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1. Introduction 
Multi-antenna technique, generally known as MIMO (Multi Input Multi Output), can contribute to the 
improvement of the wireless communication performances by using diversity techniques and 
spatial-multiplexing. Due to a great need for broadband mobile communication, more compact 
terminals employing such multi-antenna technique are being required. However, it is commonly 
known that setting the antenna length and the antenna spacing to less than 1/4λ and 1/2λ respectively 
makes antenna performance degraded in multi-antenna systems. Therefore, it is necessary to take the 
antenna size into account. 

As a fundamental limit of antenna performance, the Chu limit is widely recognized. This evaluation 
method is derived by assuming the energy is homogeneously distributed inside imaginary sphere 
including an intended antenna, which is called Chu’s sphere. By treating this as an electric circuit, a 
lower bound of Q factor is defined [1]. Recently, there are various kinds of debates about fundamental 
boundary on MIMO channel capacity derived by associating electromagnetic theory with information 
theory [2]. However, these arguments deal with equivalent electromagnetic wave from enclosed region 
including imaginary sources. Accordingly, it is difficult to apply these limitations to evaluation of 
material linear antenna performance. 

In this paper, a maximum channel capacity between two linear antennas is revealed using MoM 
(Method of Moments). To evaluate the potential channel capacity, we calculated the S-parameter 
among the segments of MoM by assuming each segment as small dipole. By using SVD (Singular 
Value Decomposition) of this S-parameter based on MoM, the available eigenmodes can be identified.  
The optimal excitation for the highest capacity can be estimated by using this process. In the following 
part of this paper, an approach of the channel capacity analysis by using MoM and numerical results 
are reported in detail. 
 
2. Definition of MoM-based channel 
At first, a couple of dipole antennas in Fig. 1 are divided into segments by using MoM. These 
segments obtained in MoM can be regarded as an array of the small dipole antennas. When a dipole is 
divided into N small dipoles, two facing dipole antennas can be recognized as NN ×  multi-antennas 
systems. Figure 2 depicts the NN ×  multi-antennas systems. By transforming impedance matrix of 
these multi-small antennas into S-parameter, we obtain TTS  and RRS , which are matrices 
representing reflection to Tx and Rx respectively. Also, RTS  and TRS  which are matrices 
representing incidence power between Tx and Rx can be obtained. Characteristic impedance 0Z  
used in parameter transformation is fixed at 50Ω. By using SVD, RTS  corresponding to a channel 
matrix can be expressed as 

H
RTRTRTRT VΛUS =                                                    (1) 

where ],,[ ,1, NRTRTRT vvV ⋅⋅⋅=  and ],,[ ,1, NRTRTRT uuU ⋅⋅⋅=  represent transmitting and receiving 

weight vectors, respectively, and ),,(diag ,1, NRTRTRT λλ ⋅⋅⋅=Λ  is singular matrix. By using these 

values, it became possible that the power distribution among the eigenmodes can be independently 
controlled. We define this scheme as MMT (Multi Mode Transmission). And by using eigen weight 
obtain from (1), reflection to Tx and Rx for each eigenmode are defined as, 



)2,1(
||||||
||||||

2
2,

2
,

2
2,

2
, Ni

RR
H

iRTiRR

iRTTTiTT ⋅⋅⋅=
⎪⎩

⎪
⎨
⎧

=Γ

=Γ

Su
vS

                        (2) 

where 2|||| ⋅  represents Euclidean norm. If we assume that ideal matching is possible, the eigenvalue 
with the ideal matching, i.e., matched eigenvalue, is written as 
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Where mN  is defined as the number of the matchable eigenmodes. This means mNN −  
eigenmodes are not matchable since their reflections are almost 1 and division by zero occurs in (3). In 
order to avoid this problem, we have a constraint, which is explained later in section 3. 

 
Fig. 1 Dipole antenna.            Fig. 2 NN ×  small dipoles model. 

 
3. Numerical results 
3.1 Eigenmode analysis 
Figure 3 shows a model to 
analyze channel characteristics. In 
this model, two parallel dipole 
antennas are placed and we 
assume near field communication 
model which have no scatters 
between Tx and Rx. The 
parameters used in this analysis 
are indicated in Table 1. Figure 4 
and 5 show amplitude and phase 
of eigen-weight of the first, 
second and third eigenmodes. 
Figure 6, 7 and 8 show eigenvalue distribution in dB, reflection for each eigenmode to Tx and Rx side, 
respectively. As these figure shows, the first eigenmode appears outstandingly and this means that only 
single mode is actually available for half-wave length dipole antenna. 
 

 
(a) Amplitude                    (b) Phase 

      Fig. 4 Transmitting weight. 
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1.0λDistance, d

0.001λRadius, a

0.05λSegment length, Δl

0.5λAntenna length, l

1.0λDistance, d

0.001λRadius, a

0.05λSegment length, Δl

0.5λAntenna length, l



 
(a) Amplitude                    (b) Phase 

    Fig. 5 Receiving weight. 
 

Fig. 6 Eigenvalue distribution.      Fig. 7 Reflection @ Tx.       Fig. 8 Reflection @ Rx. 
 
3.2 Channel capacity without matching 
Next, we analyze the variation of the channel capacity with extension of the antenna length. Then, the 
antenna length l is extended from 0.1λ to 2.0λ at 0.1λ intervals. The channel capacity with MMT is 
calculated by applying WF (Water Filling Algorism) to each eigenmode. For comparisons, both of the 
capacities with SMT (Single Mode Transmission) and with dipole antennas are calculated. Where, 
SMT uses only the first eigenmode. However, matching is unconsidered. The noise power is 
determined by SNR with half-wave length dipole antenna. The signal power changes depending on the 
antenna length. And total transmitting power is set to 1W.  

Figure 11 and 12 show NAE (the Number of 
Available Eigenmode) and channel capacity versus 
antenna length, respectively. NAE represents the 
number of used eigenmodes based on WF. As Fig. 11 
shows, it is found that NAE increases step-by-step 
with extending the antenna length and increasing SNR. 
Figure 12 shows channel capacities of dipole antenna 
and SMT reach a peak at l is 0.5λ. On the contrary, the 
channel capacity with MMT increases as the antenna 
length gets to longer. 
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Fig. 9 Multi Mode Transmission. Fig. 10 Single Mode Transmission. 
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(a) SNR=0dB                (b) SNR=10dB               (c) SNR=20dB 
Fig. 12 Channel capacity versus antenna length. 

3.3 Transmission power with matching 
We now calculate channel capacity taking ideal matching for each eigenmode into account. Here, to 
avoid division by zero for (3), we introduce a threshold value of reflection. The threshold value is set 
to that of the reflection of the first eigenmode at l = 0.1λ. That is, the eigenmodes with higher 
reflection than this threshold are discarded. Figure 13 
shows transition of matched eigenvalue derived from 
(3). There are the first to fifth eigenmodes. However, 
eigenvalue of non-matchable eigenmode at particular 
antenna length is not plotted. In Fig. 13, it is found that 
the number of matchable eigenmodes increases with 
extension of the antenna length as well as their 
eigenvalue. Here, the transposition of eigenvalue 
between mode1 and mode2 occurs at l = 1.1λ. So we 
newly defined the order of the eigenmodes with 
considering matched eigenvalues. Figure 14 shows 
transmission powers of SMT and dipole antennas with 
consideration ideal matching. It can be seen that, the 
transmission powers of SMT and dipole antenna 
demonstrate a similar increment tendency in the region 
l ≤  1.1λ. On the other hand, SMT constantly exceeds 
dipole antenna in the region l > 1.1λ. This means that 
SMT with the optimal antenna excitation can realize 
the channel capacity exceeding that of the dipole 
antenna.  
 
4. Conclusion 
In this study, we analyzed the channel capacity based on S-parameter which was calculated with MoM. 
Numerical results showed that the channel capacity with MMT increases with extending the antenna 
length. And it was revealed that, for the antenna whose length is over 1.1λ, the channel capacity with 
SMT constantly exceeds that with dipole antenna with consideration of ideal matching. Finally, these 
results in this paper proved that the optimal antenna excitation will provide the channel capacity over 
that of the conventional center-fed dipole antenna. 
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Fig. 13 Transition of eigenvalue. 

Fig. 14 Transmission power 
with matching. 

0.005

0.01

0.015

0.02

0.025

0.03

0.5 1 1.5 2

Dipole antenna

Antenna length [λ]

SMT

Tr
an

sm
is

si
on

 p
ow

er
 [W

]

0.005

0.01

0.015

0.02

0.025

0.03

0.5 1 1.5 2

Dipole antenna

Antenna length [λ]

SMT

Tr
an

sm
is

si
on

 p
ow

er
 [W

]

0.005

0.01

0.015

0.02

0.025

0.03

0.5 1 1.5 2

Mode1

Mode2

Mode3
Mode4

Mode5

Antenna length [λ]

Ei
ge

nv
al

ue

0.005

0.01

0.015

0.02

0.025

0.03

0.5 1 1.5 2

Mode1

Mode2

Mode3
Mode4

Mode5

Antenna length [λ]

Ei
ge

nv
al

ue



<<
  /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


