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In this paper, Intersymbol Interference (ISI) which is one of 
the most significant problems for the 60 GHz communication 
channel is analyzed. 60 GHz indoor channel model is 
developed by IEEE802.15.3c Task Group. By using this 
model, variation of Bit Error Rate (BER) with MMSE 
(Minimum Mean Square Error) equalizer is investigated. 
BPSK modulated data sequence is transmitted on different 
Signal-to-Noise Ratios (SNR) and different bit packet 
lengths. Performance of MMSE equalizer is analyzed in LOS 
and NLOS environments. As a result, obtained results are 
compared with output of Viterbi algorithm that is used for 
the MLSE (Maximum Likelihood Sequence Estimation) 
solution. 

 
1. Introduction 

 
Wireless communication technologies are playing a very 

important role in the modern world. Communication networks 

in indoor environments will be used by a wide variety of 

multimedia services in the future. This increase of data transfer 

will need more available bandwidth in the frequency spectrum. 

The use of 60 GHz channel is one of the solutions would be 

most effective in solving this problem. Electromagnetic signals 

in 60 GHz cannot propagate to the long distances because of the 

oxygen absorption. This phenomenon has resulted in 

approximately 7 GHz unlicensed bandwidth in 60 GHz 

communication channel [1].  

60 GHz channel has a wide variety of applications areas for 

using of this large bandwidth especially in indoor 

communication. Uncompressed high-definition image 

transmission [2], high rate data communication between peer-

to-peer or point-to-point devices [3], intra-car wireless network 

applications [4] may take place in the future in our daily lives. 

In particular, studies for use in 5G wireless communication 

systems are ongoing [5]. 
In this study, it is presented the analyzed the BER 

performance of MMSE equalizer in 60 GHz communication 

channel. Initially, channel model is simulated according to the 

60 GHz indoor channel model is developed by IEEE802.15.3c 

Task Group. Then, a known equalization technique MMSE 

equalizer is performed to solve Intersymbol Interference (ISI) 

problem in this channel. Furthermore, BPSK modulated data 

sequence is transmitted on different Signal-to-Noise Ratios 

(SNR). Also, number of bits is transmitted in one packet is 

changed to investigate the effect of this variation. Performance 

of MMSE equalizer is analyzed on LOS (Line of Sight) and 

NLOS (Non-Line of sight) environments. Finally, obtained 

results are compared with the output of Viterbi algorithm that is 

used for the MLSE (Maximum Likelihood Sequence 

Estimation) solution. 

In section II, channel model, MMSE equalization technique 

and Viterbi algorithm that is used for the MLSE solution used in 

this study is described. Simulation results are presented in 

section III. Finally, a conclusion is drawn in section IV.  

 
2. Channel Modeling and Equalization 

 
2.1. Channel Modeling 
 

The channel modeling for 60 GHz indoor applications is 

standardized by IEEE.802.15.3c Task Group for WPAN. This 

group standardized SV channel model [6] for NLOS 

environments. SV channel model is using not only for 60 GHz 

communication channel, but also for all mm wave 

communications. For the LOS channel environments it is 

necessary to take into the consideration the direct path 

component. Because of this reason SV model was improved as 

TSV channel model [7]. TSV model standardized by 

IEEE.802.15.3c is used for the implementation of the 

simulations in this study.    

Communication channel model is represented in Fig.1. 

 

 
 

Fig. 1. Communication channel model that is used for the 

implementation of the simulations 

 

Transmitted symbol sequence is as Ld bits: 

 

  (1) 

 

The signal in the receiver: 

 

  (2) 

 

When selecting the sampling period in a digital 

communication system, the pulse duration for transmitting bits 

must take into account. 

The sampling period (Ts) must be less than the pulse duration 

for each transmitted bit (Tp). By the provision of the condition 

Ts<Tp, at least once sampling of the each pulse is guaranteed.  
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When the sampling period is decreased, the bandwidth which 

requires to transmit the information increases. Therefore, this 

reduction should be kept in an optimum level. In accordance 

with the values in the experiments of the task group 

IEEE.802.15.3c, the sampling period is selected as 1 ns for the 

simulations in this paper. 

 

2.2. MMSE Equalization 

 

In wireless communication systems, because of the filtering 

effect of communication channel or effects such as reflections 

resulting multipath, amplitude or phase distortion occurs 

depending on the frequency. Correction of the distortion caused 

by the channel in the receiver is the equalization process. 

The basic equalization structure reverses the effect of ISI and 

rebuilds the ideal channel impulse response (CIR) in the 

receiver.  When ISI occurs, the signal value obtained at the 

sampling time in the receiver is the sum of the signals that 

scaled by coefficients which change with desired signal and ISI 

value of adjacent signals. So the signal in the receiver at the time 

k is this: 

 

  (3) 

 

yk is the signal in the receiver at time k and ak is the kth value 

of the bit sequence. Adjacent symbol values are ai and ISI effect 

of these symbols are ci. If impulse response of the channel is 

known or can be found, ci coefficients are known. Thus, it is 

possible to get rid of the ISI effect in the receiver. 

MMSE equalizer minimizes the mean square error. It aims to 

minimize the effects of ISI and also noise. MMSE equalizer, 

generally, does not eliminate the effect of ISI. On the other 

hand, MMSE equalizer minimizes the total power of noise and 

ISI components which effect on output. 

For MMSE solution, it needs to find a coefficient set for each 

sampling time k. These c[k] matrixes must minimize the error 

between desired signal and equalized signal. 

 

    (4) 

 

e[k] is the error at time k. For MMSE solution, it needs to 

find c coefficients minimize the E(e[k])2 value. 

 

2.3. MLSE Equalization 

 

Maximum Likelihood (ML) method is an optimal way to 

obtain the data transmitted correctly in a noisy channel. ML 

method selects the set of values of model parameters that 

maximize the likelihood function for a given data set. 

MLSE (Maximum Likelihood Sequence Estimation) 

algorithm selects the input sequence that maximizes the 

likelihood of the received signal for a certain channel response. 

MLSE algorithm is used in Viterbi Algorithm (VA) for 

maximum likelihood sequence estimation [8]. 

VA gives better BER performance than MMSE equalizer. 

However, computational complexity of VA is very high. If 

length of CIR is L and the size of the signal set is M, ML 

calculation is required. When the value of L is high, 

computational complexity is substantially increased. On the 

contrary, there is no computational complexity at that level in 

MMSE equalizer. But, BER performances of MMSE equalizer 

will be never as good as VA. 

In 60 GHz communication channel, length of CIR can be 200 

ns or more. Because of the sparseness of 60 GHz 

communication channel, computational complexity of VA is too 

high [9]. The goal of comparison VA and MMSE is to 

investigate what level the performance MMSE equalizer to the 

best solution. 

 
3. Simulation Results 

 
3.1. Analysis of BER Performance of MMSE 

Equalizer to Variation of Number of Transmitted Bits 

 

BER performance of MMSE equalizer is analyzed to 

variation of number of transmitted bits in 60 GHz 

communication channel.  BPSK modulated signal is transmitted 

in NLOS environment as number of bits in one packet as 

Ld=300, Ld=500 and Ld=1000, respectively. In Fig.2, BER 

performance of MMSE equalizer is shown for Ld=300. 
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 Fig. 2. BER performance of MMSE equalizer for BPSK signal, 

NLOS environment, Ld=300. 

9-point font with single spacing 
In Fig.3, BER performance of MMSE equalizer is shown for 

Ld=500. 

 

Fig. 3. BER performance of MMSE equalizer for BPSK 

signal, NLOS environment, Ld=500. 

 

In Fig.4, BER performance of MMSE equalizer is shown for 

Ld=1000. 
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Fig. 4. BER performance of MMSE equalizer for BPSK 

signal, NLOS environment, Ld=1000. 

 

When the results are investigated in Fig.2, Fig.3 and Fig.4, it 

is clear to say that if the number of transmitted bits (Ld) in one 

packet increased, value of BER is decreased. This situation is 

related with the CIR, because RMS delay spread of 60 GHz 

communication channel is high. According to the channel model 

(h(t)), arrival times of the rays can reach to 300 ns. Therefore, it 

is difficult to eliminate ISI effect for Ld=300. The BER 

performance is better for Ld=500, much better for Ld=1000.  

 

3.2. Analysis of BER Performance of MMSE 
Equalizer for LOS and NLOS Environments 

 
In 60 GHz communication channel, BER performance of 

MMSE equalizer is analyzed for LOS and NLOS environments.  

BPSK modulated signal is transmitted in as Ld=1000 in one 

packet for this analyze. It is easier to see the difference, if the 

number of bits in one packet is higher. In Fig.5, BER 

performance of MMSE equalizer is shown for Ld=1000 and 

LOS environment. 

 

 
 

Fig. 5. BER performance of MMSE equalizer for BPSK 

signal, LOS environment, Ld=1000. 

 

When the results are examined in Fig.4 and Fig.5, it is 

obvious that BER performance is much better in LOS 

environments than NLOS conditions. The direct path between 

the receiver and transmitter improves greatly the quality of the 

communication as expected. So, ISI effect in 60 GHz channel is 

significantly decreased in LOS environments by MMSE 

equalizer. 

 

3.3. Comparison of BER Performances of MMSE 
Equalizer and MLSE Equalizer 

 
BER performance of MMSE equalizer and MLSE equalizer 

(Viterbi Algorithm for the MLSE solution) is compared for 

BPSK modulated signal, Ld=1000, NLOS environments in 60 

GHz communication channel. 

BER performance is much better in LOS environments as 

expressed in previous subsection. However, it is rare to find 

LOS usage areas in 60 GHz communication except peer-to-peer 

or point-to-point devices. Because of this reason, this simulation 

is done in NLOS conditions.  

In Fig.6, comparison of BER performance of MMSE 

equalizer and MLSE equalizer is shown for Ld=1000 and 

NLOS environment. 

 

 
 

Fig. 6. Comparison of BER performance of MMSE equalizer 

and MLSE equalizer for BPSK signal, NLOS environment, 

Ld=1000. 

 

When the outcome in Fig. 6 is analyzed, it is seen that 

increase in SNR value changes the BER performances 

extremely. In higher SNR values, MLSE equalizer has quite 

better performance than MMSE equalizer. When this simulation 

was done for Ld=300 and Ld=500, similar results were found. 

This result shows that MMSE equalizer can be a useful 

solution for 60 GHz communication applications. Using VA has 

better performance, but it has very computational complexity. 

 
4. Conclusions 

 
To sum up, BER performance of MMSE equalizer in 60 GHz 

communication channel is investigated in this study. When the 

results obtained by the simulations are examined, it is possible 

to say that MMSE equalizer can be used in 60 GHz indoor LOS 

and NLOS environments. 

It is obvious that Viterbi Algorithm for the MLSE solution 

has better results. On the other hand, computational complexity 

of VA is such a high that it is not efficient to use in practical 

applications of 60 GHz channel. Whereas MMSE equalizer does 

not have this computational complexity and gives applicable 

BER performance for 60 GHz communication channel. 

 
 
 
 

B
it

 E
rr

o
r 

R
at

e 
 

B
it

 E
rr

o
r 

R
at

e 
 

B
it

 E
rr

o
r 

R
at

e 
 

1214



5. References 
 

[1] S. K. Yong, “TG3c channel modeling sub-committee final 

report,” IEEE 802.15-06-0195-04-003c, 2006. 

[2] H. Singh, J. Oh, C. Kweon, X. Qin, H. Shao and C. Ngo, 

"A 60 GHz wireless network for enabling uncompressed 

video communication." Communications Magazine, vol. 46, 

no. 12, 71-78, 2008. 

[3] E. Perahia, C. Cordeiro, M. Park, L.L. Yang, "IEEE 

802.11 ad: defining the next generation multi-gbps Wi-Fi." 

Consumer Communications and Networking Conference 
(CCNC), 2010. 

[4] H. Sawada, T. Tomatsu, G. Ozaki, H. Nakase, S. Kato, K. 

Sato, H. Harada, "A sixty GHz intra-car multimedia 

communications system." Vehicular Technology 
Conference, 2009.  

[5] T. Yılmaz, E. Fadel, O.B. Akan. "Employing 60 GHz ISM 

band for 5G wireless communications." Communications 
and Networking (BlackSeaCom), 2014. 

[6] A. Saleh and R. Valenzuela, “A statistical model for indoor 

multipath propagation,” Selected Areas in Communications, 
vol. 5, no. 2, 128–137, 1987. 

[7] H. Sawada, Y. Shoji, C. Choi. "Proposal of novel statistic 

channel model for millimeter wave WPAN." Microwave 
Conference, 2006. 

[8] A. Goldsmith, “Wireless Communications” Cambridge 

University Press, 2005.  

[9] N. Benvenuto, and R. Marchesani. "The Viterbi Algorithm 

for sparse channels." Communications, IEEE Transactions 
on vol. 44, no.3, 287-289, 1996. 

 

 

 

 

 

 

 

1215



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


