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Abstract—With the advent of on-body communication 

research in recent years, there is a growing need for antenna 

developments that satisfy a wide criteria (one being minimal 

efficiency degradation) in order to be integrated successfully onto 

human subjects; one promising development is the textile 

antenna. In this paper we investigate the efficiency performance 

of some newly designed small sized textile antennas on live 

human subjects using a reverberation chamber. Firstly, we show 

that the material selection of these textile antennas can have a 

crucial effect on the on-body frequency de-tuning and efficiency 

levels, as via a comparison we determine that a lossier textile 

antenna in free space can actually outperform a higher free space 

efficient textile antenna when placed on-body. This has a 

profound impact on the material design choices for these small 

sized antennas. Secondly, we investigate the performance effects 

under bent conditions and finally we show that the overall 

performance of the textile antenna can be mitigated somewhat by 

variations in on-body distances from the human subject. It is 

revealed that in some cases a small 20 mm distance from the body 

is sufficient for the radiation efficiency to approach the free space 

levels. Theoretical, simulated and experimental evidence is 

presented to verify the conclusions.    

 
Index Terms—Antenna efficiency, on-body communications, 

reverberation chamber, textile antennas. 

 

I. INTRODUCTION 

GROWING interest is evident concerning body centric 

wireless communication technology, aimed at providing 

solutions for a wide range of applications from the medical / 

healthcare industries, the consumer electronic industries, 

wearable technology for the fashion industry and the military 

sector to name but a few. A crucial component in the body 

centric wireless communication „chain‟ concerns the antenna 
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device itself; the antenna should be ergonomically suitable for 

integration onto a human body. Furthermore, the antenna 

should not be obtrusive, it should be able to maintain 

flexibility, exhibit minimal degradation in terms of bandwidth, 

reflection coefficient and efficiency performance, and be 

manufactured in a low cost manner. To satisfy this broad 

criterion, the textile antenna has been developed and continues 

to receive ever growing attention [1] - [3].  

  When communicating wirelessly in the proximity of a human 

body, the propagation channel is dependent upon the body 

condition, the human activity being performed, the antenna 

position, the immediate surrounding environment and any 

interaction between the human body and the antenna [4] - [6]. 

Therefore, the radio propagation channel in this (on-body) 

scenario directly includes the body effect and is not usually 

stationary. It becomes important therefore to be able to 

characterize any antenna, specifically designed for use „on-

body‟, in a realistic scenario (i.e. on a human being) to attempt 

to accurately quantify the effect of the human body on any 

associated antenna parameters of interest. 

In this paper, the quantity of interest mainly concerns the 

radiation and total radiation efficiency of some newly 

designed textile antennas. The measurement facility chosen to 

perform the characterization is the Reverberation Chamber 

(RC). The RC is now well known from studies such as [7] - 

[12], and can be described as an electrically large shielded 

metallic enclosure which is designed to work in an „over-

mode‟ condition. The fields inside this environment can be 

perturbed by various means to engender the average field 

distribution statistically homogeneous, as long as the field 

location is situated approximately λ/2 from the chamber walls 

[13]. The field statistics inside the chamber have received 

much theoretical and practical treatment over the years and are 

well known, for example see [14]. To review, the received 

complex signal in this environment with no line of sight path 

manifests itself as being complex Gaussian (normally 

distributed), the magnitudes are Rayleigh distributed, the 

power exponentially distributed and the phase uniformly 

distributed over 2π. It should also be noted however that a 

Rician distributed environment can also be emulated in the 

chamber as proposed in [15].  The choice of measurement 

facility here has been chosen in part because of the statistically 

emulated environment it can offer, but also because we feel it 
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can offer an easier, more robust / less uncertain measured 

solution to the problem of textile antenna efficiencies when 

acquired on a human body. To explain further, it is inevitable 

that some human movements will be present during any 

measurement procedure (from breathing etc). However, in the 

RC environment these can be tolerated as they would add to 

the randomness of the fields inside the chamber which can be 

viewed positively.  

To the best of our knowledge only one experiment 

concerning antenna radiation efficiency using live human test 

subjects in an RC exists, see [16]. The conclusions drawn 

from this piece of work indicated that the RC was a repeatable 

test bed for wearable antenna measurements using live human 

subjects; this potentially validates the prior stated reasoning on 

the choice of facility here. Further, the results presented 

indicated that the RC results obtained with human test subjects 

were sufficiently representative of results acquired using tissue 

phantoms - validating the live human approach against 

phantom models often used in the field [16]. The antennas 

used in the study consisted of four low profile microstrip patch 

antennas constructed on a dielectric substrate and a quarter 

wavelength monopole, with the results indicating that the type 

of the antenna plays a more dependent role in determining the 

overall radiation efficiency performance when placed „on-

body‟ as compared to the characteristics of any human subject.  

Elements for future work stated in [16] highlighted a need 

for characterizing flexible/fabric antennas on body and also an 

assessment of movement related bending effects. This, 

therefore, is what this paper seeks to address. This paper is 

organized as follows. Section II will firstly define the 

quantities of interest in this study and the mathematical 

formula behind them to avoid any ambiguity, and secondly 

introduce the antennas under test (AUT). Section III presents 

detailed information concerning the RC measurement 

procedures used in this manuscript and section IV will 

disclose all results pertinent to the investigation. An 

assessment of the measurement uncertainty is provided in 

section V to benchmark the accuracy of the results presented.  

II. DEFINITIONS 

A. Antenna Efficiency 

For the quantity of radiation efficiency we refer to the IEEE 

definition of “Ratio of total radiated power to net power 

accepted by the antenna at its terminals”. Mathematically, 

when acquired using a RC, equation (1) applies [17]. 
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where: = average of the scattering parameters,  = 

absolute value, 21S = transmission coefficient, 22S = reflection 

coefficient,   AUT = antenna under test, REF = reference 

antenna and 
REF  = known reference efficiency. In our case 

the reflection coefficient quantities here are not signified as 

being an ensemble average, this is because we choose to 

acquire this particular parameter in an anechoic chamber as it 

was quicker for us to do so. It should be noted however that if 

the reflection coefficients are acquired in an RC then the 

quantity should be signified as being an ensemble average.  

For the quantity of total radiation efficiency (or total 

efficiency for short) we imply the definition of “Ratio of total 

radiated power to the power incident on the antenna port”. 

Mathematically, this is a product of the radiation efficiency 

and mismatch efficiency of an antenna as detailed in (2). 

  2

221 AUTRADTOTAL S                        (2) 

 

Again, the reflection coefficient parameter in our case is 

acquired in an anechoic chamber hence the omission of the 

ensemble average. 

B. Antenna Descriptions 

It is beyond the scope of this manuscript to present any 

optimization analysis of the antennas under test; therefore in 

this section they will only be briefly described. For further 

detailed information pertaining to the designs please refer to 

[3]. One distinct category of textile antenna is to be 

investigated in this paper - designed for single band use at the 

2.45 GHz Industrial Scientific and Medical (ISM) frequency. 

The single band antennas are based around the same PIFA 

topology and both are constructed using a 6 mm thick felt 

fabric ( r = 1.43 and tan δ = 0.025 at 2.45 GHz [3]). The felt 

fabric is sandwiched between a ground plane and a slotted 

radiating patch, with two different conductive textile materials 

being subject to investigation [18] - [19]. 

 

1. Copper textile (plain woven and coated, 0.08 mm 

thick, σ = 2.5 x 
610  S/m at 2.45 GHz). 

2. ShieldIt™ conductive fabric (0.17 mm thick, σ = 

1.18 x 
510 S/m at 2.45 GHz). 

The profile of each antenna can be viewed in Fig 1 and Fig. 2.  

 
Fig.  1. Single band textile antenna radiating elements 

(ShieldIt radiating patch (left) & Copper radiating patch (right)) 

 
Fig.  2.  Single band textile antenna ground planes  

(ShieldIt ground plane (left) & Copper ground plane (right)) 
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III. MEASUREMENT PROCEDURES 

 The measurements utilized the RC at the University of 

Liverpool. The chamber is constructed from galvanized steel 

and the dimensions are width = 3.6 m, height = 4 m and length 

= 5.8 m. The chamber is fitted with two principle sets of 

mechanical stirring paddles that rotate about a central shaft; 

one set configured for vertically polarized waves mounted 

towards a corner of the chamber from the floor to the ceiling, 

the other configured for horizontally polarized waves mounted 

from the front to back wall at ceiling height. The paddles are 

therefore configured to be able to stir orthogonal volumes of 

the chamber. 

As with any efficiency measurement in this facility, the 

chamber required an initial reference measurement for 

calibration purposes. This was performed using a dual ridge 

horn antenna (Satimo SH2000), the antenna being selected as 

its unidirectional pattern characteristics were similar to that of 

the AUT‟s. For the single band antennas a frequency range of 

2 GHz - 3.5 GHz was selected using 801 frequency data 

points, with the number of data points being selected to ensure 

that a sufficiently large number of modes would be excited in 

the chamber throughout the measured range. The calibration 

needed to be performed while the human subject was located 

inside the chamber, as the presence of the human subject 

would severely load the chamber. As such, it was expected to 

be the dominant contributor to any loss mechanisms that exist 

(more so, than for example, any wall losses, losses from 

aperture leakage and any antenna loss). The stirring sequences 

used throughout (same for reference calibration and AUT 

measurement) comprised the following parameters. 

 

1. Mechanical Stirring - 5 degree (71 measurements) 

2. Polarization Stirring - Two orthogonal linear 

polarizations 

3. Position stirring - 5 separate receiver locations  

 

The above stirring mechanisms gave rise to a total of 710 

measured samples per frequency point for both the reference 

and AUT measurement. The reasons behind the stirring 

sequences were twofold: firstly, a large number of samples (a 

percentage of the total being statistically independent) are 

required to keep the uncertainty in the measurements to an 

acceptable level, and secondly, the sequences meant that the 

human subject did not have to spend prolonged amounts of 

time inside the chamber to complete each measured sequence 

(i.e. the subject could take regular breaks if need be).   

During the reference measurements, the human subject had 

the AUT attached to the body via a rigid cable which was 

terminated in 50 ohms. During the on-body AUT 

measurements, the reference antenna remained inside the 

chamber - connected via the same rigid cable and terminated 

in 50 ohms. By this, the chamber loading was configured 

exactly the same from the reference to the AUT measured 

sequences to ensure accuracy; no aspects differed in this 

regard whatsoever. Indeed, even the contents inside the human 

subjects pockets etc was always kept constant (no mobile 

phone, coins etc) to ensure that consistency prevailed.  Fig. 3 

illustrates the set up used during the reference measurements. 

 
 

Fig. 3.  Measurement set-up (reference in this case)  

 

The distance between the consecutive position locations 

shown above was configured such that each location was 

larger than the correlation distance (about ½ wavelength) to 

create independent samples. The exact locations are 

summarized in the following table. 

 
 TABLE I 

POSITION STIRRING LOCATIONS 

Position Location 

1 1.2m from left wall 

2 1.15 m from right wall, 1.1 m from 

stirrers. 

3 1.2 m from left wall, 0.9 m from 

position 1. 

4 1.15 m from right wall, 0.9 m from 

position 2 

5 1.8 m from left wall, 1.2 m from 

back wall, 1 m diagonally from 

positions 3 and 4. 

 

Further, throughout all position stirring locations (for both the 

reference and AUT measurements), the separation between 

human subject and reference antenna was always kept as a 

prescribed distance apart (>> λ/2) to avoid any coupling issues 

that could potentially corrupt any measured results. 

IV. MEASUREMENT INVESTIGATION 

In this investigation we will compare the radiation and total 

radiation efficiency values of each AUT on different body 

locations with respect to their free space efficiency values. By 

this we not only want to assess which antenna yields the 

highest efficiency on body and in what location, but also chart 

the difference in magnitude of the efficiency quantities to 

assess what degradation occurs when the textile antennas are 

located on-body in specific locations and proximity distances. 

Please note that all free space efficiency values have been 

measured in the same chamber by the same principle author, 

using the same stirring mechanisms to be able to compare 

directly. The measured free space radiation and total radiation 

efficiency values that are supplied are compared by simulated 

efficiency values provided from CST Microwave Studio 

(based on the finite integration technique) by an assessment 
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from the gain/directivity [20]. All efficiency values herewith 

for the single band antennas have been frequency stirred by 20 

MHz (i.e. over 11 frequency data points); the 20 MHz 

frequency stirring value was selected such that it was far less 

than the bandwidth of the antennas to minimize the reduction 

in frequency resolution. This section is sub-divided into three 

smaller sections to assess both antennas performance at given 

body locations and proximity distances from the human test 

subject. From here on in, the AUT‟s will be referred to by 

their manufactured name: FLSL 0510 = Copper textile 

radiating element and ground plane, SHSL 0510 = ShieldIt 

textile radiating element and ground plane.  

A. On Body 0 mm Measured Results  

i. Chest 0 mm 

In this investigation the antenna was located on the centre 

of the human subjects‟ chest, 1.38 m from the floor. The 0 mm 

dimension in this case does not mean that the antenna was 

physically touching the human subjects‟ skin; rather, the 

human subject was wearing a woolen jumper 1.5 mm thick 

(constant throughout all experiments) and it was this which the 

antenna was placed against.  The antenna element was not 

physically strapped to the human by any means - standard 

Velcro straps were used to fix the attached cable to the human 

being which was sufficient to hold the antenna to the chest of 

the subject. Throughout the measurement sequences this 

aspect was rigorously checked and at no time did the antenna 

shift location. Fig. 4 illustrates the measured set up. 

  

 
Fig. 4.  On chest 0 mm measured set-up 

 

In Fig. 4, the human subject faces the back wall with the 

antenna on his chest. This aims to block any line of sight path 

from the transmitting antenna which is located behind the 

human subject (off shot).  The proximity distance between the 

body and the antenna in this particular investigation has been 

chosen to assess the „worst case‟ possible estimate that could 

be witnessed; that is, we expect the severest loss.  

The antenna orientation in Fig. 4 (normal to the chest) has 

been chosen because of the location of the SMA connector in 

the antenna design, meaning that it was easier to secure the 

antenna in position at the 0 mm proximity distance in the 

manner shown. The radiation efficiency results for FLSL 

placed on the chest (0 mm) are disclosed in Fig 5. Three 

separate measurements have been completed for this antenna 

and body location to provide an indication as to the 

measurement repeatability. A comparison with the free space 

radiation efficiency levels is also provided so that the 

degradation in radiation efficiency can be easily assessed.  

 
Fig. 5.  FLSL 0510 radiation efficiency (%) at 0 mm for on-body chest & free 

space  

 

The total radiation efficiencies are shown in Fig. 6. The 

discrepancy between the measured and simulated cases 

witnessed can be attributed in part to differences between the 

measured and simulated reflection coefficients. This in turn 

resulted from slight differences in the fabricated dimensions 

between the simulated model and physical design, and also the 

presence of the SMA connector.    

 
Fig. 6.  FLSL 0510 total radiation efficiency (%) at 0 mm for on-body chest & 

free space  

 

To address the nature of the antennas orientation at the 0 mm 

proximity distance; specifically the fact that the radiating 

element is mounted perpendicular to the chest as opposed to 

being parallel, an investigation was undertaken to compare if 

any differences existed. This investigation utilized the exact 

same measurement parameters and procedures as previously 

discussed to ensure that an accurate comparison could be 

formed. The on-body antenna location was configured such 

that the cable was mounted and secured under the arm, 

enabling the antenna radiating patch to be away from the 

human body. The exact same (0 mm) proximity distance was 

also maintained with Fig. 7 illustrating this particular set up.  

The main purpose for this investigation was to assess if any 

differences are observed with respect to the antenna‟s 

polarization. For example, in on-body applications for 

consumer electronics, the users‟ movements could potentially 

alter the antennas polarization when worn on the clothing, 

which could have an impact on the antennas performance. 
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Fig. 7.  0 mm measured set-up for alternative antenna polarization 

 
Fig. 8.  FLSL 0510 comparison of deduced efficiency Vs antenna orientation 

at the 0 mm proximity distance. 

 

From Fig. 8 we see that the resultant magnitudes of efficiency 

at 0 mm are very close indeed, irrespective of the antennas 

perpendicular or parallel on-body orientation. The differences 

in the largest case are in the order of 4%. The reason for the 

similarity in the results is believed in part to be down to the 

emulated multipath environment which has contributed to help 

overcome any differences in the antenna radiation patterns 

with respect to the antennas on-body orientation [21]. 

Furthermore, because the antennas ground plane is small in 

dimension, we believe that this also a contributing factor as to 

why the different antenna orientations produce similar results - 

i.e. the results shown are valid irrespective of the (0 mm) 

antenna orientation in this case. The parallel results measured 

in Fig. 8 were acquired on a different human being than the 

perpendicular case which collectively shows that any 

efficiency results here are not too sensitive to the on-body 

antennas orientation within reason, and furthermore that the 

efficiency results are reproducible to different human subjects. 

    As stated prior, the reflection coefficients on body were 

acquired in the anechoic chamber (AC) at the University of 

Liverpool. All antennas were strategically located in exactly 

the same place as where the RC measurements took place on 

body to ensure accuracy in the measured reflection coefficient 

- this aspect was checked and consistent results were obtained 

from both RC and AC facilities. The measured on body (chest 

0 mm) reflection coefficients are issued in Fig. 9 and are 

compared with the free space performance. The discrepancy 

between measured and simulated quantities can be explained 

by slight differences in the fabricated dimensions between the 

simulation and measurements, and the effect of the SMA 

connector represented by a simplified model in the simulation.    

 
Fig. 9.  FLSL 0510 reflection coefficients (dB) at 0 mm for on-body chest & 

free space  

 

From Figs 5 and 6 we see that the levels of radiation and total 

radiation efficiency are degraded considerably from the free 

space efficiency levels. At the start of the measured frequency 

band (2 GHz) this is as much as 78.15% for the radiation 

efficiency and 72.65% for the total radiation efficiency. The 

trend of the on body efficiency is also seen to rise over the 

first 600 MHz measured band; this believed to be attributable 

to the coupling between the human body and the antenna 

(remembering the antenna is not physically touching the 

human skin). Thus as the frequency begins to increase, the 

inter element (human body and antenna) spacing is also 

increasing. From the measured reflection coefficients the 

antenna is also seen to exhibit a degree of de-tuning. At 2.45 

GHz the mismatch efficiency measured on the chest is 78% as 

compared to the free space value of 91%. With regards to the 

measurement repeatability, it is seen that the three separate 

measured runs undertaken yield very consistent levels of 

efficiency; this provided increased confidence that the 

measurement procedures undertaken were thus consistent and 

not liable to wild fluctuations from one measurement to the 

next. The difference between the measured runs is in the order 

of 2% at its maximum.   

For the ShieldIt material (SHSL 0510) the measured set up 

and procedures differed in no way from the prior (FLSL 0510) 

0 mm chest investigation so that a direct comparison could be 

formed; therefore, Fig. 4 again illustrates the set up. The 

radiation efficiency results for SHSL 0510 at 0 mm on the 

chest are presented in Fig. 10. 

 
Fig. 10.  SHSL 0510 radiation efficiency (%) at 0 mm for on-body chest & 

free space  
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The total radiation efficiency results for SHSL 0510 are 

presented in Fig. 11. 

 

 
Fig.11.  SHSL 0510 total radiation efficiency (%) at 0 mm for on-body chest 

& free space  

 

Comparing Figs. 5 and 6 with Figs. 10 and 11 we find that the 

textile antenna constructed with the ShieldIt type material for 

the radiating element and ground plane is lossier in free space 

conditions than the copper textile material - this is as predicted 

since we expect the higher conductivity material to yield 

higher radiation efficiencies. However, when placed on the 

body, the lower conductivity (ShieldIt) material exhibits a 

larger amount of radiation and total radiation efficiency than 

its copper based counterpart - differences of 30% are evident 

for the radiation efficiency and 25% for the total radiation 

efficiency at 2.45 GHz. Theoretical and simulated evidence to 

explain and support these trends can be found in section C.  

 

The reflection coefficient of the SHSL 0510 antenna on-body 

(chest 0 mm) is shown in Fig. 12. By comparing Figs. 9 and 

12, we find that the ShieldIt textile antenna also exhibits a 

lesser amount of de-tuning as compared to the copper based 

counterpart. The mismatch efficiency at 2.45 GHz for the 

ShieldIt material is calculated at 90% as opposed to the 78% 

recorded for the copper textile material. 

 
Fig. 12.  SHSL 0510 reflection coefficients (dB) at 0 mm for on-body chest & 

free space  

 

ii. Bent (Elbow) 0 mm 

This investigation looked to assess the effect on radiation and 

total radiation efficiency under a bent configuration. The body 

area selected was the elbow. Fig 13 illustrates the set up used. 

 

 
Fig. 13.  On-body (elbow 0 mm) measurement set up 

 

This time the antenna had to be secured with the standard 

Velcro ties owing to the loading placed on the antenna through 

bending. The bending radius (measured from the centre of the 

elbow to the edge of the elbow was 55 mm).  The antenna 

element was selected as the copper based textile (FLSL 0510) 

and was located 1.2 m from the chamber floor. The human 

subjects‟ arm was fixed in place by a Velcro tie which was 

strapped around the arm and shoulder. This was sufficient to 

hold the subjects‟ arm in place to prevent movement. The 

radiation efficiency, total radiation efficiency and reflection 

coefficient results can be viewed in Fig. 14. 

 
Fig. 14.  FLSL 0510 bent elbow (0 mm) radiation & total efficiency (%) Vs 

 free space and bent elbow reflection coefficients (dB) 

 

Comparing to the 0 mm chest measurement (Fig. 5) the 

radiation efficiency values at 2 GHz would appear slightly 

higher, believed to be due to the absence of major human 

organs near the antenna, but in the mid and upper frequency 

range the values became comparable. The comparable nature 

of the mid and upper frequency range results are partly 

expected owing to the over-moded characteristics of the RC - 

(the fact that the angle of arrival of plane waves come from 

every conceivable direction with equal probability meaning 

the radiation patterns of the AUT play no part [22]).  

However, the main effect here concerned the total radiation 

efficiency. The levels are 12% to 15% lower than the 0 mm 

chest values (Fig. 6) owing to the severe de-tuning in the 

magnitude of reflection coefficient; hence the mismatch 

efficiency of the antenna at 2.45 GHz was reduced to 62% as 
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compared to the 78% witnessed on the chest at 0 mm and 91% 

in free space. The conclusion drawn from this investigation 

was that that severely loading the antenna under a bent 

configuration is not good practice, and on the evidence of the 

results seen here perhaps should be avoided when an on-body 

antenna location is to be chosen.  In respect of these 

conclusions, this experiment was not repeated.  

B. On Body 20 mm Measured Results  

i. Chest 20 mm 

The next investigation undertaken looked to assess the 

effect of having different spacing between the antenna and the 

human body - i.e. if the inter-element spacing were to be 

slightly increased, what difference in the magnitude of the 

radiation and total radiation efficiency could be obtained. The 

theoretical rationale guiding this investigation we considered 

to be a function of (expected) decreased coupling between the 

antenna and human subject; noting that the medium that is 

coupling to the antenna (i.e. the human being) will present a 

significant loss if the antenna is close enough. The antenna 

was again located in the centre of the subjects‟ chest, 1.38 m 

from the floor. The 20 mm chest separation was achieved by 

employing a 90 degree elbow connector to keep the antenna at 

a fixed distance. The radiation efficiency, total radiation 

efficiency and reflection coefficient performance of the copper 

textile (FLSL 0510) at this location and proximity distance can 

be viewed in Fig. 15. 

 
Fig. 15.  FLSL 0510 chest 20 mm radiation & total efficiency (%) Vs 

 free space and chest 20 mm reflection coefficients (dB) 

 

Comparing Figs. 5, 6 and 15 we find that the 20 mm distance 

from the human subjects‟ chest yields a clearly higher value of 

both radiation and total radiation efficiency than the levels 

witnessed on the chest at 0 mm. A 20% to 30% increase was 

apparent in radiation efficiency in this case, and a 15% to 19% 

increase in total radiation efficiency across the measured band. 

Further, the radiation efficiency levels in Fig. 15 are also seen 

to rise with increasing frequency which gave confidence to 

believe that the coupling theory could explain this trend. 

Further, we can also see that the added distance from the 

human subject has reduced the loading effects sufficiently 

enough such that no negative de-tuning is evident at this 

proximity distance. The ShieldIt material (SHSL 0510) 

performance at this location and proximity distance from the 

human subject can be viewed in Fig. 16. 

 
Fig. 16.  SHSL 0510 chest 20 mm radiation & total efficiency (%) Vs 

 free space and chest 20 mm reflection coefficients (dB) 

 

Comparing Fig. 16 with Figs. 10 and 11 we find that again the 

20 mm distance off body can yield a higher level of radiation 

and total radiation efficiency as compared to the 0 mm 

distance between antenna and human body. This trend can be 

explained again by the reduced coupling between the antenna 

and human body due to the added (electrical) distance between 

both elements. Further, in this case we see that the antenna 

towards the end of the measured band has decoupled itself 

sufficiently from the human body such that the radiation 

efficiency levels approach the free space levels witnessed. 

This fact could prove useful when antennas with multi band 

operational frequencies are used (progressively higher 

frequencies), such that the higher frequency bands suffer less 

of a radiation efficiency degradation due to antenna / body 

coupling - particularly so when located 20 mm off the body as 

seen here. If we assess the effect on the measured reflection 

coefficient we find that again no negative de-tuning has taken 

place at all at the 20 mm distance using this antenna - the 

antenna is operational over a similar bandwidth as free space.  

It is proved therefore that certain antennas can be placed in a 

(relatively) close proximity to the human body in an 

operational role, and suffer only minor detrimental 

performance effects.  

 

C. Theoretical & Simulated Evidence 

Drawing conclusion from section III parts A and B we can 

clearly see that the antenna constructed from the lower 

conductivity, thicker textile material (ShieldIt - SHSL 0510) 

outperforms the thinner, higher conductivity copper textile 

antenna (FLSL 0510) when placed in various proximity 

distances of the human body in terms of both the efficiency 

and the frequency de-tuning levels. This observation is in stark 

contrast to the free space (efficiency) case and counter-

intuitive to what we would normally expect. The reason for 

the increased levels of efficiency and decreased levels of de-

tuning can be explained as follows. It is stated in [23] that 

demands placed upon antennas with small ground planes, 

when placed near the proximity of a human body, can result in 

an interaction with the reactive near fields of the antenna and 

cause a loss.  

 The reason here for the difference in the magnitude of the 
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radiation efficiency is due to the fact that the lower 

conductivity material based antenna has given rise to lower 

electric fields in the body as more power has been lost in the 

antenna itself for the same input power. This is understood to 

have had the effect of causing lower losses in the human body 

as opposed to the higher conductivity material based antenna. 

  To help reinforce this statement and provide evidence that 

the theory can explain the trend witnessed, two simulated 

models have been adopted using CST Microwave Studio. The 

models have been mounted (at 0 mm) onto a structure whose 

material parameters have been chosen to emulate muscle at 

2.45 GHz ( = 1.773 S/m and r = 52.668 [24]). Fig. 17 

depicts the simulated radiated power and radiation efficiency 

from the two models, showing clearly that the copper based 

textile antenna (FLSL) radiates less power into free space than 

the SHSL counterpart. Further, by definition, it is also seen to 

be less efficient when placed in conjunction with the simulated 

lossy structure. Fig. 18 depicts the simulated electric field 

magnitudes in the emulated muscle structure at a depth of 10 

mm. A clear difference is shown between the two antenna 

models which reinforces the theory that explains this trend.  

 
Fig. 17.  Comparison of simulated radiated power (mW) and radiation 

efficiency (%) at 0 mm on emulated muscle material  

 

By comparing the simulation results in Fig. 17 with the 

measured results from Figs. 5 and 10 (that is, the simulated 

and measured radiation efficiencies at 0 mm) we find that the 

same conclusions are upheld and validated from the 

measurement cases, but the measurement and simulated 

efficiency values do vary between 7% to 20% in some cases. 

The reason for this can be attributed to the simplistic nature of 

the adopted simulated model in that it has only taken into 

account the muscle parameter. We know obviously that the 

physical human being is far more complex. However, the 

primary purpose here was to underpin and supplement the 

theoretical and measurement evidence, with a secondary aim 

being to provide a simple and resource efficient simulation 

model which can be easily reproduced.  

From a design perspective, the use of a specific human 

Voxel model is believed would improve the agreement 

between the simulated and measured on-body efficiency 

values. As a means of simple verification however, the 

simulation model is seen to be sufficient enough in this case.  
 

 
Fig. 18.  Comparison of simulated electric fields (V/m) at 10 mm depth inside 

muscle emulated material  

V. MEASUREMENT UNCERTAINTY 

For the measurement uncertainty we consider the following 

aspects. Firstly, it is known from [25] that direct coupling can 

be a major source of uncertainty inherent during over the air 

(OTA) measurements in an RC; therefore direct coupling, 

usually expressed as a Rician K factor, should be as small as 

possible. Models were also presented in [25] that equate the 

total standard deviation of the average power transfer function 

to be comprised of the non line of sight number of 

independent samples  NLOS , the line of sight number of 

independent samples  LOS  and the Rician K factor as 

detailed in (3). 
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where:  NLOS  = 
INDNLOSN _/1 ,  LOS  = 

INDLOSN _/1  

and 
avK = average Rician K factor, comprising the samples 

obtained from  mechanical stirring, the various receiver 

position locations and different transmit polarizations used for 

polarization stirring. Equation (4) details the calculation of the 

Rician K factor [15]. 
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Equation (5) presents the calculation of the standard deviation 

in dB form [26].  
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To calculate the non line of sight number of independent 

samples we employed the use of the autocorrelation function 

as defined in [27]. After which, we referred to [28] and 

repeated this experiment in terms of our own number of 

measured samples (in this case 710 per frequency point) to 

obtain the correct critical value for use in the autocorrelation 

calculation at a 99 % confidence interval; thus the 1/e = 0.37 

criterion was not used in this instance. For the line of sight 
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number of independent samples we calculated via equation 

(6). 

INDANTENNAPLINDLOS NNN __                  (6) 

where: PLN = number of position locations = 5 and 

INDANTENNAN _  = number of independent transmitting antenna 

locations used in the chamber = 1. Before any standard 

deviations are issued, it is important to assess the statistics of 

the measurement throughout the different measurement 

locations used in the investigation. Any difference in the 

measured statistics at different on-body locations could result 

in different uncertainties in the measurements which is 

unacceptable. Fig. 19 depicts the calculated Rician K factors 

from different on-body locations. It shows that the measured 

statistics are comparable from one scenario to the next. 

Therefore, we would expect that the uncertainty levels will be 

comparable from one on-body location to the next if the exact 

same measurement parameters are employed.  

 
Fig. 19.  Measured Rician K factor at different on-body locations  

 

It is also important to check how the statistics deviate from 

one human being to another. Fig. 20 illustrates the effect of 

different human beings on the proportion of direct power in 

the chamber. Three male subjects were used with heights 

ranging from 1.74 m to 1.8 m and weights ranging from 70. 5 

kg to 81.3 kg, with each subject wearing different clothing. All 

measurements were made on the chest at a 0 mm proximity 

distance. Fig. 20 shows that the statistics are comparable 

irrespective of the human being, thus the same emulated 

scenario can be realized from one human to the next.  

 
Fig. 20.  Measured Rician K factor from different human beings  

Overall, when assessing Figs. 19 and 20, we see that any 

uncertainty contribution from line of sight coupling will be 

small. The figures prove that the fields inside the chamber are 

well stirred; thus the chamber is a Rayleigh environment (in 

terms of measured magnitudes) and this does not deviate with 

respect to the on-body measurement location or different 

human test subjects.  This helps to realize a consistent 

platform from which to measure antenna parameters on human 

beings. The standard deviations are issued in Fig. 21, plotted 

in both linear and dB format as a function of different on-body 

measurement locations used in this investigation. 

 
Fig. 21.  Standard deviations in linear and dB formats for various on-body 

locations  

 

The standard deviation inherent in the antenna measurements 

presented here is seen to be in the order of 0.22 dB for all of 

the different on-body locations tested. The uncertainty 

therefore is seen to be comparable irrespective of the on-body 

location chosen which means that any different on-body 

locations or any slight movements that may have occurred in 

the measurements do not affect the measurement repeatability 

and/or accuracy. 

VI. CONCLUSION 

In this paper we have shown that efficiency measurements 

performed using textile antennas on live human beings can be 

performed in an accurate and controlled manner, with the 

repeatability in a 0 mm chest location being as close as 2%. 

The magnitude of on-body losses experienced by a given 

textile antenna with a small ground plane is seen in this case to 

be a function of the material properties of that antenna - a 

lower resistivity, thinner (copper based) textile material was 

seen to perform worse when placed on body as compared to a 

larger resistivity, thicker material with the same overall design 

topology. This is believed to be due to the fact that the lower 

conductivity material based antenna has given rise to lower 

electric fields in the body as more power has been lost in the 

antenna itself for the same input power. This is a remarkable 

result from this study, quite unexpected by the authors, that 

the lower resistivity, thinner copper based textile was seen to 

perform worse as opposed to the higher resistivity, thicker 

textile material. This result can have a profound impact on the 

material choice for these small sized antennas in the sense that 

a higher conductivity material would appear not always to be 

the best option when operating in close proximity to a human 
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being.  

The magnitude of efficiency losses on body has been 

experimentally shown to be mitigated somewhat by a variation 

in the distance from the body - a small 20 mm distance from 

the body (for antenna SHSL) in this case was sufficient  to 

show that a reduction in radiation efficiency can be eliminated 

by up to 22%. For the single band (SHSL) antenna, at higher 

frequencies the 20 mm (off) body result approached the 

radiation efficiency value in free space. This result could 

prove useful when a location/on body distance is to be chosen 

for a given antenna and if the accession to multiple (higher) 

frequencies bands are envisaged.  

From the experiment that looked to assess the effect of 

loading the antenna via bending, one can conclude that this 

aspect is not good practice - the antenna was severely loaded 

for a considerable period of time (more so than for example if 

placed on a body part that relaxed the antenna from time to 

time), and thus the de-tuning performance was seen to be 

severe in this scenario. From the results seen here this 

condition cannot be recommended. With regards from the 

design aspect of on-body antennas, we feel it would be good 

practice to design and optimize with a given distance and body 

location in mind, preferably with the use of a body model if 

one is available. The use of multi-band antennas is envisaged 

for future measurement work to assess the performance of 

larger sized textile devices. 
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