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Abstract  This paper proposes a novel method to measure the permeability of thin ferromagnetic sheets in a low frequency 

range using LCR meter; the proposal offers direct measurement of unprocessed sheets with simple apparatus. In conventional 

measurement schemes, the permeability of magnetic material is derived from the self-inductance of a cored inductor with a 

closed loop configuration and adequate thickness. In case of thin magnetic sheets, the toroidal core is made of many layers of 

the sheets cut into torus shapes. To avoid this process, this paper proposes to put metallic coil in the neighborhood of the 

magnetic sheet, and measure the inductance and the resistance of the coil. On the other hand, the electromagnetic field 

simulator approach determines the permeability by matching the measured inductance and resistance values of the same 

configuration. This paper also clarifies that the permeability value measured by the proposed method basically agrees with 

the actual value. 
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1. Introduction 

Ferromagnetic sheets are attracting a large amount of 

attention currently because they can shield electronic 

appliances from electromagnetic interference. Typical 

ferromagnetic materials are permalloy, amorphous alloy, 

ferrite, nickel, and neodymium magnet, where ferrite and 

amorphous alloy are often used in magnetic sheets for high 

and low frequencies, respectively. The flexibility and 

thinness allow the magnetic sheets to be processed into a 

wide range of shapes, and their high permeability broadens 

the application fields; near field communication [1], wireless 

power transfer [2-4] and RFID [5].  

Wireless power transfer using magnetic resonant coupling 

is attracting particular attention because it is applicable to 

electric vehicles, home appliances, mobile terminals, and 

medical equipment. In magnetic resonant coupling, the 

transmitter and receiver coils are placed close to each other 

so that they become tightly coupled by the imposed magnetic 

field [6-8]. The metallic devices commonly installed near the 

coils interact with the magnetic field and cause power 

transfer loss. Placing ferromagnetic sheets between the coil 

and each metallic device reduces the interaction, and 

consequently  suppresses the  transfer loss. To design  the  
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power transfer circuits, the permeability of the ferromagnetic 

sheets in the low frequency band must be clarified.  

Since the manufacturers of the ferromagnetic sheets 

usually do not guarantee or even publish their products 

physical characteristics in the frequency band, the designers 

of power transfer circuits must measure the characteristics on 

their own. One of the most important parameters is the 

relative permeability, which is typically derived from the 

self-inductance of a cored magnetic material that has a 

closed loop configuration such as the toroidal core [9-11]. 

The conventional measurement method is to wind some wire 

around the core and use an impedance measuring instrument 

to evaluate the self-inductance across the ends of the wire. In 

case of thin magnetic sheets, the toroidal core must be 

manufactured by stacking many torus shapes cut from 

sheets. 

The aim of this paper is to develop a method of measuring 

the permeability of magnetic sheets without wasting the time 

and effort needed to manufacture a toroidal core by layering 

the cut out shapes. To measure permeability, this paper 

proposes to put a metallic coil in the neighborhood of the 

magnetic sheet, and evaluate the inductance and the 

resistance of the coil under the influence of the magnetic 

sheet. In addition, we use a electromagnetic field simulator 

to evaluate the inductance and resistance values in the same 

configuration while varying the parameter of relative 

permeability. Using these results, the permeability is 

determined to be that value that yields the best match 

between the measured inductance and resistance values and 

the simulated values. Tests of the proposed method show 

close agreement with the actual value. 

http://creativecommons.org/licenses/by/4.0/
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2. Conventional Measurement Method 

There are two standard measurement methods; both 

require the target material to shaped into a toroidal core with 

significant thickness. The reason is that this shape can be 

theoretically analyzed. 

2.1. Wire Coil Inductance Method [10-12] 

The self-inductance and the resistance across the ends of 

the wire around the magnetic core can be measured using an 

impedance measuring instrument, as shown in Figure 1. In 

addition, the self-inductance and the resistance are measured 

for the same circuit but without the magnetic core. By 

comparing these results, the real part of relative permeability 

e’ and the imaginary part e’’ are derived as follows; 
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where  

k: average magnetic path length of toroidal core, 

Leff: inductance of toroidal core, 

0: vacuum permeability, 

N: turns 

A: cross section area of toroidal core 

Reff: equivalent resistance of magnetic core loss including 

wire resistance, 

Rw: resistance of wire only. 

 

 
Figure 1.  Configuration of wire coil inductance method 

The two values l and A are derived using the inner radius  

r1 of the toroidal core, outer radius r2, thickness h, and 

constants C1 and C2, as follows; 
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2.2. Shunt Coaxial Line Impedance Method [10, 11] 

This method loads the ferrite toroidal core to a shunt 

coaxial cable, and measures the impedance. By describing 

the impedance with the toroidal core as Zm, and that without 

the toroidal core as Zsm, the relative permeability  is given 

as follows; 
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The problems of this method are the high cost of the 

measuring instrument and the size limits imposed on the 

toroidal core to allow coaxial cable loading.  

3. Problem of Conventional 
Measurement Method of Ferrite Sheet 

If wireless power transfer is based on electromagnetic 

induction, electric conductors near the transmitter and the 

receiver coils decrease the electric coupling coefficient, 

which degrades the power transfer efficiency. To avoid this 

influence, the conductors are covered by ferrite sheets. 

Ferrite sheets are also used to shield mobile phones.  

 

Figure 2.  Cross-section of ferrite sheet 

 

Figure 3.  Fabrication of toroidal core from a ferrite sheet (cut the sheet 

in the form of toroids, stack and paste them) 

Such ferrite sheets are usually covered by polyethylene 

tape (PET) to prevent them from rupturing; a cross-section 

view is shown in Figure 2. To apply the conventional 

measurement method described in Section 2, several ferrite 

sheets must be processed to yield the toroidal core needed. 

The process consists of cutting the ferrite sheets into multiple 
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toroids, and pasting the toroids together, as shown in Figure 

3. Unfortunately, problems arise when trying to cut and stack 

a large number of toroids with the same size and shape. In 

addition, the toroidal core produced as above includes many 

PET layers, which influences the measured permeability 

values. Determining the precise permeability of the ferrite 

sheet requires modification of the measured results. 

4. Proposed Method of Permeability 
Measurement 

The objectives of the proposed method are; 

(1)  simple measurement of single thin magnetic sheets, 

(2)  determination of the real part and the imaginary part 

of the relative permeability, and 

(3)  high accuracy. 

This paper uses the phenomenon that the inductance of a 

coil is raised by the permeability of the magnetic sheet. As 

shown in Figure 4, reactance C is measured when the coil is 

placed on the ferrite sheet under test on a metallic ground. 

This study uses two types of coils; a square spiral and a 

square solenoidal coil, which will be described in detail  

later. As the second step, reactance X() is calculated by 

electro-magnetic simulations that assume the same 

configuration with hypothetical permeability .  is varied 

and the calculation is repeated until X() agrees with X  as 

shown in the flowchart of Figure 5. The method assumes the 

use of a highly accurate electro-magnetic simulator. 

 

Figure 4.  Setup of measuring system using spiral coil 

The square spiral coil consists of 19 turns of 0.8mm (OD) 

copper wire; inner side dimension is 50mm and outer side 

dimension is 74mm, see Figure 6. A pair of ports is placed in 

the middle of one side of the coil. In the experiment, an 

aluminum plate is used as the ground; its conductivity is 

assumed to be 3.8×107S/m. To increase the magnetic field 

near the magnetic sheet and measure its permeability 

precisely, wrapping a solenoidal coil around the sheet is 

another approach, as shown in Figures 7(a) and 7(b). As the 

flexibility of the magnetic sheet makes it difficult to stabilize 

the setup of the solenoidal coil around the sheet, the sheet   

is sandwiched between two phenol circuit boards carrying   

the parallel copper wires that form the solenoidal coil. The   

size of the coil is 55mm x 47.5mm x 4.2mm and uses 20 

turns of 2.5mm (OD) copper wire. The electro-magnetic  

simulator FEKO [13] is used as it offers multiple numerical 

methods to solve Maxwell’s equations in a wide range     

of electro-magnetic problems encountered in various 

applications. 

 

Figure 5.  Flow chart of ferrite permeability evaluation 

 

Figure 6.  Square spiral coil 
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(a) Configuration and its cross section 

 

(b) Fabricated coil 

Figure 7.  Solenoidal coil 

5. Measuring the Permeability of Ferrite 
Sheets 

The ferrite sheets used in the experiment are amorphous 

magnetic sheets manufactured by Toshiba Materials (SS  

and DS series). They consist of amorphous, adhesive and 

polyethylene layers, and are 30 to 100mm long, 40mm  

wide, and 18±2m thick, as shown in Figure 8 [14]. The 

manufacturer has published the relative permeability of SS 

and DS series from 10kHz to 200kHz, as shown in Figures  

9 to 11. The SS series magnetic sheet offers high relative 

permeability; 60,000 at 10kHz. On the other hand, the DS 

series offers low permeability and low loss characteristics; 

the real part of its relative permeability is 2000 from 10kHz 

to 200kHz. This paper addresses two aspects of permeability 

measurement; the comparison of the two coil types in terms 

of accuracy, and a determination of the effect of sheet 

thickness.  

Section 4 detailed the configuration of the spiral and the 

solenoidal coils used to impose a magnetic field on the ferrite 

sheet. By comparing the inductance measured in the 

experiment with that from the electro-magnetic simulator, 

the permeability of the ferrite sheet can be derived, as 

discussed in Section 4. This paper discusses the accuracy of 

the above measurement by comparing the derived values of 

the spiral and the solenoidal coils with the data provided by 

the manufacturer.  

The ferrite sheets examined had thickness of 16m, 18m, 

and 20m. 

 

Figure 8.  Ferrite sheets 

6. Measurement Results and Discussion 

This section shows the measurement results of the 

permeability using the spiral and the solenoidal coils, and 

discusses the accuracy of the proposed methods. It also 

shows dependence of the permeability measurement on 

ferrite sheet thickness and length.  

6.1. Accuracy of the Measurement Using the Spiral and 

the Solenoidal Coils 

The measurement results of the real part of the 

permeability of the ferrite sheet are shown in Figure 9 for the 

SS series sheet with 18m thickness. The figure plots the 

results yielded by the solenoidal coil as circular markers, and 

those by the spiral coil as square markers. The data published 

by the manufacturer are shown by the dashed line and the 

triangular marker. The results show that the solenoidal coil 

results were closer to manufacturer’s data than the spiral  

coil results. The spiral coil results were smaller than the 

manufacturer’s data. However, the solenoidal coil 

permeability results exhibited almost the same frequency 

dependence as the manufacturer’s data, where the maximum 

error is 18%. These results indicate the possibility of 

accurate measurements. The measurements described in the 

next section were carried out using the solenoidal coil 

method. 
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Figure 9.  Real part of the permeability measured by spiral and solenoidal 

coil 

6.2. Dependence of Permeability on Ferrite Sheet 

Thickness 

 

(a) SS series ferrite sheet 

 

(b) DS series ferrite sheet 

Figure 10.  Thickness dependence of the permeability 

The relative permeability results of SS series samples with 

three thicknesses are shown in Figure 10(a) with the data 

provided by the manufacturer as a reference; those of the DS 

series are shown in Figure 10(b). In both figures, regarding 

the real part of the relative permeability, the measurement 

results show almost identical frequency dependence to the 

manufacturer’s data. Figure 10(a) shows the real part of SS 

series relative permeability decreases as frequency rises, 

while that of the DS series is almost constant as shown in 

Figure 10(b). In Figure 10(a), the imaginary part reaches a 

maximum value at around 50kHz, which common to the 

experimental and the manufacturer’s data. The difference 

between them is large in the 10 to 30kHz range, and small in 

the remaining frequency ranges. Regarding the evaluated 

ferrite sheet thickness of 16-20m, the difference is small at 

20m, and large at 16m. The maximum error of the real 

part is 38%, and that of the imaginary part is 87%. These 

results show that the ferrite sheet thickness influences the 

difference between the experimental and the manufacturer’s 

data. In Figure 10(b), the experimental values of the real  

part of DS series samples basically agrees with the 

manufacturer’s data. The maximum error of the real part is  

9% in the DS series samples. Note that the manufacturer has 

published imaginary part data only for 200 kHz. 

Regarding both SS and DS series, the frequency 

dependence of the relative permeability is almost the same in 

both experimental values and the manufacturer’s data. The 

experimental values agree with the manufacturer’s data 

except for the DS series imaginary part at 200 kHz. 

6.3. Dependence of Permeability on Ferrite Sheet Length 

 

(a) Real part 

 

(b) Imaginary part  

Figure 11.  Length dependence of the permeability 

To reveal the most accurate measurement setup, this 

section discusses the impact of ferrite sheet length 

dependence on measurement preciseness. The SS series 

ferrite sheet samples were all 40mm wide, and the lengths 
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examined, 30mm ～ 100mm, in 10mm steps The 

measurement results of the real part of the relative 

permeability and that of the imaginary part are shown in 

Figure 11(a) and 11(b), respectively. The real part increases 

with sheet length, as shown in Figure 11(a). The same 

characteristics can be seen in the imaginary part results, 

except for the 30mm long sheet. The 30mm and 40mm long 

ferrite sheets exhibit different frequency dependence 

characteristics from the remaining 50mm to 100mm long 

sheets. Comparing the error between the measurement 

results and the manufacturer’s data, the error is smallest with 

the 100mm long sheet. The maximum error of several 

hundred percent occurs with 30mm long sheet in 10kHz. 

7. Conclusions 

To measure permeability accurately and efficiently, this 

paper proposes to put metallic coil in the neighborhood of the 

magnetic blocking sheet, evaluate the coil’s inductance and 

the resistance under the influence of the magnetic blocking 

sheet. It also proposes the use of an electromagnetic field 

simulator to evaluate the inductance and resistance values 

(for the same coil configuration) while varying the parameter 

of relative permeability. From the results, the permeability is 

determined to be the value that yields the best match between 

the inductance and resistance for the measured and simulated 

values.  

This paper evaluated the proposed method and showed 

that the solenoidal coil test method yielded almost the   

same frequency dependence of the permeability to the 

manufacturer’s data, which confirms that the offers accurate 

measurements. Regarding ferrite sheet thickness dependence 

of permeability, the difference between the experimental and 

the manufacturer’s data was small at 20m thickness, but 

large at 16m. For both SS and DS series samples, the 

frequency dependence characteristics of the relative 

permeability were almost same for the experimental values 

and the manufacturer’s data at all thickness.  

This paper also assessed the ferrite sheet length that 

yielded the most accurate measurements. An experiment 

showed the 100mm long sheet yielded the smallest error 

between the experimental and the manufacturer’s data for 

sample thicknesses in the range of 30mm to 100mm. The 

proposed solenoidal coil method yielded measured values 

that well agreed with the actual values. 
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