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Abstract—In this paper we present the performance evaluation
for a MIMO in vivo WBAN system, using ANSYS HFSS and the
associated complete Human Body Model. We analyzed MIMO
system capacity statistically and FER performance based upon
an IEEE 802.11n system model, with receiver antennas placed
at various angular positions around the human body. We also
analyzed MIMO system capacity with receiver antennas at the
front of the body at various distances from transmitter antennas.
The results were compared to SISO arrangements and we
demonstrate that by using 2x2 MIMO in vivo, better performance
can be achieved, and significantly higher system capacity can be
achieved when receiver antennas are located at the back of the
body and in front of the body.

Index Terms—System capacity, in vivo communications,
MIMO, IEEE 802.11n, FER.

I. INTRODUCTION

One appealing aspect of the emerging Internet of Things

is to consider in vivo networking for Wireless Body Area

Networks [WBANs] as a rich application domain for wire-

less technology in facilitating continuous wirelessly enabled

healthcare. Due to the lossy nature of the in vivo medium,

achieving high data rates with reliable performance will be

a challenge, especially since the in vivo antenna performance

may be affected by near-field coupling to the lossy medium

and the signals levels will be limited by specified the Specific

Absorption Rate (SAR) levels. SAR is the specific absorption

rate of power absorption by human organs and is limited by

the FCC, which in turn limits the transmission power. One

potential application for MIMO in vivo communications is

the MARVEL (Miniature Anchored Remote Videoscope for

Expedited Laparoscopy), which is a wireless research platform

for advancing MIS (Minimally Invasive Surgery), that requires

high bit rates (˜80-100 Mbps) for high-definition transmission

and low latency during surgery [1].

In [2], the Bit Error Rate (BER) for a MIMO in vivo system

was first analyzed. The results were compared to SISO in vivo
and it was demonstrated that by using 2x2 MIMO in vivo,

significant performance gains can be achieved with maximum

SAR levels met [3], making it possible to achieve target data

rates of 100 Mbps if the distance between Tx and Rx antennas

is within 9.5 cm. To better support practical WBAN systems,

the capacity and Frame Error Rate (FER) performance for

MIMO in vivo with a distance between transmit and receive

antennas greater than 9.5 cm at 2.4 GHz band and at various

angular positions of the receiver around the human body, i.e.

front, right side, left side, back, are analyzed in this paper.

The MIMO in vivo system capacity is the upper limit that can

be achieved in practical systems, which provides guidance on

how to optimize the MIMO in vivo system.

This paper is organized as follows: In section II, we present

the MIMO in vivo capacity formulas based upon IEEE 802.11n

system. Section III and IV present the evaluation methods and

results for MIMO in vivo, respectively. Finally, in section V,

we present our conclusions.

II. MIMO In Vivo CAPACITY

A. MIMO In Vivo Capacity [4]

Assuming two transmitter and receiver antennas are used in

the MIMO in vivo system. The system can be modeled as:

Yk = HkXk +Wk (1)

where Yk, Xk,Wk ∈ C2 denote the received signal, trans-

mitted signal, and white Gaussian noise with power density

of N0, respectively, at subcarrier k. Hk ∈ C2∗2 denotes the

complex frequency channel response matrix at subcarrier k.

The SVD (singular value decomposition) of Hk is given as:

Hk = UkλkVk (2)

where Uk, Vk ∈ C2∗2 are unitary matrices, and λk is

the nonnegative diagonal matrix whose diagonal elements are

singular values of
√
λk1

,
√
λk2

, respectively.

The system capacity for subcarrier k is:

Ck =
2∑

i=1

log

(
1 +

λk1P

2N0BW

)
(3)

where Ck is in bits/OFDM symbol, P is the total transmit

signal power, and BW is the configured system bandwidth in

Hz. The total system capacity is calculated as:

C =
1

BW ∗ Tsym

Ndata∑
k=1

Ck (4)

where C is in bits/s/Hz, Ndata is the total number of

subcarriers configured in the system to carry data and Tsym

is the duration of each OFDM symbol.

B. SISO In Vivo Capacity

For a performance comparison with MIMO in vivo, the

SISO in vivo capacity is also calculated. The SISO system

model is the same as defined in (1) except Yk, Xk,Wk ∈ C1.

Therefore, the system capacity for SISO in vivo is:

C =
1

BW ∗ Tsym

Ndata∑
k=1

log

(
1 +

HkP

N0BW

)
(5)
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Fig. 1. Simulation setup showing locations of the MIMO antennas

where Hk ∈ C1 , P and Ndata is the same as for MIMO

in vivo.

III. EVALUATION METHODS

A. Human Body Model

The simulations for the electromagnetic wave propagation

were performed in ANSYS HFSS 15.0.3 using the ANSYS

Human Body Model. The antennas used in the simulations

were monopoles designed to operate at the 2.4 GHz band.

As shown in Fig.1, two transmit antennas (Tx) are placed

inside the abdomen while two receive antennas (Rx) are placed

at different locations around the body at the same planar

height, as given in Table I. Cases 1-4 are cases with the

same distance between Tx and Rx antennas, but with different

angular positions, which correspond to the front, right side,

left side, and back body, respectively. Cases 1, 5-8 are cases

with the Rx antennas in front of the body with the same

angular positions, but with varying distances between Tx and

Rx antennas. It should be noted, since the permittivity of the

body is much higher than that of free space, the wavelength

is smaller inside the body and varies as it passes through

various tissues and organs. On average, the wavelength is the

reduced by the square root of the dielectric constant and is

approximately six times smaller in vivo than in free space.

B. Evaluation Methods

The system capacity analysis and FER performance in the

in vivo environment have been performed based on the IEEE

802.11n standard transceiver. Agilent SystemVue is used to

simulate the FER performance. Because of the form factor

constraint inside the human body, our initial study is restricted

to 2x2 MIMO. The system bandwidth of 20 MHz is used

in the evaluation. The 802.11n standard supports different

Modulation and Coding Schemes (MCS) represented by a

MCS index. The transmission power is set to be 0.412 mw

[3], which gives the maximum local SAR level of 1.48 W/kg

that will not exceed the maximum allowable SAR level of

1.6 W/kg. The thermal noise power is set to -101 dBm.

Hence, in the system capacity analysis, the parameters in

Fig. 2. (2x2) MIMO and SISO in vivo system capacity comparison for front,
right side, left side, and back of the body

(3)-(5) are determined as follows: P = 0.412mW,N0 =
−174dBm,BW = 20MHz,Ndata = 52, Tsym = 4μs.

IV. EVALUATION RESULTS

The system capacity for both MIMO and SISO in vivo
can be calculated based upon (2)-(5). The FER for the IEEE

802.11n system was found by transmitting 100,000 frames for

each simulation for different MCS index values.

Figure 2 shows the system capacity for different angular

positions around the human body with the same distance

between Tx and Rx antennas of 300 mm. From Fig. 2, we

can observe the capacity gain compared with corresponding

SISO cases, where the greatest capacity gain can be seen in

the case of both MIMO antennas at the back of the body. We

can also see from Fig. 2 that the system capacity of MIMO

in vivo for the cases of front and back body is much better

than that of the other two cases of side body antennas. This

is because much higher attenuation exists inside the body due

to the greater in vivo distance for the two cases of side body.

This is also verified by the FER performance result in Fig.

3. Furthermore, compared with the other three cases, MIMO

in vivo for the back body case performs the best. From Fig.

2, we see that with the greater distance between Tx and Rx

antennas, the system capacity will fall below 1.4 bits/s/Hz for

whatever angular positions the receiver antennas are located.

Hence, for a 20 MHz system bandwidth, only a data rate of

less than 28 Mbps can be supported, which is a motivation

for us to use a relay or other forms of cooperative networked

communications and/or place the receiver antennas as close

to, or on, the front or back of the body to support a data rate

as high as 100 Mbps. Of course, increasing the bandwidth to

40 MHz will double the achievable bit rate.

Figure 3 shows the FER performance for varying angular

positions but with the same distance of 300 mm between the

Tx and Rx antennas. From Fig. 3, we can find that much lower

FER performance can be achieved for the back and front body
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TABLE 1

Locations of antennas with respect to the origin (X=0, Y=0) shown in Fig. 1

MIMO SISO
Cases Receiver Antennas Transmitter Antennas Receiver Antennas Transmitter Antennas Notes

X (mm) Y (mm) X (mm) Y (mm) X (mm) Y (mm) X (mm) Y (mm)

1 300 ±50 0 ±14 300 0 0 0 Front of body
2 ±50 300 ±14 0 0 300 0 0 Right side of body
3 ±50 -300 ±14 0 0 -300 0 0 Left side of body
4 -300 ±50 0 ±14 -300 0 0 0 Back of body
5 200 ±50 0 ±14 200 0 0 0 Front of body
6 130 ±50 0 ±14 130 0 0 0 Front of body
7 100 ±50 0 ±14 100 0 0 0 Front of body
8 70 ±50 0 ±14 70 0 0 0 Front of body

Fig. 3. (2x2) MIMO and SISO in vivo FER performance comparison for
front, right side, left side, and back of the body

cases where the case for back body performs the best, which

is consistent with the analysis of MIMO system capacity in

Fig. 2.

Figure 4 shows the system capacity for the cases of Rx

antennas in front of the body with varying distances between

Tx and Rx antennas. It can be seen that much less capacity can

be achieved with increasing distance. To support the required

data rate of 100 Mbps, the capacity cannot be less than 5

bit/s/Hz (i.e. 100 Mbps/20 MHz), thus the distance cannot

be greater than ˜12cm. The system capacity decreases rapidly

when the distance becomes greater, making relay or other

forms of cooperative networked communications necessary in

the WBAN network architecture.

V. CONCLUSION AND FUTURE RESEARCH

In this paper, we analyzed the system capacity and simulated

the FER performance of a 2x2 MIMO in vivo transceiver based

upon the IEEE 802.11n standard. From the evaluation result in

this study, MIMO in vivo can achieve better system capacity

than SISO in vivo. Significantly better system capacity can

be observed when receiver antennas are paced at the back or

the front of body than when placed at the side of the body.

It is also found that to meet higher data rate requirements

Fig. 4. (2x2) MIMO and SISO in vivo capacity comparison as function of
the distance of the Tx and Rx antennas in front of the body

as high as 100 Mbps with a distance between Tx and Rx

antennas greater than 12 cm, relay or other similar cooperative

networked communications are necessary to be introduced into

the WBAN network.

ACKNOWLEDGMENT

This research was supported in part by NSF Grant IIP-

1217306 and the Florida 21st Century Scholars program.

The material in sections III and IV was partially supported

by grant number NPRP 6-415-3-111 from the Qatar National

Research Fund (a member of Qatar Foundation).

The statements made herein are solely the responsibility of

the authors.

REFERENCES

[1] C. A. Castro, S. Smith, A. Alqassis, T. Ketterl, Y. Sun, S. Ross,
A. Rosemurgy, P. P. Savage, and R. D. Gitlin, “MARVEL: A wireless
miniature anchored robotic videoscope for expedited laparoscopy.” IEEE
TBME, May 2012, pp. 2926–2931.

[2] C. He, Y. Liu, T. Ketterl, G. Arrobo, and R. Gitlin, “MIMO in vivo,”
IEEE WAMICON, 2014, pp. 1–4.

[3] T. P. Ketterl, G. E. Arrobo, and R. D. Gitlin, “SAR and BER evaluation
using a simulation test bench for in vivo communication at 2.4 GHz.”
IEEE WAMICON, Apr. 2013, pp. 1–4.

[4] D. Tse, Fundamentals of Wireless Communication. Cambridge, UK ;
New York: Cambridge University Press, Jul. 2005.

IEEE International Microwave Workshop Series on RF and Wireless Technologies for Biomedical and Healthcare Applications (IMWS-BIO)

London, UK

December 2014



<<
  /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 false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /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 "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




