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Examination and Development of a Radio Frequency Inductor 
 
 

Abstract. Nowadays, inductors can be found in almost every electrical and electronic product. These key components are needed to store electrical 
energy, select frequencies, and protect againist overvoltage and overcurrent. In the case of the inductors, which usually work in the range of radio 
frequency, the one of the most important attributes is the quality factor. The aim of the project is to increase the Q-factor of an RF SMT inductor and 
to favour the industrial research and development about inductors by using the finite element method. 
 
Streszczenie. W wielu dziedzinach współczesnej technologii elektrycznej i elektronicznej można znaleźć induktory. Są one niezbędne w 
gromadzeniu  elektrycznej energii, w wyborze częstotliwości, a także w ochronie przepięciowej i przetęzeniowej. W przypadku induktorów, 
pracujących zwykle z częstotliwością radiową, istotnym ich parametrem jest współczynnik jakości (quality factor). Celem tej pracy jest wskazanie 
metody poprawy tego współczynnika. (Badanie i rozwój induktorów o częstotliwości radiowej) 
 
Keywords: Vector Finite Element Method, RF inductor, Q-factor. 
Słowa kluczowe: wektorowa metoda elementów skńczonych, Induktor RF, współczynnik jakości.. 
 
 
Introduction 
The object of the research is an SMT (Surface Mount 
Technology) inductor, which can be found in antennas 
amplifiers, DECT (Digital European Cordless 
Telecommunications) systems, mobile phones and global 
positioning systems (GPS). This inductor has a cubic coil 
with ceramic core made of Rubalit. Rubalit is a type of 
ceramic, which is made of 99.6 percent of Al2O3, which 
relative permittivity is 10. The diameter of the usually used 
winding wires are between 28 µm and 80 µm, so it is thinner 
than the human hair –the examined type of the component 
has 50 µm of its winding wire– and the material of it is made 
of copper and the wire has an enamel insulation. The 
relative permittivity of the insulation is 5. The terminals have 
a thick film coating made of silver, palladium and platinum 
to relieve the soldering of the component. The inductor is 
manufactured by automated machines. The dimensions of 
the inductor are 1.2 mm × 1.2 mm × 2 mm. The microscopic 
photo and the 3D CAD model of the component can be 
seen in Fig.1 and Fig.2. 
 In the first case, the effect of the modification of the 
winding to the quality factor was examined. The universal 
expression of the quality factor of an oscillating circuit is the 
following [4]: 
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Several winding types –”closely”- and ”widely spaced” coils, 
and various diameters of the winding wire– have been tried 
out and measured to find the best arrangement of the coils 
on the core. The trial components were measured by an 
Agilent E4991A RF impedance and material analyzer. This 
type of analyzer provides a total solution for making 
accurate measurements of surface mount devices and 
dielectric or magnetic materials from 1 MHz to 3 GHz. To fix 
the small components easily, the Agilent E4991A Test Head 
and the Agilent 16197A SMD Test Fixture have been used. 
 The manufacturing and the measuring of the trial 
components were made in the Hungarian part of EPCOS 
AG, Szombathely, Hungary.  
 
Simplified Finite Element Model and Governing 
Equations 
First of all, towards the fast and efficient simulation, while 
taking care of the adequate examination of the winding, the 
3D model has been simplified, and a 2D axial symmetry 
model has been developed. The 3D CAD model of the 
simplified inductor can be seen in Fig. 3. In this case, 

neglecting the specialties of the core does not cause 
significant difference between the measured and the 
simulated results. Fig. 4 shows the inductance as a function 
of the frequency in the two cases. 
 

 
 
Fig.1. The microscopic photo of the inductor 

 

  
Fig. 2. The CAD model of the inductor 

 
Fig.3. The CAD model of the simplified component 
 

The dashed line represents the inductance of the model 
without insulation on the winding wire and the circled 
represents the inductor with insulated wire. It seems that 
the two lines are practically the same, so the insulation of 
the wire can be neglected. 
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Fig.4. The inductor simulated with insulated wire and with wire 
without insulation 
 

To check the results and the correctness of the 
simplified core, an inductor with axial symmetry core has 
been prepared and it has been measured in the factory. 
Three analyzed geometries of windings can be seen in Fig. 
5. Because of the costs and the difficulties of the 
modification of the core or the materials of the inductor, in 
the first case, only the winding should be modified.  

 

 
Fig.5. Finite element meshes of three different winding on the core 
 
 To solve the above problem, the full form of the 
Maxwell’s equations have been used, because the effects 
of the eddy currents and the electric displacement can not 
be neglected at high frequencies [1,2,3], 
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where H, B, E and J0 are the magnetic field intensity, the 
magnetic flux density, the electric field intensity and the 
source current density of the excitation coil, σ, ε and μ are 
the conductivity, the permittivity and the permeability of the 
materials [1,2,3]. 
 From the equations (2), (3), (4) and (5), the following 
partial differential equation formulated in the frequency 
domain can be calculated, with which the above problem 
can be solved: 
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where A is the magnetic vector potential and ω is the 
angular frequency.  

 The inductivity of the inductor can be calculated from the 
magnetic energy, i.e. 
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and from the impedance of the specimen as 
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where Wm, Î , N, Z and f are the magnetic energy of the 
studied region, the peak value of current flowing in the coil, 
the number of turns, the impedance and the frequency. The 
quality factor can be calculated from equation (1). 
 
Simulation Results 

To solve the above presented problem, the RF module 
of the COMSOL Multiphysics software package has been 
used [15]. At first, the problem of the manufactured 
component has been solved and the results –the 
inductance as a function of frequency and the quality factor 
as a function of frequency– have been compared with the 
measured data and they have been checked with analytical 
calculations (Fig. 6). In Fig. 7, the measured and the 
simulated inductance as a function of the frequency can be 
seen. The measured and the simulated quality factor as a 
function of the frequency can be seen in Fig. 8. The 
computed DC inductance, and DC resistance have been 
compared with the measured data and the analytical 
calculations to check the correctness of the model at low 
frequency. The measured value of the DC resistance of the 
inductor is 0.47 Ω, and the simulated value is 0.485 Ω.  

 
Fig.6. The schematic draw of the parameters in Nagaoka’s 
equation 
 
Analytically, the DC resistance is 0.463 Ω by using the 
following expression: 

(9) ,
S
lNRDC ρ=  

where is N the number of turns, l is the length of one turn 
and S is the cross section of the winding wire. The 
measured value of the DC inductance is 183 nH, the 
computed value of it is 185 nH, and the analytical value of it 
is 178.9 nH by using the following formula: 

(10) ,
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where a is the mean radius of the coil, N is the number of 
turns, l is the length of coil as it can be seen in Fig. 6, and K 
is the Nagaoka coefficient, which is 0.6618 in this case [4], 
[7], [10], [11], [12], [13], [14]. It is important to note that the 
value of inductance can be easily modified by the 
increasing or decreasing of  the distance between the turns 
in the finite element model and during the manufacturing 
process, too. 
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Fig.7. The measured and the simulated inductance as a function of 
the frequency 

 
Fig.8. The measured and the simulated quality factor as a function 
of the frequency 
 
 Nowadays, the electronic component manufacturers 
need to produce smaller, faster and more efficient active 
and passive components. It is also true in the case of 
inductors. Some customer in the automotive and qualitative 
electronics wants to apply the presented type of inductor 
with super high quality factor (SHQ) in their applications. 
The qualification of the SHQ means higher value of it 
between 85 MHz and 110 MHz. The aim of this project is to 
find a way to increase the quality factor in the necessary 
rate. In the present the quality factor is about 30 in the 
range of the qualification SHQ.  
 In the first case, the increasing of the Q-factor by 
modifying the winding was examined by the measurements 
of the trial components and numerical simulations. From the 
expression of the quality factor, obviously the goal is to 
decrease the real value of the impedance Z, so the 
resistance of the inductor. Do not forget that the inductance 
has a nominal value, so the increasing of the reactive part 
of the impedance is not a good way. 
 The examination of the winding wire extends to the 
modification of the diameter of the winding wire, the 
modification of the distance between the turns and the 
modification of the material of the core. 
 The results are the following. Firstly, to decrease the 
serial resistance of the winding wire, the original 50 µm 
diameter of it was changed to 60 µm and to 80 µm. 

 
Fig.9. The measured and the simulated inductance as a function of 
the frequency after the modification 

 
Fig.10. The measured and the simulated quality factor as a function 
of the frequency 
 

In this case, the quality factor is slightly increasing, but 
by using thicker wire, the inductance is decreasing, 
moreover the space between the terminals, which length is 
about 1100 µm is also narrower. In conclusion, it is not 
possible to manufacture the inductors with thicker winding 
wire.  
 Then smaller diameter of winding wire was tried. By 
using thinner wire, the value of the inductance is increasing, 
so it is enough to use less number of turns to hold the 
nominal value of the inductance, additionally, in this case it 
is possible to increase the distance between the turns.  
 The measurements and the simulations show that the 
self resonant frequency is increasing by using spread wire 
and the rise of the quality factor is faster as a function of the 
frequency, but because of the higher resistance of the 
thinner wire, the quality factor is smaller than in the case of 
the original wire. In Fig. 9 and Fig. 11, the higher self 
resonant frequency is perceptible. The comparison of the 
quality factor of the original inductor and by using thinner 
wire with close and spread winding can be seen in Fig. 10.  
 Another attempt was the manufacturing of the inductor 
with ferrite core. The idea was that the nominal value of the 
inductance is achievable with less number of turns, so the 
real value of the impedance can be decreased. The 
experiences show that the idea is true, but the quality factor 
is decreased after all, because the effects of the hysteresis 
losses and the eddy current losses inside the core 
deteriorate the value of the Q-factor.  
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Fig.11. The measured and the simulated inductance as a function 
of the frequency after the modification – enlarged 
 
 The examination of different materials of the winding 
wire is an impossible task from the manufacturing point of 
view. Fortunately, in numerical solutions currently 
nonexistent materials can be tried out. The solutions 
demonstrated that by using a winding wire with higher 
conductivity than copper or gold, the quality factor could be 
increased sufficiently. 
 Taking it all around, thanks to the experiences of 
engineers the currently manufactured component is nearly 
the best solution for making this type of inductor. 
Considering the dimensions of the inductor, the nominal 
value of the inductance, the current manufacturing 
technology and the presently known materials, the quality 
factor is not increasable even more. There are several 
researches about the superconductivity and the 
superparamagnetism, which could solve the above 
problems. 
  
Conclusions 
 The paper presents an actual problem of research 
engineers working with inductors and electronic 
components. To solve several problems beyond the 
examination of the quality factor, a finite element model has 
been developed by using the COMSOL Multiphysics 
software package. The potential formulation of the 
presented wave propagation problem has been 
implemented from the prescribed equations. The so-called 
scattering boundary condition has been determined and has 
been applied to eliminate the effect of the reflected 
electromagnetic waves at the artifical far boundary. The 
simulation of the simplified manufactured inductor has been 
done. To consider the capacitance and the resistance of the 
terminals an electric network has been implemented and 
the values of the parameters have been set. The built up 
finite element model has been tested. The measurements 
of the project have been executed in the hungarian factory 
of EPCOS AG, the results have been described and 

analyzed. The measured and the analyzed data have been 
compared with the results of the simulations. Consequently, 
the experiences show that by using the present materials 
and the present manufacturing technology, the quality factor 
can not be increased significantly. 
 The future aim of the project is to build up a 3 
dimesional finite element model to simulate inductors at 
high frequency. 
 The procedure, which is under construction will be able 
to solve the presented problem with different materials of 
cores and geometries of inductances in 3D.  
 
Acknowledgement: This paper was supported by the János 
Bolyai Research Scholarship of the Hungarian Academy of 
Sciences (BO/00064/06), by Széchenyi István University 
(15-3210-02), by the EPCOS AG, by the PRCH Student 
Science Foundation (DT2008. máj./14.) and by the 
Hungarian Scientific Research Fund (OTKA PD 73242). 
 

REFERENCES 
 [1] O. Bíró, K. R. Richter, CAD in Electromagnetism, in series 

Advances in Electronics and Electron Physics, Academic 
Press, New York, 82, 1991. 

[2] Z. Pólik, M. Kuczmann, Examination and Development of a 
Radio Frequency Inductor, Przeglad Elektrotechniczny, 
No.12/2008, (under printing). 

[3] J. Jin, The Finite Element Method in Electromagnetics, John 
Wiley & Sons, Inc., New York, 2002. 

[4] R. G. Medhurst, H.F. Resistance and Self-capacitance of 
Single-layer Solenoids, Wireless Engineer, Feb 1947 p35-43, 
Mar 1947 p80-92. 

[5] M. Kuczmann, A. Iv´anyi, The Finite Element Method in 
Magnetics, Akad´emiai Kiad´o, Budapest, 2008. 

[6] L. Green, RF-inductor modelling for the 21st century, EDN, 
2001. 

[7] H. Nagaoka, Jour. Coil. Sci., Tokyo 27, 18-33, art. 6 (1909), B. 
of S. Sci. Paper 169, 64. [8] AC/DC Module Model Library, 
COMSOL AB., 2006. 

[9]  RF Module Model Library, COMSOL AB., 2006. 
[10] R. Lundin., A handbook formula for the inductance of a single-

layer circular coil, Proc. IEEE, Vol. 73, No. 9, Sep. 1985, 
pp.1428-1429. 

[11] E. B. Rosa, F. W. Grover, Formulas and Tables for the 
Calculation of Mutual and Self Induction, Bulletin of the Bureau 
of Standards, Vol. 8, No. 1, 1911, p. 122 

[12] H. Meyer, W6GGV, Accurate single-layer-solenoid inductance 
calculations, QST, April 1992, pp. 76-77 

[13] http://www.mogami.com/e/cad/coil-01.html 
[14] http://hamwaves.com/antennas/inductance.html 
[15] www.comsol.com 
[16] www.epcos.com 
 
 
Authors: Zoltán Pólik, BSc student, Széchenyi István University, 
Department of Telecommunications, Laboratory of Electromagnetic 
Fields, Egyetem tér 1, H-9026 Győr, Hungary, E-mail: 
polikzoltan@gmail.com. Dr. Miklós Kuczmann, PhD, Associate 
Professor, Széchenyi István University, Department of 
Telecommunications, Laboratory of Electromagnetic Fields, 
Egyetem tér 1, H-9026 Győr, Hungary, E-mail: kuczmann@sze.hu. 
  

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


