connector. All windings are wound with 
enameled copper wire of 1 mm diameter and connected in series. 
The winding structure comprises two distinct regions: a full-
length section spanning 401 mm (2lk), and compensation 
sections at each end of the frame extending over 47.4 mm (lk - l). 
Along the full active length, two winding layers are applied, each 
containing 400 turns. At each end, two additional layers are 
wound over the compensation section, each containing 46 turns, 
resulting in a total of four winding layers in these compensation 
coils regions. In all sections, turns are wound uniformly with a 
constant pitch [8].  Figure 2, consisting of several panels shows 
physical Garrett solenoid, its digital counterpart created in CAD 
software, and details of central cross-section, with zoomed in 4 

layers to 2 layers transition happening between main winding 
and compensation coils region.  

B. Numerical Framework for the Solenoid Geometry and 

Magnetic Field 

Geometrical models of coil systems found in the literature 
typically involve significant simplifications relative to the 
physical winding. Analytical representation of a continuous 
circular solenoid winding without abrupt changes wire direction 
(these may exist in a real physical system) is a helix, which 
accurately captures the continuous, pitch-dependent advance of 
the wire along the coil axis. Garrett solenoid could thus be 
geometrically modeled as a piecewise helix. However, this level 
of geometrical fidelity is rarely necessary in practice, and two 
common simplifications are widely adopted depending on the 
physical quantity of interest, namely parallel circular loops in the 
case of magnetostatics, and parallel toruses in the case of 
electrostatics. Note however, that it is possible to go for more 
descriptive geometrical models such as those utilizing B-splines 
[9] or other polynomial parameterizations (e.g., Lagrange 
polynomials, Bézier curves) and rational polynomial functions 
(e.g., rational Bézier curves and nonuniform rational B-splines 
or NURBS [10]). 

For the purposes of magnetic field calculation, the helical 
winding is commonly replaced by a set of parallel circular loops 
(or toruses) uniformly distributed along the coil axis. Depending 
on the size of the errors introduced, this approximation can be 
well justified for magnetostatic calculations, provided that the 
asymmetries introduced by winding pitch contribute negligibly 
to the field in the central volume. In these simplified and 
idealized cases closed-form analytical expressions for the axial 
and radial field components can be readily applied to each 
circular loop [11] and summed over the winding. The accuracy 
of this approach is well established in literature and is often 
sufficient for characterizing field homogeneity in the central 
volume of the coil. In the Results section we will estimate errors 
introduced by these idealizations, but use numerical integration 
instead of analytical formulas as this approach offers more 
flexibility for geometrical modeling.   

For electrostatic calculations, such as the determination of 
inter-winding capacitance, the geometry of individual turns 
becomes more important, as the spacing between the wires is an 
important parameter for estimating parasitic capacitances. In this 
context, the helical winding is typically approximated as a set of 
parallel toruses, allowing for a formulation of two-dimensional 
electrostatic model performed in the cross-sectional plane of the 
winding, and further parasitic capacitance calculations. While 
this again represents a simplification of the true helical geometry, 
it captures the dominant capacitive coupling between adjacent 
turns and layers.  

 

 

(a) 
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(c) 

Fig. 2. Garrett solenoid to be used in round robin between European NMIs a) 
physical soleonid and its digital counterpart in CAD software b) central cross-

section with accented transition region (green rectangle) c) zoomed in transition 

region between main and compensation windings 

The basis for numerical calculations will be the Biot-Savart 

Law that reads  

 

𝑑𝐵⃗ =
𝜇0

4𝜋

𝐼𝑑𝑙 ×𝑟 

𝑟3     (1) 

 

where I is the intensity of current, 𝑑𝑙  is oriented in the direction 
of current with the intensity equal to the length of the 
infinitesimally small segment of wire.  

So, if the geometry of the wire is known, assuming known 
constant current, one can use (1) to calculate the total field in any 
point. Note that for our use case we are mostly interested in 
central region and magnetic field magnitude and its 
homogeneity, so we are using Eq. (1) away from the current 
source, thus not needing specialized numerical quadrature rules 
for singular integrals. Starting from a suitable parametrization of 
the current carrying wire, and using Eq. (1) we can numerically 
calculate total field of the solenoid system.  

Flexibility of the geometrical modelling of the current 
carrying wire allows us to model solenoid system with varying 
degrees of fidelity. In computational electromagnetics (CEM), 
and more specifically method of moments, it is common to use 
polynomial parametrization for wire geometry, such as those 
used in [12] for generalized wire geometry: 

 

𝐫𝑎 = 𝐫𝑎(𝑢), 𝑎 = 𝑎(𝑢), −1 ≤ 𝑢 ≤ 1  (2) 

 

where u is a parametric coordinate along the wire axis, and u = 

−1 and u = 1 are coordinates of the wire beginning and the wire 

end, respectively. In CEM Eq. (2) typically takes the form of a 

polynomial/B-splines/NURBS series, but here we will simplify 

the geometrical representation significantly, and use only 

circular loops and helices, with current assumed to flow along 

wire axis (radius of the wire is not taken into account).  

 

Single turn of a helix is given by the following parametrization, 

which accommodates both the helix with a pitch, and idealized 

circular loop (pitch set to zero): 

 
𝑥(𝑢) = 𝑅𝑐𝑜𝑠(𝜋𝑢)

𝑦(𝑢) = 𝑅𝑠𝑖𝑛(𝜋𝑢)

𝑧(𝑢) = 𝑧0 + 
𝑝

2
𝑢

    (3) 

In the present work, the magnetic field homogeneity in the 
central volume of the Garrett solenoid is the primary quantity of 
interest, and we will start by investigating the influence of a pitch 
in (3) compared to idealized circular loop, as this is the basis of 
the Garrett solenoid, as the Garrett solenoid will be modeled as a 
superposition of individual turns. While exact solution for the 
single-loop field is known, and is expressible in closed form 
using complete elliptic integrals of the first and second kind [11], 
we have opted for purely numerical approach, as this is more 
flexible if other, more complex geometrical details are included 
in the model, e.g. if underlying geometry was modeled using 
higher order polynomials. For calculating error bounds, Gauss 
Legendre (GL) integration with high number of points is used as 
a reference.  

III. RESULTS 

First, we will compare numerical solution obtained by coupling 
Eq. (3) and Eq. (1), along the z axis to the reference numerical 
solution obtained with large number of GL integration points 
(NGL=512). This comparison will be used to guide optimal 
number of GL integration points NGL per coil turn, when 
analyzing complete Garrett solenoid. Additionally, we will 
explore the influence of the pitch in creating unwanted magnetic 
field components along x and y axis that are introduced due to 
slight asymmetry.  

 

(a) 
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(b) 

 

(c) 

Fig. 3. Optimal numerical setup for the basic building block of the digital twin 

a) maximum relative error for Bz depending on the number of GL integration 

points, b) magnitude of ratio of unwanted field component Bx to Bz  along z axis 
for a single turn with pitch p = 1mm c) magnitude of ratio of unwanted field 

component By to Bz  along z axis for a single turn with pitch p = 1mm 

Figure 3a shows maximum relative error for Bz within bounding 
box centered in the origin, located in z = 0 plane, when going 
from -5cm to 5cm in each direction. We can observe that the 
error of ~10-6 % is obtained for NGL = 64. Figures 3b and 3c show 
unwanted components Bx and By, along z axis, for a realistic 
value of pitch p = 1mm, approximately equal to the pitch of the 
studied Garrett solenoid, calculated using NGL = 512, for a single 
coil turn. Since the value of the ratio of unwanted field 
component to the wanted field component is less than 0.15%, we 
will use circular loop idealization for the homogeneity 
calculation of the Garrett solenoid, as well as the coil constant. 
Note that in practical realizations it is possible to use bifilar 
windings which can reduce the unwanted field components. 

Figure 4a shows the performance of the Garrett solenoid design, 
calculated using the developed digital twin. The figure shows 
homogeneity of the magnetic field component along z axis, for 
the case of solenoid with identical geometry and number of turns, 
but without compensation coils at the end (orange trace), and 

Garrett solenoid performance (blue trace). In the bounding box 
of +/-5cm, the field of the compensated solenoid only drops to 
99.934% of the field in the center of the solenoid. This is in stark 
contrast with the drop observed for the uncompensated solenoid, 
which is 98.224%.  Figure 4b shows Garrett solenoid coil 
constant, which is estimated to 2.34 mT/A, which is identical to 
the nominal coil constant obtained from the physical model.  

 

(a) 

 

(b) 

Fig. 4. Garrett coil digital twin performance a) compared to the identical coil 

geometry but without compensation coils b) value of the coil constant 

IV. CONCLUSIONS 

We have shown initial developments of the Garrett solenoid 

digital twin model, that will be used as a traveling standard for 

the magnetic field among European NMIs within the scope of 

24RPT02 MetroMag project. The initial developments of the 

digital twin focused on the magnetostatic model of the solenoid, 

which allowed us to estimate magnetic field homogeneity along 

the axis of the solenoid, as well as the coil constant. It was 

shown that the individual turns of the coil can be idealized as a 

circular loop with negligible error, and that the coil constant 

obtained from the digital twin is the same as the nominal coil 

constant obtained from the physical model.  

74



 

 

ACKNOWLEDGMENT 

The project 24RPT02 MetroMag has received funding from 

the European Partnership on Metrology, co-financed from the 

European Union’s Horizon Europe Research and Innovation 

Programme and by the Participating States. Views and opinions 

expressed are however those of the authors only and do not 

necessarily reflect those of the European Union or EURAMET. 

Neither the European Union nor the granting authority can be 

held responsible for them. M.D and M.D would like to 

acknowledge the support of Ministry of Science, Technological 

Development and Innovation of the Republic of Serbia. 

REFERENCES 

[1] M. Coisson, "A European Infrastructure for Low Magnetic Field 
Metrology," EURAMET Metrology Partnership, 2025,  
https://www.euramet.org/research-innovation/search-research-
projects/details/project/a-european-infrastructure-for-low-magnetic-field-
metrology . 

[2] L. Wright and S. Davidson, "Digital twins for metrology; metrology for 
digital twins," Measurement Science and Technology, vol. 35, no. 5, p. 
051001, 2024. 

[3] G. Maculotti et al., "A shared metrological framework for trustworthy 
virtual experiments and digital twins," Metrology, vol. 4, no. 3, pp. 337–
363, 2024. 

[4] I. Poroskun, C. Rothleitner, and D. Heißelmann, "Structure of digital 
metrological twins as software for uncertainty estimation," Journal of 
Sensors and Sensor Systems, vol. 11, no. 1, pp. 75–82, 2022. 

[5] M. W. Garrett, "Axially symmetric systems for generating and measuring 
magnetic fields. Part I," Journal of Applied Physics, vol. 22, no. 9, pp. 
1091–1107, 1951. 

[6] K. Weyand et al., "Final report (draft B) on EUROMET project no. 446: 
International comparison of magnetic flux density by means of field coil 
transfer standards," Metrologia, vol. 38, no. 2, pp. 187–191, 2001. 

[7] F. Fiorillo, G. Durin, and L. Rocchino, "A reference system for the 
measurement of low-strength magnetic flux density," Journal of 
Magnetism and Magnetic Materials, vol. 304, no. 2, pp. e540–e542, 2006. 

[8] M. Ulvr,  Technical Protocol for the MetroMag round robin comparison: 
Interlaboratory comparison of magnetic flux density in the ranges 20 – 50 
μT and 1 – 5 mT, Czech Metrology Institute, Czech Republic, 2026/02/02 
2026.  

[9] M. D. Davidovic, B. M. Notaros, and M. M. Ilic, "B-spline entire-domain 
higher order finite elements for 3-D electromagnetic modeling," IEEE 
microwave and wireless components letters, vol. 22, no. 10, pp. 497–499, 
2012. 

[10] L. Piegl and W. Tiller, The NURBS book. Springer Science & Business 
Media, 2012. 

[11] J. C. Simpson, J. E. Lane, C. D. Immer, and R. C. Youngquist, "Simple 
analytic expressions for the magnetic field of a circular current loop," 
2001.  

[12] B. M. Kolundžija and A. Djordjević, Electromagnetic Modeling of 
Composite Metallic and Dielectric Structures. Artech House, 2002. 

 

 

 

75

https://www.euramet.org/research-innovation/search-research-projects/details/project/a-european-infrastructure-for-low-magnetic-field-metrology
https://www.euramet.org/research-innovation/search-research-projects/details/project/a-european-infrastructure-for-low-magnetic-field-metrology
https://www.euramet.org/research-innovation/search-research-projects/details/project/a-european-infrastructure-for-low-magnetic-field-metrology



